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Abstract

In meeting new standards relating to human thermal comfort and indoor air quality, while
minimizing energy consumption and capital costs, the air conditioning designer is faced with a

particularly challenging task. Selection of a suitable design solution requires the evaluation of
the performance of a series of candidate solutions not only at peak load, but also over a

representative range of possibly more demanding part-load conditions. The ability to undertake
such an evaluation programme is a necessary first step in seeking a design solution which is not
only satisfactory, but is also near-optimal. Unfortunately, the design tools currently available to
the practising designer are inadequate for the task at hand, and severely restrain the designer in
his evaluation of alternative design solutions. Further, the existing design tools tend to accent

historical precedent at the expense of fundamental physics, and hence the quest for an optimal
solution is compromised by inadequacies in the problem formulation.

In the current study a thorough analysis of the modelling strategies required to simulate a broad
range of air conditioning systems of both conventional and innovative design has been

undertaken. This has led to the development of a hierarchical set of data structures and

associated algorithms which will permit such systems to be modelled with a high degree of
generality. These structures and algorithms form the basis for a computational code known as

ZEBRA, which in the longer term is intended to form the basic building block for a

comprehensive computer-aided approach to air conditioning system design. The validity and

scope of the modelling methodology developed in this investigation is demonstrated by its
application to number of case studies, some of which refer to installed systems, and some of
which are conceptual in nature. Since the ZEBRA code is based rigorously on the component
fundamental sciences which form the foundations of air conditioning practice, new insights
emerge from the case studies which enhance the disciplined understanding of air conditioning.
This disciplined understanding provides a firm foundation for new, more logical design

procedures.
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Chapter 1..

1.1.Background.

Introduction.

It is well known that the humidity within a conditioned space may readily be controlled to
a desired comfort level by the use of overcooling to establish the desired humidity ratio
followed by reheating to establish the desired temperature. Indeed, such practices

comprised the stock in trade of most air conditioning designers in the years prior to the

energy crisis of the early seventies. Systems designed according to this methodology were

undoubtedly capable of maintaining indoor air conditions of high quality, but only by
means of profligate expenditure of energy. While energy was "cheap", such practices were

accepted without question. However, the escalating costs of energy during the seventies

led to a realization of the wastefulness of such practices, and to a demand for the adoption

of more energy efficient techniques.

Revised codes and standards were enacted to encourage, and in some cases through weight
of legislation to enforce a more responsible attitude towards the energy consumed by air
conditioning systems. In response, the building and mechanical services industries

enthusiastically adopted new or hitherto neglected techniques to reduce energy

consumption. Building construction practices were tightened to eliminate heat gains or
losses due to infiltration of outside air, and materials and constructional techniques offering
improved thermal insulation were adopted. The introduction of energy efficient lighting
saw power dissipation in fittings fall from levels in the vicinity of 40 \M/mz, to 15 Wm2,
and more recently to 11 Wm2. Revised ventilation standards severely reduced minimum
ventilation levels. The use of overcooling and reheat was discouraged, and in some

legislatures was banned. Improved techniques were developed for the estimation of
building thermal loads and energy consumption (Clarke, 1985), for optimal design of duct

systems (Tsal et al., 1988a, b, 1990), and for the control of air conditioning systems (Fisk,

198 1).

In terms of air conditioning equipment installed, probably the most notable response to the

energy crisis was the rapid acceptance of the Variable Air Volume (VAV) system as a

viable alternative to the simpler and hitherto almost universal Constant Air Volume (CAV)
system. Such systems certainly offer the potential for significant energy savings by
comparison with CAV systems. Fan power consumption is reduced at part load and, for
multizone systems, over the whole operating range, while the use of overcooling and

reheat, a necessity for load balancing in multizone CAV systems, is avoided. However, the

operational experience with such systems has not always been entirely satisfactory. Air
quality in particular has often left much to be desired (Gupta et al., 1987; Tamblyn, 1983).

In retrospect it is fair to say that air quality was a casualty of the drive to reduce energy

consumption. Revised ventilation standards, together with the virtual elimination of
infiltration by tighter building construction and the current preference for sealed windows,

resulted in ventilation levels which are now known to be unacceptably low (Fanger,

1988a). The reduction in zone sensible load through the adoption of more energy efficient

lighting, without any accompanying reduction in latent load, has made much more diff,rcult
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the attainment of specified humidity levelsr. ln large part though, the failure of such
systems to perform may be attributed to a lack of appreciation on the part of the designer
of how important it is to design for part-load conditions, and of how to approach such
design without reheat. Where the unacceptability of high part-load humidities has been
recognised, strategies which have been devised to ameliorate the situation have almost
universally reduced outdoor air levels to the minimum (inadequate) statutory requirement,
or even lower through the subterfuge of maintaining a constant ratio of outdoor to return
air in variable air volume systems. Alternatively, reheat has been reintroduced under the
guise of "trim" or "terminal" reheat. The former measure merely compounds the air quality
problem; the latter wastes energy.

The deterioration in indoor air quality has been exacerbated by the use of minimum cost
plastic finishes, floor coverings and other furnishings, and by the installation of air
conditioning systems selected on a lowest capital cost basis by entrepreneurial developers
intent on recouping investments by on-selling buildings (and their still unidentified
problems) on or before practical completion. The prevalence of sick buildings has

stimulated the development and promotion of more rigid guidelines on minimum
ventilation levels. These are exemplified by ASHRAE Standard 62-1989 (ASHRAE,
1989b), which not only recommends minimum ventilation levels which exceed those
previously advocated (although falling short of those recommended by Fanger (1988a2),

but also advocate, among other measures, that system designers be required to document
the basis for their designs and that means by which air flows can be measured in installed
plant be provided. [n addition, the standard stipulates that the ventilation air in the
occupied space must not conflict with the comfort in the room, both from temperature and
humidity standpoints, the relevant comfort standard being ASHRAE Standard 55-19893
(ASHRAE, 1989a). Such trends, together with a growing environmental awareness on the
part of building owners, will undoubtedly encourage designers to seek solutions which
simultaneously meet the seemingly contradictory requirements of energy efficiency and
adherence to comfort and ventilation standards.

The requirements for healthy indoor air conditions may be summarised as follows: it is
necessary to satisfy extant comfort standards (or more stringent specifications) in terms of
both temperature and humidity, throughout the cooling period, while at the same time

To some extent, this reduction has been offset in recent years by the proliferation of personal

computers. However, the growing popularity of laptop computers, and the transfer of their low
power consumption technology to desktop machines, leads one to conclude that sensible heat ratios
in occupied spaces will continue their downward trend.

ASHRAE Standard 62-1989 recommends a minimum ventilation level of l0 lps/person for an office
space (with or without smoking). This replaces ASHRAE Standard 62-1981, which permitted
2'5 Lls per person for the same office space, without smoking. In contrast, Fanger (1988a)

recommends a minimum of 14Lls per person for the office space without smoking, and 50 L/s per
person with smoking.

The provisions of this standard are again more stringent than those of its predecessor (ASHRAE
Standard 55-1981). Inparticular, an upper bound of 607o relative humidity is placed on the summer

comfort region, as opposed to 12 g moisture/kg dry air for the previous standard.

2
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providing sufficient ventilation to restrict the concentration of contaminants to an

ãcceptable level. Furthermore, the energy expenditure to achieve this must be close to the

minimum thermodynamic requirement. Stated in these terms, it seems almost obvious that

the key determinant of success will be the efficiency of the dehumidification process' It

is therefore surprising that the selection of the dehumidifier coil is usually relegated to the

status of a secondary consideration in conventional design practice. Indeed, in many cases

the designer's involvement with the coil selection process extends no further than the

writing of a functional specification based on peak load conditions, the detailed task of
(and contractual responsibility for) selection being left to the supplier of the dehumidifier.

Two major factors contribute to this attitude. First, there is considerable misunderstanding

within the design community of the heat and mass transfer processes occurring within the

dehumidifier coil. Associated with this is a lack of appreciation of the manner in which

a cooling coil responds to varying loads, and hence of the importance of critical part-load

conditions in determining the overall suitability of a design solution.

Over the past twenty years, the air conditioning research group at the University of

, Adelaide has undertaken a thorough reexamination of the principles upon which current

r air conditioning practice has been built. The efforts of the group have focussed in

I particular on the poorly understood processes occurring in the dehumidifier coil. In an on-

i going research programme, a number of fundamental misconceptions regarding these

! processes have been exposed. Tt^e major findings of the research programme to date are

presented in Luxton and Shaw (1991). These will be described in detail as appropriate, but

may be summarised as follows:

i. Air flow through the cooling coil is laminar at all face velocities of interest. This

runs contrary to the commonly held assumption (see for instance Threlkeld, 1970)

that the flow is turbulent'

On the air side, low face velocity, shallow coils with wide fin spacing promote

dehumidification. The conventional philosophy favours high face velocity, deep

coils with high fin densities where deep dehumidification is required.

Maintaining a high coolant velocity will maintain a high coolant-side heat transfer

coefficient, and hence keep the cool surface temperature low, and will also avoid

a large rise in the temperature of the coolant through the coil. Both of these factors

will maintain a high driving potential for dehumidification. Conventional practice

favours a moderately low coolant velocity at peak with associated high temperature

rise; coolant is throttled at part load, resulting in further deterioration in

dehumidification potential.

In normal circumstances, condensation on the coil is of a droplike character. In

much of the literature (Threlkeld, t97O) f,rlmwise condensation is assumed.

ll.

1ll

IV

v At equilibrium, the dehumidifier coil must remove heat and moisture ftom the air

at the same rate as they are being added in the conditioned space. With space

temperature and ambient conditions held constant, space humidity will adjust until

equilibrium is attained. This process is known as the 'moisture staircase'.
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The implications of these results for air conditioning practice have been realized in several
areas. The most immediate outcome has been the development of a new design and
selection method for dehumidifier coils and their associated controls. This method
advocates the use of low air face velocity, together with the maintenance of a high coolant
velocity across the complete operating range so to maintain a high potential for
dehumidification. This design method, known as the Low Face Velocity (LFV)/High
Cool.nnt Velocity (HCV) method is described and compared with convcntional practice, on
a point-by-point basis, by Shaw and Luxton (1988b). The need to operate ailower face
velocities than those common in conventional practice led to a reappraisal of the cunent
standards for rating of cooling coils (ARI, 1981), and the proposal of an altemative method
for rating wet coils. The new method does not rely on the more dubious assumptions
embodied in ARI Standard 410-81 (Sekhar et al., 1988; Sekhar, 1990; Sekhar er al.,
1991b). Used in conjunction with an experimental database assembled from tests in a
unique closed circuit heat and mass transfer rig, this provides the basis for a new method
of predicting coil performance. The importance of partJoad conditions in the life-cycle of
an air conditioning system has prompted an examination of the basis for speci$ing critical
part-load conditions (Luxton et al., 1989). The various findings and developments
originated by the group have been brought together in a methodology for air conditioning
(Sekhar et al., 1989; Shaw et al., 1992).

In early 1992 the group undertook a series of design studies for commercial high-rise
buildings in a tropical climate. A complementary study was subsequently undertaken in
which the performances of a number of air conditioning strategies were compared in terms
of the power consumption required to maintain a specified zone condition in a commercial
off,rce building as the outdoor air condition changed and as ventilation requirements were
varied (Marshallsay et al., 1993). Experience gained with these studies has led to the
development of a further air conditioning strategy, the High Driving Potential (HDp)
outdoor air treatment system (Shaw et al., 1993) within which the LFVÆICV methodology
becomes a design tool.

In addition, a means of controlling the space conditions for optimal human comfort has
been developed (Shaw and Luxton, 1990). Used in conjunction with the previously
mentioned technologies, this technique has the potential to effect considerable energy
savings, while enhancing conditions for optimal human comfort.

1.2. The Present Study.

Any air conditioning design problem may be satisfied by an almost infinite number of
solutions. An objective comparison of candidate solutions requires information regarding
many factors, the most important of which are the first cost of the system, the quality of
thermal environmental conditions according to relevant standards, and the running costs
associated with achieving those conditions. A system offering the lowest first cost may be
less than optimal if it fails to achieve specified zone thermal conditions, or if it does so
only at the expense ofexcessive expenditure ofenergy. Indeed, depending on the relative
weighting attached to the various factors above, such a solution may be judged
inadmissible. An objective evaluation of candidate solutions in terms of thermal comfort
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and running costs requires the prediction of system performance over a range of operating

conditions. These should include not only conditions involving peak sensible zone loads,

but also a number of critical part-load conditions which may in practice present a more

challenging design problem than do the peak load conditions.

Evaluation of system performance using the design tools currently available is difficult.

One of the most widely-used methods for selecting air conditioning coils is the Carrier

method (Australian Construction Services, 1988a). Although this method has enjoyed

widespread popularity for many years, the physical bases upon which it has been founded

are questionuUt" (McKenzie, 1991). In addition, design practices based on the Carrier

metiod tend to regard the zone conditions as given, rather than being an unknown for
which a solution is sought. The utility of this method for predicting system performance

is, at best, limited. Computer programmes for predicting the performance of cooling coils

for a specified set of operating conditions are available from a number of equipment

manufacturers. For the most part these are based on the rating methods specified by ARI

Standard 410-gl,and while this method does suffer from certain shortcomings (Sekhar et

al., 1988), reasonably accurate predictions may be expected under most circumstances.

Steady-state zone 
"onditionr 

may be found using such a programme in conjunction with

an iteiative graphical procedure. For a single zone system using a simple coil, this process

is tedious; ùittr ttre aàditional complications of composite coils and multiple zones, the

task of producing a solution becomes excessively time-consuming and error-prone.

In view of the rudimentary nature of the design tools currently available, there is an

understandable reluctance on the part of designers to explore more than a very minimal

subset of the solutions possible for a given problem, or to evaluate the performance of

candidate solutions at 
-other 

than peak load conditions for which there is usually a

contractual obligation. Occasionally one or two part-load conditions may be checked'

Indeed, in a great many cases first cost would Seem to be the major, and sometimes the

only criteriorrused to select one system in preference to another. Given the widespread use

of óomputers in design offices throughout the world for applications as diverse as word-

pro."r.ìng, inventor! control, duct design and load calculation; there is a surprising lack

ãr sortware packagei available for the steady-state prediction of air conditioning system

performance. The author is in fact unaware of any previous efforts to develop steady-state

iyrt"- simulation methodologies based on a firm physical foundation.'Certainly, energy

estimation packages such as BUNYIP (Moller and \ù/ooldridge, 1985) and ESP (Clarke,

19g5) do make claim to do just this. However, these are primarily building load estimation

programmes which have been augmented by the use of rudimentary plant models'

ivloãelling of the cooling coil in these packages is particularly lacking in adequacy for the

task of prédicting thermal environmental conditions. At the other end of the spectrum, one

may cite studies such as that by Hamilton and Miller (1990), in which the emphasis has

no* b""n placed on the modelling of the air conditioning plant (the refrigeration

components in particular). Again, the ability to model thermal environmental conditions

is lacking.

The present study has been conceived against the background ofthe perceived inadequacies

in current design methodology described above, and within the context of the University



6

of Adelaide research programme outlined earlier
summarized as follows:

The aims of the study may be

i' To develop a robust set of tools to model the performance of a range of composite
coil configurations, under arbitlarily specified operating conditiois.

ii' Using l"hese tools as a basis, to develop an operational model to predict the steady
state performance of single and multizone air conditioning systËms.

iii' For a number of representative case studies, to use the computational model as an
exploratory tool to examine the performance of a series of candidate design
solutions, and hence to make recommendations regarding a methodology for the
design of air conditioning systems in an operationaì setting.

In view of the broad nature of th on, it has been necessary to impose
certain restrictions on the scope within this study. The nature and
extent of these restrictions will following a detailed read-ing of the body of
the thesis. It should be borne in mind that the present .t-udy .o-prises one facet of a much

and that the development of the model described in this study
he following restrictions are indicative of those currently in
indication of proposed future areas of research:

i' The model offers a high degree of flexibility in terms of the system geometries
which may be represented. Prime consideration has been given to de"veloping amodel which is capable of representing geometries which currently have
widespread commercial application, or which the group considered to offerin the state of the art. Of necessity, theTJ .0,":TT:T::.ïffl,.jfi_îîî,:î:*#Jïi

he t currently offer any capability tô represent
heating cycles. The structure of the model anâ of the software code in which it
finds expression have, however been designed to be flexible and it is envisaged that
incorporation of these capabilities will represent a straightforward extension of the
current methodology.

ii' Current work has been restricted to the simulation of chilled water systems. Direct
Expansion (DX) systems are seen to be an impoftant arca of future application of
the modelling, and plans are currently in hand to extend the capabilityä the model
to handle such systems. While no case studies involving DX systems are presented
in this thesis, some consideration is given to the factors involved in incorporating
such a capability into the model.

Clearly, a design methodology may be considered to have achieved a degree of
user to an optimal solution. While it may

um design solution exists for any given air
ace and the number of variables involved
well nigh impossible, even if all parties
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involved can agree on the criteria by which optimality will be measured. At best, one can

hope to achieve a near-optimal design using a set of proven design heuristics. Certainly,
classical methods of mathematical and combinatorial optimization (Stoecker, 1989) are

invaluable tools in the search for an optimum design, as are alternative techniques such as

process integration (Linnhoff, 1993). Such tools will only be applied effectively if used

in conjunction with a set of design heuristics to reduce the size of the solution space

systematically. Such techniques are probably best implemented within the framework of
a knowledge-based system. This presupposes the availability of adequate system models,
both as a means of defining what is to be optimized, and as a tool to be used to develop the

heuristics required to manage the optimization process. Previous attempts to codify air
conditioning design methodology using artificial intelligence techniques (Ungbhakorn,

1989) have met with limited successa. One suspects that the absence of an underlying
system model may have been a significant factor contributing to the disappointing results

obtained using such codes. While the immediate aim of the present study is to design a

simulation model for use within a traditional design framework, the longer term
perspective envisages that the model, together with the design heuristics developed through
experience with the model, will form the basis for a knowledge-based system which will
guide the user towards a near optimal solution.

1.3. Scope of Work.

The scope of the work undertaken in this study is described below through an outline of
the contents of the remaining chapters of the thesis.

The air conditioning design methodology described herein forms the basis for a software
package known as ÆBRA5, of which the system simulation model forms the core. ln its
entirety, it is envisaged that the ÆBRA package will comprise a comprehensive set of air
conditioning design and project management tools implemented as a system of interacting
tasks and databases in a multitasking computing environment. Chapter 2 provides a brief
description of the Æ,BRA system architecture. The system simulation software has been

designed using the object-oriented design methodology (Booch, 1991), and implemented

using the C++ programming language (Stroustrup, 1991). The object-oriented paradigm

represents a significant departure from more traditional software analysis and design

techniques, and has greatly influenced the perspective and abstractions which have been

developed in this study. This in turn is reflected in the structure of the thesis. It is
therefore appropriate to provide abriefdiscussion ofthe key features ofthe object-oriented

design technique, and their implications for system modelling.

In January 1993, Professor Ungbhakorn advised the author that his expert system package had

received a lukewarm reception from the industry, who regarded it as "better than nothing". He

added that he felt that air conditioning design methodology was still insufficiently well understood

to permit it to be implemented using an expert system.

ZEBRA is not an acronym for anything in particular. It merely f,its within the menagerie of names

which have emerged to describe software packages relating to air conditioning, e.g. DONKEY,
BUNYIP, CHEETAH, CAMEL, etc.



8

Chapter 3 provides a brief review of current and recent standards relating to ventilation,
human comfort and refrigerants. Essentially, this builds on the discussion initiated at the
beginning of this chapter, and considers the implications of the various standards for air
conditioning system design. A number of other studies relating to environmental quality
are also considered.

The vast majority of the thermodynamic processes occurring within an air conditioning
system involve moist air, and thus properly belong within the domain of psychrometrics.
Chapter 4 presents a set of relationships to compute the fundamental psychrometric
properties, together with various transport properties of moist air, such as viscosity and
thermal conductivity, which a¡e also of importance to this study. A general computational
framework for psychrometric properties is established using the object-oriented paradigm.
This is used extensively in the system simulation model.

Air conditioning systems are the subject of chapters 5 and 6, which are thus central to the
entire thesis. The purpose of chapter 5 is to provide a brief review of the types of all-ai¡
systems available to meet a specified set of zone conditions, and to describe the
thermodynamic processes which comprise the associated air conditioning cycles. Air
conditioning systems are introduced with a brief review of the major types used in
conventional practice, together with an analysis of their comparative advantages and
shortcomings. This leads to a discussiun of recommended practice, based on experience
gained with the LFV/HCV and HDP systems which have been developed by the Adelaide
University group.

Whereas chapter 5 has emphasized the physical aspects of system design, the intention in
chapter 6 is to introduce a set of basic abstractions and algorithms to simulate air
conditioning hardware, and thus to develop a system model possessing sufficient generality
to simulate a broad range of system configurations, of both conventional and advanced
design. The object of any air conditioning system is to maintain a specified set of
conditions within the conditioned space or zone. The zone is thus a fundamental
abstraction in our simulation, and it is fitting that it should be introduced prior to beginning
our discussion of systems. The description of the zone centres on its properties, the
processes occurring within the zone, and the data structures required to measure and

' control zone conditions. Most of the remaining major data structures are introduced at this
point. Detailed discussion of a number of these is deferred to the following chapters.
Attention here is directed towards those structures which are of central importance in
configuring and controlling the system; the Air Handling Unit (AHU), the controller, and
the various duct connectors. The chapter closes with a detailed description of a set of
algorithms to determine the steady-state operating point of a multizone system in either
VAV or CAV mode, when subject to control of zone dry-bulb temperature, and possibly
of maximum zone humidity level.

The next four chapters present a more detailed discussion of modelling techniques and of
design considerations for a number of types of system components.

Cooling coils are considered in chapter 7. The chapter commences by defining the coil
geometry and dimensional data required to describe the range of coils which will be
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considered in the following discussion. While the techniques presented are capable of

generalization to handle a much wider range of coil dimensions and geometries, direct

iupport is currently restricted to a range of plate fin-and-tube coils for which experimental

data are available. Previous work undertaken by the Adelaide University group has

exposed a number of common misunderstandings concerning the nature of the processes

occurring within the cooling coil, especially in respect of the flow regimes and

condensation mechanisms to be expected. A concise summary of these findings is

presented as these are fundamental to the modelling procedure. Coil performance models

fall into two general categories; differential and integral models. The former class of

models are exemplified by the work of Hill and Jeter (1991) and Van Aken (1993), and

characteristically attempt to provide a more or less detailed simulation of the physical

processes occurring within the coil. Generally, models of the type used by Hill and Jeter

afe too computationally intensive to be comfortably integrated into the present framework,

and are thus the subject of a very brief review. Van Aken simplified the process by

defining separate flow regimes, based on observations by Gilbert (1987), and used the

computational strategy of solving the time-dependent heat transfer equations to find the

equiiibrium operating state of the coil. His work is thoroughly documented in his thesis

as referenced, and here is also briefly summarized in Chapter 7. Discussion of these

computational models is followed by a detailed development of a dual-potential model for

heat and mass transfer across a wetted surface, and its application to coils with varying

proportions of wet and dry surface areas. A prototype algorithm for coil performance

predlction based on the dual-potential model is presented, together with a discussion of a

number of numerical considerations relevant to its solution. The discussion of this section

makes no assumptions regarding the form of the air and coolant side heat and mass transfer

coefficients; the prototype algorithm serves as a framework within which these coefhcients

will be calculated as necessary by calling appropriate, and as yet undefined black box'

functions. The following two sections present alternative methods for calculating the air

side heat and mass transfer coefficients for a given coil configuration, by recourse to

suitable empirically-derived relationships. The first of these is the ARI method (ARI,

1981). It is shown that, in spite of the dubious nature of the physical foundations of this

method, it does provide an adequate means of correlating dry coil data. Its performance

in respect of wetted coil surfaces is not so satisfactory. A new coil rating method based on

u -oi" secure physical foundation, and developed specifically with wetted surface heat

exchangers in mind, is presented as an alternative. This is the Adelaide University or AU

method(Sekha¡, 1990; Sekhar et al., 1991). Two further items must be specified to obtain

a closed solution; a coolant side heat transfer coefficient, and a series of experimentally-

derived correlations describing the air-side heat and mass transfer characteristics'

Appropriate coolant-side heat transfer coefficients may be specified by reference to the

literature. Discussion here is restricted to cooling coils using chilled water as a working

fluid; some consideration of techniques for extending the methodology to handle DX coils

is given in chapter I 1. Algorithms are presented for estimating air and water pressure

drops through a coil. Both the ARI and the AU method essentially provide a framework

for ihe analysis and reduction of experimental coil performance data. Adelaide University

have now assembled an extensive database of coil performance test data obtained using a

unique closed-circuit heat and mass transfer rig. Algorithms and procedures which have

been developed for the classification and analysis of experimental data, based on the ARI

method for fully dry coils, and the AU method for fully wet coils, are described. This
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chapter closes with a summary of the correlations which have been extracted from the
existing database, together with some discussion of the range of experimental parameters
required to complete the database.

Chapter 8 considers various issues relating to the sirnulation of composite coil banks. An
algorithm is described which permits the experimental correlations, which have been
exclusively tlerived using half-circuited coils, to be used for coils having arbitrary
circuiting. This is followed by a description of a set of data structures and algorithms
which will permit complex coil banks to be constructed using elementary coils as-building
blocks. A facility is provided to permit certain circuits to 

-be 
deactivaied, so increasing

coolant velocity through the remaining tubes; this is a key strategy in the LFV/HCV design
methodology (Sekhar er al., 1989).

In addition to the space loads, the cooling coil must offset loads resulting from heat transfer
through the supply and return air duct walls, and from power dissipated by the supply air
fan' Techniques for modelling these latter two loads are the subjeót of châpters 9 and 10
respectively. Power dissipation through the fan may be determined if the aii volume flow
rate and pressure drop through the duct system are known. In the class of problems
considered here, volume flow rate will be known; the pressure drop may be càlculated
using the duct model outlined below.

In the perspective developed here, air conditioning ducts may be envisaged to be a
specialized va¡iant of a more general class of networks, which also includes pipe networks.
Hierarchies of abstractions of this kind are easily handled using the inheritanìe mechanism
supported by object-oriented programming languages such as C++. The intention here is
to build up a set of abstractions and associated operations which will be suitable for
modelling not only duct systems, but also pipe networks; characteristics and operations
specif,rc to either of the more specialized classes may be added by dehning derived classes
inheriting the properties of the base class. Fundamentally, a network mãy be considered
to be composed of two types of entities; (pipe or duct) sections and f,ittings. Data structures
a¡e developed to support both of these types of entities. These are used to construct
networks of arbitrary complexity. In most cases, duct systems may be adequately modelled
as tree networks (Tsal et al., 1990). Algorithms are presented to compute the heat transfer
into, and pressure losses through a tree network of known fluid velocìty distribution. The
techniques described in this and the following chapter are still under development, and
while the concepts have been implemented in software, they have not yet been fully
integrated into the system model.

The treatment in chapter 10 parallels that in the preceding chapter, in that both fans and
pumps may be treated as specialized derivatives of a base class of rotodynamic machines.
A data structure is presented which will permit a base fan cha¡acteristic to be represented
using cubic splines. Using this as a basis, a set of algorithms are developed which will
permit the fan operating point to be found for a given pressure and flow rate by application
of the fan laws in conjunction with the base fan characteristic. The model developed
readily generalizes to describe pump operation.
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As mentioned previously, extension of the methodology to cover DX systems is as yet

incomplete. However, chapter I 1 covers a number of issues relating to the implementation

of DX cycle simulation within the general framework established in earlier chapters. A
detailed description is given of a class which provides facilities to calculate the

thermodynamic and transport properties of a working fluid, either at a point, or following
a thermodynamic process. This class is not self-contained, but is intended to form the basis

of derived classes which will permit the application to specific fluids of the facilities

provided in the base class. A hierarchy of derived classes which will model the properties

of a broad range of refrigerants is presented. The next section describes the design of a set

of classes to represent the hardware components of a refrigeration system, Again, full use

is made of the C++ inheritance mechanism to provide a hierarchy of classes with those

classes at the base of the hierarchy providing a more abstract representation, while the

concrete details of the hardware components are hlled out in the derived classes. The use

of multiple inheritance to integrate the refrigeration cycle into the existing ZEBRA

framework is also considered. The chapter closes with a brief consideration of a number

of issues relating to the control of DX systems in rooftop applications.

The discussion so far has been restricted to issues relating to modelling the performance

of a system for a particular set of loads. Chapter 12 seeks to set the ZEBRA methodology

into a broader framework by considering the manner in which ZEBRA interfaces with the

outside world, be it a user at a keyboard, or a cooperating process in a multitasking

environment. At the beginning of a run ÆBRA reads the configuration of a system from

a file, and constructs the objects required to construct a software representation of the

system. This is done using a nested hierarchy of constructors, which permit systems of
arbitrary complexity to be modelled. Once the system is constructed, ZEBRA is accessed

by issuing commands in an elementary interpreted language, ZPL (Zebra Programming

Language). This provides facilities to run simulations, perform basic editing tasks, change

loads, query system state and terminate a sequence. The use of these facilities in
simulating system performance over a programmed sequence of loads is considered.

Chapter 13 describes the application of the ZEBRA design methodology to a number of

cases based on recent experience. The examples have been chosen to illustrate on the one

how the design tools have been applied to solve otherwise intractable technical design

problems under extremely demanding load conditions, and on the other hand to show how

the methodology may be used to achieve design economies in more standard applications'

The final chapter summarizes the work undertaken to date, and indicates the future

directions anticipated for this work'
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Chapter 2. The ZEBRA Software Package.

2.1. Background to the Present Development.

During the 1970's a considerable number of computer-based design tools became available

to the air conditioning industry. For the most part these tools fall into three major
categories. On the one hand, packages such as CAMEL (Australian Construction Services,

1991) and TEMPER (Australian Construction Services, 1987) provide a means of
estimating the space loads within a multizone building as a function of external climatic
conditions and target indoor conditions, occupancy, lighting and equipment schedules, and

building materials and construction techniques6. At the same time, a large number of
software packages modelling or purporting to mc¡del specific equipment items and

subsystems have become available. Most major equipment suppliers will make copies of
proprietary coil selection prograrnmes available to selected clients. Similarly,
manufacturers'catalogues of fan, pump and filter characteristics are commonly available

in computer-compatible form. Duct system design codes such as DONKEY (Australian

Construction Services, 1988b; see also the review by Tsal and Adler, 1987) also fall into

this second category. The third category comprises the broad class of energy estimation

packages exemplifîed by codes such as BUNYIP (Moller and Wooldridge, 1985), ESP

(Clarke, 1985), ESP-tr (Austrrlian Construction Services, 1985) and DOE-2 (U.S.

Department of Energy, 1981). In essence, these codes are based on load estimation

programmes which have been augmented with the incorporation of rudimentary plant

models.

While the first generation of computer-based air conditioning design tools have certainly

undergone an evolutionary process over the years, it is probably fair to say that the vast

majority of such tools commonly found in design offices are, even in their most recent

forms, based on software design methodologies and computing hardware and operating

system considerations and constraints which are more appropriate to the 1970'.s than to

current best practice. This is not an unusual situation. The design and implementation of
a major software package represents a signif,rcant investment on the part of the developers,

and there is a natural reluctance to contemplate complete redesign while it is still possible

to graft new features onto the original, and to "bandaid" glaring defects and shortcomings.

It is instructive to consider the constraints imposed on the future development of many of
the major extant packages by the initial design decisions mentioned above:

i. Many of the major codes described above were originally designed to run in batch-

orientated mode on mainframe computers. Subsequently, most have been modified

It is important to differentiate here between codes based on a steady-state heat transfer model, which

in essence ignore the effects of thermal storage in the building fabric, and those which do attempt

to model the resulting transients, by using finite-difference techniques, for instance. Ignoring the

thermal history of the building will typically result in overestimation of the space loads during both

cooling and heating periods (von Thun and Witte, l99l), leading to the selection of oversize

equipment. Corrections are available for models of the former type (Australian Construction

Services, 1988a). However, it is more acccurate to calculate the transient effects explicitly in the

model, rather than applying somewhat dubious corrections a posteriori.

ó
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for use on workstations and personal computers, which has given the developers
the opportunity to provide the user with a minimal, but in most cases severely
limited facility to interact with the programme. Nevertheless, the primary means
of feeding system specifications to such packages remains the construction of "ca¡d
images", which clearly reflects on the vintage of the original designs. Menu-driven
front ends are now available for a number of these packages. These do not
however go vcry far towards remedying the basic shortcomings imposed by the
initial design decisions.

ln most, and probably all cases, FORTRAN will have been the language of choice
of the developer. This is not surprising, since in most cases the developer will have
been the programmer, and computer languages other than FORTRAN were almost
unknown among the scientific and engineering communities at this time. Even
where professional programmers may have been employed on such projects,
FORTRAN would almost inevitably have been the language of choice, iin""
compilers for alternative languages, such as c, pascal, ALGoL-6g and simula
enjoyed a comparatively limited distriburion during this period. FORTRAN
provides the user with only the most rudimentary tools for memory management,
and for representing any but the most basic of data structures. This in turn severely
curtails the programmer's ability to model complex systems in a manner which is
at once efficient in the use of memory and transparent to other parties who may
attempt to modify the code at a later date. It should be noted that the software
design tools of this period were also severely limited in their ability to support large
design projects (Booch, 1991).

In some cases, the physical models and computational procedures used do not
represent best practice, even by the standards of the day, as a result of compromises
resulting from the relatively limited computational resources provided by hardware
of this period, and by the need to minimize memory and CPU usage to reduce costs
when using a centralized computing facility. The high cost of memory and address-
space limitations associated with personal computers until recently meant that the
growing use of PC-based versions of the software, in itself, provided little impetus
to reexamine the suitability of the algorithms used, even though the placement of
computing power on the desktop, rather than keeping it locked up in computing
centres, has given the user the ability to experiment without fear of incurring a
direct cost for the use of computer resources. However, the falling cost of
computing power and memory, together with advances in compiler and operating
system technologies have largely removed the rationale for oversimplifying the
physical models and solution algorithms used in order to keep computing costs and
resource usage within externally imposed limits. This is not to suggest that
considerations of efficiency are no longer relevant. placement of an ever-
expanding quantity of computing power on the desktop gives the user the ability
to explore a far greater range of candidate solutions than has hitherto been
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possibleT. However, the developer is now in a position to assess more objectively
the tradeoffs which are possible between the need to minimize computer run times,
and the need to provide a realistic and robust representation of the systems
modelled.

The computer-based design tools currently available to the designer directly offer
no new insights into the design process, beyond that which results from the ability
to trial more candidate solutions, and assess performance against more load
conditions than would be possible from a purely manual approach. A design ofhce
will typically employ a disparate collection of programmes to automate various
repetitive and time-consuming aspects of an existing design methodology on a
piecemeal basis. Typical candidates for automation in this manner are the

calculation of design loads, and computation of coil performance for a given set of
coil-on conditions. Calculation of the resulting indoor thermal conditions is
invariably performed manually, usually using graphical methods and a

psychrometric chart. As was noted in the preceding chapter, this process is tedious

and error-prone, particularly in the presence of multiple zones and composite coils.
It is far more rewarding to take a holistic approach, in which the system is treated

as a whole. That this has not hitherto been done should come as no su¡prise, given

the background against which the currently available design tools were conceived.
The limitations of the computing environments available in the 1970's, which have

been described above, and the batch-orientated nature of the operating systems to
which most engineers had access during this period, were conducive to a piecemeal

approach to the automation of the design process, and indeed offered little scope

for a more sophisticated approach. The growing availability of multitasking
operating systems, such as LIND( and VAX/VMS, from the mid-1970's, potentially
offered the ability to conhgure the va¡ious aspects of the design process as a set of
cooperating tasks, each implementing one or more aspects of the design process.

However, system programming for multitasking operating systems has tended to
remain a specialist activity, the full potential of which has probably been little
realised by engineers, with the exception of those engaged in developing real-time
applications. Again, we note that the growing popularity of personal computers,

which remained until recently essentially single-tasking, provided little incentive
to develop a more holistic approach to automating the design process. The recent
development, and expanding popularity of multitasking PC-based operating
systems, such as Windows, offers new opportunities to develop a set of software
tools conceived from the outset as a set of cooperating tasks, which may be

configured in a number of ways, not simply to automate various aspects of the

design process, but also to provide an integrated means of guiding the user towards

a near-optimal approach to designing for a specific application.

A search under the guidance of an optimization routine or an expert system, in particular, may

involve a very large number of trial solutions.

7
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2.2. Ãn Overview of the ZEBRA Software package.

It would be nice to be able to claim that the ZEBRA package was designed from the outset
as a means of addressing the shortcomings listed above. This however was not the case.
In its original form the development of the ÆBRA package and its immediate predecessor
(Sekhar, 1990) was motivated by a desire to produce a user-friendly package implementing
a coil prediction methodology developed at the Llniversity of Adelaide. As such, its
objectives were probably little broader than those motivating most proprietary coil
selection packages, although there was from the outset a notion that the software should
be capable of a lot more, and that it should eventually guide the user towards an optimal
coil selection, based on factors specific to the application. A significant step in this
direction involved the development of an algorithm to solve the moisture staircase
problem, thus solving for the thermal state of a single zone air conditioning system at
equilibrium. This algorithm was subsequently extended to simulate a wide range of system
types, incorporating single and multiple zones, and using simple or complex coil
geometries. Use of the package in conjunction with other design tools on a number of
design studies and consultancies lead to the recognition of the above-listed shortcomings
in the a¡t as currently practised, and thence to the conception of the ZEBRA package in iìs
present, and projected future forms.

In its entirety ÆBRA is an ambitious project which will rely for its development on input
from a number of sources. The projected package is shown schematically in figure 2.1.

Figure 2.1. Architecture of the ZEBRA software package

At the heart of the system is the Zebra Kernel (the zk process), which contains the system
simulation software. The data structures and algorithms which currently form the basis for
the services provided by the Znbra Kernel, together with a number intended for future
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implementation, are described in detail in the later chapters of the thesis. TheZ.e,bta Kernel

is self-contained in that it provides a full set of facilities to permit it to be run in standalone

mode, including:

l.

ll.

Assembly of a model of a system for simulation from a set of specifications

supplied in a text file or compatible medium. The structure of the text file, and a

description of a set of facilities to extract information from the file are described

in section 2.4.

Direct user interaction with theZnbraKernel via a command-line interpreter (CLI).

Commands and command sequences are entered in a basic interpreted language

known as Zebra Programming Languag e (ZPL).

Generation upon demand of reports describing the current state of the system, or

a designated subset thereof.
lll

Further description of these facilities in their present state will be found in chapter 12. It
is not envisaged however that the 7,ebra Kernel will normally be run in standalone mode;

this mode is provided primarily for use during the developmental phase. It is projected that

the Zebra Kernel will run within a multitasking environments, and will provide a set of
components which will offer interactive functions which parallel those described above,

but which communicate with one or more cooperating processes, rather than

communicating directly with an operator seated at a keyboard. These facilities will
essentially comprise an enhancement of the existing facilities described above, with which

they will share a great deal of common source code. Thus:

i. The system specifications may be communicated to the Z'ebra Kernel via some

medium other than a text file. In particular, they may be communicated via a

common block of memory. The intention is that:

a. System specihcations will be a¡chived on disc in a format compatible with
the input requirements of the Tnbra Kernel.

b. Specification sets may be read from archive by the Tnbta User Interface

(ZlJl),which also provides facilities for editing existing specification sets,

and creating new ones.

c. A new zk process may be created by the Tnbta User Interface, and a

reference passed to the source of the current system specifications (a

common memory area). These specifications are used by the zk process to

build a system model.

d. With the zk process loaded, it may be accessed via the command-line

interpreter (see (ii) below) by the /'ebra User Interface, or another

cooperating Process.

8 A 32-bit version of the Microsoft Windowso operating system is currently projected as the target

host environment.



18

1l

e' When a new set of system specifications is read from disc, or the Z,ebra
User Interface is shut down, the user will be given the option of archiving
any changes which have been made to the current set of system
specifications. A currently loaded zk process will be terminated át tni,
time, if it has not alrcady been terninatecl.

The comuland-line interpreter will accept and process commands entered at the
keyboard. Alternatively, command sequences may be supplied from another
source, such as a common memory area, or a disc file. The cl-i accepts command_
line sequences to:

a' Run a system simulation using the currently-specified system conf,rguration
and loads.

b' Perform a limited range of editing tasks on a loaded system.
c. Query the current state of the system or a designated portion thereof.d. Identify a source (a file or common block of mãmory) from which a set of

editing instructions and command-line sequences may be read and
processed sequentially.

e. Terminate the zk process.

iii' The state of the system, or a portion thereof, may be queried and returned to
another process for display in graphical or tabular form, oi for further processing.

The Zebta User Interface will be the primary means of accessin g the Z,ebra Kernel.
However, it will not be the only task which interacts with the 7æbraKernel. Some of the
other processes which will interact with a loaded zk process, and which a¡e shown in figure
2.1, are described briefly below:

The zk process will receive a request
from the ZUIto transmit a block of data specifying the current state of the sysìem,
or a designated portion thereof. This block will be transmitted either directiy to a
cooperating process, or indirectly via the ZlJl. The target destination ¡¡uy b" u
report generation facility, which will format the data into tabular or graphica¡form,
or a spreadsheet programme. In the latter case, it may be appropriate for the ZlJl
to perform some intermediate translation on the data before transmitting it to the
spreadsheet.

Expert system. Having loaded a zk process, the user may reques t the zlJl to pass
control to an expert system shell, which will maintain a dialogue with thå zk
process to solve a designated problem. The eventual aim is to use the expert
system to automate the greater part of the system design process, guiding the user
from the initial choice of a system configuration through to the detailed selection
of components' The design process will be guided by interaction not only with the
zk process, but also with other components of the Z,ebrasystem, including the load
calculation programme, and the databases. In its final form, the expert system will
thus implement all the functionality which resides in the ZUI, whiie providing the
user with expert guidance in selecting and assessing system configurations and

ll
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components. The immediate aims are far more modest. The initial task selected
for implementation using the expert system is that of identifying a cooling coil or
set of coils which are in some sense optimal for a specific application, given that
the overall system has been selected beforehand. This is currently a time-
consuming procedure which relies heavily upon the experience and intuition of the
designer to select a set of candidate coil configurations which are worthy of
consideration.

Load Calculation Programme. Most of the existing load calculation codes trace
their ancestry back to the 1970's, and consequently suffer from the shortcomings
described in section 2.I. That it is now timely to assess the suitability of existing
codes, and the requirements for a new generation of load calculation codes, has
been recognizedby a number of bodies, including the CSIRO Division of Building,
Construction and Engineering. From the viewpoint of the present endeavour, the
major deficiency of the existing codes is that they offer a static picture of the zone
loads, and no interactive capability. Thus, a set of loads must be calculated
beforehand for a predetermined period (typically 24 hours), and manually
transcribed into a form suitable for input to the ZnbraKernel. It is assumed that the
dry-bulb temperature which will be maintained within the various zones is known
a priori, and equal to the relevant thermostat set point. Consider the following
situations:

a. An undersize coil is being trialled, and the target zone dry-bulb temperature
cannot be satisf,red by the cooling capacity available. The user is interested
in finding out the thermal conditions which the coil can maintain within the
zone. The problem is amenable to an iterative solution, provided the zone
loads corresponding to a particular trial value for the dry-bulb temperature
can be calculated.

A zone is subject to comfort integration control (Shaw and Luxton, 1990),
and the target zone dry-bulb temperature can only conveniently be
determined at run-time.

In both of the above cases there is a need for the zk process to interact dynamically
with the load calculation programme, to specify a revised set of zone target
temperatures to the load calculation programme, and to receive a revised estimate
of the zone loads in response.

Databases. The Z,ebra system interacts with a number of databases. These will
probably be implemented using a commercial database package, and its associated
support and programming tools. The databases are essentially of two types:

The projecl database will store an index to the system specification files
and report files associated with a specific project. It may also serve as a
repository for appropriate ancillary data, such as project management
information.

b

a.
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Global databases contain information which is available to all projects
based on need. The climate database contains climatic data specific to
various geographic locations. The fan database stores fan characteristics
for a number of commercial families of fans. similar databases for other
equipment items may also be implemented.

2.3. Programming Considerations.

The Zebra Kernel has been designed using object-oriented design methodology, and
implemented using the C++ programming language. C++ is a language possessing features
which support the object model, and thus make the language particularly suited to
implementing applications designed according to the object-oriented paradigm. The
purpose of the present section is to introduce a number of key features of the object model,
and their implementation within the C++ programming language. This is desirable since
it will assist the reader in understanding the rationale used to select and design the major
abstractions involved in the air conditioning system model used by Zebra. The following
discussion is necessarily brief, and can do scant justice to the subject material. For a
detailed and readable account of the object-oriented design methodology the reader is
referred to Booch (1991). The C++ programming language has been described in full by
Ellis and Stroustrup (1990) and by Stroustrup (1991). It should be further added that the
reader may find it advantageous to peruse the following subject matter in a cursory manner
in the first instance, referring back to it for an explanation of points of interest as necessary.

The following sections serve two further purposes. A number of fundamental data
structures are used to construct the simulation models described in later chapters. These
will be familiar to computer scientists, but are likely to lie outside the domain of
experience of the average engineer from a non-computing background. Finally, the
opportunity is taken to describe some of the notation used to represent and describe data
structures and algorithms in the remaining chapters of this thesis.

2.3.1. The Object Model.

Programming models are distinguished from one another by the fundamental abstractions
they employ to represent entities within the problem space. In the object-oriented model
the fundamental abstractions are objects and classes. These are complementary concepts,
According to Booch (1991), the three distinguishing attributes of an object are:
. State
. Behaviour
. Identity
Every object is an instance of an underlying class, which defines the structure of an object,
and the operations which may be performed upon it. These concepts are perhaps best
illustrated by reference to a specif,rc example. Suppose we have defined a class
Componenf, which provides a representation of an equipment item within a refrigeration
cycle. The representation chosen is sufficiently general to describe the fundamental
thermodynamic characteristics of any component within a refrigeration cycle, be it a

compressor, a condenser, an evaporator, a TX valve, or even a length of pipe. There are

b



2l

reasons for providing this degree of generality in this class, which will be made clear later.
Further details of the physical basis for this example will be found in chapter 11. The
emphasis here is on using the example to illustrate va¡ious aspects of the object model.
The class may be defined as followse:

cl-ass Component
{
protected :

Fluidstate Entering; // Condition of fluid at entry to the component
Fluidstate Leaving¡ / / Condition of fluid leaving the component
double superheat; / / Superheat (K) of fluid at entry or exit

/ / (as appropriate)
double subcooling,' // Subcooling (K) of fluid at entry or exít

/ / (as appropriate)
double W; / / Work (kVù) : +ve if done by the component

/ / : -ve if done on the component
double Q; / / Ueat (kVù) : +ve if transferred to component

/ / : -ve if transferred from component
double m; / / Ylass flow rate (kqls) of fluid through the

/ / component
fluid* f; / / PoinLer to working fluid

public :

/ / ConsLructors.
! : ________

Component (fluid* f) { Component::f = f; }
/ / ________
/,/ Destructor.
/ / ________
virtual -Component O {i

/ / SeLeciuor functions.
/ / ________
fluid::state EnteringState O const { return Entering.state; }
double EnteringTemperature O const { return Entering.T; }
double EnteringPressure O const { return Entering.P; i
doubl-e EnteringEnthalpy O const { return Entering.h; i
double EnteringEntropy O const { return Entering.s; }
double EnteringVolume O const { return Entering.v; }
double EnteringQuality O const { return Entering.x; }
fluid::state Leavingstate O const { return Leaving.state; }
double LeavingTemperature O const { return Leavingr.T; }
double LeavinqPressure O const { return Leaving.P; }
double LeavinqEnthalpy O const { return Leavinq.h; }
double LeavingEntropy O const { return Leaving.s; }
double LeavingVolume O const { return Leaving.v; }
double LeavingQuality O const { return Leaving.x; }
double Superheat ( ) const { return superheat; }
double Subcooling ( ) const { return subcooling; }
double Work ( ) const { return W; i
doubl-e Heat O const { return Q; }
double MassFlow ( ) const { return m; }
/ / ________
/ / Set mass fÌow of working fluid through the component.
/ / ________
void MassFlow (const double m) { Component::m = m; }

/ / Set entering state to current state of working fluid.
I I ________

void UpdateEnteringState O ;

Throughout, segments of source code, and C++ identihers are presented in Courier font. In C++,
all text lying between the symbol / / and the end of the line is treated as a comment.

9
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/ / -------
/ / SeL leaving state to current state of working fluid.
/ / -------
void Updateleavingstate O ;
/ / -------
/ / \Ìl-rLuar function describi-ng process whereby working fruj_d is taken
/ / from enteringr to leaving condition.
/ / -------virtual void Process O = 0;

The ordering of entities within a class is arbitrary. The structure of the class gains clarity
however, if the various entities are grouped in the manner shown. Thus, the first part of
the class defines a number of member variables. These variables, together with the values
currently assigned to them, determine the state of an object belonging to the class. The
latter part of the class defines a set of member functions, which operate on the member
variables of an object, or upon other objects, and thus determine the behaviour of the
object. An object assumes a unique identity when it is declared.

Upon examining the member variables of this class, it will be seen that three of these
belong to classes which are defined elsewhere. Member variables Enrerins and Leavins
belong to class FluidState. This is a fairly simple class designed to store a set of variables
describing the thermodynamic state of a working fluid at a point, and is defined thus:

struct Fluidstate
{

fluid: : state state;
double T;
double P;
double h;
double s;
double v;
double x;
FluidStateO istate=
-FluidState O { }

);

/ / State of fluid
,/ / Temperature, K
// Pressure, kPa
// E,nluhaIpy, kJ/kg
/ / EnLropy, kJ/kq.K
/ / Specífic volume, m^3/kg
/ / Qual-i:uy
fluid::UNDEFINED; ]

In the above, variable srate is of an enumerated type f luid: : srare, defined as

enum state { UNDEF]NED, SUBCOOLED_LIQUID, SATURATED_LIQUID, hIET_VAPOUR,
SATURATED VAPOUR, SUPERHEATED-VAPOUR };

As the notation indicates, this type is defined in class f/uld Variable r in class
Component is a pointer to a variable of class fluid, which is a base class for a hierarchy
of classes detïning member variables describing the current thermodynamic state and
transport properties of a working fluid, and member functions to manipulate those va¡iables
as the fluid is subjected to a thermodynamic process. A full description of this hierarchy
of classes will be found in chapter 11. It is now clear how we may use this class to
simulate a refrigeration cycle. Suppose that we have an object of class fluid (or more
correctly, a class derived from class fluid,) representing the working fluid in the
refrigeration cycle. Suppose further that we have a set of objects of class Component
which our code can visit in sequencer0, and that each ofthese objects has access through

l0 They may for instance be stored in an array, or one of the data structures described in section 2.3.2.
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its member variable f to the unique object representing the working fluid. Then, as each

object is visited, the following operations are performed:

Component* c;

c->UpdateEnteringState ( ) ;

c->Process ( ) ;

c->Updatel,eavingState ( ) ;

In this sequence of operations, the component referenced by pointer c first has the

thermodynamic state of the entering fluid updated to reflect the current state of the working

fluid. The state of the working fluid is then modified in accordance with the

thermodynamic process to which it will be subjected within the component. This is

achieved by invoking member function process. Finally, member variable Leavins is
updated to reflect the now current state of the working fluid'

The interface for class Comp onentdefines member functions updateEnterinsstate ârd

updareleavinssrare, but does not implement them. Thus the implementation mustbe

provided elsewhere. Member function updateEnterinsstate may be implemented using

the following code:

void Component
{

UpdateEnteringState o

Leaving.state = f->CurrentState O ;
Leavr-ngr
Leaving
Leaving
Leaving
Leaving
if (Leaving.

Leaving.
Leaving.

Leaving. x

T
P
h
s
v

f->Temperature ( ) ;

f->Pressure ( ) ;

f->Enthalpy ( ) ;

f->Entropy ( ) ;

f->SpecificVolume ( ) ;

statè == SATURATED-LIQUID I I

state == WET-VAPOUR I I

state -= SATURATED-VAPOUR)
= f->Quality O;

)

and similarly for member function updateleavinsState. Since the implementation of

this function is extemal to the scope within which it is def,rned, the def,rning scope must be

explicitly indicated. This is done by prefixing the member name with the class name

followed by , , . This means of identifying the defining scope for member variables and

functions will be encountered elsewhere.

No implementation is provided for member function Process, which is a pure virtual

function, as indicated by the fact that its definition is prefîxed with the keyword virtual,

and equated to zero. The presence of a pure virtual function makes class Component an

abstract class, and objects of this class cannot be created; an attempt to do so will give rise

to a compilation error. Member function process has been declared to be a pure virtual

function since no meaningful default thermodynamic process can be ascribed to a generic

component. The purpose of class Componenf is to provide an abstraction describing the

state and behaviour cornmon to all components in a thermodynamic process, and to serve

as abase class or superclass from which more specializedclasses can be derived. Such

classes are known as derived classes or subclassøs. Suppose that we had a need to develop
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a class to describe the characteristics of a (generic) compressor.
efficiently be done by defining it as a subclass of .lus component:

class Compressor : publj_c Component
{

public :

This could most

vi-rtual void process O ;

);

Member function Process is no longer a pure virtual function (it is implemented externally
from the scope of the outline interface above), and objects of this derived class can be
created. Subject to rules which will be defined below, clãss Compressorhas access to the
attributes ofits superclass, and these need not be redefined in the derived class. A derived
class is said to inherit the attributes of its base class. The fact that member f-unction
Process has been declared to be a virtual member function means that it can be redefined
by a function having the same definition in a base class. Clas s Compressor may in turn
serve as a base class from which further classes may be derived, and these will inherit not
only the attributes of class Compressor,bû¡.also the attributes of its base class(es). Thus
we may develop a class ScrewCompressorwhich represents a further speciaìization of
the concepts developed so far, which is derived from class Compresàor, and, which
redefines vÍrtual member function process. Thus, member function process as defined
within class Compressormight perform an isentropic compression on the working fluid.
within the derived class we would probably like to modiiy the process to model more
accurately the behaviour of the fluid in a real compressor, and tnii might conceivably be
achieved by an algorithm which performs an isentropic compression upon the working
fluid to achieve a first estimate of the final state, and then seeks to ,"iin" the estimate
according to some iterative procedure. Since class Compressor is visible to class
ScrewCompressor, the latter class is able to access the implementation of member
function Process defined in the former using the scope definition rule described above:

void ScrewCompressor: : process ( )
{

/ / Make initial estimate of final fluid state
Compressor: :Process O ;

,/,/ Refine estimate.

Even though it is not possible to create an object belonging to an abstract class, objects
belonging to classes derived from an abstract base class -uy b" referenced by a pointer of
the base type, as has been done in some of the code fragménts above. fne virtual calling
mechanism ensures that the correct version of a virtual function will be invoked at run time
for objects referenced in this manner.
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In the examples above, classes have been derived from a single base class. It is also
possible for a class to be derived from more than one base class. This mechanism is known
as multiple inheritance, and is occasionally useful. Assume that we have a class

Evaporator(derived from Component), and a class Col. This latter class simulates the

state and behaviour of a cooling coil, but without reference to the state and behaviour of
the coolant; this must be specihed in a derived class. Clearly, if we were to develop a class

AirCooledEvaporator to be used within the context of our refrigeration cycle model, it
would be desirable for it to inherit the attributes not only of class Evaporator, but also of
class Col. This can be achieved by defining the interface thus:

clas s AirCooledEvaporator
{

public Evaporator, public Coil

Objects declared within a C++ prograrnme are by default automatic variables. They come

into existence, and are optionally initialized, when programme execution moves into the

scope of their declaration, and they are destroyed when they go out of scope. It would be

inappropriate to define precisely in this discussion what constitutes the scope of a variable.

Suff,rce to say that the scope may be a function, or a block (parenthized thus { } ) within
a function; a more precise definition will bè found in either of the references cited earlier
(Ellis and Stroustrup, 1990; Stroustrup; 1991). When programme execution visits the

scope of a particular automatic variable, no assumptions can be made about the state of the

variable, apart from those arising from the explicit initialization of the variable. In effect,

a new instance of the variable is created (and initialized) each time the scope is visited.
Variables may be given a life which transcends the periods during which they are in scope

by declaring them to be static. Static variables are created and initialized when programme

execution is initiated, and are destroyed when execution terminates. They preserve state

while out of scope, but are only accessible while in scope. A third mechanism exists for
creating objects and other variables;they may be explicitly created using the new keyword,

thus

Compressor* c = new Compressor O;

and destroyed using the delete keyword

delete c;

Objects created in this manner remain in existence until they are explicitly deleted, or until
the programme terminates. They are also accessible for as long as a pointer to them is in

scope.

Regardless of what mechanism is used to create an object, a special member function

known as a constructor is invoked when the object is created, and a destructor is invoked

when it is destroyed. A constructor is a function having the same name as the class to

which it belongs. A constructor may take arguments, but may not return a value. If a

constructor is not explicitly defined in the interface of the class, a default constructor is

supplied by the compiler. This will create an uninitialized object of the desired class. An
explicitly def,rned constructor will usually at least initialize the major member variables to
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appropriate default values. In the case of a complex class the constructor may be called
upon to perform a far more significant set of operations, which may for example include
the dynamic allocation of memory for data structures, opening and reading from disc files,
and initializing displays or other computer peripherals. Any class may define several
alternative constructors differing in their argument lists.

A dcstructor takes the name of the class Lu which it belongs, prefixed with the symbol -.
A destructor for a class is unique, takes no arguments, and returns no value. A destructor
may however be declared virtual. As in the case of a constructor, a default destructor will
be supplied by the compiler if none is explicitly defined. The default destructor simply
deallocates the memory occupied by the object. A destructor should in most cases aim to
return the system to the state it was in before the object was created, and may for instance
be called upon to invoke destructors for data structures dynamically created by the object,
and close disc files opened by the object. Simple constructors and destructors are defined
within the interfaces for class component and class Fluidstate.

Booch (1991) defines the following three categories, to which most of the remaining
member functions of a class will belong:

'r. Modifier An operation that alters the state of an object; a writer or accessor
operation

Selector An operation that accesses the state of an object, but does not alter
the state; a reader operation

a

o Iterator An operation that permits all parts of an object to be accessed in
some well-defined order"

The programmer may control access to the member variables and functions of a class by
invoking the keywords public, protected or private. The type of access which applies to
a particular member is determined by the last of the above keywords which proceed it in
the interface. Thus, in the definition for class Componenf, the member variables are
defined to be protected, while the member functions are public. By default, members of
a class defined using the keyword class are private, while members of a class defined
using the keyword struct are public. The two types of class are identical in all other
respects. The types of access implied by the three keywords listed above are as follows:

public: Any user-written code may access the member

protected The member may only be accessed by member functions of the class, or
member functions of classes derived from the class.

private : Access is restricted to member functions of the class

In the case of class Component and its derived classes, user-written code may read, but
not alter the state of an object, using a supplied set of selector functions. The state of the
object may only be altered in a prescribed manner by invoking the member functions
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updateEnteringstate, UpdateLeavingstate, Proces s of Mas s Flort'. Class FlUid State
is intended solely for internal use by class Component, and there is no good reason to
restrict access to its members.

Finally, it should be borne in mind that, while C++ provides a comprehensive set of tools
to support the object-oriented programming paradigm, it is derived from, and may itself
be used as a procedural programming language. In this respect it differs from some other
languages, such as Smalltalk, in which every declaration and action must be associated
with some object. C++ in fact tends to encourage a programming style which combines
elements of the object-oriented model, and elements of the procedural model. It is thus
possible for functions to exist outside the class structure of the model. Such functions are

referred to asfree subprogrammes.

The above necessarily comprises a very brief introduction to some of the key concepts of
object-oriented programming as implemented using the programming language C++. For
a far more comprehensive treatment, the reader is urged to consult the cited references.

2.3.2. Fundamental Data Structures.

A container type is a data structure designed to store and provide access to a set of objects
of the same, or related types. Container types are used extensively within the Zebra
Kemel, both as the fundamental building blocks for more sophisticated data structures, and

as a means of obtaining sequential or indexed access to the various component objects of
a simulation model. In an object-oriented programming language it is convenient to
implement container types as classes. A particular application may require the use of the

same fundamental data structure to hold objects of many different types. In a traditional
programming language this would mean replicating what is essentially the same source

code many times over. The situation can be alleviated using inheritance. C++ offers a

feature known as the template which reduces the task to one of writing the required class

once only (Stroustrup, 1990). A template class is a class, the interface for which takes one

or more types as arguments. During compilation classes are generated to satisfy each of
the argument lists used. The mechanisms by which the compiler achieves this are of little
or no concern to the programmer. Judicious use of inheritance in combination with
templates will reduce the binary code generated to a minimum.

The following discussion briefly describes the distinguishing characteristics of three types

of container class which will be encountered in subsequent chapters. The interfaces for
these classes are described as a means of defining the operations which may be performed

upon them, but the reader is refened elsewhere for details of the implementation. The

opportunity is also taken to elucidate certain additional features of C++.

Note that there are two member functions bearing the name MassFlow. Since they accept

argument list of different types, they are different functions. The mechanism whereby C++ permits

the same name to be shared by different functions is known as overloading.

II
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Singly-linked Lists. A singly-linked list contains a sequence of nodes connected
in one direction (the forward direction) by a pointer to the next node on the list
(frgure 2'2). Each node contains an object or variable of the designated type. Two

hec:cr lc ii

nexl . next .

dcrìc d crto
next. rìexf
d cto dclc

Figure 2.2. Structure of a singly-linked list.

special nodes are designated, the head and the tail. The public interface for a
template class to represent a singly-linked list may be written thus:

template <class T> class Slist
{

friend cl-ass Slist_iter<T>;
public :

void insert (const T& .r);
void append (const T& a);
T set O;
T& head O;
T& current O;
T& first O;
T& next O;
void clear O;
int NumberOfElements O ;int Isempty O;

);

private slist_base

The implementation follows that given by Stroustrup (1990). Two points about the
implementation need to be explained here:

The template class is derived from a base class slist_base, which
implements the operations common to all derived classes.

The base class maintains a current pointer which references the currently
addressed node.

The template class takes one argument (r), which denotes the type of object or
variable the class will contain. A class to contain a singlyJinked list of integers
may thus be declared as

Slist<int> 1;

The member functions defined in the interface perform the following operations:

inserts a node containing an object of the designated type at the
head of the list.

a

b

].nsert
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appends a node containing an object of the designated type at the
tail of the list.

get returns the object contained in the node at the head of the list, and
deletes the node.

head returns a reference to the object contained in the node at the head of
the list. The current pointer is left where it is.

current returns a reference to the object contained in the node addressed by
the current pointer.

f i-rs t moves the current pointer to the head of the list, and returns a
reference to the object contained in that node.

next moves the current pointer to the next node on the list, and returns
a reference to the object contained in that node.

clear removes all nodes from the list.

For an object of this class an attempt to move the current pointer beyond the end
of the list, or to get an element from an empty list, will result in an error.

An iterator class is provided to traverse a list, and is defined by the template

template <class T> class Sl-ist_iter : private slist_base_iter
i
public :

Sl-íst_iter (Sl-istcT>& s) : slist_base_iter (s) i)
T operator O O;

\;

Referring back to the interface for class S/tb1 it will be seen that this latter class is
decla¡ed to be a friend of SÍ.sf. A friend class or function has access to the private
parts of the class which declares it to be a friend. This class defines two member
functions. The hrst is a constructor which takes as an argument a reference to the
list upon which the iterator will operate. The second defines the operator ( ) so that
it will return the value of the object contained in the next node on the list (when
first invoked, it accesses the head of the list). This feature of C++ is known as

operator overloading, and permits the operation of a range of standard operators,
including the mathematical operators, logical operators, the subscripting operator
t I , the function call operator ( ) , and a number of others, to be redefined in respect
of their action upon objects of a particular class. The manner in which a list and
its iterator cooperate to traverse a list is illustrated by the following code fragment:
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)

Sl-istcint> 1;
/ / Buil,d the 1ist.

/ / lraverse the 1ist.
Slist_iter<int> t (1);
for (int i = 0; i < l.NumberOfElements O; i++)
{

int j = t g;
// Manipul-ate el-ement j.

For small types such as integers, it is straightforward to store the elements
themselves on the list. For complex objects it is more convenient to store pointers
to the objects on the list. Class Splist serves this purpose. Its interface, and that
of its iterator, are defined as follows:

template <class T> class Splist
{

friend class Splist_iter<T> ;public :

void insert (T* p);
void append (T* p);
void clear O;
T* get O;
T* head O;
T* current O;
T* first O;
T* next O;
T* NumberOfElements O;
T* Tsempty O;

Ì;

private slist_base

template <cl-ass T> class Splist_iter : private slist_base_iter
{
public :

Splist_iter (Splist<T>& s) : slist_base_iter (s) {}
T* operator O O;

);

The actions performed by the member functions of the above classes essentially
parallel those performed by the corresponding member functions of the classes
previously defined. Note that in this latter case, an attempt to move the current
pointer beyond the end of the list, or to ser from an empty list, will return a null
pointer.

Doubl)¡-linked Lists. The doubly-linked list (figure 2.3) differs from its singly-
linked counterpart in that each node maintains a link not only forward to the next
node on the list, but also backwards to the preceding node, thus providing the
ability to traverse the list in either direction. The implementation used by theZ.ebra
Kernel follows that of Hansen (1987), but has been modified considerably to take
advantage of templates. In most respects, the implementation parallels that
described above for a singly-linked list, and the discussion here will be kept brief,
and will be restricted to a consideration of the public interface for a class to
represent a doubly-linked list of pointers:

11.
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Figure 2.3. Structure of a doubly-linked list.

template <class T> class DpIist
{public :

void clear O;
int isempty O;
void reset O;
int NumberOfElements O;

private dlist_base

prev (T*& p) ;
get (T*& p) ;
getnext (T*& p) ;
getprev (T*& p) ;

d append (T* p) ;
d insert (T* p) ;
d appendhere (T* p)
d inserthere (T* p)

int
int
int
int
int
voi
voi
voi
voi

next (T*& p) ;

)¡

Insofar as they have no counterpart in the definition for a singly-linked list, or their
purpose differs from that of the corresponding function in the interface, the
functions defined in the above interface perform the following functions:

reset resets the current pointer to undefined (null)

next moves the current pointer forward to the next node, if the current
pointer is defined; otherwise moves it to the head of the list. If the
operation would move the current pointer beyond the end of the list,
it becomes undefined, and a null pointer is returned. Otherwise, the
pointer contained in the node referenced by the current pointer is
returned.

prev moves the current pointer backward to the preceding node, if the
current pointer is defined; otherwise moves it to the tail of the list.
If the operation would move the current pointer beyond the front of
the list, it becomes undefined, and a null pointer is returned.
Otherwise, the pointer contained in the node referenced by the
current pointer is returned.

operates on the node addressed by the current pointer, if the pointer
is defined. Otherwise operates on the node at the head of the list.

get
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ll1.

The pointer contained in the selected node is returned, and the node
removed from the list and deleted. If the selected node is at the
current pointer, the cunent pointer is moved to the succeeding node.

getnext operates on the node succeeding the one addressed by the current
pointer. If the current pointer is already at the head of the list,
returns a null value. If the pointer is not defined, selects the head
of the list. The pointer contained in the selected node is returned,
and the node removed from the list and deleted.

getprev operates on the node preceding the one addressed by the current
pointer. If the current pointer is already at the tail of the list, returns
a null value. If the pointer is not defined, selects the tail of the list.
The pointer contained in the selected node is returned, and the node
removed from the list and deleted.

append.here appends a node after the cunent pointer, if it is def,rned. If it is not
inserts the node at the tail of the list.

inserthere inserts a node before the current pointer, if it is defined. If it is not,
inserts the node at the head of the list.

Associative Arrays. An associative array, also known as a dictionary u a map,
generalizes the concept of an anay, as implemented as a standa¡d tool in most
programming languages. An element of an array is defined by two entities, akey
or index, and avalue. To declare an array it is necessary to reserve a contiguous
block of memory spanning the range of values that the index may take. In the case

of an associative aÍray, elements are allocated only as needed. Furthermore, the
key need not be an integer. It can be ofany type upon which an ordering can be
imposed, and with the ability of C++ to overload the logical operators, most types
can be used as a key. The value furthermore, can be of an arbitrary type. The
associative array therefore becomes an ideal candidate for implementation as a
template class. The elements of the array must be stored in some data structure
which permits them to be sorted according to the key. The implementation
described by Stroustrup (1990) is based on a doubly-linked list. In the
implementation used by the Zebra Kernel, a binary search tree is used as the
underlying data structure. From the point of view of the user, the syntax of the
interface is almost identical. Assume the existence of a class GenericBinaryTree,
which implements a binary tree, the elements of which are of arbitrary type, a class

GenericNode, which implements a node of the generic tree, and class
GenericTreelterator, which is an iterator for the generic tree. Then we may
definoe node containing one element of an associative affay:

'\
\
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template <class K, class V> class MNode : private GenericNode
{

friend class Map<K, V>;
friend cl-ass Maplter<K, V>;
const K key;
V value;

public :

MNode (const K& k, const V& v) : key (k), value (v) {}
virtual- -MNode O ;

Ì;

The above template takes two arguments. x is the type of the key, and v is the type
of the value. In much simplified form, the interface for the template class
implementing the associative array may be written:

template <class K, class V> class Map : private GenericBinaryTree
{

friend cl-ass Maplter<K, V>¡
/ / + +++ + + ++++++++++++++++++++++++++++++++++++++++++++++++++++++
/ / PrivaLe member variables.
/ / + ++ +++ ++++++++++++++++++++++++++++++++++++++++++++++++++++++
V def_va1¡ / / Default value
K def_key; / / Default key
MNode<K, V>* current; / / PoioLer to the current node

public :

/ / + + ++ + + ++++++++++++++++++++++++++++++++++++++++++++++++++++++
/ / PrivaLe member functions.
/ / + + ++ + + ++++++++++++++++++++++++++++++++++++++++++++++++++++++
/ / ------_
// Constructor for class Map<class K, class V>.
/ / _______
Map (const K& k, const V& v) : def_key (k), def_val (v) {}
/ / _______
// DesLructor for class Map<c1ass K, class V>.
/ / ________
virtual -Map O;
/ / _------
/ / Indexing operator. Returns a reference to the value of an
// element with the specified key.

V& operatorl] (const K& k);
/ / ________
/ / CLear the array.

void clear O;
/ 1_______
// Remove a specified element from the array.

void remove (const K& k);
i : ----'
/,/ Return the number of elements in the array.

int size O;
/ I ________

// lrray membership. Returns 1 if specified key in array,
/ / 0 otherwise.
t I -------
int in (const K& k);

/ / ILeraLion functions.
! i _____-_

Maplter<K, V> first ( ) ;
Maplter<K, V> last ( ) ;

]
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For the most part, the member functions in the above interface are self-explanatory.
The function which is of real interest is the indexing operator, which is derived by
overloading the standa¡d C subscripting operator. This function returns a reference
to the value of an element with the key specified by the argument, if such an
element is found in the anay. If no such element is f'ound, an element having this
key and the default value is dynamically created, and a reference to the value is
returned. In this way, an array element may be specified on the left-hand side of
an assignment operator. The syntax of usage of an associative array is thus
identical with that of a standard array. Suppose that the zones in a building are
referenced according to a name stored in a text string, and that we wish to store the
sensible load values in an array accessed by the appropriate set of keys. This may
be achieved by a set of statements of the following form:

Map<String, double> SensibleHeat ( 0.0) ;

Sensj-bl-eHeat IFloorlNorthEast] =
SensibleHeat IFloorlSouthlrlest] =

The situation will frequently arise where we wish to traverse part, or all of an
asssociative array in sequence according to the key. An iterator is provided for this
purpose:

template <c1ass K, class V>
class Maplter : public GenericTreelterator
(

friend class Map<K, V>;
public :

/ / -------
// ConsLructor for class Maplter<class K, class V>.
/ / -------
Maplter (Map<K, V>& m) : GenericTreelterator (&m) {}

0;
0;

24
22

/,/ Destructor for cl-ass Maplter<class K, cl-ass V>.
/ / -------
-MapIter O { }
/ / -------
// Access key and dat.a.
/ / -------
const K& key ( ) ;
V& value O;
/ / -------
/ / lncrement and decrement operators.
/ / -------
Maplter& operator-- O; / / prefix
void operator-- (int); // posi-flx
Maplter& operator++ O; // prefíx
void operator++ (int); // posLfix

I

The constructor for this class takes as an argument a reference to the ¿uray upon
which the iterator will operate. Iteration is performed using the increment and
decrement operators. The prefix operators return a reference to the iterator, or a
null reference if the traversal attempts to proceed beyond the end of the aûay.
They may thus be used to detect the end of a traversal sequence. Continuing our
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previous example, the sensible space loads for a set of zones may be printed to the

screen using following code:

for (MapIter<String. double> p (SensibleHeat); p; ++p)
cout << p.key O <<

which will produce the following output:

FloorlNorthEast
FloorlSouthWest

24 .0
22 .0

Finally, note that the interface for class Map defines two iterators, one initailized
to point to the first element in the affay, and one to point to the last element.

2.3.3. Notation.

The present thesis is concerned to a large extent with describing the manner in which
software has been configured to represent and model a class of physical systems. The

suitability of a notational scheme to describe a software system is determined largely by
by the perspective chosen by the developer in designing the system. The various

programming methodologies developed over the years have spawned a plethora of
notational schemes (Yourdon, 1989).

Booch (1991) presents a comprehensive set of notational tools to support the object-

oriented programming paradigm. The tools recommended by Booch provide the user with
a means of describing a software system from a number of complementary, but mutually
orthogonal perspectives. In the current work we are concerned mainly with describing the

class structures of software systems. Booch's class diagrams serve this purpose admirably.

At the micro level we are concerned with describing the algorithms implemented within
the various class member functions and free subprogrammes. A.programme description

language (PDL) or pseudocod¿ scheme has been developed for this purpose. Some use has

also been made of the much-maligned flow chartl2.

The characteristics of the notational schemes used in this work are elucidated in the

following.

2.3.3.1. Class Diagrams.

In the notation devised by Booch, a class is represented by the icon shown infigure2'4.
Booch classifies the relationships between classes into four types; inheritance relationships,

using relationships, instantiation relationships, and metaclass relationships. In the present

work, the three former types will be of interest to us. A subset of the notation devised by

12 For a reassessment of the flow chart, see Yourdon (1989).
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Figure 2.4. Class diagram notation (after Booch, l99l)

Booch to represent these types of relationship is also shown in figure 2.4,to which the
following notes refer.

ll

Inheritance relationships. A derived class inherits the attributes of its base
class(es), as described in section 2.2. Such a relationship is denoted by a solid line
originating at the derived class, and terminating in an arrowhead at the base class.
This notation serves to describe both single and multiple inheritance relationships.

Using relationships. A using relationship implies that one class (the client) uses the
services provided by another. Booch distinguishes between two types of using
relationship. In the one, the interface of a class uses another cliss, and the
relationship is explicitly indicated to all client classes of the using class.
Alternatively, the implementation of a class may enter into a using relationship
with another class. Both types of relationship are indicated by a doutle solid line.
Where the interface of a class uses the services of another, an open circle is placed
at the end of the double line adjacent to the using class; a closed circle is used to
indicate that it is the implementation of the using class that is involved in the
relationship. A set of symbols to indicate the cardinality of a using relationship are
also shown in figure 2.4. To understand how this notation works, consider theìase
where be have a class A which uses class B, and that we place the icon representing
this relationship connecting the icons for the two classes, with the ìymbol r
adjacent to class A, and the symbol + adjacent to class B. This implìes that for each
instance of class A, there can be one or more instances of class fl and that for each
instance of class B, there can be one and only one instance of class A.

Instantiation Relationships. Instantiation occurs when we derive a class of a
specific type from a class of a generic type. In C++, this type of relationship is
supported by templates. Thus, referring to section 2.2, if we derived a clasi to
represent a singlyJinked list ofintegers (by declaring an object ofthe appropriate
type), we would say that this provides an instantiation of the appropriate template
class. Relationships of this type are indicated by a broken line connecting the icons

lll
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representing the two classes, and terminating with an arrowhead adjacent to the
template class.

We may also encounter the situation where a set of free subprogrammes use the services
provided by one or more classes. Booch refers to such a set of subprogrammes as a set of
class utiLiti¿s, which are also represented by an icon shown in figure 2.4.

2.3.3.2. Programme Description Language.

A programme description language is essentially a means of imposing a degree of rigour
on a textual or mathematical description of an algorithm by setting the description within
a syntactical structure loosely based on the syntax of a structured programming language.
The PDL may therefore be seen as an intermediate stage between the plain textual
description, and a machine-readable programming language. The intention is that the
resulting pseudocode will be easily understood by a reader with limited programming
experience, while at the same time presenting the prograrnmer with an algorithm
description which may readily be translated into machine-readable code, while preserving
its structure. Booch in fact suggests the possibility of using a language such as C++
directly as a programme description language, and one is reminded that one of the earliest
structured programming languages, ALGoL (Algorithmic Zanguage; Dijkstra, 1960), was
designed with the intention that it should be used not only for implementing software, but
also as a means of describing and documenting algorithms. For present purposes however,
a slightly less formal approach was felt to be in order. The ability to present an algorithm
description using a mixture of textual and mathematical notations, as most appropriate,
permits a considerable degree of conciseness to be achieved. It also makes the algorithm
descriptions more readily accessible to the reader not familiar with the nuances of a
specific programming language.

In the PDL used herein, the syntax has been largely borrowed from the C language
(Kernighan and Ritchie, 1988). The semantics are based on a number of structured
programming languages with which the author has worked over the years, but probably
owe more to Pascal (Jensen and Wirth, 1978) than to any other.

An algorithm description is composed of a sequence of statements, each of which is
terminated by a semicolon. Statements may be grouped into compound statements or
blocks, delimited by parentheses, thus {}. A block may be pref,rxed by an iterative or
conditional expression, statements within the block being commonly subject to the actions
implied by that statement. Blocks may be nested. In general, a compound statement may
be used wherever a simple statement would be permitted, and vice versa. Statements may
be of two kinds, mathematical statements and imperative statements. The expressions
within statements are italicized.

A mathematical statement is composed of a mathematical expression comprising a set of
mathematical operators, and the entities on which they act. Each entity may be represented
in a standa¡d symbolic form, or by a textual description of the entity. The value to which
an expression evaluates may optionally be assigned to an expression on the left-hand side
of the statement. The following operators are used in mathematical statements:
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Assignment: e

Arithmetic Operatorsr3'. + - / x

PrecedenceOperators: 0 tl

Operators of the latter type may be nested.

An imperative statement is a textual statement which concisely defines an action or set of
actions to be performed. Usually, this will correspond to a function or subroutine call.

A logical expression comprises one or more simple logical expressions, separated by the
logical operators:

and or

A logical expression, and each of its component expressions must evaluate to true or false.
At its simplest, a simple logical expression may simply comprise a boolean variable. It
may also comprise a comparison between two entities using the comparison operators:

The PDL also supports the negation operator

not

The precedence operators may also be used within a logical expression.

The execution of statements within an algorithm is controlled by iterative and conditional
expressions. The PDL supports the following iterative expressions:

for sequence description do
{

Ì

while logical expression do

{

In the first case, the compound statement is evaluated for each item in the specified
sequence. In the second case the compound statement is evaluated repeatedly for so long

In accordance with customary usage, the multiplication operator may be omitted where its presence
is clearly implied by the syntax.

l3
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as the logical expression evaluates to true. A conditional expression, in its most general
form, may be written thus:

if logical expression, then {

Ì
else if logical expression, then {

else

A compound conditional expression, such as that shown above, will cause the compound
statement following thefirst logical expression which evaluates to true to be executed. If
none of the logical expressions evaluates to true, the compound statement following the
optional final else statement will be evaluated. Once a true logical expression has been
found, none of the succeeding logical expressions will be evaluated.

Comments are denoted by text in Helveticâ font enclosed in brackets

2.4. Reading System Specifications.

The Zebra Kernel extracts the specifications for a computational model for an air
conditioning system from a text file, or compatible medium. This last remark implies that
the medium can be accessed as if it were a text file using the C++ input/output streams
mechanism (Stroustrup, 1990), which defines a hierarchy of classes providing
progressively more specialized services for handling an inpuloutput stream. Class
istream is a base class providing services for extracting data from, and otherwise
manipulating input streams. Classes derived from isfream including ifstream, which adds
facilities for input operations on file-based streams, including member functions to open
and close files, and istrstream, which provides facilities for extracting data from null-
terminated text strings in memory, using standard C++ input operatorsra. By writing the
data extraction facilities in terms of the base class istream, the nature of the input source
becomes transparent to the client functions. Ultimately of course, the input source must
be specified somewhere, but by proceeding in this manner, such considerations can be
isolated to the outermost levels of a programme which uses the services.

The system specifications are extracted from the file as a sequence of lines or records, each
of which is prefixed by a five-digit code, which determines what information is to be
extracted from the body of the record. In addition, the file may contain blank lines, and

Class lfsfream also inherits from class fstream, which provides basic services for file streams,
regardless of the direction of data transfer. Similarly, istrstream inherits from class strstream.
Ultimately, all stream classes are derived from a common base class ios.

)

t4
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conìment lines. In the case of the latter, the hrst non-whitespace character on the line must
be #. Both blank lines and comment lines are skipped on input.

Class lexfSource is provided to facilitate the extraction of data from the text file (or other
source). The constructor for this class takes the form

TextSource: :TextSource (istream& isb,
char* fn = "");

The first argument in the above specifies the source from which the data are to be read.
The second specifies a null-terminated character string which may be used to identify the
data source (in error messages for instance).

The most important member function of class TextSource is the following:

istream* Textsource: :Inputline O ;

which reads the next line of data from the text source, skipping any blank lines or comment
lines found in the process. If a valid line of data is found, it is stored, null-terminated, in
a dynamically-created internal buffer, which w.ill be released by a subsequent call to
rnputline, or when the destructor is invoked. If a buffer is created, an object of class
istrstream is attached to it, enabling client code to extract the data from the record using
standard C++ input operators. A pointer to the istrstream object referencing the internal
buffer is returned. If its value is null, it should be interpreted to mean that the input source
is exhausted.

Additional member functions perform the following services:

l. istream* Textsource: : str O ;

Returns a pointer to the istrstream object referencing the internal buffer. See also
the remarks above.

ll. int TextSource: : code ( ) ;

Attempts to extract a five-digit numeric code from the beginning of the record in
the internal buffer. If successful, the value of the code is returned; otherwise a
value of -l is returned.

l1l. int Textsource: : operator l O ;

Overloading the operator ! returns a value of 1 if the input source is exhausted, 0
otherwise.

lV. int Textsource::line O;

Returns the number of the current line within the text source
error reporting routines.

Mainly used by the
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Overloaded error-handling routine, which enables error messages to be output in
a range of formats. Invoking any of the above functions causes programme
execution to terminate unconditionally.

Many of the classes used by the Zebra Kernel define constructors which take a reference
to an object of class TextSource as an argument, or otherwise provide the constructor with
a mechanism to read the specifications for the object being created from such a source.

The va¡ious prefix codes control the flow of execution of the progranìme while the system

model is being assembled. In particular, they indicate what constructors are to be invoked.
Consider the following sequence of input records:

# Commence input for Zone L.
r-6000 1
# Name of zone.
L6001 NTiV Zone
# Comment.
1,6002 Perimeter zone
# 1 = Thermostat enabled; 24.0 = Thermostat setting
t_6003 L 24.0
# l-3.189 = Sensible load (kW) ; 0.941- = RSHR.
16008 13. t_89 0.94L
# Terminate input for zone.
L6999

(deg . c )

V/hen a record pref,ixed with code 16 o 0 o is encountered, it indicates that a new object of
type Zone is to be created, which will be done provided the code is valid at that point in
the execution of the programme. The remainder of the record is read, and a new object

class Zone created thus:

Zone* z = new Zorte (uid, t) ;

where the arguments to the constructor specify a unique numeric index for the zone (uid;
read from the body of the record), and a reference to the object of class TextSource from
which the specifications are being read. At this point, control is passed to the constructor

for class Zone, which processes the remainder of the records in the above sequence. The

void
void
void

void

void

void

void

voi-d

void

TextSource:
TextSource:
TextSource:

TextSource:

TextSource:

TextSource:

TextSource:

TextSource:

TextSource:

: Ierror
: lerror
: Ierror

: Ierror

: Ierror

: Ierror

: Ierror

: Ierror

: ferror

(char* s) ;
(error_code c);
(error_code c,
long n);

(error_code c,
int n) ;

(error_code c,
unsigned n);

(char* s,
unsigned n);

(error_code c,
doubLe r);

(error_code c,
char* s);

(error_code c,
char cd);
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main loop of thjs function implements the logic indicated by the following (incomplete)
code fragmentrs:

for (boolean finish = false;
{

long code = t. code ( ) ;

I finish && t. Inputline ( ) ; )

switch
{

case
case
case
case

case

( code )

-l_ :

16001_ :

16002 :

16003 :

16008 :

/ / Error - no code read from record.

: finish = true,. break,.
: ... / / Error - code read is invalid

case 16999
default

Ì

The loop is repeated until an error condition is encountered, the boolean flag rinisti is
assigned a value of true, or the end of the input source is reached. At eachiepetition a
record is read from the input source, and control passed to the appropriate labelled
statement according to the value specified by the code. The statement labelled defaurr
serves to catch a code which has not been specifically enumerated among the preceding
case statements; such a code will be invalid at this point in the programme execution.
When code 1699e is encountered, data specihcation for the zone is complete. Flag f inisrr
is assigned a value of true causing programme execution to break out of the loop,
ultimately returning execution to the routine from which the constructor was invoked.

The purpose of the constructor may not be satisfied if the records above are specified in
random order. Some records will be mandatory; in the case of many others it makes no
sense for the prefix code to be duplicated within the specifications for a particular object.
Again, instances may arise where codes must be read in a specific order. Violations of any
of the above conditions can be detected provided it is known which records have been read.
Before the above loop is entered, an associative ¿uray is declared taking an integer variable
as the key, and a boolean variable as the value, and an element is created for each valid
code, and initialized tofalse:

l5 In the actual implementation the prefix codes are refened to by a descriptive set of pseudonyms,
rather than their numeric values. Thus:

const
const
const
const

6000;
600r_;
6002 ¡

6003;

ínt Z
inL Z
int Z
ini- Z

ONE BEGIN
ONE NÀME
ONE COMMENT
ONE_THERMOSTAT-S ETT ING

t_

1
1
1_

and so forth. In later chapters the appropriate pseudonym will generally be used where it is desired
to refer to a specific code. In the present discussion, it is however convenient to use the numeric
values.
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Map<1ong, bool-ean> rd (0, false) ;
rd[]-6001-l = false;
rd[16002] = false;

rd[16999] = false;

Thus, as each code is encountered, it is possible to check whether any preconditions have

been violated, before the element of the array conesponding to the code is assigned a value

of true. Finally, after execution has broken out of the loop, the array may be checked to

see that all mandatory records have been read.

It is of course implicit in the above that certain prefix codes will cause new objects of
various types to be created, control being passed to the appropriate constructor to read the

specif,ications for the new object, before being passed back to the constructor from which
it was invoked. We will even have occasion to invoke constructors recursively.
Discussion of such cases will be deferred until appropriate in the following.

Finally, it should be pointed out that while the input files required to support the above

scheme may become quite complex, the structuring of the files lends itself to generation

by a menu-driven input utility. This consideration was instrumental in the design of the

scheme.
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Chapter 3. Ventilation and Air Quality.

Comfort air conditioning is concerned with the process of maintaining the state of the air
within an enclosed space in a condition which is at once conducive to the comfort and
health of the occupants. The acceptability or otherwise of an indoor environment will be
determined by a number of factors. The provision of air conditioning to an occupied space

provides an opportunity to control two of the major components which determine the
acceptability of an indoor environment, namely:

The thermal climate, as determined by the dry bulb temperature, the moisture
content of the air in the space and the degree of air movement.

The presence and concentration of atmospheric contaminants, which may include
(ASHRAE, 1993):

Bioeffluents, produced by biological processes;

Volatile organic compounds;
Particulate matter;
Inorganic gaseous combustion products;
Radon progeny and other airborne radioactive substances;
Formaldehyde, pesticides and aerosols;
Particles of organic and inorganic solids and liquids;
Charged particles, such as hydrated ions, and
Condensation nuclei for viruses and bacteria,

among others, including in particular carbon dioxide.

From the point of view of the overall thermal design of an air conditioning system, the

engineer may seek to control the above components of the indoor environment by
modulating the following three variables:

Dry bulb temperature;
Relative humidity;
Distribution of ventilation air.

Th functional relationships which determine the acceptability of the indoor environment
have been subject to investigation by workers from a broad range of disciplines for many
years now. The causal factors which have been investigated have included the above three,

together with a wide range of others over which the engineer has no direct control. The
purpose of the following discussion is not to review the field in its entiretyr6, but rather to

use a small sample of the literature to establish a basis upon which a set of target design

values for the above variables can be selected. Once a set of target design criteria have

been established for an application, the relative energy efficiency of various candidate

design solutions can meaningfully be compared subject to the provision that they are

constrained to satisfy the design criteria across the range of operation of the system.

An extensive review of recent work on the bases of the health and comfort aspects of indoor air

climates is provided in the ASHRAE Fundamentals Volume (1993; chapter 8).

l.
ii.
iii.

l6
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3.1. Thermal Comfort.

Conditions of thermal comfort may be said to be satisfied if the majority of the occupants
of the space desire an environment which is neither hotter nor colder than its current level.
The physiological and environmental factors which influence the mechanisms whereby the
body establishes equilibrium with the thermal environment have been extensively
investigated (Fanger, 1972;Fisk,1980; ASHRAE, 1993). on rhe basis of an extensive
series of field trials and climate chamber tests, Fanger (1912) came to the conclusion that
the major factors influencing the condition at which thermal comfort is reached are:

Activity level (heat production in the body);
Thermal resistance of the clothing (clo value);
Air temperature;
Mean radiant temperature;
Relative air velocity;
Water vapour pressure in ambient air.

Using his measurements as a basis, Fanger derived the comfort equation, which describes
the locus of combinations of the above factors which will produce optimal thermal
comfort. The comfort equation may be written (Fisk, 1980) in simplified form as

0,,=33'5-31,t-(0'08+0.051,)M,, (3.1.1)

in which

0 is the resultant dry-bulb temperature,
is the insulation provided by the clothing of the occupants, and
is the activity level of the occupants.

rs

I,
M

The resultant dry-bulb temperature,

0rr=0'50o+0'50. (3.1.2)

where 0o is the temperature of the air in the space, and 0, is the mean radiant temperature
of the surfaces in the space, weighted according to arearT. The simplified form of the
equation is suitable for use where the air velocity is not sufficiently high to cause
discomfort. It is also assumed in the simplified form of the equation that the influence of
humidity on thermal comtbrt is of secondary importance in the vicinity of the preferred
temperature. The important observation to be made from the above equation is that the
optimal dry-bulb temperature for a conditioned space is not a unique value, but that it
depends on the activity level of the occupants of the space (M,), and upon the degree of

T7 In the discussion in the following chapters, it is implicitly assumed that 0o = 0rr. The algorithms
developed in chapter 6 may readily be adapted to account for deviations from this assumption,
provided a detailed thermal model of the zone is available.
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Figure 3.1 Psychrometric chart showing the ASHRAE comfort zones for summer and winter

conditions.

insulation provided by their clothingrs (1.1). While the mean activity level in a functionally

designated space may usually be assumed to remain constant throughout the year, the

clothing worn by the occupants will vary, except perhaps in tropical climates. People tend

to dress according to theft perception of what they should wea¡. So the CEO who lives in

an air conditioned house with a heated garage,who drives to work in an air conditioned car

which witl be parked in his/her designated space beside the lift, spends the day in an air

conditioned office and reverses the process in the evening will probably wear an undershirt

and thick socks and work shirt in winter, but no undershirt, thin socks and a lightweight

shirt in the summer. Thus the optimal resultant dry-bulb temperature will vary according

The measure of activity level (Mr) is the metabolic rate for unit surface area for the subject,

measured in units of W/m2 in equation (3.1.1). The insulation value of clothing ( 1r, ) is expressed

in units of clo. ASHRAE (1993) tabulates the rate of metabolic heat generation for various

activities, and the insulation values for a number of typical clothing ensembles.

18
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to equation (3.1.1), and to an extent will track the ambient dry-bulb temperature. This
observation forms the basis for the comfort integration method of thermal control (Shaw
and Luxton, 1990), application of which enables signif,rcant savings in energy consumption
to be made.

The effective temperature ET. (Gagge et al., 1971; Fobelets and Gagge, 19gg) is an
environmental index which seeks to provide a single measure of the human response to a
given set of psychrometric conditions, The effective temperature describing a given parcel
of air is defined as the dry-bulb temperature of a "standard" parcel of airãt tñe same dry
bulb temperature, but at 50Vo relative humidity which would give rise to the same rate of
heat transfer to or from a human body. In general, this is a function not only of the
psychrometric condition of the test environment, but also of the activity level and the
permeability index (i^) of the clothing worn by the subjectte

The comfort zone as defined by ASHRAE Srandard 55-1989 (ASHRAE, 19g9a) is
delineated on a psychrometric chart by lines of constant effective temperature, and by lines
of constant relative humidity (figure 3.1). In accordance with the principles enunciated
earlier, separate but overlapping comfort zones are defined for summer and winter
conditions. The winter comfort zone lies between 2O and,23.9" C ET . , the summer zone
between 22'8 and26"C ET.. In each case these a¡e to be interpreted as standard effective
temperatures, evaluated under a set of st¿ndard conditions representative of typical indoor
applications. The defining conditions are I,t = 0.6 clo; i,n = 0.4; M., J 1.0 met20;
0, = 0o and air velocity below 0.1 m/s. tt wlit be observed'irom figure à.1 thut, within
the range of temperatures covered by the comfort zone, humidity is indeed a secondary
factor in determining human comfort, thus justifying the use of the simplified form of the
comfort equation (3.1.1) for preliminary computations at least. For a bioad range centred
upon the comfort zone, the effective temperature in itself is an index of comfort iather than
of health. Within this range, a depafture from the preferred temperature has no direct effect
on the health of a subject. As the temperature increases signihcantly beyond a comfortable
level, the humidity of the air becomes increasingly important in deteimining the rate of
heat loss from a human body, and the effective temperature becomes increasingly
important as a determinant of human health. Similarly, with falling temperature, a point
is reached at which health and body functions may be adversely aifecteå. The effective
temperature can be correlated with the response of the human body to the thermal
environment, in which case it is known as the comfort-health index (CHI; Gagge et al.,
1971;ASHRAE, 1993). The extremes of the range are however of little interest in comfon
ai r conditioning applications.

As we have seen, relative humidity is not a major factor in determining the comfort of the
occupants of a space, provided the dry-bulb temperature is close to the preferred level. The
relative humidity which can be tolerated has been stated by one authority (Fisk, l9g0) to
span the range from 25 to75%. While this range may be argued to be acceptable from a

re ET - isrelated to the defining variables by a coupled set of equations. A computer programme to
solve these is listed in Gagge et al. (1971).

20 I met= 58.2W/rú.
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comfort point of view, health considerations dictate that narrower limits be imposed upon
the acceptable relative humidity range. High levels of relative humidity are associated with
the growth of bacterial, viral and fungal populations (Brown and Mathieson, 1991;
ASHRAE, 1993), and with the promotion of certain allergens, including in particular the
faeces of the house-dust mite (Dermatophagoides pteronyssinus; Spieksma, 1991, 1993).
Relative humidity levels of greater fhan 607o will support populations of the house-dust
mite, the range of l0-80Vo being optimal for the growth of populations (Spieksma, 1970,
1990; Spieksmaetal., I97l). Excessivelylowlevelsof relativehumiditymayleadto
dehydration and cause injury to the skin, eyes, nose, throat and mucous membranes
(ASHRAE, 1993). The resulting dry tissues are less resistant to infection, and low relative
humidity levels have been linked to infections of the upper respiratory tract in particular
(Gelperin, 1973; Grcen, 19'79, 1982). Relative humidity levels also have a significant
effect on dust emission from carpets and furnishings, and on static electricity (Brown and
Mathieson, 1991). ASHRAE Standard 55-1989 specifies a comfort zone delimited by
relative humidity levels of 30 and 607o (Trgure 3.1). Two air conditioning practitioners
(Brown and Mathieson, 1991) recommend a much narrower range of 45-55Vo as being the
optimal range to satisfy health and comfort requirements. This latter range would seem to
be an appropriate design target for quality installations. ASHRAE Standard 55-1989
further stipulates that the relative humidity of air in low velocity ducts should not exceed

70Vo to avoid fungal growth.

3.2. Ventilation.

The purpose of ventilation is to prevent the concentration of airborne contaminants
building up to a point at which they either cause discomfort or constitute a health hazard
to the occupants of the space. ASHRAE Standa¡d 62-1989 is titled "Ventilation of
Acceptable Indoor Air Quality", and seeks to specify the minimum ventilation rates for a
conditioned space which will prove both acceptable to the occupants and avoid adverse
health effects. The ASHRAE standard specifies a set of minimum permissible ventilation
rates, expressed as volume flow of fresh air per unit time per occupant, and tabulated
according to the use to which the space is put. The standard is avowedly "comfort-based"
(Cox and Miró, 1990), the minimum ventilation rates being selected on the basis that they
will be adequate to reduce the level of odours such that at least 8O7o of the occupants will
be satisfied, while reducing the concentration of contaminants to a level which is not
harmful. The standard is prefaced with the disclaimer that "With respect to tobacco smoke

and other contaminants, the standard does not, and cannot, ensure the avoidance of all
possible adverse health effects, but it reflects recognized consensus criteria and guidance".

For office areas with "a moderate level of smoking", a minimum ventilation rate of 10 L/s
per person is stipulated. The 1981 edition of the standard stipulated a minimum ventilation
rate of 2'5Lls per person for a smokefree office environment, and 10 L/s per person if
smoking is permitted. Recent British recommendations (quoted by Langley and

Whitbread, 1990; see also Procell, 1990) suggest that 8-8.5 L/s per person is appropriate
for a non-smoking environment, increasing to 16 L/s per person with light smoking, and

32Lls per person with heavy smoking. The latter f,rgure is based on work which indicates
that if 8O7o of visitors to a space are to be satisfied with the air quality, 4 to 5 times as
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much fresh air must be supplied to the space as would be required if it was a smokefree
environment. Current Australian practice, as reflected in the 1991 revision of AS 1668.2,
and in the rates specified by the Commonwealth Government and private developers
(Brown and Mathieson, 1991) suggests that a figure of 10 L/s per person is representative.
This figure may be taken to apply to buildings which will be almost, if not entirely
smokefree. The Government of Singapore on the other hand imposes an upper limit of
?'5 Lls per person'r on thc vcntilation rates for new buildings, in the interests of cnergy
conservatlon.

Recently, Fanger has challenged the basis upon which the minimum ventilation rates
specified by most standards are calculated, it being implicitly assumed that the principle
source of indoor air pollution is the occupants themselves. In order to quantify field
measurements of air pollution sources and air pollution, Fanger (1988b) introduced two
new units, the olf and the decipol, defined as:

"One olf is the emission rate of air pollutants (bioffiuents) from a standard person"

"One decipol is the pollution caused by one standard person (one olf) ventitated by I0 L/s
of unpolluted air".

Fanger (1988a; Fanger et al., 1988) cites the results of a study in which a panel of judges
assessed the air quality in a randomly selected sample of 15 offices and 5 assembly halls
in Copenhagen. The average office in the study occupied a floor area of 230 m2, and had
17 occupants. However, while the occupants contributed 17 olfs to the perceived air
pollution in the space, some 28 olfs were contributed by materials in the space, 58 olfs by
the ventilation system, and 35 olfs by smoking. The average ventilation rate within the
spaces tested was 25 L/s per person, which is far in excess of the minimum value
recommended by standa¡ds cited earlier. However, when the extra pollution load is taken
into account, this translates to only 4 Lls per olf (or 4 Lls per person if no other pollutants
are present), with correspondingly lower values pertaining in spaces ventilated at the
minimum rate permitted by the standards cited above.

Fanger's recommendations, which form the basis for a draft European Standard, can be
summarized as follows:

Furnishings, building materials, paper, offîce machines and other potential
pollution sources within the conditioned space should be selected on the basis of
minimal olf value.

ll. Potential pollution sources within ventilation systems should be identified, and
ventilation systems designed both to minimize their contribution to the total
pollution in the spaces served when new, and to facilitate maintenance so that they
can be kept clean throughout the lifecycle of the system.

This can be increased to 3.5 L/s per person if a special case can be made to the controlling authority
(the Ministry of National Development).

I

2l
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Greater attention should be given to cleaning buildings for the purpose of reducing
olf values, rather than cleaning primarily for aesthetic reasons.

Ventilation rates should be specified at a level sufficient to handle the total
pollution load, and future standards should specify minimum ventilation rates in
terms of olfs per unit floor area.

lv.

The concentrations of carbon dioxide, carbon monoxide, particulates and total volatile
organic compounds within the spaces were measured, but were found to correlate poorly
with the levels of dissatisfaction experienced with the air quality in the various spaces.

Fanger (1988b) makes the point that the decipol load is a measure of perceived odour
levels, rather than of health risk. However, he does speculate (1988a) that the hidden
pollution sources uncovered in this study are a likely cause of the physical symptoms
associated with sick building syndrome.

In terms of design economics, there is a need to balance the cost of designing buildings and

building services and of selecting furnishings to minimize pollution potential, against the
additional cost necessarily incurred in providing sufficient ventilation to offset a higher
pollution load. Candidate air conditioning design solutions need to be compared in terms
of their energy efficiency over a range of ventilation loads. A preliminary study of this
aspect of air conditioning system performance has been conducted (Marshallsay et al.,
1993). This study in revised form is considered in Chapter 13.
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Chapter 4. Properties of Moist Air.

The processes occurring within the air side of an air conditioning cycle are complicated by
the fact that we are dealing with a two-phase fluid. Proper control of the indoor thermal
environment requires not only that we maintain the dly-bulb temperature at a comfortable
level, but also that we constrain the room humidity to fäll within certain specified limits.
The science of psychrometrics, which describes the thermodynanic properties of moist air,
is thus fundamental to an understanding of the air conditioning process. The purpose of
this chapter is to establish a computational framework for the calculation of moist air
properties at various points in the air conditioning cycle. As a prelinúnary step, a set of
relationships connecting the various thermodynamic properties of moist air are developed.
In certain stages of the air conditioning cycle, including in particular flow through the
cooling coil, transport ploperties such as viscosity and thermal conductivity are also of
importance; expressions to permit the calculation of these properties for a mixture are
presented. These form the basis for a C++ class AfuState, which is used to evaluate the
properties of moist air either at a point, or following a psychrometric process.

4.1. Psychrometric Properties.

The thermodynamic ploperties of moist air may be obtained by reference to tables of
properties, or to the psychrometric chart. The current ASHRAE tables (ASHRAE, 1985),
and the corresponding psychrometric charts (Stewart et al., 1983) are based on a rigorous
set of formulations for the thermodynamic properties of dry and saturated moist air, and
of saturated water vapour, developed by Hyland and Wexler (1983a,b). Within the current
computational scheme, it is convenient and suff,rciently accurate to use a set of
relationships based on the assumption that the components of moist air are perfect gases.

The relationships in the following are, unless otherwise stated, taken from ASHRAE
(1985) and Stewart et al. (1983), to which the reader is referred for a more detailed
discussion of the derivations and the underlying assumptions involved.

4.1.1. Fundamental Humidity Parameters.

The moisture content of air is most commonly expressed in terms of the humidity ratio,
which is defined as the ratio of the mass of water vapour to the mass of dry air:

w=**
ffio (4'1'1)

The mole fraction is a quantity which finds widespread use in computations involving the
properties of mixtures of gases. By definition, the mole fraction for a particular component
is the ratio of the number of moles of that component to the total number of moles in a

sample of the mixture. Let the mole fraction for dry air be xo, and that for water vapour
be xnu. It follows that for a mixture of air and water vapour only
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xo+x*=l (4.1.2)

To obtain the mole fraction of either component, given the humidity ratio, equation (4.1.2)
may be used in conjunction with the following expressron:

M
* = ;- (4.1.3)

in which Mo and M* arethe molecut* *.rr* of air and water vapour respectively. From
Hyland ancl Wexler (1983b), the molecular weight of dry air is28-9645 kg/kmol, while that
of water vapour is 18'01528 kg/kmol. This large difference is of great significance when
stuclying climatic conditions.

4.1.2. Humidity Parameters Referenced to the Saturation Line.

The partial pressure of water vapour is a function of dry-bulb temperature, and may be
calculated using expressions developed by Hyland and Wexler (1983). The saturation
pressure over ice within the temperature range of - 100"C to 0'C is given by

lnp,,, = i*]i | * ntulnT (Pa) (4.1.4)
l-0

where pr. is the saturation vapour pressure, Z is the absolute temperature (K), and
tlto= -9'56145359 x 104'

mo=0'41635019x 10.

For water vapour over liquidwater within the temperatul'e range from 0"C to 200'C, the
saturation pressure is given by

1

lnp*, = E g,7i + golnT (Pa) (4.1.5)
i=-l

where,

E-t=-0'58002206x104,
Bo = 0'13914993 x 10,

gt = -0'48640239 x 10 t,

8z=O'41164168 x 10-4,

8¡ = -0'14452093 x 10 7,

B+=O'65459673 x 10.

If ¡;,, is the partial pressure of air, and p,, is the partial pressure of water vapour, then the
total pressurs, p = po * p,,. Fromthe ideal gas relationship, the following expressions
fol the mole fraction of air and water vapour respectively may be derived:
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(4.r.6)

(4.1.7)

(4.1.8)

(4.t.e)

xn

xlt

p, p*

Pn*P* p

Po*P, P

From equation (4.1.3), it follows that the humidity ratio is related to the partial pressure of
water vapour by the expression

D
W=O'62198 'w

P-P*
Hence, the saturation humidity ratio

D
W =O'62198 rte''

,t' P-P*,

Use of equation (4.1.9) to evalulte the saturation humidity ratio is subject to a number of
inaccuracies arising from
i. The etfect of dissolved gases on the properties of the condensed phase;
ii. The effect of pressure on the properties of the condensed phase;

iii. The effect of intermolecular forces on the properties of the moisture itself.
These effects can be compensated for by applying an enhancement factor,l":

fo
w. = 0.62198 "" l' (4.1.10)p - f,p*,

The enhancement factor is tabulated as a function of dry-bulb temperature and pressure in
ASHRAE (1985). For computational purposes, it is more convenient to use the following
set of equations derived from the tabulated data (Van Aken, 1993):

.f, = co + crt + crt2 (4.1.11)

where

co = I'0004 + 3'995x 10-sP

x 10-6 (fo, P < 72kPa)

(for P > 72kPa)(za-nt - 0.32692P) x 1o-6

10-7

0.402017 - 2-583545x 10-3P + 4.l28rr2xl0-6 P2

The clegree of saturation is the ratio of the humidity ratio of the air sample to the humidity
ratio of saturated air at the same temperature and pressure

cl =

cr. =

(ry-6ßzz)

c2
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(4.L.12)

The relative humidity is defined as the ratio of the mole fiaction of water vapour in the air
sample to the mole fraction of water vapour in a saturated sample at the same dry-bulb
temperature and pressule:

W

W
.ç

p

p

p

x
t\)

x
Ìr.1

0
w

w.f

(4.1.13)

(4.t.14)

p

This is related to the degree of saturation by the expression

p
0

P,,I - (1 - ¡r
p

'Ihe dew point temperatuLe, r, is def,rned as the temperature at which a sample of moist air,
if cooled at constant pressure and humidity ratio, will become saturated. It is found by
solving the equation

W,(p,t¿)-W=o (4.1.15)

Equation (4.1. 15) must be solved iteratively. Alternatively, dew-point temperature may
be found directly as a function of dry-bulb temperature and water vapour pressure using
¡elationships due to Peppers (unpublished paper cited in ASHRAE, 1993):

For temperatures in the range of -50"C to 0oC:

t¿ = 6.09 + I2'6oBa + o.4959a2 (4.1.16)

and in the range of 0"C to 93"C:

3

to=Eb,ui+ bop:'tnto (4.1.17)
i=0

where,
a
bo

br

b2

b
-̂t

b4

= ln(p*),
= 6'54,
= 14.526,
= 0'7389,
= 0'09486,
= O'4569.

Reasonable agreement exists between results calculated using the Peppers equation and
those based on the more rigorous equation (4. 1.15). In the present work Peppers equation
is used to provide a first approximation to dew-point temperature, which is then refined
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using equation (4. 1.15). In this manner exact compatibility is established between the clew-

point temperature, and the saturation humidity ratio, as calculated using equation (4.1.10),

and the iterative solution converges rapidly'

4.1.3. Specific Volume.

In keeping with the definition of the humidity ratio, the specific volume of dry air, v is
clefined as the volume occupiecl by unit mass of dry air. Thus, for a sample of moist air,

vvv=-=-
ffio Mon.

(4.1.18)

where rz, is the number of moles of dry air in the sample. Now, invoking the equation of
state for an ideal gas,

pnV = noRT (4.1.19)

and bealing in mind that p = Pn * Pr, gives

v = 
RoT-

(4.1.20)
P -'P*

where Ro = RlMo = 287.055 kJlkg.K is the gas constant for dry air. Substituting for p,
from eqüation (4.l.4; and rearranging gives the following expression for v :

RT
v- o (1 +1'6078W) (4.1.21)

p

The density of moist air, conventionally defined as the mass of unit volurne of moist air,

is related to the specific volume by the expression

l+W (4.r.22)p
v

4.1.4. Enthalpy and Specific Heat.

The enthalpy for a mixture of ideal gases is equal to the sum of the partial enthalpies of the

individual components. Thus for moist air, the specific enthalpy

h = ho * whs @.L.23)

where lr, is the specific enthalpy of dry air, arnd /zr. is the specific enthalpy of saturated

water uith" temperature of the mixture. Following Van Aken (1993), approximate

expressions may be derived for ho and hr:

= l'0061

= 25O1.8 + 1.8144t
h

4

hg

(kJ/ks) (4.r.24)
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ciently accurate for use over the range dry-bulb temperatures
air conditioning practice22. Substituting them into equation
relationship between dry-bulb temperature, humidity ratio and

enthalpy:

h = r'006r + W(2501.8 + 1.8144t) (H/kÐ (4.t.25)

Specific heat, like enthalpy, may be regarded as a function of temperature alone at low
pressure. Consequently, the specific heat for moist air may be found using a relationship
of the form

c, = cno ¡ wcp* @.1.26)
where C* ayd C, are the specific heat of dry air and water vapour respectively, both
evaluated at the teinperature of the mixture. ' hese may be evaluaied using the following
general form (ASHRAE, L973):

Cr=A+BT+CTz+DT3 (U/kg.Ig. (4.1.27)

Coefficients to calculate the specific heat of dry air and water vapour are given in table 4.1.

Table 4.1. Consrants for rhe Specific Hear Equatio n (eq. 4.1.27).

4.1.5. Thermodynamic Wet-bulb Temperature.

For any given state of moist air, there exists a temperatu te t r , at which water evaporates
into the air to bring it to saturation adiabatically at the same temperature and pressure. This
temperature is known as the adiabatic saturation temperature, or thermodynamic wet-bulb
temperature' If h is the enthalpy of moist air at the beginning of an adiabatic saturation

The coefficients in these expressions differ from the corresponding expressions published by
ASHRAE (1985), but provide a more accurate representation.

Gas Range, K A B C D

Wate
r

290-380
373-535

535- 1500

-0.23980
8.13705
r.85444

2.29880x l0 
'?

-3.73435x10'2
-1'19408x10-a

-8-56702x10-5
7.48227x10:
8'30428x10 7

1.08197x l0 7

-4.95562x1O'8
-2.77702x10t0

Air
260-610
610-900

600-1500

1.04466
1.00205

8.13749x101

-3-15967x104
-1.62983x10'a
3.22598x1A4

7.07909x101
5.69525x107
-3'58454x lO 8

-2.'lO340xlOto
-2.68081x10r0
-1.99063x10r1

22
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process, and W is its humidity ratio, and assuming the process to be strictly adiabatic and
steady-state, the energy equation for the process" may be written

h + (Wr* - W)hrr* = h"* @.l.Zg)

in which W.- and h.,* are the humidity ratio and enthalpy respectively of moist air saturated
at temperature f *, and h,, is the enthalpy of liquid water at the same temperature.
Approximately,

h,r = 4.186t. (H/kg) Ø.l.Zg)

Substituting equation (4.1.29) for h., and equation (4.1.25) for h and, /2.,. into equation
(4.1.28), and rearranging gives

(2501.8 - 2.3724t.)W: - 1.006(t - t-)w = (4.1.30)

where r and t- are expressed in units of oC. This expression can be solved numerically
for wet-bulb temperatule, providecl an initial estimate for the wet-bulb temperature is
available. Van Aken (1993) presents the following approximate expression2+ which
permits wet-bulb temperature to be evaluated approximately for known dry-bulb
temperature and relative humidity:

t* = O.6I86t + 0.004Sr + 0.05243ô - 5.43i0i ("C) (4.1.31)

4.1,6. Latent Heat of Vapourization of Water.

The need to calculate the latent heat of vapourization of water arises in connection with the
estimation of latent loads. Van Aken (1993) has fitted a set of polynomial correlations to
latent heat figures published in steam tables. These correlations take the form

hJ, = nu + atx + a2x2 + a3x3 + a4x4 Ø.1.32\

where x = tl100. A suitable set of coefficients are presented in table 4.2.

4.2. Transport Properties.

4.2.1. Dynamic Viscosity.

Bird et al. (19ó0) have shown that the dynamic viscosity for a mixture of n gas species
may be calculated to a leasonable degree of accuracy using the following semiempirical
formula:

For a detailed discussion of the physics underlying the adiabatic saturation process, and practical
measurement of the wet-bulb temperature, the reader is referred to Threlkeld (1970).

23

24 Adapted from Worbs (19S4)



Range,
,oc

ao al a2 a1 a4

0.01-50
50-150
150-236
236-350
350-370

370-374.1

2501.41
2502.32
2333.9

-97'76.98
-25953943
370044720

-234.66985
-239.74293

0.0
17890.109
29126978

-299095820

-4.6764291
9.3564359

-98.755
- 10037.168
-122578t8
805845 l4

0,0
-14.970001

0.0
2466.9t29
2292889.7
-12373r5

0,0
0'0
0.0

-23r.61610
-r 608_59.36

0.0

60

"lable 4.2. Constants for the latent heat of vapourization of water equation (eq. 4.1.32).

F^¡, = E
n x¡V¡

t=l
E x.

n (4.2.r)
o

Uj=1

where

.,=Ë[ ,.#,)*l' .(t) +ft)+]' ( 422,

In the above, x, and x. are the mole fractions of pure species i and j, p, and Ff are dynamic
viscosities of the rp"Ji", at the appropriate temperatuìe and pressure, and M, and M., arc
the respective moleculal weights. In applying the above formula to moist air, little
accuracy is lost if it is assumed that air is a pseudo-pure substance. The problem thus

reduces to one involving two gas phases only, air and water vapour.

Gas Range, K A B c D

Water
280-500

500-750
7s0-1000

0.0500699

0.368683
0.309818

365-423

490.099
575.t59

r6018.0
- r 3608.0
-44383.0

0.0

0.0
0.0

AÍr 8s-1000 0.67t692 85.22974 -2r1t.475 1064r't.0

Table 4.3. Constants for the Coefficient of Viscosity Equation (eq. 4.2.1).

At atmospheric pressure, and within the range of temperatures encountered in air
conditioning practice, viscosity is essentially independent of pressure (Bird et al., 1960).

Empirical formulae for the coefficient of viscosity as a function of temperature are given
by ASHRAE (1913):
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(4.2.3)

(4.2.4)

(4.2.s)

It
.BCA+-+-

T12

k.=tmLt u

+
D

T3

in which I is expressed in deglees K, and A, B, C and D are empirical constants,
appropriate values for which are listed in table 4,3.

4.2.2. Thermal Conductivity.

By analogy with equation (4.2.1) above, the thermal conductivity of a mixture of gas

species may be calculated using the expression:

*,k,n

i=l n

E xj o
Uj =l

in which k, ne the thermal conductivities of the pure species, the remaining symbols being
as defined above.

The thermal conductivity of dry air and water vapour may be estimated using an expression
similar to that given above for viscosity:

,l-r (W/m.19k=
.BCDA+-+-+-

TT2T3

in which k is expressed in units of Wm.K, and appropriate values for the empirical
constants A, B, C and D are as given in table 4.4.

Gas Range,
K

A B C D

Water

373-600
600-800

800-
1000

- 138.818
-3.40306
98.3080

4.80327x10s
3.30796x105
1.72643x10s

-4.8863 1x 107

-7'28429x106
5.43128x101

0.0
0.0
0.0

Air

80-300
300-600

600-
1000

385.859
328.O52
539.544

9.11440x104
1.6'7320x105

-3.32903x10s

-2.68667x10ó
-3.02953x1O1
3.59756x 108

5.52604x I 07

3.05682x l0e
-9.6'72o2xl0lo

Table 4.4. Coefficients for the thermal conductivity equation (eq.4.2.5).
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4.2.3. Mass Diffusivity.

Van Aken (1990) has considered the problem of mass diffusion involving a binery mixture
of gases, and hence derived a procedure for calculating the mass diffusivity of water in air,
based on the expression

D¡s = 4'o2o4g3'L0-'- Tt'' ^(2) ' I

po,""'f ;' 
('m'/s) 

@'2'6)

where Q( I'l ) " , the reduced collision integral and the function f|" *" to be evaluated at the
reduced temperature

T' = T/49 (4.2.7)

.fllt' tt tabulated as a function of I - in table 4.5; intermediate values may be obtained by
linear interpolation with sufficient accuracy fbr present purposes. Van Aken (1990)
presents the following set of relationships for Q(l'l)- '

For Z. < 1.0:

1

ô(l,l)+ - t

-

2

I a,(T " )i
¡=0

(4.2.8a)

(4.2.8b)

where

For T- > 10:

For1'0<f.<l0:

where

ao = o'18802897;
at = 0'61627103;
az = -0' 16955131

ao = 0'59727007:
at = I'8466139;
42 = -4'9068264;
at = 11'610331;
a+ = -15' 155818;
4., = 10'260397;
a6 = -2'8131158'

CI(
a

fì(r,r)+ - l'0602
ù¿

T0.ts6

Q

6,-=E
i-0

(4.2.8c)
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T- = kT/e Í:"

0.30
0.50
0.15

1.00

r.25
1.5

2.0
2.5

3.0
4.0
5.0

10.0

50,0
100.0

400.0

1.0001

1.0000

1.0000

r.0000
1.0002

1.0006

1.00r6
r.0026
r.0037
1.0050

1.0059

1.0076

1.0080

1.0080

1.0080

Table 4.5. Functions fbr calculating the higher approximations to the coefficient of
diffusion.

4.2;4. Dimensionless Groups.

The relationships connecting the various transport properties for a fluid may be expressed
in terms of a number of dimensionless groups. Of particular importance are the Prandtl
number,

CuPr=J-
k

(4.2.e)

and the Schmidt number,

,Sc =
Ir

PDÆ
(4.2.10)

The l¡wis number derives fir¡m the work of \ü.K læwis who showed(Webb,_l-990) fhat h, = K rC ,,for the case of Pr = Sc , where h, is a convection heat transfer coefficient. The anaíogy
between heat and mass transfer is not however perfect. For gaseous núxtures in general,
Threlkeld (I970)2s has shown that

Webb (1990) erroneously asserts that Threlkeld defines h,l KtC, as the Lewis number, where K
is the mass transfer coefficient based on mass fraction y" lof wäter in air in this instance) as thå
driving potential. In fact, Threlkeld's defìnition is based on K*, which is the mass transfer
coefïicient based on specific humidity as the driving potential. As shown by Webb, conversion
between the two coefficients may be effected by the expression

z5
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h
Le= ' -

K*c,

(: lc
Sc

Pr
a

Dou
(4.2.r1)

where u=kl p C, is the thernml diffusivi4,. Based on a review of available experimental

data, Kusuda ( 1965) reconìmends that a value of c = 1/s be used for tbrcecl convection, and

c = 0.52 be used for natural convectton.

4.3. 
^ 

Class for the Computation of Moist Air Properties.

The C++ class AfSfafe provides a framework for the computation of moist air properties.

An object of class AirState might typically refer to the properties of a sample of air fixed
at a point in space, or of a sample of air undergoing a thermodynamic process. The fluid
properties which are of interest, and which may be accessed for a properly specified air
state are the following26:

Pressure.

Dry-bulb temperature.
Humidity ratio.
Mole fraction of air.
Mole fraction of water.
Saturation vapour pressure
Vapour pressure of water.
Saturation humidity ratio.
Degree of saturation.
Relative humidity.
Wet bulb temperature.
Specific volume.
Density.
Enthalpy.

1.

2.

J

4*.

).
6.
'7* 

.

8.
g*.

10-

I l-
r2.
13.

14.

26

In ail conditioning apptications, differences of up to approximately 4Vo may be expected between

the two coefficients. In the present work, K" is used exclusively.

Saturation vapour pressure and saturation humidity ratio refer to a sample of moist air saturated at

the same dry bulb temperature as the reference sample, and are not strictly speaking properties of
the sample.

The Prandtl number and the Schmidt number are entirely determined by the thermodynamic and

transport properties of an air sample, and may thus themselves properly be legarded as properties

of the air sample. Lewis number is also a function of the convection processes which the sample

is undergoing. However, as will be shown, it is also conveniently computed within the current
framework.
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15-

16.
t7.
18.

19.

20.
21.
22.

Dew-point temperature
Specific heat,
Dynamic viscosity.
Thermal conductivity.
Mass diffusivity.
Prandtl number.
Schmidt number.
Lewis number.

Since moist air may be treated as a mixture of mo gases, the thermodynamic and transport

properties of a sample will be uniquely determined if three of the psychrometric properties

of the sample are known. Within the context of the present study, all air properties are

evaluated ai the prevailing atmospheric pressure, which is specifiedtt. For present purposes

it may also be assumed without loss of generality that dry bulb temperature is either

specified, or will be calculated as an integral part of the computations involved in taking

an air sample through a psychrometric process. If any one of the asterisked properties from

the list above is also known, the state of the air sample will be uniquely determined.

Fluid properties are declared to be of class air-property, which provides a mechanism for

keeping track of which fluid properties are known at a point, in the sense that they have

either been specified or calculatcd for that point. Each of the properties listed above is

represented by type air_property, with two exceptions. Pressure is specihed as part of the

problem domain, and may be assumed to be always known at a point, while the Lewis

number is a function not only of more basic air properties, but also of the convection

mechanism operating. Objects of class air-property contain two fields, one containing

the value of the fluid property, and the other indicating whether the value of the property

is known.

If the value of the dry-bulb temperature and one28 other asteri sked air-property arc known

at a given point, the value of every other air-property (and the Lewis number) can be

calculated at that point. An object of class AirState in this condition is flagged as

calculable; an attempt to calculate the properties of an object for which this flag is false
will result in an error. Two constructors are provided for class AirState. The first takes

no arguments apart from the pressure, and constructs an object for which every

air_property rs flagged as not known, and the object itself is flagged as not calculable'

The alternative constructor enables dry and wet bulb temperatures, as well as pressure, to

be specified, and creates an object which is calculable. An object of class AirState can be

made calcutable by one of two means; by specifying two fluid properties (usually dry bulb

The constructors for class AirSfate take pressure as an argument. If omitted, this defaults to

standard atmospheric pressure (101325 Pa).

Saturation properties (vapour pressure of water, and humidity ratio) can be calculated on the basis

of dry-bulb temperature alone, as can the mass diffusion coefficient. The mole fractions of air and

water, together with the dew-point temperature are functions of humidity ratio alone. However,

within the present computational scheme, dry-bulb temperature must also be known before these

latter properties can be calculated.

21

28
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temperature and one other asterisked property, in that order), or by a process proceeding
from another calculable state. An object can be rendered not calculable by changing onã
fluid property only.

4.3.1. Accessor Functions.

Member functions are provided to access each of the listed fluid properties for a calculable
object of class AirState. These have declarations of the form:

double Airstate: :l¡letBulbTemperature O ;

In designing the class it was recognized that only a small subset of the properties listed are
of any inte¡est at any given point in the air conditioning cycle. For reasons of
computational efficiency, fluid properties are thus only calculated as requested by a call
to the appropriate accessor function, or as an intermediary in the calculation of other
properties. When an accessor function is called, the value of the requested property is
returned if it is known; otherwise it is calculated by a computationally direct method on the
basis of the properties which are already known. The task of developing an efficient
strategy for the computation of any fluid property given the dry bulb temperature, and an
arbitrarily specihed second property, was simplified by the recognition that humidity ratio
is readily calculated using any of the other asterisked properties, and forms a useful
intermediary in the computation of the remaining properties.

A strategy for the computation of the listed properties is described in the following notes.
In the software implementation, properties required as intermediaries in the computation
of some other property are accessed by calling the appropriate accessor function, rather
than using the relevant variable directly, and are thus calculated as needed. This point is
vital to understanding the following strategy.

1. Pressure and Dry Bulb Temperature cannot be calculated. Pressure is always
known. An attempt to access an unknown dry bulb temperature is an error.

2. Humidity Ratio is calculated by searching through a list of other properties until
a known property is found, and then calculated as follows:

a. Mole fraction of air or mole fraction of water are known; humidity ratio is
calculated using equations (4.1.2) ancl (4.1.3).

vapour pressure of water is known; humidity ratio is calculated using
equation (4.1.8).

Degree of saturation is known; humidity ratio is calculated using equation
(4.r.r2).

Relative humidity is known; equation (4.r.r3) is used to calculate the
vapour pressure of water, whence humidity ratio can be calculated using
equation (4.1.8).

b.

c.

d.
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Wet bulb temperature is known; humidity ratio is calculated using equation
(4.1.30).

Specific volume is known; humidity ratio is calculated using equation
(4.r.21).

Densitys known;humidity ratio is calculated using equations (4.1.21) and
(4.r.22).

h. Enthalpy is known; humidity ratio is calculated using equation (4.1.25)

Dew point temperatur¿ is known; humidity ratio is calculated using
equation (4.1.15).

Mole Frøction of Air can be determined using equation (4.1.2), provided Mole
Fraction of Water is known, and vice versa; otherwise equations (4.L2) and

(4.1.3) are used to calculate these properties.

Saturation Vapour Pressure is calculated using equation (4.L4) or (4.1.5), as

appropriate.

Vapour Pressure of Water is calculated using equation (4.1.8)

Saturation Humidity Røtio is calculated using equation (4.1.10), with the

enhancement factor calculated using equation (4.1.1 1).

Degree of Saturatiorz is calculated using equation (4.1.I4), provided relative
humidity is already known. Otherwise the definition (equation 4. 1.12) is used.

Relative Humidity is calculated using equation (4.1.14), provided degree of
saturation is already known. Otherwise it is calculated as the ratio of vapour

pressure of water to saturation vapour pressure at the same temperature and

pressure (equation 4.I.13).

WetBulbTemperøtur¿isfoundbyinvertingequation(4.1.30). Equation(4.1.31)
is used to provide an initial estimate, whence a bracketing interval can be found
using a procedure proposed by Swift and Lindfield ( 1978). Equation (4.1.30) can

then be solved using a zero-finding algorithm (Brent, l97I).

10. Specific Volume is calculated using equation (4.1.2I)

11. Density is calculated using equation (4.I.22)

12. Enthølpy is calculated using equation (4.I.25)

Dew Point Temperature is calculated directly using the Peppers equations (4.I.16
and4.1.17) and then refined using equation (4.1.15).

e

f.

oê

J

4

5.

6.

7

8

9

I3
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I4

l5

l6

I7

18.

Isobari"c Specíftc Heat is calculated by finding the specific heats of warer vapour
and air separately using equation (4.r.21), and combining them in the correct
proportions using equation (4. I.26).

Dynamíc Vßcosity is calculated by tinding the viscosities of water vapour and air
separately using equation (4.2.3), and combining them according to equation
(4.2.1). Note that if the thermal conductivity is already known, the comþonent
viscosities, together with the coefhcients (Õ,,), will already have been calculated.
These are stored as private variables of clas's AirState to ease the computational
burden.

Thermøl Conductivity is similarly calculated by separately finding the properties
for water vapour and air using equation (4.2.5), and combining them according to
equation (4.2.4). The remarks recorded above for dynamic viscosity .on."rning
the coefficients (Õr) are applicable here also.

The Mass Diffusívity coefficient is calculated using equations (4.2.6-4.2.s).

Prandtl Number and Schmidt Number are calculated by calling the accessor
functions for the component properties (equations 4.2.9 and,4.2.r0).

l9 Lewis Number is calculated as the ratio of the Schmidt number to the prandtl
number raised to the appropriate power (equation 4.2.1I). The accessor function
takes the coefficient c as a sole argument. If omitted, this defaults to a value of 1/e,

which is appropriate for the forced convection situation.

4.3.2. Functions to Set Fluid Properties.

A member function is provided to set each of the asterisked fluid properties. These
functions have declarations of the form:

void AirState: :WetBulbTemperature (double wbt) ;

Setting the dry bulb temperature will result in all other fluid properties being flagged as not
known, the object of class AirState correspondingly being flagged as not calculable.
Setting any other asterisked fluid property by this method will leave the dry bulb
temperature, and any properties which are solely dependent on dry bulb temperature in
their prior state, and will flag all other properties as not known. Thus, provided the dry
bulb temperature is known, a calculable object results. When it is desired to set or change
the value of the dry bulb temperature and one other property using this method, dry bulb
temperature should be set first"

Calculations involving the dbt-h-W relationship (equation 4.1.25) occur extensively in
computational operations involving the air conditioning cycle. For convenience, a set of
functions are provided which enable two of the three properties to be specified, while
returning the corresponding value of the third. These three functions are declared as
follows:
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double Airstate: :Enthalpy (const double vrl, const double dbt) ;

4.3.3. Process Functions.

Many psychrometric processes of interest occur under conditions in which the dry bulb

temperature or the humidity ratio remain constant. Other processes, particularly those

ilvolving the load ratio line, may be conveniently treated as a combination of two

processes, one occulring at constant dry bulb temperature, and another occurring at

constant humidity ratio. Functions are provided, based on the dbt-lt-W relationship, to

enable one calculabte ur state to be transformed into another by a process which holds one

property constant, while incrementing another. Thus, a member function to increment dry

bulb temperature, while keeping humidity ratio constant, is declared as follows:

void AirState: :CHR-Dbtlncrement (const double dt) ;

The functions provided enable the user to specify an increment in enthalpy or dry bulb

temperature, while keeping humidity ratio constant, or an increment in enthalpy or

hLrmidity ratio, while keeping dry bulb temperature constant'

The present complement of such firnctions is adequate for the computations described in

the following. The class might be usefully extended to broaden its range of applicability
by adding further process functions. Functions relating to the adiabatic saturation process

would be particularly useful.

4.3.4. Mixing of Air Streams.

If two air streams (1 and 2), having mass flow rates rixt and rh, mix adiabatically, then the

state of the resulting airstream (3) will be defined by the relationships

rh, -- rht + rh, (4.3.1)

rhrh, + rhrh,
(4.3.2)h

Ĵ
m3

w
1̂

ùrW, * ùrW,

tir3
(4.3.3)

The above relationships are implemented in a static member function, which takes as

a.rguments pointers to the component air states, and the resultant air state, together with the

mãss flow rates for the mixing air streams, and calculates the air state for the resulting

stream. The mass flow rate of the resulting air strcam is returned:
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static double AirState Mix (AirState& a1,
const double ml-,
AirState& a2,
const doubl-e m2,
Aj-rState& a3 ) ;
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Chapter 5. Air Conditioning Systems.

The air conditioning system may be taken to comprise the equipment items, together with
the associated control strategies which the designer assembles to maintain a specified set

of thermal environmental conditions within a zone, or a group of zones. The ability to

predict the likelihood of a system meeting the design specifications depends critically on

knowing how a system will respond to a changing diversity of loads in the various zones

served by the system. Conventional design practice, with its emphasis on design for peak

load, frequently overlooks or ignores the possible problems which may arise when the

system is operated at part load.

The purpose of this chapter is to provide a brief review of the types of all-air systems

available to meet a specified set of zone conditions. A range of systems is considered in

terms of physical layout and general operating characteristics. The discussion at this point

is of a qualitative nature; a detailed comparison of system types based on the results of a

modelling study will be presented in chapter 13. Conventional systems are considered

first. Attention here is focussed on the Constant Air Volume (CAV) and Variable Air
Volume (VAV) systems, with and without reheat capability. Following this, alternative

design strategies derived from work undertaken at the University of Adelaide are

presented. These relate specifically to the Low Face VelocityÆIigh Coolant Velocity
(LFV/HCV) and the High Driving Potential (HDP) methodologies for air conditioning.

5.1. All-Air Systems.

The following discussion is concerned with all-air systems, which are characterized by the

fact that cooling is achieved by circulating air as the sole working fluid to the conditioned

zones. All-air systems may be divided into two broad classes, single-duct and dual-duct

systems. ASHRAE (1987, chapter 2: see also chapter 51) describes a broad range of
systems in both categories, and discusses the relative merits of each in some detailze. The

present discussion is restricted to single-duct systems, and within that category is further

restricted so that the various forms of induction system (fan-powered and unassisted) are

ignored. In the following we shall consider constant air volume (CAV) and variable air

volume (VAV) systems in both single and multizone applications. We shall also be

concerned with the use of overcooling and reheat to attain specified zone humidity levels

for borh CAV and VAV systems. Section 5.2 describes the high driving potential (HDP)

system of air conditioning as a logical development of the concepts developed in this

Dual-duct systems are infrequently specified nowadays (McQuiston and Pa¡ker, 1994) owing to the

fact that they are disadvantaged in respect of both capital cost and operating cost by comparison with

their single-duct counterparts. Induction systems have been omitted from the discussion on the

grounds that they do not readily fit into the design methodology and computational framework to

be developed later in this, and in subsequent chapters. Note however that use of induction systems

on the grounds of energy efficiency is recommended by some practitioners (see for instance the

paper by rùy'essel in Gupta et al., 1987). The properties of the induction system should be assessed

in a future study.

29
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section. These two sections together provide a framework for the last two sections of this
chapter, which develop a general set of data structures and algorithms to simulate systems
based on the principles of these two sections.

5.1.1. Constant Air Volume Systems.

In the CAV sysLern Lhe volume air flow remains constant for all loads, water tlow being
modulated to maintain the required dry bulb temperature in the zone. The temperature
differential across the zone for a given sensible load may be found according to the
relationship

o = rhC L,t
PL) (s.1.1)

where the appropriate value for C is a mean value integrated across the range of
temperature and humidity ratio encäïntered in the zone; operationally, Âr may more
accurately be calculated using relationships to be developed in section 6. 1.
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Figure 5.1. Typical configuration for a single-duct single-zone constant air volume system.

The configuration of a single-zone CAV system is shown schematically in f,rgure 5. 1. Two
alternative positions for the supply air fan are shown in the diagram. V/ith the fan placed
downstream of the cooling coll (draw-through configuration), the power dissipated by the
fan will be injected into the airstream in the form of reheat, thus marginally assisting
dehumidification. Conversely, placing the fan upstream of the cooling coil (blow-through
configuration) will result in preheating of the airstream, which will hinder
dehumidification. Generally speaking, a draw-through configuration will produce more
even distribution of the air flow across the face of the coil, and is to be preferred on these
grounds.
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Figure 5.2. Psychrometric processes associated with the single-duct single-zone CAV system shown
in figure 5.1.

The psychrometric processes occurring within a typical single-zone system with a draw-
through unit are as shown in figure 5.2. Note in particular the additional heat loads
imposed by:

I
r1

lll
lv

Dissipation of supply air fan energy (4o).
Heat gain due to transmission through the supply air duct wall (q,).
Heat gain due to transmission through the return air duct wall (q,).
Dissipation of return air fan energy (q).

Further loads may be imposed by air leakage through the duct walls, and "leakage"

involving equipment such as mixing boxes. These will not be considered further in this
study.
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Figure 5.3. Typical configuration for a single-duct multizone constant air volume (reheat) system with
a single cooling coil serving all zones.

It is an inherent characteristic of CAV systems that air quality, as determined by humidity
levels, deteriorates markedly at part-load. A primary cause of this effect is the reduction
in coil dehumidification potential at part-load caused by throttling the coolant flow, a
feature which is common to all conventional systems. In CAV systems the effect is
exacerbated by a rise in supply air temperature, which increases the equilibrium dew-point
temperature for the zone. Control over zone humidity may be achieved by reheating the
supply air using steam or hot water coils, or electrical power, causing the cooling coil to
cool the supply air to a lower temperature than would be required to offset the actual zone
load. By this device, usually referred to as overcooling and reheating, or simply as reheat,
zone humidity may be modulated within a range limited asymptotically at the lower end
by the surface dew point temperature of the cooling coil at the expense, of course, of
increased energy consumption.

The CAV control methodology may be adapted to serve multiple zones. Two basic
conltgurations ate possible. The system of figure 5.3 employs a single cooling coil, with
reheat coils in the duct servicing each zone. Such systems may be configured using cithcr
draw-through or blow-through units. The psychrometric processes occurring within such
a system are as shown in figure 5.4. In this diagram, the condition of the air at entry to the
various zones is denoted by the points labelled with an r; that of the air leaving the zones
by the points labelled with a z. A common return plenum and duct system is shared by all
zones. For all multizone CAV systems the fan unit must be selected on the basis of the air
quantity required to offset the sum of the individual peak loads for the various zones, for
a specified supply air temperature. In the most basic form of the system described above,
the chilled water flow rate is modulated to maintain the supply air temperature at a constant
level, reheat being employed to maintain specified temperatures in zones subject to off-
design conditions. A load analyzer may be used to conserve energy by resetting the supply
air temperature to satisfy the demands of the zone with the highest cooling load. The
energy comparisons provided later in this study assume that such a strategy is always
available. The use of reheat which is inherent in the control strategy employed by these
systems has resulted in their commonly being referred to as reheal systems.
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Figure 5.4. Psychromefic processes associated with a single-zone multizone CAV system serving fìve

zones, using the configuration shown in figure 5.3.

By employing a separate cooling coil for each zone as shown in figure 5.5, the need to

reheat the supply air to off-peak zones to attain the design room conditions is obviated.

Such a system is necessarily conhgured using a blow-through unit. However, the

decoupling between the various zones is not complete. Since all zones share a common

return air plenum and duct, the return air from the various zones is mixed prior to being

apportioned to the respective supply air coils. Thus, humid return air from off-peak zones

will contribute to the latent load on the coils serving zones which are at or near peak. The

processes associated with such a system are shown on the psychrometric chart of figure

5.6. In the lower part of this diagram, the coil-off points for the separate coils are marked

with a c. It should be noted that the configurations of figures 5.3 and 5.5 are not
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Figure 5.5. Typical configuration for a single-duct multizone constant air volume system with an
individual cooling coil serving each zone.

necessarily mutually exclusive. In the most general case, a unit may contain several supply
air coils, each serving a single zone or a group of zones.

5.2.2. Variable Air Volume Systems.

VAV systems maintain a constant supply air temperature under all load conditions, air flow
rate being modulated to offset the zone loads in accordance with equation (5.1.1). The
remarks made in connection with that equation concerning an appropriate value for C^ 

^are equally applicable here; the mass flow rate of air required to offset a given load foi'ä
given room condition may be more accurately determined within a computational setting
using equation (6. 1.9).

The layout of a typical multizone VAV system is shown schematically in figure 5.7, the
corresponding psychrometric chart being shown in figure 5.8. Supply air temperature is
controlled by a thermostat downstream of the supply air fan modulating the water flow to
the cooling coil. Zone temperature is sensed by a thermostat within the space, and used
to control the air flow to the space to that required to offset the loads. The load ratio lines
for the individual zones are annotated separately in the lower part of figure 5.8, as has been
the case with the systems described previously. The return air from the various zones is
typically mixed in a common plenum, and returned via a common duct system.

Reheat is no longer required to control temperatures in off-peak zones, although it may still
be required to achieve specified humidity levels at part load. In a conventional VAV
system, the reduction in dehumidification potential at part-load caused by throttling the
coolant flow will result in increasing room humidity, as is the case with the conventional
CAV system. However, since the supply air temperature is maintained constant, air quality
deteriorates far less rapidly under part-load conditions than is the case with CAV systems,
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Figure 5.6. Psychromenic processes associated with a single-duct multizone CAV system serving five

zones, using the configuration shown in hgure 5.5'

and the reheat and associated overcooling required to achieve a specified humidity level

is therefore less. Reheat is sometimes applied under conditions of reduced load to maintain

air flow rate above a lower limit, and hence to minimize air distribution problems which

may be associated with very low air flow rates (ASHRAE 1987, chapter 2). An alternative

strategy to achieve the same end is that of resetting the supply air temperature upwards at

reducéâ load, emulating to some extent the part-load behaviour of CAV systems' Supply

air reset reduces part-load air quality, while reheat is wasteful of energy. In most cases,

both can be avoided by correct design procedures (Gupta et al., 1987). Where reheat is

used to control humidity two strategies are possible, as shown in figure 5.7. Reheat may
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Figure 5.7. Typical configuration for a single-duct multizone variable air volume system.

be applied using a single heating coil located upstream of the supply-air thermostat3O.
Alternatively, the humidity may be controlled selectively on a zon;--by-zone basis using
individual heating coils for each of the controlled zones. In the modelling strategy
developed in the next chapter, only the former case will be considered. Anothér method
of maintaining air flow to a zone at low load is by use of a fan in the VAV box which
draws return air from the ceiling plenum and mixes it with the supply air to raise the supply
air temperature. This is a form of reheat. The system displaces some ventilation air in the
zone and therefore can degrade air quality.

Since the various zones served by an individual unit will peak at different times of the day,
air may be diverted from one zone to another as required. For a VAV system the fan is
sized to meet the airflow required to offset the simultaneous peak load for the set of zones
served by the fan, rather than the sum of the individual peak loads for the various zones.
As a consequence, the component of the operating cost attributable to fan power in a VAV
system is reduced by comparison with CAV systems, often substantially. Capital savings
are also achieved by allowing the specifrcation of a smaller fan. Unfortunately, these latter
savings may be more than offset by the increased cost of controls and equipment to
regulate fan speed and air distribution effîciently. With current tendering-procedures
favouring low first cost at the expense of environmental quality and operating cost, VAV
systems have by no means superseded their CAV counterparts, in spite oÌ inherently
superior performance on both counts.

Variable air volume control may be applied to a unit using individual cooling coils for each zone,
or group of zones, in a manner similar to that shown in figure 5.5. The reheat strategy described
may be applied in this case by providing a reheat coil to match each cooling coil.

30
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5.2. Improving Dehumidifïcation in Alt-Air Systems.

As described in Chapter 3, the major rôle played by excessive room humidity in
contributing to the sick-building syndrome is now well documented. In most sitnations the
task of designing a system which will maintain humidity levels below a specified upper

peak loads is relatively straightforward. In
is in fact on designing to provide satisfactory

formance seldom being specified and hence
it is axiomatic that part-load conditions will
-cycle of an air conditioning system. It is also

at such part-load conditions that humidity problems are likely to occur. To accommodate
a falling sensible load the supply of coolant to the cooling coil is throttled. But this
reduces the slope of the coil condition curve; that is, it reduces the dehumidification
potential of the coil. In CAV systems the situation is exacerbated by the fact that the coil-
off condition will ride up the coil condition curve as the load falls and the supply air
temperature is required to rise.

j Paradoxically, the demand for dehumidification is usually greatest under part-load
conditions. Consider the case of a typical office building. Occupancy, and hence latent
load, may be expected to remain almort constant for the greater part of the time the system

'is 
operating. In perimeter zones in particular however, the sensible load will reduce as the

ltransmission and solar loads decrease under part-load conditions, leading to a decrease in
room sensible heat ratio. Thus, the ability of the system to dehumidify is reducing at the

i same time as the zone is requiring an increase in dehumidification per unit of sensible
i cooling to meet specified (or comiortable) humidity levels. Of courie, the situation can
' always be cor¡ected by overcooling the supply air to the design dew-point temperature, and
' then reheating, as was standard practice prior to the energy crises of the seventies. This
', Ì practice is far less acceptable in the more energy conscious world of today, although it

systems.

At the heart of the dehumidification process is the cooling coil, and it is no exaggeration
to say that the success of a design will be tundamentally affected by the designer's
understanding of the processes occurring within this component. In the overall design

I process however, the cooling coil conventionally receives little attention. It is common
, practice for the designer to draw up a set offunctional specihcations based on peak-load
conditions only, and leave the detailed task of selection to the supplier of the dehumidifier
or air handling unit containing the dehumidifier.

The cooling coil has been the subject of an extensive experimental programme at the
University of Adelaide, designed to describe and quantify the processes occurring within
the coil, and to develop a rational scheme to parameterize the performance of a coil across
its range of operation. In the course of the study a number of misconceptions regarding the

,, ì\
' f'
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ntified. Many of these can be traced to a
ata and principles. These are reviewed in Shaw
aw (1991) describe some of the more recent

ing within the dehumidifier. These will be
'i,l introduced as appropriate within the following sections, and in Chapter 7.

Application of the principles enunciated during the above experimental programme has led
to the development of two novel design methodologies, the Low Face VelocityÆIigh

ant Velocity (LFV/HCV) methodology and the High Driving Potenrial (HDP)
methodology. It should be emphasized from the outset that these methodologies are not
mutually exclusive. In addition, system design according to the principles embodied
within these methodologies may be accommodated within a conventional framework. The
LFV/HCV methodology is particularly suited to retrohts. The full benef,rts of the proposed
methodologies in terms of increased rentable floor space and the abitity to handle a

diversity of zone loads will, however, be realised only if they are employed within the
logical framework, or methodology, which has been developed.

5.2.I. LFVÆICV Systems.

The factors contributing to the poor part-load performance of conventional air conditioning
systems have been described briefly above, and in greater detail by Shaw and Luxton
(1988a). The LFV/HCV methodology represents a comprehensive means of rectifying the
situation based on a reassessment of the fundamental principles which form the basis of
conventional practice. The underlying principles of the new methodology may be readily
understood by reference to figure 5.9,
which schematically shows the
temperature distribution in a heat
exchange process between two fluids, a
hot fluid (moist air), and a cold fluid
(chilled water). T, and T, are the free-
stream temperatures for the warm and
cold working fluids respectively, while
T, is the temperature at the outside
surface of the cold tube. Because the
dew point temperature of the moist air is
(usually) less than 2,, it is necessary to
bias the surface temperature towards the
temperature of the cold working fluid
(7, - Tr) to maximize
dehumidification. This is equivalent to
minimizing the water temperature rise
through the coil. In the limiting case of
zero water temperature rise, a situation
approaching that which obtains in a DX
coil, the coil characteristic becomes a

straight line of maximum possible slope.

In an operational situation, a lower

T1

T.
T2

O

Woier
(co to)

Temperature distribution across a tube
wall separating cold and warm fluid
streams.

Figure 5.9.
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bound of approximately 3'C is imposed on the water temperature rise to avoid difficulties
in controlling the chiller.

To bias the surface temperature Z" towards the cold fluid temperature T,itis necessary
to maintain a high heat transfer coefficient on the water side, and a low heat transtèr
coefficient on the air side. By a combination of reasoning and experimentation, it has been
fbund that the desired situation may be achieved by designing for:

i. Low air face velocity. A face velocity at peak load of 1-1.5 m/s or less would be
typical for an LFV/HCV system, as opposed to velocities of 2-2'5 m/s or higher,
which are typically encountered in conventional practice.

ll High coolant velocity. Velocities of I.5-2.2 m/s would be appropriate to
LFV/HCV operation. In conventional practice, peak water velocities of less than
I m/s are not uncommon.

lll. High primary to secondary surface area. This can be achieved by using a low fin
density. In practice, manufacturing difficulties impose a limit of 6 hns/inch (fpi)
as the lowest fin density which can economically be used in air conditioning
applications. Fin densities of 6 and 8 fpi will adequately cover most situations
which are likely to be encountered; coils with hn densities in the range of 9-14 fpi
are conìmonly specified in conventional practice.

The combination of low face velocity with low fin density will significantly reduce the air
pressure drop through the coil, thus reducing fan power consumption, and potentially
offering the opportunity to specify a smaller fan. The use of lower fin densities offers
additional benefits in that such coils are less prone to inundation under conditions of high
dehumidification, and are easier to clean.

Historically, the effect of low face velocity on dehumidification potential was considered
first in the University of Adelaide studies, in isolation from the reinaining parameters
which affect coil performance. The results of these investigations are reported in a series
of papers by Shaw (I982a,b; 1985). Apart from designing to minimize peak air face
velocity, subject to space constraints, the designer has little opportunity to influence part-
load performance directly using face velocity, which remains constant across the range of
operation of a CAV unit and decreases for a VAV unit as the sensible load decreases.
Manipulation of the coolant velocity by judicious circuriting does, however offer the
designer rather more scope to control humidity levels.

Typically, the conventional designer will select a coil for a water temperature rise of 7-8"C
under peak load conditions, this value being determined largely by rule of thumb, but
having some substance in terms of chiller operation. The result of using such a high water
temperature rise, in combination with a relatively high face velocity, is to produce a peak
room condition which is significantly more humid than would be produced by an
LFV/HCV coil selected for the same duty. If the LFV/HCV system incorporates staging
(see below) to limit room humidity levels across the range of operation of the unit, further
improvement may be possible by specifying a lower supply air temperature than would be
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normal for the conventional system. Notwithstanding the foregoing discussion, it is
possible to design systems which will satisfy comfort standards at peak load for all but the

most demanding applications, using conventional design methods. The situation changes

at part load. Throttling of the coolant flow invariably leads to an increase in water

temperature rise, and a decrease in dehumidif,rcation potential. As noted previously, CAV
systems fare much worse at part load than VAV systems, the latter benefiting from the low

face velocity principle because the air flow is throttled and hence the face velocity falls as

the load reduces. Neverhteless, in all cases the decrease in the air-side heat transfer

coefficient is more than offset by a coresponding decrease in the water-side coefficient,
with the result that room humidity levels will rise monotonically with reducing load. Thus,

a conventional system which is marginally satisfactory at peak load, may well fail to
satisfy comfort specifications during the far more common part-load conditions.

LFV/HCV systems are also susceptible to the same part load behaviour as described above.

Comparing the LFV/HCV and the conventional systems at corresponding loads across their

range of VAV operation, the LFV/HCV system will achieve a lower humidity at the peak

load condition and, as the sensible load decreases will track its conventional counterpart,

maintaining a near-constant difference in the room humidity. For most applications, the

inherently superior dehumidification offered by the LFV/HCV unit will be sufficient to

ensure that comfort standards are always met. Under particularly demanding conditions,

such as when the dynamic load range is very large, certain load combinations can cause

humidity constraints to be violated. Under such conditions the conventional designer has

no option but either to ignore the fact that room conditions are no longer satisfactory, or

to resort to overcooling and reheating in which case a double energy penalty is incurred.

The LFV/HCV methodology, by contrast, offers an alternative mechanism for satisfying

humidity constraints at part load without incurring an energy penalty. If the^high coolant

velocity can be renewed once it falls below a certain threshhold3r, the high

dehumidification potential will be restored. In practice this is achieved by reducing the

effective size of the coil by deactivating blocks of circuits, preferably from the downstream

(with respect to the airflow) rows of the coil. To offset the sensible load with the smaller

effective coil size the coolant velocity through the remaining circuits must increase and

hence the active coil surface becomes colder and dehumidification potential is restored.

This process is referred to as staging.

The consequences of staging can best be understood by reference to an example, that of a

lecture theatre in the tropics which is subject to large variations in occupancy level32. For

a fixed occupancy level the load is determined almost solely by transmission, solar loads

being negtigible for this case. Figure 5.1 1 shows for three different types of system the

effect of falling load on room relative humidity for a maximum occupancy level of 150

students. The conventional systems behave as expected, relative humidity rising to
particularly high levels at the lower end of the operating range of the conventional CAV

3l Signalled in practice by the water pressure drop across the coil, or some other surrogate.

This example, which represents an embryonic HDP system (see section 5.2.2), wlll be analyzed in

further detail in chapter 13. It is introduced here to illustrate the effect of staging on the return air

coil.

32
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Figure 5.10. The effect of staging of an LFV/HCV system compared with conventional vAV and cAV
systems' A lecture theatre in the tropics with a constant population of 150 students.

system. The LFV/HCV VAV system uses two coils, one handling the return air stream,
and the other handling the outside air. Chilled water is fed to the outside air coil first, and
then to a return air coil, water supply being controlled by a throttling valve. Staging is
applied to the return air coil only, which is a three-row coil having a total of 18 circuits.
On the first stage change, four circuits from the two downstream rows of the coil are
deactivated using a simple on-off valve as the water velocity in the tubes falls below
0'8 m/s' In the third stage, a further two circuits are similarly deactivated. The resulting
behaviour is shown in figure 5.10. Within a stage, dehumidifrcation performance is as
would be expected for a conventional VAV system. By introducing the two step changes
in the active surface area, the relative humidity can be kept below 60Vo withthe aFVÆICV
system over most of the operating range. Because the dewpoint of the room air is kept low
by the LFViHCV system, a lower supply air temperature can be used throughout without
fear of condensation forming on the supply air diffuser.

Note that this is a particularly demanding application. In most cases only one stage change
is required.

5.2.2. HDP Systems.

The same considerations which led to the development of the LFV/HCV system of air
conditioning have also been instrumental in formulating an alternative, and, as seen in the
previous subsection, complementary methodology. This is known as the High Driving
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Potential (HDP) method of air conditioning. At first glance the HDP methodology would
seem to be a simple variation of the conventional precooling scheme, which is widely
applied in tropical climates to make the humid outdoor air look like temperate climate air.

However, the purpose of the two schemes is fundamentally different.

Figure 5.11. Schematic layout of an HDP system applied to a multistorey building

In a conventional system the purpose of precooling is mainly to reduce the dry bulb

temperature of the outdoor air, although invariably some dehumidification will also occur.

The outdoor air is typically precooled to room temperature or a little lower, dry bulb

temperatures within the range of 18-24'C being usual. The pretreatment plant is
characterized by a modest chilled water flow rate, which results in a chilled water
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temperature rise through the dehumidifier coil of about 8'C to satisfy the entry
requirements of the chiller. The pretreatment is usually performed in one or more central
units before distribution to the various air handling units located throughout the building.
The outdoor air is mixed with the return air from the zones served by the unit, the
combined ait'strearn Lhen being passed through a common dehumidifier coil. ln apptying
only moderate precooling to the outdoor air, little use is made of the potential for
dehumidification which exists between the outdoor air and the cold coil surface. As a
consequence, precooling in the conventional sense has little to offer by way of improved
dehumidification performance.

Figure 5.12. Psychrometric performance of an HDP system operating under part-load conditions.

In an HDP system, as with the pretreatment system, it is preferable, but not essential, to
treat the outdoor air in a central plant before distributing it to the various terminal units.
It is also possible to perform the treatment of the outcloor and return air streams within a
common casing. This scheme will be described later in the discussion; for the moment we
will assume that a central outdoor air treatment plant is in use. The strategy employed by
the HDP system differs fundamentally from that of a conventional precooling scheme in
that within the HDP system the outdoor air is cooled to a dry bulb temperature which is
lower than the target supply air temperature for the terminal unit. The coil off temperature
is typically within the range of 8- 1 3 " C. In the process of cooling to temperatures of this
order, the outdoor air experiences considerable dehumidification. Within the terminal units
this cold dry outdoor air is mixed with partially treated return air, and in the mixing
process excess moisture and some excess sensible heat is transferred from the partially
treated return air to the cold, dry, over-treated outdoor air. By this means the relatively
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small quantity of outdoor (ventilation) air can offset a considerable part of both the latent
and sensible zone loads, thus reducing the size of the terminal unit required to meet a

specified duty.

The chilled water and air paths for a typical HDP system servicing a multistorey building
are shown schematically in figure 5. I 1. The underlying psychrometric principles of such
a system, when operating in a tropical climate, are illustrated in figure 5.12. The process
lines shown are appropriate to a system operating at 50Vo of peak sensible heat load. The
path of the outdoor coil condition curve effectively follows the saturation line, which is the
steepest thermodynamically possible path. At the critical part-load condition, the dew
point temperature of the air leaving the coil is 8.9"C, and the retum air coil condition curye
is very shallow, operating almost dry. The outdoor air coil removes 10'4 g moisture per
kg of dry air, as opposed to a mere 0.75 glkg in the case of the return air coil. Mixing the
over-pretreated outdoor air with the under-treated return air produces supply air having a
lower dew point temperature than is otherwise attainable using conventional technology.
The deep dehumidification offered by the outdoor air heat exchanger thus offers an

efficient replacement for techniques such as overcooling and reheating where the
maintenance of indoor air humidities within the ASHRAE comfort zone is required during
periods of high dew point ambient conditions.

To attain the deep dehumidification of the outdoor air, which is a central feature of the
HDP methodology, it is necessary to maintain throughout the depth of the coil a relatively
high differential between the partial pressure of the air entering the outdoor air
dehumidifier coil and that of the water vapour at the wetted external surfaces of the coil.
This is achieved by minimizing the chilled water temperature rise through the dehumidifier
and maximizing the chilled water velocity. Typically the dehumidifier would be designed
for a water temperature rise of only about 2"C. This is achieved by passing through the
dehumidifrer the whole quantity of water required to offset the simultaneous requirement
of the terminal units. Furthermore, the chilled water path through the outdoor coil is kept
short to minimize both the water pressure drop and the water temperature rise through the
coil.

Herein lies an additional difference between the HDP system and a conventional
precooling system. The temperature of the water leaving a conventional precooling unit
will be so high that its potential for further cooling or dehumidification will effectively be

exhausted. Chilled water must therefore be supplied to the outdoor air plant and to the

terminal air handling units via separate parallel circuits. In the HDP system on the other
hand, the water temperature rise within the outdoor air treatment plant is kept sufficiently
small for the water leaving this unit to be supplied to the terminal units cooling the return
air, the latent load of which will subsequently be substantially offset by the dry, cold
treated outdoor air.

Consider now the behaviour of an HDP system as the load falls. Two limiting cases are

possible. On the one hand the water flow through the outdoor air coil may reduce, always

being equal to the sum of the flows required by the terminal units. In this situation the

dehumidif,rcation potential of the outdoor air coil reduces with falling load. In demanding
applications it may be necessary to employ staging within the outdoor air treatment plant
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or in the terminal units, ot both, if design specifications are to be met. Alternatively, if a
chilled water bypass is installed, as shown in figure 5.11, the chilled water flow rate
through the outdoor air coil can be maintained at the same high level, while the supply of
chilled water to the terminal units is throttled. Falling zone loads are frequently associated
with a fall in the enthalpy of the outdoor air, and when this coincides with constant or
increasing zone latent loads, a particularly difficult situation may arise. If the chilled water
flow through the outdoor air coil is maintained at a constant level, falling loads will be
associated with a decrease in the dry bulb temperature of the treated outdoor air. In other
words, the dehumidification potential of the treated outdoor air increases just when the
extra dehumidification is required. As the load decreases, the latent load on the return air
coil rapidly reduces to negligible levels. This is reflected in the behaviour of the room
relative humidity, which shows an initial increase as the load reduces from peak and then,
contrary to conventional experience, a continuous decrease with further reductions in the
zone load as the effect of the treated outdoor air becomes dominant. This effect applies to
both VAV and CAV terminal units. The choice of whether to specify a VAV or a CAV
system then becomes a trade-off between capital costs and fan operating costs, rather than
a decision based primarily on psychrometric considerations. Since under part-load
conditions the coil in the terminal units is mainly concerned with offsetting sensible load,
enhancement of dehumidification achieved by LFV/HCV technology in the terminal units
confers little benefit. Low face velocities and low fin densities are still of value in
minimizing fan power consumption and noise. It is desirable to maintain the Reynolds
number of the water flow in the turbulent regime for control reasons, and this factor may
indicate a need for staging. Clearly, the option of maintaining water flow through the
outdoor air coil at a constant high level is a preferred characteristic.

Use of HDP technology confers additional benefits. Good ventilation practice and
adherence to ventilation standards need no longer be seen as a massive energy penalty.
One of the major problems of existing air conditioning systems is their common failure to
satisfy the ventilation requirements during part-load operation. This problem is
particularly prevalent in the case of va¡iable air volume systems which serve a number of
zones. VAV systems are otherwise preferred to CAV systems for reasons which have been
enumerated above. The problem is particularly serious during part-load conditions for a

building which has a constant population density, especially in the least loaded zones, irr
a library for example. A building that requires l57o outdoor air at peak sensible load
would require 307o outdoor air when the sensible load falls to 50Vo of its peak value. If,
as is common in the "sick" buildings of the past 25 years, the outdoor air dampers are hxed
so that the ratio of ventilation to return air remains approximately constant during VAV
operation, there is an inevitable tendency f'or stufTìness, especially in the least loaded
zones. Thus the tendency of people to doze in the library may be related to inadequate
ventilation. Such conditions are not likely to arise in connection with the new HDP
method, as there is benefit in maintaining the quantity of treated outdoor air. This air
contributes significantly to satisfying the room load over the full operating range. Plant
rooms can then be smaller or even eliminated, as return air treatment units have very
modest duties. Fan coil units can be wall mounted or, subject to maintenence constraints,
could be accommodated in the ceiling plenum.
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Use of the HDP principle in conjunction with a central outdoor air treatment plant confers

major benefits resulting from the reduced size of the terminal air-handling units, reduced

alienation of rentable floor space, and a significant downsizing of chilled water risers and

pumps. The significant reduction in chilled water pumping energy at part-load confers

benefits in terms of operating cost. This will be partially offset by the cost of moving the

pretreated air around the building, although the quantities involved are modest by

comparison with conventional central plant systems. Note that no return air riser is
required and spill can be effected via washrooms and toilets at each level.

Occasions will of course arise when technical or contractual considerations preclude the

use of a central outdoor air treatment plant. In such circumstances the benefits listed in the

preceding paragraph are not wholly attainable. It is however still possible to take

advantage of the unique psychrometric performance of HDP systems by mounting separate

outdoor air and return air coils in a common casing. The chilled water supplied to the air-

handling unit passes first through the outdoor air coil, and then through the return air coil.

The treated airstreams are mixed before entering the fan. At part-load the water supply to

the unit may be th¡ottled, or alternatively the flow through the outdoor air coil may be held

constant at its peak value, while water in excess of that required to offset the zone load is

bypassed around the return air coil. The psychrometric performance of such units is then

almost identical to that pertaining to an HDP system with a central outdoor air treatment

plant.
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Chapter 6. Simulation of Air Conditioning Systems.

The preceding chapter has briefly reviewed the characteristics of a range of all-air system

types which may be used to achieve a desired set of thermal comfort conditions within one

or more zones. A major objective of the current work is to develop the appropriate

software tools to enable the designer to trial a series of potential design strategies for a

1 i particular problem. The purpose of cribe a set

' \ of basic abstractions and algorithms which the

, \previously-reviewed systems are con processes
i ,comprising the air conditioning cycle.
l,ì

The initial focus of the chapter is on the zone. For a given project the zone comprises a

conditioned space, which has associated with it a target set of thermal environmental
specifications. The efficiency with which competing systems will maintain the specified

conditions under the influence of changing occupancy patterns, outdoor air conditions and

solar loads is thus a major yardstick by which systems may be compared (first cost being

the other major yardstick). The emphasis here is on developing a self-contained set of data

structures which will adequately describe the zone and the psychrometric processes

occurring therein, together with the data structures required to measure and control zone

conditions.

In the sections which follow, data structures are developed to model a range of
, r conventional and novel air conditioning systems. The structures described offer the

i designer considerable flexibility in the configuration and evaluation of alternative air

f i conditioning strategies for a given situation. Finally, a set of algorithms to model the

ì , steady-state performance of an air conditioning system are presented.

6.1. The Zone.

Azone is a conditioned space in abuilding. According to ASHRAE (1987), theterm"zone

implies the provision or the need for separate thermostatic control, while the term room

implies a partitioned area that may or may not require separate control." The two terms are

used interchangeably in the present work, with some preference being shown for the

former. The requirement that zones are subject to thermostatic control is relaxed; in

respect of CAV operation, the situation whereby some (but not all) zones served by a unit

are not so controlled is admissible. Thermal conditions within the zone must, however, be

measurable, at least from a conceptual point of view'

The term zone is also used in a different, although related sense in the present work, in that

it may be used to refer to the abstract entity used to model the conditioned space. This is

implemented as the C++ class Zone, which maintains internal variables describing the

environmental state of the space, together with the sensors required to measure and control

conditions in the space, and member functions to set and access information relating to the

zone, and to perform computations associated with processes occurring within the zone'

Objects of class Zone are self-contained in respect of their interaction with the outside
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world. From the point of view of the Zone,external objects may alter sensor setpoints, the
flow rate and the condition of the air supplied to the zone. From the viewpoint of
coordinating objects, the zone is a black box'which will react in a certain way in response
to the supplied air stream, the response being measurable by the deviations of sensor
readings from their setpoints.

Zone loads rnay be specified, and are stored internally in a structnre of class Load, which
contains helds for the sensible, latent and total components of the load, and for the sensible
heat ratio, defined as

SËIR = 
q''

Q., * Qt

Zone loads are normally calculated externally using a load calculation programme, such
as TEMPER (Australian Constluction Services, 1987). Class Zone does not currently
maintain the thermal data required to enable zone loads to be calculatecl internally,
although such information could readily be incorporated into the existing framework.

Environmental conditions within the zone are determined by the state of the air supplied
to and extracted from the zone, denoted by the suffixes i and o respectively in the
following. The latter quantity is regarded as representative of thermal comfort conditions
within the zone, and is monitored to provide the basis for control strategies concerning the
zone33. ln the basic moclel considered herein, questions of air distribution within the zone
are not addressed.

The flow rate of air through the zone may be expressed in terms of either mass flow rate
or volume flow rate. The latter quantity is ambiguous, as it must be referenced to the
appropriate density, volume flow rate so defined being refened to as the actual volume
flow rate. Clearly, the actual volume flow rate of air leaving a zone will differ from that
of the air entering the zone. ln an etÏort to overcome this ambiguity a third quantity, the
standard volume flow rate, is conrmonly used within the industry. This is defined as the
volume flow rate referenced to ASHRAE standard conditions, which specify a density of
l'204kglmt, corresponding approximately to saturated air at 16'C, or to dry air at2I"C,
at standard atmospheric pressure (10I.325 kPa). Since each volume flow rate may readily
be converted to mass flow rate, which is an unambiguous quantity, a simple formula is
available for converting between the two volume quantities:

e.-., = Qo'o"Po"
/o.rt,t = nO4 (6.1.2)

Internally, calculations are performed preferentially in terms of mass flow rate or where
necessary, as in the case of fan calculations, in terms of actual volume flow rate. The use
of stand¿rd flow rate is nevertheless widespread in the industry, and in most cases results
are reported in terms of this quantity. For CAV operation, the rate at which air is supplied

(6.1.1)

33 
See also section 3.1
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to the zone remains fixed. The appropriate standard volume flow rate3a is stored as a

member variable of class Zone, which also provides member functions to set and access

this quantity.

In order to control infiltration and exfiltration of air to and from the zone, it is customary

to maintain a small differential (usually positive) between the operating pressure of the

zone, and ambient pressure. The magnitude of this pressure differential becomes important

when calculating duct flow rates, pressure losses and damper settings. Consequently, the

required p..rrui" differential is stored as a member variable of class Zonës.

Class Zone provides a full complement of member functions for reading and setting its

component variables and structures. Also provided are member functions for performing

calculations referring to psychrometric processes occurring within the zone, and structures

for measuring and monitoring conditions within the zone. These latter aspects will be

considered in the following.

6.1.1. Zone Processes.

The psychrometric processes

affecting a parcel of air during
its passage through the zone

are customarily represented on

the psychrometric chart bY a
straight line, known as the

load ratio line, connecting a

point representing the entering
air state with one representing
the leaving air state. Such a
line is shown in figure 6.1. In
analyzing the thermodYnamics

of the situation shown, it is
useful to consider a point Figure 6'1' The load ratio line'

lying at the intersection of the

line of constant humidity ratio passing through the entering air condition, and the line of

constant dry bulb temperature passing through the leaving air condition. In terms of the

psychrometric points shown in figure 6.1, the latent and sensible components of the load,

qt -- lh(ho - h,) , (6.1.3)

34 In fact it is the actual vohtme flow rate which remains f,rxed during CAV operation. The need to

reference this quantity to a changing air state during the simulation process would however result

in operational difficulties, and standard flow rate is used instead. The resulting errors will be

minimal.

qr

qs

Lood Rolio Line

dbt

35 By default, this is set to zero when an object of class Zone is created'
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q"=/h(h"-hi)
(6.1.4)

respectively, where the latent load may be expressed in terms of the sensible component
by rearranging equation (6. l. l) so that

1 -r
R^'äR

where now RSHR is the room sensible heat ratio

The enthalpy values in equations (6.1.3) and (6, 1.4)'area function of the conesponding dry
bulb temperature and humidity ratio. Substituting the functional relationship of equation
(4.1.25), the above equations become

e¡ =n7(W,,-W)(Z1}I.g_1.9144t,,), 
(6.1.6)

e.,=ù(1.006+t.gl44w)(t,,_t,). (6.1.7)

Combining these gives

Qt = Q.,

q m 1'006 + l'8144 W
Qt

/it(2501.8 + 1' 8L44t,,)

(6.1.s)

(t,, - t) (6.1.3)o

rl
Invoking equation (6.1'5), this may be rearrangecl to solve two problems of significant
practical importance:

I' In a variable air volume (VAV) system the dry bulb temperature of the supply air
and the dry bulb temperature of the air leaving the room are maintained at constant
values by a thermostat downstream of the fan in the first instance, and by a
thermostat in the conditioned space in the second instance. Before entering the
zone, the supply air will be subjected to a small temperature rise as a result of heat
transfened through the duct walls. Provided this temperature rise can be
calculated, the temperature rise through the zone, at = to - r,, will be known.
The mass flow rate of air required to offset the zone loads'subject to temperature
rise Ar will then be

,ir= Q, f r. t-ottf-,,,=,,1 
(6.r.e)1.006 + L.Bl44w,,lAt RSHR(2501.8 . t{t44nJ

2' For a constant air volume (CAV) system, the zone dry bulb temperature and the
mass flow rate of air remain constant; Âr changes to accommodate varying loads.
In this case,

1 - RSHR

RS¡14(2501.8 + t-8144t,)
L^t = (6.1.10)
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In the above, the supply air humidity ratio W, can be substituted for the room humidity

ratio W,,, where it occurs, by invoking equation (6.1.6). The form given is however the

more useful for the purposes of the iterative schemes to be developed later in the chapter.

Two further operations involving the load ratio line, which will be performed extensively

in the simulation of air conditioning cycles are the following:

The state of the air entering the zone is specified. The state of the air leaving the

zone can be found by setting the leaving condition equal to the entering condition,

and:

Incrementing the enthalpy by the amount Lh, = Q,/rh whrle keeping the

humidity ratio constant, and finding the corresponding dry bulb

temperature.
lncrementing the enthalpy by the amount Lh, = q,lrh whlle keeping the

dry bulb temperature constant, and finding the corresponding humidity
ratio.

2. The state of the air leaving the zone is specified. The state of the air entering the

zone can be found by setting the entering condition equal to the leaving condition,

and decrementing the enthalpy in stages in the inverse of the order above.

Member functions of class AirState to perform the above operations are described in

section 4.3.3.

6.I.2. Sensors.

The preceding discussion identif,res three properties of the zone which require monitoring

anüor control, namely the dry bulb temperature, the relative humidity, and the pressure.

This section describes classes to monitor and control the former two properties. The

desired pressure differential is simply specified; the duct simulation algorithms of chapter

9 assume that this differential will always be maintained.

Dry bulb temperature and relative humidity are measured by objects of class Thermostat

and class Humidistaf respectively, both of which are derived from a coÍlmon base class

Sensor. In its present form this class is quite rudimentary. A setpoint and a deadband

may be specified within a constrained range imposed by the derived classes. Additional

fields contain the current value of the measurand, and aflag indicating whether the sensor

is enabled or not. The purpose of this flag, which may be set, is simply to indicate to

objects accessing the sensor whether the measurand is to be controlled or not; the

monitoring function of the sensor is always available. Member functions provide facilities

for setting and reading the setpoint and deadband and the status of the enabled/disabled

flag, for updating and reading the measurand, and for returning the deviation of the

measurand from the setpoint and its squa.re, and the magnitude of the extent to which the

measurand exceeds the upper limit or falls below the lower limit of the deadband.

a.

b
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As it stands, this class is adequate for the steady-state models considered herein. With the
addition of fields specifying the dynamic cha¡acteristics, the class could readily be adapted
for use in transient models.

Objects of class Thermostaf and class Humidistaf are passed on creation a poinrer to the
object of class AirState which they are to monitor. By clefar¡lt, objàcts of class
Thermostat are enabled upon creation; the default state for objects of clais Humidistat
is disabled Class Thermostaf adds little further to the base class, apart from modifying
the vocabulary of the member functions. Objects of class Humidistaf are primarily
concerned with detecting relative humidity levels which fall outside a given .ung", which
is specified internally in terms of the deadband. In this work we are concerned solely with
the upper bound of the humidistat range which, for an enabled humidistat, must lie
between 45Vo and 65Vo relative humidity.

6.2.Data Structures for System Simulation.

Computer simulation provides a means of predicting the performance of an air
conditioning system. Chapter 5 has defined the characteristics of the systems which we
seek to model; the model must possess sufficient flexibility and generality to simulate the
range of configurations and control strategies embodied in those systems. In accordance

",,:,.'i ..Witb the pri4ciples of the object-oriented design methodology, such a model may be'' developed by selecting a suitable set of
whereby they interact. The core class
shown in figure 6.2. In the remaining
classes associated with the class
categories of figure 6.2. These class
categories are not self-sufficient. In
order to complete the implementation
the classes described in the following
will need to access a number of
additional classes representing various
equipment items and subsystems. These
will be identified in context, and where
such classes are sufhciently simple, they
will be described in the following.
Three such categories ofclasses require
separate detailed treatment however,
namely those describing cooling coils,
duct systems and fans. They will be the
subject of the following four chapters.
In this study the emphasis will be placed

coordinating classes, and defining the operations
categories required to implement the model are
sections of this chapter we seek to develop the

on developing a detailed model of the air distribufion system. A set of class categories
paralleling those of figure 6.2, and describing components such as chillers and pipe
networks would be required to model the chilled water distribution system. Such a
development will not be undertaken here. However, where appropriate the classes
representing various equipment items will be designed in such a manner as to facilitate

Sys em

Controller

Tone

AHU

Con necTor

Figure 6.2. Core class categories required to
implement the air conditioning system
model.



97

lll

their use within a model of the chilled water distribution system. Thus for instance, in the
present model duct systems are represented by a class representing a specialization of a
base class for generalized networks, which could also be used as a base class for pipe
networks.

In essence, the class categories of figure 6.2 perform the following functions

The system is the user interface to the model. All requests to update and run
components of the model are processed by this class category, which also provides
a central conduit for querying the status of the various system components.

Objects belonging to classes in the category AHU provide a description of the
physical attributes of each air handling unit in the system, including in particular
their configuration.

Each object of class category AHU has associated with it an object belonging to the
class category controller. Such objects are concerned with the control operations
relevant to the air handling unit with which they are associated, and as such provide
an interface whereby the system, and ultimately the user, can access each air
handling unit.

1V Each air passageway into or out of an air handling unit will have associated with
it an object belonging to class category connector. Each such object in turn will
have associated with it a duct system, which may or may not be specified in detail,
and optionally a cooling coil and a filter

Class category zone contains one class, Zone. This has been described in detail in
section 6.1.

6.2.1. The System.

The system defines the simulation domain of the model. Conceptually the system refers
to a set of zones, together with the air handling units required to service those zones, and
their associated duct and pipework systems. User access to the system is provided by a
C++ class SystemControl, which has the following attributes:

There can be at most one instance of class SystemOontrol, referenced through the
static member pointer systemcontrol- : : s, which is initially set as a null pointer.
If the constructor for SysfemControlis called, and a non-null value for s is
detected, an exception will be generated. Otherwise, s will be set to point to the
newly generated instance of SystemControl.

The following properties of the system are stored as member variables
a. Atmospheric pressure.
b. Ambient air state (as a variable of class AirState).
c. Time.
Member functions to set and read these variables are also provided.

I

l1
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lll. Associative anays provide access to all major components of the system, including
in particular:
a. Air handling unit controllers.
b. Duct systems.
c. Zones.

IV The constructor for class SysfemControl may take as an input parameter a

reference to an input stream (see Stroustrup, 1991), from which the specifications
may be read. This initiates a sequence in which the constructors for the various
component items are called as specified to set up the system. The basic data
structures used to read the system specif,rcations from an input stream are described
in section 2.4. The process is considered further in chapter 12.

A command-line interpreter enables commands to be read and executed. The
commands provide a means to alter system parameters, and to run various aspects

of the simulation. This facility is also described further in chapter 12.

6.2.2. Air Handling Units and Controllers.

Two basic types of air handling unit are considered in this study:

An Outdoor Air ahu takes in outdoor air at ambient conditions, and distributes it
to one or more distributed units, after cooling in a prescribed manner. The central
outdoor air pretreatment plants for conventional precooling systems and the
outdoor air treatment plants for HDP systems fall into this category.

A Distributed ahu takes in outdoor air and (optionally) return air, and distributes
the mixture, cooled to a supply air temperature determined by the system control
strategy, to one or more zones. The outdoor air may be either at ambient condition,
or as supplied from an outdoor air treatment unit. The ahu may also contain
facilities for treating the outdoor air and return air streams individually, or for
combining the two streams, and then treating them. The definition of this type of
ahu is thus sufficiently broad to cover both stand-alone multizone units, and the
terminal units of an HDP system.

To model these a base class AHU is defined. From this are derived classes D AHU and
OA_AHU, which provide facilities to store, set and read the configuration and operating
parameters for distributed and outdoor air air-handling units respectively. Within the

context of the system model, each object of class AHU (or a derived class) has associated

with it one and only one controller of the appropriate type'u. Controllers are instances of
class DController(controlling a distributed ahu), or of class OController(controlling an

As implemented each object of a class derived from base class Controllerin fact contains a variable

of the appropriate subclass of AHU as a member variable.

36
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outdoor air ahu), both of
which are derived from a

base class Controller, The
relationships between the
various subclasses of class
Controller and those of
class AHU are as shown in
figure 6.3. The purpose of
base class Controller is
merely to store and
manipulate basic
bookkeeping information
associated with the
controller. ln keeping with
the remarks made earlier,
the derived classes provide
the primary means of
accessing the objects
representing the air
handling units, together Figure 6.3. Class diagram showing relationships between

with associated entities. subclasses of class AHU and class Controller.

The classes derived from
base class Controller also contain member functions to perform simulation functions for
the subsystem associated with each controller. The algorithms for performing these
operations are the subject of section 6.3. Further discussion of the structure of class
Controller and its subclasses will be deferred to that section.

Stripped to its ba¡e essentials, an air handling unit comprises a fan, controls and a number
of connectors to air intake or output subsystems, each of which will optionally have
associated with it a ductwork system, and a cooling coil and filter. Member variables
within base class AHU storc the air state upstream and downstream of the fan, and the mass
flow of air through the fan. Other member variables of importance are the following:

: An object of class FanUnit representing the fan and its associated structures. The
interaction of this class with its coordinating classes will be considered in chapter
10.

fp : A variable of the enumerated type

enum fpos { Unspecified, DrawThrough, Bl-owThrough };

Variable fp is initialized to a value of unspecified.. The fan position will
subsequently be defined by the configuration of the connectors which are attached
to the unit. These are in fact fundamental in determining the configuration of and
control strategies available for a unit. The rules for combining the connectors for
a unit are thus of considerable interest. These will be considered in the next
section.

+

OConlroller DConlroller

Controller

1

OA AHU D AHU

AHU

f
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connected. : A boolean variable which specifies whether a sufficient set of connectors
have been attached to an ahu, This variable is initializedto.false.

6.2.3, Connectors.

The connectors to an air handling unit are represented by objects belonging to subclasses
of a base class Conn ector. The following variables are members of class ConnectotÃ7:

I
ll
lll
IV

A pointer to a duct system (initialized to null).
A pointer to a filter (initiatized to null)38.
A pointer to a coil bank (initialized to null).
Pointers to the air state entering and leaving the connector (variables of class
AirState).
Mass flow of air through the connector.

F

Figure 6.4. Subclasses of class Connector and their relationship to other classes.

A connector which has been attached to a unit is not modifiable; pointers (i) to (iii) above
cannot be altered in this state. If it is desired to alter any of these pointers, the connector
must lrrst be detached. This enables the software to identify correctly the configuration of
the unit at all times. In addition to the above, class Connector contains additional
variables for internal use only, together with a set of functions to set and reset and read its
attributes. In the context of the air handling unit model it is the subclasses of class
Connector rather than the base class which a¡e of interest. These differ from the base

class mainly in the manner in which they deal with the duct system. A duct system of the
appropriate type (a subclass of class Duct) must be attached to the connector, except in
certain cases specified below, The duct system need not be fully specif,red (see chapter 9).

The relationships connecting the various classes involved are shown in figure 6.4. The
subclasses of class Connector concerned are:

This inventory will be expanded in section 6.5, which considers the generalization of chilled water

circui tin g c onfigurations.

11

38 An object of class Filter (see Chapter l0).



Class SA_Connector. A supply-air connector connects to the root of a duct
system distributing treated air to a set of zones in the case of a distributed ahu, or
to the root of a duct system distributing treated air to a set of distributed air
handling units in the case of an outdoor air ahu. This subclass provides the
following attributes which are additional to those of the base class:

A thermostat (an object of class Thermostaf; see section 6.1.2), which is

used to monitor (and in the case of VAV operation, control) the supply air
temperature.

A singly-linked list of indices to the zones or distributed air handling units
(as appropriate), which are fed by the connector.

A reheat coil (an object of class ReheatCoi| see section 6.3.1) which is
used to control humidity within the zones served by the unit by applying
reheat on a global basis to the supply air. By default, the reheat coil is ofi

l1 Class OA Connector. ln the case of an outdoor-air treatment plant, or a

distributed unit drawing air from outside the building, the connector is attached to
the root of an outdoor-ai: duct system (see chapter 9). In the case of a terminal unit
the connector is supplied with air from one of the terminal nodes of the supply-air
distribution duct system attached to the supply-air connector of a central outdoor-

air treatment plant. In this case, the entering air condition for the outdoor-air
connector of the terminal unit may be set, but this connector may not access the

duct system which serves it.

l1l. Class RA Connector. A return-air connector attaches to the root of a return air
duct system, and only has significance in the case of distributed air handling units.

The characteristics of an air-handling unit are determined by the configuration of the

connectors which are attached to it. The range of supported configurations is considered

separately in the following for the case of distributed and outdoor-air units.

6.2.3.1. Distributed ahu.

The range of supported cooling coil configurations for a distributed ahu is as shown in
figure 6.53e. Two basic divisions are evident; configurations (a), (b) and (c) are blow-
through conhgurations, while the remainder are draw-through configurations. In the model

supported, a blow-through unit will have one or more supply-air connectors attached to it,
while a draw-through unit will have one and only one supply-air connector. This will be

indicated by the setting of the flag tp in the base class AHU (section 6.2.2). In addition,

to distinguish between the various configurations shown, the derived class D-AHUdefines
the following member variables:

Frequent reference is made to figure 6.5 in the following. For convenience therefore, this figure is

reproduced on a lift-out card which will be found inside the back cover'

a

b.

c

39



t02

oas : Indicates the source of the outdoor air fed to the unit. This is a variable of the
enumerated type

enum oa_source { Undefined, O_A, D_A };

This variable is initialized as undefined, o-a indicates that the outdoor air is
ingested directly from the exterior of the building; o_e that it is supplied from a
central OA treatment plant.

combined : A boolean variable indicating that the outdoor air and return air streams are
combined before treatment using a single coil. Configurations (a) and (b) and (e)
and (f âre combined; the remainder are not.

Two further member variables are defined to specify the chilled water circuiting for
configuration (g):

vf irst : A boolean variable indicating whether the chilled water is to be fed to the outdoor
air coil first (true), or otherwise (false). Defatlt true.

qf s : A variable of class CfixedFlow, which has two member variables:

Qf ixed : A boolean variable, the value of which has the following significance:
false : The total flow rate through the ahu is modulated; the cooling coil(s)

draw the chilled water flow rate they require to offset the load.
true'. The total flow rate through the ahu is fixed.
The operation of these member variables is modified by local
control actions within the outdoor air and./or return air connectors
(see section 6.5.3 for details). The defaultisfalse.

or : Fixed water flow rate (Us)

We can now write a set of rules for attaching connectors to and detaching them from a
distributed ahu:

A distributed ahu is connectea if it has the following connectors attached to it
a. One and only one outdoor air connector.
b. A maximum of one return air connector.
c. At least one supply air connector.

ll. A distributed ahu can have an arbitrary positive number of supply air connectors
attached to it. A pointer to a supply air connector is stored on a singly-linked list
(a member variable of class D-AHI) when the connector is attached, and removed
when it is detached. The following constraints apply when attaching or detaching
supply air connectors:
a. A supply air coil which references a coil bank cannot be attached to a unit

designated âs DrawThroush. If such a connector is attached to a unit

l.
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Figure 6.5. cooling coil configurations for a distributed air handling unit.

designated as unspecified., that unit will be redesignated as a
BlowThrough unit.
A supply air connector which does not reference a coil bank cannot be
attached to a BlowThrough unit.
when all supply air connectors have been removed from â BlowThrough
unit, the state of the unit will be returned to unspecif ied.

b.

c.
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A return air connector can only be attached to a unit if an outdoor air connector is

simultaneously attached. Similarly, if either an outdoor air connector or a return

air connector is detached from the unit, the other connector of the pair will be

detached simultaneously. A distributed ahu must have one and only one outdoor
air conncctor, and can have at most one return air connector. The operations of
attaching and detaching outdoor air and return air connectors are thus subject to the

following constraints :

a. An outdoor air connector which references a coil bank cannot be attached

to a unit designated âS BlowThroush. The same applies to a return air
connector. ffa connector ofeither type referencing a coil bank is attached

to a unit designated âS Unspecif ied, that unit will be redesignated to be a

DrawThrough unit.
Ifboth the outdoor air connector and the return air connector are detached

from a DrawThroush unit, the state of the unit will be returned to
Unspecified.
By convention, a unit to which both an outdoor air connector and a return

air connector are attached, but for which only the outdoor air connector

references a coil bank, will have the combinea flag setto true. From figure
6.5 it will be seen that this convention permits combinea units to be

identified unambiguously.

6.2.3.2. Outdoor Air ahu.

The range of configurations which we need to make available for an outdoor air ahu is

much smaller than for its distributed counterpart, as shown in figure 6.6. An outdoor air

ahu is connected if it has the following connectors attached:

One and only one supply air connector. In principle a central outdoor air treatment

unit could support multiple supply air connectors. However, this possibility is not

currently provided for.
One and only one outdoor air connector.

Either the supply air connector (etowrnroush) or the outdoor air connector (orawthroush)
must reference a coil bank.

S S
o o

o b

See figure 6.5 for legend

b.

c

a.

b

Figure 6.6. Cooling coil configurations for an outdoor air ahu.
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6.3. Atgorithms for System Simulation - Distributed Units.

Luxton and Shaw (1991) drew attention to "the thermodynamic requirements that if
equilibrium is to be achieved in a system the rate at which heat and moisture are removed
by the dehumidifier coil must equal the rate at which they are added to the conditioned
space". For a single-zone air conditioning system this implies that the equilibrium
condition within the zone will be uniquely determined provided

i. The load on the zone remains constant.

11. The condition \^/ithin the zone is constrained to lie on some locus on the
psychrometric chart. Most often this locus will be established by thermostatic
control so the constrained locus becomes a line of constant dry-bulb temperature.

l1r The cooling coil has sufficient capacity to offset the sensible load in the zone.

A further constraint may be introduced into the system, provided an extra degree-of-
freedom is also introduced. A practical example, and the only one with which we will be

concerned in the present study, is that of using reheat to control the relative humidity
within azone so that it remains below an upper limit. As a corollary to the above, we note

that if the conditions within the zone do not lie at the equilibrium point, then the action of
the control system will be to drive the zone condition towards its equilibrium point.

If the zone approaches its equilibrium condition along the locus determined by a line of
constant dry-bulb temperature, the process is known as the moisture staircase
phenomenon. This process has been graphically illustrated by Sekhar (1990), and by
Luxton and Shaw (1991). It can be demonstrated by assuming azone relative humidity,
and plotting on a psychrometric chart the zone condition which satisfies the assumed

relative humidity and the desired dry-bulb temperature. This point is used as a starting
point, and the various processes occurring within an air conditioning system are plotted on

a psychrometric cha¡t. The return air is mixed with the outdoor air in the specified
proportions, the coil condition curve plotted, and the coil exit condition required to offset
the zone load is located. Finally, the load ratio line is plotted, thus determining a new

estimate for the zone condition. In almost all cases, this will differ from the point
originally chosen, although still lying on the locus. If the process is repeated several times,

using the last estimate of the zone condition as the starting point for each successive

construction, the sequence of points generated will be found to approach an equilibrium
point monotonically. The equilibrium point is insensitive to the initial estimate.

The procedure outlined above is tedious for a single zone, even if a coil simulation
programme is available. The complexity introduced by multiple zones renders hand

computation totally impractical for most purposes. The problem is, however, amenable to

a computerized solution. In designing the required algorithms, it is useful to decompose

the problem into two nested loops:

The inner loop performs one step of the moisture staircase simulation, using the

current estimate of the zone condition(s) to derive an updated estimate.
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ii. Within the outer loop, a programmed sequence of moisture staircase steps is
performed, iteration continuing until the sequence converges to the desired
equilibrium condition.

lThe outer loop is most easily programmed using the method of successive substitution

. . (Stoecker, 1989), in direct emulation of the hand computation procedure described ahove,
\,. Unfortunately, this method suffers from two drawbacks; it is usually slow to converge and

\ often it may not converge at all, preferring to oscillate between two states which straddle
the true solution point.

The remainder of this section is devoted to the development of a set of algorithms which
will provide a stable and eff,rcient solution to the problem of hnding the system equilibrium
point for a wide range of system configurations. The case of a system with an upper bound
placed on the relative humidity permitted in some or all zones is also considered. The
algorithms described in the following are implemented as member functions of class
DController.

6.3.1. Reheat Coils.

Reheat coils are an integral componer-t of many of the control systems which we seek to
model in this study. In keeping with the philosophy adopted throughout, reheat coils are
modelled as objects of a class ReheatCo[ which has the following member variablesaO:

enabled : A boolean variable which flags whether the reheat coil is available for use
(enabled) or not (disabled).

starus : A variable of enumerated type

enum ReheatStatus { off, on };

A reheat coil must be enabled before srarus can be set to on.

p Power consumption (kW)

dr : Reheat temperature ("C)

In addition, member functions are providedto enable or tlisuble t"he reheat coil, to toggle
its status to on or off, to access the status and enabled flag, and to access and set the power
and reheat temperature.

This class is in effect, although not in fact, an abstract class in the sense that it seeks to model only
those aspects of the reheat coil which are of fundamental importance to the current application.
Reheat coils are available employing any one of a number of different heating media (electric power,
steam, hot water), and it is conceivable that details specific to a physical coil (dimensions or hot
water flow rate, for instance) might be of importance in another application. This possibility is
readily handled by using BeheatCoil as a base class for a set of classes providing member functions
and variables of a more specific nature.

40
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6.3.2. Class DControl ler,

Each object of class D_AHU has associated with it an object of class DController, which
provides the control functions for that air handling unit (figure 6.3). The following
member variables are of particular importance in connection with the algorithms which
will be developed in the following:

cmode : A variable of the enumerated type

enum DController: : controlmode { VAV, CAV } ;

By default vAV is specif,red. Note that the control mode is properly a property of the

controller, rather than of the ahu; most if not all of the configurations which can be

assembled using the classes provided can be run in either a VAV or a CAV mode

of operation.

zrnfo : An associative array defined by the statement

Map<unsigned, Zonelnfo*> Zlnfo¡

Each zone served by the unit has one entry in this anay. The key contains an index

to the zone in question. The value is a pointer to an object of class Zonelnfo,
which facilitates access to and manipulation of the various zones served by the unit.

The interface for class Zonelnfo is defined as follows:

cfass Zonelnfo
{

int nc;
double ZSupDuctDt;
ReheatCoil ZReheat;
double ZRetDuctDt;
Zone* ptr,'

public :

/ / ConsLructor
Zonelnfo (Zone* z,

const int ic = 0)
: ZSupDuctDt (0.0), ZRetDuctDt (0.0), nc (ic), ptr (zl {}
// Destructor
-ZoneInfo O { }
// Access and set duct temperature gains
double SADuctDt O const { return ZSupDuctDt; }
doubLe RADuctDt O const { return ZRetDuctDt; }

void SADuctDt (const double dt) { ZSupDuctDt = dt; i
void F{.A,DuctDt (const double dt) { ZRetDuctDt = dt; }

/ / Access reheat information
ReheatCoil& r O { return ZReheat; }
boolean ReheatOn O { return (boolean) (ZReheat-Enabled O &&

ZReheat . Status ( ) == ReheatCoil : : on) ,' )
double ReheatPower O const { return ZReheat.Power O; }
double ReheatDt O const { return ZReheat.Temperature O; }

,// Access and set textual information ------
char* Name O { return ptr->Name O; }

char* Cornment O { return ptr->Comment O; }
void Name (const char* nstr) { ptr->Name (nstr); }
void Comment (const char* cstr) { ptr->Comment (cstr); }
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/,/ Access and set connector number
int Connector O const { return nc; }
voj-d Connector (const int n) { nc = n,. }
// Access referenced zone
Zone&. Z O { return *ptr; }

Member variable zoncrnf o: : ZReheat is a rehcat coil used to achieve ternperuture
balance among the zones served by a multizone CAV system by reheating the
supply air to an individual zone on a local basis. This should be distinguished from
the variable sA-connector: : r (section 6.2.3), also a reheat coil, which is used for
humidity control. The remaining member variables of this class essentially serve
a housekeeping purpose. The associative array defined above provides a
convenient means of visiting all zones served by the unit in sequence.

Class DController defines among its member functions a constructor and a destructor,
together with functions to read and set as appropriate the operating variables for the
controller and its associated ahu. The public interface of class DControtteralso declares
three sets of member functions which are of central importance to the modelling process.
These perform the following functions:

i. Finding the equilibrium operating conditions for the system. In other words,
performing a programmed sequence of moisture staircase steps until convergence
is obtained.

ll. Initializing the components of the model to a state which is numerically, if not
necessarily physically feasible.

Setting the control mode to VAV or CAV, as desired.

The public functions which provide these services are supported by an extensive set of
private member functions. These are described in detail further on in this section, in terms
of both their algorithmic content, and of their implementation within a computational
setting.

6.3.3. The Outer Loop.

The shortcomings of successive substitution as a practical means of solving the outer loop
of the moisture staircase problem have been remarked upon above. An altemative solution
procedure is required which improves upon this most basic and intuitive method in terms
of both efficiency and robustness. Such a procedure may readily be derived for a single-
zone system. Let the equilibrium condition of the zone be def,rned by its dry-bulb
temperature (/) and its humidity ratio (W), of which r is fixed by thermostatic control, and
I{'is to be found. I-et fr. be an initial estimate for W,and execute one iteration of the inner
loop using this as a starting point such that an updated estim¿te fro' is produced. Assume
that the value Ûo is such that lio, fro'. Now let fro > frobeaìecond estimate which,
upon completion of one iteration of the inner loop, produces an updated estimate fi' such
that fru' . fr.. Clearly then
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Wo.W<Wb. (6.3.1)

To find the equilibrium condition for the single-zone case then, we wish to find some
estimate W of W such that

f(w)=w-frt =0. (6.3.2)

Provided we can write a function which will take Ilz as input, and return f(W), equation
(6.3.2) can be solved efficiently using a root-finding procedure. The zero algorithm
developed by Brent (I971) is in fact used throughout this work where it is desired to find
the root of a univariate function. Further details of this algorithm, together with algorithms
to find a bracketing interval l\ll,,frb1 which satisfies equation (6.3.1), will be found in
section (l .3.6).

The single-zone case is of limited interest. The method described above readily generalizes
however to handle units serving multiple zones. In so doing it is necessary to consider two
separate cases:

Draw-through units, or blow-through units having a single supply-air connector,
and
Blow-through units having multiple supply-air connectors.

The major complication in case (a) arises from the fact that we have to satisfy equation
(6.3.2) for each and every zone served by the unit. We could of course elect to solve
equation (6.3.2) for one particular zone, or alternatively to recast the problem so that we
minimize ft(W), summed over all zones. The problem can be more simply and
unambiguously solved however by noting that, at equilibrium, equation (6.3.2) is satisfied
not only at the zones, but also at every other point in the air conditioning cycle. Hence, for
this case we may take fr to be the humidity ratio of the supply air (the air leaving the
supply-air connector), and hence solve equation (6.3.2) as above.

For case (b) we need to satisfy equation (6.3.2) for each and every supply-air connector,
where I7 now refers to the humidity ratio of the supply air. The solutions are not
independent since the return air streams are mixed, resulting in a common coil-on
condition for the various cooling coils. There exist algorithms for solving systems of
nonlinear equations (see for example Moré and Cosnard, 1980). However, the process of
f,rnding the root of a multidimensional problem is inherently less stable than that of solving
a multidimensional minimization problem (Press et al., 1988). The current problem can
readily be recast as a minimization problem. If there are rn supply-air connectors, we seek

to minimize the objective function

f,{vit,,...,fr^) =Érñt,-ti,')'. (6.3.3)
i=l

A wide range of solution methods are available for such problems (Arora, 1989; Gill et al.,
1981), of which the quasi-Newton methods would seem to be favoured in current practice.
In the present implementation the objective function (6.3.3) is minimized using the smsno
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routine from the sumsl package (Gay, 1983), which uses a quasi-Newton method to
minimize a function for which the derivatives cannot readily be calculatedar.

The fundamental difference between the two cases considered above is that in case (a) we
are concerned with a single supply-air humidity ratio, in case (b) there may be many. By
setting m = | in equation (6.3.3), case (a) could be treated as a special instance of case (b).
There are however good reasons for not doing so. [n the first place, the zero algorithm
converges at a rate which is matched by few if any minimization codes. A more important
reason emerges when we consider the case where humidity control is applied to some or
all of the zones served by a unit. This in effect imposes a constraint on the solution. In
case (a) it is convenient to solve the unconstrained problem first, and only then solve the
constrained problem, if any of the constraints are violated. In case (b) it is conceivable that
at equilibrium constraints may be active for some supply-air connectors, and not for others.
The effect of the constraints must therefore be considered at each step of the iteration.

Since there are basic differences between the solution procedures used for the two cases
above, it is desirable that these be clearly identified in the following. We thus introduce
the labels MSI and MS2 for the two procedures, defined as follows:

MSI Solution procedure for a draw-through unit, or a blow-through unit with a single
supply-air connector.

MS2 Solution procedure for a blow-through unit with multiple supply-air connectors.

The moisture staircase iteration is controlled by the top-level function
DController::stair O. The logic for this function is shown in figure 6.7. The
following notes refer to that diagram:

Before the moisture staircase iteration is initiated, certain initialization procedures
must be followed. These are described in detail in section 6.3.6 and in chapter 10.
To clarify the development which follows, it is appropriate to provide at this point
the following notes on the initialization procedure:

a. The various zones served by a particular supply-air connector comprise a
group of zones. Before commencing the moisture staircase iteration,
internal consistency must be established between the zones belonging to
each group, and that consistency must be maintained throughout the
iterative process. The condition of the zones within a group will be
internally consistent if the condition of the air entering and leaving each
zone could have been produced by a common air state at entry to the

The original package is written in FORTRAN. This has been translated into ANSI Standard C
(Kernighan and Ritchie, 1988).

4l
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supply-air duct serving the zones, subject to the duct heat gain and space

load imposed on the air flow to each zone.

The air supplied to the various zones is subject to parasitic heat gains (or

occasionally losses) as a result of heat transmission through the duct walls.

For a zone index l, the supply-air temperature gain will be denoted by the

nomenclatur retu ill be subject

to a tempera In of designing

a system, an -air be suPPlied.

Once the duct layout is specified, the temperature gain can be calculated

using methods to be developed in chapter 9. Regardless of whether the

temperature gains are specified or calculated, at the commencement of the

moisture staircase iterative loop, the supply and return air duct temperature

gains will be known. Note that as various solution points are trialled during

the moisture staircase iteration the mass flow rate of air will adjust to suit

the changing air density, with obvious consequences for the temperature

gains. Such changes in the temperature gains will however be of very

minor importance, and will be ignored in the following.

Figure 6.7. Logic for function Stair

The air stream is also subject to parasitic heating as a result of the

the fan temperature gain has been calculated for a given operating point, it

b

t

Initialize staircase iteration; (1)

i f DrawThrough or (BlowThrough and One SA-Connector only) then
(Procedure MSl)

{

Bracket solution;
(Jnconstrained solution using zero tu solve equation (6.3.2);

Solve for humidity constraints;

(2)
(3)
(4)

ì
el se
t

(Procedure M52)

Initialize data array s ;
IJnconstrained solution using sumsl to solve equation (6'3'3);

(5)

c.
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2.

d.

can be readily modified to correct for small variations in air flow rate
around the nominal operating point. Thus, it is only necessary to compute
the required parameters once prior to beginning the moisture staircase
iteration. In the following the fan temperature gain appropriate to the
current operating point will be accessed by calling function
Fanunit: :TemperatureGain ( ) formember variable D_AHU: : f.

Before entering the moisture staircase loop, all reheat coils, both global and
local, are set off.

J

4

5

6

Function zero requires that the user specify an interval within which the solution
for the objective function is known to lie. Section 7.3.6.2 describes algorithms
(BI1 and BI2) to hnd a bracketing interval for an arbitrary function, given ãn initial
estimate of the solution. A simpler procedure may be used to find the bracketing
interval in the present case. Given an initial estimate of W, we evaluate the
objective function (6.3.2) to give dw = f(w). Now, if dW > 0, we can repeat rhe
iterative loop

b-ú;
w-tÚ-0.005;
a-W;
¿w * f(w);

unttl diV < 0, in which case the solution lies in the interval [a,b]. Thebracketing
procedure for an initial estimate of dW < 0 may be derived in a similar manner.

To solve equation (6.3.2) it is necessary to implement in softwa¡e a function which
will evaluate f(W), given I7 as sole argument. This function must furthermore be
in such a form that it can be specified as an argument to zero (see footnote 42 on
page 113). An algorithm to evaluate f(w) is referred to in the following as
algorithm OFl, and is described in detail in section 6.3.4.

In procedure MSI the humidity constraints are applied a posteriori. An algorithm
to perform this operation is referred to as algorithm MH1 in the following. This
is also described in section 6.3.4.

The minimization routine smsno requires an initial estimate of the solution vector
to initiate the iterative procedure. Thus, the solution vector is initialized as

i=Ul{t,...,1ú,,1 . (6.3.4)

Function smsno performs unconstrainedminimization. To solve equation (6.3.3)
it is- necessary to implement in software a function which will evaluate

{r(W^,, ,fr^), given an estimate for the solution vector l,ñ/,...,fr,n), and*tti.t i,
in a form suitable to be passed as an argument to smsno. The pròposed function
must furthermore be capable of detecting and handling any active humidity
constraints internally. An algorithm to perform this function is described in section
6.3.5, and is referred to in the following as algorithm OF2.
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6.3.4. Solution Procedure MSl.

In procedure MSL the moisture staircase problem is solved in two steps. Each step may
be treated as a subproblem, and is handled by an appropriate algorithm. The algorithms
in question (OFl and MHl) have been introduced above in the context in which they
occur. The problems which they seek to describe may be stated formally as:

oFl For a unit configured in a manner appropriate for solution using procedure MS1,
compute andreturn the value ofthe objective function flW¡ = W - fr',wherc
Iü is an estimate of the supply-air humidity ratio, and tiz'is the revised estimate
after one moisture staircase iteration.

MHI For a unit configured in a manner appropriate for solution using procedure MSl,
for which an unconstrained solution of the moisture staircase problem has been
found, check to see whether any humidity constraints have been violated. If they
have, solve the corresponding humidity-constrained problem, using the
unconstrained problem as a starting point.

The description of the solution of the moisture staircase problem using procedure MS1
continues with an examination of the algorithms which solve these problems,

6.3.4.1. The Objective Function.

A software function to implement algorithm OFL takes some estimate W of the supply-air
humidity ratio as its sole argument, and returns the corresponding value of f(W). The
software to perform this operation is configured as a top-level module which passes control
to a sequence of subsidiary modules, as required42. The manner in which the various steps

42 Function zero takes as an argument a pointer to the objective function. While in principle it is
possible to take the address of a member function written in C++, the reference manual (Ellis and

Stroustrup, 1990) is somewhat obscure in its description of the method involved. Thus, syntax
which works with one compiler (Zortech C++ version 3.0) has been found to cause compilation
errors with another (Borland C++ version 3.1). The problem may be solvçd in a portable and

unambiguous manner by implementing the objective function as a static member function of class

DController. Static member functions enjoy unimpeded access to the members of the defining
class. However, wherever a static function requires access to a nonstatic member, the member must
be prefixed by a pointer indicating the particular object to which it belongs. In the current case the

static member variable DC is used for this purpose. This is a pointer to an object of class

DController, which is set by DController: :Stair O to point to the currently accessed

object (this). The static function may of course call nonstatic member functions, always identifying
the object to which the nonstatic function belongs by means of an appropriate pointer. It is

advantageous to perform the minimum amount of processing in the static function, before passing
control to a nonstatic member function, or sequence of such functions. This reduces the complexity
of the notation used, and with it the possibility of coding errors.

Similar considerations to the above apply wherever a pointer to a member function is to be passed

as an argument to another function.
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of the algorithm are shared between the coordinating modules is largely a matter of
programming convenience. The programming details will not be considered in the
following, except insofar as they enhance understanding of the algorithmic content.

Algorithm OFl is structured as shown in figure 6.8. 'l'he algorithm comprises a sequence
of three major steps. These will be considered in turn below.

6.3.4,1.1. Setting Zone Conditions.

For a VAV system the dry-bulb temperature of the supply air is subject to thermostatic
control. Specifying the humidity ratio will then uniquely identify the position of the supply
air point on a psychrometric chart. The air flow to each zone will adjust to meet the
thermostat set point for the zone, while offsetting the appropriate space loads. Having set
the supply-air condition, the condition of the air entering and leaving each zone, together
with the mass flow of air through each zone, may be calculated. The calculation procedure
for each zone is independent ofthat for any other, and the conditions and air flow rates for
all zones may be calculated in sequence. The steps required to achieve this for a single
zone, referred to as algorithm ZCVI in the following, are as shown in figure 6.9. Having
calculated the mass flow rate for each zone, the supply-air mass flow rate for the air-
handling unit becomes quite simply

n

ùsA = E'i',
where n is the number of zones served by the unit

The situation becomes
somewhat more
complex in the case of a
CAV system. We
assume that a strategy is
in place to minimize the
reheat used by the off-
peak zones. The
strategy most commonly
used in practice is that
of setting the reheal. for
the most heavily loaded
zone, as determined by
a load analyzet, to zero.
The technique used here
differs slightly from that
just described. Here we
require that at all times:

All zones will
operate at their

(6.3.s)

Procedure to establish the air flow rate and zone
conditions for a single zone served by a VAV system
(algorithm ZCVI).

a

Given:
W., Supply air humidity ratio

Supply air dry-bulb temperature
Supply air duct heat gain for zone i

t
J

L,t

(Set condition of air entering zone)
t¡ *tr*A{,,,i
W, * W.,;

(Find mass flow of air through zone)
to *Zone thermostctt set point;
ù * q,/[(1'006 + t.Bl44W,)(t" - t,));

(Set condition of air leaving zone)
ho - h,;
ho - ho + q,l rh;
hn - ho + q,/ rh;

(Eqn. 6.1.7)

(Eqn. 6.1.4)
(Eqn. 6.1.3)

Ì

Figure 6.9.
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i - Inclex of zone with maximum sensible load;

finish -false;

while notfinishdo
{

t,, -Thermostat set Pointfor zone i;
ti- t,, - q,,illùi(l'006 + l'8la4w')l;
ti-t¡-Ât',';

A/r* - 0,'
j -0;mu

for each zone do
t

j -Zone index;
t¡*t,r+Af",r;
wi w,
h h

I

( fo is leaving dbt)
(Eqn. 6.1.7 - t, is entering dbt)

(Supply air condition now specified)

(Set zone entering condition)

(Set zone leaving condition)
(Eqn. 6.1.a)
(Eqn. 6'1'3)

hn - hu * g,,,1 rh;
hu - ho * Q,,rl rh;
LÍ : to - Thermostat set point for zone j,
if Ar > At** and; * I then
{

Af.* - Àf;
l** : j"

)

if i,* = 0 then
finßh -true;

el se
I : l.*,'

(Check if dbt for any zone exceeds set point)

(Algorithm ZC1)
for each zone do

Adiust reheat;

Figure 6.10. Procedure to establish the zone conditions for a CAV system (algorithm ZCCI).

respective thermostat set point. This may be achieved by the use of reheat' if
necessary

b. one zone at least will satisfy requirement (a) with its reheat set to zero
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Lt - t,, - Thermostat set point;
if lÂrl < e then

Reheat -off;
el se 'i f Reheot enabled and,4t < 0 then
{

Ar - lAll,.

h*h,;
t,,*tt)+Lt;
Calculate L,tr;
t.-to-Ltz,.
h, * ho - Q,/ rh;
Reheat -on;
ReheatTemperature *t¡ - t,
L.h*h¡-h;
Reheat Power - rh x L,h;

(e is a specified tolerance)

(Shift exit condition to set point)

(Adjusr enrry condit,""( 
"li"å,LJ,iì

Figure 6.11. Procedure to adjust the reheat for a zone (algorithmZCl)

It is to be expected that the proposed method will simulate the behaviour resulting from the
use of a load analyzer, in most instances. Where this is not the case, the system using theload analyzer must have some zones operating at temperatures in excess of their thermostat
set point' In such a case, strict enforcement of requirements (a) and (b) above leads to amore objective assessment of the energy required uy the system to maintain the specified
zone conditions' To implement this strategy the rehèat for each zone is initially set off. ltis then necessary to find azone which will operate at its thermostat set point, while allother zones operate at or below their respective set points. To this end, tÀe zone subject
to the maximum sensible load is selected as the lnitiit¡¿ zone, the supply-air temperature
which achieves the thermostat set point for this zone is found, un¿ ttrã ûial supply-airnumllitv ratio ( 4) it determined. wittt the supply-air condition hxed, the corresponding
condition for each zone is found. If all zones-aìe operating at or below their respective
thermostat set points, the task is finished. otherwiie, the ìone for which the operating
temperature exceeds its set point temperature by the maximum amount is selected as a new
trial zone, and the above loop is repeated. OncL requircments (a) and (b) are satisfied, the
reheat for those zones requiring it is set on, andthe reheat power requirements are found.

The above procedure has been implemented as algorithm ZCCI. the logic for which is
shown in figure 6.10. It will be noted that the hnal siep in the algorithm is ttrat of adjusting
the reheat for each zone. This is done by invoking algorithm ZCI (figure 6.1 1), which
operates on an object of class Zone and an associated object of class ReheatCoit.
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6.3.4.1.2. Calculatin g Return-Air Conditions.

The condition of the return air is found by incrementing the dry-bulb temperature of each
air stream by its return-air duct (emperature gain, and mixing streams on a cumulative
pairwise basis according to the relationships of section 4.3.4.

6.3.4.L3. Setting the Chilled Water Flow Rate.

In this step of the processing we set the condition of the air entering the coil (or coils), and
then seek to find the chilled water flow ratea3 which will minimize the deviation of an

appropriate system temperature from its thermostat set point (the temperaltre error). The
details of the procedures used to achieve these objectives will depend upon whether we a-re

dealing with a blow-through system, or a draw-through system. Accordingly, we define
two procedures, METL and MET2:

METl For a blow-through unit, set the coil-on conditions, and find the chilled
water flow rate which will minimize the deviation of an appropriate
system temperature from its thermostat set point.

MET2 For a draw-through unit, set the coil-on conditions, and find the chilled
water flow rate which will minimize the deviation of an appropriate
system temperature from its thermostat set point.

The temperature error which we seek to minimize in procedures MET1 and MET2 has not
yet been defined. The appropriate system temperature and associated thermostat will be
identif,red according to whether the system is operating in a VAV control mode, or a CAV
control mode. Objective functions are implemented for each case, taking the estimated
chilled water flow rate as an argument, and returning the corresponding value for the
temperature error. Procedure OF3 (section 6.3.4.1.6) implements the objective function
appropriate to VAV operation, while OF4 (section 6.3.4.1.7) serves the same purpose for
CAV operation.

6.3.4.1.4. Procedure MET1 - Blow-through Units.

The major steps involved in this procedure are shown in figure 6.12. The following notes
refer to that figure:

For systems having a retum-air connector (configurations (a) and (b) of figure 6.5),

the condition of the air entering the air-handling unit is determined by
psychrometrically mixing the air streams leaving the return-air and outdoor-air

Over certain portions of the operating range of an air conditioning system, modulating the chilled
water flow rate may not be the only means of achieving the zone operating conditions. An
alternative scheme is described in section 6.5.

1

43
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connectors according to the relationships of section 4.3.4. For systems employing
1007o outdoor air (configuration (c)), the entering air condition for the ahu is set
equal to the condition of the air leaving the outdoor-air connector.

Figure 6.12. Logic for procedure METI.

In the model, procedure MSl is used only for systems having a single supply-air
connector. Since procedure MET1 will also be used in connection with procedure
MS2, it has been set up to handle the general case of a system having an arbitrary
number of supply-air connectors.

The mass flow rate of air entering the coil is set equal to the flow rate through the
supply-air connector. This is equal to the sum of the requirements for all zones
(equation 6.3.5) served by the connector. In the case of a VAV system, this will be
established at the beginning of the moisture staircase step, when the zone
conditions are calculated. In the case of a CAV system, the mass flow rate of air
to each zone is specified a priori, and assumed to remain constant with varying air
density. This is not strictly correct; the fan in fact provides constant actual volume
flow rate with varying air density. 'Ihe assumption of constant mass flow rate does
however accord with conventional practice, where it is customary to specify a
standard volume flow rate, without reference to the conditions to which it applies.

2.

J

4. To complete the moisture staircase step it is necessary to modulate the chilled water
flow rate to null the deviation of some system temperature from its thermostat set
point. Thus we require an objective function which will take a trial value of the
chilled water flow rate (0r) ur input, and return the corresponding temperature
deviation (Ar = t - tr",). As in previous cases, a preliminary step in solving this
problerh involves finding a pair of estimates for the independent variable (Q,)
which will bracket the solution point. Given an initial estimate for Q..,, a suitable

Set condition of air entering ahu,'
Set ahu Leaving condition equal to entering condition;
Increment air condition Leaving ahu by fan temperature gain;

(1)

for each S/A connector do
t

Set coil entering air conditio¡t equal to ahu leaving condition;
Set mass flow rate of air through coil;
Find bracketing intervalfor chilled waterflow rate;
CaLl zero b minimize deviation ol control tempera.ture:

Ì

(2)

(3)
(4)
(5)

if mode = VAV then
Adjust zone conditions ;

el se
Adjust reheatfor each zone;

(6)

(Algorithm ZC1)
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bracketing interval may be found as follows. If Al > O, Õ* is repeatedly doubledaa

until a trial value for which År < 0 is found. Likewise, if Ar < 0 for the initial trial
value, Õ.* it repeatedly halved until a bracketing interval has been established.

The above procedure is simplistic in that it assumes that the coil has sufficient
capacity to achieve the design zone conditions while offsetting the zone loads.
Strategies to handle the case where this is not so are considered in section 6.5.

For a VAV system one seeks to minimise the deviation of the supply-air
temperature from its thermostat set point. For a CAV system, control is exerted by
the zone thermostats. The desired control strategy is invoked by specifying a

pointer to the appropriate objective function (OF3 for VAV systems or OF4 for
CAV systems) as an argument to zero.

The new zone conditions are calculated by following the steps of algorithm ZCVI
(figure 6.9), with the exception that we do not recalculate the mass flow rate of air.
Consequently, the zone temperatures at the end of a moisture staircase step will not
exactly match their thermostat set points. The deviation approaches zero as the
equilibrium condition is approached.

6.3.4.1.5. Procedure MET2 - Draw-through Units.

Draw-through units exhibit a greater variety of configurations than is the case for blow-
through units (f,rgure 6.5). Thus, while the steps involved in establishing the chilled water
flow rate for a draw-through unit closely parallel those for a blow-through unit, there are

significant differences in detail between the two algorithms. The steps involved in
procedure MET2 are as shown in figure 6.13, to which the following notes apply:

"Combined" refers to units for which the outdoor-air and return-air streams are

mixed before passing through a common coil (configurations (e) and (f) of figure
6.s).

Mixing is performed using the relationships of section 4.3.4.

Units for which D AHU::combined.is true have a coil bank specified for the
outdoor-air connector, but none specified for the return-air coil bank (see section
6.2.3.r).

The procedure for finding the bracketing interval is identical to that used in
procedure METI. Note however that in the present instance we are modulating the
total chllled water flow for the unit, rather than the flow for an individual
connector.

During the initialization phase (section 6.3.6), an initial estimate for Q* is calculated. For successive

trial points on the moisture staircase, the final estimate for Q, for the preceding point is used as the

initial estimate for the present pornt.

1

2

J

4

44
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Figure 6.13. Logic for procedure MET2.

5. The objective functions specif,ied are the same as those used by procedure MET1

6. Note (6) for procedure MET1 applies here also.

6.3,4.1.6. Objective Function OF3 - VAV Systenrs.

In a VAV system we seek to minimize the deviation of the supply-air temperature from its
thermostat set point. We therefore require an objective function which will take the
estimated chilled water flow rate (Õ,) u its sole argument, calculate the corresponding
coil-off condition, and hence the supply-air temperature, and return the deviation
(L't = t, - t,",) of the supply-air temperature from its thermostat set point. To achieve
these aims a procedure is required which will set the chilled water flow rate for the various
coil banks in the unit equal to the trial flow rate, find the corresponding coil-off condition,
and hence set the condition of the air leaving the supply-air connector. The

if combined then
{

Psychrometriccll¡, ¡n¡¡ air streams leaving R/A and O/A connectors;
Set mixed air stream as coil-on condition for O/A coil;
Set mass flow rate of air through O/A coil;

)
el se
{

if O/A coil bank presen¡ then
{

Set coil-on condition equal to condition entering O/A connector;
Set mass flow rak of air through O/A coil;

Ì

: f R/A connector and R/A coil bank present then
{

Set coil-on condition equal to condition entering R/A connector;
Set mass flow rate of air through R/A coil;

Ì

Find bracketing intervalfor chilled waterJlow rate;
CalL zero b minimize deviation of control temperature;

if mode = VAV then
Adjust zone conditions ;

el se
Adjust reheat for each zone;

(1)

(2)
(3)

(4)
(5)

(6)

(Algorithm ZCI)
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procedure UCW1 to evaluate the supply-air condition corresponding to a specified chilled

water flow rate for a draw-through unit.

if combinedthen (Configurations (e) and (f))

{

CW flow rate through O/A connector * Q*;
SoLve for coìl-off condition;
m - Air flow rate through S/A connector; (m is a¡r mass f low rate through ahu)
a,n -Coil-offcondition; (a,n is ahu entering air state)

ì
el se i f outdoor air from central O/A unit then (Conf iguration (d))

{

CW flow rate through R/A connecto¡* Q,;
Solve for coil-off condition;
m - Sum of air flow rates through O/A and R./A connectors;
a,, * Psychrometric mixture of coil-off conditions; (Section 4.3.4)

Ì
el se
{

if no R/A connector then (Configuration (h); 100% outdoor air)

{

CWflow rate through O/A connecto¡* Qn;
Solve for coil-off condition;
m - Air flow rate through O/A connector;
ain - Co¡l-off condition;

Ì
el se (Configuration (g))

{

if chitted water to O/A coil bankfirst then
{

CW flow rate through O/A connecto¡- Q*;
Solve for coil-off condition for O/A coil bank;
RJA connector CW t,, * O/A connector CW t,,,,;
CW flow rate through R/A connecto¡- Q,;
Solvefor coil-offconditionfor R/A coil bank;

)
el se (Chilled water to R/A coil bank first)

{
CW flow rate through R/A connector* Q*;
Solve for coil-off condition for R/A coil bank;
O/A connector CW t,n - NA connector CW to,,;

CWflow rate through O/A connecto¡* Qn;
Solve for coil-off condition for O/A coil bank;

)
rù - Sum of air flow rates through O/A and PJA connectors;

a,n - Psychrometric mixture of coil-off conditions; (Section 4.3.4)

Ì
Ì
a -4.:OUT IN

Increment dbt for an,, by fan temperature Sain;
S/A connector leaving condition : dor,i

(aor, is ahu leaving air state)

Figure 6.14.
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problem of calculating the coil-off condition which will be produced by a specihed coil-on
condition and air flow rate, and water inlet temperature and flow rate, arè considered in
detail in Chapters 7 and 8 (this is problem FP, defined in secrion 1.3.2). For ablow-
through unit the objective function solves for and returns the error associatecl with one
supply-air connector only, which is specified before invoking the objective function. In
solving for a blow-through unit with multiple supply-air connectors, the supply-air
temperature effor must be minimized separately for each connector. The basiC steps
involved are:

set the chilled water flow rate to the coil bank equal to the trial value ( Õ)ot

ii. Solve for the coil-off condition.

Set the condition of the air leaving the associated supply-air connector equal to the
coil-off condition.

In accordance with the greater diversity of configurations available for draw-th¡ough units,
a more complex algorithm is required. Procedure Uc\ryl (figure 6.14) will calculate the
supply-air condition corresponding to a trial chilled water flow rate for those draw-through
configurations shown in f,rgure 6.5. Once the supply-air condition has been calculated, the
deviation of the supply-air temperature from its set point may be found.

6.3.4.1.7. Objective Function OF4 - CAV Systems.

The algorithm to evaluate the objective function for a CAV system is structured in a similar
manner to that described above for a VAV system insofa¡ as the chilled water flow rate is
modulated to adjust the supply-air temperature. The difference is that now we are not
controlling the supply-air temperature directly; rather, we seek to minimize an effor based
on the zone temperatures. Once the supply-air condition has been adjusted to match a trial
water flow rate, the zone conditions are calculated. The steps involved are the same as
those described for algorithm ZVCI (figure 6.9), with the exception that we no longer
adjust the mass flow rate of air at each step. This has been set beforehand, and remains
constant. For a single-zone system, the appropriate objective function is simply the
deviation of the temperature of the air leaving the zone from its thermostat set point. A
method for calculating an objective function suitable for use with multizone uniis can be
derivedonthebasisof thediscussionof section 6.3.4.1.1. Thatis,weseektofindachilled
water flow rate for which, with the local reheat for each zone turne d off, one zone
temperature will satisff its thermostat set point, and all other zone temperatures will lie at
or below their respective thermostat set points. A suitable objective function for a group
of n zones may be calculated as follows:

In the algorithms descibed in this chapter find a solution for system performance when the chilled
water temperature is given. As will be described in Chapter 12, the Zebra Kernel provides a
mechanism for the efficient exchange of data and command sequences with coordinating tasks in
a multi-tasking environment. Using this mechanism, it is readily possible to implãment an
appropriate search algorithm which can seek the optimum value of a specifrc operatingparameter,
or set of parameters, within a feasible solution space.

45
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b

If n = 1, Ar is the dry-bulb temperature error for the single zone

L,t = t,, - t.rr,

Where n > l, Ar takes the following form:

(6.3.6)

If any zone dry-bulb temperature exceeds the set point for that zone, then
let

L,t, = max(0, tu,¡ - tr",,¡) |fr'J..7a\

and

r23

(6.3.8a)

Àr = maxAt
T

(6.3.7b)

If all zone dry-bulb temperatures are less than or equal to their set points,
let

Lt t ,rt, t
o,t

and

n

Ât = -minÂr.I (6.3.8b)

6.3.4.2. Handling Humidity Constraints.

Once the unconstrained problem has been solved, a check is caried out to see whether any
humidity constraints have been violated. A humidity constraint will have been violated if
the humidistat for azone is enabled and on, and if the relative humidity in the zone exceeds
its upper set point. Such a constraint is said tobe active. If a constraint has been violated,
the problem can be rectif,red by applying an additional sensible load (reheat) to the supply
air, forcing the cooling coil to overcool the air to the dew-point temperature required to
satisfy the constraint. In the model proposed each supply-air connector has associated with
it a reheat coil which can be used to control the humidity levels in the zones served by the
connector. An algorithm to solve the constrained problem follows if we observe:

The solution to the constrained problem will always require a greater flow rate of
chilled water than the corresponding unconstrained problem.

If we identify a zone i for which the magnitude of the humidity ratio violation
(LW i = W, - W,,r",) exceeds that of any other zone served by the same supply-air
connector for the unconstrained case, then all cônstraints will be satisfied with
minimum expenditure of energy when the constraint for zone i is exactly satisfied
(44 = 0).

There is one and only one supply-air humidity ratio which will exactly satisfy an

active humidity constraint.

a.

b.

c
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Note that the above principles will require modification when applied to a unit having
multiple supply-air coils. The necessa-ry modifications will be dealt with in section 6.3.5.

If any constraints are active, we can identify a zone i which satisfies condition (b) above
The following algorithm will then solve the constrained problem:

The condition of zone i is relocated to the point determined by its thermostat
setting, and by the upper bound on its associated humidistat setting.

The conditions in the other zones are set consistent with the new condition for zone
i. This establishes a target supply-air humidity ratio ( W^ ,..-,. .), which must be met
if the humidity constraint is to be satisfied. ítt otn". *åläå,'*" need to modulate
the chilled water flow rate until the condition

f.(O..)=W -W....-.,.=0 (6.3.9).t .\.largel

is satisfied.

Equation (6.3.9) can be solved using zero, provided we implement in software a
function which will return f*(A) for some trial value Õ,. I suitable function
can readily be implemented by adapting the procedures described in sections
6.3.4.1.6 and 6.3.4.1.1 to serve the present purposes. Before the equation can be
solved an appropr must be found. A lower bound (Q) it
established by the Now, if we let p;"' = Õ,o, and, clefine
a sequence such th te c > 1, then if Qu is the first term in the
sequence for which f*(Q) < 0, the solution will lie in the interval (Q",Qul.

For a multizone CAV system, algorithm ZCCI (figure 6.10) is used to set the zone
conditions, and consequently to adjust the local zone reheat coils to the settings
required to attain the dry-bulb temperatures requested by the thermostat set points.
Note that we will still need to supply additional global reheat at the supply-air
connector, as described in step (v) below. For each zone of a VAV system,
algorithm ZCYI (figure 6.9) may be used to determine the zone conditions.

IV

v Let tr,. be the temperature of the air leaving the supply-air connector, and /.,,. the
supply-air temperature required to satisfy the current zone conditions. Then the
reheat to be applied at the supply-air connectol is

Ãt, = tr,, - tr,, (6.3.L0)

and the reheat power consumption can be computed accordingly.

6.3.5. Solution Procedure MS2.

Solution procedure MS2 is applicable in the case of blow-through units having multiple
supply-air connectors. If no humidity constraints are active, a solution can be found by
minimizing the objective function defined by equation (6.3.3). If any humidity constraints
are active however, we cannot readily impose them after solving the unconstrained
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problem, as was done in procedure MSl. Each coil is subject to an air-on condition,
which, except in the case of a unit using 1007o outdoor air, will be determined by the
operating points of all the coils. Thus, solutions cannot be obtained independently for the
various coils. The problem could be recast in a form suitable for soltuion by a constrained
optimization routine. However, while this is in principle a viable option, the difficulties
involved in formulating a suitable objective function are formidable. It is simpler and
computationally more efficient to redefine the objective function for the unconstrained.
problem to account for the humidity constraints implicitly, and solve as previously
described using smsno. Algorithm OF2 implements such an objective function. Its
purpose may be formally described as follows:

OF2 For a blow-through unit having z supply-air connectors, compute and retum the
value of an objective function, f ,{fit,, ,fr,), which must be minimized. For
an unconstrained problem, the objective function will be as defined in equation
(6.3.3). Where constraints exist and may be active, the objective function will
be modified to handle constraint violations.

6.3.5.1. The Objective Function.

For a blow-through unit having rn supply-air connectors, procedure OF2 will take as input
the current estimate of the solution vector [ frr,...,fr,r), andreturn the corresponding value
of the objective function

m

fr(filr,,fr,n) =I(^wr), , (6.3.11)
j=r

where the interpretation to be placed on AIi, for a particular supply-air connectori will
depend on whether or not that connector is a member of the constraint s¿f. For a connector
which is not a member of the constraint set, AIiz, is as defined previously in equation
(6.3.3):

Lfr¡ = fr, - fr,' (6.3.12)

A supply-air connector is a member of the constraint set if at least one of the zones which
it serves has a humidistat whichis enabled. Assume that the dry-bulb temperature in each
zone satisfies the thermostat set point for that zone. For each zone subject to humidity
control within a group served by a specific supply-air connector, the deviation of the zone
humidity ratio from its humidistat set point will be

LW,=W, -W,,r*. (6.3.13)

Within this set we can identify a zone i, which we will refer to as the reference zone, for
which if 

^Wi 
< 0, we are guaranteed that the humidity constraints for all other zones

served by that connector will be satisfied. If now LW, = 0 for the reference zone, the
corresponding supply-air humidity ratio, W,^., will be uniquely determined. The supply-
air constraint for supply-air connector j will be active if and only if the supply-air humidity
ratio



Input:

m

x-

Number of supply-air connectors.
Trial solution vector.

Check trial values within bounds; (1)
forl= llomdo
{

W, - x,;
Set conditions at zones sertted by supply-air connector i to match W-., and thermostat

setting; e)
)

Compute coil-on conditions; (3)
d *0;
forl= ltomdo
{

Find chilled water flow required to offset sensible loads; (4)
Wí - Sll humidity ratio for connector t;
i f Connector i in constraint set then
{

W^o** Maximum permissible S/A humidity ratio for connector i;
if w¡'> %* then
{

Constraint active;
L,W.*fr.-WI I mU'
Modulate water flow until coil-off humidity ratio is W^ ; (5)
Adjust zone conditions to point determined by S/A humidity ratio of

W-* and thermostat set points; (6)
Ltr - t",z - t",c; Q)

)
e1 Se Constraint not active;

)

el Se Constraint not active;
if Constraint not active then
{

LW' -fr' -w'';
Adjust zone conditions to point determined by coil-off condition;

)
d*d+(LW,)2;

)

d

Ì

Returns:
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Figure 6.15. Steps in the implementation of algorithm OF2

(6.3.r4)

We can now develop the modihcations to the objective function which are required in the

case of supply-air connector j, which is a member of the constraint set. I-,et Wj be the

current estimate of the supply-air humidity ratio, and fr,' be the corresponding éstimate

w!¡ > w,^,¡
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after one moisture staircase iteration, where the coil-off condition has been adjusted so as

to offset the zone sensible loads, without reheat. Then, there are two possible outcomes:

fr,' , W,,,,¡. The humidity constraint is inactive, and ÂW, is as defined by

equation 6.3.12).

W,' > W.,- ,. The humidity constraintis active. In this case
J .\tn. J

AW wj W
S'N,J

(6.3.1s)

ll

The chilled water flow rate to the coil is now modulated until the coil-off humidity

ratio is W,,n,¡, and the global reheat required to offset the zone sensible loads is

calculated. The zone conditions can subsequently be adjusted accordingly.

Algorithm OF2 is thus structured as shown in figure 6.15. A detailed description of
algorithm OF2 will necessarily draw heavily upon material already presented in section

6 .3 .4 . Appropriate references to that material will be made in the notes of section 6 .3 .5 .I .2.

Before invoking smsno to minimize the objective function of algorithm OF2, it is

necessary to set up the constraint set. The procedures for doing this will be described first.

6.3.5.1.1. The Constraint Set.

Given a set of n zones served by a supply-air connector, that connector will be a member

of the constraint set if the humidistat is enabled for at least one of the n zones. Assume

that a subset of n' < n of the zones served by the connector have enabl¿d humidistats. It
is then possible to select one among that subset of zones for which, if the humidity

constraint for that zone is satisfied at equilibrium, then we are assured that the humidity

constraints for all other members of the subset will also be satisf,red. We refer to this zone

as the reference zone. If the condition at that zone is now set to the psychrometric point

determined by its thermostat set point and the upper limit of the humidistat range, the

corresponding supply-air humidity ratio (W,*) will place an upper bound on the range of
supply-air humidity ratios which will satisfy the humidity constraints for the n'zones. The

reference zone and its associated maximum supply-air humidity ratio must of course be

redetermined if any of the zone loads or control set points are altered.

Algorithm ZCV finds the referencezone and the associated maximum supply-air humidity

ratio for a system. Details of the algorithm are shown in figure 6.16.

6.3.5.I.2. Notes on Algorithm OF2.

l. The software implementation of algorithm OF2 accepts an argument nr (the

invocation count) which is normally returned unchanged to smsno (see Gay,

1983). Returning a value of nf = 0 will indicate to smsno that one or more

members of the trial solution vector are out of bounds, in which case the length of
the sea¡ch step will be shortened. Thus, lower and upper limits may be placed on

the acceptable trial values for fr,. A bound is also imposed on the magnitude of
the change in fr, at each iteration.
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i * lttdex of first zone on s/A connector list with enabled humidistat;
finish -false;
while notfinishdo
{

t,, -'l'hermostat set pointfor zone i:
W,, * Humidistat upper set point for zone i;
if mode = VAV then
t

ti*t.,*A{,,,,'
CaLcuLate mfor zone;

)
el se
{

CalcuLate L¡ Íor zone;
t, -to-L.t;

- hri
* h, - q,/ rh;
* h, - qrl rh;

W¡ *Value determined by (t,, h,);
W., * W,;
if mode = CAV then

Set zone conditions determined by supply air;
i -0-'mu
ÂW.* - 0,'

(Air-in dbt for zone D

(Eqn. 6.1.9)

(Eqn. 6.1.10)

(Eqn. 6.1.3)
(Eqn. 6.1.a)

(t", W, fix supply-air)

(Algorithm ZCCI)

(Reference zone)
(Supply-air humidity ratio limit)

Ì
h

h
h

for each zone indexj * i do (Loop on zones served by connector)
{

if mode = VAV then
Set zone condition determined by supply air;

i f humidistat enabled and constraint violated then
{

(Algorithm ZCVl)

LW*W -W:if Lw >'lw..i'irren
{

^t7r* 
* LW;

i *i.'mu
Ì

(Magnitude of violation)

Ì
Ì

if i,* = 0 then
finish * true;

el se
i - l.*,'

(Check if any constraints violated)

iu* i;
WeÍm W

Figure 6.16. Procedure to find the reference zone for a system (algorithm ZCV)
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2. In the present case the zone conditions for the various supply-air connectors must
be set independently. That is, given a vector x-which specifies a trial value for the
supply-air humidity ratio for each connector (fr,,,), the zones served by any
particular connector are set to the condition determined by the appropriate value of
fr,.,, andby their thermostat set points. Algorithms to achieve this are presented
in section 6.3.4.1.L

The procedure for calculating the return-air condition is as described in section
6.3.4.1.2, the psychrometric mixing being performed over all zones served by the
unit. The return air is then psychrometrically mixed with the ventilation air such
that

m = mr + mv (6.3.16)

where rh, isthe portion of the return air which is recirculated (total - spill at), and rù,
is the ventilation air, which is usually prescribed as a standard volume flow rate.
The mixing relationships are described in section 4.3.4. The dry-bulb temperature
of the mixture is incremented by the fan temperature gain to find the coil-on
condition, which will be identical for all supply-air connectors.

The required chilled water flow rate may be found by invoking zero to f,rnd the root
of a suitable objective function. Algorithm OF3 (section 6.3.4.1.6) and OF4
(section 6.3.4.1.7) fulfil this function for VAV and CAV systems respectively.

To find the chilled water flow rate to achieve a target coil-off humidity ratio, an

objective function fi def,rned in equation (6.3.9) must be solved using zero. Steps
(ii) and (iii) of section6.3.4.2 refer. Since the chilled water consumption necessary

to satisfy the humidity constraint will exceed that required to offset the sensible
loads in this case also, the procedure outlined in step (iii) of section 6.3.4.2 can be
used to bracket the solution here.

Step (iv) of section 6.3.4.2 refers

Step (v) of section 6.3.4.2 refers.

6.3.6. Initialization.

Prior to initiating the moisture staircase iteration, the internal state of certain components
of the system must be initialized, either to establish consistency among various groups of
components, or to provide a plausible set of initial conditions for an iterative solution. In
the following development it is assumed that the supply and return air duct temperature
gains, together with the fan temperature gain, have been specified beforehand by the user.

The temperature gains must be explicitly specified if the programme is not supplied with
sufficient details of the duct layout and fan operating cha¡acteristics to permit them to be

calculated. This will be the normal situation early in the design process, and even at a
more advanced stage the user may elect not to provide this information. A set of
algorithms is presented in chapters 9 and 10 to compute the above-mentioned temperature
gains, where the duct systems and fan characteristics are fully specified. These chapters

4

5

6

l
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will also describe the modifications which must be made to the following procedures to
handle the case where duct and fan temperature gains are to be calculated internally.

System initialization is performed by a sequence of steps within function
DController: : stair { ) , preceding the moisture staircase iteration. These a¡e described
below.

Internal consistency is established between the zones within each group served by
a particular supply-air connector. It will be recalled that the air conditions within
a group of zones served by a single supply-air connector will be internally
consistent if that set of conditions corresponds to a unique supply-air condition,
while accounting for the diversity of space loads and supply-air temperature gains
associated with the zones in the group. Implicitly, it is necessary to estimate an
appropriate initial value for the supply-air condition, and in the case of a VAV
system, this is the first step in establishing internal consistency among the zones.
We set the dry-bulb temperature of the supply-air to the value specified by its
controlling thermostat ( rro ), and the dew-point temperature to some value tsA - Lt,
where Ar > 0 and Âl must be suff,rciently la.rge to ensure that the coil-off coîdition
coresponding to the initial supply-air condition lies below the saturation line. A
value of Âl = 2'5"C is recommended. This will be adequate to cope with the
situation in a draw-through unit, where the coil-off condition is necessarily closer
to the saturation line than is the supply-air condition. With the supply-air condition
established, the corresponding zone conditions can be found using algorithmZCYl
(figure 6.9).

For a cAV system the supply-air dry-bulb temperature is not known a priori. A.
supply-air condition which satisfies the above requirements may be found using the
zone conditions as a starting point. At the start of the initialization procedure, the
condition of the air leaving each zone will lie on a locus determined by its
respective zone thermostat setting, the exact point being established either by
specifying a default relative humidity (607o), or by the outcome of a previous
simulation. In the general case, internal consistency will not pertain among the
zones in a group at this stage, but that does not matter for the present purposes. Let
fso,, be a supply-air temperature established for zone i by calculating the entering
dry-bulb temperature using equation (6.1.10), and subtracting the supply-duct
temperature gain. Then, ajirst estimate for the supply-air temperature can be found
AS

n

/ro = min /.ro.,
i= I

(6.3.17)

As in the case of the VAV system, we set the corresponding dew-point temperature
to some value rro - Lt. This establishes a supply-air humidity ratio ( IVro) which
will ensure the coil-off conditions lie below the saturation line. Now, for each zone
the humidity ratio, W¡ = Ws¡. Rearranging equation (6.1.10) so that r, is
expressed as a function of /,, and W,, the set of rrr,, can be recalculated, and an
improved estimate for the supply-air temperature found using equation (6.3.17).
With the suppy-air condition established , the zone conditions with reheat off are
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readily found (see section 6.3.4.1.1), and the reheat values adjusted to give a

consistent set of zone conditions by invoking algorithm ZCI (figure 6.1 1).

The above procedure establishes the mass flow through each zone, and the mass
flow through each supply-air connector follows from equation (6.3.5). The mass
flow through the fan is

sA,l (6.3.18)

and through the return-air connector,

ùRA=ù.f-ùoo (6.3.1e)

The return-air condition is found as described in section 6.3.4.1.2.

Methods are presented in chapters 7 and 8 to find the condition of the air and water
leaving a coil, provided the entering conditions have been specified. The methods
described in chapter 7 deal with simple coil components, and prescribe an iterative
scheme which require that initial estimates be provided for the condition of the
working fluid leaving tl'e coil (these can be set equal to the entering conditions),
and for the total refrigerating capacity of the coil. These methods are generalized
in chapter 8 to handle composite coil banks of some complexity. An algorithm is
presented which will initialize the various components of a coil bank given an
estimate of required total refrigerating capacity. The mass flow rates and entering
conditions of the working fluids need to be set beforehand.

The mass flow rate of the air through the various coils in the system can be
determined as in (2) above, while procedures to determine the coil-on conditions
for given outdoor-air and return air-conditions have already been described in
section 6.3.4.1.4 for blow-through units, and in section 6.3.4.1.5 for draw-through
units. With the supply-air condition estimated as in (1) above, we also have an

estimate for the required coil-off conditiona6, which is sufficiently accurate to
provide an approximate initial estimate for the coil bank capacity. For
configurations having a single cooling coil, the coil capacity is readily found given
coil-on and coil-off conditions (section 7.8 refers). Where the outdoor air and
return air are treated through separate coils (configuration (g) of figure 6.5), the
coil-off condition on which an estimate is based is produced by mixing the two air
streams in the appropriate proportions. The coil-off conditions for the individual
coils are not uniquely determined. The ambiguity is resolved for initialization
purposes by assuming that the air leaving the outdoor-air coil is saturated, and at

the same dry-bulb temperature as the mixture, thus fixing the coil-off condition for
the return-air coil, and permitting the capacities for both coils to be estimated.

mf mE
I

aJ

4

46 Adjusted in the case of draw-through units to allow for the fan temperature gain.
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The entering water temperature is specified (see note 13). If we assume a water
temperature rise (2'5 oC or 5'C in the present work), an initial estimate for the mass
flow rate of chilled water follows from equation 8.4.4.

5. The supply-air reheat coil, which controls humidity levels, is set off.

6.4. Algorithms for System Simulation - Outdoor Air Units.

The following discussion refers to a class of unit which is designed to ingest outdoor air
at ambient conditions, cool it to a temperature which is more or less determined by the
control strategy in use, and distribute it to a network of terminal units. Such units a¡e used
in conventional precooling schemes. They a¡e also a central component of the high driving
potential (HDP) system, configurations (d) and (g) figure 6.5, which is described and
compared with its conventional counterpart in section 5.2.2.

The intention herein is to develop a coordinating set of classes which a¡e sufficiently broad
in content to simulate the range of configurations and control strategies with which we will
be concerned. From a control point of view, the primary difference between a subsystem
controlling a distributed unit and one controlling an outdoor-air unit is the absence in the
latter of the feedback loop provided by the retum air. This simplifies the control strategies
considerably. It also reduces the range of possible unit conhgurations to just two, as shown
in figure 6.6. It is conceivable that a blow-through unit could have multiple supply-air
connectors, but the model will provide for one only, with little loss of generality.

In the model developed in the following, the rate at which air is supplied by the central
outdoor-air unit will always exactly balance the ventilation requirements of the terminal
units. Mechanisms to achieve this balance are discussed in chapters 9 and 10. No
feedback from the terminal units is provided in respect of the supply-air temperature. Two
alternatiye mechanisms are provided to control the chilled water flow rate:

I The chilled water flow rate is preset and is maintained constant. This is the
preferred control method for an HDP system circuited as shown in figure 5.11. In
this arrangement, in which the outdoor-air unit is circuited in series with the
terminal units, the chilled water flow through the outdoor air unit must be at least
equal to the total requirements of the terminal units ar all times. This can be
guaranteed by presetting the flow rate to a value which is equal to or greater than
the amount demanded by the terminal units under simultaneous peak conditions.
If the unit is designed to deliver supply air at 8-10'C at peak, when supplied with
chilled water at 6-7"C, the supply-air temperature will vary over a very narrow
range as the ambient temperature decreases.

The supply-air temperature is controlled by a thermostat modulating the chilled
water supply. This is identical to the control mechanism used by a distributed
VAV unit, and is appropriate for use with a conventional precooling system. In this
arrangement, the outdoor-air unit is circuited in parallel with the terminal units,
and its chilled water flow may be controlled independently of the requirements of

2
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the terminal units. Indeed, when the temperature differential between the chilled
water and the supply air is large, as on a peak or near peak day, the degree of pre_
cooling will vary substantially as the ambient temperature changes, unless sôme
explicit form of control is provided.

The remainder of the present section is devoted to describing a class which supports the
facilities required to implement the above-mentioned control strategies.

6.4.1. Class OController.

By analogy with the model developed to simulate a distributed unit and its control
mechanisms, each object of class OA-AHU will have associated with it an object of class
OController (figure 6.3). In connection with the discussion to follow, thése member
functions are of particular importance:

cmode : A variable of the enumerated type

enum OController: :controlmode { WaterF]owRate, ExitDbt } ;

If waterr'lowRate is specified for cmode, the chilled water flow rate will be
maintained constant at a constant preset level at all times. If exiro¡t is specified,
chilled water flow rate will be modulated to maintain a specified supply-¿i¡ ¿o-
bulb temperature. The default control mode is warerFtowRare.

Drnf o : An associative array defined by the statement

Map<unsigned, ÐControlInfo*> DInfo;

Each terminal unit served by this outdoor-air unit has one entry in this array. The
key contuns an index to the terminal unit in question. The value is a pointer to an
object of class DCont.rolrnf o, which facilitates access to and manipulation of
the va¡ious terminal units served by this unit. The interface for class DControttnfo
is defined as follows:

class DControlInfo
{

int m;
double ÐSupDuctÐt;
double DSupPipeDt;
DControl-1er* ptr;

public :

/ / ConsLructor
DControlfnfo (DController* d)
: m (1), DSupDuctDt (0.0), DSuppipeDr (0.0), ptr (d) {}// Destructor ----
-DControlInfo O {)
// Access and set duct temperature gain ----double SADuctDt O const { return DSupDuctDt; }void SADuctDt (const double dt) i DSupDuctDt = dt; )
/ / Access and set CW pipe temperature gain
double CWPipeDt O const { return DsuppipeDt; }void CWPipeDt (const double dt) { DSuppipeDt = dt; }

// Multiplicity of unit
// Supply air duct temperature gain
// Chilled water pipe temperature gain
// Pointer to referenced DControll-er
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// Access and set multiplicity of unit
int Multiplier ( ) const { return m; }
void Multiplier (const int muttiplier) { m = multiplier; }
// Access and set textual information ------
char* Name O { return ptr->Name O; }
char* Comment O { return ptr->Comment O; }
voicl Nalu-, (consL char* nstr) { ptr->Name (nstr) ; }
void Comment (const char* cstr) { ptr->Comment (cstr); }

// Access referenced DController ----
DController& DC O { return *Ptr,' }

The intention of this class is entirely analogous with that of class Zonelnfo,
described in section 6.3.2. In respect of its member variables, we note the

following:

m : In a multistorey building it is not unusual to encounter the situation where

a number of adjacent stories are identical in their floor plan, construction
and intended use. While some variation in the loads to which the various

floors are subjected is inevitable, floors which show this type of similarity
are often treated as identical for design purposes. Specifying multiplicity rn

for a terminal unit indicates that the unit, and its associated zones are

replicated lø times throughout the building, and that each instance is subject

to an identical loading cycle. By specifying a multiplicity rñ> I, one of
course foregoes the opportunity to differentiate between units in terms of
the temperature of the supply air and chilled water delivered to the unit.
The temperature gains which give rise to this differentation will however
be poorly defined early in the design cycle.

DSupDucrDr : Provides a measure of the temperature gain experienced by the air
in its passage through the supply-air duct.

DSuppipeDt : In the HDP system of figure 5.11, the chilled water will also

experience a temperature rise between the outdoor air unit and a terminal
unit. This may be calculated using methods analogous to those developed

in chapter 9, although that facility is not implemented in the cunent release

of the software. Alternatively, the user may specify a chilled water pipe

temperature gain.

A variable of the enumerated type

enum circuiting { Series, Paralle1 }

This variable specifies whether the outdoor-air unit is circuited in series with, or

in parallel with the terminal units it serves. A series ¿urangement is the preferred

option, and is specified as the default.

Class OController provides a comprehensive set of member functions, including a

constructor and a destructor, together with routines to read and set as appropriate the

operating variables for the controller and its associated ahu. Member function
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void ocontroller: :So1ve O ;

may be invoked to solve for the supply-air condition for the outdoor-air unit, and
subsequently to solve in sequence for each associated terminal unit. This procedure is
clescribed in the next section.

6.4.2. Solution Procedure for an Outdoor Air Subsystem.

The steps implemented by member function oController: : sotve ( ) are the following:

The mass flow of air through the unit is found as the sum of the requirements of the
terminal units it selves. If there a¡e n terminal units, or sets of identical units, and
each has multiplicity m, and ventilation mass flow requirement ùo.¡, the mass flow
through the outdoor-air unit will be

n

ùn=E¡r,xù,,,¡ (6.4.1)
i=l

OController : : DTnfo

2. The cunent operating conditions are set for the unit. These are:

The mass t'low of air, found as above.
The coil-on condition, corresponding to the ambient air condition for a

draw-through unit, or the ambient air condition adjusted for the fan
temperature gain in the case of a blow-through unit.
The chilled water entry temperature, which is specified.
The chilled water flow rate if ocontroller : : cmode = WaterF]owRate; the
target supply-air temperature if ocontroller: : cmode = ExitDbt.

As in the case of a distributed unit, the entering air and water conditions for the coil
bank must be set, together with the mass flow of air and water (estimated if
necessary), and the coil bank initialized by invoking function
clv-coilBank: : rnitialize (qtd) (section 8.4.4), where the argument specifies
an argument for the required cooling capacity. It is convenient to consider the
initialization and solution procedures together for each control strategy.

a. Control mode pxito¡t. The dry-bulb temperature at coil exit is determined
by the target supply-air temperature in the case of a blow-through unit, and

by that temperature decremented by the fan temperature gain for a draw-
through unit. If we assume that the air leaving the coil is saturated, the coil
will be operating between two known conditions, and the corresponding
refrigeration capacity can be found (see section 7.8). For initialization
purposes, the fact that the coil-off condition determined in this manner may
not be physically feasible is immaterial.

where the sum may be evaluated by accumulating over the elements of array

a.

b.

c.

d.
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An iterative procedure must be employed to minimize the supply-air
temperature error, and hence solve for the coil-off condition. This process
is identical to that described in section 6.3.4.1.6.

Control mode waterpl-owRate. In this case the supply-air dry-bulb
temperature is not known, but an initial estimate for the coil capacity can
be made by invoking function cw_coitBank: :Estimarecapaciry O,
which is described in section 8.4.5, The coil-off condition is then found by
invoking function cw_coilBank: : solve ( ) , and the supply-air
temperature set accordingly, with appropriate adjustment being made for
the fan temperature gain in the case of a draw-through unit.

3. For each terminal unit attached to the outdoor air unit:

The outdoor air condition is set equal to the supply-air condition for the
outdoor-air unit, adjusted to allow for the appropriate duct temperature
gain.
If the outdoor-air unit is circuited in series with the terminal units
(ocontroller: : c= series), the entering chilled water temperature for the
terminal unit is set equal to the leaving temperature for the outdoor-air unit,
incremented by the appropriate pipe temperature gain.
A moisture staircase iterative loop is initiated for the terminal unit by
invoking function DController: : srair 1 ¡ , after initializing the coil(s).

6.5. Extended Chilled Water Circuiting Strategies.

Recent design studies involving certain classes of HDP unit have shown a need to extend
the chilled water circuiting concepts described in the foregoing. The extensions to the
basic methodology are handled by modifying the definition of the Connector class
described in section 6.2.3. These extensions are described in the following. At the same
time, it is opportune to consider a question which has been left open in the above; how to
handle the situation where a specified coil has insufficient capacity to achieve design zone
conditions while offsetting the zone loads. This situation may be handled by treating it as

an exception and leads naturally into a discussion of the concept of stuging whereby the
capacity of a coil may be altered physically in service to match the loads.

6.5.1. Exception Handling.

Although not providing the motivation for the work described in this section, the exception
handling mechanism is central to much of the following discussion and it is appropriate to
consider it first.

In the context of our present discussion, the condition which is of major concern is that in
which a coil has insufficient capacity to offset the zone loads while maintaining the zone
dry-bulb temperature at the level specified by its thermostat setting. As will be shown in
section 13.1, the cooling capacity of a coil becomes essentially independent of coolant

b

a.

b

c
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velocity as the coolant velocity increases beyond a certain point. ln these circumstances,

the simple water flow rate doubling procedure described in section 6.3.4.1.4 is inadequate

for f,rnding the upper bound to the bracketing interval; the water flow rate may be increased

indefinitely without finding a suitable upper limit. If we assume for the moment that this

condition can be detected, we must determine how it should be handled.

The C++ exception handling mechanismaT offers a convenient means of achieving this end.

In this mechanism, exception s are thrown at lhe point at which they are detected, and are

caughtby an exception handler implemented elsewhere within the software. The question

as to what may constitute an exception is considered by Stroustrup (1990). Basically, an

exception may be defined by the programmer to be any condition which is most

conveniently handled by breaking out of the normal flow of programme control.

To see how this may be implemented in the present context, consider the following

example. In searching for a bracketing interval for the chilled water flow rate in algorithm

METI (figure 6.12), it is found that the coil has insufficient capacity for the duty

demanded of it. Then, an exception may be thrown thus:

if ( ) // CaFacítY exceeded
throw EDCapacityExceeded (this) ;

where what is thrown is an object of class EDCapacityExceeded, defined in outline as

class EDCapacityExceeded
{

Dcontroller* d,'
public :

EDCapacityExceeded (Dcontroller* dc = 0) 1 d = dc;
-EDCapacityExceeded O { }
Dcontroller* Controller ( ) const { return d; }

ExceptionHandlerl ( ) ;
];

Bear in mind that algorithm MET1 will be implemented as a member function of class

DControlter. Thus, the argument (rtris) passed to the object of the exception class in the

throw statement is a pointer to the D)ontrollerfor which the exception has been raised,

and can thus be identified by the code which catches the exception. Note also that it is
convenient to implement certain components of the exception handling code as member

functions of the exception class.

The throw statement in fact has no effect unless the exception is raised within a trv block,

thus:

DController& d =

The C++ exception handling mechanism is described in detail by Ellis and Stroustrup (1990)' and

by Strousrrup (1991). At the time of writing (1995) this feature is not supported by all popular

implementatiòns of the C++ language, but it is supported by the Version 10.0 of the Watcom C++

compiler which was used for the present work. Significantly, the exception handling mechanism

for the Vy'indows NT operating system is modelled closely on the C++ paradigm.
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try {

d. Stair O ;

)
catch (EDCapacityExceedôd e)
{

e.ExceptionHandlerl ( ) ;

The block prefixed by the catch statement is an error handler for objects of class
EDCapacityExceeded, and must immediately follow the rry block. Handlers for
exceptions of different types may be ganged together following the rry block, thus:

trv { "}
catch (EDCapacityExceeded e) {.}
catch (EDExcessCapacity e) { }

It is important to note that the code which raises the exception may be nested to an arbitrary
depth within the trv block. Thus, the throw statement in the ubou. example is invoked
by a function which is called by another functiorì, which is in turn passed as a parameter
to procedute zero. In this situation, the C++ exception handling mechanisrnprobably
represents one of the most elegant and efficient means of returning control to a point where
it can be handled.

In the current DoS-based version of the T,e,braKernel, the handler for exceptions of this
type simply prints a message to the screen, and awaits input to the còmmand-line
interpreter. The user may respond by trying a larger coil, or by terminating execution. In
the Windows-based version the coordinating task, which may for instanðe be an expert
system, will be notified via a DDEaB link that the coil is too small, and may be programmed
to react accordingly.

6.5.2. Detecting Exception Conditions.

We return now to a problem posed at the beginning of the last section, that of identifying
a situation in which a coil which has insufficient capacity for the duty demanded of it has
been specified. In general, the choice of a coil (or coils) for a particular application may
be subject to constraints on one or more of the fbllowing parameters:

i' The quantity of water consumed by the coil(s) to meet the specified conditions;
ii. The water pressure drop through the coil(s);
iii. The velocity of the water within the tubes of the coil(s).

Constraints (i) and (ii) may be imposed due to economic considerations. Increased water
flow rates demand an increase in the size of the pumping equipment and pipework to
handle the volume of water required, and may also increáse pumping costs. Increased

48 Dynamic Data Exchange.



t39

pressure drops increase pumping costs, and may also require larger pumping equipment.
Excessive water velocities increase erosion within the tubes and unnecessarily shorten the
life of the equipment. For a given circuiting configuration, these three constraints (if
constraints are imposed on all three parameters) are not independent, and each may be
expressed in terms of the other two. Therefore, all three constraints may be expressed as

a constraint on water flow rate, water velocity or water pressure drop. When reduced to
a common means of comparison, one of the three constraints will dominate, and the
dominant constraint may differ among coils which all meet essentially the same duty
requirements. For instance, increasing the number of passes per circuit may decrease the
water flow rate and velocity but have an adverse impact on pressure drop.

It would not be appropriate for the Znbra Kernel to reject possible design solutions on the
grounds that one or more constraints imposed by the designer has been exceeded. It is the
responsibility of the designer (or an expert system or optimization scheme operating in his
stead) to determine how constraint violations should be handled. The values of the
parameters in question, even if exceeding design specifications, may well provide guidance
towards a suitable solution, and the 7-ebraKernel should always attempt to return a solution
if one exists. The purpose of exception handling within theZ-ebra Kernel is to detect
situations where no solution is possible. An appropriate criterion is suggested by the data
presented in figure 13,2, which refers specifically to coils having 5/e" tubesae, and while the
data have been derived for a specific circuiting conhguration, the general conclusions seem
to have universal validity. From that data it may be seen that increasing chilled water
velocity beyond approximately 2'5 m/s will do little to increase the cooling capacity of a
coil, regardless of the air face velocity, and in fact effectiveness of water velocity as a
control medium decreases with decreasing air face velocity.

Thus, assume that we seek a bracketing interval for the chilled water flow rate of lQ, Q ol,
and we impose a limit (Õ^) on the chilled water flow rate through the coil. Then, ii Õ^*
is appropriately selected, and for some trial point on the moisture staircase we are unable
to find some p, such that Qø . Q* , we may assume that the coil specified has
insufficient capacity for the required duty, and raise an exception. On the basis of the
simulations cited above, a value of Q^"- corresponding to a water velocity within the range
of 2'5 to 4 m/s will be appropriate fãffio.t cases. ln view of the fact that a slight variation
in the water flow rate required to meet the desired zone condition at various points on the
moisture staircase is to be expected, it may be advisable to select d,n* close to the upper
end of this range. In any case, the range specified is in its entirety higher than is usually
permissible in practice.

Referring now to note (4) in section (6.3.4.1.4), the necessary modification to the
bracketing interval search procedure is obvious. If we invoke the objective function with
the initial trial value Õr, and a temperature deviation Âr' < 0 is returned, we can set

Qo = Q*, and find some Qo . Õo ut previously._ If however Lt' > 0, it suffices to set

Õ" = Õ*,and evaluate the objective function for Qu = Õ^*. If the temperature deviation

49 The appropriate water velocties may be expected to be a function of the tube diameter
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returned Lti't < 0, the bracketing interval has been found. Otherwise, the coil capacity
is too small, and an exception is raised.

The moisture staircase algorithms described in the earlier sections of this chapter a¡e based
on the assumption that at equilibrium, the zone temperatures are identically equal to their
thermostat set points. If the, coil has insufficient capacity to achieve these 

"onditionr, 
no

solution is possible, and an exception is raised. In a real-life situation of course, an
equilibrium condition will always be reached. If the coil is undersized, the moisture
staircase iteration will no longer be constrained to a locus described by the zone thermostat
settings. The locus will instead be determined by the capacity of the system, and zone
temperatures will in general exceed their thermostat settings. In this case we may develop
the outline of a solution procedure for a single-zone system by analogy with the discussion
of section 6.3.3. In this case, let Q{ . Õ^* be the maximum permissible water flow rate
for the system. we seek then to minimize the function (cf equation 6.3.2)

f(fr,Ð =W-fr'), *çî-it¡2 (6.5.1)

subject to the constraint that Q, = Ql,' . The generalization of this function follows from
the discussion of section 6.3.3.

To solve equation (6.5.1) it is necessary to know the functional relationship which exists
between the zone temperatures and their loads. For a VAV system, we also need to know
the fan control characteristics. The former information must be supplied from some source
external to the Zebra Kernel, such as a load calculation programme. Assume that such
information may optionally be available, possibly through a DDE link to a load calculation
programme. The exception handling mechanism described in section 6.5.1 may be
extended to handle this latter case thus:

Dcontroller& d =
try
{

try
{

d.Stair O ;
if (..) // C]nil-l-ed water flow exceeds maximum permissible

throw EDCapacityExceeded (d) ;

]
catch (EDCapacityExceeded e)
{

if (..)
{

/ / fi. access to load calculation programme is avail_able

// Sol-ve equation (6.5.L)

]
else

throw;
)

)
catch (EDCapacityExceeded e)
{
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e.ExceptionHandlerl ( ) ;

]

There are several points to note from the above example:

1 If the coil capacity is exceeded, this will be detected as before, and an exception

thrown during the execution of function ¿. stair ( ) . It may also happen that the

moisture staircase routine iterates to completion, but that the water flow rate

exceeds that available (Q* > Qþ. An exception is also raised in this case.

All exceptions are handled in the first instance by the exception handler

immediately following the inner rry block. An exception is regarded as having

been handled once execution enters an exception handler. This inner exception

handler invokes the code to solve equation (6.5.1), provided access can be gained

to a load calculation programme, or Some other means of determining the

functional relationship between the zone temperatures and their loads. If such

access is not available, the exception is re-thrown to be caught by the exception

handler immediately following the outer trv block.

2.

a
J It is worthwhile to solv: equation (6.5.1) even where a system with insufficient

capacity to meet the specitied zone conditions is unacceptable. The extent to which

the equilibrium zone temperatures deviate from their thermostat set points provides

a figure of merit for the system which may guide the designer towards a more

satisfactory solution.

6.5.3. Self-contained HDP Units.

In the description of the principles of the HDP system contained in section 5.2.2 the

discussion centred on systems employing a central outdoor air treatment plant. In the

current section the emphasis will be upon self-contained HDP units, in which separate

outdoor and return air coils are mounted within a common casing, and fed in series from

a common chilled water
source. Some of the control
strategies to be described
may however be adapted for
use in HDP systems

employing a central
outdoor-air treatment Plant,
or even in conventionallY
circuited systems.

In the following discussion
the two coils will be

referred to as A and B,
where coil A is closer to the

chilled water source than

coil B, and thus possesses

-

B.

Circuiting options for a self-contained HDP system

with all circuits fed.
Figure 6.17.



142

the higher dehumidification potential. In practice coil A will almost always be the outdoor
air coil' although it is possible to envisage situations in which the lateniheat component
of the return air is sufficiently high to justify reversing the usual arrangement.

At peak load and high part-load conditions it is assumed that all circuits of both coils are
active, and that the supply air temperature is controlled by modulating the water flow rate,
fwo arrangements are possible, as shown in figure 6.17. Indiagram A the water flow rate
through both coils is modulated using a single valve. [n diagram B the water flow rate
through the system, and hence through coil A is constant, *hil" that through coil B is
modulated by a three-way valve. If coil A is the outdoor air coil, the arrà'ngement is
thermodynamically equivalent to an HDP system employing a central outdoor air treatment
plant. Note that in diagram B it is possible for the flow to eitfrer A or BsO to be modulated
in the manner shown.

be desirable to reduce the active coil surface area, thus maintaining
and hence the dehumidification potential of the remaining active
s are available to achieve this end:

(i).a. Coil A or coil B (but not both) may be deactivated, provided the necessary bypass
circuiting is in place.

(i).b. The active size of either coil may be reduced by selectively deactivating circuits.

The above strategies may be combined with one another on falling load, or with other
control actions, to provide a comprehensive control strategy. The additional control actions
which may be initiated as the load falls are the following:

(ii).a. In an arrangement such as that shown in diagram B, the fixed water flow rate may
be reduced to a lower (fixed) level.

(ii)'b. A coil bypass may be activated to bypass a fixed percentage of the (usually fixed)
total water flow around a coil.

To illustrate the type of combined strategy which is possible, consider the following
scenario. A system such as that shown in diagram B of figure 6.17 is designed to maintain
a zone temperature of 24"C at peek load, at which point the chilled water flow rate through
both coils is 1 Us. As the load falls, the flow through coil B is modulated to maintain the
correct zone temperature, until a point is reached at which this coil provides no effective
cooling capacity. At that point it is deactivated entirely. With the cãpacity of the sysrem
now fixed' the zone temperature can no longer be maintained with a further fall in load,
and is allowed to fall until it reaches 21"C. At that point the fixed water flow rate is

In principle complete control over zone temperature and humidity may be achieved by separately
modulating the chilled water flow through coils A and B. The feasibility of such a system is
currently under investigation, and will not be considered further in this thesis.
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reduced to say 0'7 Us. If with further fall in load the room temperature again falls to 2I" C,
reheat can be employed to maintain the zone temperature at that level5r.

ln order to accommodate the additional control actions described above, certain
enhancements to the control structures and algorithms described in the foregoing are
required. The control logic necessary to deactivate coils either entirely or partially (control
actions (i).a and (i).b above) is contained within class CoilBank, and will be described in
Chapter 8. To handle the remaining control actions ((ii).a and (ii).b), the following
member variables are added to class Connector.

modulated : A boolean variable which flags whether the chilled water flow through the
coil bank served by the connector (if any) is modulated.

btæass : The fraction [0...1] of the total chilled water flow to the ahu which bypasses the
coilbank (if any) served by the connector. This variable only has real signifance if
the water flow rate to the ahu is fixed; otherwise it is set to 0 if the coil is active,
and I if it is deactivated. For an ahu with ltxed water flow rate, blpass may be
queried to find the portion of flow bypassing a coil if the flow through the coil is

modulated, and may be set to specify the portion of flow bypassing the coil where
this parameter is fixed. It defaults to 0.

These member variables operate in conjunction with the appropriate members of class
CoilBank, and with member variable D-AHU::qrs (see section 6.2.3.1) to specify the
control actions imposed on the predef,rned coil circuiting.

The chilled water flow rate through the air handling unit is regarded as modulated if the
flow through either coil is modulated. This condition is handled using algorithm METL,
modified as described in sections 6.5.1and 6.5.2 above. There is one additional exception
condition which needs to be tested for. If the flow through one coil is fixed, and the flow
through the other coil is modulated, the capacity of the fixed flow coil alone may be

sufhciently high that overcooling beyond the thermostat set point will occur even with the
modulating valve shut. This may be an acceptable control situation, but it is one which
needs to be detected. The procedure to detect this condition is analogous to that described
above for detecting an undersize coil, and will result in an exception of class
EDExcessCapacitybeing thrown. The exception handler behaves in a similar manner
to that described previously for exceptions of class EDCa pacityExceeded. As in that
case it is intended that, when the ability to access a load calculation progranìme becomes
available, the relevant exception handling mechanism will be modified to use that
information to determine the equilibrium condition which would be achieved by a system
under those circumstances. The appropriate control action may then be taken by the user

or by the programme; this issue will be touched on again briefly in the next section.

A circuiting strategy such as that described might be employed in a residential application in the

tropics, where the system would be required to provide air conditioning on a 24-hour basis. Under
such circumstances, the quantity of reheat required would be minimal. In an actual installation using

a system of this type, the necessary reheat was supplied by the spill air using an air-to-air heat
exchanger.

5l
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If the flow is not modulated, it is assumed that the coil has sufficient capacity to cool the
zones below the target temperature, in which case reheat must be applied to maintain the
temperature at the setpoint. This mode of operation is only suitable for use with constant
air volume systems. The required reheat is established on a global basis using the
procedure established in section 6.3.4.2, and may be applied to either the supply air or the
outdoor airs2. If the coil combination in use has insufficient capacity for this mode of
operation, the calculated reheat has a negative value. This causes an exception of class
ENegativeReheat to be thrown. The remarks of the preceding paragraph apply ro
exceptions of this class also.

6.5.4. Staging.

The concept of staging as described for instance in Sekhar ( 1 990) and Shaw et al. (1992)
refers to the ability to deactivate various circuits of a coil as the load falls, and to reactivate
the same circuits on rising load. A more general definition is preferred in the current work.
A control strategy for an ahu is defined by a sequence of stages. Each stage must specify
the control actions appropriate to the stage in question, together with a trigger variable and
the threshold values on that variable which will cause a transition to a higher or lower
stage. The control action is specified by a combination of the actions described in the
preceding section. The trigger variables currently supported are chilled water velocity and
water pressure drop53. To support the complete range of circuiting strategies currently
under consideration, it would be desirable to support the use of room dry-bulb temperature
as a trigger variable for those instances in which the chilled water flow rate is not
modulated, and in which the zone conditions cannot otherwise be met using reheat. As has
been noted above, to use this trigger variable presupposes that the functional relationship
between zone temperature and load is available from some external source. Since the
mechanism for providing this information is not yet in place, support for this trigger
variable has been omitted from the current release of the software.

Staging is appropriately enough supported by class Stage,which defines member variables
specifying the following properties:

52 The technique of using the spill air to supply the reheat has been noted above. In this case,
application of the reheat to the outdoor air rather than the supply air has certain advantage s. The
mass flow rate of the air streams on both sides of the heat exchanger are the same, and hence the
area of the heat ffansfer surfaces should be almost the same, a situation which will normally obtain
in practice unless extended heat transfer surfaces are used. The flow rate of the outdoor air is
considerably smaller than that of the supply air, and the heat transfer potential between the treated
outdoor air and the spill air considerably exceeds the potential existing between the supply air and
the spill air. Both of these considerations indicate that a smaller heat exchanger if the reheat is
applied to the outdoor air rather than the supply. Note however that the same quantity of heat must
be transferred, whether it is applied to the outdoor air or the supply air.

While the changeover points are usually selected on the basis of water velocity, the system is more
likely to be implemented using water pressure drop as a surrogate for velocity. Water pressure drop
is extremely temperature dependent, largely through the effect of temperature on the water viscosity.
By providing the user with the option of selecting either water velocity or pressure drop as the
trigger variable the actual changeover performance of the system can be compared with the ideal
performance.
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ll.

lll

IV

The stage number. By convention, in stage 1 the coil(s) are active and fully
circuited. Stage number increases in sequence as the system capacity reduces. [n
the following a stage having a higher number than another is referred to as a lower
stage.

The trigger variable, specified as a variable of the enumerated type

enum cJaram { WV = 0x010, WPD = 0x020 };

It is also necessary to specify for which coil the trigger variable will be measured.
This is specified by a variable of the enumerated type:

enum c_coil { OAC = 0x001, RAC = 0x002 };

The values of the trigger variable at the upper and lower breakpoints for the stage.
The lower breakpoint defaults to zero, and the upper breakpoint defaults to
infinity54.

Circuiting details for the outdoor air and return air connectors, defined as variables
of class Circuiting. This class defines member variables specifying:

The coil circuiting in terms of circuits deactivated, and from where in the
coil they are deactivated.
Whether the coil is active or not.
Whether the water flow through the coil is modulated or not.
The fraction of water which will bypass the coil.

a

b.

c.

d.

V A variable of class CfixedFlow (see section 6.2.3.1) which specifies whether the
water flow rate through the ahu is fixed, and if so, at what level.

VI The supply air temperature ('C). This variable is only relevant to VAV operation.

Staging is controlled by member variables and functions of class DController. The stages
themselves are accessed by means of an associative affay, defined as

Map<unsigned, Stage*> Dcontroller : : SInf o,'

If this array is empty, staging is not implementedss. In building up the array, certain
constraints are imposed upon the stages:

i. The stages are numbered consecutively, starting from stage number 1

54 In fact the ANSI Standard C variable DBL MAX is used. This variable is dehned in header file
f1oat. h.

This state may be tested for using a public member function

boolean Dcontroller: :Staged O ;
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The trigger variable must be the same for each stage. Clearly this constraint will
need to be relaxed for stages in which a variation in the dry-bulb temperature is a
valid control action.

lll. The lower breakpoint for each stage must be lower than the upper breakpoint for
the next lower stage. This constraint can be checked when the array is assembled,
but in itself it may not be sufhcient to ensure that an overlap between one stage and
the next occurs. Failure to provide an adequate overlap will result in unstable
operation on the changeover. Adequacy of the overlap is perhaps most easily
checked by simulating the coil operation using ZEBRA in coil simulation mode.

IV The upper breakpoint for stage I must be inf,rnity, and the lower breakpoint for the
lowest stage must be zero.

The following member functions are provided to perform stage-related operations:

l. boolean DController::SetStage (const int ns);

This function sets the circuiting for the system to the configuration appropriate to
the stage specihed by the argunent. A value of true is returned if the operation was
successful, or if staging was not implemented for the unit. A value of false
signifies that the requested stage was unattainable.

ll. boolean DControl-ler: :fncreaseCapacity O ;

Increases the cooling capacity of the system by effecting a changeover to the next
higher stage. The return value has the same signif,rcance as for function sersrase.

lll. boolean DController: : DecreaseCapacity ( ) ;

Decreases the cooling capacity of the system by effecting a changeover to the next
lower stage. The return value has the same signif,rcance as for function setstase.

lV. int DController: : CheckStage ( ) ;

Checks whether the system is operating within the limits appropriate to the current
stage. The return value has the following significance:

-1

0
+1

A decrease in capacity is required.
The stage is correct.
An increase in capacity is required.

The final step is to incorporate the staging strategy into the exception handling mechanism:

Dcontroller& d = ..
for (boolean finish = false; ! finish; )

{
finish = true;
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try {

d. Stair O ;

if (d. Stased ( ) )

{
int cv = d.Checkstage O;
switch (cv)
t

case -1 :

if (d.DecreaseCapacity O )

finish = false;
break;

^-^^ ^UdSE V

break;
case +1 :

if (d. IncreaseCapacitY ( ) )

finish = false;
else

throw EDCapacitYExceeded (this) ;

break;
)

)
)
catch (EDCapacityExceeded e)
{

Dcontroller& d = e.Controller O;
if (d. Stased ( ) )

i
if (d. IncreaseCapacity ( ) )

finish = fal-se;
)
if ( I finish)

e.ExceptionHandferl ( ) ;

)

]

The following notes refer to the above code fragment:

2.

1 The try block and its associated exception handlers are now enclosed within a loop

which executes continually until the boolean variable f inish is assigned a value

of true. The first statement within the loop assigns a value of true to f inish, and

thus the loop will execute once only unless a condition is detected which will cause

a value of false to be assigned to rinish.

As before, an exception may be thrown from within the moisture staircase routine
(ocontroller::sÈair O) if a situation is detected in which a solution is not

possible. Provided the moisture staircase iteration runs to completion, and staging

is implemented, the trigger variable is checked to ensure that it is within the range

of the cuffently selected stage. If the trigger variable is within range, no more

action is required, and control of execution passes out of the loop. If a stage change
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is indicated, this is performed if possibles6, and variable f inish is assigned a value
of false, initiating another pass through the loop,

J The handler for exceptions ofclass elcapaciryExceeded now checks whether it
is possible to make a transition to a higher stage. If this operation succeeds, the
changeover is performecl, and variable f inish assigned a value of false, thus
initiating another pass through the loop. If the operation fails, the "standard',
exception handling routine is invoked.

When the Zebra Kernel is loaded, the current stage for each unit will be stage I unless
another stage is explicitly requested. In a sequence of runs involving a loaded Zebra
Kernel process, each run will be initiated using the stage settings calculated in the
preceding run.

6.6. Summary.

TheT'e,bta Kernel uses a modelling strategy based upon finding a steady-state closure for
the psychrometric processes occurring within an air conditioning system. The present
chapter has described the structure and implementation of a set of algorithms designed to
achieve this purpose. The emphasis throughout has been on identifying and selecting the
key abstractions required to provide the necessary degree of flexibility in the range of
conhgurations which may be simulated, while minimizing redundancy in the code used to
obtain this objective. In its present form the code has been used to model a wide range of
systems of both conventional and novel configurations, with and without constraints
imposed on room humidity, The algorithms described are implemented using a dual-loop
structure which seeks separate,butnot entirely independent iolutions for the equilibrium
temperature and humidity conditions. Current resea¡ch is examining the possible
advantages of techniques which will seek to simultaneously minimize the deviations of
system temperatures and humidities from their equilibrium conditions, subject to the
appropriate constraints.

The software provides a framework which must be augmented using suitable models for
the plant items and duct and pipe networks. This separation permits those entities to be
modelled to an arbitrary degree of complexity, as will be described in the following
chapters. kr itself theZnbra Kernel provides a test bed which may be used to examine the
effect upon system performance of varying system parameters, such as chilled water
temperature, and thus assist the designer in the search for an optimal combination of
equipment selections and control strategies.

If an upward stage change is indicated and no higher stages are available, an exception will be
thrown. This situation should not arise. If the capacity of the system in the lowest stage exceeds
that required to maintain the thermostat set point while offsetting the loads, an appropriate exception
will also be thrown from within routine DController: : stair ( ) , as described in section
6.5.3 above.
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Chapter 7. Cooling Coil Simulation.

The cooling coil is arguably the most important equipment item in the air conditioning
cycle. Ideally, the purpose of the coil is to offset the sensible and latent loads within the
conditioned space in the precise proportion in which they occur. An understanding of the lt

processes occurring within the coil, and the ability to predict correctly the response of a coil l

to a set of inputs, are thus fundamental aspects of the design process. Neglect of these I

basic considerations is undoubtedly one of the major reasons for installed systems failing i

to meet specified performance criteria.

The purpose of the present chapter is to develop and describe a model for predicting the
performance of simple and composite coil banks based on available test data. The model
developed herein is required to operate within the framework of the system models
described in the preceding chapter. Computational efficiency is thus an essential

requirement of the model. Discussion is restricted to the steady-state characteristics of the

coil. It has been shown by Van Aken (1993) that the time constant of a coil will be

considerably less than that of the air mass contained within the building fabric surrounding
the conditioned space, Also, the dynamic performance of the coil within a systems context
cannot be considered without also considering the time constants of other components,
such as the fan and ductwork, which may be expected to be of the same or greater order of
magnitude as that of the coil. Thus, while there are circumstances in which the dynamic
characteristics of the coil are of importance, they can be neglected within the context of the
present study.

A hnal constraint on the modelling procedure relates to the range of coil geometries to be

considered. The strategy adopted is to develop a general computational framework which
is essentially independent of the coil geometry, and subsequently to develop techniques for
rating and predicting the performance of a range of plate fin and tube coils within the

context of the general framework. Given the widespread acceptance of the plate fin and

tube configuration within the air conditioning and process industries, this restriction does

not severely limit the applicability of the model. In any case, adaptation of the model to
handle alternative coil geometries is relatively straightforward.

7.1. Physical Characteristics.

While the intention in the current chapter is to develop a computational framework for coil
performance prediction which is generally applicable, much of the discussion, together
with the applications considered herein, relates specifically to a class of plate fin and tube

heat exchangers which have been tested in the controlled environment wind tunnel at the

University of Adelaide. It is therefore opportune at this point to describe the coil geometry
and to introduce the associated dimensional notation.

The basic configuration of the coil is as shown in figures 7.1 and 7 .2. Typically, the coil
will have copper tubes and aluminium hns, although other materials such as copper and

copper-nickel a¡e also occasionally used for the fins. The fins a¡e pressed from aluminium
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Figure 7.1. Configuration and dimensional nomenclature for a 4 row, 4 tube high cooling coil.

plate, with a series of holes with drawn down collars to maintain both the tube spacing and
the fin spacing, as shown schematically in figure 7.2. Tlte coil is assembled by expanding
the tubes, usually by internal hydraulic pressure to achieve good thermal contact in the
holes. The fins are rippled in the vertical direction, and along the leading and trailing
edgessT. Testing has been restricted to coils in which the tubes in succeeãing rows are
staggered, as shown in figure 7.158; coils with an alternative inline configuration are
available, but are less commonly met with in practice.

Using the dimensional nomenclature presented in figures 7.I andT .2, a number of further
geometrical properties of the coil can be derived. If N, is the height of the coil, expressed
as the number of tubes in each row, and { is the number of rows of tubes in the coil, then
the total number of tubes in the coil,

N=N,xN,
Let ,nf, be the fin density (f,rns per unit length of tube)

(7.1.1)

Then, the total number of fin
intersections per tube,

N, = trunc(Ñr.Lr)

where trunc) represents the largest integer less than or equal to the argument.

The overall coil height,

(7.1.2)

Contrary to a widely held belief, this is not done to promote turbulent flow through the coils (flow
is always laminar regardless of the ripples); the vertical ripples provide stiffness and increase the
surface area, while the leading and trailing edge ripples serve to minimize impact damage.

This differs from the corresponding illustration in ARI Standard 410-81 which shows a fin
configuration which is not practically feasible! The defrnitions in this section refer to figure 7.1.
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Tube and fìn geometry t'or a

plate and fin cooling coil.
Thickness of fins and tube
wall exagerated for clarity.

NL.r ( -jltr*s¡*so (7.1.3)

(7.1.8)

Figure 7.2.

and the coil clepth,

L,, = (N, - l)S,. + ,Sr * Sz Q.1,4)

The.fin root radius is defined as the radius of the
external surface of the collar:

xø = O'5(D,, + 2Yr) (7.1.5)

from which the dimensions of the free-flow
passage may be expressed in terms of the height of
the passage between adjacent pairs of tubes,

Fo = Sr - 2*o e.1.6)

and the width of the passage between adjacent
pairs of fins,

1

N.r
(7.1.7)

where l, is the fin thickness.

The coil .face area is defined as the total area
(metal together with free-flow passages) presented
to the air stream,

4., = Lrx L

while thrc minimumfree-flow area comprises the area presented to the impinging air stream
by the free-flow passages alone, and is readily derived by subtracting the area presented by
the metal from the total face area:

A,n = A¡ - NIY¡L¡ - ZN,x) - 2N,L,x, (7.I.9)

The external surface area of the coil is conveniently divided into two components, the
primary surface area consisting of the external surface of the fin collars, together with the
external surface area of any exposed section ofthe tube surface,

A, = N,(znxrL,) . no"(r, - +l (7.t.lo)
I Nrl

and the secondary surface area comprises the surface area of the fins,

A, = ZNrlLoL¡ - xNx| + Yr(L, * L)l (7.1.11)

from which tbe total external surface area,

L(: YJ,

lr

Di

L.

Dt-
X¡

o

A -A +Aops (7.t.r2)



152

The total internal surface area,

A, = nND,L,

and the ratio of total external to total internal surface area,

A

(7.1.13)

B (7.L.r4)
A

I

7.2. Processes within the Cooling Coil.

The processes occurring within a plate fin-and-tube heat exchanger are governed by a
coupled systen of partial differential equations, describing the mechanical energy, thermal
and species concentration fields (Kays and Crawford, 1993). In the absence of
dehulnidification, the problem is reduced to one involving the thermal and mechanical
energy fields only. If in addition the temperature gradients are sufficiently small that the
associated density variations can be neglected, as will always be the case for the systems
with which we will be concerned, the equations describing the mechanical energy and
thermal fields may be decoupled and solved separatelyse. This is extremely advantageous
from a computational point of view. The distribution of the local heat transfer coefficient
will essentially be determined by the flow field. It is thus a valid procedure to solve filst
for the flow field, and only then to solve for the thermal field.

If condensation is occurring, the situation becomes considerably more complex. Under
conditions similar to those described above, decoupling between the species concentration
field and the thermal and mechanical energy fields will be achieved. Problems however
occur in defining the boundary conditions at the wetted surface where condensation is
occuring. While the interfacial temperature may be evaluated on the basis of
thermodynamic considerations (e.g. Luxton and Shaw, l99I), the position of the interface
remains indeterminate. The boundary conditions will not be fully specified unless the
topology of the interface can be accurately characterized.

The author is unaware of any experimental investigations of the detailed flow field in a
heat exchanger subject condensation, and indeed, the complexity of the flow field make it
unlikely that any such investigations have yet been undertaken. However, some progress
has been made in measuring the flow field ancl the distribution of the heat transfer
coefficient for the non-condensing situation. There is also a considerable body of
knowledge available concerning the mechanisms of the condensation process, based on
both theoretical and experimental studies. It is reasonable to assume that a more complete
trnderstanding of the processes occurring in condensing flow in a heat exchanger will
emerge from a confluence of these two lines of investigation. The purpose of the present

This is achieved by applying the Boussinesq approximation (Sherman, 1990). In the general case,

while this approximation simplifies the governing equations considerably, the two fields remain
coupled through the buoyancy term. This term may also be neglected here, and tbr all intents and
purposes, decoupling may be regarded as complete.

o
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section is to review briefly some recent results from these areas of research which will be

of relevance to the material presented in the sections which follow.

7.2.1. Non-condensing Flow in Heat Exchangers.

Rich (1975) investigated the effect of the number of tube rows on the heat transfer
performance of a series of heating coils. The coils involved had a comparatively high fin
density (14.5 fins/inch), employed staggered tubes, and were similar apart from the depth,
which varied from one to six rows, in increments of one row. The reader is referred to the
original reference for full circuiting details. The test envelope covered a range of face
velocities from 1.2 to 8. 1 m/s with an inlet water temperature of 68 "C and a water flow rate
of 0.15 kg/s. The test rig was an open-circuit wind tunnel, and hence no control over air
entering conditions was possible. When the overall heat transfer coefficient, expressed as

a j-factor (equation 7 .5.ß) was plotted as a function of Reynolds number60, two features

became apparent:

At low Reynolds number the overall heat transfer coefficient drops significantly as

the number of rows is increased.

At the higher Reynolds rumbers the trend is reversed, although the increase in heat

transfer coefficient with increasing number of rows is not nearly as pronounced as

the decrease in the former case.

In a second series of experiments, Rich re-circuited his four-row coil in such a manner that

it effectively comprised four one-row coils circuited in parallel. It was thus possible to
measure the contribution of the individual rows to the heat transfer performance of the coil.
The results were generally consistent with those observed in the earlier tests. At low
Reynolds number the contribution of each succeeding row to the heat transfer performance

diminishes in the direction of the air flow, while at high Reynolds number the trend is
reversed.

Rich offered a tentative explanation for his observations, at least insofar as they apply to
low Reynolds number performance. He noted that at very low Reynolds number a pair of
standing vortices will form behind a cylinder exposed to a cross flow, and that as the

Reynolds number is increased above a certain critical value, these vortices will detach from
the cylinder and form a vortex street. He further noted that if the ends of the cylinder are

constrained between the walls of a channel, as the spacing of the channel walls is
decreased, so the critical Reynolds number defined in terms of .S, will increase6r. [n a
configuration such as that under test, there is scope for standing vortices of signif,rcant size

to develop in the wake of the tube. Since there is little movement of air into or out of the

resulting recirculation zone, the temperature of the air within the zone will tend to approach

that of the fin; the heat transfer potential will be degraded within this zone. The wake

60 Rich used S, as the characteristic length in defining Reynolds number.

6l Rich's experimental measurements were in fact confined to one fin density (14.5 hnsiinch).
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generated by upstream tubes, Rich surmised, has the potential to influence the flow
impinging on downstream tubes, thus accounting for the progressive degradation of heat
tlansfer performance as the air moves through the coil.

Rich'.s analysis concludes with the remark that "aclclitional measurements, preferably on a
local basis, are needed to verify these conclusions and to provide a better understanding of
the complex flow mechanisms which occur". Such mcasurements as have been published
in the open literature are in accord with the general thrust of Rich's argument. They also
add significantly to the detailed understanding of the processes which occlrr within a plate
fin-and-tube heat exchanger.

Gilbert (1987) has reviewed the literature available on the subject. Only three studies need
concern us here; those of Gilbert ( 1987), Saboya ancl Spamow (1974; l9j6a, b), and to a
lesser extent, that of Fukui and Sakamoto (1969). Furthermore, we shall confine our
attention to measuretnents involving staggered tube arrangements. All three studies cited
include measurements of local heat (or mass) transfer coefficient. Gilbert and Fukui and
Sakamoto back up their measurements with f-low visualization studies. All studies have
been conducted on scale or full-size models due to the diff,rculty of instrumenting an actual
coil in situ.

It is perhaps convenient to consider the measurements of Saboya and Sparrow first, since
these comprise the most comprehensive set of measurements of local transfer coefficient
available. Their studies made use of the naphthelene sublimation technique, full details of
which may be tbund in Saboya and Sparrow (I974). In briel the flow between two blocks
of naphthelene was used to simulate flow between the f,rn surfaces of a cooling coil. Delrin
spacers simulated the tubes. Thus this study, like the others considered, was concerned
solely with heat transfe¡ fiom the fins. By exposing the surface of the naphthalene to a
metered air flow for a certain length of time, and then measuring the topography of the
surface, the local mass transfer could be inferred from the depth of material removed. The
results are expressed by Saboya and Spanow in terms of a local Sherwood number,

KD.Sh= '
Do,

wherc K is the mass transfer coefficient, D o is the hydraulic diameter (equation 7 .5.22) and,
Du, is the coefficient of diffusion of napthalene in air. In all of the studies cited the results
were expressed as palameters of a Reynolds number based on hydraulic diameter (equation
1.5.2O). The results can be expressed in terms of an equivalent Nusselt number using the
mass transfer analogy (Saboya and Sparrow, 7974; Kays and Crawford, 1993). The
configuration studied here is analogous to a heat transfer situation involving fin surfaces
of a uniform temperature.

In a series of experiments, Saboya and Sparrow considered flow through a one-row coil
(1974), a two-row coll (r976a), and a three-row coil (1976b). The geometry ernployed
conesponded approximately to that of a coil having 7e inch diameter tubes and 14 fins per
inch. For the one-row coil, Saboya and Sparrow present detailed measurements of the

(7.2.1)



155

mass transfer topography at Reynolds numbers of 127I,648 and2l4. At the highest
Reynolds number, the following major features are observed:

l. A region in which the transfer coefficient is relatively high is encountered at the
leading edge of the fin, where the boundary layer is still developing. Note that this
region is not of great importance in a heat exchanger situation, since the driving
potential for heat transfer is typically small there. Moving downstream within the
boundary layer the transfer coefficient decreases, fairly rapidly at first, and then
more rapidly towards the trailing edge of the fin. Directly upstream of a tube the

transfer coefficient is depressed due to blockage of the flow.

ll A horseshoe vortex system is generated at the intersection ofthe tube and the fin
originating from flow along the stagnation line towards the fins at the front of the

tube. This continues to develop as the fluid is swept around the tube, reaching
maximum strength part way around the tube. At this point the transfer coefficient
is significantly higher than at any other point in the flow. A weaker secondary

system is observed parallel to the first, but further from the tube. The strength of
the vortices then start to decay, the dominant system decaying slowly, while the

secondary system has disappeared pompletely by the 90 degree point around the

tube. At this point, the dominant vortex system separates from the tube and moves

downstream. Its strength continues to decay downstream, but the transfer
coefficient remains noticeably higher than that in the boundary layer.

rll. Within the wake of a tube the transfer coeff,rcient is extremely low, At this
Reynolds number the wake extends with approximately the width of the tube, and

is sharply delineated on the fin surface by the horseshoe vortex until the trailing
edge of the fin is reached.

As the Reynolds number reduces, the transfer coefficient is found to decrease across the

surface of the fin. The effect is most pronounced in the case of the horseshoe vortex
system. At Re = 648 the secondary vortex system has disappeared completely, while the

primary vortex is still sharply defined, reaching a peak only part way around the cylinder
from the stagnation line, but it has all but decayed by the time it reaches the separation

point. The wake starts to show a tendency to fill in as the trailing edge of the fin is

approached. At R¿ =214, these effects are even more pronounced. The horseshoe vortex
system is weak, and extends for a short distance only from the stagnation line.

For the two-row coil, Saboya and Sparrow have published test results for two values of
Reynolds number, 1087 and 211. As might be expected, the topography of the transfer

coefficient in the region corresponding to the hrst row of the coil is generally similar to that

for a one-row coil. A number of interesting features are however noticed as the flow
moves further downstream. Considering the case of the higher Reynolds number first, it
is observed that the wake of the first row extends virtually undiminished to the trailing
edge of the f,rn, downstream from the second row. The flow impinging on the second row

is thus accelerated, causing intensif,rcation of the horseshoe vortex system. Both the

dominant system and the secondary system are stronger than the dominant system of the

first row, and both persist to the trailing edge of the fin. A weaker tertiary system is also
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observed, which persists beyond the separation point. lnterestingly, the wake is not nearly
as persistent as for the first row. At the lower Reynolds number the wake from the first
row continues to weaken downstream, although it is still readily discernible at the trailing
edge of the fin. Again, the horseshoe vortex is intensified, and persists at least to the
separation point. A wake with a diffuse boundary is observed downstream from the tube.

For the three row coil the third row lies within the wake of the first. At R¿ = 1087, the
dominant horseshoe vortex is broader than, if not displaying quite as high peak values as
the first row. The secondary system is also better developed. The channel between the
tubes in this row lie within the wake of the tubes of the second row. [n general, the transfer
coeff,rcient within this region is higher than within the corresponding region for the second
row. Somewhat similar trends are observed at the other Reynolds numbers for which
Saboya and Sparrow have published reults (643 and216). Inparticular, at Re = 643 well-
developed and persistent primary and secondary horseshoe vortex systems are generated
around the tubes in the second row, probably due to the augmentation of the Reynolds
number at the tubes of the second row due to blockage caused by the wakes of the tubes
of the first row.

By integrating the local transfer coefficient over the fin surface areas conesponding to the
first, second and third rows, Saboya and Sparrow (I9l6b) were able to estimate the relative
contribution of the various rows to the total transfer capacity of the three row coil. Their
results are shown below:

Re Row lÆotal Row 2Æotal Row 3Æotal

2t6

643

1087

0.497

0.422

0.348

0.286

0.316

0.314

0.217

0.262

0.338

Caution should be exercised in interpreting these figures, which have been derived on the
basis of isothermal f,rn surfaces, in the context of heat exchanger operation. In particular,
the very high values for the local transfer coefficient at leading edge of the fin, a region
where the fin temperature will approach the stream temperature, have added undue weight
to the telative capacity of the first row. V/hen allowance is made for this, these results are
not inconsistent with the trends exhibited by Rich's experiments. A full analysis of the
contribution to the total heat transfer of the va¡ious mechanisms operating at various points
on the fin surface requires knowledge of the accompanying heat transfer potential.
Potentially, this should be amenable to modelling using the techniques of computational
fluid dynamics. It is clea¡ however that the horseshoe vortex system is a major contributor
to the overall heat transfer, and that the relative contributions by the various tube rows will
be critically determined by the strength of this system for each.
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Additional measurements of the local heat transfer coefficient have been provided by Fukui
and Sakamoto (1969) and by Gilbert (1987). Fukui and Sakamoto used the naphthalene

Figure 7.3. Smoke wire photograph showing flow through a staggered two-row heat exchanger model
equivalent to a prototype with 4 fins per inch, operating with a face velocity of 2 m/s.

sublimation technique; Gilbert used an array of heat transfer gauges distributed across a

scale model of a fin surface. Both sets of results generally conhrmed those of Saboya and
Sparrow.

Gilbert (1987) also studied the flow mechanisms within a heat exchanger using flow
visualisation techniques on scale models simulating one and two row coils having fin
spacings of 4,6 and 8 fins per inch, and at face velocities of I,2,3 and 4 m/s. Smoke wire
and china clay visualization was used. Two photographs from Gilbertb smoke wire studies
are reproduced here as figures 7.3 and 7.4, showing the case equivalent to flow over a two-
row coil at a face velocity of 2 m/s at a fin spacing of 4 fins/inch, and at a face velocity of
4 mls at a fin spacing of 6 fins/inch. The recirculation zone is well illustrated, as is the

horseshoe vortex system. Possibly the most interesting feature is the fact that, even at this
face velocity, which significantly exceeds velocities encountered in practice, the flow is at

all points laminar. In particular, the sharp definition of the horseshoe vortex system

indicates that this is a laminar vortex system. These findings run contrary to much
cornmon wisdom (e.g. Threlkeld, 1970), which asserts that the flow through heat exchanger
coils in air conditioning applications is turbulent. By comparing the two photographs a
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second feature becomes apparent; as the hn density increases, the width of the recirculation
zone also tends to increase. This is consistent with the reduction of the Reynolds number
based on the spacing between the fins which Gilbert argues convincingly is the dominant
length scale in the flow. This reduction in Reynolds number as fin spacing decreases is
contrary to Rich's interprctation in which he used the tube spacing as the length scale in
the Reynolds number and hence deduced an increase in Reynolds number as fin spacing
decreased. Discussions of the above interpretations can be found in Gilbert (1987), Luxton
and Shaw (1991) and Van Aken (1993).

7.2.2. Condensation in Cooling Coils.

The presence of condensation on a heat transfer surface imposes an additional thermal
resistance between the surface and the moist air stream. Any model of a cooling coil
exposed to a dehumidifying air stream must account for this resistance in one way or
another.

The literature recognizes two basic forms of dehumidification. Infilmwise condensation
the condensate is deposited in a thin film on the heat transfer surface. The underlying
theory, which is based on the work of Nusselt (1916), is now well understood. In 1930
Schmidt and his coworkers described a second 'ideal' mode of condensation, in which the
condensate is deposited as discrete cirops. In this latter mode, known as dropwise
condensation, the heat transfer typically exceeds that which would be experienced if the
condensate was deposited as a film by at least an order of magnitude due to the greatly

Smoke wire photograph showing flow through a staggered two-row heat exchanger model
equivalent to a prototype with 6 fins per inch, operating at a face velocity of 4 m/s.

Figure7.4
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enhanced heat transfer
presented by the drops and
the exposed surface

between the drops. As a
result of this highly
desirable characteristic, a

great deal of effort has

been expended in an effort
to understand the

underlying mechanisms.
For the most part this work
has been concerned, from
both an analytical and a

theoretical point of view,
with condensation
involving pure vapours or
ideally clean and smooth
surfaces. In 1966, LeFevre
and Rose presented and

later extended a theory to
predict heat transfer in
dropwise condensation
(LeFevre and Rose, 1966;
Rose, 19'76, 1988).

Although not finding
universal acceptance, the Figure 7.5. Droplike condensation on a dehumidifier coil.

LeFevre and Rose theory
does provide a plausible means of modelling the various processes involved in dropwise

condensation, and forms the basis for much of the work which was subsequently

undertaken during the 1960's and 1970's. Due to practical problems of maintaining a stable

dropwise condensation regime in industrial environments, interest in this mode of
condensation has waned since the early 1980's.

It is commonly assumed that water condensing on the fins and tubes of cooling coils in air
conditioning applications form a thin film across the surface (Threlkeld, 1970; ARI, 1981).

While this assumption is analytically convenient, experience indicates that f,rlmwise

condensation will be the exception, rather than the rule. [n a series of experiments

McQuiston (1976, 1978a) concluded that it was not possible to produce filmwise
condensation on copper or copper-nickel heat exchanger surfaces, and that f,rlmwise

condensation would only occur on aluminium surfaces if they were subjected to thorough

cleaning beforehand. Our orwn experience involving tests on industrial grade heat

exchangers (Luxton and Shaw, 1990) supports these findings, and indicates that

condensation on heat exchanger surfaces in air conditioning practice is almost invariably
in the form of discrete drops, rather than films. The point should be made that the coils
used in our experiments have not been subjected to any special surface treatment, and that

essentially similar condensation behaviour has been observed on a coil reclaimed after 20

years of service.
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A more detailed examination of the
nature of the condensate formed on
vertically-oriented heat exchanger
surfaces exposed to moist air (Hallion,
1988; Schroeder-Lanz, 1989; Afnan,
1990; Tai, 1991) indicates that it is
inconcct f.o clescribe the condensation
process observed in air conditioning
coils as dropwise condensation, and that
a third mode of condensation, for which
we have coined the term droplike
condensation, is operative in such cases.
An example of this latter mode of
condensation is shown in figure 7.5,
which is reproduced from Hallion
(1988). The basic characteristic which
discriminates between the two modes of
condensation is the contact angle which
the drops make with the underlying
surface, as shown in figure 7.6. For
dropwise condensation the contact angle
p > n/2, while for droplike
condensation, 0 < p < nl2. For filmwise
condensation, þ = 0.

p
Dropwise
Condensqtion

p
Droplike
Condensolion

Filmwise
Condensolion

Figure 7.6. Comparison of the three modes of
condensation.The range of contact angles

characteristic of dropwise condensation are associated with limited wettability of the
surface. For this reason, the mechanism is very sensitive to the treatments applied to the
surface on which condensation is occurring. Further factors affect the dynamics of
dropwise condensation. In the case of an almost pure vapour, the presence of even minute
quantities of non-condensables will significantly affect the stream-side heat transfer
coefficient (læFevre and Rose, 1965). In addition, when the stream velocity exceeds a
certain critical value, there is a tendency for the drop formation to become unstable and
break down to form a film, with an associated drop in heat transfer coefficient (Otsara et
a1.,1967). These factors account for the decrease of interest in the dropwise condensation
mode in connection with industrial processes where the high heat transfer coefficients
associated with this mode would otherwise be attractive.

In respect of droplike condensation as experienced in air conditioning heat exchangers, the
condensing vapour is a very small component within the main mass of the non-condensing
gas. In addition, the process would seem to be relatively insensitive to the treatment
accorded to the underlying surface, and to be "stable" in at least the lower part of the range
of velocities encountered in air conditioning applications.

The theory of IæFevre and Rose applies specifically to the case of dropwise condensation
of a pure vapour which is at rest relative to the surface. Both dropwise and droplike
condensation on a vertical surface are dynamic processes in which condensation occurs in



the first instance at nucleation sites on the surface. The resulting drops grow by
condensation, and by coalescence with neighbouring drops until a certain critical size is
attained, at which point gravitational force overcomes the surface tension forces and the
drop will run down the surface. The surface in the wake of the falling drop is scoured, but
numerous micloscopic drops remain which form nucleation sites for a new generation of
drops. The condensation layer consequently undergoes a process of dynamic renewal, and
it is reasonable to assLlme that the statistical distribution of the drop sizes will remain
invariant with time. The læFevre and Rose theory is not directly concerned with the
dynamics of drop formation and growth. lnstead, they seek to model the heat transfer
processes occurring in a single drop, and by assuming a drop size distribution, to extend
the analysis to calculate the average heat transfer rate for the condensate layer. tn the
situation modelled by LæFevre and Rose, heat transfer through a single drop is influenced
primalily by three factors:
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(7.2.2)

1

ll
lll

Dissipative normal stresses associated with interfacial matter transfer.
The influence of surface curvature on the phase equilibrium temperature.
Conduction through the drop.

The first factors dominate in the case of very small drops, while the last mentioned is of
major importance in the case of the largest drops. For the dlop size distribution, LeFevre
and Rose used an expression of the form

m

a.=I- I
r

where,
ø is the fraction of area covered by drops with radius greater than r,
Ê is the effective maximum radius of an adhering drop, and
m is a constant.

Subsequent work by Glicksman and Hunt (1972), Graham and Griffith (1913) and Rose
and Glicksman (1973) confirm the suitability of equation (7 .2.2).

The tæFevre and Rose theory has been analyzed in detail by Schroeder-Lanz (1989), who
extended the theory to cover the case of droplike condensation in a process involving moist
air. The major modifications required were:

The dissipative normal stress is the only factor contributing to the heat transfer
through a drop which will be affected by the presence of non-condensables. By
considering the present case as an extreme case of the condensation of a single
vapour in the presence of non-condensables, Schroeder-Lanz was able to infer a

suitable correction based on the available experimental evidence regarding the
influence of non-condensables.

The second modification concerns the shape of the drop. The expressions
published by LeFevre and Rose were derived from the assumption that the drops
are hemispherical (þ = n/2), which is an appropriate assumption for the
condensation ofsteam on a horizontal surface. The theory has subsequently been
extended to handle contact angles other than n/2 (Rose, 1912).

lr.
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lll By analyzing the modification of the drop shape caused by the flowing vapour,
Schroeder-Lanz inferred that this effect may safely be neglected, at least where the
fluid velocity does not exceed 2'l mls.

Using the modified l,eFevre and Rose theory, Schroeder-Lanz was ablc to estimate the
condensate resistance for a number of experimental cooling coil tests performed by Sekhar
(1990). Approprial"e values ftrr the contact angle (þ and the maximum effective drop
radius ( Ê) were deduced from measurements of photographs of the droplike condensation
process obtained by Hallion (1988) and by Schroeder-Lanz (1989). With the condensate
thermal resistance estimated from the experimental measurements using a combination of
the AU and ARI methods (see sections'7.4 and 7.5), the theoretical predictions were found
to agree with the estimates to within 3OVo. These results can be regarded as preliminary
only. However, they are encouraging. The mechanisms involved in the droplike
condensation process are currently being investigated further.

7.3. Parameterization of Cooling Coil Performance.

The fin-and-tube arrangement, in both its plate-fin and helical-fin forms, has long been the
preferred configuration for dehumidifying coils within the air-conditioning industry.
However, the complex geometry of this conhguration, and the resultant complexity of the
heat and mass transfer processes occurring across the surface of the coil, render the
mechanisms involved particularly intractable to detailed analytical or numerical modelling.
Indeed, as has been suggested in the preceding section, our understanding of these
processes is quite incomplete. Given the need to predict coil performance in the face of
such uncertainties, two general classes of model have evolved.

Differential models are basically concerned with the simulation of processes at the local
level, and are thus critically dependent on the ability to predict local heat and mass transfer
coefficients. The work of Van Aken (1993) and Hill and Jeter (1991) provide good
examples of this approach. Such models offer considerable flexibility in respect of their
ability to account for non-uniformities in the air distribution, spatial variations in heat and
mass transfer coefficients, and for departures from isobaric conditions through the coil.
The COILSM programme of Van Aken offers the additional benefit of modelling the
transient response of the coil. In principle, the philosophy underlying the differential
approach to coil simulation suggests that such models should offer a modest capability to
handle operating conditions and coil geometries extending beyond the range over which
they have been tested. The extent to which this is true will in fact be determined by the
range of applicability of the assumptions which have been made regarding the physical
processes involved, and experience suggests that, given the current state of the art, such
extrapolations should be made with caution.

The flexibility of the differential approach is necessarily purchased at the expense of a
certain amount of computational effort, and for the present purposes a simpler model is
sought. Parameterization of the heat and mass transfer processes in terms of overall rather
than local coefficients leads to an integral approach. In concept, integral models are
inherently more dependent on experimental data than are those based on a differential



approach, and should only be used within the range of operating conditions, and for the coil

geòmetries for which their performance can be guaranteed. It should be emphasized that

á good integral model is based on a much more sophisticated foundation than a simple

cuive-fitting procedure. The use of experimental correlations within a framework based

on sound physical principles guarantees that the model can be used with confidence over

its range of applicabilitY.

To summarize the above, it maY be

stated that the aim of an integral model

is to provide a mechanism wherebY

experimental data may confidentally be

interpolated over the range for which

they are available. Differential models

in addition seek to provide a capability

whereby a limited amount of
experimental data will provide the basis

for extrapolation beyond the range for
which the data is available. Within their

common range of aPPlicabilitY,

differential and integral models should

produce results which closely agree with

one another, and with available

experimental data. The differential

approach is inherently more flexible, and

provides a more detailed picture of the

processes occurring within the coil.

With improvements in our understanding

of these processes, and the increasing

cost-effectiveness of available

computing power, such models maY in

time provide an attractive alternative to

the integral model to be described in the

following.
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Heat and rnass Eansfer processes across

an incremental area of coil surface.
Figure 7.7.

7.3.I. The Dual'Potential Model.

As a preliminary step in the derivation of the model, it is necessary to consider the bulk

heat and mass transfeì processes occurring across an incremental area of the surface of the

coil. The driving force for heat and mass transfer between the humid air and the coolant is

modelled as two potentials combined in series. The situation is shown schematically in

figure 7.7.The driving forces involved are:

Heat and mass are transferred between a humid air stream and the wetted surface

of the coil. Momentum and thermal boundary layers form at the inner surface of

the tube, and in the airstream adjacent to the condensate layer. Under conditions

to be defined below, the coil surface will be the site of active condensation of water

vapour, which will form a layer of condensate as shown. The air in contact with
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the condensate will be saturated at a temperature /.1, the humidity ratio and the
enthalpy of the air saturated at this temperature being w. and /r, respectively. In
these circumstances, the total rate of heat transfer from'ihe air.stream to the coil
surface is:

dq, = -rhodho * ¿odWnh¡,* (7.3.1)

The operative driving force in this instance is the enthalpy potential between the
fi'ee stream and the air immediately adjacent to the layer oi condensate, and the rate
of heat transfer may be represented in terms of the áriving force as:

dq, = h,,,*dAo(to-l.,) + KrdA,,(W,,-W")(hs,,-hf,*) (7.3.2)

Introducing the Lewis number, as defined in equation (4.2.11), the above
expression becomes

dq (7.3.3)
Le

Invoking equation (4.r.24), for s.I. units the latent component of the enthalpy
potential may be approximared as 2501.9(w" - w,) Eqùation (7.3.3) may tnLn
be restated as

co,h) o
h

c0,w

C

dA (w. - w,)(
cp,o(to - /,) +

hr,, - h¡,,)
Cpu

h dA (w,-w,)(hs,,- h'*-250r.gLe)(h -h\+, a rt

P,a Le
dq o

(7.3.4)

Threlkeld (1970) has shown that the last term in the bracket is typically small by
comparison with the first, in which case this equation can be restated in the form
introduced by McElgin and Wiley (1940):

h
dq, = 

Ëo(r" - h,)dA, (7.3.5)
P,U

where å.,.,r, should now, strictly speaking, be interpreted as a combined heat and
mass transfer coefficient; coil rating techniques based on equation (7.3.5) will
necessarily impose this interpretation oî h,.,u,

Heat is transferred through the surface of the condensate layer, through the hns and
tube wall, and through the coolant-side boundary layer, ih"r" it is removed by
convection. The rate of heat removed due to convecr.ion is:

dq, = ù.cørdtru, (7.3.6)

In this case the process involved is one ofpure heat transfer, and the driving force
is the difference between the temperature of the saturated air immediately aãjacent
to the condensate layer, and the mean temperature of the coolant. In terms óf tnt
driving force, the rate of heat transfer may be represented as:

lal
de, = hl;l{t,-t,)dA,, e.3.7)

Lo,l
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where h, rs acombined coefficient for heat transfer through the condensate layer,

the tube walls and fins, and the coolant boundary layer, and t* is the temperature

of the coolant.

The potentials described in (i) and (ii) above are connected in series, and refer to the same

heat flow. Thus, equations (1 .3.5) and (7 .3.7) may be equated and rearranged to provide

a definition for the coil characteristic:

tr-t* hr., Ai, = i¡,= ffiE (7.3.8)

The coil characteristic provides the basis for a graphical method developed by Kusuda

(1957) to determine the surface temperature of a given coil. Note that the analysis

underlying the development of equation (7.3.8) is based on a differential element of the coil

surface area. The heat transfer coefficients in this definition are thus local coefficients.

If it can be assumed that these coefficients are essentially independent of the position in the

heat exchanger, the coil characteristic may be calculated on the basis of overall heat

transfer coefficients, and can subsequently used to estimate local coil surface temperatures

corresponding to air on to and off from the coil. Experience with an extensive database of

test data confirms that this is a valid assumption'

If the heat and mass transfer coefficients defined in the above equations can be predicted

for a given heat exchanger configuration and arbitrary flow conditions, the above equations

can bã used as the basis for a differential coil performance model. Inevitably, the process

of reducing experimental test data to obtain coil performance ratings will introduce further

assumptionr und upptoximations, which may critically influence the accuracy and validity

of the model. The process of reducing experimental test data to obtain coil performance

ratings will usually iequire assumptions and consequently a degree of approximation which

is often poorly defined. The most widely used method of rating cooling coils is

undoubtedly that prescribed by ARI Standard 410-81, which takes the above analysis as

its starting point. The dual potential concept also forms the basis for an alternative scheme

for rating cóoling coils developed at the University of Adelaide (Sekhar, 1990), hereafter

referred to as the AU method. Both of these methods will be discussed in some detail in

the following sections. It is however pertinent first to extend the above analysis, and to

consider its alplication to a number of problems involved in the analysis and design of air

conditioning systems.

7.3.2. Definition of Coil Performance Problems.

ln the selection and analysis of simple dehumidifying coils, two closely-related problems

are of major importance' These are defined below'

FA Given a set of air-on conditions, and a water inlet temperature and flow rate,

find the coil surface afea, and consequently a coil geometry, which will deliver

a desired set of air-off conditions.
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FP Given a known coil configuration, an air-on condition and air flow rate, and a
water inlet temperature and flow rate, find the air-off condition.

Conventional design techniques, which have relied on sclcction of a coil to cleliver a
specified performance at peak conditions only, have been mainly concerned with problem
FA (see for instance, ASIIRAE (1988)). The life-cycle dósign methodology ro be
developed in subsequent chapters is concerned with obtaining satisiactory operatiòn across
the entire operating spectrum of the coil, which may be critically dependent upon the
circuiting employed. Thus the need to trial a wide range of candidate solutions for a
number of operating conditions will commonly arise. The emphasis in the following is
therefore on developing reliable algorithms for the solution of problem Fp. Within the
context of the current methodology, methods for solving problem FA potentially have some
value in forming the basis for techniques for making the preliminaryselection of possible
candidate coils for a particular application. Derivation of algorithms for the latter problem
is a straightforward consequence of the following. It wiil not however be considered
directly.

7.3.3. Determination of Coil Surface Conditions.

The condition of the
working fluids entering and
leaving a cooling coil are
as defined by the notation
of figure 7.8. The
circuiting shown provides
an approximation to a
counterflow arrangement.
While it is possible to
re¿urange the circuiting to
approximate parallel flow
(Van Aken, 1993), rhis is
infrequently done in
practice, and the present
study will consider the
counterfl ow configuration
only. F'or this case, local
conditions through the coil will vary as shown in figure 7.9, which shows the variation in
moist air temperature and enthalpy in the body of the air stream, and immediately adjacent
to the coil surface, and the variation in temperature of the coolant. In accordance with the
dual-potential model developed previously, the surface referred to is the surface of the tube
and fins for the dry portion of the coil, and the outer surface of the condensate layer for the
wet portion.

The air entering the coil will in most cases initially be in an unsaturated state.
Condensation occurs where the local surface temperature falls below the dew-point
temperature of the entering air. The point at which condensation starts to form is referred

Ilo1

ho
w"

+to2
hoz
w",1

Ï*z
t*l

Figure 7.8. Notation for the properties of working fluids entering
and leaving a typical cooling coil.
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the general case of operation with a partially dry surface'
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counterfl ow configuration, for

to as the dry-wet boundary in figure 7.9. Those portions of the coil to the left of the

boundary (upstream relative to the air flow) will operate dry, while those portions to the

right (downstream) will operate wet'

Defining
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(7.3.e)

and performing an energy balance for the air and coolant flows over the dry portion of thecoil leads to the following expression for enthalpy of the air stleam corresponding to thedry-wet boundary:

l'ou _ (t-t*z+lhot*chlt
c+y (7.3.10)

Given the state of the air and coolant entering and leaving the coil, this parameter provides
a convenient characterisation of the operating regime foi the coil:

? !f^!* > hu, condensation occurs across the entire coil surface;b. If hot > hnt, ) ho, tbe surface is partially dry;
c. If hnh < h,,, the surface is complely dry.

The following conditions at the dry-wet boundary can also be determined:

,::, (7.3.11a)

ffio tr2 - t*t
L-- ù*Cr., hut - huz

trb

trrb = t*2 - lCpn(to, - tor)

tob = tol
(h"r _ hob)

C
P,A

(7.3.11b)

(7.3.11c)

7.3.4. Determination of Coil-off Conditions.

Given the thermodynamic state and flow rate of moist air and coolant entering the coil, the
model algorithm to be described below will predict the appropriate heat transfer
coefficients' the state of coolant leaving the coil,lnd the enthalpy of the air leaving thecoil' To complete the solution, one additional property of thå air leaving the coil is
required' For a fully-dry coil the humidity ration re¡naiìs constant through thJdepth of the
coil, and the leaving dry bulb temperature is readily found using equátion (+.i.zs). A
means of deriving the leaving air dry bulb temperature for a wet or partially wet coil is
derived in the following.

Consider a straight line on a psychrometric chart connecting the entering and leaving air
conditions for a coil (figure 7 .Io). If projected, this line wili meet the saturation line at apoint which defines an equivalent surface enthalpy (h¡), and an equivalent surface
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Figure 10.7. Ideal process line defining the equivalent surface enthalpy.

temperature (/;)62 Neglecting the second term in equation (7.3.I), which will always be
small, the air side heat transfer equation becomes

dq,= -thodho . (7.3.12)

For the ideal process line of figure 7.10, the surface temperature will remain constant, and
equal to the effective surface temperature through the depth of the coiló3, and equation
(7.3.5) may be rewritten as

h
dq, = i(r"-4)dAo Q.3.r3)

p,a

Equating (7 .3.12) and (7 .3.13), and integrating through the depth of the coil gives

Commonly known as the apparatus dew point

This analysis approaches an exact representation for the case where the coolant temperature remains
constant, and the process line approaches a straight line. Experience shows that it will however
provide a good working approximation in most cases. Kusuda(1957) further considers the case of
varying coolant temperature for a class of parallel-flow heat exchangers. See also Hill and Jeter
(1991).

62
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and thus,

or

(h - h-)

hot

dA
C m

c,(.tut a

'oLM

2

ï
dh hu -f c.ow

aPa
o (7.3.14)

(7.3.1s)

(7.3.16)

(7.3.r7)

(7.3.2o)

h "-h_ h

p,a
h_

.ç 4

of,

hut - hoz

't ut 
l-e-r'

where the heat transfer coefficient c is defined by

hAc.0\9 o

C rirp,a 4

Considering now the sensible heat transfer between the moist airstream and the wetted
surface, by analogy with equations (7.3.12) and (7 .3.13), we can write:

dq, = -titncp,odto (7.3.13)

da =h (t-t-\dA¡,t L,ow \ ¿t (, (7.3.1e)

Equating (7.3.18) and (7 .3.L9), and integrating as before gives

(7.3.21\

where c is as defined in equation (7.3.17). For the situation described at the beginning of
this section, ho, ho2, hr.o,,r, to, and rho are known and the coil-off dry bulb temperature
can be found as follows:

Calculate ft; using equation (7.3.16)

Find the dry-bulb temperature /; corresponding to the saturation enthalpy /z;. The
relationship connecting these two entities is pressure-dependent, and may be most
expediently solved by finding the value of /, for which

h,(i) - h, = o (7.3.22)

t ^ = t- + (t ,-t-\e-'ct¿ .1 . r./ .1.

a.

b.
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(see section7.3.6.1), where /2.(r) is a function which evaluates the saturation
enthalpy for a given trial value of dry bulb temperature by:

Finding the corresponding humidity ratio using equation (4. 1.10), and thus
Evaluating enthalpy using equation (4.1.25).

The solution may be bracketed to within a fairly broad range using the identity
t*, 1t7 ltnt .

c. Hence, solve equation (7 .3.21) for the coil-off dry-bulb temperature.

7.3.5. A Model Algorithm for Problem FP.

ln the most general case, we may consider the external surface of the coil to be covered by
two non-overlapping regions, one fully wet and the other fully dry, these corresponding to
the regions lying to the right and left respectively of the dry-wet boundary in figure 7.9.
Thus, the total surface area of the coil

4,,=A*+Ao. (7.3.23)

Similarly, we may partition the heat capacity for the coil into two components,
corresponding to the wet and dry surface areas of the coil:

Q¡=Q¡,,,+4¿' (7.3.24)

Now we predicate the existence of algorithms to solve the following two problems:

AW Giving the condition of the working fluids entering a coil, together with the
cooling capacity of the fully-wet portion of the coil, find the corresponding
fully-wet surface area.

AD Given the condition of the working fluids entering a coil, together with the
cooling capacity of the fully-dry portion of the coil, find the corresponding
fully-dry surface area.

Algorithms to solve the above problems will be presented in sections 7.4 and 7.5; for the

moment it suffices to assume that they exist.

We are now in a position to propose an algorithm to solve problem FP. Given an estimate

of the cooling capacity for the coil and its component parts, 4, = 4* + /td, then, using the

algorithms for p,roblems AW and AD we can estimate the wet and dry surface a¡eas for the

coil, A, and A, For a given coil geometry, Ao is known. Thus, 4, may be found by
solving the homogeneous equation

f@) = A.- Ão- Ã*=o (7.3.25)

I

ii
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for hxed condition of the working fluids at entry to the coil. tn solving this equation, the
condition of the working fluids leaving the coil will also be determined.

lt is assumed that for Q, > 0, equation (7.3.25) has a unique solution6a, which may be
solved for using a stanclard routine for finding the zero of a nonlinear function of one
independent va¡iable. It should be noted at the outset that zero-finding techniques such as
the Newton-Raphson method, which require a knowledge of the first derivative of the
function, a¡e not viable in the present instance. Fortunately, efficient root-f,rnding methods
which rely solely on the ability to solve for f(Q) for some given 4, are available. A
procedure to return f (4 ) given 4, as an input parameter is required. The detailed structure
of such a procedure will depend on the method selected to calculate the heat and mass
transfer coefficients. In outline, the procedure may be implemented as shown in figure
7.tt.

7.3.6. Numerical Implementation.

7.3.6.1. Root Finding.

Given an estimate of the coil capacity, a function structured according to the model
algorithm of figure 7.11 will return the conesponding value of the objective function f (q,),
which is defined by equation (7.3.25). Such a function may be specified as an argument
to a suitable root-finding procedure, which will return an estimate of the solution to
equation (7 .3.25) to a degree of accuracy determined by a user-supplied tolerance, and the
machine precision.

A wide range of such algorithms are available (see for instance, Press et al., 1988).
Broadly speaking, these may be classified into two categories, according to whether the
iterative technique used requires that the first derivative of the objective function be
calculated at the trial points, or otherwise. As mentioned previously, it is not convenient
to calculate the derivatives of the objective function in the present case, and an algorithm
belonging to the second category must be used. The technique used is in fact an algorithm
devised by Brent (lWD, commonly referred to as zero. This is a hybrid method, based
on the secant method, but using bisection to accelerate convergence where the basic secant
method demonstrates poor convergence properties.

This algorithm is used extensively by the Z,e,bra simulation package, and it is worth
considcring its attributes in a little more detail. Brent's algorithm is a guar-ded root-finding
algorithm in the sense that the user is required to specify the interval (a,å) within which the
solution is known to lie6s. Provided the region (a,b) has been correctly specified,

No proof of this assumption will be offered; suffice it to say that experience with the algorithm has
yet to indicate the existence of a set of conditions which contradict this assumption.

In many instances, including the one cunently being considered, evaluation of the objective function
is computationally expensive. The task of finding the bracketing interval (a, b) (see below)
frequently involves the evaluation of the objective function, f(a) and fþ) at the limits of the
bracketing interval. However, in the published versions of zero (Brent, l97l;Press et al., 1988),
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Calculate hnz, bl performing an energy balance on the air stream;
Calculate t*r, by performing an energy balance on the coolant;
Estimate required thermal resistances and heat transfer coefficients;
CaLculate the coil characteristic C;

Find the enthalpy of the air h,,, at the dry/wet boundary;

if h,,b > h,,, then
{

(Eqn.7.3.12)
(Eqn. 7.3.6)

(Sections 7.4-7.6)
(Eqn. 7.3.7)

(Eqn. 7.3.10)

(Coil is fully wet)

q* - 4,i
- Q,'

* SoLution to problem AW;
e Q,'

Q-tu

A
4,1

Ì
el se
t

(Coil is partially or f ully dry)

if h,,h < i1,,, then
{

4¡¿ - Ç,;
4*-o;

)

el se
ã . - rh (h . -ttu u\ 4t

if tn, < t,,z oî tot t t*o

fetu fn æ;

(Coil is fully dry)

(Coil is partially wet)
h,,);
then

(Section 7.3.6)
Ã¿ * Solution to problem AD;

if h,,h> h,,rthen
{

4--4,-4,u;
A, - Solution to Problem AW;

Ì
el se

Ã*: 0;

(Coil is partially wet)

Ì

Calculate Çr:
retufn An * A¿ - Ao;

(Section 7.3.4)

113

Outline ofa procedure to calculate the difference between the calculated and actual total
coil surface areas.

Figure 7.11.

this information is discarded, and f(a) and f(b) are re-evaluated within the body of the function.
Using the C++ overloading mechanism (Stroustrup, 1991), it is straightforward to provide an

alternative function call permitting values of f(a) andf(b] to be passed as arguments, when known.

This is a trivial modificationbut because of the excellent convergence properties of zero, the

computational savings are frequently substantial.
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convergence is guaranteed. The
details of the iterative mechanism
used by zeto are particularly
important insofar as one aspect of
the algorithm of tigure 7.11 is
concerned. If an excessively large
value of q, is passed as an

argument to this procedure, a

physically non-realizable situation
may arise whereby a leaving
coolant temperature in excess of
the entering air temperature
(t*z > t,,t), or a coolant
temperature at

boundary in
corresponding

the wet/dry
excess of the

t

b *a;
ft * f,, * f(a);

wh'i I e (sign (f,,) = sign (f ,)) and ¡o * 0
{

b *b + ð;

f ø -l (b);
'ifd<othen

Swap a and b, f,, and fr;
õ-ôx(-c);

Ì

alr temperature Figure 7.12. Logic for Algorithm BII
(t,rø > t,,b) may be predicted. In
such circumstances a value of fG) = - is returned66. In the search for a bracketing
interval, such points will (correctly) be identified as delimiting the interval on the high side.
While the presence of such points within the bracketing interval would potentially pose
problems for the basic secant method, the more sophisticated iterative mechanism used by
zero quarantees that such points will be handled with little loss of computational
efficiency.

7.3.6.2. Finding a Bracketing Interval.

In many cases it will not be immediately obvious from the problem domain as to just how
one should proceed to specify a bracketing interval for the solution of a univariate
homogeneous function. In most instances however, an initial estimate of the solution can
be made. Generally, the simple coils described here will be combined as the components
of a more complex structure, as described in detail in chapter 8. Procedures for making an
initial estimate of the capacity of a complex coil structure, and its component parts, are also
described in that section. The present section considers the problem of systematically
selecting a bracketing interval (a,b) for the solution of a homogeneous function,/(x) - 0,
given some initial estimate i of the solution.

Swift and Lindf,reld (1978) describe a simple algorithm for selecting a bracketing interval.
In the following this is described as Algorithm BI1, and takes the following parameters as

input:

An initial estimate, a = i of the solution;
An initial positive increment, ô6) in the search domain;
A constant factor, c > I (1.25 < c < 2would be typical);

In fact, the value DBL_MAX is returned. This is a constant defined in the standard C header file
<1imits.h> (Kernighan and Ritchie, 1988), which specifies the largest value of a double
precision variable allowed by the architecture of the host machine.

a

õ
C

66
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fØ : A user-specified function for which a solution is sought.

The logic of Algorithm BIl
is as shown in figure 7.12.

Upon completion, a search

interval (a,b), such that

f6)=0forsome a<x<b
is returned, together with
the function values/(a) and

f(b) at the limits of the

search interval.

In using Algorithm BI1, a
problem may occur if the

search interval is

broadened to examrne

values of i for which
feasible values of f6) do

not exist. In the context of
the present Problem, the

behaviour of the algorithm
illustrated in figure 7.11

and described in the

preceding section
guarantees that arbitrarilY
large values of the

estimated coil caPacity 4,,
while not PhYsicallY
rcalizable, will define a

usable upper limit to the

search interval. Trial Figure 7.13. Logic for Algorithm BI2
values of {, < 0 cannotbe
dealt with so easily. A straightforw ard modifîcation to the algorithm will guarantee

however, that such values will not be encountered'

BI2 is shown in figure 7.13. The input variables

Algorithm BI1. In this instance, ô is a multiplicati

such that ô> L

The logic for the modified algorithm

a and.f(x) are as described above for

The above algorithms are suitable for use in a region of the problem domain in which the

objective function exhibits monotonic behaviour' If this is not the case' the search

pråcedure must be modified to incorporate heuristic knowledge derived from the problem

domain.

ve constant with its value constrained

b-õxa;
f t -f (b);
i'f sign (f ,,) * sign ("fr) then

retu rn,'

if ll,l < ld, I then" whì 1e $isn (f ,) = sisn (f )) and ¡n * o
(

a -b;
f,, o ft,ì
b-õxb;
fo *f(b);

)

wh'i I e (sign (f,,) = sign (f ¡)) and ¡,, * 0
{

b -a;
f¡'-f";
a *a/ô;
f,, *f (a);

)

el se

fn -f @);
iff,,=0then
{

b -a;
f¡' - f";
retu rn;

I
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7.4.The ARI Method.

In section 7.3 a rnodel algorithm to predict coil performance was clevelopect. In order to
obtain a closure for this model algorithm, it is necessary to provide dgôrithms to solve
problems AW and AD, which are defined in section 7.3.5. These in turn entail the need
to predict the various coefficients regulating air-side heat and mass transfer, and coolant-
side heat transfèr'. ARI Standard 410-81, which is based on the dual-potential model
clesclibed in the preceding section, prescribes a comprehensive methoOàtogy for rating
cooling coils using chilled water or refrigerant as a coolant, and heating coils using hot
watel or stealn as a heating fluid. The following discussion is restricted to the case of
cooling coils using chilled water as a coolant. Extension to other working fluids is
straightfbrward' The purpose of this section is to develop and critically review the
foundations upon which this methodology is based, and its iuitability for ir.oviding the
required coefficients. The methodology is developed first for the case of dry coil surfaces,
following which its extension to wet coil surfaces is considered.

7.4.1. Dry Coil Surfaces.

For a dry coil, or for the dry portion of a partialiy-wet coil, the rate of heat transfer is given
by the equation

Q,d = U,,,¿A¿L|,, (7.4.1)

where U,,, ¿ is an overall heat transfer coeff,rcient for the dry portion of the surface and Âr
ls a mean temperature difference. For a heat exchanger opelating in pure counterflow, *iå
appropriate value for A,t,n is the /og-rnean temperatrtre dffirence (LMTD), defined as

A^t _ (to, - t,z) - e¿ - t,t)
,nll

6ltut 
-t*zl t7.4.2)

l'"' - '*' )

This expression is only strictly accurate for the case of pure counterflow, smaller values
being encountered for other configurations, for which it is customary to relate the true
mean temperature difference to the LMTD using a correction factor

Li^=FxLMTD (7.4.3)

where 0 < F < 1. Values of F have been calculated by Bowman et al. (1940)67 for a range
of heat exchanger geometries. Cooling coils employed in the air conditioning industry are
invariably of the cross-flow type, and are usually multipass heat exchang.r. ii.",,ited in a
manner which approximates counterflow, in that the feeds are located at the downstream
side of the coil with respect to the air stream, the outlet manifolds being located on the
upstream side. Comparison with published curves shows that for such a configuration, F
may be assumed to be unity with negligible error. Thus, in the remainder of this analysis,
we will use the value of Âr,n defined by equation (7.4.2). This conforms with the practice
specified by ARI Standard 410-81.

6'7 A selection ofthese are r.eproduced in Threlkeld (1970).



t77

Now, U,, o = l/R, where R is the overall resistance to heat transfer between the air and the
coolant. This rnay be expressed as the sum of the component resistances, combined in
series:

R = Roo * R,, * R* (7.4.4)

where

R,,, is the dry air-side thermal resistance,
R.- is the total metal thermal lesistance, and

tn

R = B lh is the coolant-side thermal resistance.lvr

For the last-mentioned quantity, ARI Standard 410-81 specifies that the following
relationship due to McAdams (1954) should be used:

h
42}g'r5(I'352 + 0'0198 t*)U]8

(7.4.s)
D 0.2

where t*,n is the mean temperature of the water in the tubes, which may be evaluated as

t*,, = 0'5 ( rr, * tr"b) for the wet section of the coil surface, arrd twm = 0'5 (trø * t*r) for
the dry section. This expression, together with some alternatives, will be critically
examined in section 7.6. The remaining two resistances are considered in the following,

7.4.2. 'fhermal Resistances for Dry Coil Operation.

The total metal thermal resistance comprises the series sum of the resistances to heat
transfer offered by the tube walls and the fins,

R,n = R, + R, e.4.6)

The former quantity may readily be calculated as

BD l p l
R. = ' lnl --rl (7.4.7), 2k, I o,,/

in which k, is the thermal conductivity of the tube wall. We note that this quantity is
fiequently negligible, but retain it in the analysis for completeness.

An expression relating the tìn thermal resistance to the dry air-side resistance can be

derived by defining the fin efficiency / as

6=tf'*-to
L,t"

.t,m (7.4.8)
tf,u tî,0

where tr,o is the temperature at the base of the fin (which, ignoring contact resistance, is

equal tó the temperature at the outer wall of the tube), tr, 
^ 

is a mean temperature for the

f,rn, and ro is the temperature of the air in contact with the f,rn. The fin efficiency accounts

for the variation in temperature along the fin, permitting the heat transferred through the

t
a

^
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fin to be calculated on the basis of a known tube wall temperature. Following Threlkeld
(1970) it can be shown that

lr - --l
R, - lJ-:-Il^,, (7.4.s)"Lnl

where q is a more relevant tin etïèctiveness, defined as

_öA,*A,
A

For a given fin geometry, the fin efficiency can be calculated analytically, provided certain
simplifying assumptions are made. ARI Standard 410-81 stipulates that frn efficiency slull
be calculated using results developed by Gardner (1945), who performed an elegant series

of analyses covering a range of fin geometries. Of most immediate relevance to the cLlrrent
study is Gardner'.s expression for the efficiency of an annular fin of uniform thickness,

n

2

(7.4.10)

(7.4.t1)

(7.4.12)

(7.4.13)

(7.4.r4)

(7.4.ts)

0=
U,

D
t - (u,tunf

rJU) - pKt(ub)

ro(u) - þKo(ub)

where Io, I t, Kn and K, are moclified Bessel functions6s, and

B

I t(U ")
Kt(U,)

U
w 2

(x"/xo - r) Rook¡Y¡

In the above, x. is the radius of the annular fin, and w is its height, defined as

w=xe-xb

b

U
e

Gardner presents no analysis for coils employing rectangular fins, and indeed such
geometries are not readily amenable to an analytical treatment. The efficiency of such fins
can be calculated using the above expression by considering an annular fin coil having thc
same secondary area as the plate fin coil. Using the segmentation method of Carrier and

Anderson (1944; see figure 7.I3), the appropriate equivalent fin radius is found to be

Polynornial approximations, such as those presented by Press et al. (1988) are adequate for
calculating these functions in the present case.

68
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It should be emphasized that
Gardner's analysis is exact,
within the constraints of the
above assumptions. Most of
these can be shown to be
reasonable. The validity of
assumption 7 must be
questioned; the very nature of the
process means that the air
temperature is varying
significantly in the direction of
flow. Assumption 6 is even
more seriously in etror, as has
been demonstrated by recent
investigations of the detailed heat
transfer and fluid dynamic
processes occurring within a
plate-fin heat exchanger (Gilbert,
1987; see section 7.2). These
show significant variations in the
heat transfer coefficient across
the surface of the fin. Herein t'", FiSure 7'13'

one of the major flaws in the
method proposed by ARI Standard 410-81.
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(7.4.16\

Segmentation method for treating a plate hn in
terms of an annular fin of equal area.

x

The assumptions upon which Gardner's analysis are based are, to quote from Gardner's
work:

The heat flow and temperature distribution throughout the fin are independent of
time, i.e., the heat flow is steady.
The fin material is homogeneous and isotropic.
There are no heat sources in the fin itself.
The heat flow to or from the fin surface at ant point is directly proportional to the
temperature difference between the surface at that point and the surronnding fluid.
The thermal conductivity of the fin is constant.
The heat-transfer coefficient is the same all over the fin surface.
The temperature of the surrounding fluid is uniform.
The temperature of the base of the fin is uniform.
The fin thickness is so small compared to its height that temperature gradients
normal to the surface may be neglected.
The heat transferred through the outermost edge of the fin is negligible compared
to that passing through the sides."

2.

J.
4.

5.

6.

7.

8.

9.

10.
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Substituting for R, fi'om equation7.4.9, we can write

Roo
RR^+RuD tn

+ (7.4.17)
n

I

ARI Stantlald 410-81 stipulal"es thal. plots of R.,, versus Vn.,,du'shatl be provided as part
of the rating process, thus defining a functional relationship,

RoD = f(vo.,,¿) 0.4.1s)

We can now propose a procedure to solve problem AD, section 7.3.5, based on the ARI
method:

In the following order, determine:
i. R,,, using the functional relationship of equation (1 .4.I8);
ii. Fin efficiency using Gardner's method (equations 1.4.11-14) in conjunction

with an equivalent fin radius (equation 7.4.16);
iii. Fin effectiveness using equation Q.a.rc);
iv. R, using equation Q.4.7);
v. Rnu using equation (7.4.5), or equivalent.

Hence, calculate the overall thermal resistance R, using equations (7.4.4) and
(7.4.r7).

2. Calculate the log-mean temperature difference, using equation (7.4.2).

3. Hence, estimate the dry surface area (equationT.4.1).

This procedure is suitable for use within the iterative loop described in section 7 3.510

7.4.3. Wet Coil Surfaces.

For a wet coil, or for the wet portion of a partially-dry coil, the potential driving the heat
transfer process is the difference in enthalpy between the air stream and the saturated air
in contact with the wet surface, and the rate of heat transfer is given by the equation

A^h
q,,,= 

ËË, Q. .rs)

where Rr" is the wet air-side thermal resistance, and, Lh^is a mean enthalpy difference.
With the same qualifications stated when condensing the log-mean temperature difference
(equation 7 .4.2), we may tse a log-mean enthalpy dffirence here such that

V n. n¿ is the coil face velocity, based on ASHRAE standard conditions (see equation 5. 1 .2)

In initializing the iterative loop, an initial estimate of the temperature of the air leaving the coil ( r,,, )

must be provided, so that the LMTD can be calculated the first time through the loop. See section
7.8.3 for a description ofthe initialization procedure.

ó9
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(7.4.21)

(7.4.22)

Lh
m

(7.4.20)

where h,,u \s as defined by equation (7.3. 10)?'. Now, for an element of wet surface area,

equation (7 .4.19) may be recast in a form analagous to equation Q.4.5):

dq

while the corresponding equation for the heat transfèr between the wet surface and the

coolant may be expressed in a form analagous to equation (7 '4'1):

dq

(7.4.26)

lnlu"t)
l'', - ',r)

o

o

Equating (l.4.Zl) and (7.4.22) and rearranging provides an alternative expression for the

coil characteristic, originally defined by equation (7.3'8). Thus,

R''*R*, = ffi (7.4.23)

which may be evaluated using know; ;;", for the various thermal resistances (see

below). The surface enthalpies required to f,rnd the log-mean enthalpy difference may now

be calculated. From the definition of the coil characteristic, at the upstream side of the coil,

t. - t ^

ffn = c (7'4'24)

A simple functional relationship exists between h,, and /.,, (see section 7.3'4). Thus, we

seek to find the value of the entering surface temperature for which

i,-t*,2-cl,hot-lr,({)l=o (7.4.25)

where tn2 1 t,t 1 tot.This may readilybe solved using the technique of section (1'3'6.1)'

Similariy", tn" äïrfuö enthalpy at the downstream side of the coil may be found by solving

7l For fully-wet corls h,,, replaces lro, in equation (1 .3.20).
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7.4.4. Thermal Resistances for Wet Coil Operation.

For wet coil operation, R,, R, and þ ate evaluated as for a dry surface. The ARI Standard
4 10-8 1 rating procedure states that plots of R,,* as a functio o of V 

o, .,t¿ shall be provided
for wet coil operation (cf eqr-ration 7 .4.18). We define an effective'áii-siOe heat transfer
coefficient {,, such that for a dry coil f,,r¡ = r / R,,D, The ARI methodology for wet coils
derives from the work of Brown (1954), who showed that with suitable simpìifying
assumptions, f,, is directly proportionalto m", where

dh
m (7.4.27)dt

.î

and its extension to wet coil theory by Ware and Hacha (1960; see Threlkeld, 1970 for a
detailed treatment). For a wet coil,

fnw
I m//

Row Cp,o
(7.4.28)

itnd equation (7 .4.9) can be restated as

1-r1
1

Cp,a
Rr Row (7.4.29)

(7.4.30)

m

ARI Standard 410-81 provides a chart showing m" as a function of r, tbr a range of air
pressLrres. Within a computational scheme, m" wrll be more conveniently found using a
numerical method based on the relationships developed in chapter 472. The appropriate
surface temperature for determining m" is obtained by solving

t -tsrn wm .C
ho,n - hr^

where trr,r, = 0.5(t*o * t*t) as previously, and ho,, = 0.5(hob * hoz)

1

A procedure to solve problem AW, section (7.3.5), within the context of the iterative
solution procedure for problem FP follows:

ln the following order, determine:
i. Ro, and R," using the functional relationship of equation (7.4.18), ancl its

wet-coil equivalent;
ii. Fin efficiency using Gardner's method (equations 7.4.11-14) in conjunction

with an equivalent fin radius (equation 7.4.16):
iii. Fin effectiveness using equation Q.a.ß);
iv. R, using equation Q.a.T;
v. R, using equation (7.4.5), or equivalent;
vi. rn" using the mean surface temperature of equation (7 .4.30):

Since the ARI method for dry coils only is used in the following work, an alternative procedure
being used for wet coils, this technique will not be developed further here.

t2
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vii. R,n" using R, already calculated, together with Rr. (equation 1.4.29).

Calculate the entering and leaving surface enthalpy (7.4.24 andl.4.26). Hence,

find the log-mean enthalpy difference using equation (1.4.20).

3. Hence, estimate the wet surface area (equation7.4.l9)

7.4.5. Coil Rating Procedures.

ARI Standard 410-81 prescribes a procedure fbr deriving coil rating information from
experimental test data. The steps in the rating process follow logically from the theory
developed in the preceding sectionsT3. For a completely dry corl surtãce, these are as

follows:

The (sensible) load on the coil is calculated from the measured air flow rate and the

difference in enthalpy between the air entering and leaving the coil.

The log-mean temperature difference (equation 7.4.2) is calculated using the

measured entering and leaving temperatures of the working fluids.

The overall heat transfer coefficient is found by substituting into equation Q.a.D;
the overall resistance (R = 1 lUo,d; equation 7.4.4) follows.

The coolant-side thermal resistance (R,) is found using equation (7.4.5), or an

equivalent, with measured values of the coolant properties and flow rates. The
tube-wall thermal resistance (R,) is obtained from equation (7.4.7). The dry air-
side thermal resistance is found by solving the homogeneous equation

R^
R- ou -R,-R...=0 (7.4.31)

nIw
in which 7, defined by equation (7.4.10), is a function of R,,r. This equation may

be solved by the methods of section 6.3, setting RoD = R - R", as a filst
approximation.

Ro, is plotted versus Vo. r,¿ for a series of tests covering the operational range of
the coil, and the functional relationship of equation (7.4.18) derived.

The ARI procedure for a wet coil presupposes that a test series has previously been

conducted fbr a dry coil having the same geometry. The steps in the rating process then

follow:

2

aJ

4

5

The following development, which is based on the work of Sekh¿u ( 1990), describes an iterative

procedure suitable for implementation on a computer. This differs in detail from the procedure

prescribed by ARI Standard 410-81, which is intended for hand calculation.
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2

The (total) load on the coil is calculated from the measured air flow rate, and the
difference in the enthalpy of the air entering and leaving the coil.

Using the dry coil rating information, the value of R,, corresponcling to the face
velocity measured in the wet coil surface test is found. The fin efficiency is then
calculaterl using equations (7.4. II-7 .4.I5).

J

4

R-, and {, r,r" calculated as previously, while R, is found using equation (7.4.9).
The total dry surface metal thermal resistance, R,n, follows.

The slope of the saturated air temperature versus enthalpy curve (m") is evaluated
at an appropriate mean surtäce temperature, which is found as follows:

5

i. An approximation to the coil characteristic is found, using the dry coil
thermal resistances,

/-,'R,no*R*'- c n^ 0'4'321
p.4 uu

ii. The mean enthalpy of the air flowing through the coil is found, using the
measured enthalpies of the entering and leaving air.

iii. Equation (l .4.30) is solved fon t,^, using the approximate value of c.

The wet air-side thermal resistance is found by rearranging equation (7 .4.19), thus

f(ñ,) = t - 
qtuCp'Row -0 (7.4.33),, Lh

and solving using the techniques of section 6.3, with ñ^, = Ru, as a first
approximation. The steps in evaluating f(ft"*) are as follows:

i R, is evaluated using equation Q.a.29); R." follows.
ii. The coil characteristic is found using equation (7 .4.23).
iii. Equations (1.4.24) and (7.4.26) are solved to find the entering and leaving

surface enthalpies. The log-mean enthalpy difference (equation 7.4.30)
may thus be evaluated,

iv. f ( R"ù is thus evaluated.

5. Rn" is plotted versus Va,std, and a functional relationship derived, as for a dry coil.

7.4.6. Summary.

The methodology for rating cooling coils and predicting coil performance proposed by ARI
Standard 410-81 is based on the work of a number of researchers, some of which dates
back to the 1930s. The adequacy of the assumptions underlying this methodology has been
questioned by several authors, including most notably McQuiston (1975) and Sekhar et al.
( le88).
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The concerns expressed cover a number of aspects of the analysis. Those associated with
the fin efficiency have already been described. Nevertheless, this rating method does
provide adequate predictions for dry coil operation.

More serious reservations exist with respect to its adequacy for wet coil surfaces. A major
problem identified by Sekhar et al. (1988) lies in the fact that the analysis partially
combines the driving forces with the transfer coefficients, which is based on the explicit
assumption that the coil characteristic is constant at different points along a line of constant
entering enthalpy for a given face velocity, an assertion which is manifestly not supported
by experiment. Furthermore, the use of dry fin efficiency for wet coil prediction implies
(see the analysis of Threlkeld, 1970) that the fins are covered with a uniform film of
condensate. This assertion is also challenged by recent experimental work conducted at
the University of Adelaide (Luxton and Shaw, 1991), and by the earlier work of McQuiston
(I976). The validity of this assumption had been questioned in a previous paper by
McQuiston (1975)74, which provided an alternative derivation for fin efficiency which
accounts for mass transfer, and reduces to the solution given by Gardner for the case of dry
operation. The basic inadequacies of the fin efficiency approach still remain, however.
The following section describes a methodology for rating wet coils (the AU method) which
does not rely on fin efficiency.

The strategy adopted in this work is to accept the ARI method of rating dry coils, in the
absence of an alternative, while using the AU method in preference to the ARI method for
predicting wet coil areas. Section 7.8 provides further details of the procedures for
deriving rating curves from experimental data for dry coils using the ARI method; for wet
coils the reader is referred to the work of Sekhar (1990), who performed a detailed
comparison of the ARI method and the AU method for rating wet coils.

7.5. The AU Method.

The AU method for rating cooling coils, like the ARI method, is based on the dual-
potential model described in section 7.3. From that point however, the two methods are

fundamentally different. The main feature which distinguishes the AU method from the
ARI method is that the questionable concept of f,rn eff,rciency, which is central to the data
reduction methodology of ARI Standard 410-81, is rejected in favour of a more direct
method of estimating the various heat transfer coefficients involved. The principles upon
which the AU method are based, together with details of the implementation of the method

a means of rating and predicting coil performance, are described in the following. The
sion draws extensively upon the work of Sekhar (1990; Sekhar et al., 199lb)

74 It is stated that "water-film thickness on a hn ... is a very nebulous quantity even if it exists."
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Figure 7.14. Lewis number for moist air as a function of dry-bulb temperature and humidity ratio.

7.5.1. Determination of the Coil Characteristic.Ts

The coil characteristic, defined by equation (7.3.8), establishes a unique relationship
between the surface and free-stream air and coolant properties for a particular set of coil
operating conditions. To determine the coil characteristic for a given coil test directly from
its definition requires measurement of the surface temperature together with the associated
free-stream conditions at some point in the coil. Measurement of the surface temperature
would be error-prone, if possible. However, the free-stream conditions of the working
fluids, together with their mass flow rates, can be accurately measured. The AU method
proposes an iterative method for determining the coil characteristic, given an initial
estimate.

Thc itcrativc tcchniquc is bascd on the observation that the heat and mass transfer
coeff,rcients are related by the Lewis number (equation 4.2.II), defined in the terminology
appropriate to this problem as

Sekhar's discussion refers alternatively to the tie-line slope (TtS), defined as

TLS = -L
C

This term derives from the earlier graphical techniques of Kusuda (1957) and Shaw (1979). The
coil characteristic, which is far more commonly used in the literature, is used exclusively in the
current work.

75
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The Lewis number may be calculated from the fluid properties using the rightmost

expression in equation (4.2.11), with c = 1/a. The Lewis number for moist air is a weak

function of dry-bulb temperatule and humidity ratio, and is close to 0'88 over the range of

conclitions of interest in the present case, as shown in figure 7.14. Now, the heat transfer

coefficients which we seek to determine aÍe overall values for the coil, which are defined

by the relationships

4, = h'unAoLt,n Q.5.2)

and

Q¡ = K*A,,LW^hÍs (7.5.3)

in which the sensible and latent coil loads can be determined from the experimental data

(see section 7.8), h,.- is the latent heat of vapourization of water, and L,t,, and LW,, ate

rnean values fbr thestemperature and humidity ratio differential respectiväly between the

cold coil surface and the free-stream conditions. The appropriate values to use for the latter

are the log-mean temperature dffirenc¿ (LMTD) and the log-mean lmmidity ratio

dffirence (LMWD), which may be found from

LMTD =
(tot-trt)-çtor-trr)

(7.s.1)

(7.s.4\

and

(wot-w,t)-(w"2-w,2)
(7.s.s)

respectively. In the above the subscripts 1 and 2 refer to the air entering and leaving the

coii respectively. W, is the saturation humidity ratio corresponding to the coil surface

temperature. The surlace properties required to evaluate the LMTD and the LMWD may

readìly be calculated using equations (l .4.24-1 .4.26) if we know the coil characteristic; the

discussion accompanying those equations provides further details'

The AU method of determining the coil characteristic reduces then to one of solving the

equation

f(c)=Le -ie(õ) =o (7.5.6)

where C is a trial value for the coil characteristic, and ie is an estimate for the Lewis

number, found by substituting the heat and mass transfer coefficients, calculated on the

basis of the resulting surface property estimates, into equation (7.5.1)' The actual Lewis

number is calculated as

LMWD =

ln
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Le= (7.s.7)

(7.s.8b)

This, and the fluid properties required in equations (7.5.1) and (7 .5.3) are evaluated at the
psychrometric point

_ trt + trz + LMTD

2
(7.5.8a)t

W
tn

_ Wrt * Wrz + LMWD

2

Figure 7.15. Logic for algorithm LCI

We refer to the algorithm to evaluate /( õ) as algorithm LC1. The logic is illustrated in
figure 7.15. Equation (7.5.6) can be solved using zero (section 7.3.6.1). Several options
are available for finding a suitable bracketing interval. In the present work we make an
inital estimate of Õ = l, and use algorithm BI2 to establish thè bracketing interval.

Refering to equations (1 .5.2) and (7.5.3), it will be noted that the measured values of the
heat and mass transfer coefltcients will depend on the external surface area to which they
refer. It has long been known (Guillory and McQuiston, 1973; Tree and Helmer, 1916)
that the presence of condensate increases the rate of heat transfer over that pertaining to dry
surfaces. Careful measurements by Schroeder-Lanz (1989) have shown that droplike
condensation increases the heat transfer area of a surface by 30 to 6OVo over its dry area.
It might seem reasonable therefore to augment the surface area in equations (7.5.2) and
(7 .5.3) to account for the presence of condensate. While this procedure would arguably be

c
Input

E.çtimated value for the coil c.haracteristic.

t.,t, h,t, W"t *Values determinerl by sohtirtg equation ¡7.4.24)for C;
t.¡2, htz, Wr, -Values determinecl by soh,ittg equation (2.a.26)for C;
LMTD * Log-mean temperature dffirence:
LMWD - Log-mean humidit.- ratio difrÞrence;
CaLculate tn, W^;
Evaluate Le at (t^, W^);
Calculate h,.o. appropriate to LMTD;
C-alculate K, appropriate to LMWD;
Le * Le'¡vis number based on estimates o.f hr,on, Kn;

f(e)*u- Le;

f(c)

(Use zero)
(Use zero)

(Eqn. 7.5.a)
(Eqn. 7.5.5)

(Eqn. 7.5.8a, b)
(Eqn. 7.5.7)
(Eqn. 7.5.2)
(Eqn. 7.5.3)
(Eqn. 7.s.1)
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strictly correct, assuming the wet surface area could be accurately determined for a given

experiment, it should be noted that it ts the ratio of the heat and mass tl'ansfer coefficients

which determine the Lewis number (equation 7.5.1). In other words, convergence of the

AU method for rating coils is insensitive to the exact external surface area presented for

heat transfer. The heat and mass transfer coefltcients may thus be unambiguously defined

by referencing them to the dry surface area, as will be done in this work.

7 .5.2. Tube-side Resistances.

The heat transfer coefficient /2,, defined in a differential sense by equation (1.3.1), is a

combined coeff,rcient for heat transfer through the condensate layer, the tube walls and fins,

and the coolant boundary layer. An analogous overall coefficient is dehned by the sensible

heat transfer equation

e, = h,A,L,t,n Q.5.9)

wlrich determines the value of å, with A/,n calculated using equation (7.5.4), and q,

extracted from experimental measurements.

The heat transfer coefficient can alternatively be characterizedby a thermal resistance

R
B

(7.s.10)lt n.
I

which combines the various component resistances in series:

R¡=Rr*(R,n*Rur)

where

(7.s.11)

R* = B/f* is the coolant-side thermal resistance,

R,n is the total metal thermal resistance, and
' Rn* is the resistance of the condensate layer'

Expressions for evaluating the coolant-side thermal resistance are presented in section 7.6.

The temperature at which the coolant properties should be evaluated are as described in the

discussion following equation (1.4.5). The combined thermal resistance for the metal and

condensate may then be determined as

(R, * R,,) = R, - R, (7.5.12)

The procedure described above should be compared with the procedures specified by ARI

Standard 410-81. Refer specifically to equation (1 .4.4) and its wet-surface equivalent. The

most notable feature is that the AU method effectively decouples the air-side heat and mass

transfer processes from the transfer ofheat through the condensate layer and metal surfaces

to the coolant. The air-side coefficients may then be determìned independently of any

assumptions regarding the heat transfer properties of the condensate and metal components,

and the coolant. This is in contrast to the practice advocated by ARI Standard 410-81,

whereby the accuracy to which the air-side component of the heat transtèr can be
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determined is critically dependent upon the accuracy of the models used to determine the
metal and coolant-side thermal rcsistances. The shortcomings of the f,rn efficiency concept,
which is central to the ARI model, have been clescribed above. The suitability of the
McAdams equation, which is specified by ARI Standard 410-81 for determination of the
tubc-side convective heat transfel coefficient, is discussed in section 7.6. The failure of
the ARI method to account explicitly for heat transfer through the condensate layer gives
rise to further complications when wet coil surtaces are considered.

7 .5,3. Data Correlation.

7.5.3.1. Air-side Heat Transfer Coefflrcient.

Colburn (1933) established an analogy between fluid friction and sensible heat transfer, and
was thus able to show that test data for a heat exchanger are well correlated over a wide
range of values of the Prandtl number and Reynolds number if the dimensionless parameter

j = stPrzt3 (7.5.13)

is plotted as a function of Reynolds number. ,Sr is the Stanton number, defined as

h
C; : c'ow

GCp,4

The factori defined by equation (7.5.13) is frequently referred to as the sensible heat
transfer j-factor. The analogy was can'ied further by Chilton and Colburn (1934), who
suggested that the sensible heat transfer j-factor could also be used to correlate mass
transfer data. That is, if we define a mass transfer j-factor,

ir, = st,,scu3 (7.s.ls)

where

(7.s.16)

is a Stanton number for mass transfer, then provided the rate of mass flow is low,

j = j^ e.s.l7)
for a wide range of fluids and flow configurations.

An equation of the form

Stprz3=axReb (7.5.1g)

where a and å are experimentally determined constants, has been found to correlate
sensible heat transfer data particularly well (Kays and London, 1984; McQuiston, I976;
Idem, Jacobi and Goldschmidt, 1990). Kays and Crawford (1993) recommend this form

(7.s.14)

.lr
K

v)

G
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for both turbulent and laminar flow7ó. Reynolds number and Prandtl number in this

instance are calculated at an air state corresponding to

t +t^
t._ = U (7.5.19a)

2

(7.s.1eb)

The question now arises as to the most appropriate length scale to define the Reynolds

number. Following Kays and London (1984), it has become colnmon practice to use a

Reynolds number based on the hydraulic diameter,

GD,
Rto = n (7.5.20)

Lr

In the above, G is the mass velocity based on the minimum free-flow area. That is,

m
4G (7.s.21)

A tn

The hydraulic diameter,

A
= 4 'nL

A
o

ln a recent paper, Luxton and Shaw (1990) expressed reservations concerning the use of
hydraulic diameter as a characteristic length in the analysis of tube and plate fin heat

exchaurgers, for which the aspect ratios of the flow cross-sections are large, arguing that the

flow regime within a heat exchanger is largely determined by the fin spacing. In an early

investigation of the calculation of friction factor for ducts of high aspect ratio, Cornish
(1928) suggested that conelation between the friction factor in such ducts and their circular'

equivalents could be improved by multiplying the hydraulic diameter by a geometry fäctor,

such that

lr, I
Re' = 6.1 JlRe, . (7.5.23)'\L') '

The form of the geometry factor was rigorously derived by Comish. Jones (197 6) presents

a simplified formulation which matches the more complex form delived by Cornish to

within2To:

The form of equation (7.5.1S) is only applicable to laminar flows in the absence or near-absence of
longitudinal pressure gradients. It is applicable over a much larger range in the case of turbtllent

flows (Incropera and DeV/itt, 1990).

WnI

Dh d (7.s.22)
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tr)
?
J

L
C0. 2 (7.s.24)

F.
II

The effect of applying the geometry factor is to reduce the Reynolds number by a factor of
approxirnately one third for ducts of high aspect ratio. Jones has shown that the use of this
factor indeed results in close correlation between friction factor measurements for circular
and rectangular ducts over a wide range of aspect ratios for both laminar and turbulent
t'lows.

If the geometry fäctor is applied to the test results for an individual coil, the result is simply
to scale the abscissa on the correlation plot. In view of the analogy between heat and
momentum transfer (Kays and Crawford, 1993), it is tempting to hypothesize that applying
the geometry factor may provide a means of correlating heat and mass transf-er data
between coils which are identical in all respects apart from fin pitch. Unfoltunately, we
do not yet have the experimental data necessary to test this hypothesis. Accordingly, the
Reynolds numberbased on hydraulic diameter (1.5.20) has been used as the correlating
paraneter in the present study. This is subject to review when the required experimental
data becomes available.

7.5.3.2 Metal and Condensate Resistances.

ARI Standard 410-81 prescribes a procedure for calculating the metal resistance based on
the fin efficiency concept. The resistance of the condensate layer is not explicitly modelled
in that work. Data reduction using the AU method leads to a determination of the swn of
the metal and condensate resistances (equation7.5.I2). As in Sekhar's original work
(1990), this sum is correlated as a weak function of h,.n*, the difference being that in the
current work we use a first or second-order polynomial, as opposed to the piecewise linear
fìt used by Sekhar. There is in fact little physical basis for assuming that this is a
satisfactory means of correlating the data, and it remains perhaps the weakest aspect of the
AU method. It is unlikely that the functional dependence of these resistances can be more
accurately prescribed until the physical processes upon which they depend are better
understood. Preliminary studies to provide such understanding have been undertaken at
the University of Adelaide (see section 7.2), and these are cunently ongoing areas of
research.

7.5,4. Solution of Problem AW using the AU Method.

To summalize the above, if a series of tests are performed on a coil and the results reduced
using the AU method, the products will be two calibration curves describing

The Colburn j-factor as a function of Reynolds number (equation 7.5.1S).

The sum of the metal and condensate thermal resistances as a function of the air-
side thermal resistance.

t
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These relationships may be inverted in the above sequence to provide an estimate of the

air-side heat ttansfer coefficient hr,o,, and the internal heat transfer coefficient h,. The
fluid properties required to invert equation (7.5. l8) are evaluated at the air state defined by

equation (7.5.19). The heat transfer coefficients are involved in the analysis in two places:

Estimation of the coil characteristic using equation (7.3.8)

For the fully-wet section of the coil surface, the log-rnean enthalpy difference
(LMHD) is calculated using equation (1.4.20). For an estimated value of the heat

transfer across the wet coil surface (E), the wet surface area follows as?7

A*=4*
C

P,a (7.s.zs)
h LMHD

7.6. Coolant SpecifTcations.

The preceding sections have presented two alternative approaches to modelling the

performance of a finned-tube heat exchanger each based on the dual-potential approach.

The dual-potential model in effect decouples the solution for the air-side heat transfer from
that for the coolant-side heat trans-ier, the two solutions being related by the need to satisfy

an overall energy balance. This implies that an experimentally-determined
parameterization of the air-side heat transfer cha¡acteristics for a family of heat exchangers,

developed for a given coolant, will in principle be applicable to any other coolant, provided

the coolant-side heat transfer coefficient is specif,red appropriately. This consideration has

influenced the selection of the data structures which have been developed to represent the

cooling coil in the present study. The cooling coil is represented by an abstract base class

Col. This will be described in some detail in chapter 8. The main point to note here is that

class Collimplements member functions to predict coil performance using the techniques

developed in the preceding sections. Coolant-dependent aspects ofthe solution procedure

are implemented by calling appropriate functions, which are declared to be pttre tlirtual.
In other words, they are declared but not defined within the base class; the appropriate

definitions must be supplied by classes derived from class Col. Thus, class CW-Coil
provides the functions necessary to effect a solution for chilled water coils. A derived class

DX-Coil for direct-expansion coils is proposed.

Current methods for rating cooling coils require that the coolant-side heat transfer

coefficient be calculated according to a specffied relationship, the air-side palameters being

derived from the change in the bulk air properties of the fluids flowing through the heat

exchanger, in accordance with the model used. Obviously, the extent to which the desired

decor-rpling will be achieved will depend critically upon the quality of the relationships used

to describe the properties of the coolant. This will have implications not only for
predictions involving alternative coolants, but also for the extension of the moclel into

Equation (7.5.25) is clerived from equation (7.3.5), which in turn is derivecl by neglecting the final

term in equation (7.3.4). Note that neglect of this term is not central to the AU method, and that

accuracy may be slightly improved by including it.

c,oll)
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regimes for which the coolant heat transfer relationships used to derive the rating curves
are no longer valid. The purpose of the f'ollowing sections is to describe a set of
relationships for the thermodynamic and tlansport properties of water', ancl for the heat
transfer characteristics of chilled water flowing in a tube. The discussion in this section
is restrictccl to chilled water coils; some consideration of direct expansion coils is given in
chapter I 1.

7,6.1. Thermophysical Properties of Water.

Chapter l1 describes an abstract base class fluid which may be used to calculate the
thermodynamic and transport properties of a fluid in the liquid, gaseous or wet-vapour
states, subject to the equation of state and various other relationships being defìned by a
clerived class. The properties of liquid water required by the coil prediction model are
provided by class water, which is derived from class //uid. The relationships used to
calculate these properties are the following.

7.6.1.1. Specific Volume.

Hyland and Wexler (1983a) provide the following relationship for the specific volume of
liquid water, valid in the range 0 < t < 200"C:

E o,T'
i=0

1rn3/kg¡v.Í
5 (7.6.1)

E bTJ

where Z is the absolute temperature (K), and
ao=-0'3424442728x10,
at = 0.1619785 x 10 r,

þo = -0'2403360201 x lOa,
ht = -O' 140758895 x 10,

bz = 0'1068287657,
bt= -0'2914492351 x 10-3,
bo=0.373497936 x 10-6,

bs= -O'21203787 x 10-e.

7,6,1,2. Specific Heat.

From ASHRAE (1973), the specific heat of liquid water may be calculated using the
relationship

Co,*=A + BT + CTz + DT3 + ETa (H/kg.K) . (7.6.2)

The appropriate values fbr the empirical constants are given in table 7.1.



Range, K A B C D E

273-450
450-603

1.7661lxl0r
-9.66159x l0

- t.479 t4x l0 I

6.35694x1Ol
6.08619x 10 

a

- I '33872x 1O3

-l.l1867x106
9.44662x101

7.80297x10r0
0.0

195

Table 7.1. Consrants fol the equation for the specific heat of liquid water (eq.7 .6.2)

7 .6.1.3. Dynamic ViscositY.

ASHRAE (1973) provides the following relationship for the dynamic viscosity of liquid

water:

p=exp A +
B

T
+

2

C

T
(Pa.s) (7.6.3)

The appropriate values for the empirical constants are given intablel '2'

Table7.2. Constants for the equation for the dynamic viscosity of liquid water (eq. 7.6.3)

7 .6.1.4. Thermal ConductivitY.

ASHRAE (Ig73)provides the following relationship for the thermal conductivity of liquid

water:

k=A+BT+CT2+DT3 (Wlm.K) 0.6.4)

The appropriate values for the empirical constants are given in table 7.3.

Range, K A B C

273-350
350-500
500-620

0.030185
-3'22950
-8.1736r

-2191.60
l 3. l 8574
5875.87

638605.0
265531.O

-1282',750'0

Range, K A B c D

273-400
400-600
600-645

-0.61694
-0.t4532
190.404

7.1785 1x10-3

4.O22l7xl}3
-0.94131

-1'16700x10 5

-4.64993x106
1.5-5847x10 l

4.70358x10-e
-4'8925'7x10'to
-8.61953x t0-7

Table 7.3. Constants for the thermal conductivity equation for liquid water (eq' '7 '6.4).
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7.6.2. water Film Heat Transfer coefficient and Friction coefficient.

The importance of using relationships which accurately characterize the coolant-sicle heat
transfer performance when reducing data from cooling coil rating tests has already been
discussed. ìn practice, relationships empirically derived from tests in straight tubes arc
invariably used for this purpose. No account is taken of the possible influence of return
bends. These will have a signif,rcant effect on the pressure loss, but experimental evidence
indicates that the effect on heat transfer characteristics is far less pronounced (Van Aken,
1993). In the current work, the procedure is accepted as valid, while noting that it is a
possible source of discrepancy.

ARI Standard 410-81 decrees that the water film heat transfer coefficient for coil designs
having smooth, plain internal tube walls, and operating at a Reynolds number in excess of
3,100 shall be calculated using the McAdams equation (equation 7 .4.5). The McAdams
equation is derived from the well-known Dittus-Boelter (1930) equation:

Nu = O.023Reo8p,n e.6.5)

where n = O'4 for heating, and 0.3 for cooling. This equation is stated by McAdams to be
valid within the range of 0.7 < Pr < I2o, and 10,000 < Re < 120,000. As the Reynolds
number is reduced below 10,000, the McAdams equation is found to systematically
overestimate the water f,rlm heat transfer coefficient, when compared with the experimental
curves of Sieder and Tate (1936), with the result that the water flow rate required to offset
a given load will be correspondingly underestimated, the error reaching 200-30}Vo at the
lower end of the transition region (2,000 < Re < 3,000). Clearly, the assertion made by
ARI Standard 410-81 that the McAdams equation can be used for Reynolds numbers down
to 3,100 must be challenged; this relationship should not be used for coil performance
prediction, and must not be used for rating purposes for Reynolds numbers of less than
10,000. There is in fact reason to query whether the McAdams equation should be used
at all, since the underlying Dittus-Boelter equation is now known to overpredict Nusselt
number by at least ZOVo for gases, and to underpredict Nusselt number for the higher
Prandtl number fluids by some 7 -lo%o (Kays and Crawford, 1993). The predictions of the
Dittus-Boelter equation, when compared to more recent correlations for the Nusselt number
(see later) are shown in f,tgure 7.14. ln this connection it is worth commenting briefly on
the policy adopted by earlier workers in reducing coil test data. McQuiston (1978a)
uncritically adopted the Dittus-Boelter equation (7.6.5). Rich (1973) adopted theform of
the McAdams equation (7.4.5),but experimentally determined the leading coefficient using
a Wilson plot. In a series of experiments covering an approximate water velocity range of
0'2 to 2'l m/s, the value of the coefficient was found to be consistently higher than the
value proposed by McAdams, the discrepancy varying between r and. r3vo.

For standards/e" internal diameter tubes, a Reynolds number of 10,000 corresponds to a
water velocity of approximately 0.75 m/s. Cooling coils are routinely operated at lower
velocities, and in conventional practice coils may be operated in the transition region over
most of their range. There is a need to specify relationships which will more accurately
describe the water-side heat transfer performance within the laminar and transition regions.
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ln the following development it should be borne in mind that we seek a relationship or set

of relationships which will serve two distinct purposes:

a. Coil rating tests seek to characterize the air-side heat transfer performance of the

coil accurately, based on a predicted value for the coolant-side heat transfer

coefhcient. If the two effects are to be accurately decoupled, the relationship used

for the water-side coefficient should be accurate and free of ambiguity. ln practice,

these requirements can most readily be met by performing rating tests in the fully
turbulent region (Re > 10,000). In such circumstances thermal entry length effects

and secondary flows induced by the return bends will be minimized. The

uncertainty regarding the exact state of the flow, as experienced in connection with

transitional flows, will also be eliminated.

b. Having determined the air-side coil characteristics on the basis of a series of tests,

we may use that information to predict the performance of the coil over a range of

operating conditions. If the water flow rate is specified, the accuracy of the water-

side solution will depend on the accuracy of the heat transfer relationship used.

This is generally not a problem within the fully turbulent region. However, as the

flow velocity falls, considerable uncertainty arises concerning the stability of the

flow in the transition region. With a further reduction in flow velocity, the flow

becomes fully laminar. In such circumstances it may become necessary to estimate

the effect of the thermal entry length (Kays and Crawford, 1993), and of the return

bends, depending on the accuracy of solution desired. The problems posed by the

algorithms of chapter 6 are however of a different type. In this case we seek to

determine the equilibrium air-side conditions for a coil or coils operating within an

air conditioning cycle. These may be determined solely on the basis of the known

air-side heat and mass transfer characteristics. The solution specffies a required

water-side heat transfer coefficient; the necessary water flow rate may be calculated

a posteriori.

In this latter case it is the maximum water velocity, water flow rate and pressure drop

which are of fundamental importance in assessing the suitability of a design78. These

should be determined to a reasonably high degree of accuracy, which is generally

attainable, since such conditions are invariably associated with operation in the turbulent

or high in the transition region. With reducing velocity, the need for accuracy diminishes,

although certain bounds must be placed on the degree of inaccuracy which can be tolerated

to avoid prediction of physically unrealizable water temperature rises' The following

relationships are considered adequate to meet the requirements of the model:

a. For fully developed turbulent flow in a pipe, Kakak, Shah and Aung (1987)

recommend the following correlation developed by Gnielinski (1916):

Maximum water consumption is always associated with peak load. For a conventional design, this

will also coincide with the condition of maximum water velocity and pressure drop. For a design

incorporating circuiting changeovers, maximum water velocity and pressure drop may be associated

with the top of a stage, on rising load. In most if not all cases, maximum pump power consumptlon

will occur at peak load.

78
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Figure 7.16. Nusselt number as a function of Reynolds number using the relationships
text. The Dittus-Boelter relationship is shown for comparison.

described in the

(7.6.6)
Nu= (Re - 1000)Pr ft8

2

1'0+12.1\f¡ßgr3-1.0)
This relationship is valid over the range 0.5 < pr < 2,000 and,2,300 ( Re ( 5x106.
The effect of flow disturbances on the transition point for flow in a straight drawn-
copper tube is graphically illustrated by the experimental work of Ito (1959). For
commercial air conditioning coils it is reasonable to assume that disturbances
associated with the return bends will be adequate to bias the transition point
towards the lower end of the tra¡rsition regionTe. Equation (7 .6.6) will accordingly

Note however that relaminarization may occur within the return bends themselves (Ito, 1959;
Akayima et al., 1988; see also section 7.6.3), particularly in the present case, where the return bends
are very tight. This does not however invalidate the argument that the secondary flows induced by
the return bends, together with irregularities associated with the joining process are likely to promotl
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be used ìn all cases for both rating and simulation, where Re > 2,300. [n order to
use this equation it is necessary to specify a complementary relationship for the
friction factor,f. A widely used expression for the friction factor for turbulent pipe
flow is Prandtl's universal friction law for smooth pipes (Ward-Smith, 1980), which
is valid over the range 4,000 < Re < 3'4x 106:

1_l =o.87ln[Re/¡ -o.ao
,/f 

- ,,'o., (7 '6'7)

Figure 7.17. Friction factor as a function of Reynolds number using the relationships described in the

text.

The experimental results of Ito (1959) show that while equation (7 .6.1) provides
an excellent correlation for fully developed turbulent flow at Re > 4,000, the
measured values depart systematically from the predicted values at lower Reynolds
numbers. For the present purposes however, equation (1.6.7) may be used with
acceptable loss of accuracy down to Re = 2,300. Equation (7.6.7) is an implicit
expression which can be solved (see section 7 .3.6) given an initial estimate for/.
The following expression due to Colebrook (1939) is suitable for this purpose:

transition to turbulence within the straight sections of the pipe. It would be worthwhile to perfbrm
experirnental and numerical studies with the aim of investigating the effect of the return bends on

the water-side heat transfer performance of a coil.
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f=

b For fully-developed laminar flow Kays and Crawfbrd (1993) provide analytical
solutions for the heat transfer problem where the heat transfer rate per unit length
of tube is constant, and where the surface temperature is constant. The former
situation more closely describes that occurring in a chilled water cooling coil. For
this caseEo,

lo"''( +)l'

Nu = 4'364

For fully developed laminar flow the friction loss coefficient

"64"Re

(7.6.8)

(7.6.e)

(7.6.10)

Nulsselt number as a function of Reynolds number over the range 100 < Re < 10s, as
predicted by equations (7.6.9) and (7.6.6) is shown in f,rgure 7.16. The correlation shown
is appropriate for chilled water at a mean temperature of 10"C (Pr = 9.2). FigureT.IT
shows the corresponding friction factor, as predicted by equations (7.6.10) and (7 .6.7). The
cliscontinuity between equations (1 .6.9) and (7.6,6) at Re = 2300 raises the possibility of
control instabilities arising if cooling coils are operated in this range. This is unlikely to
occur in practicesr. However, this point should be borne in mind when devising control
strategies for coils which may operate in this region.

80
Equation (7.6.9) is appropriate for fully developed laminar flow. The cooling coil paths usecl in air
conditioning practice are almost always sufficiently long that thermal entry length effects can be
neglected. Analytical methods to account for the thermal entry length are available (Kays and
Crawford, 1993). However, in view of the simplifying assumptions which have been made, and the
relative unimportance of aspiring to a particularly high degree of accuracy for flow in the laminar
region. equation (7.6.9) should suffice.

8r Other considerations aside, Ihe curves shown in figure 7.76 are based on measurements performed
usingstraight tubes and make no allowance for the effect on heat transfer in the tubes of secondary
f'lows induced by the return bends. These are likely to result in some modifìcation of the heat
transfer relationships.

The discontinuity shown in figure 7.16 also gives rise to numerical problems when the bracketing
interval contains the discontinuity. To overcome this problem, the curve represented by equation
(1 .6.6) is extended down to the left until it intersects the curve represented by equation (7.6.9), as

shown by the dashed line segment in figure 7.16, thus enabling Nø to be expressed as a continuous
function of R¿.



7.6.3. Water Pressure Drop.

For a given coil, the water will flow through {, circuits in parallel. Since each circuit is
identical, it is only necessary to calculate the pressure loss for one such circuit. Neglecting

entry and exit losses, this may be expressed as

Lp* = N*Lpn * (Np, - l)Lpø (7.6.11)

where Ap, is the pressure drop per pass of straight pipe, ancl Ap, is the pressure drop

through a return bend.

For a straight length of pipe, the pressure drop may be found from

A,p
L, p*U3

(7.6.12)
Di 2

wheref'may be found using equation (7.6.10) or (7.6.1), as appropriate

The pressure drop through a bend can be expressed in terms of a pressure drop coefhcient,

r Lpø

U:
(7.6.13)

For estimating pressure drops, the preferrred form of the coefficient is the gross pressure

drop coefficient (Ward-Smith, 1980; Ito, 1960), which is based on measurements

sufficiently far removed from the bend. This can be approximated by

f R o
K" = "L--c

Di Q'6'L4)

where,

f is the friction coefficient for fully developed curved flow,
R. is the radius of curvature of the bend, and

@ is the angle subtended by the bend.

Flow through a curved pipe generates secondary flows (Ito, 1959, 1960; Ward-Smith,
1980; Akiyama et al., 1988), which has the effect of suppressing the turbulence of the flow.

Thus, even though the flow in the straight sections of the pipe may be fully turbulent,

relaminarization can occur in the bends, and some criterion other than the critical Reynolds

number is required to determine the state of the flow through the bend, The relevant

dimensionless parameter is the Dean number, defined as

P

201

(7.6.1s)

1

zP*

D=Re a;t_

!n.
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where a is the internal pipe radius. It is possible to folmulate a critical Dean number,
which is the highest value of the Dean number for which the flow is always laminar.
Ward-Smith (1980) shows that the following relationship correlates the available
experimental data well over the range lO < R,/a < 200 (see footnote 82):

D.r,, = 2300 1+10 (7.6.r6a)

(7.6.16b)

ct

R
c

or

Rer,,, = 2300 1+10

Note that this eqLration asympototically approaches the straight pipe relationship as R,_/a
becomes infinitely large.

For lamina¡ flow in a smooth pipe, Ito (1959) has shown that the following correlation due
to White (1929) fits the available experimental clata well over the range I7 < D < 1000:

Pef,

64 
r-[ -(ltsloosl2"' (7'6'17)'t'\o))

while for D > 1000, Ward-Smith (1980) recommends that the following relationship due
to Collins and Dennis (I975) be used:

Rer ¡|-, . +l (7.6.rs); = o't028íL 
l ,[D )

For fully turbulent flow in smooth pipes, Ito (i959) has found that the following empirical
relationship provides a close fit to the experimental data over the range 0.034 < D < 300:

(7.6.re)

For a particular circuiting conf-rguration it is likely that retum bends of several different
radii will be used. The appropriate radii can be determined if the circuiting is known. It
is more convenient however to assume an approximate but constant radius throughout. For
this purpose we use

In air conditioning practice, values in the range 2 < R,/ a < 5 are more typical. It is recommended
that equation (7 .6.16) be used in the absence of more appropriate correlations.

¿,J * =o2oe.o:o+ln,( t)'] 
'"

82
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sl.sl (7.6.20)R
2

With the return radius calculated on this basis for a standa¡d s/e" diameter tube, the curved
flow friction coefficient computed according to equations (7.6.16-19) over the range
100 < Re < 10s will vary as shown in figurre 7.18. For this case R,/a = 3.5 and
R€rrit = 14,645.

Figure 7.18. Curvecl flow friction factor as a function of Reynolcls number for typical bends in standard
7e" cooling coils (see text).

7.1. Ãir Pressure Drop.

The operating point, and consequently the power consumption of a fan in an air
conditioning system will be determined by the pressure loss characteristic of the air
distribution system. The cooling coil may contribute signif,rcantly to the total pressure drop
experienced by an air stream. The pressure drop across the coil may become important too
in assessing the suitability of a design from the point of view of ease of pressure balancing,
particularly where more than one coil is involved. Thus, it is necessary to be able to

estimate the pressure drop for a given coil over its range of operating conditions.

Following Kays and London (1984), it is customary to express pressure drop in terms of
the Fanning friction factor,
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f - ^p-2-üpr: o,, Q'7'l)

where V. is the air velocity based on the minimum free-flow area, Chapter 9 describes a
mcthodology for calculating the total pressure drop for an air distribution system. For
compatibility with the other fittings in the system, the pressure loss will need to be
expressed in terms of local loss coefficient, C. This may be calculatect from the Fanning
friction factor as

v2 A tl¡
C = J+ :', = F+ \7.7.2)" 

v2 A,n A,1

where V, is the face velocity.

Measurements of the friction factor have been made by a number of workers. Following
Kays and London (1984) again, it is common practice to present the friction factor for a
particular coil conf,rguration as a function of the Reynolds number based on the hydraulic
diameter (equation 1 .5.22).

Idem et al, ( 1990) suggest, on the basi- of their work with integral-finned heat exchangers,
that the following lelationship exists between the friction factor and the Reynolds number
for a dry coil,

f = ct x Reob (7.7.3)

where ct and å are empirical constants. A similar expression is used for fully wet coil data.
The data of Idem et al. however exhibit considerable scatter. Rich ( 1973) presents a set of
experimental measurements which would appear to have been obtained under conditions
of better quality control than those of Idem et a1.83 These latter data indicate that the simple
logalithmic relationship of equation (7 .7 .3) is definitely not aclequate to correlate the data.

The presence of condensation further complicates the matter. Those authors who have
published friction factor data for fully-wet coils (McQuiston, I978a; Eckels and Rabas,
1987; Idem et al., 1990) also present corresponding data for the same coils in a fully-dry
state. These studies indicate unequivocally that the prcsence of condensation will result
in an increase in the friction factor. This result is hardly surprising. An experimentally
derived friction factor will contain contributions from two separate mechanisms, shear
stress and form drag. Both of these components will typically be enhanced by the presence
of condensate. Eckels and Rabas ( I 987) have enjoyed partial success in accounting for the
augmentation of shear stress during the condensation process by dlawing an analogy
between the vertical velocity component associated with the condensing vapour and
boundary layer suction. They used the relationships of Hartnett and Eckert (1957) and
Kinney and Sparrow (1970), derived for boundary layer suction, to estimate the shear stress

The fact that Rich performed his tests on heating coils, thereby guaranteeing absence of
condensation, may have been a contributing factor here.

tì3
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enhancement to be expected due to the normal component of the vapour velocity. It is not
clear whether the failure of this approach to account fully for the increase in friction factor
is due more to shortcomings in the theory, or to the augmentation of form drag caused by
the presence of condensate. It should be noted that the test coils used by Idem et al. were
thoroughly cleaned before each run, with the result that most of their measurements were
made under conditions of filmwis¿ condensation. The form drag associated with droptike
condensation, which is apparently the norm under operational conditions, can be expected
to exceed that experienced in the case of hlmwise condensation by a considerable margin.
We cannot even sta-rt to quantify this effect until the surface geometry arising from droplike
condensation has been properly characterized.

It is clear from the above that any prediction of the pressure drop to be expected from a
given cooling coil operating under a specif,red set of operating conditions, must rely heavily
on careful experimentation. Unfortunately, pressure drop is not one of the parameters
measured in the experimental programme to be described in the next section. The
procedures for predicting the coil friction factor which have been used in the present work
have therefore been based on experimental data for comparable coils which have been
published in the open literature. Probably the most comprehensive set of test data of this
type is that of McQuiston (1978a), which covers dry coils and coils subject to filmwise and
to droplike condensation. In a companion paper, McQuiston (1978b) published a set of
correlations based on dimensional analysis, which attempt to provide a universal
correlation of friction data for plate fin and tube cooling coils. The correlations are based
both on McQuiston's own test results, and on relevant dry-coil test results published by
Rich (1973) and by Kays and London (1984). The resulting curves a¡e accurate to within
+357o. The relatively large error band is accounted for in part by minor differences in the
geometrical configuration and constructional methods of the coils tested by the various
authors. The major factors however would seem to be the relatively large scatter in
McQuiston's data, together possibly with certain inadequacies in the correlating functions
chosen. McQuiston's (1978b) correlations are presented uncritically below in the context
of the present studysa. In the longer term these should not be seen as a substitute for a
systematic experimental study using coils of the exact type for which we wish to predict
the pressure drop.

84 Comparison of pressure drops estimated using McQuiston's correlation with predictions for the same

coil using a number of proprietary coil selection prograrrìmes indicates a high degree of mutual
incompatibility between the various estimation methods, the discrepancy between the highest and
lowest estimates in some cases approaching 1007o. Pressure drops estimated using McQuiston's
correlation lie near the upper end of spectrum, and limited testing performed in our laboratory
suggests that these higher figures more closely approximate the pressure drops to be expected in
practice. Note however that in some situations the multiplicative factor F(Nr) of equations (7.7.12)
and (7.7.13) may be less than one, indicating that the pressure drop through a coil subject to
dropwise condensation is smaller than that through an identical dry coil subject to the same flow
conditions. Obviously, the last word on this subject remains to be written. We are currently
initiating a systematic series of laboratory tests in an attempt to a produce a set of pressure drop
correlations which may be regarded as definitive.

See the discussion accompanying equation ('7 .5.22) for a possible alternative means of correlating
frictional data from coils ofdifferent fin densities.
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McQuiston's conelations Íu€ based on a parameter FP. A number of more basic quantities
need to be defined before we can offer a definition for FP. The ratio of total surface area

to primary surface area nray be calculated as the ratio A..lA^ using the quantities derived
in section 7.1. For consistency with McQuiston's *o.[ nJ*"ver, we use the following
expression

A 4 S, s, A
R

n DoLxu A,

Now, R . is a kind of hydraulic radius defined by the equation

R* Ro

xø (5, - 2x)N, - I

Two further dimensionless groups follow:

D-(+-zx)Ñf't rc _ Nryl

and

s.
F,= I -l- 2R.

Thus, FP is defined as

FP=Re (;) F r-o'a P -o's
0.25

For a dry coil surface McQuiston derived the correlationss

f,t=4'904x 10-3 + r'382(FÐ2

,n

a A
(7.7.4)

(7.7.5\

(7.7.6)

(7.7.7)

(7.7.8)

(7.7.e)

(7.7.I0)

-o.25
d

Two further pa"rameters must be defined in connection with wet coil surfaces. The first is
a Reynolds number based on the fin spacing,

G
Re

J
Nrt'

the other being a factor to account for the fin thickness,

85 The tìrst term in the following equation is variously given as 4'9O4 x 10-3 and 4'O94 x 10-3 in
McQuiston's paper.
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(7.7.11)

whence McQuiston clefines a function F6 ì which essentially provides a con'ection to the

dry coil curve to account for the presence of condensate; FP in (7 .7 .9) will be replaced by
FP x F (N ì. For clroplike condensations6, McQuiston presents the correlation

r(N/) = [0.325 * ,Rr., 
o'ot]F,' (7.7.12)

Thus, the friction factor for a fully-wet coil surface subject to droplike condensation
follows:

f,,,=4.904x103+l.382lFPxF(Nr)lt (7.7.t3)

McQuiston states that the above correlations are valid over the range:

Tube diameter:
Tube spacing
Fin pitch
Fin thickness
Face velocity

9.5 to 15.9 mm
25'4to 50.8 mm
4 to L4 fins/inch
0.15 to 0.25 mm
I to 4 rn/s

The correlations are appropliate to coils having four tube rows. In general, we ale dealing
with coils having an arbitrary number of rows, and for which the coil surface is neither
fully wet nor fully dry. To predict the pressure drop for a coil in the general case, the
following procedure is lecommended:

The wet and dry friction factors for a four row deep coil subject to the sarne air
flow regime as the test coil are calculated using equations (1 .l .9) and (7 .7 .13). The
wet and dry pressure drops for the four-row coil follow from equation (7.7.1).

11 On the assumption that pressure drop is proportional to the number of tube rows,
the pressure drops calculated above are converted to pressure drops per row. Thus, Âp,
is the pressure drop per row for a fully dry coil, and L,p* is the pressure drop per'

row for a fully wet coil.

r11. The wet and dry surface areas are known from the heat transfer calculations. Thus,

the pressure drop for the coil,

l¿u',¿,,+LoAl
Âp=N..l '(r d 'w w I (7.7.14)"'l Ao l

The corresponding correlation fbr filmwise condensation is considered to be of little relevance in

the operational case, and is not reproduced here.
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iv. The coruesponding local loss coefficient may thus be calculated (equation7.7.2)

The above procedure is based on a number of assumptions which are subject to
experimental verification.

7.8. Experimental Measurement of Coil Characteristics.

An extensive series of coil rating tests have been performed by Sekhar (1990) using a
unique closed-cycle thermal environment wind tunnel, which provides the ability to test
coils in a closely controlled environment over a wide range of entering air conditions. The
experimental facility and associated experimental procedures have been described in detail
in earlier works (Sekhar, 1990; Sekhar et al., I99Ia, b), and will not be described further
here. It will be noted however that the test facility has recently been rebuilt at another site,
and the opportunity was taken to provide even closer control of the opcìi rÌ r ng parameters
by implementing a number of direct digital control loops. Coil testing is c.'.rntinuing using
the rebuilt rig.

The coil tests analyzed in the current work have been drawn entirely frr;ru the databank
assembled by Sekhar, and cover coils having a f,rn density of 6 fins per inc i i' ', and I , 2 and
4 rows in depth. A new software package has been developed to analyze ti're coil test data.
The software implements analysis according to ARI standa¡d 410-81 for fuiiy dry coils, and
according to the AU method for fully wet coils. The appropriate analysÌs procedure is
selected using criteria developed by Sekhar (1990):

i. The corlisfully dry ifthe ratio of sensible to total heat, q,/ q, > 0'95

il The coil is fully wet provided:
a. The ratio of sensible to total heat, qrl q, < 0.75 .

b. Theenteringwatertemperature (r,r) lies withintherange of 1.7 to 12.8"C.
c. Theenteringwet-bulbdepression, tor - tor'> 3.3"C.
d. The differential between the leaving wet-bulb temperature and the entering

watertemperaturl, tu2' - t*r 2 2.8"C.

lil If neither of the above sets of criteria is satisfied, the run is classified as partially
dry, and rejected.

8't The modelling study described in chapter 13 presents the results of simulations performed using
. coils of9 and l2 fins per inch. The coil rating curves for these fin densities have been derived by

performing a series of "simulated experiments" using a proprietary coil simulation programme, and
analyzing the results using the same procedures as have been used for the 6 fpi test results. The
resulting relationships are of an interim nature only, and will not be reported herein; they will be
replaced in due course with correlations based on tests performed in our laboratory. This will result
in an improvement in the accuracy to which the performance of coils having these higher fin
densities can be simulated, but is not likely to invalidate the conclusions of chapter 13.
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The above criteria determine the default behaviour of the programme when presented with
a set of test data. Processing according to the above criteria may be overridden by
specifying the analysis method to be used by means of an optional command-line switch.

The analysis methods used are as described in sections 7.4 and J.5,and generally follow
the logic of the processing methods described by Sekhar ( 1990). The methods described
herein differ from those of Sekhar on a number of points of detail, the most important of
which are:

The water-side film heat transfer coefficient is calculated using equations (1.6.6)
and (7 .6.7) in preference to the McAdams equation (7 .4.5) , for both the AU method
and the ARI method. In this respect the procedures described herein depart from
strict adherence to ARI Standard 410-81.

1l The specific heat and fluid transport properties are calculated at an appropriate
mean temperature for the working fluids, using the relationships of Chapter 4 for
moist air, and section 7.6.I for water. ln the earlier work by Sekhar, constant
values were used for these properties.

A simila¡ procedure is adopted in calculating the Lewis number; Sekhar assumed
a constant value of Le = 0.9.

iv. The procedure used

extract the sensible
latent heat capacity of
test coil from the state

the air entering
leaving the coil is
shown in figure 7.19
l,et subscript 1

the entering air
subscript 2 denote
leaving air state,

subscript i denote a
determined by the dry

lll

bulb temperature at statep¡g¡¡ re 7.19

1, and the humidity ratio
at state 2. Then,

4¡=rho(hr-h,)

Q,=rho(h,-hr)

Sekhar et al. (199lb) used the relationships

Qt=ùohfr(wt-w2)

Exüaction of sensible and latent heat capacity from
coil test results.

(7.8.1a)

(7.8.1b)

Coìl Cond¡l¡on Curve

qr

q.

Conslõnl dbi

Conslonl W

(7.8.2a)
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Calibration plots for the dry air-side thermal resistance for a family of coils, as prescribed
by ARI Standard 410-81.
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Q.r=ffiuCn.u?r-tz) (7.8.2b)

The latent heat can be calculated unambiguously using equation (7.8.2a). It is not
clear however at what set of conditions the specific heat in equation (7.8.2b) should
be evaluated. Van Aken (1993) provides relationships for a mean specific heat

which may be used for this purpose. It is preferable however to use equation
(7.8.1b), which is entirely unambiguous and more straightforward.

For the above reasons, the relationships presented in the following section differ slightly
from those originally presented by Sekhar (1990).

7.8.1. Experimental Correlations.

The coils tested belong to a family of plate fin and tube coils manufactured by F. Muller
and Sons Pty. Ltd. The geometry of these coils is specified by the following set of
dimensions (refer to section 7.1):

Tube external diameter (D,,)
Tube internal diameter (I),)
Fin thickness ( Yr)
Vertical tube spacing (+)
Spacing between coil rows (S,)
Fin material
Tube material

15'875 mm.
14.915 mm.
0'19 mm.
38.1 mm.
35.05 mm.
Aluminium.
Copper.

All coiis used in deriving the experimental correlations were half-circuited

7.8.1.1. Dry Coil Tests.

The analysis method prescribed by ARI Standard 410-81 aims to deliver a set of plots

which may be used as graphical engineering aids for predicting coil performance. For the

family of coils tested, the sensible cooling heat transfer performance is described by the

following set of plots:
i. Dry air-side thermal resistance (R,r) as a function of standard air velocity (Vo,,,¿),

both plotted on logarithmic axes. The appropriate plots for the 1,2 and 4 row coils
are shown in figure 7.20. These may be correlated using a linear relationship:

lnRor=e+blnVo',¿ (7.S.3)

where, for a one-row coil,
a = -1.6581 42, b = -0'427185;

for a two-row coil,
a = -I'7 19165, b = -0'579415;

for a four-row coil,
a = -I.7 02484, b = -O'1 9L284.
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The sum of the dry air-side and metal thermal resistances (Roo * R_r) as a
function of dry air-side resistance (Roo), shown in figure 7 .21 as a composite plot
for the family of coils tested. This relationship is redundant in the computational
methodology developed herein.

Water-side film thermal resistance as a function of water velocity. The form
prescribed by ARI Standard 410-81 is based on the McAdams equation; the
equivalent plot for the present analysis is shown in figure 7.16.

0.04

0.0 3

O
o

É-

-F O.O2

ô
E

V.

0.01

0
0 0.01 0.02

Roo

0.03 0.04

Figure 7.21. Sum of the dry air-side and metal thermal resistances plotted as a function of dry air-side
resistance. Data reduction according to ARI Standard 410-81.

7.8.1.2. Wet Coil Surfaces.

In the AU method, the air-side heat transfer coefficient (h,,o) is correlated in the form of
the dimensionless grouping St.Pr2t3 as a function of Rèynolds number (Re ), using
equation (7.5.19). Plots for I,2 and 4 row 6 fpi coils are shown infigure7.22. The
appropriate constants for use in equation (7.5.19) are,

for a one-row coil,
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a = -0.67 377 0, b = -0.31 601 4;
for a two-row coil,

a = -1.009592, b = -0.244951;
for a four-row coil,

a = -I.I94I25, b = -0.181296.

For the same coils the sum of the metal and condensate resistances ( R,n * Rr, ) a¡e shown
plotted as a function of the wet air-side thermal resistance (R,,,,* = | / h,.,, ) in figure 7 .23.
The experimental results have been fitted with a second-order polynomial of the form

,R1,,,*R + R =a+bR c,0wot9
+ (7.8.2)

where,
for a one-row coil,

a=4.125333 x 10-3, b=1.488645 x 10-r, c=-2.810635;
for a two-row coil,

a = 4.076190 x 10-3, b =9.146160x 10-2, c = -3.657706;
for a four-row coil,

a = 0.00358I, b = 0'0129560, c = 0.0.

Caution is required in using these functions to extrapolate beyond the range of the
experimental data; the same applies to the piecewise linear correlations of Sekhar (1990).
As has been mentioned previously, a more precise formulation of the functional
relationship between the various thermal resistances awaits a better understanding of the
physics involved.

7.9. Summary.

Although largely neglected in much conventional air conditioning practice, the
performance of the cooling coil or coils may correctly be regarded as the major factor
determining whether an air conditioning system will be capable of maintaining design
comfort conditions, while minimizing energy consumption. An understanding of the
behaviour of a cooling coil under varying load conditions is thus an essential component
of any modelling strategy. The current chapter conìmenced with a review of recent
investigations into the dynamics of the air flow and condensation processes occurring
within a cooling coil. Subsequently a model algorithm to predict the state of the working
fluids leaving a cooling coil was developed, and this was used as a framework to
implement and utilize two coil rating methods; the ARI method for dry coil surfaces, and
the AU method for wet coil surfaces. Procedures for calculating the air and water-side
pressure drops in cooling coils were also described, and a critique of cunent understanding
of the functional dependencies of air-side pressure drop was presented. The chapter
concluded by describing the application of the previously developed coil rating procedures

to the analysis of test results for a series of coils.
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Colburn j-factor as a function of Reynolds number for a family of 6 fpi coils. Fully wet
test results processed using AU method.

log Re
22 23 24 2.5 26 27 2A 29 30 3.1 3.2

o_

(n

-1 2

-1.3

-1 4

-1 6

-1.7

-1 I

-20

F
--+-

1 Row

o)
o

log Re
22 2.3 24 2.6 2.7 28 2.9 3.O 3.1 3.2

L
o_*(n

-1.2

-1 3

-1 4

-t5

-1,6

-1.7

-1 6

-1.9

-20

I

I

2 Rows

O)
o

Iog Re
2.2 2.3 2.4 2.5 2 6 2.7 2A 2.9 3.O 3. 1 3.2

o_

(n

-1 2

-l 3

-1,4

-1.6

-1 .7

-1.8

-1.9

-2.O

o)
o

4 Rows

Figure7.22.



o 006

Þ- -

1 Row

0 006

0 005

Ì
oa 0 OO4

+
-oo03

ù:

0 002

o o0l

0 000
0.015 2 0,0 25 o030

R" o*

000

o.o0 6

o 005

)
È oo0

+
E00É

0.002

0 001

0 000
1 l5 o03 0.055

R".o*

0.00 6

0 006

o.005

'oao o.oo

+
E0É

0.002

0.oo I

0 000
1 0.01 5 o02

R",o*

35 o.o4

I ---¡-

2 Rows

¡

4 Rows

2r5

Sum of the metal and condensate thermal resistances plotted as a function of wet air-side
thermal resistance for a family of 6 fpi coils. Results derived using the AU method.
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Chapter 8. Simulation of Composite Coil Banks.

The preceding chapter has described a set of algorithms which, when used in conjunction
with suitable heat and mass transfer correlations, enable the user to compute the state of
the coolant and moist air leaving a given coil, given the condition and flow rates of the

same fluids at entry to the coil. Subsequently, an empirical set of heat and mass transfer

correlations were presented for half-circuited fin-and-tube coils having depths of l, 2 and

4 rows, The designer'.s options would of course be severely restricted if these simple coils
defined the limits of his repertoire. Nevertheless, using the simple half-circuited coil as a

basis, it is possible to extend greatly the range of circuiting options available to the

designer. [n the following, two extensions to the basic method are described. The first
provides a means of relaxing the limitation to half-circuited coils to permit a coil having
an arbitrary number of passes per circuit to be modelled. Secondly, the simple coil is used

as an element within a more general structure which may be used to model and solve for
composite coils of some complexity. The properties and applications of such a structure
are considered both in terms of their physical implementation and by reference to the

conceptually equivalent computer data structures.

8.1. Generalized Coil Circuiting.

The experimental tests used to derive the heat and mass transfer correlations employed

half-circuited coils in all cases. In this circuiting affangement, chilled water is fed to every

second tube in the rearmost row of the coil. If the data are to be used to calculate the

performance of a coil, the circuiting of the coil under consideration must be converted to

that of an equivalent half-circuited coil. Sekhar ( 1990) has shown that this can readily be

achieved by altering the number of passes per circuit to that appropriate to half-circuiting,
while keeping the number of rows, the total number of circuits, and the active tube length
per circuit (and hence the täce area) constant. The resulting coil, which is used in the heat

and mass transfer calculations, is referred to as a Virtual'coil, and is derived from the

original coil by the following operations:

L! = L.N"tzw,, (8'L'1)

N;,
2NNct pc

(8.1.2)
N,,

N,!, = 2N,,, (8.L.3)

where

L, is the tube length;
N,, ir the total number of circuits;
N-.. is the number of passes per circuit;pc
N,, ir the number of tubes per row.
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The primed variables refer
to the Virtual'coil, and the
unprimed variables refer to
the original coil. It should
be borne in mind that the
'virtual' coil is used only
for the heat and mass

transfer calculations;
pressure drop for air and
coolant through the coil
must be calculated on the
basis of the actual coil
specifications.

8.2. Data structures for
Composite Coils.

Even with the constraint of
half-circuiting removed,
the range of coil
configurations which may
be simulated using the
simple 1,2 and 4 row coils
described previously is
severely limited. Such
simple coils may however
be used as elementary
building blocks to
construct composite coils
of some complexity, There
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afe a number of reasons Figure 8.1. A six-rowed coil simulated using two coils with

why we may wish to do chilled water circuiting in parallel.

this. Possibly the most
obvious use for such a facility is to permit coils of arbitrary depth to be simulated. Three-
row coils are frequently used in our design methodologyss. Where constraints on space ¿ìre

tight, it may be necessary to speciff coils having six rows of depth in order to achieve the
required sensible cooling. Even deeper coils are not uncommonly specified in
conventional practice, often in the mistaken belief that such coils promote deep
dehumidification. A further use for such a facility, and one which is specific to the
LFV/HCV design methodology, arises in connection with the staging process. Staging
refers to the process whereby coolant velocity through a coil is maintained above a lower
threshold by deactivating circuits, and thus reducing the active surface area as the load

Simulating coils as composite structures of course increases the computational effort involved in
solving for a set of operating conditions. Experimental work is currently being undertaken to add
the 3-row coil to our database as an elementary building block.
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decreases. The underlying
principles have been

described in chapter 5.

Chapter 1,2 considers

control strategies to effect
the activitation and

deactivation of circuits under

dynamic loading
conditions; applications of
the staging process are

considered in chapter 13.

The current section

addresses the problem of
simulating the staging
process within a

computational model. The
requirements of a data

structure to model the

range of configurations
with which we will be

involved may best be

understood by considering
some examples.

Consider first the case of
simulating a 6-row coil
having 12 passes per

circuit. The only constraint Figure 8.2. A six-rowed coil simulated using two coils with

imposed on the coil by this chilled water circuiting in series'

circuiting arrangement is

that the face of the coil must be an even number of tubes in height. If the desired coil is

24 tubes high, maximum computational efficiency may be achieved by structuring the coil
model as a composite of a Z-row and a 4-row coil, each of 12 passes per circuit, and

a:ranged in series in terms of the air flow, and in parallel in terms of the coolant flow, as

shown in figure 8.18e. It is of course axiomatic that both of the elementary coils must

present the same face dimensions to the air stream. A solution for the composite coil is
readily obtained by solving for the elementary coil upstream with respect to the air stream,

setting the coil-on condition for the downstream coil equal to the coil-off condition of the

upstream coil, and thus solving for the downstream coil. Such a strategy is clearly not

feasible if the desired coil is 20 tubes in height. This case may be simulated using the

circuiting configuration of fîgure 8.2, in which we combine a 4-row coil having 8

passes/circuit with a2-row coil having 4 passes/circuit. As before, the elementary coils are

arranged in series with respect to the air stream. However, they must also be circuited ln

The circuiting a¡rangements shown for the four-row coil components in figures 8.1 and 8.2 are far

from optimal, and should be regarded as conceptual only.
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The second example
concerns a case ofstaging.
Consider a 3-row coll,24
tubes high. This coil may
be simulated as a

composite of a 2-row and a
1-row coil circuited in
parallel, as shown in view
(a) in figure 8.3. Suppose
now that the staging
strategy requires that four
circuits be deactivated
from the upstreamer two
rows at part load, as shown
in view (b). It is in fact
likely that the circuits will
be deactivated
symmetrically as shown, in
order to minimize
inhomogeneities in the air
flow downstream of the
coil. From a

thermodynamic viewpoint
the arrangement of view (c)

is equivalent. It is now
clear how the staging
process may be handled
within a computational
model of a composite coil
structure. The
computational equivalent
of view (c) is shown in
hgUre 8.4. The UpStream Figure 8.4. Computational representation of a 3-row staged coil
elementary COil is n6w with four circuits deactivated.

represented by not one, but
two elementary coils, one of which contains the circuits which remain active after the stage

change, while the other contains the circuits which have been deactivated. The
downstream coil has likewise been split into two coils, the respective face heights of which
match those of the active and deactivated upstream coilse2. A solution is obtained for the

two upstream coil components, the air passing through the deactivated portion without

9l The staging algorithm described in section 8.3.3 requires that any deactivated circuits be located

within the first elementary coil encountered by the airstream.

The circuiting arrangement specified must be such as will make it possible to match the face heights

of the coil components.
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change. This defines the
coil-on condition for the
components of the
downstream coil, for which
the coil-off conditions can
now be calculated, and the
two streams
psyclu'onrctrically mixed
downstream. The model
must therefore provide the
ability for each elementary
coil to be represented by
two smaller coils having
the same circuiting, one of
which coils may be
deactivated or, in the case

where staging is not in
effect, null. It is important
to realise that at least one
row remains active
throughout the entire
height of the coil following
a changeover. In other
words, no air is bypassed.
The benefits conferred by
bypassing air are minimal,
at best.

CoilS pecif icotion

t

CW Monilold

+

SlolePoinl

CW Coil

Figure 8.5. Class diagram showing relationships between the
various classes from which a coil bank is constructed.

ll

lll.

The generalized dafa structure which we use to simulate composite coils is referred to as
a coil bank, and implemented by defining a C++ class ColBank. Obiects of this class
operate on data structures composed of entities belonging to three more basic classes:

Class Coilprovides a set of variables and operations to simulate the simple coils
which are the elementary building blocks for the coil bank.

Class Slafe Point provides variables and operations referring to the state of the air
at a point in the structure.

Class Manifold conceptually refers to the hardware item of the same name; the
purpose of this class is to provide variables and operations to access and manipulate
the state of the coolant at a point in the coil bank.

Classes CoilBank, Coil and Manifold are abstracf base classes. To complete the
implementation, information must be supplied concerning the properties and thermal
behaviour of the coolant used. In the case of chilled water the additional information and
operations are supplied by the derived classes CW_CoilBank, CW_Coil and
CW-Manifold. The following discussion will be restricted to chilled water systems, and
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a distinction will not always be drawn between the operations supplied by the base classes,

and those specific to the derived classes. It should be borne in mind however that most of
the operations described are provided by the base class, and are accessible for use in
simulating DX coils, with the provision of a suitable superstructure. The relationships
between these classes are as shown in figure 8.5. The properties of the various classes will
be described below.

8.2.1. Class Coil.

Class Col makes use of a more fundamental class, CoilSpecification, which stores

primary and derived dimensional data for the coil, together with the tube and fin thermal
conductivities. The internal structure of class CoilSpecification need concern us little
here. Basically, a set of primary dimensions are supplied as arguments to the constructor
for the classe3, and the derived dimensional data calculated using the relationships of
section 7.1. An additional member variable which will be of importance when we come

to discuss the manner in which coil banks are assembled is the boolean variable
coilspecíf icarion, , 

"*e4. 
The constructor for class CoilBankwlll assemble the coil

components in sequence from the front (the side facing the air stream) of the coil.
Specifying a value of true for coilspecification::cm indicates that this coil is to be

circuited in parallel with its predecessor (figure 8.I); if false is specihed, it will be circuited
in series (figure 8.2). If false is specified, a further boolean variable
coilspecification, 'am is set to true if a real manifold is intended, or false if the

manifold is conceptual, as in figure 8.2. In the latter case, an extra return bend must be

included in coolant pressure drop calculations, if this parameter is not to be underestimated.

The constructor for class Col accepts a reference to an object of class CoilSpecification
as an a-rgument. A second copy of this object is created intemally by the constructor. The
internal copy differs from the original in that it contains the dimensional information
relevant to an equivalent half-circuited coil, derived from the original as described in
section 8.1. This 'virtual'coil is used intemally for all heat and mass transfer calculations.
Performing a changeover (section 8.3.3), which involves deactivating circuits, will further

93 By default, the tube and fin dimensions used are those pertinent to the family of plate fin and tube

coils described in section 7.8.1. Member functions are provided to change these parameters,

although it should be borne in mind that the heat and mass transfer relationships embodied in class

Coil arc based on this family of coils. It is clearly desirable that a more flexible arrangement be

implemented in future, and that full support for helically-wound coils (these are partially supported

at the moment) be provided. The constructor accepts the following arguments, some or all of which
may be omitted, inwhich case the defaults are used:

Number of rows ({)
Passes per circuit (Nr")
Tubes per row (N,,)
Length of tube (L,)
Fin density (Nr)

Default = 4.

Default = 4.

Default = 24.
Default = 1000 mm.
Default = 6'18 fpi.

e4 Common Manifold.
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modify this internal copy. However, the original object remains unchanged, and describes
the actual physical coil from which the internal copy has been derived.

The constructor for this class takes a second argument which determines whether the object
as created is to have all its circuits fed with chilled water (true), or none fed (false). The
constructor is thus declared as

Coil: : Coil- (CoilSpecif ication coil-,
boolean f_flag);

An object of class Coil created with the second argument set to false is a null cotl.
Internally a null coil is identified by setting the total number of circuits (N.,) equal to zero.
Null coils pass no airflow and are bypassed by the coolant flow; they therefore have no
cooling capacity. NulI coils must be distinguished from deactivated coils, which have a
non-zero number of circuits, none of which is fed with coolant. When the data structures
comprising a CoilBank are created (section 8.3.1), a null coil is created corresponding to
every non-null coil. These in effect serve as placeholders for use during the changeover
process (section 8.3.3).

The entering air state is accessed by means of a pointer to an object of class AirState (this
pointer may be set after the object has been created); the leaving air state is stored in an
internal variable. The operations which may be performed on an object of this class are:

Activating or deactivating the coil; a deactivated coil has no circuits active.

Changing the air flow and coolant flow

Calculating air pressure drop

Calculating coil thermal performance for the current set of operating conditions
(problem FP). A member function coí1: : solve ¡ is provided for this purpose.
If the coil is deactivated, the leaving air state is simply set equal to the entering air
state.

V Accessing and setting coil operating parameters, as appropriate.

The algorithms used to perform operations (iii) and (iv) have been described in detail in
the preceding chapter, In order to use this base class, derived classes must provide
protected member functions which will compute and return:

The tube-side coolant film heat transfer coefficient.
Temperature of the coolant entering and leaving the coil.

In addition to the above, the derived class CW_Col adds operations to:

Set the entering water temperature.
Calculate and return the water pressure drop using the algorithms of section 7.6.

l.

ii.

iii.

iv

I
ii

I
ii
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8.2.2. Class Statepoint.

Classes StatePoint and Manifold provide facilities to store and update the properties of
the air and coolant respectively at various points in the coil banke5. More importantly
perhaps, they serve as links, channelling the working fluids from one point in the structure
to another. Internally, class SfafePointis represented by the following member variables:

The psychrometric condition of the air at the state point, represented by an object
of class AirState.

A singly-linked list of pointers to a set of coils, the air off of which is
psychrometrically mixed to produce the condition at the point.

cl- A singly-linked list of pointers to a set of coils which a¡e fed with air from this state

point.

ma The mass flow of air (rh,,) at the state point.

The pressure at the state point. This is gauge pressure referenced to an arbitrary
datum.

Schematically, an object of class StatePoinf may be linked into a structure as shown in
figure 8.6. Class StatePoinf supports the following operations:

Reading and setting the values of member variables, as appropriate.

Attaching a coil feeding into the state point. The coil is appended to list
StatePoint: : ce.

Attaching á coil fed from the state point. The coil is appended to list
srarepoinr : : c1. Since objects of class Coil do not store the entering air state

internally, but store a pointer to an external object of class AirState, this pointer
is set to address member va¡iable statepoint : : a of the appropriate object of class

StatePoint.

A member function statePoint: : sorve 1¡ is provided which performs the

following operations in sequence:

p

ll

111

1V

a. The condition of the air at the state point is found by psychrometrically
mixing the coil-off condition of the air leaving the coils feeding into the

state point (referenced by list statepoint: : ce), weighted according to the

mass flow through each.

The physical or conceptual point in a coil bank described by an object of class SfafePolnf is

referred to in the following as a state point.

95
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Figure 8.6. Internal structure of an object of class StatePoint.

Member variable coit: : sorve O is called for each Col on list
StatePoint : : cl-.

An additional member function srarepoinr : : updare ( ) psych-rometrically mixes
the air-off conditions for the coils referenced by list statepoinr : : ce to find the
condition of the air at the state point (srateeoinr::a), without initiating any
further action on the patr of the coils downstream.

vi. A member function

void StatePoint::ChangeAirFlow (const double m = O.O);

is provided to update the mass air flow through an object of class StatePoint This
function takes an optional argument m. If list srarepoinr : : ce is empty, variable
statepoint: :m is set equal to the value specified by argument m; otherwise it is
evaluated by summing the mass flows through the coils referenced by list
statePoint: : ce. The mass air flow rates through the coils referenced by list
statePoint : : c1 (if any) are subsequently set in proportion to their face areas.

8.2.3. Class Manifold.

Class Manifoldessentially performs the same function in respect of the coolant stream as

class Sfaf ePoint does in respect of the air streame6. However, whereas the external

A specific point in the coolant circuit may be described by an object of class Manifold. Frequently
such a point will correspond to an actual manifold in the physical implementation of the coil bank.
In the situation represented in hgure 8.2 an object of class Manifold would be inserted between the
four-row and two-row coils used to simulate a six-row coil, although clearly no physical manifold

b
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working fluid is always air in the examples we are considering, the data structures provided
to handle the coolant streams must be sufficiently flexible to accommodate chilled water
or refrigeranteT. For this reason, class Manifold is intended to be used as a base class. The
internal structure of the class closely resembles that described above for class StatePoint.
The following member variables are defined:

ce A singly-linked list of pointers to coils which feed into the manifold.

ct- A singly-linked list of pointers to coils which are fed from the manifold.

The mass flow of coolant through the manifold.m

r11.

Member functions are provided to perform the following operations

i. Read the mass coolant flow

Append pointers to objects of class Coil to list l.lanifold::ce, or list
Manif o1d.: : c1, âS required.

A member function Manif of d: : updateMassFlow 1m¡ is provided which is strictly
analogous in respect of its operation to function
statePoint : : changeAirFlow (m) described above. The mass flow rates through
the coils fed from the manifold are set in proportion to their internal flow areas.

Note that none of the variables or functions described above define or make reference to
the properties of the working fluid. Such functions are provided as required by a derived
class. Class CW Manifold adds facilities specific to chilled water. Member variables
cw-manifold: :t and cv''r-manifold: :p specify the temperature and pressure respectively
at the manifold. Functions are provided to set and access these variables. Additional
member functions are provided to:

Update the water temperature at the manifold:

void CW-Manifold::UpdateTemperature (const double t = 0.0);

Three conditions are possible:

a. Some or all of the coils referenced by list Manif old: : ce âre active. In this
case the temperature at the manifold is set equal to the average value of the

is present. In the discussion which follows, the term manifold will be used to refer to a point in the
coil bank which is represented in the model by an object of class Manifold, regardless of whether
a physical manifold is present at the point, or whether the use of the term is simply a conceptual
convenlence.

Steam is also frequently used as a tube-side working fluid in heating applications. Such applications
could be handled with elementary modifications to the member functions of class Coil.

I
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temperature of the water leaving the active coils, weighted according to the
number of active circuits in each.

b. None of the coils referenced by list uani f old : : ce are active; the water
temperature is set equal to that at entry to the coils which feed into the
manifold.

c. List uanif o1d.: : ce is empty. In this case the water temperature is specified
by an optional argument (r) to the function.

Having found the water temperature at the manifold, the entering water temperature
for each coil referenced by list vlanifotd: : c1 is set accordingly.

ll Update the water pressure at the manifold:

void CW_Manifold::UpdatePressure (const double p = 0.0);

As above, three conditions are possible:

a. Some or all of the coils referenced by list uani f o 1d : : ce are active. In this
case the water pressure drops for the active coils are calculated (these will
be identical) by invoking the appropriate member function for class Co[
and the water pressure at the manifold set equal to that of the water leaving
the coils.

None of the coils referenced by list l,lani f old : : ce are active; the water
pressure is set equal to that at entry to the coils which feed into this
manifold.

List l¿anifold: : ce is empty. In this case the water pressure is specified by
an optional argument (p) to the function.

Having found the water pressure at the manifold, the entering water pressure for
each coil referenced by list Manifold.: : c1 is set accordingly.

8.3. Operations on ComposÍte Coils.

The structure of and uses to which class CoilBank may be put are perhaps best understood
by considering the member variables and operations which this class provide. The
attributes of the class are embodied in the following member variables:

i. A set of doubly-linked lists of pointers:

b

c

c1 Each node on the list points to a singly-linked list of pointers to objects of
class Coil.
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^f Each node on the list points to a singly-linked list of pointers to objects of
class Statepoint.

mf Each node in the list points to an object of class Manifold.

The structure of these lists may best be understood by reference to hgure 8.7, while
the manner in which they are created is described in section 8.3.1. These structures
permit composite coils of considerable complexity and generality to be constructed

and operated on.

A set of singly-linked lists of pointers. A pointer to each object of class Co[
Manifold or Statepolnf is inserted onto one of three lists as it is created, as

appropriate:

Objects of class Col.
Objects of class StatePoint.
Objects of class Manifold.

These lists perform a housekeeping rôle. They are used by the destructor for class

CoilBank for deleting the objects which they address.

Objects of class StatePoint referring to the air state upstream (coileank: : s-in)
and downstream (coiteant<: : s-out) of the coil.

Pointers to objects of class Manifold describing the state of the coolant entering
(coiteant: :M-in) and leaving (coitnant<: :M-out) the CoilBank The objects
themselves are referenced by list coiteank: :mf .

C

S

M

1V

V The following additional member variables are provided, each of type double:

A face
ma

Qa_act
Qa_std
Va act
Va std
apd
qt
qs
qI

Face area (m2).

Mass flow of air (kg^).
Actual air volume flow (L/s).
Air volume flow (L/s) under ASHRAE conditions.
Actual air face velocity (m/s).
Standard air face velocity (m/s).
Air pressure drop (Pa).

Total refrigeration capacity (kW).
Sensible refrigeration capacity ( W).
Latent refrigeration capacity (kW).

Class CoilBank is an abstract class in that it declares two pure virtual functions which
must be defined by a derived class. These perform the following functions:
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Figure 8.7. Elementary component structures for an object of class CoilBank.
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i. Function

vj-rtual Coil* CoilBank: :CreateCoil (CoilSpecification& c,
boolean f-fIag) = 0;

creates and returns a pointer to an object of the appropriate subclass of Coil.

ii. Function

virtual Manifold* CoilBank::CreateManifold O = 0;

creates and returns a pointer to an object of the appropriate subclass of Manifold.

The derived class must also provide a public member function which provides a solution
for the current set of operating conditions, and which overrides the pure virtual function

virtua] void CoilBank::Solve O = 0;

The major member functions of class CoilBank are described in the following subsections.

The following section contains a consideration of the facilities which must be added to
implement a derived class using chilled water as a working fluid.

8.3.1. Constructor.

Class CoilBank provides three constructors which are distinguished by their calling
sequences. The first takes no arguments, and merely creates an empty CoilBank. This is
of little interest. The other two constructors create a CoilBank given an array of type

CoilSpecification, the elements of which specify the elementary component coils from
which CoilBank is to be constructed, in sequence from the front of the coil. These

constructors differ only in the source from which the coil specifications are drawn. In the

first instance the array is specified directly through the parameter list for the constructor.

In the second case a reference to an object of class TextSourcee8 is passed as a parameter

to the constructor, and the array constructed from the information extracted from the

associated input stream. Both constructors call an internal routine to actually assemble the

CoilBank from the specified ¿uray, and it is the procedures embodied within this routine

with which we shall be concerned here.

The task of creating the coil bank, which is essentially that of constructing the data

structures offigure 8.7, is a three-stage process:

Stage 1: Creating and linking in the coils. In this stage the doubly-linked list
coilBank: :cl is created.

Stage 2: Creating and linking in the state points. In this stage the doubly-linked list
CoilBank: : sl is created.

1

2

e8 See section 2.4.
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Stase 3: Creatins and linkins in the manifolds. In this staee the doublv-linked list
CoilBank : :mf is created.

c2 c1

IN

Sorf

L2 u1

H
H

H

CoilBonk::cl

CoilBonk::sl

Figure 8.E. Coihnd StatePoint stuctures used to represent the coil configurations of figures 8.1 and
8.2.

It would be superfluous to provide a detailed description of the procedures used in creating
these data structures. However, an understanding of the data structures themselves, and
the manner in which they relate to the physical coil, provides necessary background to the
discussion which follows. Consider again our example of figures 8.1 and 8.2. The Coil
and StatePolnf sffuctures required to represent both configurations are as shown in figure
8.8. Objectsofclass StatePointarelabelled S;objectsofclass Coilarelabelled C. The
air condition at state point Srn is the condition of the air at entry to the coil bank. The
contlitit;n at sl.ate poinl Sor, is [he condition of the air leaving the coil bank, produced by
psychrometrically mixing the air streams entering the state point. The a¡rowed lines which
originate at the state points and terminate at the coils are to be interpreted as pointers from
an object of class StatePoinf to its associated objects of class Coil. The annotation lN or
OUT indicates the direction of air flow with respect to the state point. Thus, those pointers
which are stored on list statepoint: : ce are labelled lN; those which are stored on list
statepoint: : cl are labelled OUT. In this and the diagrams which follow the intermediate
nodes in the singlylinked lists, which are shown in figure 8.7, have been omitted for
clarity. Note in particular that each elementary coil segment is represented in the model
by two objects of class Col. Thus, object C., is a computer representation of the 2-row
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coilinfigure8.l. Object C.,'isacopyof q inwhichthenumberof circuits,andthe
number of circuits fed, has been set equal to zero; a null coil in other words. The
significance of this second copy of object C' will become clear when we consider the
process of performing a changeover (section 8.3.3).

The data structures shown in figure 8.8 simulate the air side of the coil bank. The real
difference between the models used to simulate the two physical configurations lies in the
manner in which the list of manifolds is linked into the structure. Thus, the parallel-
circuited configuration
of figure 8.1 can be
adequately handled
using manifolds to
represent chilled water
state at the inlet and
outlet points of the
composite structure, as

shown in figure 8.9.
The diagrams of figures
8.9 and 8.10 are to be
interpreted in an

analogous manner to
figure 8.8 (See the
discussion above).
Manifolds are labelled
M. The temperature
and pressure of the
water at manifold M"
are those of the water
entering the coil bank,
while the properties of
the water at Mou, are
those of the water
leaving the coil bank.
The objects of class
Manifold shown in
figure 8.9 will
represent to physícal
manifolds. To model
the series-circuited
configuration of figure

c)

tffi

H

E

H

CoilBonk::cl

CoilBonk::mf

8.2 it is necessary to Figure 8.9. Manifold data structures used to model the chilled water

insert an additional ctrcuiting configuration shown in figure 8.1.

conceptual manifold
between the two elementary coils from which the model is constructed. This has no
physical counterpart. The arrangement is shown in figure 8.10.
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8.3.2. Destructor.

The destructor for class ColBank is responsible for ensuring that the structures from
which objects of this class are constructed will be deleted in an orderly manner when the
object is no longer needed. Deleting the data structures of figure 8,7 will cause the nodes
of which they are composed to be deletctl. The objects of classes Coil, StatePoint and,
Manifold which they reference are left intact. The singly-linked lists coireank::c,
coilBank: : s âfld coilBank: : M ârê provided specifìcally fbr the purpose of deleting these
objects. A pointer to each of the objects referenced by these lists must be extracted in
sequence by invoking for instance, member function splisr<coi1>: : ger ( ) (section
2.3.2), and deleting the referenced entity.

8.3.3. Performing a Changeoyer.

The concept of staging, introduced earlier, implies the need to selectively deactivate
circuits within the coil as the load is reduced. This action is referred to as performing a
changeover. We will make frequent reference in the following to the example presented
in figure 8.3. For computational purposes. the physical coil of this example was
decomposed into a set of elementary coils arranged as shown in figure 8.4. This
configuration may be represented using the data structures of figures 8.8 and 8.9.

A changeover is performed by calling a member function declared as

virtual void CoilBank::ChangeOver (int Nc_deact. = 0,
int Nr_rem = 0);

In the following it must be borne in mind at all times that in the staging strategy presented
here, circuits can only be deactivated from the frontmost elementary coil with respect to
the air stream. Thus, in the configuration shown in figure 8.4, circuits can only be
deactivated in the 2-row segment of the structure, represented by the two 2-row elementary
coils in the diagram. In the computational model of figure 8.8, these correspond to coils C.,

and Ct' . With this restriction, the circuiting may be specifred using the parameters in the
argument list to the function:

Nc deact
Nr rem

The number of circuits to be deactivated (Nr).
The number of active rows remaining (N,,) in that portion of the coil in
which circuits have been deactivated.

Thus, the configuration shown in figure 8.4 can be specified by settin1 N¿ = 4 and
N,^ = 0. The meaning of this second argument may be clarified by considering a
variation on this circuiting ¿ürangement. Suppose that we had specified No = 4 as before,
but with N,^ = 1 in this instance. In other words, we are specifying that the four circuits
to be deactivated be contained within one (N, - N, ) row of the 2-row elementary coil.
In the notation of figure 8.8, this latter can be represented by the elementary coils:

C1 2 rows,4 circuits.
C,,' 1 row, 4 circuits; now active.
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1 row, 2 circuits.
1 row, 4 circuits.

All circuits are of course of 4 passes, as before.

c2

OU

OU

IN

IN

N

N

c) ci

H

CoilBonk::cl

CoîlBq n k::mf

Figure 8.10. Manifold data structures used to model the chilled water circuiting configuration shown

in figure 8.2.

The above arguments may not be specified arbitrarily. Neither are they independent. The
following rules govern the combinations which are admissible:

Both arguments must be non-negative. Setting N¿ = 0 (default value; N,,,
arbitrary) specifies that all circuits are to be active.

The number of rows remaining in that portion of the coil in which circuits have

been deactivated must be less than the number of rows in the coil:

N,*. N, . (S.3.1)

LÊt N, be the total number of circuits, active and inactive, in that portion of the coil
in which circuits have been deactivated. Suppose for instance that we have a 2-row
coil in which two circuits contained within one row have been deactivated. Then,
N, = 4, comprising the two deactivated circuits, together with the two matching

1

2

J
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circuits in the adjacent row which remain active. This parameter must satisfy the
condition

N, a N,, (S.3.2)

where, if N, = N ,, one or more entire rows will have been deactivated. For a
given coil { can be calculated from

N, = N, - Nr^ (S.3.3a)

(8.3.3b)N^=N! rrn

N 1 +
N2

N1
(8.3.3c)

e

4

where integer division ìs implied in this expression. In other words, the result of
the division is truncated to the largest integer value which is less than or equal to
the result.

The circuits deactivated must be equal in height to an integral number of matching
circuits in the adjacent rows which remain active. That is, we require that

(N¿ x Nr) moduLo N, = O (S.3.4)

All elementary coils downstream of the f,rrst must satisfy a simila¡ condition. Note
that this is a restriction imposed by the model, rather than by the possibility of
violating physical laws.

Providing N, and N * are an admissible pair, the changeover can proceed. One of two
situatioús may arise:

N, = Nr,. An integral number of rows have been deactivated entirely. In this case
coil C., specifies the half-circuited equivalent to a coil identical to the original coil
in all respects except the number of rows, which is reduced to N-- . Cr' points to
a null coll.

N" + Nr,. In this case we may consider the original elementary coil to comprise
two portions, each of which will be represented by a new elementary coilee:

Coil C, contains the same number of rows as the original coil. However,
the number of circuits is reduced to N., - N,

Coil Cr' contains N' rows and N, - N, circuits. A special case arises
if N" -- Nr. h this case the coil is inactive but not nuII;the coil passes

airflow in proportion to its height, but the air is passed unchanged in rcspect
of its thermal properties.

2

It

ee Derived in fact by modifying existing objects.
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After setting up, the elementary coils are converted to their half-circuited
equivalents.

Staging, as implemented in the current model, splits the air flow into two parallel streams.

It is assumed that these will propagate without mixing through the remainder of the coil
bank; only then will the separate streams undergo psychrometric mixing. The manner in
which this is implemented in the model is shown in figures 8.4 and 8.8. The air leaving
coil C, subsequently enters coll C, by way of state point S' . In parallel with this, the
remaining portion follows the path C,,' - q' - Cr' . The process may be continued
indefinitely downstream, provided condition (8.3.4) is satisfied by each succeeding

elementary coil.

The final step in the changeover procedure is to call member function
coilBank: :chanseAirFlow (Qa) to effect a redistribution of air flow through the

structure.

8.3.4. Changing the Airflow.

Member function

void CoilBank: :ChangeAirFlow (double Qa) ;

accepts as its sole argument the air flow rate, expressed as an ASHRAE standard volume
flow rate (L/s). Member variables coilBank::ma, coilBank::Qa-act,
CoilBank: :Qa-std, CoilBank::Va-act and CoilBank::Va std are calculated
accordingly. The actual velocity and flow rate are evaluated using the air state at entry to
the coil bank. The air distribution through the coil bank is then altered using the following
sequence of operations:

In an outer loop, the doubly-linked list coileank: : sr is traversed from head to tail
(from the front of the list to the rear).

As each node in coitBank: : sl is visited, the singly-linked list to which it points

is traversed. Each node on this latter list points to an object of class StatePoint,
the mass flow rate of air through which may be updated by calling member function
StatePoint: : ChangeAirFlow (m) , where the argument specifies the mass flow
rate of air (kds) entering the coil bank. The manner in which this function operates

has already been described in section 8.2.2. If a state point has no coils feeding into
it, the air flow is set equal to the value specified by the argument, otherwise the

argument is ignored, and the air flow evaluated by summing the flow through the

coils feeding into the state point. In the present context, the mass flow rate through

state point S,, is set according to the argument, the flow rate for downstream state

points being determined by the internal structure of the coil bank.

ll
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8.3.5. Calculating Air Pressure Drop.

The air pressure drop for the structure may be found by traversing the doubly-linked list
coilBank: : c1 in Iheforward direction. Each node visited points to a singly-linked list of
pointers to objects of class Co[ which represent the elementary coils from which the coil
bank is constructed. The total air pressure drop may be tbund by summing the pressure
drops throughtbefirst Coil on each of these latter lists; these coils will never be null. The
pressure drop for each is found by invoking member function
Coil: :AirPressureDrop ( ).

8.3.6. CalculatÍng Cooling Capacity.

The various components of the cooling capacity (coiteank::qr, coilBank::qs âtrd
coilBank: : q1) may be found simply by visiting each coil addressed by the structure, and
accumulating the sums of the various load components.

8.3.7 . Initialization.

The solution procedure for problem FP, described in chapter 7, requires an initial estimate
of the total refrigerating capacity of a given coil component. While the procedure is
sufficiently robust to iterate to a solution given any positive value as an initial estimate,
computational efficiency will be enhanced if the initial estimate is reasonably close to the
actual value. The system initialization procedures described in chapter 6 enable initial
estimates of required capacity to be assigned to the various coil banks in a system. This
estimated capacity must be aportioned between the various elementary coils from which
the coil banks are constructed. In return, the system initialization procedures require an
estimate of the air-off condition for the coil bank.

The process of initializing a coil bank is performed by member function

void CoilBank: :Initialise (double qtd) ;

which takes an estimate of the required total capacity as its sole argument. The
initialization is performed in three stages:

The active surface a¡ea for the coil bank is found by summing over all active colls
in the structure.

The total refrigeration capacity for the coil bank (as specified by argument qrd) is
aportioned among the active components in proportion to their respective surface
areas.

1

2

The coil-off conditions for each component, and hence of the structure as a whole,
are found using the following sequence of operations:

The current pointer for list coilBank: : c1 is set to point to the first node on
the list; that for coil-Bank::s1 to point to the second node on the list.

l.

aJ



Thus, for the strllcture shown in figure 8.8, the current pointer for
coitbank.:c1 will address the list containing pointers to coils C' and
Cr' ; that for coilbank: : s1 will addless the list containing pointers to state
points q and Sr' . The psychrometric condition at state point S,n
(coitbant: : s_in. a), which specifies the coil-on conditions for coils C'
and Cr', will have been set beforehand.

The singly-linked list addressed by the current pointer for list
Coil-bank: : cr is traversed, and the air-off condition is estimated for each
coil on the list. The leaving enthalpy fbr each may be found as

hoz
qt
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(8.3.s)
m

a

whence the leaving air dry-bulb temperature may be found using the
procedure described in section 7.3.4.

The singly-linked list addressed by the cument pointer for list
CoilBank: : sl is traversed, and member function
StatePoint : : Update ( I invoked for each element addressed by the list.
This establishes the coil-on conditions for the following list of coils.

Provided the end of the list has not yet been reached, the current pointer for
lists coiteank: : sl- and coileank: : cl- are moved to the next node on their
respective lists, and steps (ii) to (iv) are repeated. On the last loop the coil-
off condition for the coil bank (coileank: : s_out . a) will be evaluated.

hot
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8.4. Additional Operations for Chilled Water Coils.

The operations described in the preceding section are essentially independent of the
coolant-side working fluid. To be fully functional, a second set of operations must be
prescribed which account for the coolant-side performance. These must be provided by a
derived class. Note that certain of the member functions of class CoilBank, such as

CoitBank: : Initialise (qtd) and Coilbank: :ChangeOver (Nc-deact, Nc-rem),
while fully defined, have been declared virtual. This allows them to be redeclared and
redefined by the derived class. Others, such as coilBank : : solve ( ) are pure virtual
functions, and must be provided by the derived class.

The operations described below are membel functions of class CW_CoilBank, and are
suitable for coil banks using chilled water as a coolant.

8.4.1. Solving for Heat Transfer Performance.

With the coil-on condition and entering water temperature, together with the flow rates of
the working fluids specifiecl, and the coil bank initialized, we can proceed to solve fol its



240

thermal performance; to solve problem FP for the composite structure in other words. For
the circuiting situation shown in figures 8.8 and 8.9 the procedure is straightforward:

i. Set the current pointer for the doubly-linked list coireank: : s1 to address the first
node on the list.

ll Traverse the singly-linked list addressed by the current node of list coileank: : s1.
For each element visited, invoke member function statepoinr: : solve ( ) . This
function is described in detail in section 8.2.4. In brief, it causes the internal air
state for the state point to be updated by psychrometric mixing of the air streams
leaving any coils which leed into the state point. This effectively updates the coil-
on condition for all coils fed from the state point. Member function
Coil : : Solve ( ) is then called for each coll fedfrom the state point.

If the current pointer is not yet at the end of list srarepoinr : : st, it is moved to
the next node on the list, and steps (ii) and (iii) repeated.

lll.

The reader can easily veriff that the above procedure will indeed result in a solution to the
stated problem. Consider now the circuiting conf,rguration of figure 8.10. The presence
of the intermediate manifold ( /lr( ) intro0uces a major complication in that the temperature
of the chilled water, which is the entering water temperature for coils C' and Q' it
unknown, and awaits a solution for coils C, and Cr' , However, the air-on condition for
these coils is initially unknown. The problem can be recast as a minimizationproblem, for
which efficient solution procedures are available.

Consider a generalization of the configuration shown in figure 8.10, in which we now have
n intermediar¿ manifolds labelled in sequence [1,...,n] from the tail end of list
coileank: :mf (we are concerned with the counterflow situation only). Let i = [it, ,î,1
be a vector of estimates for the chilled water temperatures at the manifolds, and follow the
sequence of steps (i) to (iii) above. This procedure results in an estimate for the water
temperature rise through each coil. Now the temperature at the inlet manifold ( ltl") is
known. We may therefore traverse list coiteank: :mf in the reverse direction to produce
an updated estimate of the temperatures at the intermediafe manifolds, f ' = ¡tr',...,tn').
Clearly the problem is solved if we can fînd some i for which

fr(i)=î-tt=o (s.4.1)

for each and every intermediate manifold. Equivalently, we seek to minimize the objective
function

fr(i)=Efi,-rl)'
n

i=t
(8.4.2)

As in previous cases, the policy we adopt is one of solving equation (8.4.1) using the root-
finding routine zero for the special, but frequently encountered case where n = l. For
n > I, the objective function l, is minimized using a standard minimization routine
(smsno).
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The problem of providing initial estimates for i will be dealt with in section 8.4.4. Sufhce
it to say here that we can provide an initial estimate for the chilled water temperature
distribution which will be reasonably close to the actual distribution. It is therefore
desirable that a constraint be placed on the sea¡ch strategy such that the value of i, for any
1 < i < n cannot be altered by more than an arbitrary amount of (say) loC between
successive evaluations o¡ fz. The recommended minimization routine provides a

mechanism which makes this possible (Gay, 1983).

8.4.2. Changing the Water Flow.

A member function

void CW_CoilBank: :ChanqeldaterFlow O ;

is provided to perform the important function of setting the chilled water flow rate through
the coil bank. This takes as its argument the desired volume flow rate (Q), for which the
corresponding mass flow rate (rh*) rs calculated. The doubly-linked list coiteank: :mf
is then traversed in reverse order (from M,n to Mou). For each manifold visited, the
chilled water volume flow rate is set by invoking member function
CVrI-Manifold. : : Upd.ateMassFlow (Ow) (section 8.2.3).

8.4.3. Calculating Water Pressr.re Drop.

Water pressure drop through the coil bank is calculated and returned by a member function
cw-coilBank: :WaterPressureDrop ( ). In this routine list coiteank: :mf is traversed
inreverse order, andmemberfunctionctrt-Manifold: :updatepressure O (section 8.2.3)
invoked for each manifold visited. The water pressure drop through the coil bank is then
simply estimated as

LP* = Pin - Por, (S.4.3)

8.4.4. Initialization.

The initialization routine provided by the base class performs initialization functions
relating to the refrigeration capacity and air side of the coil bank only. In order to initiate
the solution procedure described in section 8.4.1 above it is necessary to provide an
estimate of the chilled water at each manifold. Class CW_CoilBankprovides a member
function

Cw_CoilBank: : Initialise (double qtd) ;

which overrides the virtual function of the same name provided by the base class. This
new function explicitly calls the base class member function
CoilBank : : tnitialise (qtd) to set up initial estimates for the refrigeration capacity and
air-off condition for the various components of the coil bank, according to the estimated
refrigeration capacity for the coil bank. The extra function performed within the derived
class is that of making an initial estimate for the chilled water temperature distribution. It



¡r

242

is assumed that the distribution of chilled water flow through the structure will have been
initialized by invoking member fttnction cw-coilBank: : changevrlaterFlow (e\^r) , where
the argurnent specifies in this instance an estimated water flow (section8.4.2; see also
section 6.3.6). We note that, given the capacity and mass flow rate of the working fluids
for the coil, the corlesponding water temperature rise can be found from

c]
Lt,,, = -=+ (g.4.4)*Crir

p,rv w

The steps required to initialize the water temperature for a coil bank are then as shown in
fìgure 8.1 l.

Figure 8.11. Logic to initialize the water side characteristics of a coil bank.

8.4.5. Estimating Coil Capacity.

Member function

t *0:
Ileset current poirtter for List mÍ;
f or each precedirrg maniþld do
I

if hlet manifold then
t * Manifold lemperature;

el se
Manifold temperature - t;

(Traverse mf in reverse direction)

(Call uanifold: : SetTemperature (t))
Nr*0;
Q,-O;
f or each coilfedfi'om maniþld do
t

Coil inlet w'ater temperature * t:
N" - N. + number of circuits fed;
Q, * Ç, + total refrigeratiort capacity;

Ì
i f circuits fed then
_ Ât * q,l (rhrC,,);

el se
Lt -0;

t*t+Lt;
f or each coilfedfrom maniJ'old do

Coil water temperature rise * A,t;

(lV" * 0)
(WTR from equation (8.a.a))

(N" = 0)

void CT¡i CoilBank::EstimateCapacity (double epsilon = 0.3);
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is a utility function used to provide a preliminary estimate of the capacity of a coil bank for
use as a starting value in iterative schemes. When a coil is considered within the context
of the air conditioning system of which it is a component, it is always possible to make an

initial estimate of the required coil capacity (section 6.3.6). From time to time it is

necessaly to estimate the performance of a coil solely on the basis of the flow rates and
entering conditions of the working fluids. The function has been implemented to address
the initiialization requirements of this situation. The estimate returned by the function is
approximate in the extreme, and should be usedþr no other purpose than that for which
it is intended. Thelmal capacity is estimated using the concept of heat exchanger
effectiveness as

Quctuul

Q,n
(8.4.s)

where,

Qat:tuat is the actual rate of heat transfer, and

e,no* is the maximum possible rate of heat transfer given the same working
fluids, the same inlet temperatures, and the same flow rates.

In general, 6 is a function of the heat exchanger geometry and operating conditions
(Stoecker, 1989;Kays and Crawford, 1993), and must take a value in the range 0 < e < 1.

In the present case the ûser prescribes a value of e as an argument to the function. This
takes a default value of e = 0.3.

An estimate of heat exchanger thermal capacity may now be made. The water-side
capaclty rate,

c* = ù,n,cp.u,(tot - t,,t) (g.4.6)

while the air-side capacity rate,

C =rh(h.-h ) 1g.4.7)

where ho* is the enthalpy appropriate to an air state defined by

(8.4.8a)

tl* = min(t!,, t*,,) (8.4.8b)

Clearly, if the second law of thermodynamics is not to be violated,

e^^ = min(C*, C) (S.4.9)

and the actual heat exchanger capacity may be estimated from the definition of heat

exchanger effectiveness (8.4.5).

t t
lu4W
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8.5 Summary.

The derivation of rating curves for a series of coils is a time-consuming and costly
procedure. It is therefore customary to restrict testing to a matrix of 'standard' coil
configurations. [n the experimental programme undertaken at the University of Adelaide,
rating curves have been derived for half-circuited coils having a tìn density of six fins per
inch, and one, two and four rows deep. In practice it is frequently desirable to use coil
configurations which do not correspond to those contained within the 'standard' matrix,
or for control purposes, to consider a coil as being composed of several sections. In the
present chapter a methodology for synthesizing such coils using a set of standard
components, within the context of a computer model, has been described. Algorithms for
predicting the peformance of such composite coils have also been presented.
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Chapter 9. Pipe and Duct Networks.

The air involved in an air conditioning cycle is subject to parasitic heating and cooling
caused by heat gains or losses through the walls of the air conditioning ductwork, and by
the conversion of fan power into heat. Both must be estimated to obtain a closure to the
problems posed in Chapter 6. The estimation procedure involves the identification and

analysis of the relevant paths through the duct network. In the case of transmission through
the duct walls, the effect on the air supplied to the zones, and on the air returned from the
zones to the air handling unit will be the cumulative effect of the gains or losses through
the walls of the various sections of the appropriate paths. Determination of fan power
dissipation requires a model of the fan characteristic. This is the subject of Chapter 10.

To determine the operating point on the fan characteristic it is necessary to find the path
offering the highest resistance to the airflow. It is desirable that these two problems be

handled in a unified mannerrm.

In the present chapter a set of abstractions and algorithms are developed for analyzing duct
flow problems of the type described above. From a computational point of view it is
convenient to regard air conditioning duct systems as a specialized class derived from a
more general base class, which may also serve as a base for other related classes, including,
in particular, pipe networks. Thus, we define a base class Nefnzork which has associated
with it class FlTfing andclass Secfion, which provide generic base functions for modelling
the fittings and sections which comprise a complete network. Between them, these classes

contain a complete set of member functions and variables to enable the pressure drops and

heat gains and losses at the various points in a network to be calculated, subject to the
availability of information relating to the geometry of the httings and sections involved and

to the properties of the working fluid, which must be supplied by the appropriate derived
classes. A class Duct, derived from class Network, is described in detail, as are a set of
derived classes simulating duct sections and fittings. Pipe networks, although important
in air conditioning applications, are not described in the present work, which focusses on
the air side of the air conditioning cycle. These may be represented by a class Pipe, which
can be derived in a relatively straightforward manner from base class Network.

The algorithms presented in the following relate specifically to the class of networks
known as tree networks. This restriction is appropriate in that the vast majority of air
conditioning duct systems may be adequately described as tree networks. Such networks
also occur extensively elsewhere in engineering practice, as noted by Tsal and Adler
(1987). V/hile the present work draws heavily upon the methods of Tsal and his
coworkers, the problem tackled herein differs fundamentally from those considered in their
development of the T-method, namely the specification of optimal duct networks (Tsal et

al., 1988a,b), and the 'retrospective' problem of finding the air distribution in a duct system

100 Implementation ofthe techniques described in this and the next chapter is currently progress, and

the facilities dscribed have not yet been fully integrated into the ZEBRA package.
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with specified damper settings and fan characteristic (Tsal et al., 1990)10r. In the present
case the problem is 'prospective' in that the air distributionis specffiedby the problem and
we seek to find the resistances (imposed for instance by damper settings) which will
produce the desired air distribution for a given air flow.

It is recognized that the tree network configuration will not be sufficiently general to
describe the chilled water distribution system in most instances; neither will it be
sufficiently general to model certain duct configurations, such as the case of a ring duct
served by two or more air handling units. In the most general case a pipe or duct network
may be represented computationally by adirected acyclic graph (see for instance Tremblay
and Sorensen, 1984; Ahuja et al., 1993). The data structures described in the following
provide for extension to this more general case with minimal modification.

In the remainder of this chapter the term network will be understood to refer to a tree
network.

9.1. Topology.

In general, as noted above, a flow network may be represented computationally by a
directed acyclic graph, eachnode of which models one section of the network. A section
may be defined as a length of conduit of uniform cross-section and uniforn mass flow rate,
the extent of which is delimited by one of the following:

An inlet.
An outlet or terminal.
A change of cross-section, in which case the change of cross-section will be
regarded as coinciding with the geometrical centre of the contraction or diffuser
whereby the change of cross-section is effected.
A junction, in which case the section is regarded as terminating at the geometrical
centre of the junction.

An elbow, in which case the section is regarded as terminating at the geometric
centre of the elbow.

The flow pressure loss within a section will be determined by the flow velocity and fluid
properties, the cross-sectional shape and dimensions of the conduit, the roughness
characteristics of the conduit wall, and the presenc e of fittings associated with the section.
These latter include contractions, diffusers, bends, dampers, valves and so on. Fittings
which delimit a section (contractions, diffusers and junctions, for instance) will be
associated with more than one section.

l0l The data sttuctures described in the following are eminently suited to form the basis of an
implementation of the T-method as originally formulated, in both its optimization and simulation
forms.

l.
ii.
iii.

iv



I
Ii

I i I

I

247

Relurn Air Nelwork

Supply Air Network

Figure 9.1. Supply and return air duct layouts for the "ASHRAE example" (Tsal et al., 1990).

In most cases alr
conditioning duct systems
are subject to leakage
(ASHRAE, 1989;chapter
32). Such systems may be

modelled as lossy
networks if the static
pressure within the duct
exceeds ambient
atmospheric pressure, or
gainy networks if duct
static pressure is less than
ambient atmospheric Figure 9.2. Tree representation of the duct layouts for the

pressure. Such networks "ASHRAE example"'

are considered by Ahuja
et al. (1993). The effect of leakage is to impose an additional energy burden on the system
which, in extreme cases, may become substantial. Iæakage may be minimized, if not
economically eliminated, by the use of quality constructional techniques. In the present

work the effects of leakage are ignored, while noting that there are computational
techniques available to model the phenomenon.

A tree may be defined as a graph characterized by the absence of circuitsro2. ff we consider
the entire duct system for a particular project, this criterion will not be satisfied except in
the case of certain systems employing IOOVI outdoor air. In a very large number of cases

Lo2 The terminology and notation of graph theory are described in a number of works; see for instance
Tremblay and Sorensen (1984) and Ahuja et al. (1993). A number of terms of relevance to the
current work will be defined below.
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however, the supply and return air duct systems, treated separately, may be adequately
modelled by tree networks. Consider the supply and return air duct system shown in figure
9.1, based on Tsal et al. (1990), where it is referred to as the "ASHRAE example".
Computationally, this duct system may be represented by the two tree networks shown in
figure 9.2. Referring to this figure, we may define the following terminology:

Node 6 is the root node for the return air network; node 19 is the root node for the
supply air network.

Nodes 1,2 and 4 in the retum air network, and nodes J,8,II,12, 15 and 16 in the
supply air network are terminal nodes.

The level of a node is n+L if n is the length of the path connecting the node to the
root. Thus, in the retum air network node 6 is at level 1, nodes 3 and 5 are at level
2, and nodes 1,2 and 4 are at level 3. Node a is said to be at a higher level than
node b if level (a) < level (b).

It is useful to consider a tree as a directedto3 graph in which each arc connecting an
adjacent pair of nodes is orientated in the direction from the higher level to the
lower level. A path exists from node a to node b if node b may be reached from
node a by following a sequence of arcs in the forward direction. The absence of
circuits guarantees that if a path exists between node a and node b it will be unique.
The path from node 19 to node 7 is thus 19-18-14-10-9-7. The length of a path is
the number of a¡cs in the path; this path is of length 5. Two nodes are connected
if a path exists from one of the pair to the other. Nodes 14 and 7 are connected'
nodesllandTarenot.

e. Node b is a child of node a if they are connected, and level (b) = level (a) + 1.

Conversely, node a is the parent of node b. Except in the case of the root node,
which has no patent, each node will have one and only one parent node. All nodes
except the terminal nodes will have at least one child node. The number of child
nodes which a particular node has is referred to as the degree of the node. If for a
particular tree the degree of each node is less than or equal to sorne number n, that
tree will be referred to as an n-ary treerø. The examples shown in figure 9.2 are
binary trees. The common practice of locating take-offs opposite each other on a
main duct means that for the most part n = 3 for the cases with which we will be
concerned; these are ternary trees. The data structures to be developed later in this
chapter will be capable of handling the case where n is arbitrary. The nodes at a
higher level, to which a node is connected, are referred to as its ancestors; those at
a lower level, to which it is connected, are referred to as its descendants. The root
node is a cofirmon ancestor to all other nodes in the tree.

t03 In the present context, this has nothing to do with the direction of the fluid flow

r04 It is also an example of a multiway tree.

a.

b

c.

d
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A connected subgraph of a tree is called a subtree. Nodes J,8,9, 10, 14, ll, 12

and 13 define a subtree rooted in node 14.

A tree or subtree may be traversedby visiting all the nodes in a defined sequence.
In a preorder traversal, each node is visited before its child nodes, which are then
visited in sequence from the left-hand side of the tree. Thus, the preorder traversal
of the return air network visits the nodes in the order 6, 3, 1,2,5, 4. In a postorder
traversal, each node is visited after its child nodes have been visited in sequence.

The postorder traversal of the return air network visits the nodes in the order 1, 2,
3,4,5,610s.

Networks in which the flow of fluid is directed away from the root, as in supply air
duct systems, are said to experience diverging flow. Where the flow is towards the
root, the flow is said to be converging.

9.2. Definition of Network Analysis Problems.

ln order to determine the parasitic heat gains and losses caused by fan energy dissipation
and heat transfer through the duct walls, a series of fundamental sub-problems must be
solved. They are:

NF Given a tree network with a mass flow of fluid assigned to each terminal node,
'find the distribution of fluid flow through each node of the network.

NTl Given a tree network subject to diverging flow for which the temperature of the
fluid entering the root node is known, f,rnd the temperature of the fluid entering,
and the temperature gain or loss through each node of the network.

NT2 Given a tree network subject to converging flow for which the temperature of
the fluid entering each of the terminal nodes is known, find the temperature of
the fluid entering, and the temperature gain or loss through each node of the
network.

NP Given a tree network or a subtree thereof for which the flow distribution is
known, determine the pressure loss through each path of the network.

lOs For binary trees only, inorder traversal is defined in which the teft child node is visited, then the

node itseli then the rlgler child node.

h.
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Data structures and algorithms to solve these problems will be developed first for general
networks, following which their specialization to a duct system carrying moist air will be
considered. Finally, the use of these basic algorithms and data structures within a software
sytem designed to solve operational problems will be described.

9.3. Modelling Generic Flow Networks.

Class Network is an abstract base class. Together with its associated base classes,
Section, Fitting and nNode, it provides a basic set of operations for modelling generic
tree networks. The class is abstract in the sense that a number of the functions declared
within this class and its associated classes are pure virtual functions since they seek to
implement operations which are dependent either on properties of the working fluid, or on
factors specific to a particular type of physical network. These functions must be defined
within a derived class. The following section describes a set of classes which, when used
in coniunction with those described in the present section, fiom which they are derived,
provide a complete set of facilities for simulating duct systems carrying moist air.

The purpose of the present section is to describe the facilities provicled by this fund¿rnent¿Ll
set of base classes, together with the underlying physical principles upon which these
classes and their derived classes are based.

9.3.1. Class Section.

Class Section seeks to provide the facilities for describing and modelling a section of
conduit, as defined in section 9.1. The two fundamental properties of the tlow through the
section which are of interest are the pressure losses incumed in the section, and the heat
transt-er through the walls of the conduit. Ductwork fbr air conditioning applications is
available in a number of cross-sectional geometries, of which circular and rectangular ducts
are the most important. It is desirable that the facilities provided by the base class be
independent of the geometry used. This can be achieved by expressing the geometry in
terms of two equivalent diameters which will be defined in the following.

9.3.1.1. Pressure Losses.

The pressure loss in a section of conduit with associated fittings may be found using the
Darcy-Weisbach equation:

AP=

in which the first term in parentheses represents a loss coefficient for frictional losses
incurred at the walls of the conduit, while the second term is the sum of the local loss
coefltcients representing the frictional and dynamic losses occurring in the various fittings
associated with the section. V/ithin the computational model the fìttings are represented
by objects of class Fitting or one of its subclasses. Pointers to objects of this type
associated with a particular object of class Section are stored on a linked list, which is a

2v p
(e.3.1)

)o-6c
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member variable of class Section. The sum of the local loss coefficients is evaluated by
invoking a member declared as

vj-rtual- double Section: :SigmaC O ;

The manner in which this function operates is straightforward. Class Fifflng and its
subclasses have a member function

virtual doubl-e Fitting: :C O ;

D, = þ-( +\ o, (e.3.3)I '\h) n

where it is assumed that w > h. If the converse is the case, l,y and å should be interchanged

in this and the following expression. Jones suggested the following formulation for the

geometry factor:

,(î)=i.#+('+) (s3'4)
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In the applications with which we will be concerned the fluid flow will in general be
turbttlent. Turbulent flow in ror.rgh-walled channels falls broadly into two flow regimes.
At lower Reynolds numbers the friction factor/is a function of both Reynolds number and
the relative roughness of the channel walls ( e/Dr). With increasing Reynolds numbers
friction factor becomes a function of relative roughness alone. The appropriate Reynolds
number to use in calculating friction factor is based on the equivalent-by-friction diameter,
and the mean velocity, thus

VD.o
Re= I'

p

The mean velocity for both circular and non-circular channels can be evaluated in a
uniform manner by defining an equivalent-by-velocity diameter which, for a non-circular
channel, would be the diameter of a circular channel having the same cross-sectional area.
For a rectangular channel

D -1 hw
(e.3.6)

(e.3.s)

(e.3.7)

(e.3.8)

îC

The friction factor for flow in a rough-walled circular channel may be evaluated using a
relationship due to Colebrook (1939), which was used in constructing the well known
Moody chart. This is

1

{¡
= _2logro e 2.51+_

3.7 D.f Rrrff

The dependence of the friction factor on Reynolds number and relative roughness, as
predicted using equation (9.3.7), is shown in figure 9.3.

Equation (9.3.7) must be solved iteratively. Tsal (1989) has proposed an explicit
relationship for the friction factor based on a formulation originally developed by Altshul.
The Altshul-Tsal formula defines a factor

o25

f +
e

Dr
110

68

Re

If f ' > 0.018,

f =f' (e.3.Ba)

If f ' < 0.018,

f =0.85.f'+ 0.0028 (9.3.Sb)

Friction factor as a function of Reynolds numbel and relative roughness, as predicted using
equation (9.3.8), is shown in figure 9.4. Routines using member functions of class Section
may elect to compute friction factor using either the Altshul-Tsal or the Colebrook
equation. A comparison of figures 9.3 and 9.4 shows that the friction factor evaluated
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Figure 9.4. Friction factor as a function of Reynolds number and relative roughness for a rough-walled

circular channel, as evaluated using the Altshul-Tsal equation.

using the Altshul-Tsal formula will be in close agreement with that predicted using the

Colebrook formula provided the relative roughness does not exceed approximately 0.004,
and is at its best within the range 0.0002 < dD < 0.001. With increasing relative
roughness, the Altshul-Tsal formula systematically underestimates friction factor. This
relationship is however adequate for use over the range of relative roughness levels

cornmonly encountered in air conditioning duct flows, and is used by default in class Duct.

In a future implementation of class Pþe, it may be more appropriate to specify the

Colebrook relationship as the default formula for predicting friction factorr06.

Class Section provides a member function

double Section: :PressureDroP O ;

which calculates and returns the pressure drop for flow through a section of conduit. This
function in turn calls member functions to evaluate the Reynolds number of the flow, and

the sum of the local loss coeffîcients for the section. The former is a pure virtual function,
and must be defined in a derived class.

106 Ward-Smith (1980) provides an alternative direct relationship for/which is claimed to agree with

the Colebrook equation to within about l7o within the range 4 x 103 < R¿ < 107 and

0 < elD < 0.1. Attempts to implement this relationship have however failed to produce

agreement of the order claimed, and since the source of the equation is not cited, it is not possible

to verify the form given by Ward-Smith.
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Figure 9.3. Friction factor as a function ofReynolds number and relative roughness for a rough-walled
circular channel, as evaluated using the Colebrook equation.

The duct section conductance

(e.3.e)

is also calculated. This parameter is of importance in the T method.

9.3.1.2. Heat Transfer.

If fluid enters a conduit at some temperature t", and leaves with temperature ¡, and the
conduit is exposed to an extemal temperature to, then the rate at which the fluid exchanges
heat with its sunoundings may be found from (ASHRAE, 1989; chapter 32)

Q¡ = (rPLll +tl - ,,1 (e.3.10)
L\ '2 ) ")

where O, is positive if the fluid loses heat to its surroundings. U is the overall heat transfer
coefficient, P is the external perimeter of the conduit, and L is the length of the section.
Now, we also have

Qt = ùCP(t" - t) (9.3.11)

K
s

Qo,o,,

,TEF

Thus, equating (9.3.10) ancl (9.3.11), and defining
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CVA C
Y=P P I =rh P

' uPL UPL (9'3'12)

where V is the velocity of the fluid in the conduit, and A, is the flow cross-sectional area,
expressions may be derived relating the temperature of the fluid leaving the section to the
temperature of the fluid entering, ancl vice versa:

t,(y+I)-2r"
t (9.3.13a)

(e.3.13b)

e y-I

t,(y-I)-2t.
t

y+l

Thus, given a fluid flowing through a section of conduit of specified cross-sectional
geometry, the heat transfer problem may be solved provided an estimate for U can be
made. This issue will be taken up further in section 9.4 in the context of the flow of moist
air through air conditioning ducts. Class Section provides a pure virtual member function

virtual double Section::TemperatureRise O = 0;

to calculate the change in temperature of a fluid flowing through a section of duct. This
function must be dehned in a derived class. The derived class must also define a function
to calculate the overall heat transfer coefficient for the section. This function is declared
in the base class as

virtual double Section::Uc O = 0;

9.3.2. Class Fitting.

Class Fitting is an abstract class which provides a base from which classes describing a

wide range of pipe and duct fittings can be derived. The facilities provided by this class

are fairly sparse, and have largely been determined by considerations relating to the
implementation of a set of subclasses to model a range of duct fittings for which tabulated
friction loss coefficients are provided in ASHRAE (1989; Chapter 32). The fittings in that
publication divide broadly into six classes, and each f,rtting may be further identified by an

index within its class; member variables are provided within the base class to store the

class and index numbers for a fitting. Fittings may be further divided into two broad
categories, depending upon whether the friction loss coefficient may be considered to be

determined solely by the geometry of the friction, or whether the loss coefficient is also a

function of flow velocity. A member variable within the base class flags whether the loss

coetTcient is velocity-dependent or not. In addition to the usual default constructor and

accessor functions, class FlÏflng provides two virtual member functions which are of
further interest:

i. Function

virtual double Fitting::C O;
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computes and returns the local friction loss coefficient for the fitting. If this is
simply a function of the geometry of the fitting, a constant value may be
established by the constructor. Otherwise, C must be calculated as a function of
fluid velocity.

ii. FuncLion

virtual void Fitting::SCheck O = 0;

which is called by the constructor for a subclass, and conducts a series of context-
specific checks on the validity of the fitting the constructor specifies.

Further discussion of the features of this class is deferred until sectio n 9.4, where it will be
considered as the base of a hierarchy of classes used to model air conditioning duct
systems.

9.3.3. Class nNode.

Each section of conduit in a network may be modelled in isolation by constructing an
appropriate object of class Section, or one of its subclasses, together with a set of objects
of class Fitting to represent the tìttings associated with that section. The purpose of class
nNode is to provide a means of linking the disparate set of sections into a tree structure
such as that shown in figure 9.2, and performing a desired set of manipulations on the
structure once it is in place. Each object of class nNode represents one node within the
network tree, and maintains a pointer to the object of class Section with which it is
associated. Each node is also responsible for maintaining links to its childnodes. Pointers
to these are entered onto a singly-linked list, permitting an arbitrary number of child nodes
to be handled. The following two boolean variables are also members of class nNode:

term
sub

Flags whether this is a terminal node.
If assigned a value of true, this variable indicates that the node is to be used as the
root of a subtree in further calculations.

The significance of these two variables will be made clear in section 9.4

Class nNode is provided with a set of member functions which perform housekeeping
functions. These are:

A constructor, which is defined as follows

nNode: :nNode (Section& section,
Network& network,
boolean subtree = false,
boolean terminal = false);

The first two arguments contain a reference to the section to which this node refers,
and a reference to the network to which it belongs. The last two arguments assign
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values to member variables sub and term tespectively. These latter variables are
assigned a value offalse by default.

ll A destructor which recursively deletes the subtree rooted in the current node, by
removing a pointer to each child node from the list on which it is stored, and
deleting the child noder07. Finally, the section associated with this node is deleted.

iii. A function to access the section associated with this node

iv. Functions to add child nodes to the head or tail of the linked list.

A second set of member functions have been implemented to solve the problems defined
in section 9.2. These operate recursivelyt0s over a subtree rooted in the current node, and
implement the following algorithms:

Algorithm NNl solves problem NF. The mass flow of fluid through the subtree
rooted in the current node is calculated by performing a preorder traversal of the
subtree, and summing the mass flow through the child nodes of each node visited.
To initialize this algorithm, a mass flow must be assigned to each terminal node.
The algorithm is implemented in a member function

double nNode: : SumFLow O ;

which returns the mass flow through the current node. The logic upon which this
algorithm is based is shown in figure 9.5.

1r Algorithm NN2 alters the pressure datum for a subtree rooted in the current node.
ff P is the base pressure for the current node, and ÂP is the pressure drop through
the section associated with the node, then the base pressure for each of the child
nodes will be P' = P + 

^P10e. 
The pressure datum for a subtree is the base

pressure for the root node for that subtree. This may be arbitrarily specified, but
defaults to 0 for the root node for the entire tree. In computations involving the
pressure balancing of air conditioning duct systems, a need will arise to alter the
pressure datum for certain subtrees. These will be identified by assigning a value

107 It will be recalled that the operation of deleting a C++ object causes the destructor for that object
to be invoked.

108 The use of recursion gives rise to a particularly elegant implementation. Note however that non-

recursive forms are often preferred for Industrial strength'implementations (Tanenbaum et al.,
1990), the main reason being that recursion can lead to stack overflow ifrecursive calls are nested

too deeply. In the initial release ofthis software at least, arecursive formulation has been used since

it is considered that the potential disadvantages of this approach would be far outweighed by the

complexity of a non-recursive approach.

109 Note that in the convention adopted here, base pressure increases in the directionof increasing
pressure drop. The base pressure for a node is therefore the sum ofthe pressure drops through its
ancestor nodes, referenced to an arbitrary value at the root node.
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Figure 9.5. Logic for algorithm NNI

of true to member variable sub. The pressure datum for a subtree may be altered
by invoking member function

void nNode: :PressureDatum (double P) ;

for the root node, where P is the desired new datum. This f'unction performs a
postorder traversal of the subtree rooted in the current node, setting the base
pressure for the cuffent node to P, and then invoking itself recursively to set the
base pressures for the child nodes to P'. The distribution of pressure drops through
the subtree will have been calculated beforehand.

ll1. Algorithm NN3 solves problem NP. The pressure loss distribution through the
subtree rooted in the current node is calculated by performing a preorder traversal
of the subtree. The base pressures for the nodes visited are simultaneously
calculated. Two modes of operation are possible:

Mode A: The pressure loss distribution is evaluated over the entire subtree

Mode B If a node for which sub is true is encountered during the traversal,
the pressure loss distribution for the subtree rooted in that node is
not calculated, but the pressure datum for the subtree, and hence the
base pressures for its member nodes are adjusted.

Algorithm NN3 is implemented in a member function

void nNode::Pressure (double P,
boolean sT);

where P specifies the pressure datum for the subtree (defaults to 0), and sZ
specifies the mode of operation (true for mode A). The pressure distribution is
calculated by invoking the above function recursively, as shown in the diagram of
figure 9.6.

Function SumFlow:
{

if node has chitd nodes then
{

m *0; (Mass flow through node)
f or each child node t do (f is pointer to child node)

mëm+t->SumFlow0;
(SumFlow invoked recursively for each child node)

)

retu rn mass flow through current node;
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Function Pressure.
Arguments: P

sT
Base pressure for the node (default 0.0)
true : Mode A.
false : Mode B.

Base pressure for node * P;
CalcuLate pressure drop through section,
P-P+presssuredrop;
f or each child node t do
{

'i f not sz and r->sub then

(Section 9.3.1 .1)

(t is pointer to child node)

t->PressureDatum (P);
(lf mode B and root of subtree, adjust pressure datum)

el se
t>Pressure (P, sT);

(Otherwise, invoke Pressure recursively)
Ì

Figure 9.6. Logic for algorithm NN3.

iv. Algorithm NN4 solves problem NTl, and is implemented in a member function

void nNode: :TemperatureDiverging (double T) ;

where ? is the entering fluid temperature to be assigned to the section associated
with the node. The temperature distribution through the subtree is calculated using
a simple preorder traversal of the subtree, invoking function
TemperatureDiverging recursively for each node visited. At each invocation of
function remperatureDiverging the following steps are performed, where s is the
channel section associated with the node:

I is assigned to be the entering temperature for s.

The temperature rise (Ar) through the duct is calculated using the methods

described in section 9.3.L2, and the temperature of the fluid leaving the

duct assigned to T', such that T' = T + AT.

c. Member function remperatureDiversins is invoked for each child node

withT'as an argument.

Algorithm NNS solves problem NT2, calculating the temperature and mass flow
distributions for a network subject to diverging flow, for which both the fluid
entering temperatures and the mass flow rates at the terminal nodes have been

assigned. The algorithm used is essentially an adaptation of algorithm NNL, and

is implemented as a member function

a.

b.

void nNode: :TemperatureConverging ( ) ;
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Figure 9.7. Logic for algorithm NNS.

The associated logic is shown in figure 9.7.

vl The ambient temperature associated with a node may be set using member function

void nNode: :AmbientTemperature (const double T,
boolean p);

Temperature ta is assigned to the section referenced by the node. If argument p is
true, the ambient temperature is propagated throughout the subtree rooted in the
node by performing a postorder traversal of the subtree, and invoking function
nNode: :AmbientTemperature (T, true) for each node visited.

9.3.4. Class Network.

The preceding sections have developed a set of classes from which the various components
of a tree network can be assembled. A further class is required to represent the network
itself, and to provide a base from which classes reprcsenting morc spccializcd kinds of tree
networks can be derived. Class Network fulfils this purpose.

The implementation of class Networkis straightforward. The class includes as member
variables a pointer to the root node (a variable of class nNode), and a variable of the
enumerated type

Function TemperatureConverg ing
{

if node has chiLd nodes then
{

om * 0; (Mass f low through node)
otnt -0; (Mass flow through node x Entering temperature)
f or cach cltiLd node t do (l is pointer to child node)
{

t - > Tem peratu reCo nverg i n g ( ) ;
(Call function recursively for child node)

Calculate temperature rise for node t;
m - Mass flow through node t;
omèom+m;
omt È omt + m x Temperature of fluid leaving node t;

Ì
Mass flow through node * om;
Temperature entering node - ornt/otn;

Ì

enum direction { Diverging, Converging };
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which flags whether the flow is away from or towards the root. Two constructors are
providedrr0. One (the default constructor) takes no arguments, and simply initializes the
member variables to default values. The other takes as arguments a pointer to the root
node, and the flow direction. A destructor deletes the root node, thus recursively deleting
the tree. ln addition, member functions are provided to solve the sub-problems defined in
section 9.2, as follows:

i. Function

double Network: :SolveFlowDistribution ( ) ;

solves problem NF for the network by calling member function
nNode: : sumFlow o for the root node. The mass flow through the root node is
returned.

ii. Function

void Network: :SolveTemperatureDistribution (double t = 0.0) ;

finds the temperature and mass flow distributions through the network by calling
the member function for the root node which is appropriate to the flow direction.
This will be either function nNode: : Temperatureconverging 1 ¡ in the case of
converging flow (problemNT2), ofnNode: :TemperarureDivergins (t) for the
case of diverging flow (problem NTl). In the latter case, the argument specifies
the temperature at the root node. For converging flow recursive invocation of
algorithm NN5 simultaneously solves for the mass flow distribution. For diverging
flow, the mass flow distribution is found by calling function
Network: :SolveFlowDistribution O before solving for the temperature
distribution.

iii. Function

void Network: :SolvePressureDistribution (boolean sT) ;

determines the pressure distribution by invoking member function
nNode: :Pressure (P, stl (q.v.) for the root node, withP = 0.

Member function

void Network: :AmbientTemperature (const double Ta) ;

assigns a uniform ambient temperature to all nodes of the network by invoking member
function nNode : : Ambientremperature (Ta. true ) for the root node. This is currently
the only means of setting the ambient temperature for a network within Zebra, and while

ll0 Since this is an abstract base class, the default constructor is protected, and may only be invoked
by a derived class.
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it is recognized as being somewhat rudimentary, given the present lack of a more
sophisticated means of calculating the space loads and communicating the results to Znbra,
any attempt to improve upon it is probably not justified.

9.4. Modelling Duct Systems for Moist Air.

The preceding section described a set of base classes which may be used to model tree
networks of a fairly general nature. These classes are not self-contained, and indeed
classes Fitting and Section are abstract classes; pure virtual member functions declared
in these classes must be defined in a derived class before this set of classes will be useable.
ln addition to redefining virtual functions declared in the base class, a derived class may
also seek to add features to the base class, appropriate to the specific entity it is desired to
model.

This section describes the modifications and enhancements which are required to derive
a set of classes which can be used to simulate an air conditioning duct system conveying
moist air. The presence of humidity in the air requires that modihcations be made to the
algorithms described in the preceding section for computing pressure loss and heat transfer
in a section of the network. The considerations involved in implementing a model of a
duct system are not however restricted to those arising from the nature of the working fluid.
Other important issues need to be addressed, including:

ll1.

Handling duct sections of various cross-sectional types.

Modelling pressure losses through a representative range of duct fittings.

Controlling pressure drops through various paths in the duct system to achieve
pressure balancing.

Specifying and building a model of a duct system.IV

These issues are addressed in the following discussion, which relates to a generic air
conditioning duct system. Class Ducf is derived from class Network to provide the
additional facilities required to model air conditioning duct systems. The nodes are of class
dNode, which is a subclass of nNode. Considerations specific to supply and return air
duct systems can be handled by deriving appropriate classes from the generic base class
Duct. This issue will be addressed in the following section.

9.4.1. Air Conditioning Duct Sections.

Sections of ductwork are modelled as objects of class DuctSection, which is derived from
class Secfion. This in turn serves as a base class for two further classes, Roundsection
and HectangularSection. These latter classes essentially provide a Tront-end'to the
underlying base class. Two constructors are provided for each subclass. The first
constructor permits client code to specify the dimensional data and physical characteristics
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of the section. The constructor for class Becfa ngularSection is thus defined by the
statement

RectangularSection: : RectangularSection (double h,
doubl-e w,
double 1.
double epsilon = 0.0,
unsigned ins = 0);

where h, w ârd 1 are the internal height and width and the length of the section, epsiton
is the internal roughness, and ins is an index specifying the insulation (see section 9.4.L3).
For class RoundSection,the internal diameter replaces the height and width in specifying
the cross-section; otherwise, the argument list is the same. The alternative constructor
provides a means of constructing a section (and indeed a network) from a set of
specifications contained in a text file. Constructors of this type will be considered in
section 9.4.4. Regardless of which constructor is used to declare the derived section, the
underlying object of base class DuctSection will be created by invoking the appropriate
constructor:

Ductsection : : Ductseciion (double df,
double dv,
double pi,
louble pe,
doubLe ai,
double 1,
double eps,
unsigned ins);

where at is the equivalent-by-friction diameter, ¿v is the equivalent-by-velocity diameter,
pi is the internal perimeter, pe is the external perimeter, ai is the internal cross-sectional
area, and the signif,rcance of remaining parameters is as above. Where a constructor of the

first type is used for the derived class, the appropriate dimensional arguments are

calculated and passed to the constructor for the base class. For a rectangular section,
equation (9.3.3) is used for D, and equation (9.3.6) is used for D,. Where the

specifications are read from a text file, the constructor for the base class is invoked using
a default set of arguments, and the actual values of the member variables subsequently
calculated as the information becomes available. Apart from the constructors, the

interfaces for the derived classes only provide member functions to enable the user to read

the defining cross-sectional dimensions; all internal calculations a.re conducted on the

assumption that the duct section is of round cross-section.

9.4.1J. Pressure Losses.

The methodology for computing the pressure loss within a section of ductwork has been

described in section 9.3.I.1, and is fully implemented in the base class Section. It remains

for the derived class to provide a function

virtual double Ductsection: :Re1mo1ds O ;
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which overrides the pure virtual function of the same name in the base class, and
calculates the Reynolds number, as defined by equation (9.3.5). Relationships for
calculating the density and viscosity of moist air have been provided in chapter 4. It should
be borne in mind that these properties are functions of the temperature and humidity
content of the air. In the interests of accuracy, the temperature distribution through the duct
system should thus be evaluated before the pressure loss is evaluated.

Figure 9.8. Algorithm NN5 modified for psychrometric mixing.

9.4.1.2. Heat Transfer.

In calculating the temperature distribution within a duct system conveying moist air it is
necessary to calculate the humidity ratio distribution simultaneously. This poses no
problems for a diverging flow for which the air properties at the root node have been
specified (problem NTl); the humidity ratio is simply propagated unchanged to all parts
of the network, and may be accounted for by a simple modif,rcation to algorithm NN4. In
the case of converging flow however, the flow converging at each junction must be
psychrometrically mixed. This is performed using a modified form of algorithm NN5, the
logic for which is shown in hgure 9.8. The new algorithms are implemented as functions
dNode : : TemperatureConverging ( ) and dNode : : TemperatureDiverging ( t ) , whiCh
override the functions of the same name in the base class.

Function TemperatureConverging
{

i f node has child nodes lchen
{

otn - 0; (Mass f low through node)
ornh *0; (Mass flow through node x Entering enthalpy)
omW -0; (Mass flow through node x Entering humidity ratio)
f or each child node d do
{

d->Tempe rat ure Conv erging ( ) ;
(Call function recursively for child node)

t *Temperature of air leaving node d;
(Calculate temperature rise through child node)

W * Humidity ratio of air leaving node d;
h * Enthalpy of air leaving node d; (Find h f rom W and f)
m - Mass flow through node d;
omÈom+m;
ornh-onh+mxh;
omW*omW+mxW;

Ì
Mass flow through node * om;
h - ornh./om;
W - omWom;
Temperature of air entering node * t; (Find t trom W and h)
Humidity ratio of air entering node * W;

)
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Table 9.1. Properties of insulating materials described by ASHRAE (1989; Fundamentals, chapter
32).

9.4.l.3.Insulation.

Curves showing the variation of overall heat transfer coefficient as a function of the mean

velocity of the air within a duct have been published by ASHRAE (1989; Fundamentals,
chapter 32) for a number of common insulating materials. These can be approximated by
a linear fit of the form

(J=aV+b (W/m2.K). (9.4.1)

Values of the coeff,rcients a and b for the insulating materials described by ASHRAE are

tabulated in table 9.1. A member function

virtuaL double DuctsecÈion::Uc O;

which overrides the pure virtual function of the same name in the base class, and returns

the value of the overall heat transfer coefficient corresponding to the current air velocity
in the duct section. The insulation type is identified by an index (member variable

Index a b Description

0 0.0580 3.3093 Uni nsulated sheetmetal

I 0.091 l 1.5510 Liner, mechanically fastened, air side spray
coated, 12mm, 32kglm3

2 0.0949 1.0455 Liner, mechanically fastened, air side spray
coated,25mm, 24kp,/m3

J 0.0863 0-9268 Liner, mechanically fastened, air side spray
coated,25mm, 32kglm3

4 0.0604 0.981 I Liner, mechanically fastened, air side spray
coated, 25mm,48kg/m3

5 0.1023 0.5956 Liner, mechanically fastened, air side spray
coated,50mm, 32ks/mt

6 0.0131 0.9898 Rigid fibrous glass board

1 0.0076 0.9133 Externally insulated sheet metal (50mm,

l2kglm1 fibrous glass, faced), 507o compression

8 0.0082 0.7216 Externally insulated sheet metal (50mm,

l2kslm3 fibrous elass. faced). 0% comoression

9 0.0982 0.6085 Flexible duct. oervious hner

l0 0.0000 1.0438 Flexible duct, impervious liner
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insulation), corresponding to the hrst column of table 9.1. The range of insulation types
supported is necessarily small, and should be enlarged in future. In particular, it is
desirable to provide support for a library of user-defined insulation characteristics.

9.4.2. Duct Fittings.

The appendix to chapter 32 of A,SHRAE Fundamentals, 1989, tabulates the loss
coefficients for an extensive range of duct fittings. The fittings described therein are
classified into seven groups, of which six a¡e of interest in the following (treatment of the
seventh group, fan-system connections, will be deferred until chapter 10). These are:

Group I
Group 2

Group 3

Group 4
Group 5
Group 6

Entries
Exits
Elbows
Transitions
Junctions
Obstructions

Two important subgroups of group 6 may be identified; dampers and gates. This system
of classification is quite appropriate for the present purposes, and has been used as the

tlc

l)trcrtElbo¡t
I tì

trrrc: o ¿ì tìì el'
I)trct.O

Figure 9.9. A hierarchy ofclasses to represent air conditioning duct fittings.

basis for a hierarchy of classes (figure 9.9). The purpose of this hierarchy of classes is to
support the classification system of the ASHRAE Fundamentals, and to provide a means
of calculating the local loss coeff,rcient through any given fitting as a function of the flow
conditions in the duct section to which it belongs. The entire range of fittings, with a
minimal number of exceptionsrrr, is supported. Some reservations must be expressed
regarding the ASHRAE tabulations. The data have been collated from a variety of sources,
and are presented without any coÍìment regarding their accuracy. For the same reason,
their is considerable variation in the format of presentation, even within a group.
Nevertheless, the classificatory scheme suggested by ASHRAE is appropriate, and the

rrr Class Gafe has been implemented, but has not been made available to Tnbra users, since it is
considered that dampers form a better means of controlling flow. Of the remaining fittings, all but
fitting 6-9 are supported.
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manner in which the data are tabulatecl is convenient. The present set of classes has been
developed as a basis which can be further explored in the futurer12.

In constructing a model of a duct system, and subsequently calculating the pressure drops
through the system, the question arises as to which duct section owns a particular fitting.
In the case of exits, entries, obstructions and dampers there is no ambiguity in this regard;
the fittings can be refèrenced to one and only one section. For these fittings, the pressure
loss is calculated as

^ t12
Lp, = c+Y: e.4.1),/o

-õt'

The remaining classes of fitting (elbows, transitions and junctions) join two or more
sections which may have different cross-sectional areas and different flow rates through
them. ln calculating the pressure loss, it is essential that the value of C used be referenced
to the section in which the flow velocity in equation (9.4.1) is measured. The possibility
of ambiguity arising is resolved as follows.

Elbows and transitions. A duct system is constructed (section 9.4.4) commencing
at the root. Each elbow or transition is regarded as a terminator for the adjoining
section closer to the root of the system, to which it belongs. This convention
applies regardless of the direction of flow through the duct system. A pointer to the
object representing the fitting is stored on the list of fittings of the section to which
it belongs. In addition, each object of class DuctElbow or class DuctTransition
maintains a pointer to both adjoining sections. [æt subscript o denote the section
to which the fitting belongs, and subscript i denote the other adjoining section.
Where the loss coefficient calculated from the ASHRAE tabulations is retèrenced
to section i, the required coefficient may be derived as

2

(e.4.2)

t tz Miller ( t97 I , 1978) provides an extensive collation of experimental measurements with the results

classihed according to their predicted accuracy. Further analysis of a wicle range of fittings can be

fbund in Ward-Smìth (1980), which provides a thorough review of the entire field of internal flow.
Computational fluid clynamics (using a commercial package such as PHOENICS) offers a further
means of exploring loss coeffìcients in frttings of arbitrary geometry, and covering a wide operating
envelope. Furthermore, it provides a means of systematically investigating the etïect of interaction
between closely-coupled fittings, a topic on which experimental data is almost non-existent. Note
also that since this work was undertaken ASHRAE has considerably extended the duct fitting
database to include some 228 httings of round and rectangular cross-section. with provision to
extend the selection to include fìttings for oval ducts in future (see the 1993 Edition of the ASHRAE
Fundamentals Handbook). The database is now available in electronic format for linkage with duct
design programmes, an<l its suitability for use with the Znbrapackage sl-rould be investigated.
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Figure 9.10. Notation to indicate the sections joined by a duct junction in the most general case.

Junctions. In the most general case described by ASHRAE, a junction (figure 9.10)
may join up to four sections, identif,red by the nomenclature:

: Combined section. This is always the section nearest the root.
: Straight section; continuation of the combined section.

,, b, : Branch sections.

Of these, either section s or section b, may be omitted. The fitting is regarded as

a terminator for section c, and a pointer to thc objcct rcprcscnting it is storcd on the
list of f,rttings for that section. The junction will also cause a pressure drop in each
branch, and a pointer to its representative object must be stored on the fitting lists
for each branch (but not for section s)113. The object representing the junction

I 13 When the destructor for an object of class Ductsection is invoked, the destructor for each object
on its list of fittings will be invoked in sequence. Since a pointer to a specific junction will be stored
by several sections, precautions must be taken to ensure that the junction is deleted by the deshuctor
for the combined section only, since any attempt to delete an object which has already been deleted
will be catastrophic.

ll
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maintains a pointer to each adjoining section. In the ASHRAE tabulations, the loss
coefficients are in each case referenced to section s. Thus, C..., ir the coefficient
for a pressure loss through the straight section, referenced to the combined section,
and C.. ^ is the loss coefficient for a branch section, again referenced to the(. D

combined section. The latter coefficient may be referenced to a blanch using the
relationship

(e.4.3)

In the ASHRAE classification scheme, each type of fitting may be identified by a reference
containing two components, the first of which identifies the group to which the fìtting
belongs, while the second provides an index within the group. Thus, code 4-3 specifies a

f,rtting identif,ed as "Transition, Rectangular, Three Sides Straight". When a constructor
for a subclass of class Fitting is invoked, the components of the code ale stored in separate

fields within the base class. Various other items of information must be supplied when an

object representing a fitting is created. Pointers to the section to which it belongs, together
with any adjoining sections, will enable the dimensions of the fitting to be determined. The

appropriateness of specifying a particular fitting will also be determined by a consideration
of the sections to which it is attached; one cannot connect a square f,tting to a round duct
section. Additional information may be specified by one or more optional parameters.

Thus, the constructor for class DucfJunction is defined by the statement

DuctJunction : : DuctJunction (Ductsection* sc,
Ductsection* ss,
Ductsection* sbl
Ductsecti-on" =¡i,unsigned ind,
double P1 = 0,
double P2 = 0);

where sc, ss, sb1 and sb2 âre pointers to the objects representing the adjoining sections
(ss or sb2 may be zero), ind is the index of the fitting within group 5, and pr and p2 arc

optional parameters which default to zero.

When a constructor for one of these classes is invoked, certain actions are performed. A
series of checks are performed to determine whether the fitting is suitable for use in
conjunction with the sections to which it is joined, and in the network type (converging or
diverging) which is being constructed. Secondly, steps are taken to facilitate calculation
of the local pressure loss coefficient during the simulation process. For this purpose,

httings nay be classified into two broad categories; those for which the loss coefficient is

solely a function of the geometry of the fitting, and those for which it is also determined
by the flow velocity. For those fittings in the first category, the loss coefficient may be

stored as a simple number, calculated when the object representing the fitting is created.

The coefficient is extracted from the lookup tables using a low-order polynomial
interpolation algorithm in one or more dimensions, as appropriate (Press et al., 1988). For
those fittings for which the loss coefficient is velocity dependent, it proves possible in all
cases tabulated in the ASHRAE Fundamentals to extract from the tables a one-dimensional

V
C
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C,_CD CD
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alray expressing the loss coefficient as a function of a velocity-dependent parameter, once
the geometry of the fitting has been specified. Again, polynomial interpolation is used.
The loss coeff,rcient may be variously expressed as a function of velocity, Reynolds
number, or (for junctions), a ratio of flow rates or velocities. This is again indicative of the
multiplicity of disparate sources which have been used in assembling the ASHRAE tables.

With the exception of dampers and gates, the fittings which we have described are not
adjustable. The pressure loss coefficient is determined solely by the hxed geometry of the
fitting, and the flow velocity. Dampers and gates are the means by which we seek to
control the flow through various parts of the duct system by imposing an adjustable
pressure loss coefficient. Accordingly, it is desirable that the interfaces for classes
Damper and Gate provide access to a number of facilities in addition to those provided
by the classes describing fixed fittings. The following discussion relates specifically to
class Dampe4 a parullel set of facilities are provided by class Gate.

The ASHRAE Fundamentals provides performance data for four types of damper:

l.
ll.
iii.
iv

Simple butterfly damper for a round duct section.
Simple butterfly damper for a rectangular duct section.
Multiple-blade damper for a rectangular duct section, having parallel blades.
Multiple-blade damper for a rectangular duct section, having opposed blades

In practical applications, the latter two types are the most important. The most basic
operations we may wish to perform upon a damper are those of setting the blades to a
specif,rc angle (0), and setting the damper fully open (0 = 0). These facilities are provided
by the following functions:

void Damper: :Open ( ) ;
voi-d Damper::SetAngle (const double theta);

the implementation of which is trivial. In the process of controlling and balancing the flow
through a duct system, it is also necessary to be able to adjust the damper setting to produce
a desired pressure drop. This operation is performed by a function

double Damper::Ang1e (const double dp);

which calculates and returns the blade angle necessary to produce a specified pressure
drop, expressed as the additional pressure drop required in addition to the wide-open value.
In the tabulations presented for dampers in ASHRAE Fundamentals, the loss coefficients
are expressed as function of damper dimensions and blade angle alone; no velocity
dependence is implied. Thus, with the damper dimensions fixed, we can extract a one-
dimensional array from the lookup tables expressing loss coeff,rcient as a function of blade
angle, thus:

co = "f(0) (9.4.4)

Given a target loss coefficient C, which is related to our target pressure drop by equation
(9.4.I), we seek then to solve



a.

b.
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S(O)=C-Cu=g (9.4.5)

The solution is readily found by invoking algorithm zero (Brenf,I97l) with the bracketing
interval defined by the first and last elements of the one-dimensional array.

The above procedure will readily generalize to handle the case where the damper
performance data shows a velocity dependence.

9.4.3. Temperature and Humidity Distribution.

Class Duct defines a member variable a, which is of type AirState (chapter 4) to store the
condition of the air at the root of the duct system. The mass flow, temperature and
humidity distributions within a duct system can be calculated by invoking member function

void Duct: : SolveAirDistribution O ;

For diverging flow

The value of variable a must be set before calling the above function.
A solution is first obtained for the mass flow distribution by calling member
function Network: : solveFlowDistribution ( ) for the root node.
The humidity ratio in the section referenced by the root node is set equal to the
value specifred by a, âfld member function dNode: : TemperatureDiverging (T)

called for the root node, with the dry-bulb temperature of variable a assigned to
argument r. The temperature and humidity distributions throughout the duct
system are thus found.

For converging flow

The dry bulb temperature and humidity ratio for each terminal node must be set

before the above function is called.
The temperature and humidity distributions through the duct system are found by
invoking member function dNode: : Temperatureconverging ( ) . Note that this
function simultaneously finds the mass flow distribution in the system.

The dry-bulb temperature and humidity ratio of the air leaving the root node are

assigned to member variable a.

ln either case, the mass flow of air through the terminal nodes must be set before invoking
function Duct : : SolveAirDistribution ( ) .

9.4.4. Pressure Balancing of Duct Systems.

Algorithm NN3, used in conjunction with algorithm NN2 (section 9.3.3) provides the basic

computational tool for evaluating the pressure distribution through a subtree rooted in a
particular node. Additional considerations need to be taken into account when evaluating
the pressure distribution in an air conditioning duct system. For a supply air duct system
(diverging flow) the most important of these are:

c

a.

b.

c.
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Similar considerations apply in the case
of return air duct systems. For the
moment, the discussion will for the
most part relate specifically to the
supply air situation.

The supply air duct system model
supported by Znbra can be understood
by reference to hgure 9.11, which
shows the duct system arrangement for
(a) a three-zone system, and (b) a

single-zone system. In this model:

The duct system may optionally
have a damper in the root node,
which is typically used in a
supply air duct system as a
discharge damper to control the
fan (chapter 10). In a return air
or outdoor air duct system, this
damper will be used to control
the flow through the duct
system (see section 9.5).
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Figure 9.11. Layout of subtrees fbr (a) a multizone
and (b) a single-zone system.

The pressure at which the air is discharged from each terminal of the duct system
is determined by the desired operating pressure of the zone which the terminal
serves. This will usually be atmospheric pressure, or slightly higher to counteract
the possibility of infiltration of outdoor air into the space.

The pressure. drop through each path of the system must be balanced to suit the
pertinent flow rates. This is
achieved through thc usc of
dampers, or other adjustable
pressure drops.

I

ll Each zone is served by one or more terminal nodes. It is assumed that the flow
through each terminal serving a particular zone is identical, and that balance among
the terminals serving a zone is maintained by an adjustable pressure clrop of
unspecified type. Furthermore, at balance the additional pressure drop thus
imposed on at least one terminal serving each zone will be zero.

The terminals serving each zone comprise the terminal nodes of a subtree rooted
in a node with a damper. For a multizone system, member variable nNod.e: : sub
(section 9.3.3) is true for the root node of each subtree. The damper may be
omitted from the root node for a single zone system; if present, its purpose is to
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control the fan, rather than to achieve balancerra. For both single and multizone
systems, member variable nNode : : sub is false for the root node of the tree. When
balance is achieved for a multizone system, at least one of the balance control
dampers will be fully open.

Two additional classes are def,tned to support the computation of the pressure distribution
in a balanced air conditioning duct system. The interfaces for these are listed in their
entirety in the following. Class irerminalprovides a representation for a terminal node in
a duct system. The interface for this class is defined as

cl-ass Terminal
{

dNode* d; / / Pointer to the terminal node
double p; / / ExLra pressure drop (Pa) required to balance flow

/ / Lhrough terminal
public:

Terminal- (dNode* dn) : d (dn) , p (0.0) {}
-Terminal O { }
dNode& Node ( ) { return *d; }
double Temperature O const,'
void Temperature (const doubl-e t);
double HumidityRatio O const;
void HumidityRatio (const double VrI) ;
double MassFlow O const,'
void MassFl-ow (const double m) ;
double DP O const { return p; }
void DP (const double dP) { p = dP; }
double PressureDrop O;

);

The member variables for this class include a pointer to the associated terminal node, and
the additional pressure drop which must be imposed upon the flow through this terminal
to equalize the flow through all terminals serving a zone. This latter variable may be set
and read using the member functions op. The remaining member functions are for the
most part self-explanatory, and include functions to read and set the temperature, humidity
ratio and mass flow rate of the air discharged from a terminal. Member function
Terminal : : PressureDrop ( ) returns the pressure at the terminal, defined as (see section
9.3.3) P'= P + ,ELP, where P is the base pressure for some node established as a datum
(the root of either the tree representing the duct system, or a subtree containing the
terminal), and ÐLP is the sum of the pressure drops over a path joining, and including, the
datum node and the terminal node.

Referring to figure 9.11, it is computationally convenient to define a class describing, and
defining a series of operations pertaining to a subtree. For the purposes of the present
definition, those subtrees which are of interest to us are delineated in the case of a

multizone system by a root node which contains a damper, and one or more terminal nodes.

In such a system, the root node of a subtree cannot also be the root node of the tree
describing the duct system to which it belongs. For a single-zone system, the sole subtree
is identical with the the tree describing the duct system.

ll4 The damper is therefore regarded as belonging to the duct system, rather than the subtree; see later
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A subtree is described by the following class:

cl-ass Subtree
t

dNode* root,' / / PoínLer to the root node
Spli-st<Terminal> t; // LisL of pointers to terminals
double dP; // Pressure drop (Pa) tirrougir l¡alancecl subtree
double p; // OperaLing pressure (Pa) of space
Damper* damper; / / Pointer to the damper

public:
Subtree (d.Node* r,

DamPer* d = 0)
: dP (0.0), p (0.0), root (r), damper (d) {}
-Subtree O { }
dNode& Root O { return *root; }
Splist<Terminal>& T O { return t; }
Damper*DO{returnd;}
void PressureDrop (const double dp) { dP = dp; }
double PressureDrop ( ) const { return dP; }
void Pressure (const double p) ( Subtree: :p = p,. )
double Pressure O const { return p; }
void MassFlow (const double m);
void Balance O;

j;

The above class maintains pointers to the root node and damper, and a list of pointers to
the associated terminals. Variable dp is the pressure drop (Pa) between and including the
root node and each terminal node in a balanced subtree. Variable p is the operating
pressure (Pa) of the space into which each terminal node of the subtree discharges,
referenced to atmospheric pressure. Member function subtree : : MassFlow (m) sets the
mass flow rate through the subtree by apportioning the specified quantity equally among
the terminal nodes. The member function of major interest is subrree : : Balance ( ) ,
which evaluates the pressure distribution through a balanced subtree. This function
performs the following operations:

i. If the subtree is controlled by a damper, the damper is set fully open

ll The pressure distribution through the subtree is evaluated by invoking function
nNode: : Pressure (p) (Algorithm NN3; section 9.9.3) for the root node of the
subtree. The pressure datum for the subtree is set to 0 by invoking the function
with the argument p = 0. The pressure distribution so evaluated is not yet balanced.

nl The list of terminal pointers is traversed, and the pressure drop for each path
connecting the root node to a terminal node (returned by function
Terminal : : PressureDrop) is compared. Variable Subtree: : dp is set equal to
the maximum path pressure drop (^P,*).

The list of terminal pointers is again traversed, and the additional pressure drop
through each terminal is calculated. That is, for terminal i, the balance pressure is
calculated as

max

lv

AP AP AP
I

(e.4.6)
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The problem of balancing the entire duct system may now be tackled. Class Ducf has two
member variables which are of particular significance in balancing a duct system:

class Duct
{

protected:

public Network

Map<unsigned, Subtree*> Dp;
double P;

public

void Balance O;
);

Ifthe duct system contains n subtrees (in the sense defined above), a pointer to the object
representing each is stored in the associative affâ] Duct: : np, together with a unique index
in the range II ..n]. Member variable Duc t : : p stores the pressure at the root of the duct
system, referenced to atmospheric pressure. Assume that all dampers in the system are

fully open, and that the flow within each subtree has been balanced by invoking function
subrree: : Batance ( ) . It is now possible to find the pressure distribution throughout tlie
entire duct system, and in particular to ev¿iluate the pressure loss ( 

^P, 
) between the root

node and the terminal nodes for each subtree l. If the operating pressure of each zone is
set to atmospheric pressure, then the pressure at the root of the system, referenced to

atmospheric, is

P=L,P
n

= maxÂP.
I

I
mar(

for a diverging system, and

P = -L,Pm¿D(

for a converging system. In the more general case the operating pressure for the various
zones will not necessarily be equal to atmospheric pressure, and the duct system may in
fact serve zones operating at different pressures. In this case, the situation becomes slightly
more complex. Iæt p, be the operating pressure for the zone served by subtree i, and LPo.,

be the additional pressure loss which must be induced by partially closing the damper if
balance is to be achieved throughout the system. That is

LPo,, = lf - ^1Ar¡ - pil t9.4.S)

where X takes a value of +1 for a diverging network, and -1 for a converging networkrts.

Thus, we wish to find P such that

APo.^,n = minÂPr.,,l

(9.4.7a)

(e.4.7b)

-0 (e.4.e)

I rs Bear in mind that in the convention adopted here, pressure drops are always positive. Pressures P

and p, are gauge pressures, referenced to atmospheric. Generally, P may be expected to be positive

for supply air networks, and negative for return air and outdoor air networks.



where AP.,r, = AP,. is the appropriate pressure loss to be used in evaluating K,, in the
above.
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Pressure balancing for the entire duct system is performed by virtual member function
Duct : : Balance ( ) , the logic for which is shown in figure 9.12.

The inclex l' for which equation 9.4.9 is satisfied will be storecl, as will the system
characteristic, K,.,, defined by

(e.4.10)

A damper in the root node (Do in figule 9.1 1) may be used for fan control in the case of
a supply-air duct, and for balancing the system in the case of any of the duct systems (see
chapter t0). Let Pn be the pressure at the root of the duct system with this damper fully
open, and let P'be the pressure which we require at the root node for the designated
control purpose. Then it is necessary to close damper Do to induce a pressure drop ÂP.
in excess of that corresponding to the fully open position, where

ÂP* = po - p' (9.4.11a)

for a convelging system, and

ÂP.=P'-Po
for a diverging system. The damper setting required to achieve this may be found by
calling member function

double Duct::AdjustDamper (const double dp);

which in turn invokes function Damper: :Ansle (dp) to hnd the blade angle required to
effect the desired control action.

9,4.5. Specifying and Building a Model of a Duct System.

The preceding sections have described a set of operations to manipulate a duct system
model which is already resident in computer memory in the form of a multiway tree.
Initially however, the model must be assembled from a description supplied in the form of
a sequential series of instructions. In the following a recursive strategy is described for
interpreting a set of instructions to build a tree network describing a duct system and its
associated fìttings.

For this purpose, altemative constructors are supplied for classes RectangularSection and
RoundSecfion (see section 9.4.1). For class RectangularSection the alternative
constructor is defined by the statement

(e.4.11b)
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Figure 9.12. Logic for an algorithm to perform pressure balancing for a duct system.

RectangularSection: : RectangularSection ( Textsource& t ,

Duct& d,
int r = 0,
int s = 0,
RectangularSection* u = 0);

The constructor for class HoundSection is identical. The signifîcance of the arguments
in the above is as follows:

A reference to an object of class TextSourco from which the duct specifications
will be read (see section 2.4).

if fan controL damper is present then
Open fan control damper fully;

for each subtree i do
Balance subtree;

i f single-zone system lhen
{

if diverging flow then
P - P, + L^P,

el se
p-pt-Lpt

Ì
el se
{

(lnvoke Subtree: : Balance)
(Set pressure at root of duct system)

Calculate pressure drops through remainder of duct system;
(Use Algorithm NN3 with P = 0, sT = false; resets datum values for subtrees)
i -0.'mu
P -0;
for each subtee i do (Find pressure at root of duct system)
{

if diverging flow then
{ p'*p¡+4p,,'

if P'>Pthen {i,*- i;P*P'; }

Ì
el se
{ p,_p¡_L.p,:

if P'< P then { i,* * i; P *P'; I

Ì
)

f or each subtree I + lrn* do (Balance flow through system)
{

Ap*P-xAP, -p,;
(X= +1for diverging flow, -1 for converging f low)

Set damper angle to give excess pressure drop A,P;

)

t
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Splist<Terminal> t;
Splist<Nodelevel> dl;

/ / LisL of termina] nodes
/ / LisL of node levels

A reference to the object representing the duct system to which the section belongs.

Denotes the level within the network tree of the node which will be constructed for
the section (see section 9.1). Thus, for the root node a level of 1 is specified for r,
this value being incremented by 1 for each successive level of node.

Denotes the level of the node within the subtree to which it belongs. To create a
node at the root of a subtree, a value of 1 is specified for argument s. For zones
within a multizone system which belong to no subtree, a value of s = 0 is specified.

u Contains a pointer to another object of the same class. If this argument is not null,
it indicates to the constructor that the section which is being created must have the
same cross-sectional dimensions as the section accessed by the pointer. Thus, for
a rectangular section the height and width will match those of the referenced
section; for a round section, the diameters will match. The ability to pass this type
of information is useful in the case of certain types of elbows and junctions, where
the cross-sectional dimensions of the duct downstream of the fitting must be the
same as that upstream, and for various types ofjunctions, where the cross-sectional
dimensions of the various branches must be the same. If this argument is null, the
appropriate dimensions are extracted from the text source. Regardless of the
source of the defining dimensic'ns, the derived dimensions are then calculated and
set, and control passed to a member function of the base class,
DuctSection: : Input (t).

Class Duct maintains two private singly-linked lists which are used in constructing the
network:

where NodeLevelis a simple class containing a record of a node and its level:

struct Nodel,evel
{

dNode* d;
int level;
Nodelevel- (dNode* dn, int 1)

]¡
d (dn), leve1 (1) {}

Since class DucfSection is declared to be a friend of class Duct, it has full access to these
lists.

Assembly of a duct system model is initiated from within the constructor for class Ducf
when a record prefixed with either of codes DsEcrroN BEcrN RouND or
DsECTToN BEGrN REcrtt6 is read, causing the appropriate constructor to be invokedrrT:

Both of these codes may be omitted. The algorithms described in chapter 6 prescribe appropriate
action to take if the duct system is not specified. In the early stages of a project, the information to
specify the duct system may well not be available, and even in the later stages of the project, the

il6
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(void) new RectangularSecti-on (t, &this, ll;

This function and the constructor for class Boun dSection in essence serve merely to
establish the cross-sectional dimensions of the section, before passing control to function

void Ductsection: :Input (TextSource& t,
Duct& d,
int r,
int s);

where the arguments have the same meaning as previously. The fundamental layout of the
function is the same as that described in section2.4; records are extracted from the text
source and processed according to their prefix code until a terminating record is read.

Before execution enters this loop however, certain local variables are initialized:

boolean terminal = false;
Ductsection* ss = 0,'
Ductsection* sbl- = 0;
Ductsection* sb2 = 0;
Damper* damper = 0;

/ / Indjcates whether this is a terminal node
/ / Poín¡uer to the continuation section
/ / Pointer to branch section l-
/ / Po:-nter to branch section 2

/ / Poiniuer to damper for this section

Within the loop, the action taken is dependent upon the value of the prefix code read.

Three of the possible codes contain either control information, or information specific to
the duct section itself:

sucrroN DïMENSToN introduces a record specifying the length and (optionally) the internal
roughness of the section. This record is mandatory.

sEcrroN TNSULATToN introduces a record specifying the insulation type (see section
9.4.L3). This defaults to 0 (uninsulated sheetmetal).

sEcrroN END terminates input for the record. This record is also mandatory

The remaining codes which are valid at this point specify duct fittings. The basic format
of these records is similar. The code specifies the class of fitting to be created. This is
followed by an index which identifies the exact type of the fitting. Finally, the record may
contain a number of parameters specific to the fitting type, as determined by the class and

index. Once a valid record has been read, an object of the appropriate class is created and

a pointer appended to the list of fittings. In the case of junctions a pointer will also be

appended to the list of fittings for one or more adjacent sections. Depending upon the

fitting type, a number of other actions may be taken which will determine the manner in
which the network is constructed. These will be specified below. For each section no

designer may feel that the effort required to specify the ductwork is not justified. In such a case, the

supply and return air duct gains for each zone may be supplied by the user. If either of these codes

is specified, the duct system must be specified in its entirety according to the rules established

below.

It7 Keyword this is a pointer to the object for which we are currently executing a member function, in

this case an object ofclass DucL
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more than one record with the same code may be specified, except in the case of code
DUCT-oBsrRUcrfoN-BEGrN. Codes DUcr ELBow_BEcrN, DUcr_TRANsrrroN_BEcrl¡ and
DUCT-JUNCrION-BEGTN terminate a section. In the case of a diverging network, code
DUCT-EXIT-BEGTN will also terminate a section, as will code oucr_ENTRy_BEGrx in the
case of a converging network. No more than one code for a terminator type may be
specif,red for a section, and that code must be specif,red following all other codes speciffing
fittings for the section. The available classes of fitting are identified by thc following
codes:

DUCr-ENTRY-BEGTN introduces a record specifying a duct entry (class DuctEntry). For a
diverging network one record with this code must be present if this section is at the
root (r = 1), and must be specified before any the following fitting codes are
specified. This code is invalid for sections at any higher level. For a converging
network, the presence of a record with this code signifies that the section will be
located at a terminal node of the tree (termi na:- - true).

DUCT-EXrr-BEGTN introduces a record specifying a duct exit (class DuctExit). For a
converging network one record with this code must be present if this section is at
the root (r = 1), and must be specified before any the following fitting codes are
specified. This code is invalid for sections aL any higher level. For a diverging
network, the presence of a record with this code signifies that the section will be
located at a terminal node of the tree (terminaL - true).

DUcr-ELBow-BEcrN introduces a record specifying an elbow (class DuctElbow). If a
record with this code is read, it must be immediately followed by a code specifying
the commencement of input for the adjacent section at the next higher level (code
DSEcrroN-BEGTN-RouNp or code DSEcrroN_BEGTN_REcr, as appropriate). The
specified constructor is then invoked to create a new object of appropriate type, and
a pointer to the new object assigned to the local variable ss. In all cases except
fitting 3-10 (elbow, rectangular section, with variable inlet and outlet areas) the
inlet and outlet sections for the section are the same. Typically then, the' constructor for the adjacent section is invoked by a statement such as the
followingrts:

ss = ne\^r RoundSection (t, d, r + 1, s ? s + l-
(RoundSection*) this) ;

l18 
The ternary operator (Kernighan and Ritchie, 1988) takes the form

c o nditional _exp re s s ion ? exp re s s io n,'. e xp r e s s io n,

and may interpreted as

if conditional_expression evaluates to true Then
expressron r;

el se
expressionr;
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lnvoking the constructor recursively as we have done here causes the entire subt¡ee
rooted in the node at the next higher level to be created before control returns to the
statement following the constructor. Local variable ss is also passed as an
argument to the constructor for the fitting.

DUCT TRANSTTToN epcrNintroduces a record specifying a transition between sections of
different shape or cross-sectional area (class DuctTransition). The above remarks
concerning elbows apply in this case also, with the exception that the duct section
will always change between the input and output of the transition, and the final
argument in the call to the constructor for the adjacent section will thus generally
be omitted (default to 0).

DUCI JUNCTToN BEGIw introduces a record specifying a junction (class DuctJunction).
Depending upon its type, the junction may have up to three additional sections
adjacent to it at the next higher level. In the most general case the constructors will
be invoked in the sequence

ss = new RoundSection (t, d, r + l-, s ? s + 1
(RoundSection*) this) ;

sbl- = new RoundSection (t, d, r + 1, s ? s + l-

sb2 = new Roundsection (t, d, r + !,
( Roundsection*

S

s);

s?
)s

s+1
b1) ;

The above sequence of constructors is appropriate to the case where the main
(continuation) section has the same section as the combined section, and each of
the branches have the same section. Either of branches s or b, may be omitted in
the above. The situation described earlier in connection with duct elbows is
generalized in this case in that each subtree rooted in a node at the next higher level
is created recursively by invoking the constructor for the section at the root of the
subtree. Local variables ss, sb1 and sb2 are passed as parameters to the
constructor for the fitting. A pointer to the fitting is appended to the list of fittings
for each of the branch sections, as well as for the combined section.

DAMeER-BEcrN introduces a record specifying a damper (class Damper). Unless this
section is at the root (r = 1), it will be designated as the root of a subtree in the
nanower sense defined in section(9.4.3); s is assigned a value of 1. A damper may
not be specified if the section is already designated as belonging to a subtree
(= > 1). A pointer to the damper created is assigned to local variable damper.

DUcr_oBsrRUcrroN_BEGTN introduces a record specifying a fixed obstruction (class

DuctObstruction). Such fittings may be specified anywhere and in any
combination, subject only to the general rules regarding placement defined above.

Having read the records pertaining to a particular section, a series of operations are
performed to created an object of class dNode referencing the current duct system, to link
the node to its children, and to update the housekeeping structures to permit this node in
turn to be linked to its parent. The sequence of operations proceeds as follows:
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If this section is at the root of the tree (r = 1), and a damper has been specified for
the section (d.amper * 0), the damper specified will be the fan control damper for
the duct system. A pointer to the damper is assigned to member va¡iable Ducr: : d
and a value of 0 is assigned to local variable damper.

ll. An object of class dNode referencing the section is created. A section will lie at
the root of a subtree, defined in the naffower sense above, if s = 1, or if it lics at
the root of the network for a single-zone systefiì (r = 1 and list Ducr : : r not empty).
For such sections, member variable d.Node: : sub for the associated dNode is
assigned a value of true. Member va¡iable dNod.e: : rerm is assigned a value of true
if this is a terminal node (terminal = true).

At any point during the construction process, list ¡ucr : : d1 mâ! contain objects
referencing nodes at the same level as the current node, or at the next higher level.
These latter objects, which reference the child nodes for the cur¡ent node, are
located at the front of the list. Objects are removed from the front of the list in
sequence, until either the list is empty, or an object referencing a node at the same
level as the current node is removed. In the latter case, the object removed must
be reinserted at the head of the list. Otherwise, the node referenced is inserted into
the list of child nodes for the current node.

IV An object of class NodeLevel is constructed taking a pointer to the current node,
together with its level as arguments. This object is inserted at the head of list
Duct::dl.

If the current node is a terminal node (terminal = true), a new object of class
Terminalis created taking a pointer to the node as argument, and inserted at the
head of list nuct : : t.

VI If the node has been designated to be the root of a subtree in step (ii) above, a new
object of class Subtree is constructed taking a pointer to the current node and the
local variable d.amper as arguments. The elements of list Ducr: : r will be the
terminal nodes for the subtree; they are removed from that list and placed on the
list of terminal nodes for the newly created object. Finally, an element of the
associative ¿uray Duct: : Dp is created, taking the next available index in the range

[1..n] as its key, and a pointer to the object of class Subtree as its value.

The final step in assembling the network is taken in the constructor for class Duct. It will
be recalled that the construction process was inititated by a call to the constructor for one
of the subclasses of class DuctSection. When control returns from that function call, list
Duct::dr contains one element which is removed, and the associated node pointer
assigned to member variable Duct::root. Member variable Duct::specified is
assigned a value of true to signify that a valid duct system has been specified.
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9.5. Specific Duct System Types.

The preceding discussion has considered air conditioning duct systems from a generic point
of view. It is convenient to classify the various types of duct system encountered in air
conditioning practice according to the specific functions they perform. The following
classifications are found to be useful:

Supply-air duct systems are used to deliver treated air from an air-handling unit
(the source) to a number of targets. ln the case of a distributed unit, the targets are

the various zones controlled by the unit. [n the case of a central outdoor air
treatment plant, the targets are the distributed units supplied by the central unit.
Every source will supply one and only one supply-air duct system; the mapping
between the sources and the targets will be one-to-many. The flow in such systems

diverges.

11. Return-air duct s)¡stems are used to return air from the zones back to a distributed
air handling unit. Each distributed unit will have at most one return-air duct system

associated with it; IOOVo outdoor air units will have none. The flow in such

systems converges.

Outdoor-air duct s)¡stem: are used to convey untreated outdoor air to a unit. All
outdoor air units will be served by an outdoor-air duct system, as will standalone

distributed units. In principle, the mapping between outdoor-air duct systems and

the units they serve could be one-to-many; in the current study only a one-to-one
mapping will be considered. Such systems are modelled as converging in the

present study, thus establishing commonality with the preceeding types in that
member variable Duct: : p is the gauge pressure at the point at which the duct
system joins the casing for the three types. This consideration is of importance in
balancing the pressures in a system (chapter 10).

Classes have been derived from base class Ducf to represent each of the above types of
duct system. A fourth classification of duct system may be defined:

IV Exhaust s)¡stems extract spent air from a system and exhaust it to the atmosphere

at a rate which is equal to the rate at which outdoor air is supplied to the system,

adjusted by an allowance for exfiltration or infiltration.

While duct systems of this latter type are of importance to the overall pressure balance of
an air conditioning system, for the purposes of the present study, it has not proved

necessary to model this type of duct system in detaillre. The characteristics of the classes

developed to describe the remaining duct system types are outlined below'

lle For the purposes ofthe pressure balancing algorithms developed in this and the next chapter, it is
only necessary to consider the fact that a specified quantity ofexhaust air will be extracted from the

system at a dehned point. The exhaust system can be modelled as an independent entity according

to the principles developed in the present chapter, ifso desired.
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9.5.1. Supply-Air Duct Systems (Class SA_DucÐ.

It is necessary to differentiate between those duct systems which supply treated air to
zones, and those which supply treated air to distributed air units. Member variable
SA Duct: : dest of an enumerated type

enum Dest { Z, D };

performs this function; z indicates that the target for the treated air is a zone, D that it is a
distributed unit. The target type is determined from the context when the specihcations for
the duct system are read from file. Topologically, the major difference between the two
types of duct system is that in a system supplying air to distributed units each damper-
controlled subtree will have only one terminal node; in a system supplying air to zones,
each such subtree will in general have several terminal nodes. In either case, the mapping
between the damper-controlled subtrees in the duct system and the targets will be one-to-
one, and is stored in an associative array

Map<unsigned, unsigned> I;

in which the key contains an index to the target, while the value contains an index to the
subtree.

In common with the other subclasses of class Ducf, this class defines a member function
to extract the specifications for the duct system from a text source. This function calls the
corresponding member function of the base class, and then performs a series of input
operations specific to the subclass. The class also provides member functions to perform
the following major operations:

Set the mass flow rate through each damper-controlled subtree to the value
demanded by the target. Where there are multiple terminal nodes within the
subtree, the flow is aportioned such that each passes an equal amount.

ll. Set the condition of air at entry to the target equal to that at the terminal nodes of
the corresponding subtree. Where there is more than one terminal node, the air'
condition which would result from psychrometrically mixing the air supplied by
each is used.

9,5.2. Return-Air Duct Systems (Class RA_Duct).

The return-air duct system model used by 7,ebra is based on the assumption that the
following conditions hold:

The air exhausted from the va¡ious zones served by a unit is gathered into one or
more plenum chambers, which are located at the terminals of a corrìmon return-air
duct system. Each plenum may have a number of zones associated with it; each
zone will exhaust into one and only one plenum. The mapping between the plenum
chambers and the damper-controlled subtrees is one-to-one.

I
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The air passing through the plenum is subjected to a temperature rise (0 by default),
but is not subject to a pressure drop. Where several zones exhaust into a common
plenum, the operating pressure within the plenum will be set equal to the lowest
zone pressure; it is assumed that the extractors for the remaining zones incorporate
some mechanism to induce the pressure drop necessary to achieve balance,

lll Spill air may be extracted from the system at one of two points; from the plenum
chamber, or from a location adjacent to the root of the duct system. Where the spill
is exhausted from the plenum chambers, it is exhausted from each in proportion to
the mass flow passing through the plenum.

The model outlined above offers considerable flexibility. In particular, the plenum may
be regarded as anotional concept, and the situation where the air is removed from a zone
by a single extractor without passing through a plenum is readily handled. The model is
not however the most general possible. The case where the air is removed directly from
a zone by multiple extractors is not handled. This is essentially the inverse of the supply-
air situation, and the model could readily be adapted to handle that case using the
methodologies described above. In addition, in principle the spill air can be extracted from
any point in the return-air circuit. It would be possible to provide for the insertion of an

extraction point at an arbitrary position in the return-air duct system, but at the cost of some
loss of elegance in the solution algorithm. This feature may be implemented in a future
release of the software. In its present form the model is adequate to handle the majority
of systems with which the author and his colleagues have been concerned.

The plenum is modelled using a class, the interface for which is defined as follows:

class Plenum
{

doub]e dT; /,/ Pfenum temperature rise (deS.C)
double p; / / operaiuing pressure (Pa) referenced to atmospheric
Slist<int> 1; // LísL of identification codes for zones feeding into

,/ / plenum
double m-in; // Mass flow (ks/s) of air entering plenum
double m-out; / / Mass flow (ksls) of air leaving plenum
Airstate A-out; / / SLaLe of air leaving plenum

public :

Plenum O : dT (0.0), p (0.0), m-in (0.0), m-out (0.0),
A-out (Network: :pressure) {}

-Plenum O {l
void TemperatureRise (const double dT = 0.0) { Plenum::dT = dT; }
double TemperatureRise ( ) const { return dT; }
double OperatingPressure O const { return p; i
double MassFlowln ( ) const { return m-in; }
double MassFlowOut O const { return m-out; }
double Spil1 O const { return m-in - m-out; }
Slist<int>& Zlist O { return 1; }
AirState& AirOut O { return A-out; }
void Set (double spi11 = 0.0);

t.

In essence, this class is quite straightforward. The class uses a singly-linked list of pointers
to reference the zones which feed into the plenum. The sole modifier for the class is
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ll

lll

function Plenum: : set ( spill ) , which takes as it argument the mass flow rate of the air
to be spilledfrom the plenum. This function performs the following actions:

The operating pressure for the plenum is set equal to the minimum of the operating
pressures for the zones which feed into it.

The mass flow of air into the plenum is obtained by summing the flows through the
zones exhausting into the plenum. The mass flow of air leaving the plenum is
equal to the mass flow entering less the spill (if extracted from the plenum).

The state of the air leaving the plenum is found by psychrometrically mixing the
entering air streams, and incrementing the dry bulb temperature by the prescribed
amountl20.

Class RA-Duct maintains an associative array which establishes a one-to-one mapping
between the damper-controlled subtrees in the duct system, and the plenum chambers:

Map<unsigned, Plenum*> f;

An additional member variable flags the location of the spill-air takeoff. This is of the
enumerated type

enum Position { Rt, PI };

where at indicates a location adjacent to the root of the duct system, and pr indicates a
location in the plenum. The class provides a set of member functions, the most important
of which sets the mass flow rate and air state at each terminal node of the duct system by
invoking function Plenum: : set (spil1) for each plenum. Where the spill air is extracted
from the plenum, the quantity to be spilled from each is established in proportion to the
rate of flow entering each.

In order to establish the pressure balance for the entire fanlduct system it is necessary in
the most general case to provide dampers controlling the flow through the root sections of
both the return-air and outdoor-air duct systems. For any set of flow conditions, the
position of one of these dampers may need to be modulated from the fully-open position
to achieve balance. The means of achieving this have been described above in section
9.4.4.

I2o Many load estimation programmes, such as TEMPER (Austalian Construction Services, 1987) can
be used to provide an estimate of the heat gained by the air passing through a plenum. A detailed
consideration of the heat transfer processes occurring within a plenum is provided by Kimura
(1e77).
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9.5.3. Outdoor-Air Duct System (Class OA_Duct).

The outdoor-air duct model is relatively simple, and comprises a network having a single
path, flow through which is controlled by a damper in the root section. The complement
of member functions is correspondingly small. A member function

void OA_Duct: : Set O ;

is provided to set the operating pressure at entry to the sole damper-controlled subtree to
0 (atmospheric), the mass flow of air equal to the specified rate, and the condition of the
air entering the terminal node equal to ambient conditions.

Pressure balance is effected in a manner similar to that described above for a return-air duct
system.

9.6. Integration with the System Model.

In the algorithms described in chapter 6 it was assumed that a priori estimates are available
for the temperature gains associated with heat transfer through the duct walls, and with the
dissipation of fan energy. If the duct systems connected to a unit have been fully specified,
as described in the preceding sections, it is possible to calculate these quantities as an
integral component of the simulation process. To accommodate this process, the
algorithms of chapter 6 must be modified accordingly.

Broadly speaking, three steps are involved in evaluating the above-mentioned temperature
gains for a system:

The mass flow distribution for each duct system involved is found after assigning
known flow rates to the terminal nodes of the duct system (problem NF).

With the properties (temperature and humidity) of the air entering the duct system
specified, the distribution of these properties through the duct system are found
(problems NTI and NT2).

1ll. The pressure loss distributions through the duct systems are found (problem NP),
and the pressure balance among the various duct systems is found.

Step (iii) involves a consideration of pressure losses through components other than the
duct system, principally fìlters and coils, and of the pressure gain necessary to offset the
various losses, which is imparted by the fan. This step depends upon, and necessarily
follows steps (i) and (ii) above. Further consideration of the calculation of the pressure
balance will be deferred until chapter 10. In the following, solution of steps (i) and (ii) will
be described, first for a distributed unit, and then f'or the much simpler case of a central
outdoor-air treatment unit.

ll
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9.6.1. Distributed Units.

It will be recalled from the discussion of section 6.3.6 that the first step in initializing a

system model prior to commencing a simulation run is establish internal consistency
among the zones served by each supply-air connector. As has been shown, this may be
handled in a straightforward manner if the duct temperature gains are known a priori.

The mass flow of air through azone in a VAV system is determined by the temperature of
the entering the zone (equation 6.I.9), which in turn depends upon the duct temperature
gain. tn this situation, steps (i) and (ii) above are interdependent, and an iterative
procedure must be used to find the temperature gains. The supply-air condition is initially
located as described in section 6.3.6 to ensure that the moisture staircase iteration proceeds
from a psychrometrically feasible point. This will establish the condition of the air
entering the duct system. For a single-zone system, we may then proceed in the following
manner:

I-ÊL &be an estimate for the temperature gain experienced by the air in traversing
the duct system. This establishes the temperature of the air entering the zone, and
the mass flow of air through the zone, and hence the duct.

The corresponding mass flow and temperature distributions for the duct system are
found by invoking function sA Duct: : solveAirDistribution 1 ¡ . This gives
an updated estimate ü' for the temperature gain.

To solve the problem we seek to find some óf such that

/(òr)=ði-ðl/=o (9.6.1)

which may be solved using a root-finding procedure such as zero. A suitable bracketing
interval [a..bl is found by letting b = a = 0, and incrementing b in steps of 1'C until we
find some å for which

sisn f(a) + sisn f(b) (9.6.2)

The procedure readily generalizes to handle a multizone system, where we seek now to
nuillluze

n

/,(õ/,, ..., ô4) = E fo1 - õî/¡z (e.6.3)
i=l

This is achieved using procedure smsno (see section 6.3.3), where we let & = 0.5"C as

a first estimate.
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For a CAV system, the mass flow rate of air through the zones, and hence through the

supply-air duct system, is knownr2'. We seek to find an initial estimate for the supply-air
condition which is at once consistent with the zone thermostat settings, and

psychrometrically feasible. We can guarantee that a trial point will satisfy the second

condition if we confine our sea¡ch to the locus described by all points for which the dew-
point temperature, i{o = îro - ô/, where ðt = 2.5"C should be adequate to allow for the

fan temperature gain in all practical situations. The required initial estimate for the supply-
air condition is thus the point on the locus for which A/, as defined by equations (6.3.6-

6.3.8), is zero. In other words, we seek to find the uniquely defined point for which

L,t = f(tro) = o, îlo = iro - at (9.6.4)

This point is readily found by using procedure zero in conjunction with a function to
evaluate fGÐ for a given trial point fo. To find an upper bound for the bracketing
interval la..bf, the condition of the air in each zone is fixed at a point determined by its
thermostat set point, and an arbitrarily chosen relative humidity (607o say). I-,et ti., be the

temperature of the air entering zone i corresponding to this zone condition. Then, an

appropriate upper limit for the bracketing interval is

n

b = min t..
i=I

(e.6.s)

A lower limit to the bracketing interval may then be found by setting a = b, and

decrementingain steps of 1'C until (9.6.2) is satisfied.

With a consistent set of zone conditions established, the mass flow, temperature and

humididty distributions through the return-air duct system are readily found (section 9.5.2).

The supply and return-air temperature gains thus calculated are stored on a zone-by-zone
basis in the associative array DController::Zrnfo (see section 6.3.2). These will be

subject to a small degree of fluctuation as the moisture staircase iteration proceeds, but for
all practical purposes may be regarded as constant, thus avoiding the need to repeat the

duct simulation at each step of the moisture staircase iteration.

The temperature gain through the outdoor-air duct may also be evaluated using the

methods developed, if it is significant. This is stored in member variable oA-Duct: : dr,
which defaults to 0.

9.6.2. Outdoor Air Units.

If the fan and duct temperature gains are specified a priori, a solution for the thermal

performance of the unit is readily found as described in section 6.4.2. If these are to be

determined, an iterative solution procedure becomes necessary. Efficient algorithms for
solving the problem in this latter case are described in section 10.3.2.

It is in fact the actual volume flow rate of air which remains constant in a CAV system. See chapter

l0 for a discussion of this point.

12t
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Chapter 10. Fans and Fan-System fnteraction.

10.1. Introduction.

The previous chapter described a set of algorithms for calculating the heat gain and
pressure loss associated with air flowing through a duct system. The pressure deticit
incurrecl as a result of losses in the duct system and other components, including in
particular the coils and filters, must be balanced by a total pressure gain across the fan. The
shaft power absorbed by the fan in working against the pressule loss,

n Q,LP,tr = ,V (10.1'1)

where,

Qr = Actual volume air flow through the fan,
[p, = Total pressure rise across the fan,
rì7 = Fan efficiencY (total),

while the electrical power input required by the fan motor,

P,
D_J
', = 

ñ 
(10'1.2)

where I,, = Motor efficiency.

A fraction of the power is dissipated within the air stream, causing a rise in temperature
across the fan. That is,

rhCr\,t = ùA,h = XP, (10.1.3)

where Ar is the temperature rise across the fan, and Al¿ is the increase in enthalpy. X = [
if the motor is located within the air stream, and X = q,n if it is located external to the air
stream. Thus, while the electrical power consumed by the fan (equation 10.1.2) is a direct
clebit to the energy budget for the system, the fan also contributes indirectly to the energy
budget in that the fan energy dissipated as heat increases the refrigeration load on the
cooling coil.
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(10.1.4)

The fan total pressure rise comprises the following components:

Lp,=Lp,.,*FSE,+F$Bo

where,
LP,, = System total Pressure rise,

FSEI = Fan system effect pressure loss caused by fan inlet conditions,
FSEo = Fan system effect pressure loss caused by fan outlet conditions

The stack effect, which may contribute significantly to the pressure rise across the t'an

under certain circumstances (ASHRAE, 1989; chapter 32) has been ignored in the above.

Once the terms in the above equation have been evaluated, the fan operating point can be
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found from the fan characteristic, which will have been determined by the manufacturer
on the basis of experimental measurements. The operating point also determines the fan
efficiency (qr).

From the point of view of the present study, which is concerned with the thermal
performance of air conditioning systems, the operating characteristics of a fan are mainly
of interest in determining the rate at which fan energy is dissipated in the airstream. The
clata structures clescribed in the following section have been designed with this end in nrind.
This work should be regarded as being of a preliminary nature only. The longer term aim
is to use the classes developed as the basis upon which a database can be constructed which
will serve as a repository for a wide range of data, including physical dimensions and
acoustical data. The projected database will provide a tool for fan selection, possibly used
in conjunction with an appropriate expert system. Additional areas in which the
methodology is currently deficient, or may be extended, will be indicated in the text.

10.2. Simulating Fan Performance.

10.2.1. Fan Performance Characteristics.

From the point of view of the present study, the parameters which are of major interest in
describing fan performance are those occurring in equation (10.1.1). namely e¡, Ap, and
I' together with the rotational speed (Ð of the fan. Graphically, fan performairce curves
can be presented by plotting contours of fan speed and efficiency versus flow rate and
pressure, as shown in figure 10. 1, which shows the characteristics fbr a Richardson type
CYD 300 centrifugal fan with backward-curved aerofoil blades. Figure 10.1 has been
constructed using tabular data available from the manufacturer (Richardson Pacific Ltd.,
1989). The presentation used by Rich¿udson Pacific Ltd. is fairty typical, and comprises
fan speed and power tabulated as a function of volume flow rate and static pressure rise
across the fan. As is customary, the experimental data upon which the tabulation is based
have been reduced to the density (I'204 kdm) of dry air at ASHRAE standard conditions.
The steps in deriving a graphical presehtation such as that of figure 10.1 from tabulated
clata are as follows:

l. Static pressure is converted to total pressure as

apt=Lp,*i.rr,

where v is the velocity of the air leaving the fan

Efficiency is calculated using equation (10.1.1)

(10.2.1)

The data points are interpolated to a rectangular grid using a combination of
Laplacian and spline interpolation, and the contours drawn using a proplietary
plotting package (Young and Van Woert, 1989).

lt
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The fine structure in the efficiency contours of figure 10.1 is undoubtedly an artefact
caused by the low relative precision of the tabulated fan power ratings.

The gridded data used to produce figure 10.1 comprises two affays, each of 51 x 51

Figure 10.1. Characteristics for a cenrifugal fan with backward-curved blades (Richardson type CYD
300).

elements, and while a representation of this form could be used as the basis for storing and

manipulating fan performance data, a more compact representation is desirable. A suitable
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representation may be obtained by recourse to the fan laws (Osborne, 1977; ASHRAE,
1988). In the present work the fan laws have not been used directly, but rather the data
have been expressed in terms of a set of dimensionless coefficients based on the fan laws
(Osborne, 1977). The relevant coefficients are, the volunte cofficent,

0=
o

nd2
4

(r0.2.2)
LI

the total pres.tl¿re cofficient,

rl,
LP,

(r0.2.3)

and the power cctfficient,

1- 0ü
\¡

in which r/ is the impeller diameter, and u is the impeller peripheral velocity,

u=ndN

(t0.2.4)

(r0.2.5)

Expressed in terms of these coefficients, it is fbund that the data from which figure 10.1
has been constructed can be collapsed onto two curves, representing total pressure
coefficient and power coefficient as a function of volume coefficient, as shown in figure
10.2. Use of the above coeff,rcients accounts for variations in the density of the air passing
through the fan, and also permits a coÍìmon set of curves to be used for a geometrically
similar range of fans, although some caution is urged in scaling in this manner for critical
applications, since the standard of finish, and consequently the performance of fans within
a range, will typically improve with increasing size (Osborne, 1977).

For use in computational applications, it is necessary to fit a function to the data points of
figure 10.2. h view of the noise which has already been rema¡ked upon in connection with
the eff,rciency data in particular, it is desirable that the function f,rtted should perform some
smoothing on the data. The data of figure 10.2 have been fitted in the least squares sense
by a cubic spline, which is also shown in figure 10.2. The properties of the cubic spline
representation used will be described in the following section.

10.2.2. Least Squares Cubic Spline.

The considerations involved in fitting a cubic spline to a randomly-distributed set of data
points in a plane have been described in some detail by Hayes and Halliday (1974), and the
techniques developed in that work form the basis for the one-dimensional spline fitting
routines used in the curuent work. The following will briefly describe the properties of the
cubic spline representation chosen, and the fitting procedure. More complete details will
be found in the references cited in this connection.

l"
-ou'2'
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Figure 10.2. Fan characteristics of figure l0.l expressed in terms of dimensionless coefficients.

Consider an interval fa, bl on the real axis, and a set of knots defined within the interval
such that o , Lt < ... <

interval a < x < b, such that:

i. Ineachof theintervals, * < Lr; L¡_r < x < )",,s(x)isapolynomialof degree3.

ii. The first and second derivatives of s(x) are continuous at the interior knot points
(L¡, i = l, ... h). In general, the third derivative will be discontinuous at these

points.

Inapproximatingasetof datapoints (x,,f,),r=I,2,...,flbyacubicsplinedefinedover
a set of knots, we seek to find the spline coefficients which will minimize the sum of
squares of the residuals,
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ssR = E v, - s(x,))z
n

(t0.2.6)

A cubic spline may he expressed in terms of its polynomial coefficients. Computational
schemes based on this representation however tend to be numerically unstable. It is
computationally advantageous to express the cubic splincs in terms of B-splines or
fundamental splines (Hayes and Halliday, l9l4). A cubic B-spline M,(x) is defined to be
a spline with knots L, o, L, ,r, L, ,, L, _ , , L,, which is zero everywhere except in the range
L, o . , 1 L,. ln order to construct the set of B-splines necessary to calculate s(x) at any
point within fa, bl, it is necessary to define eight knot points in addition to those interior
to the interval:

À_r.L_r.Àr<Loro (I0.2.7a)

and

b ' Lo-, ' Lo,2 { \h,3 ' Ln,o (I0.2.7b)

where, while the additional knot points can be arbitrarily specified subject to the above
restrictions,itis usuallyconvenienttoselectthemsuchthat À_, = L_z = À_l = Lo = a,
and b = Lh*, = Ln*2 = Lh,3 = Lh*a. The cubic spline may thus be evaluated for some
pointa <x<bas

s(x) = f y,u,{*) f10.2.8)
t= I

where it is understood that for some Lu_ t < * . \u, the only non-zero B-splines, M ,(x)
are those for which u < i < u+3. The non-zero B-splines at a point may be evaluated in a
stable and efficient manner using a recurrence relationship due to Cox (1972).

The problem of f,rtting a cubic spline to a set of data becomes one of f,rnding a least squares
solution for the coefficients y, in the set of observation equations

h+4

Ev,u,ç*,)=Ïr, i=1,2,...,n (lo.2.g)
i=l

which may be written in matrix form as

Ay = I (10.2.10)

where Ais an nx (h+ 4)matnx, forwhichelement A,, = M,(x,), y is avectorof length
h + 4 containing the spline coefficients, and f is an r-vector containing the data values.

The overdetermined (for n > h + 4) system (10.2.10) may be solved by:

Reducing matrix A to upper triangular form. This is done by processing the
observations on a row-by-row basis using standard Givens rotations, as described
by Cox (1981). This simultaneously reduces vector f to a vector in which the non-
zero elements are contained within the first h + 4 elements. Note that each row of
A has only four adjacent non-zero elements, and consequently transforms to a band
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matrix of bandwidth 4. Cox (1981) shows how to take advantage of this structure
to reduce the computational effort.

The transformed system is readily solved by back-substitution, having first
accounted for rank deficiency, if any. This should not occur in the present
application.

A class cubicspline has been implemented to handle a range of operations associated
with cubic splines. Such a class will be required to fulfil two basic types of function:

Calculating the spline coefficients to produce the least squares fit to a set of data.

ll Evaluating the cubic spline at a point, using a set of cubic spline coeff,rcients which
have either been calculated or otherwise supplied.

A partial listing of the public interface for this class follows:

class CubicSpline
{

public :

Cubicspline (cons
cons
cons
cons

Cubicspline (cons
cons
floa * lambda,

** gamma = 0);
-CubicSpline
float Evaluat const float x,

const int iq = 0);
t float x,
t* z);

t
t
t
t
t
t
t
toa

float xl,
fl-oat xu,
int h,
int q);
int h,
int q,

f1
o
e (

i-nt Update (cons
floa

int Solve O;

)

Note:

l. The class supplies two constructors. The first takes as arguments the upper and
lower bounds of the interval over which the spline is defined, together with the
number of internal knots. Argument q specifies the number of data sets (/) for
which a cubic spline fit is sought in the interval; an arbitrary positive number may
be specified. The internal knot points set up by this constructor are evenly
distributed within the interval. ff the second form of the constructor is used, the
knot points must be specified by argument rambda, and a set of spline coefficients
may optionally be specified by argumert samma. These latter may have been
evaluated by a previous invocation ofthe class.
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ll Member function Evatuare (x, is) calculates the value of s(x) atpoint x, where
the second argument specifies the data set for which a solution is sought
(l < iq < 4; defaulrs to 1).

lll. Member functions update and sotve are concerned with determining a least
squares fit to one or more data sets. The overdetermined linear system is actually
solved by invoking an instance of class T, jnearleasrsquaresBanded, which is
derived from class Linearleastsquares. The classes implement linear system
solvers using the methodology of Cox (1981). The base class provides a set of
virtual member functions to solve for a system with a full observation matrix, while
the derived class overrides the virtual functions to take advantage of the increased
computational efficiency possible when the observation matrix is banded. The
steps in obtaining a solution are:

a. The arguments to member function updare (x, z) specify the data set
members (z) corresponding to a given point (x). If an invocation of class
LinearleastsquaresBanded. is not available, one is created. One row of
the observation matrix is set up, and function

voj-d LinearleastsquaresBanded: :Update (f1oat* x, fl-oaL* z) ;

called to process it.

b When all data points have been processed, member function solve ( ) may
be called to solve for the spline coefficients. This invokes function

int LinearleastsquaresBanded: :BackSubstitution ( ) ;

to solve the transformed upper triangular matrix by back substitution,
unpacks the results matrix to obtain the spline coefficients, and deletes the
current invocation of the linear least squares solver.

The quality of the cubic spline fit may depend critically upon the selection of the interior
knot points. The curves of figure 10.2 were obtained using five interior knot points
selected using an algorithm due to Dierckx (L977,1981), which attempts to determine a
near-optimal knot point placement to fit a particula¡ distribution of data points. The fit so
produced is greatly superior to ea¡lier efforts using evenly spaced knot points, in which the
fitted curves showed ma¡ked deviations from the data points, particularly near the ends of
the curves where the data points are less densely distributed.

10.2.3. Fan Control.

The operating point of a fan is determined by the point at which the fan characteristic and
the system characteristic intersect. Ignoring velocity dependence ofthe loss coefficients
for certain duct fittings, the system characteristic may be approximated by equation 9.4.10.
A wide range of devices a¡e available to match the fan characteristics to the system
characteristics in such a manner that the system flow requirements will be met. For a CAV
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system the characteristics may be matched fairly simply during commissioning by finding
the damper settings which will balance the system, and locking them in position. In the
case of a VAV system some means of dynamically modulating the air flow must be
provided. Eck (1973) provides a wide-ranging review of control strategies. The methods
which are commonly used in air conditioning applications fall into three broad categories:

Control by altering the system characteristic. This is undoubtedly the simplest
method of controlling the fan, and probably the least efficient. Using this strategy,
the fan is operated at constant speed, and the conductance of the system altered
until the desired flow rate is achieved. Two variants of this method are in common
use.

In the first the fan operating point rides up the fan characteristic at constant speed
in response to increasing system pressure induced by closing the VAV boxes. This
technique is known as riding the fan curve. Modulating the air flow in this manner
can result in a considerable increase in static pressure throughout the entire duct
system at part load, leading possibly to over-pressurization of the VAV boxes,
which will result in an increase in air flow, and in noise generation. The problem
can be partially alleviated by using a two- or three-speed drive on the fan, which
will also result in energy savings, at least in the case of the more efficient
backward-curved aerofoil bladed fans.

Alternatively, the system characteristic may be altered by the use of a discharge
damper, thus avoiding the increase in static pressure throughout the entire system
which is associated with the former method. The use of a two- or three-speed fan
may be advantageous from the point of view of energy conservation in this case

also.

II Altering the fan characteristic by the use of variable inlet guide vanes. This
technique is used at part load to impart a rotation to the entering air in the direction
of rotation of the fan impeller, which results in a decrease in static pressure and
power consumption for a given flow rate. Eck (1973) describes a wide range of
such devices for both axial and centrifugal fans. In air conditioning applications
this technique is most cornmonly used in conjunction with backward-curved
aerofoil bladed fans.

lll Use of a variable-speed drive on the fan is probably the most efficient means of
modulating air flow (Eck, 1973), and in general should be specified wherever the

budget permits. Speed control until very recently has mostly been achieved by the
use of a hydraulic or magnetic clutch or simila¡ device, rather than by direct control
of the motor speed. Such devices do have transmission losses associated with
them. [n the present work, because of the rapid growth of the use of variable
frequency control systems in conjunction with high efficiency motors, losses have

been assumded to be negligible.

Algorithms are here developed for just two of the possible range of fan control strategies;
control by variable-speed drive, and control by the use of a discharge damper in
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conjunction with a single-speed motorr22. Let the fan characteristic and power curves by
represented by the functions

q = s,(0) (10.2.11a)

and

,1, = s2(0) (to.2.ub)

where in the present work s,(S) specifies the cubic spline fit, as described in section
t0.2.2.

For a variable-speed drive, Âp, and Q, arc specified, and we seek to find ¿z and hence N.
To do this we combine equarions (10.2.2) and (10.2.3) and eliminate u ro give

8po?

nrfiþ"(Ô) - ap,=o (t0.2.r2)

which can readily be solved for S using a standard root-finding routine such as zero. A
solution for the fan speed follows, while the power coefficient may be for-lnd using
equation (10.2.11b). In the case where s, ' ( Ô ) < 0 for all points within the interval [a, å]
over which the spline fit is defined, the interval la, bl ntay be used as the bracketing
interval for solving equation (10.2.12)"'. This is the only situation with which we be
concerned in the present study, but it is worth considering the modifications to the
procedure which must be made if the peak of the characteristic is contained within the
interval [a, b]. tn this case two, and for fans with forwa¡d-curved blades and various other
fan types, three points which satisfy equation (10.2.12) may lie within the interval la, bl
if the required value of r[ is sutTciently close to peak. We are normally only interested in
solution points to the right of the peak, and it is prudent, if not always necess¿ìry, to restrict
the search to that region. This refines the location of the peak. The derivatives of a cubic
spline may readily be found from its B-spline basis (Butterfield, 1976; de Boor, I97l). A
proceclure for locating the peak of a charactelistic might thus be structured as follows:

i. Procedure zero is used to find a point Q, within the interval [a, bl for which

",'(0r) = 0. If s,"(Ö,) < 0, S, istherequiredpeak.

ii. If s,"(0,) > 0, 0, will be a local minimum. Now we know that if the
characteristic has a local minimum, the peak must lie to the right of the local
minimum. Thus, we may repeat the sea¡ch of step (i) over the interval I Q, + e, å] ,

whcrc e is some small increment in S. The value Ö, within this interval for which
.s,'(Ö2) = Owill be the required peak.

t22 It is intended at a later stage to develop algorithms suitable to model the case of fan control using
inlet guide vanes.

123 If no solution lies within the interval [a, bl, it probably means that the f'an has been incorrectly
specified for the application.
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Where control is to be achieved by means of a discharge damper, Q, and N are specified,
thus fixing the operating point of the fan, and we seek to find the total pressure rise across

the fan which corresponds to this operating point. Thus, Q is found from equation
(10.2.2), and { is found from equation (10.2.11a). The appropriate value for Ap, thus
follows from the def,rnition of t[ (10.2.3). The discharge damper setting which produces
the required system pressure must then be found. This will be taken up again in section
10.3

10.2.4. Motor EffÏciency.
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Figure 10.3. Full load motor efficiency as a function of output power for a typical range of electric
motors.

Australian Construction Services (1988a) have tabulated full load motor efficiency as a

function of rated motor output power for a typical range of squinel cage induction open

type electric motors, ranging in output power from 0'04 to 25 kW. This data may be fitted
using least-squares cubic splines, as shown in figure 10.3, and is used for estimating
electric power consumption and heating of the air stream in the present work. Efficiency
will in fact vary somewhat according to the actual load on the motor, and according to the

motor speed (ASHRAE, 1989; Chapter 26). For more critical work, it is desirable that this
data be supplemented by manufacturer's data for the actual motor used in a specif,tc

application.
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10.2.5. Fan System Effect.

It is customary to test a fan with open inlet or with a length of straight duct attached to the
inlet, and with a length of straight duct attached to the outlet. The straight dr-rct should be
of sufficient length to permit full static pressure recovery to occur'. If a fan is operated in
a configuration which differs from the test conf,rguration, the rated performance of the fan
may not be achieved. The.fan system eJfect, as this departure from rated perfbrmance is
termecl, may be expressed as an additional systcm prcssurc loss (equation 10.1.4), and
calculated as

FSE = Co
pV:
2s,

(10.2. r3)

where
Co is the fan system effect loss coefficient, and
Vo is the fan inlet or outlet velocity, as appropriate.
For centrifugal fans, Vo is based on the a¡ea at the inlet collar in the case of factors which
affect performance at the fan inlet, and on the fan outlet velocity, based on the fan outlet
area in the case of factors which affect the performance at the fan outlet. For axial fans, Vo

is based on the area calculated from the fan diameter.

The loss coefficients for a range of fan system effect factors are tabulated in the appendix
to chapter 32 of the 1989 edition of ASHRAE Fundamentals. Computationally, these are
handled in a manner which is entirely analogous to that used for duct fìttings (section
9.4.2). Specifically, a class FanSystemEffect is derived from class Fitting. Its
constructor is defined as

FanSystemEffect: :FanSystemEffect (Fan* f ,

unsigned ind,
int IP1 = 0,
double P]- = 0,
double P2 = 0)

where r is a pointer to the fan, ind is the index of fitting within group 7 , and re1, r,t- and
P2 are optional parameters which default to zero. Member function
FansystemEf fect::c O may then be invoked to calculate the fan system effect loss
coefficient appropriate to the current fan operating conditions.

Class FanSystemEffectis in fact an abstract class. Objects of this class must be created
as belonging to one of the derived classes FanSystemEffectln or FanSystemEffectOu.
These latter classes provide a single member function; a constructor which contains code
to check whether the fan system effect specified by argument ind is relevant to fan inlet
or outlet conditions, as the case may be.
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10.2.6. Classes for Simulating Fan Subsysytems.

Fan subsystems are modelled using a coordinating set of classes. The major classes
involved are shown in figure 10.4. Classes FanSystemEffect and CubicSpline have
been described in the foregoing section. A brief description of the remaining classes
follows.

10.2.6.1. Class Motor.

This is a fairly rudimentary class which performs the major function, within the context of
the present application, of estimating the motor efficiency using the cubic spline fit of
figure 10.3. The constructor,

Motor::Motor (const double r = 0);

accepts the motor power rating as its sole argument. Motor efficiency is calculated by
spline interpolation using member function

doubfe Motor: : Efficiency O ;

If no rating is specified (r = 0), or if the specified value is out of range of figure 10.3, a

default efficiency of 0.89 is used.

10.2.6.2. Class Fan and, Derived Classes.

Class Fan is central to the fan simulation process. This class provides a protected
constructor

Fan: :Fan (TextSource& t,
fantlpe ft = Centrifugal);

which permits the fan specifications to be read from an object of class TextSource
(section 2.4). The fan characteristic and efficiency curve are stored in an object of class

CubicSpline, which is accessed by member variable Fan: : s. A pointer to an object of
class AfuSfate establishes the properties of the air entering the fan.

From the point of view of the user, the member functions of major interest, in addition to
the constructor, are the two functions implemented to hnd the fan operating point using the

algorithms developed in section 10.2.3. For a fan using a variable speed control, the
operating point may be found by invoking member function

double Fan::Speed (const double m,
const double p);

The fan speed corresponding to specified mass flow rate and total pressure rise is
calculated and returned. Member function

doub]e Fan: :Pressure (const double m,
const double N);
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calculates and returns the pressure rise dictated by a specified combination of mass flow
rate and fan speed. These functions also calculate the total fan efficiency coffesponding
to the operating point, which may be used to find the shaft power consumption (equation
10.1.1).

Figure 10.4. Major classes involved in modelling a fan subsystem.

Class Fan serves as a base class for derived classes CentrifugalFan and AxialFan which
implement the constructors

CentrifugalFan: :CentrifugalFan (Textsource& t) ;

AxialFan: :AxialFan (Textsource& t) ;

respectively. The main features contributed by the derived classes are that they define
geometrical information specific to the particular fan type. This additional data is required
to calculate the system effect factors.

At a future date it is desirable that the hierarchy of classes which has been established
about class Fan should be extended, both in the direction of increased specialization, and
in the direction of increased generalization. In particular, it is desirable that class Fan
should comprise a subclass of a generic class representing rotodynamic machines, which
would also have a class representing pumps as a subclass.

and
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10.2.6.3. Class Fa nU n it.

For the most part the system simulation software interacts with the fan subsystem by means
of calls to the member functions of class FanUnit. This class maintains a pointer to an
object of class Fât? (ranunit: : r), and one of class Motof (Fanunir ' ,*)'20. The class
defines two local enumerated types,

enum motorposì-tion { in, out };
enum controltype { speed, pressure } ,'

the first of which flags whether the drive motor is in or out of the air stream, while the
second indicates whether the flow through the fan is to be controlled by varying fan speed
(use of a variable speed drive), or by varying the pressure rise required across the fan (use

of a discharge damper or riding the fan curve)r25. Other member variables include two
pointers to objects of class FanSystemEffect (Fanunit: : f se_in and
Fanunit: : f se_out), permitting loss coefficients to be calculated for fan system effects
at the fan inlet and outlet, and a pointer to an external object of class AirState, which
establishes the inlet condition to the subsystem.

The major member functions are:

l. FanUnj-t: :FanUnit (Textsource& t) ;

The constructor for the class extracts the specihcations for the various components
from an object of class TextSource (section 2.4). Note that the user may elect to
omit the specifications, in which case the specifications for the motor and fan
system effect factors must also be omitted, and member variables f , m, f se_in and
f se_out will remain null pointers. If a fan is specified, a motor must also be

specified, but the specif,rcations for the fan system effect factors may be omitted.
If no fan is specif,red, the user may elect to specify a fan temperature rise; this will
default to zero.

ii. Fanunit: : -FanUnit O ;

The destructor for the class invokes the destructors for the components of the class,

described above, ifthey have been specified.

lll void. FanUnit::Contro1 (const double d1,
const double d2 ) ;

performs a control action on the fan. The first argument specifies the required mass

flow rate of air through the fan. If the fan is controlled by a variable speed drive,

124 In the longer term it is intended that this class should be generalized to handle the situation where

, fans are operated in parallel or in series.

tzs By default, it is assumed that the fan is located within the air stream, and that a variable speed drive
is employed.
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Figure 10.5. Logic for a function to determine the operating point for a fan.

the second argument specifies the total pressure rise which must be supplied by the
fan. 'Where fan control is effected by modulating the system pressure drop, the
second argument is omitted. In this latter case, the fan operating point is
determined by the flow rate of air through the fan, and by the fan design speed.
Additional pressure losses resulting from fan-system interaction are handled
internally. The function also handles the case where the fan characteristics have
not been specified. In this situation a default efficiency (0.75 unless otherwise
specified) is used to calculate fan power consumption and temperature rise. The
logic for this function is shown in figure 10.5.

Input

{

Fan control variable - speed
th : Mass flow rate through fan
Ap, : Total pressue rise required

Fan control variable - pressure
tir : Mass flow rate through fan

if fan characteristics are specffied then
t

i f Inlet fan system effect is specified then
Calculate FSE,;

el se
FSE. * 0;

i f Outlet fan system effect is specified then
CaLcuLate FSE,,;

el se
FSEu - Q'

i f Fan control variable = speed then
{

LP¡- Ap,* FSE.+ FSE,,;

Find operating point for rh, APr;
(AP, is pressure rise across fan)

(Call nan: : Speed (m, p) )
)
e

{

lse

N * Designfan speed;
Find operating pointfor rh, N,

(Call ran: : PressureRise (m, n) )
L,p,* L,Pr- FSEi- FSEoi

)

-î7 * Efficiency for fan operating point,
)
el se

\¡ - Deþult fficiency;
\r, - Fan motor efficiency;
Pr* Shafi power;
P" * Electricalpower;
L,t - Temperature rise;

(75% unless otherwise specified)

(Equation 10.1.1)
(Equation 10.1 .2)
(Equation 10.1 .3)

lv. double FanUnit: : TemperatureRise ( ) ;
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calculates the temperature rise across the fan, if a fan has been specified, according
to equation (10.1.3). If no fan has been specified, an optional temperature rise will
be returned (see (i) above).

double Fanunit
double FanUnit

FanSystemEffectln ( ) ;
FansystemEffectOut ( ) ;

These functions calculate and return the pressure losses for the system effect factors
at inlet and outlet, if they have been specif,ied. By default, a value of 0 is returned.

Vl. doubl-e FanUnit: : Power ( ) ;

calculates and returns the electric power consumed by a fan motor (equation
to.L2).

10.3. Fan-System Interaction.

A fan operates between two pressure levels, P, and P, where P, u P. to deliver air at

a flow rate Q". Pressure level P, is determined by the pressure losses within the supply-air
path, which comprises not only rhe pressure loss through the duct system, but also losses

incurred by flow through the coils and filtersr2ó. Similarly, the fan inlet pressure P, will
be determined by losses incurred by flow through either the return-air or the outdoor-air
path.

Where several duct systems are fed from a coÍrmon source, or discharge into a common
sink, the pressure drop through each such duct system must be balanced, so that the
pressure at the root of all such duct systems will be the samer27. Consider thus the situation
where n supply-air duct systems are fed by a fan, and let P,' be the pressure at the root of
the i'th duct system. Further, define 0, such that

LP , + L,P.,.,.I,COU r,ItrcrP' = P,t * (10.3.1)

where either the coil or the hlter, or both, may be omitted from the above equation. Then

P2
n

=max0
i=l

(r0.3.2)

t26 Other losses may be incuned, due for instance to factors involved in the casing design, but only
losses incurred in the duct and duct fittings, and in the coils and filters are considered in the present

study. It is notionally simple to add an ahu casing loss to the system.

127 It will be recalled from the discussion of chapter 9 that the algorithms developed therein calculates

the pressure at the root of a tree network referenced to atmospheric, which serves as a colrunon
datum.
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and let l,n* be the duct system for which Q, = Pz. Then, the damper at the root node of
each duct system, i * i^*, must be closed progressively until P, = pr. The manner in
which this is done has been described in section 9.4.4.

Consider now the case of a system having a coil and a filter in both the return-air and the
outdoor-air paths (configuration (g)'tt), and defìne

p* - Pl - aPn,,n¡t - LP*.¡r,, (10.3.3)

for the return-air path, and

eo = pl - Lpo.,o¡t - Lpo,¡,u,, (10.3.4)

Then,

P, = min [pR, po] (10.3.5)

and the damper for the duct system having the higher exit pressure is closed until
Po = 0o. This procedure is subject to some variation, depending upon the exact
configuration of the return-air and outdoor-air paths. Thus:

l. For a terminal unit fed from a central outdoor-air plant (configurations (b), (d) and
(e)), the casing pressure P, = 0R, and this is stored as member variable D_AHU: : p.
The control action required to balance the outdoor-air and return-air flows is taken
by the supply-air duct system for the central outdoor-air unit (see section 10.4).

For a unit in which the outdoor-air and return-air streams are combined before
being treated through a conìmon coil (configurations (e) and (Ð), 0n = p^' and
Q o = P o' , and the air streams must be balanced before entering the coil such that

P, = min [PR, Po]

Then, the pressure at entry to the fan,

(r0.3.s)

- P, - LPro¡t - LPor",

ll.

P (10.3.7)

For units supplying I0O7o outdoor air (configurations (c) and (h)), Pr = P' and
no balancing on the inlet side is required.

The first step in estimating the pressure balance for a system involves finding the fan
operating point by invoking member function Fanunir: : conrrol (d1, d2 ) (see section
10.2.6.3) with the appropriate arguments. Where fan control is effected using a variable-
speed drive, the fan speed is adjusted to match the specified mass flow rate and pressure
drop. If discharge dampers are used, the fan total pressure rise Ap, is calculated to match

t28
Refer to figure 6.5 in this and the following.
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the specified mass flow rate and constant fan speed. y Lp, 1 P, - P, , the fan is too small
for the duty requiredr2e. Otherwise, define an additional pressure drop

AP* = Lp, - (P2 - Pt) (10.3.3)

The discharge damperr3O must now be closed down to supply the required additional
pressure drop AP ..

The sequence of operations to balance the pressures within a system which are described
above are encapsLrlated in a function

DController: :Bal-ance ( ) ;

Prior to invoking this function, the pressures at the roots of each duct system must be
evaluated. These may be found using the techniques of section 9.4.4, provided each duct
system has been fully specified. In any simulation sequence, these pressures are calculated
once only, prior to initiating a moisture staircase iteration, and after the mass flow and
temperatures fbr the duct systems have been evaluated. At this stage, the system
conductance (K^; equation 9.4.10) is also calculated. As the moisture staircase iteratiort
proceeds, the volume flow rate of air will adjust to account for variations in the air density.
Use of the system characteristic to update the duct system pressure drops as the air density
varies is much more eff,rcient than performing a full duct system simulation at each step of
the moisture staircase iteration. For a particular duct system the pressure at the root of the
duct system may be calculated as

* P,' (10.3.e)

where P,' is the operating pressure at the terminal node(s) of the subtree which satisfies
equation (9.4.9).

Equation (10.3.9) is sufficiently accurate for use over the restricted range of variation in
the flow rate which will be encountered in a typical sequence of moisture staircase
iterations, and indeed, the contribution of the variation of the duct losses to that variation
is likely to be quite minor by comparison with the contribution due to the coil. The pressue

drop through the coil is computed according to the method described in section 7.7.
During the initialization process the surface of the coil will be assumed to be fully dry if
this is an isolated run, or the first in a sequence of runs. For succeeding runs in a sequence,

I2e A sirnilar situation arises in variable speed operation (see section 10.2.6.3). In either case, the

current policy is to exit with error. In the longer term, it would be desirable to provide the option
of operator intervention when this situation a¡ises. This would make the software suitable for fan
selection.

130 For a system with multiple supply-air duct systems, the discharge damper f'or each must be closed
in unison to maintain balance.
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where lheT'e,bra prograrnme is not reloaded between runs, the coil will be initialized with
the surface in whatever state was predicted by the preceding run.

Even if the duct system cannot be specified, it is still possible to estimate the fan
temperature rise if the user can supply an estimate for K,,, based either on data obtained
front a separate duct design programme, on the basis perhaps of measurements tiom an
existing duct system, or as the result of an educated guess. In this case, it is necessarily
assumed that the zones are at atmospheric pressure. Otherwise, provided the value of K,,
supplied is accurate, the only loss resulting from this simplification is the ability to predici
the damper settings required to balance the system. A typical design cycle might then
proceed through three stages of sophistication:

The duct systems a-re not specif,red, and neither is a value for K," specified. In this
case the user may supply an estimate for the duct temperature gains. Since the
pressure rise across the fan cannot be calculated, the fan temperature rise will also
need to be specified. If either of these temperature rises is not specified, a default
value of 0'C is assumed.

The system characteristics are specified by assigning values of K,, > 0, for the
supply-air and return-air duct systems, at least. The. required fan power, and hence
the temperature rise across the fan, may now be calculated using either a specified
set of fan characteristics, or a specified or default fan efficiency (see section
I0.2.6.3). The duct temperature gains must still be specified by the user.

Full specifications are provided for all duct systems. The computation of fan and
duct temperature gains is now performed intemally, probably with greater accuracy
than is otherwise possible. It is now also possible to estimate the damper settings
required to balance flow through the system.

Finally, it has been assumed throughout this work that CAV operation implies constant
mass flow rate. In fact, it is the actual volume flow rate which remains constant over the
range of operation of the system. The algorithms developed in this and the preceding
chapter assume that the damper settings will adjust to maintain balance with constant mass
flow over the range of operation of the system. There is some justification for this
approach within the context of this study. The system will in fact only be balanced to
provide the specified flow distribution at one point in its operating range; that at which it
is commissioned. The balancing dampers are locked in the positions which provide
balancc at this one point, and at all other operating conditions the flow distribut"ion adjusts
in response to the system resistances. Since the conditions pertaining during
commissioning are often not specified, one set of conditions is as likely to have obtained
as any other. If it is desired to study the redistribution of flow which occurs over the
operating range of a system, a set of algorithms similar to those described by Tsal et al.
(1990) will need to be implemented. This can readily be done using the data structures
described, and there are additional reasons for adding this capability to Zebra in future,
since this will provide the user with a means to examine aspects of system operation such
AS
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the sensitivity of the system to errors in setting the dampers during commissioning,
and
the effect of progressive clogging of filters on system balance.

As currently configured, the 7,ebra system model makes no provision for a return-air fan.
This can be accommodated by extending the concepts already developed.

10.3.1. Filters.

The pressure loss through a filter may be evaluated using equation (9.4.1), with a suitable
friction loss coefficient. The most convenient means of deriving the friction loss
coefficient for a particular hlter is usually by reference to the manufacturer's rating curves
or tables. Class Filter is defined which provides member functions to extract the local
friction coefficient from a text source, and to return the value to a calling routine. tn the
system model considered in this study, filters are always associated with connectors. The
appropriate velocity to use in evaluating the pressure drop is selected as follows:

If the connector has a coil associated with it, the face velocity for the coil is used,
otherwise

If the connector has a fully specified duct system associated with it, the air velocity
through the root section of the duct system is used, otherwise

It is not possible to evaluate the filter pressure drop explicitly. If the user is
specifying a system conductance, the value selected should contain an allowance
for the filter pressure drop.

I0.3.2. Outdoor-Air Units.

When the duct and fan temperature gains are to be found as part of the solution procedure,
the procedure described in section 6.4.2 must be modified as follows:

The mass flow rate of air through the unit is established using equation (6.4.1). At
the same time preliminary steps are taken to initialize flow conditions within each
terminal unit served by the subsystem; the zone conditions are set to a state which
is mutually consistent, and which is consistent with the supply-air condition, and
the temperature and flow distributions, together with the pressure balances in the
duct systems, are calculated. These operations establish the unit casing pressures,
and do not require that the condition of the pretreated air supplied to these units be

known.

The pressure loss through the outdoor-air duct is calculated, together with the
temperature loss or gain occurring in that duct system. This establishes the
condition of the air entering the unit.

1l

l1l.

1

2
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J For adraw-through unit, the coil-on conditions are established. If the water flow
rate is fixed, the coil-off conditions may also be calculated at this stage. Otherwise,
they must be calculated within the following iterative loop:

i. LÆt ô1 ue an estimate for the fan temperature gain. Thus, if the supply-air
temperaturc is thcrmostatically controlled, the chilled water flow rate must
be modulated until the coil-off dry-bulb temperature is equal to the
thermostat control temperature, less ôç, as described in section 6.4.2.

ii. The supply-air condition is thus established with a dry-bulb temperature
equal to that at coil-off, incremented by òi, which is also the condition
with which the air enters the supply-air duc[.

lll If the supply-air duct system configuration is fully specified, the flow,
temperature and pressure distributions through the system are calculated as
described in chapter 9. Ifthe duct system conductance alone is specified,
this may be used to calculate the pressure drop through the duct system.

lv. The operating pcint for the fan may now be found as described ea¡lier in the
present section. The configuration is identical to that of a distributed unit
using IO}Vo outdoor alr. This results in a new estimate õi; for the fan
temperature gain.

We seek then to find some estimate ò1 for which

f(õiì =õît- aîl =o (10.3.10)

where the objective function f(õtl is calculated as above, and the root found using
procedure zero. To establish the bracketing interval [a.bl,let a = å = OoC, and
increment å in steps of 0.5"C until inequality (9.6.2) is satisfied.

The procedure for ablow-throughunitis identical, except that the coil-on condition
is dependent upon the trial value for ôl' and hence the coil-off condition s for both
control modes must be determined within the iterative loop.

4. This step is identical to step (3) of section (6.4.2)
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Chapter LL. Simulation of DX Systems.

The discussion thus far has been restricted to systems using chilled water as a coolant. In
the development of the data structures associated with cooling coils which are described
in chapters 7 and 8, we have anticipated the need to make provision for the use of various
refrigerants as alternative working fluids at a later stage. The present chapter essentially
serves two purposes. The main purpose is to present some preliminary considerations
concerning integration of DX systems into the modelling and design methodology which
is the major theme of the thesis. The opportunity is also taken to describe and develop a

unified methodology for computing the thermodynamic and transport properties of a

working fluid. This is undertaken within the context of the broader aim, and comprises the
first of three areas which must be addressed in connection with the task of extending the
design and analysis methodology to handle DX systems. These are:

Specification of a working fluid. A methodology is presented based on a hierarchy
of classes which effectively comprise a database and set of utility functions to
manipulate the properties of fluids. These are derived from an abstract base class
fluidwhich describes and defines a set of public member functions which evaluate
and return the thermodynamic state of a pure fluid and its transport properties at an

appropriately defined state, or following a thermodynamic process. Class //uld
specifically addresses fluids which are pure or azeotropic mixtures. Techniques for
handling more general fluid mixtures are discussed.

Modelling of system components. In our work on chilled water systems the
emphasis has been placed first and foremost on the cooling coil. There are good

reasons for this. Our research has suggested that the dehumidifying performance
of the cooling coil is arguably the most important factor determining the overall
efficiency of the system. In conventional practice the cooling coil is also the least
well understood component in the system. In order to model the cooling coil
within the context of a system, it has also been found necessary to model the other
major components of the air distribution system, namely the fan and duct network,
to at least a minimal degree of sophistication. The same considerations apply of
course to DX systems. The situation changes however when we consider the

coolant side of the system. In our modelling work on chilled water systems we
have not yet considered components other than the chilled water coil, although the

discussion of the data structures we have designed for duct systems and fans

foreshadows future effort in this area. There is some justification for this neglect.

In most if not all instances chilled water is circulated to the various units from a
central chiller plant which will usually have been specified in advance; the

information available to the person making a coil selection is restricted to the
temperature of the chilled water, and possibly a constraint on the volume of water
available. Of course, significant savings in capital and running costs may be

achieved if the chilled water distribution system is regarded as a whole, and our
eventual aim is to provide the designer with the simulation and optimization tools
which will facilitate this approach. In the meantime, in the context of current

ll
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consulting practice, the cooling coil can meaningfully be considered separately
from the remainder of the chilled water distribution system.

The majority of DX systems are, in contrast, packaged units in which the cooling
coil is closely coupled with the remaining components in the refrigeration cycle.
The performance and compatibility of the various components will critically
determine the performance and controllability of the system as a whole. The
designer will therefore normally need to design the system as an integral unit.

Some preliminary considerations in the development of a hierarchy of classes to
model refrigeration system components are presented.

Control strategies. For the chilled water systems considered in chapter 6 part-load
control is readily achieved by throttling the flow of chilled water. If this results in
an unacceptable reduction in the coolant velocity, the LFV/HCV strategy offers a
means of restoring coolant velocity by selectively deactivating coil circuits. The
control of DX systems under varying load conditions is less straightforward.
Friction within the tubes of the evaporator coil will cause the pressure of the
evaporating refrigerant to fall progressively as it traverses the circuit. As a
consequence, the temperature of the refrigerant decreases progressively, until
evaporation is complete; only then does the temperature of the superheated vapour
start to rise. Ifinsufficient heat is available to evaporate the refrigerant fully, the
flow is throttled by the action of a thermostatic expansion (TX) valve. The purpose
of the TX valve is to ensure that the refrigerant is delivered to the compressor as
a superheated vapour. However, the effect of throttling the flow is to impose an
additional pressure drop, which further reduces the evaporator temperature. If this
falls to the point where frosting occurs, the air side heat transfer will be impeded,
and the TX valve will further throttle the flow in an attempt to maintain the
superheat of the vapour. This contributes a positive feedback which further
aggravates the frosting, control is lost and the valve is no longer able to maintain
the required superheat, and consequently liquid refrigerant will be passed to the
compressor and cause serious damage. Thus, the TX valve provides stable control
only within a limited range about its design operating point.

A number of strategies have been devised in an effort to overcome the part-load
control problems outlined above. However all result in an increase in energy
consumption. The increasing availability of variable-speed compressors at a
reasonable cost provides the possihility of achieving stable operation across the
operating range of the system without incurring an energy penalty, especially when
the control of refrigerant flow by varying compressor speed is combined with the
use of a strategy for selectively deactivating coil circuits at part load, thus
maintaining refrigerant velocity and avoiding vapour/liquid separation. The
characteristics of systems which take advantage of the control opportunities offered
by these extra degrees of freedom are currently being investigated.

Computer modelling offers a ready means of assessing the performance of such
systems in comparison with competing control strategies across their range of
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operation. A suitable model may be constructed by modifying the system
simulation algorithms presented in chapter 6 to use the selected control parameters
as the variables, in place of chilled water flow rate, in the iterative solution
procedure. This will necessitate replacing the computational entities representing
the chilled water coils with an equivalent representation for DX coils, and coupling
the model with a model of the refrigerant circuit using an appropriate combination
of system components and a refrigerant. The development of suitable
representations for these latter entities has been considered in (i) and (ii) above.

The development of control strategies for DX systems is an area of active research,
and will not be considered further in the present work.

11.1. Modelling Working Fluids.

The need to compute the thermodynamic and transport properties of fluids arises repeatedly
in the simulation of thermal systems. It is possible to identify a set of operations which
will provide the developer of system simulation software with a conìmon framework for
computing the properties of any pure fluid. These operations are built on a coÍtmon set
of thermodynamic principles, and require, to complete the implementation, the definition
of an equation of state together with a set of auxiliary equations specific to the particular
working fluid. Considerable economy of expression can be achieved if these operations
are encapsulated in a common base class.

Class f/uld is a base class for the computation of the properties of and processes involving
fluids in the liquid and vapour phases. Class fluid is an abstract base class, which means
that it is an error to declare objects belonging to this class. The intention is that fluid wlll
provide a base class from which classes describing the properties of specific fluids (e.g.

water) or classes of fluids (e.g. refrigerants) may be derived by specifying an appropriate
set of functions and parameters. Given that these are correctly specified in the derived
classes, class f/urdprovides a unified basis for the computation of fluid properties, and for
the computation of ideal processes involving fluids.

flui<i

oil âtr rYa te r refrigeralìt

RefOil Mir{-rrre Reflttirture re fty p ez r l34a âlnln ont a

r22 r5O2

Figure 11.1. Hierarchy diagram for class fluid and its subclasses.

A projected hierarchy of classes derived ftom fluid is shown in figure 11.1. The broken
line encloses those classes which have already been developed. A partial implementation
of class water is also available; this is used in the implementation of the classes connected
with the simulation of chilled water coil banks, which have been described in chapters 7

and 8. To implement a derived class, a complete set of functions specific to the particular
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working fluid must be defined, either within the derived class, or within one of its base
classes (also derived from fluid). This factor makes fluid only directly suitable for
representing pure fluids, or azeotropes. More general mixtures of fluids may be handled
by defining the fluid-specific member functions to specify rules for mixing two or more
components, each of which will in themselves be represented by subclasses of class //uid.
Classes RefMixture and RefOilMixture are tentatively included in the hierarchy diagram
with this application in mind. An additional situation may arise where it is desired to use
fluid as a base class for fluids such as air, which may not be treated as a pure fluid in the
saturated liquid or wet vapour states, but may reasonably be treated as such in the
superheated vapour state, which may be only state of interest in a particular range of
applications. To handle such cases, it is recommended that those of the fluid-specific
functions which do not refer to the vapour state should be implemented as dummy
functions, providing appropriate error handling (calling them will be an error). Note that
the process functions provided will not be suitable for such derived fluid classes, since they
use the saturation line as a boundary point for a search interval. For this reason these
functions have been declared virtual, as have most of the other member functions of class
fluid, allowing them to be redefined in the subclasses. It is recommended that the same
policy be followed in respect of any subclasses derived from fluid.

There are signif,rcant advantages to be derived from structuring the hierarchy ofclasses in
the manner shown, since this permits a wide range of refrigerants, including pure
refrigerants, azeotropes and non-azeotropic blends, and even refrigerants mixed with oil
to be treated computationally in a consistent manner. Consider a function which takes as
an argument a reference to an object of class Refrigeranf, and performs some processing
on it, as in the following code fragment:

void SimulateSystem (refrigerant& r)
{

(void) r.State (f1uid: :SUPERHEATED_VAPOUR, t) ;
double h = r.Enthalpy O;

In applications which use this function the argument passed need not be a reference to an
object of class refrigerant, it can equally well be a reference to any subclass of refrigerant.
The exact type need not be known when the code is compiled; the example function will
call the member functions for the correct subclass at runtime. This mechanism is known
as late binding. Thus, we may use functioft simulatesystem in the following manner:

rL34a rI;
r22 12¡

switch (type)
{

case l- : Simulatesystem (r1); break;
case 2 : SimulateSystem (r2); break;

)
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Support for new refrigerants may thus be added by making simple modifications at the
topmost level of the programme. These will be completely transparent to the remaining
modules which will accommodate the new refrigerant without recompiling,

ln the following we present a detailed description of the structure of the base class fluid,
before showing how this can be used to derive a set of base classes for refrigerants, and
hence classes specific to particular refrigerants.

11.1.1. Class fluid.

11.1. 1.1. Internal State.

Class f/uldprovides two means of computing and accessing fluid properties. The f,rrst, and
generally preferred method is by updating a set of member elements private to fluid.
These elements def,tne the internal state of the fluid in the following. The current internal
state of the fluid (or target internal state in an operation designed to update the internal
state) may take one of the following values:

enum state { UNDEFINED, SUBCOOLED_LIQUTD, SATURATED_LIQUID,
WET VAPOUR, SATURÀTED_VAPOUR, SUPERHEATED-VAPOUR } ;

where state is an enumerator locrl to class fluid. New objects of class fluid are always
initialized to state UNDEFTNED; an attempt to access the fluid properties while the object is
in this state will return meaningless resultsr3r. The internal state of the object may be
altered by a call to function state, or one of the process functions (functions for isentropic
compression, isobaric condensation, isenthalpic expansion and isobaric evaporation are
currently supported). These functions alter the thermodynamic properties only. The
transport properties are treated in a similar manner to the psychrometric properties which
form the member elements of class AirState. The member variable representing each
transport property is an object of class property. Objects of this class have two fields, one
containing the current value of the property, and the other indicating whether its value at
the current state point has already been calculated, or not. Each transport property is
flagged as unknown initially and following a change in the thermodynamic state of the
fluid, insofar as this will effect a change in the transport properties. Thus, the transport
properties a¡e calculated only as an applications progranìme needs to access them, and are
not recalculated if they a¡e further accessed without the thermodynamic state being altered.
A set of public functions has been provided to access the fluid properties appropriate to
the current internal state. These functions take no arguments. The following set is
provided:

state CurrentState O;
double Temperature O;
double Pressure O;

13l Future releases of the software should treat any attempt to access the properties of objects in this
state as an error, and provide appropriate mechanisms for dealing with it. The C++ exception
handling mechanism (Stroustrup, l99l), which is now featured in most implementations of the
language, provides a sophisticated mechanism for trapping and handling enors ofthis sort.

a
K
KP

T
P



318

double
double
doubl-e
double
double
double
double
double
clouh¡l e
double
double
double
double
double
double
double
doubl-e
double
double
double
double
double
double

Enthalpy ( ) ;
Entropy ( ) ;

SpecificVolume ( ) ;

Saturat.ionTemperature ( ) ;
SaturationPressure ( ) ;

VapourSpecificHeatP ( ) ;

VapourSpeciÊicHeatV ( ) ;

SaturatedVapourVolume ( ) ;

Saf,rrral erlVapourEnthalpy () ;

SaturatedvapourEntropy ( ) ;

DeltaVolumeVapourj-sation ( ) ;

DeltaEnthalpyVapourisation ( ) ;
Del-taEntropyvapourísation ( ) ;

Sat.uratedl,iquidVolume ( ) ;

Saturatedliquj-dnnthalpy ( ) ;

SaturatedliquidEntropy ( ) ;

Quality ( ) ;

LiquidViscosj-ty O ;

LiquidThermalConductivity ( ) ;

SurfaceTension ( ) ;

LiquidlsobaricSpecificHeat ( ) ;
VapourViscosity ( ) ;

VapourThermalConductivity ( ) ;

h, kJlkg
s, kJ/kg.K
v, mslkg
Tr"t, K
P"^r, kPa
Cp, kJlkg.K (see footnote r12)

C", kJ/kg.K
vn, ms/kg
hn, kJ/kg
sr, kJikg.K
vþ, rnslkg
h,n, kJlkg
s,n, kJ/kg.K
v,, mslkg
hr, kJtkg
sr, kJ/kg.K
x
Fr, Pa.s
k,,Wlm.K
o, N/m
Cr,,, kJlkg.K
It, Pa.s
k, w/m.K

A second set of functions is provided to evaluate and return specific fluid properties
without alteling the internal state. Function srare and the process functions have been
written to alter the internal state of the object from its cuffent state to a target state with
minimal reclundancy of computation; using those functions in preference to this second set
will be computationally more efficient in most applications. This latter set of functions
parallel the preceding set, from which they are distinguished in that they take one or more
arguments as required to identify the thermodynamic state at which they are to be
evalLlated.

132 
Functions to evaluate and return the isobaric and isochoric specific heat for a superheated vapour
have not yet been implementecl. It is suggested that these be calculated using the fotlowing
expressions (Mclinden et al., 1989):

." ='f, +l\ar),

where the partial derivatives required in the above expressions can be evaluated by differentiating
the equation of state for the working fluid.

AP
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ll J.L.z. Fluid-Specific Functions.

To derive a valid (non-abstract) class using fluid as a base, the derived class, or one of its
base classes, must def,rne a number of functions to calculate various properties of the fluid
which the derived class seeks to describe. In class fluid, these functions are declared as

pure virtual functions; it is this fact which makes fluid an abstract base class. These

functions are declared to be protected in class fluid, thus making them accessible to
classes derived from fluid, while protecting them from access by unauthorized code. It is
recommended that any classes derived ftom fluid should also define these functions to be

protected virtual functions, thus enabling the derived classes in their turn to be used as

base classes for the derivation of further classes. The functions supplied must not alter the
values of any of the internal variables of class f/uid

The functions required are declared within class fluid in the form:

virtual double fluid::Peqs (double V, double T) = 0;

A complete list of those which need to be defined in a derived class is as follows:

1. eeqs Returns absolute pressure of a fluid in the vapour state as a function of
specific volume and absolute temperature.

2. cpo Returns ideal gas specific heat as a function of absolute temperature

3. heqn Returns enthalpy of a fluid in the vapour state as a function of absolute
pressure, specif,rc volume and absolute temperature.

4. seqn Returns entropy of a fluid in the vapour state as a function of specific
volume and absolute temperature.

5. vri-q Returns specific volume of a fluid in the liquid state as a function of
absolute temperature.

6. Psatf

7. Tsatf

Returns saturation pressure as a function of absolute temperature.

Returns saturation temperature as a function of pressure'33.

8. ap¿r Returns dP ldT for a fluid in the saturated vapour state as a function of
absolute temperature.

9. cpr:-q Returns isobaric specific heat for a fluid in the liquid state as a function of
absolute temperature.

133 The expression implementedby Tsatf need be approximate only. The sole internal use of this

function is to provide an initial estimate for the saturation temperature, which is then refined by
inverting the expression implemente d by Psatf .
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10. ¿var Returns (ôv/ðT)o for a fluid in the liquid state as a function of absolute
temperature and specific volume.

I l. muliq Returns dynamic viscosity of a fluid in the liquid state as a function of
absolute temperature.

12. triq Returns thermal conductivity of a fluid in the liquid state as a function of
absolute temperature.

13. sismaf Returns surface tension as a function of absolute temperature

14. muvap Returns dynamic viscosity of a fluid in the vapour state as a function of
absolute temperature.

15. tvap Returns thermal conductivity of a fluid state as a function of absolute
temperature.

A derived class must allocate memory for and initialize any constants required by the
expressions which are implemented in the above functions. In addition, a derived class
must initialize a set of thermophysical constants which are used internally and may also be
accessed using a set of public functions, as follows:

doubl-e
double
double
double
double
double
doubl-e
double

Mol-ecularWeight O ;
NormalBoilingPoint ( ) ;

FreezingPoint ( ) ;

CriticalTemperature ( ) ;

CriticalPressure ( ) ;
CriticalVolume ( ) ;
CompressibilityFactor ( ) ;
Gasconstant ( ) ;

M*, kg/kmol
T,,, K
T,,, K
T",K
P,, K
V",K
zc (see footnote r3a)

,9, kJ/kg.K

11.1.1.3. Function srare.

Function state transforms the internal state of an object of class fluid from its state
immediately prior to the call, to a specified target state. If the transformation is effected
successfully, a value of true is returned; otherwise srare returns a value of false. The
fluid-specific functions listed above are invoked to perform the transformation. In
structuring the function, every effort has been made to minimize the computational effort
involved in transforming the fluid from its current state to a target state.

Function state in fact refers to three functions which differ only in their argument lists.
The C++ overloading mechanism (Stroustrup, 1991) makes this possible. Each calling
protocol invokes a distinct solution algorithm. These are described below.

t34 Compressibility factor at the critical point.
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Protocol 1 is to be used when the target state of the fluid lies within the
supercooled liquid or superheated vapour regions. The function is decla¡ed by the
statement

boolean fluid::State (state s,
double Targ,
doubl-e Parg) ;

where,

s is a variable of the enumerated type state, and may take a value of
SUBCOOLED-LIQUID OT SUPERHEATED VAPOUR.

rars is the target absolute temperature (K). If a client function specifies a value
of Tars = 0.0, and the cuffent state is not uNDEFrNnn, the target state is to
be reached via an isothermal process, in which case member variable
fluid: : isothermal is set true.

earsr is the target absolute pressure (kPa). If a client function specifies a value of
pars = 0'0, and the current state is not UNDEFTNED, the target state is to be
reached via an isobaric process, in which case member variable
fluid: : isobari c is set true.

Member variable fluid::isothermal will also be set true if the target
temperature is the same as the current temperature; likewise, member variable
f luid: : isobaric will be set true if the target pressure is the same as the current
pressure.

be the target pressure,
be the target temperature,
be the saturation pressure corresponding to the target temperature,
P ro, = f(T) ,

be the saturation temperature corresponding to the target pressure,
Tro, = fe) '
be the current pressure,

be the current temperature,
be the saturation pressure corresponding to the current temperature,
P,oi = f(T') ,

be the saturation temperature corresponding to the current pressure,

T.ro,' = f(P').

The target and current states for the remaining thermodynamic variables are

identified using the same notation. We now need to consider two cases; that where
the target state is a subcooled liquid, and that where it is a superheated vapour.

Case a. Target state is a subcooled liquid. The logic of an algorithm to treat this
case is shown in figure II.2. Cerr.ain preliminary checks are carried out first. If
an isothermal process has been specified, the target state can only be reached if

letNow
P
T
P

,1AI

TsilI

P'
T'
P

.raI

TI
saI
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P ' P,o, (11.1.1)

Similarly, if an isobarlc process has been specified, the target state will only be
reachable if

T<TsaI (rt.t.2)

I

I

Sa

1T

I m bat
t¡b tiù r.t v.pou
Drop.ñlc u¡k¡on

lrlnllorh (o t.rr.t
.bL. riu r.L v.pour

proÞ.dl.. lnon
2

Figure 11.2. Logic to transform a fluid of arbitrary state to a subcooled liquid state.

For any process, the target state must satisfy the criteria

P , P,o,

and

T<T

(11.1.3a)

(11.1.3b)
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If any of the relations (11.1.1-11.1.3) are satisfied by strict equalities, the
designated target state will in fäct be a saturatedrathu than a subcooled liquid, and
will be processed accordingly; a call to function srare will be made using calling
protocol 2. Otherwise, the following target state for the fluid will be found using
the following sequence of operations:

The gas properties for a fluid saturated at pressure P 
"o, 

ate calculated.
Specific volume is found by invoking member function specif icvolume
with P,o, and T as arguments. This will invert the equation of state as

implemented in the fluid-specific member function peqs. The
corresponding values for enthalpy and entropy are then found by calling the
fluid-specific functions heqn and seqn respectively.

The corresponding saturated liquid properties are calculated. The specific
volume is calculated by invoking member function vliq for the fluid,
whence

2

'ft
=vr-vf (11.1.4)

The saturated liquid enthalpy follows from the Clausius-Clapeyron
equation:

n,, = r'*(#) 
"", (r1.r.5a)

-h,.lc (11.1.sb)

and the entropy,

(11.1.6a)

s"r=r,-t (11.1.6b)

where (dP /dT),"t is calculated using member function dpdr.

The target state may now be reached by an isothermal process commencing
at the saturated liquid state. For such a process it can be shown that (Smith

and Van Ness, 1975)

P

h-h,= lrl-BT)vdP (11.1.7a)
Prn,

and

It,=h

!ß
T

sr.

J

[Þ'ar
P

s -sl
Pn,

(11.1.7b)
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where

B=+( #), (11.1.7c)

Now, t'or a fluid in the liquid state, specifìc volume is only a weak function
of pressure, and the pressure dependency may be neglected for all but the
most demanding applications. The above equations may thus be integrated
to give the following expressions for the enthalpy and entropy of the
subcooled liquid:

h = h, .1,, - ,(#) 
,],, 

- ,,*, (11.1.7)
L

and

s=s-/.f+l (p-p,,,). (rr.l.s)\ ôr/ ,' 
sa

ln the above, (ôv / ðT),, can be evaluated using member function ¿var for
the working fluid. The specific v'olume at the target state, v = vf.

2.

If the process required to reach the target state is isothermal, and the current state
of the fluid is not uNDEFTNED or SUPERHEATED_VAPOUR, the saturation properties
for the fluid will alreddy be known, and steps (1) and (2) above may be omittecl.
If furthermore the prior state of the fluid is suBCooLED_LreurD, (ðv/ôT), wi[
already be known, and need not be recalculated.

Case b. Target state is superheated vapour. The logic of an algorithm to treat this
case is shown in figure 1 1.3. The similarities between this and the pleceding case
will be apparent, and no further explanation is necessary.

Protocol 2 is to be used when the target state of the fluid is a saturated liquid or a
saturated vapour. The function is declared by the statement

bool-ean fluid::State (state s,
double darg,
int iarg);

where,

s is a variable of the enumerated type state, and may take a value of
SATURATED_LIQUID OT SATURÀTED VAPOUR,

dars is a double precision argument, the meaning of which is determined by the
third argument.
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Figure 11.3. Logic to transform a fluid of arbitrary state to a superheated vapour state.

iars is an integer variable which flags the interpretation which is to be placed on
the second argument:
iars = 0 means that dars is an absolute temperature (K). If a client

function specifies values of dars = 0'0 and iars = 0, the target
state is to be reached via an isothermal process.

iars = 1 means that dars is an absolute pressure (kPa). If a client function
specifies values of dars = 0.0 and iarg = 1, the target state is to be

reached via an isobaric process.

If an isothermal process is specified, and the current state of the fluid is
SATURATED-VAPOUR, IVET_VAPOUR, SAîURATED_LTQUTD OT SUBCOOLED-T,TQUTO, thE

properties of the fluid in the saturated liquid and saturated vapour states will
already be known. Otherwise they must be calculated using equations (11.1.4-
11.1.6). The current fluid properties can subsequently be set accordingly, with
¡ = 0'0 for a saturated liquid, and x = 1.0 for a saturated vapour.
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J Protocol 3 is to be used when the target state of the fluid is a wet vapour. The
function is declared by the statement

boolean fluid: : State (state s,
double darg1,
double darg2,
int iarg);

where,

s is a variable of the enumerated type state, and may only take the value
WET VAPOUR.

darsl ând dars2 are double precision arguments representing a pair of fluid
properties. The properties represented by these arguments are determined
by the fourth argument.

iars is an integer variable which flags the interpretation which is to be placed on
the second and third arguments:
iars = 0 : (dars1, dars2) - (7, v) (default)
iarg = 1 : (dargl-, darg2) - (7, x)
iarg = 2'. (dargl, darg2) - (P, v)
iarg = 3 : (Aargt, darg2) - (P, x)

If a client function specifies a value of darsl = 0.0 when darql represents
pressure, the target state is to be reached from the current state following an
isothermal process. Similarly, if darst = 0.0 when darql represents temperature,
an isobaric process is to be used.

If -r is specified as an input parameter (iarg - 1 or 3), the process used to reach the
target state must be isothermal, and must proceed from a cunent state for which
both v, and ys are known (suecool,uo_LreurD, sATURATED_LreurD, h/ET_vApouR
or sAruRÀrED_vApouR). The fluid properties may then be found simply by
interpolating between the saturation states. That is,

(11.1.9a)

h- h, + xhr, (r.1.1.eb)

.ç=s**tfr (11.1.9c)

If y is specified as an input parameter (iars = 0 or 2), the properties of the fluid at

the target state are found as follows:

The saturation temperature and pressure must be found. If an isothermal
process is specified, the saturation pressure coffesponding to the target
temperature will already be known. Otherwise the saturation temperature
or pressure must be set as specified, and the corresponding saturation
pressure or temperature evaluated as required by invoking fluid-specific
member function Psatf of Tsatf , as appropriate.

V=Vf*rrfr

1
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If the specified process is isothermal, and the current state of the fluid is
SUBCOOLED_LÏQUID, SATURATED_LIQUID, h/ET-VAPOUR Of
sATURATED_vAeoun, the saturated liquid and vapour properties pertaining
to the target state will already be known. Otherwise they must be
calculated using equations (1 I.1.4-11. 1.6).

The wet vapour properties may now be calculated. Quality (x) is found by
inverting equation (11.1.9a), and enthalpy and entropy follow from
equations ( 1 1. I .9b) and ( 1 1. 1.9c) respectively.

ll.l.l.4. Process Functions.

The internal state of an object of class fluid may also be altered by invoking one of a
number of process functions. Those which have been implemented so far are described
below.

ll.l.l.4.l. Isentropic Compression.

The state of a fluid followi:rg an isentropic compression may be evaluated by a call to the
following function:

boolean fluid: :IsentropicCompression (double P) ;

This function handles the case of a process working between pressures P, and P, where
P, > P, and P, is below the critical pressure. The latter restriction is of little
signif,rcance in respect of air conditioning applications, although it might need to be relaxed
if the software is to be used at a later date to simulate CO, cycles. Provided the above
restrictions are satisfied, the state of the fluid following an isentropic compression can be

calculated as follows:

Saturation entropy sr' corresponding to pressure P, is calculated. If s, > sr', the
vapour is superheated at the end of the process; otherwise it is in the wet vapour
state. The latter condition could arise if the fluid is in the wet vapour state at the
beginning of the compression process (wet compression). In principle at least it
may also be encountered in the compression of superheated vapours of refrigerants
such as r1 13 and r1 14. The saturation entropy sr' is also used as a boundary point
for the bracketing interval for wet vapour calculations (step 3 below).

If the fluid is a wet vapour at the end of the compression process, the saturated
liquid and vapour properties corresponding to the target pressure P are calculated
using equations (11.1.4) to (11.1.6). Quality (x) follows by inverting equation
(11.1.9c), andentropyandenthalpymaybecalculatedfromequations (11.1.9a) and

(1 1.1.eb).

If the fluid is in the superheated state at the end of the compression process, then
the state point will lie within an interval on the locus P = P, such that
tr.' 1 tz 3 t2" . To find the point we need to solve for the root of the function

2

J

I

2

aJ
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boolean fluid
boolean flui-d

f(T)=Sz-sr=0 (11.1.10)

where Í, is atrial value for the temperature, and í, is the comesponding entropy.
The function may be evaluated at the trial point using the following steps:

i. Specific volume i, atthe trial po_int is found by invoking member function
SpecificVolume with P, and T, as argumcnts.

ii. Entropy "í, is found by invoking member function Enrropy with û, and f
as arguments.

iii. The value of f(i) follows.

I-nt Tr' be the temperature at point (Pz, tr' ), and Tr" be the temperature at point
(Pr, lr"). Tr' is simply evaluated as the saturation temperature at pressure p,
An initial estimate for Tr" can be made using the ideal gas isentropic compression
equation:

t;)
where

y-l
i:' Tl Y

v -C:
C:

(11.1.1la)

(11.1.11b)

and

cl-cl=n (tt.l.ltc)
cf- is evaluated by invoking the fluid-specific member function cpo. If
f(Tr" ) > 0,_Tr" establishes the upper boundary of the bracketing interval.
Otherwise, Tr" may be repeatedly multiplied by a factor of l.l (say) until the
bracketing interval has been established, and the root of equation (11.1.10)
subsequently found using function zero. The only thermodynamic property which
remains to be evaluated is the enthalpy; this may be found by calling member
function Enthalpy.

11.1.1.4.2. Isobaric Condensation.

This process is implemented using a function which supports two alternative calling
sequences:

IsobaricCondensation ( ) ;
IsobaricCondensation (double Ts) ;

If the first form of the function is used, the condensation process will terminate at the
saturated liquid line. This point is found by a call to srare with the following eu'guments:

State (SATURÀTED_LIQUTD, 0.0, 1);
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The argument in the second form of the function specifies a certain amount of subcooling
('C). The desired end-point of the process may be reached by an isobaric process,
terminating at temperature Z = 7.,o, - 2". This point is found by a call to srare with the
following arguments:

State (SUBCOOLED_LIQUTD, T) ;

1l J.1.4.3. Isenthalpic Expansion.

The state of the fluid following an isenthalpic expansion may be evaluated by a call to the
following function:

boolean fluid: : IsenthalpicExpansion (double Pf) ;

The argument nr specif,res the pressure of the working fluid at completion of the expansion
process, where this is less than the pressure at the commencement of the process. It is
assumed that, at the beginning of the process, the fluid is a wet vapour, a saturated liquid,
or a subcooled liquid. It is further assumed that, at the end of the process, the fluid is in
the wet vapour state, in which state pf is the saturation pressure. The saturation
temperature may be found by invoking member function saturationTemperature, and
the remaining saturated fluid properties calculated using equations (11.1.4) to (11,1.6),
Since the enthalpy at completion of the process is by definition, known, quality may be
found using equation ( 1 1. 1 .9b), and specific volume and entropy follow from equations
(1 1. 1.9a) and (1 1.1.9c).

11.1.1.4.4. Isobaric Evaporation.

Isobaric evaporation is implemented using a function which supports two alternative
calling sequences:

boolean fluj.d: : IsobaricEvaporation
boolean fluid: : IsobaricEvaporation (double Ts);

The f,rrst form is used to specify an evaporation process terminating at the saturated vapour
line. This point is found by a call to stare with the following arguments:

State (SATURATED_VAPOUR, 0.0, 1);

By analogy with the isobaric condensation function, the argument in the second form of
the function specifies a certain amount of superheat ("C). The desired end-point of the
process may be reached by an isobaric process terminating at temperature Z = T,u, * T,.
This point is found by a call to state with the following arguments:

State (SUPERHEATED_VAPOUR, T) ;

Note that this function, as currently implemented, will not handle an evaporation process

terminating within the wet vapour region, and is thus not suitable for simulating cycles
involving wet vapour compression.
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ll.l.2. Class refri gerant.

Class refrigerantinberits class fluid as a public base class, and in its turn provides a base
class for various refrigerants and families of refrigerants. Class refrigeranf defines a set
of functions providing the ftrnctionality required of the fluid-specif,rc pure virtual functions
listed in section 1 l. 1. I .2 above. These provide a set of detault functions for computing the
propefiies of halocarbon refrigerants. The expressions evaluated by these functions will
be described below. In most cases derived classes will need to allocate memory fbr and
initialize a number of variables; details of these are also providedrs5. All functions are
cleclared to be protected virtual functions, which means that they may be redehned by any
derived classes, if so desired. Class r134a, which is derived from refrigerant will be
describeclbelowinsection 11.1.3. Section II.L4describes class reftype2,whichisabase
class derived from refrigerant.

11.1.2.1. Function peqs.

The function Peqs implements an equation of state of the Martin-Hou type which, in its
most general form may be expressed in the form (chan and Haselden, 1981a):

P= RT 
+v-b

Ar+BrT+C, expe)i'
v

T
+

3

u-Ð2
At * Btr + c,exp( +)+

+

+

+

g-Ð3
A+ * Bqr. t 

fu 

*r(i
(LL.I.t2)

(v - b)o

As * Bsr + crexpt +)

(+)
(v-Ðs

As*BeT+Cuexp

l3-s

exp(aÐ[1 * Clexp(aV)l

Currently objects of type refrigerant can be declared, but attempting to use them will lead to run-
time errors, since no memory will have been allocated for the fluid-specific constants. The policy
of requiring the derived classes to allocate memory has been adoptecl since, in the case of some of
the t'ollowing expressions, and alternatives defined in derived classes, the order of the equation will
depend on the working fluid. Objects ofproperly-confrgured subclasses of refrigeranfonly should
be created. There are a number of possible methods by which security could be improved in later
releases of the software, thus eliminating the possibility of run-time enors through inadvertent
creation of objects of the base class.
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in which the sixth term is negligible for many refrigerants. Derived classes which use this
function must:

lnitialize a boolean variable indicating whether the sixth term is to be evaluated for
this refrigerant.

ii. Allocate memory for arrays A, B and C

Initialize arrays A, B and G together with constants á, k, ¡t and ¿ and if
appropriate, C' and a.

A critique of this form of the equation of state, together with a number of commonly-used
alternative formulations, is presented by Gosney (1982).

11.1.2.2. Function cp o.

The ideal gas heat capacity equation is commonly expressed in the form of a modified
polynomial, representing either the isobaric or the isochoric specific heat. The form used
here as the default for halocarbon refrigerants is the ideal gas isobaric heat capacity
equation given by Wilson and Basu (1988):

C +C^T+C.T2+C.T3pr P¿ pJ p4
%

T
(11.1.13)C: +

Derived classes which use this function must allocate memory for and initialise array C,

11.1.2.3. Function heqn.

The enthalpy equation is derived from equations (11.L2) and (11.1.13) above using the
thermodynamic relationship :

rth = c| + d(pv) - f" - l+l l* (11.1.14)L \ ar),)

from which

P,V

hrr, lrri - R)dr + [ d(Pv)
Tr"I P ,e¡v, e¡

T

'{,1' 
'(#) ,fo' 

. h1r,uP,",,

P)

(11.1.1s)

V,r, defrne an arbitrary reference state. Substituting equations
and integrating gives

in which T,rf, P,r, unO

(1 1.1. 12) and (1 1. 1. 13)
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h h
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(r1.1.16)

(11.1.18)

where H,,0, is the enthalpy at the arbitrary reference state (see above). Two conventions a¡e
in comnr.on use for establishing the datum from which enthalpy values are measured.
ASHRAE defines the enthalpy of saturated liquid to be zero at a temperature of -40"C.
The IIR defines the enthalpy of saturated liquid to be 200 kJlkg at a reference temperature
of 0'C. The choice of reference state to use can be set using member functions
setReferencestaterrn and setReferencestateAsHRÀE. The IIR reference state is used
as the default. In specifying a class for a specific refrigerant derived from class
ref riseranr, the user must initialise an array h0[2], the elements of which are:

h0[0] : Enthalpy (kJ/kg) at the IIR reference srare;
h0[1] : Enthalpy (kJ/kg) at the ASHRAE reference srare

11.1.2.4. Function s eqn.

The entropy equation is derived from equations (11.1.12) and (11.1.13) above using the
thermodynamic relationship :

a, = lar . f gl dv (rr.r.r7)r \ar)"

from which

't ^o^ t-..s(rp)= 
J ;o' .
.l.uf

and
13)

AP

AT
dv * s(r,np,"l

v

I

in which TuJ' PuJ
(11.1.12) and (11.1

v

Vrr, defrne an arbitrary reference state. Substituting equations
and integrating gives
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+ Rln
(v - b)Po

RT
B2

(v-b)
K
T

C
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2(v - b)2 3(v - b)3 4(v - b)a
c2 C"

-t
c4 C

5-KT
+ e + + +

(v - b) 2e - b)2 3(v - b)3 4(v - b)a

where Po is standard atmospheric pressure (101'325 kPa), and s,", is the entropy at the
arbitrary reference state (see above). Two conventions are in common use for establishing
the datum from which entropy values ¿u'e measured. ASHRAE defines the entropy of
saturated liquid to be zero at a temperature of -40"C. The IIR defines the entropy of
saturated liquid to be 1 kJ/kg.K at a rcference temperature of OoC. The choice of reference
state to use can be set using member functions setRef erencestaterrR and
serReferencestateAsHRÄn. The IIR reference state is used as the default. In specifying
a class for a specific refrigerant derived from class refrigerant, the user must initialise an

aray S0[2], the elements of which are:

S0[0] : Entropy (kJ/kg.K) at the IIR reference state;

S0[1] : Entropy (kJ/kg.K) at the ASHRAE reference state.

11.1.2.5. Function vliq.

The specific volume of a liquid refrigerant is found using the standard liquid density
conelation of Hou and Martin (1959):

4N
pr= pc * E DNe - T)l (11.1.20)

N=l

Derived classes which use this function must allocate storage for the array D[i], i=I,..,4,
and initialise the elements appropriately.

11.1.2.6. Function PEat f .

The default expression provided to compute the saturation pressure of a refrigerant uses

the extended form of the Antoine equation, as presented by Wilson and Basu (1988):

rnpuu = A + 2 * cr + DT2 + E(F: T)ln(F - Ð Gl.l.zL)TT

Derived classes which use this function must allocate storage for an array of coefficients,
and initialise the elements appropriately.



334

11.1.2.7 . Function rsarf .

The Antoine equation in the form presented by Cleland (1936) provides an estimate of the
saturation temperature :

a.
, .sut .____;::_ L..- 

tn(P) - q "3 (lL'l'22)

Derived classes which use this function must allocate storage fbr the array a[i], i=1,..,3, and
initialise the elements accordingly.

11.1.2.8. Function d,pdr.

dP I dT for a saturated vapour is evaluated by differentiating equation ( I 1. 1.21), thus:

dP

dT
= exp A*B +CT+DTz+ EG_T)

ln@-r) X
T

-B *C+2DT-E
T2T

T

Frn(F - T)

T
.,])

(tt.L.23)

(11.r.24)

(11.r.2s)

11.L.2.9. Function cptiq.

The default expression otfered for the evaluation of the specific heat for a liquid refrigerant
is a polynonial expression of the form:

1AE
=t

C
P

Derived classes using this expression must speciff the order of the polynomial, and allocate
storage for and initialise the polynomial coefficients.

11.1.2.10. Function dvdr.

(ôv/ðT), can be evaluated as

where (ôp / ôT),, can be found by differentiating equarion (1 1. 1.20):

lpel =- I f no"rt-r,¡I-'
\ ar/ , 3T,N1r

(11.1.26)
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ll.L.2.Il. Function rnul iq.

To evaluate the dynamic viscosity of a halocarbon refrigerant, Jung and Radermacher
( 1991) recommend the use of the following equation, which was proposed originally as an
experimental correlation by Phillips and Murphy (1970a, b):

logrol.t =A+4*Cf +DTz
T rr t (11.1.27)

where ¡r in the above equation is in units of centipoise (cp). Jung and Radermacher have
published coefficients for some 16 refrigerants for use with this equation. However, they
caution against possible errors which may result if the equation is applied uncritically,
particularly in respect of refrigerants which were not included in the original experiments
of Phillips and Murphy. Refrigerants r152a and rI24 are mentioned as showing
pzuticulerly large discrepancies between experimental data and the predictions of equation
(II.r.27).

Derived classes using this function must allocate storage for and initialise the coefficients
for the expression.

11.1.2.12. Function kt i q.

The default function provided to evaluate the thermal conductivity of a halocarbon
refrigerant is the polynomial fit of Yata et al. (1984):

k=A+BT+CT2 (11.1.23)

Jung and Radamacher (1991) have published coefficients for some 14 halocarbon
refrigerants for use with this equation.

Derivecl classes using this function must allocate storage for and initialise the coefficients
in the expression.

11.1.2.t3. Function s i erma f, .

Jung and Radermacher (1991) have evaluated the predictive method of Brock and Bird
(1955) for calculating the surface tension of halocarbon refrigerants, and found it to be
accurate and consistent. This method is implemented using the following equations:

o = p|'rÎ'te(r - T)tt/e ¡6r.r.29)

where

P
ln C

r.01325
Q = O'1196 l.O + T.

DT (L.O - Tb,)
- 0.279

(11.1.30)
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Note that the above expressions rely only on the thermophysical constants for the
retiigerants, and are thus applicable to a broad range of refrigerants, in the absence of
experimental data. To enhance computational efficiency, the constructor for a derived
class must initialize a multiplicative const ant cst = p|'t .f|'t .e.

11,1.2.14. Function muvaf,,.

Based on dimensional analysis, Stiehl and Thodos (1962) developed an expression for the
viscosity of polar gases at normal pressures. This expression has been modified by
Nagaoka et al. (1986) to preclict the viscosity of gaseous fluorocarbon refrigerants at
atmospheric pressure, and takes the form

p.E = e.5124T, - 0.0517;o'sz. o'at (ll.r.3la)

E = T:''M;I/2P-2/3 (ll.lsrb)
where ¡r- istheviscosity(Pa.sx 106;atatmosphericpressure. Forpressuresotherthan
atmospheric, Jung and Radermacher (1991) recommend that the empirical conelations of
Stiehl and Thodos (1964b) be applied to the above expression.

For p, < 0'1:

(p - p.)E = 0.i6Ig3tpl'"t (tt.t.32a)

For 0'1 < p, < 0.9:

(p - p.)E = 2.79283(9.045p, + 0.63¡r't39 (Í.t.g2b)

For 0'9 < p, < 2.6:

(P-P-)E=4'6xLocl
CI = 3.0 - l0(0'643e 

- 0'100sp.) (ll'l'32c)

For computational efficiency, the constructor for a derived class must initialize constants {, -0.81
ano. zcp = zc

L1.1.2.15. Function kvap.

The thermal conductivity of a vapour at atmospheric pressul'e nìay be found usiug arr
Eucken-type equation, which is given by Jung and Radermacher (1991) in the form

k- = o.ootu-c"of c, * c. R I
\ 'q' ) '11'1'33)

in which k. is the thermal conductivity of the vapour at atmospheric pressure (Wm.K)
and ¡r. is the vapour viscosity at atmospheric pressure (Pa.s x 106). For refrigerants, Jung
and Radermacher recommend that values of C, = I.235 and C, = I.9 be used. For
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operation at other than atmospheric pressure, the following correction factors due to Stiehl
and Thodos (1964a) can be used.

For p, < 0'5:

(k - k.)Lzi = 14 x 10 8(ø-0'535p, - 1.0) (11.1.34a)

For 0'5 < p, < 2'O:

(k - k.)Lzj = 13. 1 x 10-8(ø 
0',61p, - 1'069) (11.1.34b)

For 2'g < p, < 2'8:

(k - k.))"rì = 2'976 x 10-8( ,t't55q' + 1'069) (11.1.34c)

In the above,

t" = r)/6 tut)lz P 2t3 
(11.1.34d)

For computational efficiency, constructors for derived classes must initialize constants À
5

àno zc) = 2,,.

11.1.3. Class r134a.

As a direct replacementfor r12, rl34a is probably the most important of the new generation
of ozone-friendly refrigerants. The thermodynamic properties of rI34a are described in
detail by Wilson and Basu (1988), Mclinden et al. (1989), Piao et al. (1989) and ICI
(1991). A class r134a has been implemented, derived from class refrigeranf. The user
is referred to Wilson and Basu (1988) for details of the constants used in the
thermodynarnic equations, ancl to Jung and Radermacher (1991) for details of the constants
used in the transport equations, with the following exceptions:

a. Functions heqn and seqn. The appropriate constants for use with the IIR reference
state are as follows:

ho = 209'100043 kJ/kg; so = 1'094452 kJlkg.K

ancl for use with the ASHRAE reference state:

ho = 59'118225 kJlkg; so = 0'291438 kJlkg.K

b. Function mu1iq. The liquid viscosity equation given by ICI (1991) is used. This
takes the form

BCDrnF=o*i*F* r" (11.1.35)

where A = -24'4565, B = 19225'29, C = -5,458,933, D = 5'2714 x 108.

Liquid viscosity, as given by equation (11.1.35), is in units of cP.
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(-. Function k1iq. The liquid thermal conductivity equarion given by ICI (1991) is
used. This takes the form

4

E
=l

k=ko
n

3+ (I _ T,)

C

(11.1.36)
n

d.

where ko = 0'0460164, kt = 0'0533949, k, = 0.120461 , k, = 0-2424306.

Function sismaf . Chae et al. (1990) empirically derived the following equation for
the surface tension of rI34a:

-t.26ool * (11.1.37a)

where

T -T
C

T
(11.1.37b)

o

T=
LT

and oo = 0'0581

ll.l.4. Class ref t1pe2.

There exists a considerable body of data describing the properties of traditional refrigerants
in Imperial units. Chan and Haselden (1981a, b, c) for instance have published a set of
relationships end computer prograrnmes to calculate the properties of refrigerants rll, rI2,
r13, rl3B I, rl4, r22, rII3, rlI4 and 1502, the coefficients for each of which is appropriate
to the calculation of the refrigerant properties in Imperial units. Class reftype2, which is
a subclass of class refrigeranf, has been developed to handle such cases. The member
functions to compute thermodynamic variables in this class take the input in SI units,
convert it to Imperial units, perfbrm the appropriate calculations, and convert the output
back to SI units before returning. The member functions provided generally parallel those
of class refrigeranf. The expressions used by Chan and Haselden, and implemented in
class reftype2 do however show minor differences from those on which the base class is
based. The reader is referred to Chan and Haselden (198la) for details.

The functions for the transport properties are not redefined in class reftype2.

11.1.5. Class r22.

Class R22 is a subclass of class reftypez. The thermodynamic properties of refi'igerant
r22 are calculated using member functions of class reftype2, while for the most part, the
transport properties are calculated using the appropriate member functions of class
refrigerarn Coefficients for the former set of equations may be found in Chan ancl
Haselden (1981a), while coefficients for the latter set are provided by Jung and
Radermacher (1991). The following exceptions are noted:

Functions heqn and seqn. The appropriate constants for use with the IIR reference
state ale as follows:

a.



ho = 300' 648553 kJ/kg; s0 = 0'635909 kJ/kg.K

and for use with the ASHRAE reference state:

ho = 233'21409 kJ/kg; so = -0' 188922 kJ/kg.K

Function muliq. The fbllowing liquid viscosity equations given by ASHRAE
(1973) are used. For 170 < Z< 310:
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(11.1.38a)

b.

c

F = 0'001exp A*B
T

where A = -3'39554, B = 532'855. For 310 < Z< 360:

F = 0'001(A + BT * CTz) (11.1.38b)

where A = -1.65108, B = 1.24141 x l0-2, C = -2.09286 x lO-s.

Function cp1iq. The following equation given by ASHRAE (1973) is used

C =A+BT+CT2+DTj

where, for 100 < Z< 590,
A=2.98190x10-r , B= 1.00920x103,
D--I'67315x10-e,

(r1.1.3e)

C = 1.01607 x l0 6
,

and,for590<f<1500,
A=2'79649x10
D=2'54011 x10-

', B = 1.59006 x l0-3, c = -r'05288 x l0'ó,
l0

1 1.2. Modelling System Components.

There are considerable advantages to be gained by modelling the various components in
a refrigearation cycle using a set ofclasses derived from a base class which represents the
components as abstract machines which exchange energy with a working fluid by means
of an as yet undefined thermodynamic process. An abstract base class Componenthas
been developed for this purpose. This class declares the following member variables:

Enteríns, Leavinsr : Variables of struct FluidState, which store the fundamental
thermodynamic properties (7, P, h, s, y and x, together with a variable of type
fluid::state, describing the state of the fluid) of the fluid entering and leaving the
component.

superheat, subcooling : Representing the degrees of subcooling or superheat (K)
applied to the fluid entering or leaving the component, as appropriate; the user
application will determine the interpretation to be placed on these variables.

w: Work (kW) done during the process. This will be positive if done by the component,
negative if done on the component.
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Q : Heat (kW) transferred during the process. This will be positive if transferred to the
component, negative if transferred from the component.

m Mass flow rate (kg/s) of fluid through the component

t : A pointer to the working fluid; a v¿riable of class f/uid.

fìe ci pro ca t-ingC omp rcs sor

Compressor ompressorSc

Ccn trif uga lComp rcsso r

S h c I lr\ndTu bcCo ndens e r

Condenser Evapo ra LiveCo nd e nser

Ai rCoo ledCo n de n se r
(ìo rn p oncn L

TXValvc
ExpansionDevice

C ap i tì aryTu be

o¡aLor

Eva pora Lor Flo od ed Evap o ra tor

She d

Miscellaneous Devices

Figure 11.4. A hierarchy ofclasses representing components in a refrigeration cycle.

The class declares a noffnal complement of basic member functions, including
constructors, destructors, and functions to access the member variables, including the
various f,relds of the two va¡iables of class FluidState. The following additional member
functions are provided:

updateEnteringstate, Updateleavingstate : These update variables Entering âttd
Leavins respectively to represent the current state of the variable of class f/uid
accessed by the pointer f. These are intended primarily for use by versions of
process (see below) def,rned in base classes.

Process : A pure virtual function which must be defined in a derived class. This
function will take the variable of class //uid accessed by pointer t through some
thermodynamic process, and update the member functions listed above
accordingly. Note that there is no local copy of a variable of type fluid. All
components in a cycle access a common copy of a variable of this type which
belongs to the cycle, and which is modified by a sequence of calls of the form

X. Process O ;
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where x is an object belonging to some subclass of Component.

The class as defined is completely general, and may be used as a base for modelling the
components in any thermodynamic cycle. Its use is not restricted to major plant items; it
may just as well be used to represent the processes occurring in a length of pipe or a valve.

A possible hierarchy of classes derived from class Componenf, and suitable for
representing the equipment items in a refrigeration cycle, are shown in figure 11.4. The
set of subclasses derived directly from the base class are generic base classes representing
equipment items of the various types. It is expected that each of these will implement a
member function process which will simulate the ideal thermodynamic process
characteristic of the type. Thus, a function such as

virtual- void Compressor: :Process O ;

will simulate isentropic compression between two working pressures, and will represent
the default process for items of that generic type. By declaring these functions to be
virtual, they may be overridden by functions of the same name in subclasses further down
on the hierarchy, which may be expected to provide a more realistic simulation of the
thermodynamic processes actually occurring. Note that the functionality provided by the
base class is still available to the derived class, if it is explicitly addressed. Consider for
instance a code fragment

virtual void CentrifuqalCompressor: :Process o
{

Compressor: :Process O ;

i

In this example the derived class (CentrifugalCompressoÒ explicitly calls a member
function of the base class (CompressoD to make a first approximation of the behaviour
of the working fluid during a compression, which may then be refined by the derived class.

CW Coil

Coil
DX-CoiI

DryExpansion Evaporator

oraLorc nen L

Figure 11.5. A proposed hierarchy for a class to model dry expansion evaporators

In modelling the dry expansion evaporator, it is probably appropriate that the representative
class should inherit ultimately from both classes Coí (described in chapters 6 and 7) and
Componenf, using the C++ multiple inheritance mechanism. A proposed hierarchy is
shown in figure I 1.5. This provides a means for the evaporator to access the considerable
facilities offered by the base classes. It also facilitates the use of this class as a link
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between the air and refrigerant cycles in the air conditioning system model analogous to
its function in an actual system.
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1.

ii.

iii.

Chapter L2. Operational Use of t}ne Zebra Package.

The overall structure of the Tnbra air conditioning simulation package was described in
Chapter 2, while subsequent chapters have described in some detail the methodology used
within theZnbra Kemel to model the various system components. The purpose of the present
chapter is to describe a number of operational considerations associated with the use of the
Tnbra Kernel to simulate system performance for either an isolated load point, or a
programmed sequence of loads. The specific aspects of the Znbra operational cycle to be
described are:

The sequence of events involved in initiating a simulation session.

The means by which the user, or a user-initiated task, interacts with a loaded Znbra
process.

The mechanisms provided for logging the results of aZnbra simulation run.

The Tnbra Kemel has been developed for IBM-compatible computers running the DOS
operating system, which is a simple single-tasking operating system. The following
descriptions refer specifically to that version of the software. However, the code has been
developed with the intention that it will subsequently be ported to the 32-bit Windows NT
operating system, which provides facilities for concurrently running a number of cooperating
tasks. This has signihcant consequences for the integration of the Tnbra Kemel into a broader
environment, and notes will be provided indicating the modihcations which will need to be

made to tbeZ,e,bra software to enable it to communicate effectively with cooperating tasks.

12.l.Initiation of a Zæbra Run.

When theT,ebra Kernel is invoked, a sequence of steps is taken before theZnbra process can
be regarded as loaded and able to accept input from a user, or from another user-initiated task.

The major steps in the sequence are described below. The steps to be taken are determined by
the commandline switches which are specified when the process is invoked.

t2.1.1,. Command-Line Switches.

AZ.ebra Kemel process is initiated from an interactive terminal session by typing a line of the

following form in response to a keyboard prompt:

> zk foptionsl

in which options refers to a sequence of optional command-lines switches which control
va¡ious aspects of programme operation. Alternatively, a Tnbra Kemel process may be

initiated by another process using for instance the spawn or exec function calls within a DOS
environment, or the winExec function call within a Windows environment. These functions
also incorporate a mechanism for passing command-line switches to a process being initiated.
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ATnbta command-line switch consists of a single-character code, pref,rxed by a hyphen, and
possibly followed by sequence of cha¡acters comprising an argument to the switch the
significance of which will be determined by the code. Thus, the Znbra Kernel could be
invoked using the following command line

> zk -ishellbdg.zsp -rshe1lbdg.log

which specifies that the system specifications are to be read from a file strert¡ds. zsp, with
runtime logging directed to a second file strett¡ds.l-os. The codes currently supported
aI.el36.

-carg Enables or disables logging of the separate coil components in a coil bank,
when the Tnbra Kernel is running in coil simulation mode. If arg is '+' or
omitted, logging of the separate components will be enabled. 11 arg is ,-,,
logging of the separate components will be disabled. tngging of separate
components is disabled by default.

ifiLename The argumentfitename, which is mandatory, specifies a source of textual data
from which a set of system specifications will be read. Currently this must be
a valid filename. However, the process of extracting a set of system
specifications from a source is performed by an object of class TertSource
(see section 2.4), andit will be recalled that the constructor for this class takes
¿ìs an argument a reference to an object of the predefined class istream, which
specifies the input stream from which data a¡e to be extracted. In principle
then, any suitably formatted source of textual data to which an object of class
istream can be attached may be used as the input source with a minimal
amount of extra support. In particular, the windows Clipboard provides an
efficient means of transferring data of this type between tasks running in the
windows environment. If this switch is omitted in an interactive
environment, the user will be prompted to supply a filo name; otherwise the
switch must be specified.

-LLines The mandatory argument /rzes specifies the page lengÍh, in number of lines, for
reports generated by the Tnbrareport generatorr3T. If this switch is omitted, a
default length of 60 lines is assumed.

-mmode The mandatory argument mode specifies the mode in which theznbraKemel
is to run, and may take one of the following values

t36 The codes are case sensitive.

T\e Znbta report generator, as referred to in this and the following paragraphs, is an internally
supported facility speciftc to the DOS environment. This will be described further in section 12.2
below, and is not to be confused with the external report generator shown in figure 2.1, which is
projected for the Windows version of Znbra,

31
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c CoiI simulation mode. A single coil bank is to be simulated.

s : System simulation mode. A complete system is to be
simulated. This is the default mode.

-oarg, The argument arg is a character string speci$ring the destination for reports
generated by the Znbra report generator. If "prn" is specihed reports are
directed to the system printer. Otherwise, arg ffrust specify a valid hle name.
The report destination specified by this argument may be overridden at run
time, as will be described in section 12.2.

-rar8 The argument arg is a character string which controls runtime logging. If tt +,
oÍ "-" is specified, runtime logging will be enabled or disabled respectively.
Otherwise, arg rilust specify a valid file name to which runtime log data may
be directed. The issue of runtime logging will be taken up in further detail in
section 12.3.

-s This switch takes no arguments, and suppresses interactive output to the
screen.

-Larg Enables or disables loggrng of model time. If arg is "+" or omitted, logging of
model time will be enabled. I1 arg is "-", logging of model time will be

disabled. Ingging of model time is enabled by default.

zfilename Argument filename, which is mandatory, specifies a metafile containing a
sequence of commands which will in effect serve as a script to control
operation of a loaded Z.ebraprocess. The metafile concept is discussed fully
in section 12.2. Il a metafile is specified via the command line its contents
will be processed before the user is prompted to interact with the process. The
metahle may in fact contain a record requesting termination of the 7-ebra
process, thus denying the user further access to the process.

12.1.2. CoiI Simulation Mode.

The purpose of the coil simulation mode is to provide a restricted environment in which the
user may examine the response of a cooling coil bank to varying flow rates and entering
conditions for the working fluids, in isolation from the rest of the system. Class

CoilTestEnvironmentprovides a set of facilities to perform this function, which in essence

may be looked upon as a subset of those available whenZnbra is run in system simulation
mode. An object of this class is created by invoking the constructor

CoilTestEnvironment : :CoilTestEnvironment ( istream& ifs,
char* fn = "");

where the first argument specifies the input stream from which the coil specifications are to be

read, and the second argument is a pointer to a string which may be used to store a description
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of the source of the specihcations (a file narne, for instance). The constructor creates an object
of class TertSource which it uses to access the records in the specihcation source, one at a
time. In addition to a full specification of the coil bank conhguration, the specification source
must provide records which dehne the following:

The coil-on condition, specified by the dry-bulb temperature and either the wet-bulb
tcmperature or the dew-point temperature.

The air flow rate, specified as a mass flow rate, a standard volume flow rate, or an
actual volume flow rate.

The entering water temperature.

The water flow rate, specihed as either a mass flow rate or a volume flow rate.

When the coil bank is constructed and the properties of the entering fluids set according to the
supplied specifications, Znbra is loaded and ready to receive user input. Member function
coilTestEnvironment: : Process ( ) invokes theZnbracommand-line processor to receive
and act on user input. The manner in which this is done is described in section 12.2.

12.1.3. Constructing the System Model.

The input specification file is opened within themain function of 7æbra, and an object of class
SystemConfrol (section 6.2.1) is created by invoking the appropriate constructor, which is
defined as

SystemControl : :SystemControl (istream& ifs,
char* fn = ,, ,') ;

Within the body of the constructor, an object of class TextSource is created to extract data on
a line-by-line basis from the input stream referenced by argument i f s. The manner in which
the system model will be created has already been described in some detail in section 2.4. The
intention here is merely to provide a few additional notes to clari$ this proccss within thc
context of the system model.

Having created an object of class TertSource, the constructor for class SysfemControl
initiates a loop to extract and process records until the specification source is exhausted. The
input codes which are processed directly by this constructor are

PRo,rEcr-NAM¡ introduces a record speciffing the project name (a null-terminated ASCtr
string). If no project name is specified, a null string is specified as the default.

sysrEM_ATMospHERrc_pRESsuRE introduces a record speci$ring the atmospheric pressure.
If this record is omitted, standard atmospheric pressure (101.325 Pa) is assumed by
default.

c.

d.
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sYsrEM oursrDE ArR introduces a record specifying ambient air condition as a dry-bulb and
werbulb temperature pair. By default, dbt = 32oC, wbt = 21"C.

sysrEM_Trun introduces a record specifyrng the model time. This is an object of class timec,
which stores model time to a resolution of one millisecond, and provides operators for
writing time to, and reading it from a text stream in the formât hh: mm: ss . mmrn, where
the second and millisecond helds may be omitted. A 24-hour clock is used. Model
time defaults to 15:00 if this record is omitted.

DCoNTRoL BEGTN introduces a record which initiates an input sequence for an object of class
DController (see section 6.2.2). This record contains an identifier for the controller.
This identif,rer must be unique. When this record is read, a new object of class
DControlleris created, and control passed to the appropriate constructor, which takes
as an argument a reference to the TertSource from which the specifications a.re being
extracted. Control remains within this latter constructor, or within constructors or
member functions which it invokes, until a matching record with the code
coNrRoL ¡No is read. Control then reverts to the calling function. The records
contained between this record and the matching coNTRoL_ENn record must be
adequate to speciff completely the air-handling unit associated with the controller,
together with the associateJ duct systems, and the zones served by the unit. Sequences

of records nested within this sequence may result in new objects being created, and

control temporarily being transfened to the associated constructors, which in turn may
invoke additional constructors. Thus, a sequence of records contained between a

record having the code sA_coNNEcroR_BEcrN, and the matching record with code
sA-coNNEcroR-END will be processed by the constructor for class SA_Connector,
and may in tum invoke a constructor for a coil bank and its associated coils, a filter, a
duct system, and several zones.

ocoNTRoL BEcrN introduces a record which initiates an input sequence for an object of class

OController. The above rema¡ks conceming code ocol¡rRoL_BEGTN are in general

applicable here. The sequence of records contained between a record introduced by
this code, and the matching coNrRol_Evo code must contain the specihcations for all
distributed units served by this outside-air unit.

The controller for cla^ss System0ontrolmay process multiple record sequences introduced by
codes DcoNTRoL_BEGTN and ocoNrRoL_BEcrN. It is thus possible to configure a system

which comprises several outside-air treatment units, and the distributed units they serve,

together with a number of standalone distributed units.

Each of the major entities comprising a system model is identified by a unique integer coder38.

Class Sysfemâontrolmaintains a set of associative ¿urays establishing a link between the

Those entities involved are objects of classes OController, DController, OA_Duct, RA_Duct,
SA DuctandZone.

r38
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indices and the entities to which they refer, together with member functions which provide
client routines to access these anays. These arrays a¡e set up when the model is constructed.
A similar method is used to access entities at the local level. Each section within a duct
system is identified by a unique index which is stored as the key in an associative array, the
corrcsponding section pointers comprising the associated values. The associative array itself
is a member variable of class Ducf.

12.2. U ser Interaction with 7,ebr a.

Class SysfemControldehnes a member function

j-nt SystemControl : :Commandlinelnterpreter (char* cmd.,
int (*cpr) (char, char**),
char* cds);

This function implements the Zebra Command-Line Interpreter (CLI), which controls all user
interaction with a loadedZnbra process. The arguments to the function have the following
mearungs:

cmd A pointer to a null-terminated character string containing a command statement
written tntheZnbraProgramming Language (ZPL). ZPL ts an interpreted language,
analogous in some respects to the Postscript language, but with far simpler syntax
rules, and a much smaller vocabulary. The following description refers to Iævel0 of
the language and is of preliminary nature only. The range of functions supported by
the language is expected to develop substantially as user experience with the package
increases, and may well force a reappraisal of the syntactical rulest3e.

AZPL statement consists of one or more lexical tokens, each of which comprises one
or more contiguous characters. læxica] tokens within a command are separated by
white space. The first lexical token within a comman d is a command introducer, and
consists of a single uppercase letter which determines the type of action to be initiated
by the command. The remaining lexical tokens are of two q¡pcs. If the lexical token
begins with a hyphen, the token is interpreted as a command modifiey'ñ, and qualifies

t39 'l'he commands supported have been implemented on a somewhat ad hoc basis to
meet the needs of the present research project. This version of the software has recently
been released internally for consulting work, and will in the near future be required to
support projects involving the application of expert system principles and process integration
to the design of ai¡ conditioning systems. These considerations will undoubtedly encourage
a rationalization of the interactive functions supported by Znúa. For this reason, the
discussion in this section should be regarded as indicative only of the type of interactive
functions which may be supported by Znbra.

The leading hyphen is sripped from a command modifier before it is processed. In
any references to command modifiers in the followng, it will be assumed that this action has
already been taken.

140
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the action to be initiated by the command. All other lexical tokens are interpreted as
comments, and ignored. ZPL commands ile case sensitive. There is however no
restriction on the length of a ZPL command. When Znbra is loaded in system
simulation mode, the following command introducers a¡e valid:

E (Edit). A request to edit some aspect of the system model follows. The
syntax of each command modifier conforms with the following format:

Type [Index] [Edit Strings]

where the entity to which the editing operation is to be applied is identified by
a single letter code (Type) identifying the type of entity, followed if
appropriate by an unsigned numeric code (Index) which identifies the
particular instance of the type to which the operation is to be applied. The
editing operations themselves are specif,red by an optional sequence of edit
strings, as above. Thus, the ZPL command

E -Smd27. 0w25. 0t16 :00 -25L24.0

will set the dry-bulb temperature of the outside ur to ZJ,C, and its wet-bulb
temperature to 25"C, while altering the model time to 16:00 and the
thermostat setting for zone 5 to 24"C. Type may take one of the following
values:

D : (DController) causes the editing operation(s) to be applied to
a distributed unit controller, or one of the entities (fans, coils, etc)
associated with it.

o : (OController) causes the editing operation(s) to be applied to
an outside air unit controller, or one of the entities (fans, coils, etc)
associated with it.

s : (System) causes the editing operation(s) to be applied to some
properfy which applies to the entire system, such as time or outside air
condition.

z : (hne) causes the editing operations to be applied to a specific
zone, and may result for instance in thermostats and humidistats being
activated or deactivated, or having their set-points changed, or in zone

loads being altered.

It is not proposed to document here the edit strings which may be applied to
each Type since these are being implemented on an a¿ hoc basis, as has been

noted. In general, those aspects of the system model which may be altered by
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M

transmitting edit comma¡rds to a loadedznbra process will for the most part
have a control function, and may be changed without altering the structure of
the model. other aspects of the model are perhaps better updated when the
process is not loaded. An exception may be made where it is necessary to
modify somc aspcct of the model structure to satisff the requirernents of a
coordinating task, such as an expert system or an optimization code.

(Metafile). In the present context, a metafile is a formatted hle, each record of
which contains a command string which will perform some control action
involving the loaded Tnbra process. The record may contain avalidzPL
statement, in which case it will be passed to the Command-Line Interpreter for
processing. Altematively, it is possible to alter certain attributes of some of
the entities of which the model is composed by respecifying data supplied
originally by the specihcation input hle, using the same codes and formats as

used by the original source. In the case of system-wide attributes, the record
specified will be identical to that in the original source. The codes supported
ale sysrEM_ATMospHERrc_pREssuRE, sysrEM_oursrDE_ArR and
sysrEM_rrue (see section 12.1.3). Thus, to alter the ambient dry-bulb
temperature to 27"C, and the wet-bulb temperature to 25"C, the following
record could be inserted into the metafile:

00003 2'7 .0 2s.o

To alter the attributes of other system entities in this manner, a suitable prehx
must be added to the specification line, the format of which will be as follows:

x Type Index Specification_Line

The first character in the record will be a lowercase x, ard Specification Line
contains the code for the attribute to be changed, and the new set of values, in
the same format as used in the original source. Of the remaining fields, Type
is a twoletter code indicating the type of entity for the which the attributes are
to be updated, and Index is a numeric code identifying the particular instance
of the entity type to be accessed. The code within the Type field may be one
of the following:

(DController).
(OController).
(hne).

A subset of the available specihcation codes are supported for use in this
manner. As an example of this type of usage, the record

Dc

Oc

Zo

x Zo 5 l-6008 1-3 .l-89 0.941-
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will alter the sensible load on zone 5 to 13.189 kW, and its sensible heat ratio
to 0.941 (code 16008 prehxes an input record to speciSr the loads for a zone;
see also the examples in section 2,4).

There is only one conìmand modiher currently supported by this command
introducer. The followi ng 7FL statement

M, -ifilename

causes the specified hle to be opened as a metahle, and its records read and
processed. As in the case of the input specification file, it is envisaged that the
metahle concept will in future be extended to handle input from media other
than disc files. Note also that since a vaJtdZPL statement may be included as

a record within a metafile, during the processing of one metafile, another
metahle may be opened and its contents processed.

(Query). A request to generate a report describing the current state of a
particular subsystem follows. The following remarks apply specihcally to a
Tnbraprocess running in a DOS environment, in which hard-copy and screen-

based reports are generated on request using the Tnbra report generator. As
Znbta is ported to a Windows environment, it will be necessary to review and

broaden the range of output options which are offered. Certainly, there will
still be a need to generate hard-copy and screen-based reports in a manner
analogous to that currently employed. It will also be desirable to transmit data

to other processes, including in particular spreadsheet a¡rd database

prograûìmes, and graphics-based programmes, which may be used as

intermediaries in the report generation process. It is envisaged that increased

use will be made of the runtime logging feature (section I2.3) in future.

In current usage, the syntax of each command modifier conforms to the

following format:

Ent ity _Ty p e Inde x Re p o rt _Ty p e I D e stination ] [ F ilename ]

In which Entity_Type specifies the type of entity for which the report is to be

generated, and may take one of the following values:

D : (DController). Generates a report for a subsystem based on a

particular distributed controller, including the zones served by the

corresponding unit.

o : (OController,). As for the preceding, but the report does not
cover the distributed units served by the central outside-air unit.

Index specifies the particular entity for which the report is to be generated, and

Report-Type specifies the type of report which will be generated. This latter
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field must be present, and can take only one value, r (full). The optional field
Destination is a one-character code which specifies the destination for the
report, and overrides the default destinationrar. This can take one of the
following values:

(Append). The file specified by the mandatory argumcnt Filenante is
opened, and the current report appended to the existing contents of the
file, if any.

a:

(Screen) - Filename is not interpreted.

(Print) - Filename is not interpreted.

(Write).T1tis code operates in a similar manner to the Append
code described above, the difference being that in this case
any existing contents of the output frle are truncated to the
beginning of the file, before output of the current report
commences.

Given an outside-air treatment plant, index 1, which serves five distributed
units indexed 11 to 15, the following ?L statement will generate and print
reports on the current status ofeach ofthese units:

Q -o1fp -Dl-1fp -DL2fp -Dl-3fp -D14fp -D15fp

R (Run). A request to initiate a simulation run follows. The syntax of the
command modif,rer conforms to the following format:

Type Index

Type spenifres the type of entity for which a simulation run is to be performed,
and can take one of the following values:

(DController). A moisture staircase iterative loop is
performed for the distributed controller specihed by Index.

(OController). A simulation run is performed for the outside-
air controller specified by Index, following which moisture
staircase iterative loops are initiated for each distributed unit
served by the outside-air unit.

t4l The default destination is the screen unless an alternative default destination has been specified
using the command-line switch -oarg (see section l2.l.l). If an alternative destination is specified
by the [Destination] [Filename] wguments to the Q command, this new destination will be effective
for this report only, the default destination being restored on completion.

p

w:

D

o
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T (Terminate). This code terminates a Tnbra run. No code modifiers are

currently recognized for this code.

An equivalent set of command introducers is available when Znbra is loaded in coil
simulation mode.

A pointer to a function (the command processor) which will process one ZPL
command. Class SysfemControldefines a member function

static int SystemControl: :CommandProcessor (char
char

code,
strptr);

which performs this function for a Tnbra process loaded in system simulation mode.
The arguments to this function have the following meanings:

code is the command introducer

srrprr is a null-terminated array of pointers to the command modifiers, each of
which is stored as a null-terminated string, stripped of its leading hyphen.

The values retumed by this function are similar to those retumed by the command-line
interpreter (see below). The purpose of the command-line interpreter is to check the

validity of the command introducer, and parse the command into its components,

which are then passed to the command processor. The commandline interpreter
generates an error retum if the command introducer is not valid, or if the command
processor signals an error. A command processor may choose to signal an enor if it
receives a syntactically inconect command modifier, or a request to perform an

operation on a non-existent entity. Alternatively, it may choose simply to ignore such

command modifiers, and continue to process any additional command modifiers
within the command.

The command processor for a Znbra process loaded in coil simulation mode is a

member function of class CoilTestEnvironment.

A null-terminated character string containing the valid command introducers. Class

System0ontrol defines a member variable

static char* SystemControl: :cds = {'E' , 'N1' , 'a' , 'R', 'l' , '\0'};

which fulfils this function for a T.ebraprocess loaded in system simulation mode.

The value returned by the function may take one of the following values:

Normal completion.
A request has been received to a terminate the process.

An error has been detected. This indicates that an invalid command introducer has

been specified, or that an error has been returned by the command processor.

0
1

-1
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Within the current DOS-hosted version of Znbra, once a process has been loaded, a loop is
initiated to accept lines of input from the keyboard, and pass them to the command-line
processor for further action. The loop terminates when the r command introducer is received.
The Windows version of the pro$amme is expected to opcratc in a simila¡ manner, except
that rather than receiving cornm¿ìndJine input from the keyboard, it will receive it from one or
lnur'€ cuupcrating processes using the Dynamic Data Exchange (DDE) mechanism.

l2.3.Logging of Runtime Data.

Class LogFile provides a facility which is used byZnbrafor logging system specifications and
runtime data. An object of class LogFile is created by invoking the constructor

LogFile::LogFile (char* fn = "\0",
boolean ts = false,
char* extn = 0);

where tn specifies the name of the file to which logged data will be written, and ts determines
whether model time is to be logged. The final argument (extn) specifies an optional hlename
extension, which will override one supplied with the file name. If the fite name is omitted, a
temporary file is created, and deleted when the object is deleted. This default behaviour for
the class was selected with future Windows applications in mind, in which it is envisaged that
coordinating classes will interact extensively with the log file for a loadedTnbraprocess. In
that case, the log file would become largely an intermediary between the model, and a target
data store, such as a data base or a spreadsheet programme. In current usage, it is customary
for the user to log data to a named file, which can be perused after the run. If the hle name
specif,red refers to an existing file, any new records are appended at the end ofthat file.

Data a¡e written to the log hle as formatted records, terminated with a newline character, and
structured as follows:

SlTl N S p e c _N ol Run _N o T ime I M o de I _T im e ] [ D at a ]

where the helds have the following significance:

The record is prefixed by an uppercase letter indicating the type of record to be
wdtten. Prefix ,S indicates that the tecurd is a speciJiculion record, ¿urcl contains details
of the system configuration. Prefixes N and Z indicate that it is a data record, and
contains data describing the outcome of a simulation run. Prefix T indicates that
logging of model time is enabled, and N that it is disabled. It is only meaningful to
record model times when performing a sequence of simulations with load varying
over time.

For specification records, Spec-No is the specihcation number, which is normally
incremented when a new system configuration is loaded, or when the system
configuration is altered. This may happen for instance, when an expert system is

2.
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searching for an optimal coil conf,rguration. For data records, Run_No is the run
number, which is normally incremented when the loads are changed, or some aspect
of the system configuration is altered. For time-based simulations, an increment in run
number normally conesponds to a change in model time. Both of these indices begin
at 1, and contiguity is maintained when records are appended to an existing log f,rle.

Time is the time the record is written, in MS-DOS intemal format

The model time is written only to records prefixed with Z

The preceding fields are all prefix fields. The process using the log file (Znbra in this
case) may write runtime data, as appropriate, into the remaining helds of the record.
No restriction is placed on the length of the record.

Three member functions are provided to facilitate write access to the log hle:

ostream& LogrFile: :SpecificationRecord ( ) ;

ostream& LogFile: :DataRecord O ;

void LogFile: :Write ( ) ;

The fust two functions write an appropriate set of values to the prefix fields of the record, and
retum a reference to the output stream. Any further output will follow the prefix fields. The
final function will write the current record to file. Note that since both types of record are

written to the same file, one record should be written to its final destination before output to
another is begun.

The cunent version olZnbra does not perform any read operations on the log file. However,
a class ReadLogha.s been developed for this purpose. This class is similar in concept to class

TertSource, which was described in section 2.4.
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Chapter L3. Case Studies and Examples.

The preceding chapters have described a methodology for modelling the steady-state
performance of all-air systems employing chilled water as the cooling medium. The ÆBRA
software package has now been in use for several years, both in its present form and in the
form of earlier versions based on essentially the same principles. During that time it has been
used as a design and research tool for a number of conceptual and actual design studies. The
results of a number of these will be used in the following to demonstrate some of the
capabilities of the modelling techniques developed, to explain the basis of some of the
successful design concepts which have emerged through experience, to expose some of the
common misconceptions of air conditioning designers, and to provide some indication as to
how the software may be applied within the context of a design methodology. The emphasis
will however be very much on the first of these objectives.

A considerable body of experience has now been gained in the use of ÆBRA as a design tool.
A number of studies are now being undertaken to condense this experience into a formal
design methodology. The approaches taken in these studies are various, although broadly
speaking all have a conìmon objective. In addition, the modelling methodology described in
the present thesis is a fundamental component of each of these latter studies. The examples
presented in this chapter have been selected primarily to demonstrate the use of the package in
a number of typical working situations.

As noted in the previous chapter, ÆBRA may be run in one of two modes. CoiI simulation
mode provides the user with an opportunity to examine the response of a coil bank to
variations in the quantities and properties of the working fluids entering the coil. The fust part
of the chapter demonstrates the manner in which æBRA is able to model the thermodynamic
processes within a composite coil bank. This both illustrates some of the concepts developed
in chapter 8 and cla¡ifies and quantifies the response of a simple coil to va¡iations in the flow
rates of the working fluids.

The examples and case studies presented in the remainder of the chapter demonstrate the use

of ÆBRA in system simulation mode. Three examples are considered:

A lecture theatre at the National University of Singapore. This example is based on a
retrofit for a lecture theatre in a tropical climate. The direct sola¡ load on the

conditioned space is negligible, and occupancy levels vary over a particularly wide
range. These factors, together with the high outdoor air humidity levels characteristic
of the climatic region in which the building is located, make it a particularly
demanding application. The study was completed some years ago (1991), and the

design solution selected for that project is not indicative ofour current understanding
of how the methodolory may best be applied in practice. The example is, however, of
more than historical interest. The absence of direct solar load, together with the use of
the load locus, meant that the performance of the system over its entire operating range

could be represented graphically as a function of outdoor air conditions and

I
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occupancy. A custom-built version of the æBRA prograÍtme was devised to
facilitate the simulation process.

A multistorey office block. The example selected is based on a conceptual study
(Marshallsay et al., 1993) which compared the energy consumption of va¡ious types of
air conditioning system serving a multistorey ofhce building when the building is
located consecutively in four difl'erent geographic locations which ¿ìre representative
of four distinct climate types. Twodifferent ventilation rates a¡e considered in each
location. In the present study, the building which formed the basis for the earlier study
is used as a test-bed for an in-depth examination of a number of solutions for a
common design problem. While the range of climates considered here is less than in
the original study, the opportunity will be taken to broaden the range of operating
parameters considered.

An apaÍment block in Bangkok. This example is of interest for a number of reasons.
It illustrates the most recent developments in the HDP concept and its ability to
achieve exceptional eff,rciency and psychrometric performance while at the same time
satisfying severe commercial constraints. Many of these developments have been
made possible by the simulation capability provided by the ÆBRA prograûrme.
Unlike the preceding c¿ìses, the plant considered in this example is required to operate
lor 24 hours each day in a climate which offers considerably more diversity than do
locations closer to the Equator. In addition, the operational requirements peculiar to
specialized a¡eas such as "part5/" apartments and a lounge bar pose particularly
challenging design problems.

13.1. Use of T,ebrain Coil Simulation Mode.

In Chapter J were described a set of algorithms which may be used to simulate the behaviour
of a simple coil given the flow rate and thermodynamic state of the working fluids entering the
coil. The methodology was extended in chapter 8 to enable composite coils to be simulated
using a suitably structured set of simple coils as the component elements. In the present
section a number of examples arc presented which will demonstrate the concepts developed in
those chapters.

It is instructive in the first instance to consider the response of a simple coil to variations in the
flow rates of the working fluids. The test results a¡e based on a half-circuitcd four-row coil
with a fin density of 6 hns per inch which presents aface arca9l4'4 mm high (24 tubes) by
1000 mm wide. The chilled water temperature at entry to the coil in each case is 6.5'C.

In figure 13.1 the coil-offcondition has been plotted on a psychrometric chart as a function of
chilled water velocity. For the upper curve the air entering the coil has a dry-bulb temperature
of 36"C and a dew-point temperature of 25'C; for the lower curve, the entering condition is
36"C dry-bulb and 20'C dew-point. In both cases, the actual air face velocity is 1.5 m/s. It is
noteworthy that at very low coolant velocities the cooling is almost entirely sensible. Only
when the coolant velocity becomes high enough to cool the air almost to its dew-point
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Figure 13.1. Coil-off condition for a simple coil (refer text) as a function of chilled water velocity

temperature does any significant removal of latent heat occur. At higher coolant velocities, the

coil-off point describes a locus which closely approximates a line of constant relative
humidity. On the basis of the two cases shown, it appears that the exact position of this locus
is determined by the humidity ratio of the air entering the coil, and can be expected to more
closely approach the saturation line for more humid entering conditions. Further simulations
need to be performed before this relationship can be quantified.

Further details of coil performance a¡e contained in Appendix A, plots (4.1.a)-(4.1.h). In all
cases, the entering air condition for the coil is 36'C dry-bulb, 25'C dew-point. In plots
(4.1.a)-(A.1.g), various operating parameters are plotted as a function of chilled water velocity
over the range from 0.125 to 2.5 m/s. The parameters plotted are:

Latent, sensible and total cooling capacity (kW) for an air face velocity of 1.5 m/s.

Sensible heat ratio.
Total capacity (kW).
Iæaving air dry-bulb temperature ("C).
Vy'ater temperature rise ("C).

a.

b.
c.

d.

e.
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f.
o

Surface wetness fraction, def,rned as the ratio of wet surface area to total surface a-rea.

Water pressure drop (kPa) for an air face velocity of 1.5 m/s.

In plots (4. 1.b)-(4. 1.f), the relevant operating parameter is plotted for air face velocities of 0.5,
1'0, l'5, 2'0 and 2'5 n/s. The water pressure dropraz is virtually independent of air face
velocity. Note that the information on coil capacity shown in plot (4.1.a) is also contained, in
equivalent form, in plots (A.l.b) and (4, Lc). The remaining plot (4.1.h) shows air pressure
drop as a function of air face velocity over the range from 0.25 to 2.5 rnls for a water velocity
of 1.5 m/s; this parameter is virtually independent of water velocity.

The plots shown provide a fairly complete description of the coil perform ance for one set of
entry conditions for the working fluids. In spite of this restriction, it is possible to draw some
comparisons of fairly general relevance from a comparison of the various plots. These plots,
and in particular (4.1.b) and (4.1.Ð, clearly illustrate the physical basis of the LFV/HCV
method and enable general guidelines for its application to be derived. As shown in plot
(A.l.b), dehumidification performance improves with decreasing face velocity, and at the
lowest face velocity shown (0.5 m/s), the coil will be fully saturated for all but the very lowest
chilled water velocities (plot (4.1.f)). However, from the point of view of dehumidihcation
performance, combining high coolant velocity with an extremely low face velocity results in
a redundancy. Refening again to the lowest face velocity shown (0.5 m/s, plot (4.1.b)), it will
be seen that sensible heat ratio of the coil becomes virtually independent of chilled water
velocity if this latter parameter exceeds approximately 0.5 m/s. The benef,rts of high coolant
velocity become more apparent as the air face velocity is increased, but even at the highest
face velocity considered,2.5 m/s which is typical of conventional practice, use of coola¡rt
velocities in excess of about 1'5 m/s confers little benefit in terms of dehumidification. There
are other reasons for limiting coolant velocities to moderate values. As shown by hgure 1 3 . 1 ,

and plots (4.1.c) and (A.l.d), coil capacity (both sensible and latent) increases monotonically
with coolant velocity, but the rate of increase falls with increasing water velocity. Meanwhile,
water pressure drop increases as the square of water velocity (plot 4.1.g), Thus, increasing the
coolant velocity from 1.5 to 2.5 m/s for an air face velocity of 2'5 m/s results in an increase in
total capacity of about I}Vo, but requires a five-fold increase in pumping power, while
substantially increasing wear and tear inside the coil tubes. At the same time, water
temperature rise will decrease, possibly to a value which is insufhcient to ensure effrcient
chiller operationra3.

A more extensive and systematic study is required to establish definitive design guidelines.
However, on the basis of the author's experience, a chilled water velocity of about 1.5 m/s at
peak, coupled with an air face velocity of about the same value probably represents a
reasonable design target.

t42 
The near-discontinuity in this curve is atfributable to reverse transition of the flow in the tube bends
at low Reynolds number, a phenomenon which is described in section 7.6.3.

143 
Bearing in nund that water temperature rise will increase at part load, a target peak load design value
of about 5'C is perhaps appropriate.
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An additional series of simulations has been undertaken to demonstrate the performance of
four composite coil banks, circuited according to the methods described in Chapter 8. The
results of these simulations are reproduced in a further series of plots in Appendix A. The test
data a¡e presented for a single air face velocity of 1.5 m/s in each case, and in each case, the air
entering the coil bank has a dry-bulb temperature of 36"C and a dew-point temperature of
25'C. The cases considered a¡e described below. Of special interest is the distribution of
cooling capacity (total, sensible and latent) between the coil components in the various cases.

1 Case 1,. (Appendix 4.2). The arrangement in this case comprises two coils with the

chilled water flow to each circuited in parallel, as shown in f,rgure 8.1. The coil
dimensions are as followsr4:

Coil height (Lr)
Coil width (2,)
Fin density (Nr)

914'4 mm (N, = 24 tubes/row)
1000 mm
6.18 fins/inch

Coilras N

t
2

2

1

N
D(

N
C

A
o

1

1

2
)

4
8

28.682rú
57.365 rú

The functional relationship between sensible heat ratio and chilled water velocity
(plot (4.2.d)) closely follows that for the single component coil considered previously.

This is also the case for the following two cases (2 and 3). A comparison of the

distributions of the sensible and latent cooling components between the various coil
components in each of the different circuiting ¿urangements however reveals the

differences in the mechanisms operating. CotlZ (the downstream component) makes

the major contribution to the total cooling capacity over the entire chilled water

velocity range simulated, although the difference is only marginal at the upper end of
the range (2.5 n/s). This difference is at least partially attributable to the fact that the

cooling surface of coil 2 is double that of coil 1, a point which should be borne in
mind in interpreting both this and the next example. For the sensible cooling however,

it is coil 1 which predominates at all but the very lowest chilled water velocities
(-0.125 n/s). The contribution of coll2 to the latent cooling dominates over the

entire velocity range, in both an absolute sense (plot (A.2.c)) and a relative sense

(plot (4.2.d)). This occurs in spite of the fact that in the circuiting arrangement shown,

both coil components are fed with chilled water at the same temperature, and hence

the dehumidification potential of coil 1 should exceed that of co1l2. This mode of
behaviour is in line with that shown in figure 13.1, and together they demonstrate

t44 The nomenclature follows that of section 7.1.
t4s Coils are numbered in order from the front of the coil bank with respect to the direction of air flow
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2

clearly the fundamental physical fact that the air entering the coil will undergo sensible
cooling until it is almost saturated before any latent cooling occurs,o6.

Case 2. (Appendix 4.3). The arangement simulated in this case is that shown in
figure 8.2, in which two coil components are circuited in a counterflow a-nangement
with respect to the chilled water flow. The coil dimensions a¡e as follows:

3

Coil N N
DC

N
c A

1

2

2

4
I
1

0
0

4
8

23'902 m2

43.908 rú

The solution for the thermodynamic performance of the coil bank in this example has
been found by solving equation (8.4.1) for the single intermediate manifold. While the
ratio of the surface areas of the two coils is the same as in the preceding case, in this
case coil 1 recieves water which has already passed through coil2. The water entering
coil 1 is thus degraded in terms of its potential for both dehumidification and sensible
cooling when compared with the preceding case. Consequently, the dominance of coil
2 in its contribution to total and latent cooling is even more ma¡ked than in the
preceding case, although the contributions of the two coils to the sensible cooling are
fairly closely matched over much of the range simulated.

Case 3. (Appendix 4.4). This example is an extension of that considered above, in
that the coil bank is composed of three identical coil components circuited in series in
a counterflow ¿urangement. The dimensions of each coil component are as follows:

Coil height (Lr)
Coil widrh (2,)
Fin density (Nr)

Coil height (Zr)
Coil width (t,)
Fin density (Nr)
Number of rows ({)
Passes/circuit (N,.)
Circuits (N. )
Surtace Area (4,)

762'0 mt" (N, = 20 tubes/row)
1000 mm
6.18 fins/inch

914'4 mm (¡/, = 24 tubes/row)
1000 mm
6.18 fins/inch
2

4
12

26.345 rú

t46 Note that the analysis and the argument presented here assume one-dimensional flow of the air in
the coil passages. As demonstrated in Chapter 7 the flow in the region of the tube/fin intersections
is strongly th¡ee-dimensional. Physical evidence derived from observations of many coils reveals
that some condensation does in fact occur in the leading rows of the coil and can, if the air flow
velocity is sufficiently low, occur even at the leading edges of the fins. Nevertheless the one-
dimensional air flow model is valid in that the predicted mixed state of the air leaving the first two
rows of a six row coil, which is modelled as a combination of a two row and a four row coil in
series, agrees with the experimentally determined state of the air leaving a two row coil in isolation
(Sekhar, 1990).
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The coil bank in this example has two intermediate manifolds, and the thermodynamic
performance has consequently been found by solving equation (8.4.2). The general
observations made in relation to case 2 apply here also, although since in the present
case the coil components have equal surface areas, a more equitable assessment of the
contribution of the various coil components to the sensible, latent and total cooling
capacity of the coil bank is possible. The configuration, it should be noted, is that of
a single six-row half-circuited coil. The results of the simulation show a steady
decrease in the contribution of the coil components to the total and sensible cooling
capacity of the coil. The trend is the same for the latent cooling capacity at high
coolant velocities, although it is partially reversed at lower coolant velocities. The
relative contribution of the various coil components to the cooling capacity is as

follows:

Case 4. (Appendix 4.5). This case provides an ex¿ìmple of a coil bank subject to a
changeover involving deactivation of circuits. The example chosen is that shown in
figures 8.3 and 8.4; a three-row cotl24 tubes high, in which four circuits have been

deactivated from the upstream two rows of the coil. The nomenclature used to label

the various coil components is as shown in hgure I3.2, and the dimensions of the coil
are as follows:

Coil width (L,)
Fin density (Nr)

1000 mm
6.18 hns/inch

Chilled Water Velocity (m/s) 0.5 1.0 1.5 2.0 2.5

Total Canacitv

Coil 1(rows Iand2)
Coll2 (rows 3 and 4)
Coil 3 (rows 5 and 6)

0.385
0.332
0.283

0.456
0'32r
0.223

0.488
0.3r4
0.198

0.506
0.309
0.185

0.513
0.312
0.t75

Sensible Capacity

Coil 1(rows 1 and2)
Coll2 (rows 3 and 4)
Coil 3 (rows 5 and 6)

0.514
0.216
0.210

o-529

0-283
0.188

0.542
0.284
0.t74

0.551

0.283
0.166

0.554
0.288
0.159

Latent Capacity

Coil 1 (rows 1 and 2)
Coll2 (rows 3 and 4)
Coil3 (rows 5 and 6)

0.26r
0.386
0.353

0.393
0.355
o.252

O.MT

0.340
0.2r9

0.468
0.332
0.20r

0.478
0.334
0.1 88
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Coil Lf Nt N. Ne" N" Ao

Full
1A
2A
2B

914.4 mm
609.6 mm
609.6 mm
304'8 mm

24

t6
I6
8

aJ

2

1

I

4
4
4

4

18

8

4
2

39.517 rr:f
11.563 rr:2

8.781 m2

4.391Í:-2

The results of the simulation are

shown in Appendix A.5 for both
the full coil and the reduced coil,
and the plots contained therein
clearly show the manner in
which the changeover
mechanism acts to improve the
dehumidihcation performance
of a coil under part load.
Consider the case of a coil
required to provide 20 kW of
sensible cooling. From
plot (4.5.b) it is seen that the
chilled water velocity required
to provide this arnount of
sensible cooling using the entire
coil is 0.32 m/s. After
deactivating four circuits as

shown, the chilled water
velocity in the remaining active
circuits increases to 1'6 m/s.
Simultaneously, the sensible
heat rario (plot (4.5.d))
decreases from 0.6 to 0.52.

LA

AIR+

#
Figure 13.2. Nomenclature for coil components used

The examples shown in the foregoing in case 4.

have been selected to illustrate the use of
æBRA in coil simulation mode to explore the manner in which the performance of a coil will
vary across the range of loads which it will be required to offset. In addition to providing an
overall picLure of the coil performance it is possible, by judicious segmenting of the coil into
a number of component parts, to investigate the contribution which various rows or groups of
rows make towards offsetting the latent and sensible loads inposed on the coil. The insights
provided by case 4 (Appendix 4.5) are especially useful. A vital step in designing a staging
strategy (see section 6.5.4) is that of selecting the water velocities at which changeover will
occur with a sufficient degree of overlap on rising and falling load. Failure to provide the
necessary overlap will result in unstable operation. Use of plots such as these are an
invaluable aid in selecting the required changeover points.
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13.2. Case l. - A Lecture Theatre in Singapore.

The brief in this case was to design and commission a replacement air handling unit for a 150
seat lecture theatre located in monsoonal Asia. The occupancy of the lecture theatre va¡ies
significantly from hour to hour and ranges from maximum capacity down to a hand-full of
students studying individually or in small goups. The target zone temperature was 24oC, and
the aim of the design exercise was to produce a system which would maintain the relative
humidity within the conditioned space at or below 607o over its entire operating range, without
the need for overcooling and reheat.

The system was designed strictly in accordance with LFV/HCV principles. The design also
represents the earliest implementation of an HDP system. At the time the design was prepared
(1991), the full potential and flexibility of the HDP system had not been fully realized and
therefore this case study may be seen as having largely historical significance. Research
undertaken since 1991 has greatly augmented our understanding of how HDP concepts may
most effectively be applied in a range of situations. A number of HDP applications will be
described in the case studies which follow this one.

The real interest of this example lies in the fact that, due to a combination of circumstances, it
was possible to explore the functional dependence between system performance and its
operating parameters within a far simpler framework than is normally possible. This permits
the major indices of system performance across the entire operating range to be displayed
using a unique graphical representation analogous to an "engine map", from which valuable
insights into the behaviour of the system can be derived.

In general, the cooling loads imposed upon a conditioned space are determined by the
nonlinear interaction of a large number of variables. Two key simplif,rcations are made in the
analysis associated with the present study:

The conditioned space has no glazed extemal surfaces, and solar load can

consequently be ignored.

Historical effects associated with the thermal inertia of the building fabric can be

neglected. The validity of this assumption is open to question, and in general the
ignoring of thermal inertia can significantly reduce the reliability of load calculations
(von Thun and Witte, 1991). The practice is acceptable in the present instance since

the diurnal swing cha¡acteristic of tropical climates is small, and the a¡nbient
temperature may be expected to vary smoothly in the course of the day (Sham, 1980).

In addition, for this particular application the plant does not operate at night, and night-
time ambient temperatures are close to the required zone operating temperature so the
moming transient "pull-down" load is small.

If it is further assumed that the lighting and equipment loads remain constant, the zone loads

become a function of two parameters:

l1

i. Number of occupants within the zone.
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Figure 13.3. Design loci for 5Vo, lÙVo and20Vo levels for Adelaide (lower set ofcurves) and Singapore
(upper set of curves).

ii. Ambient dry- and wet-bulb temperatures.

An appropriate set of design ambient conditions may be derived by reference to the design
locus for Singapore (Luxton et al., 1989). A point on the design locus is locatecl hy the clry-
bulb temperature, and by the simultaneous value of wet-bulb temperature which will not be
exceeded with an expectancy of E. In the present case, the design locus for E = IÙVo has been
used. Da¡ime design loci for Adelaide and Singaporet47 ffie shown in figure 13.3. The locus
for Adelaide was constructed using statistics covering the period from 0900 to 1800, that for
Singaporc using statistics covcring the period from 08ü) to 1700.

It needs to be emphasuedthat the design locus, and hence the performance maps to be derived
from it later in this section, we design tools. The locus permits the designer to locate the peak
design conditions and those part-load conditions which will be critical to the satisfactory

147 The design locus for Adelaide was constructed using statistics provided by the CSIRO based on
readings obtained by the Bureau of Meteorology. The statistics upon which the Singapore locus is
based were supplied by Assoc. Prof. T.Y. Bong of the National University of Singapore.
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dehumidihcation performance of the plant. The design locus does not completely define the
operating range of the plant; by dehnition, a system will operate at points below the lOTo

design locus for 90Vo of its working life.

13.2.1. System Configuration.

The system installed is a Va¡iable Air Volume (VAV) system having sepamte outdoor-air and
return-air coils circuited in series, with the chilled water fed to the outdoor-air coil hrst. The
water entering the outdoor-air coil thus has a higher dehumidihcation potential than that
entering the return-air coil. This is an appropriate design decision for a humid tropical climate.
The specifications for the coils used are as follows:

Outdoor Air Return Air

Coil Width
CoiI Height
Tubes/Row
Rows
Passes/Circuit
Circuits
Surface Area (m2)

Fin Density (fins/inch)

Lt
Lr
NI
N
Npc

N
c

A.o

4

772.0
914.4

24
J

4
18

30.507

6.18

t397.0
9t4.4

24
J

4
18

55.205
6.18

The chilled water
flow to the two
coils is modulated
using a single valve,
so that the total
water flow through
both coils remains
the same. The
circuiting
arrangement is ¿rs

shown in figure
13.4. Falling loads
a-re accommodated
by selectively
deactivating circuits
from the lust two Figure 13.4. Coil circuiting diagram for lecture theatre.

rows of the return
air coil only. Thts is achieved using simple on/off valves in conjunction with a split outlet
manifold for the return air coil. Water pressure drop is used as a surrogate for water velocity
to trigger the changeovers although in the following, all references are to the corresponding
water velocity. Details of the staging employed are as follows:

B

C

+

AIR>

+su¡PLY
colL OIIîSIDE ÀIR COIL
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Stage 1 2 3

Circuits Active - O/A Coil
Circuits Active - R/A Coil
Upper Breakpoint (m/s)
l-ower Breakpoint (m/s)
Valve A
Valve B

18

18

0.8

Open
Open

l8
I4

2.1

1.0

Closed
Op"n

18

I2
2.1

Closed
Closed

Outdoor air is 600 Us (4l-ls per person) at peak load, when the lecture theatre has 150
occupants, and is modulated in proportion to the total air supplied to the space. This is
acceptable practice in the current application, since it is guaranteed that adequate ventilation
(greater than the Singapore standard of 2.5\-ls per person) will be supplied to the space at all
times. The supply air temperature was L4.5"C.

13.2.2. System Performance.

System performance was evaluated over a load matrix def,rned by the design locus and the
occupancy of the space, the nodes being defined by the following coordinatcs:

Occupants: 5, 10,20,30,40,50, 60, 70, 80, 90, 100, I25, I5O.

Ambient dbr ("C) 25 26 27 28 29 30 31 32

Ambient wbt ('C) 24.5 25.2 25.5 26 26.3 26.5 26.7 27

Room sensible heat ratio varied across the load matrix from a value of 0'624 with the space
occupied by 150 students under ambient conditions of 25'db, 24'5"wb, up to 0'973 with the
space occupied by 5 students under ambient conditions of 32'db, 27"wb.

The simulations were performed using an earlier version of the ZEBRA code described in the
preclding chapters. While lacking the generality of the current version of the code, this
version did possess specific features which enabled it to process a sequence of load conditions
covering the load matrix described above, and also to locate the intermediate points in the
matrix at which a changeover would occurr48. For each ambient condition in the above matrix,
the following steps were executed:

148 While the current version of theZnbraKernel does implement the ability to process an arbitrary
sequence of load conditions, and also provides a fundamental set of operations to support the staging
mechanism (see section 6.5.4), the ability to locate the changeover points iteratively has been
omitted from the Zebra Kernel. In keeping with the philosophy underlying the current version of
the software such functionality should, if required, be implemented as a component of a coordinating
process, rather than as an integral component of the Zebra Kernel itself. It should be noted that the
staging mechanism currently supported is somewhat broader in scope than that envisaged when the
design study considered here was performed.
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A sequence of records was read from from a file, each record specifying the
occupancy (p) of the lecturc theatre, and a load vector (L) containing the following
components:

Sensible load (kW),
Sensible heat ratio,
Supply air duct heat gain ('C),
Return air duct heat gain ("C),
Ventilation rate ([-/s),

each calculated on the basis of the operative ambient conditions and occupancy
levelrae. The records were read in ascending order of occupancy level for simulation
sequences describing system behaviour on rising loads, and in descending order where
it was desired to simulate/alling loads.

For the load sequence, a functional relationship wai; established between occupancy
and load by fitting a cubic spline (Press et al., 1988) to the various components of the
load vector L, with occupancy level as the independent variable.

The nodes specified by the sequence of occupancy levels were traversed. For the hrst
node in the sequence, the appropriate stage was determined using methods broadly
similar to those described in section 6.5.4. For each succeeding node i , system
performance was calculated, and chilled water velocity checked to determine whether
it lies within the bounds of the current stage; in other words, whether it lies below the

upper bound on a rising load, and above the lower bound on a falling load. ff the

water velocity lay beyond the appropriate bound, then clearly a changeover point was

located between node i - 1 and node I . Let V* be the water velocity at an arbitrary
point, and Vn o& the water velocity at the operative changeover point. Now, (,, is a
function of the load vector,

v* = f(L) (L3.2.t\

where a smooth functional relationship has been established between occupancy level
and the load vector in step (2) above. It was thus possible to evaluate V* as afunction
of occupancy level using ÆBRA and hence, knowing that the search interval was

bounded by nodes I - 1 and i , to find the occupancy level at which the changeover

occurred by solving

f'(p) = v,,(p) - v,,b = o (13.2.2)

using algorithm zero. Iæt stage j be the stage operative before the changeover

occurred, and.i 'be the stage operative after changeover. Then, having located the

occupancy level at which changeover occurred, system performturce was evaluated at

that occupancy level for both stages j úLd j'.

I

a.

b.

c.

d.

e.

2

aJ

t4e Fan temperature gain was calculated internally using equation (10. 1.3).
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Each load sequence was traversed in both ascending and descending orders to locate
the changeover points on rising and falling loads.

A number of altemative graphical representations of the data are possible. A performance
map for the system is shown in fìgure 13.5, in which room relative humidity is plottcd as a
function of chilled water velocity over a set of loci specifying conditions of constant
occupancy, and a set ofloci
speciffing constant ambient 68

conditions. The abscissa
has been chosen to show 66

the control action to
advantage. Figure 13.5a

shows system performance
under conditions of
decreasing load; the rising
load condition is shown in
figure 13.5b. Comparing
the two diagrams, it is seen

that the chilled water
velocity immediately
following a changeover on 52

decreasing load is lower
than the upper breakpoint
for the stage following the
changeover under ¿1 Figure 13.6. Performance map for the lecture theatre air conditioning

conditions. An analogous system without changeovers. Lines of constant
. populatlon slope up to the left. Lines of

observarion hords in respecr ::ir",låÏi.'l""tiJi,lir}å"il;",Tïï:t 
constant

of a changeover on
increasing load. Stability of operation in the vicinity of the changeover points is thus ensured
at all times. It is noted that the relative humidity limit of 607o stipulated in the design brief is
satished for all but a very small portion of the operational cycle of the system. This is in
contrast to conventional VAV and CAV systems. Peformance curyes for these latter systems
under conditions of full occupancy are also shown in figure 13.5, and in figure 5.10, which
plots relative humidity as a function of room sensible loadrsO. The part-load performance of
the CAV system is especially poor, for reasons which have been described in section 5.1.1. It
should be noted that the supply air temperature for each system has been chosen to minimize
the risk of condensate forming on the supply air cliffrrsers in the lecture theatre. The superior
dehumidihcation perforTnance of the LFV/HCV system means that a lower dew-point

150 The conventional systems used in these comparisons featured a half-circuited four-row coil with a
fin density of l2 fpi, and a face area914.4 mm(24 tubes) high, and 876 mm wide. It should be
noted that the inability of the conventional systems to maintain a sufficiently low dew point in the
room required that the supply air temperature be raised to 16'C and the supply air volume be
increased to avoid condensation in the supply air diffusers. This incuned a direct energy penalty
in terms of the mass of the return ai¡ to be heated and a parasitic energy penalty in terms of the fan
energy. In part it was this factor which led to the formulation of the HDP concept.
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temperature can be maintained using this system than is possible with a conventional system.
This in tum makes it possible to use a lower supply air temperature.

For comparison with the performance map of hgure 13.5, a performance map for an identical
system, but featuring no changeovers, is shown in hgure 13.6. Clea¡ly, the LFV/FICV system

offers two major advantages over its conventional counterparts. The basic LFV/HCV
configuration increases the dehumidihcation potential of the system, and hence reduces

humidity within the conditioned space, under all conditions. It should be bome in mind that
the LFVÆICV system used in the present case is a Variable Air Volume system, and shows

the same trends as a conventional VAV system at part-load, while of course maintaining
approximately the same improvement in dehumidification performance across the load
envelope. This behaviour is clearly illustrated in f,rgure 5.10. If the system in its basic
configuration proves incapable of satisffing air quality criteria under all part-load conditions,
the use of a staging strategy provides a means of restoring the dehumidification potential of the
active portions of the coil, and hence of improving dehumidification performance at part-load.

The current example was described in an ea¡lier paper by Shaw et al. (1992), in which an

analogy was drawn betrveen the performance map and the "engine map" used by the designers

of motor vehicles to determine the best transmission ratios and gear change points, a¡rd to
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predict vehicle performance and fuel consumption. The choice of chilled water velocity as the
abscissa for the performance map in this instance admirably fulhls the above objectives, since
the water velocity is used as a control parameter for the system under consideration. The use
of room sensible load as the abscissa for the performance map arguably provides a more
convenient basis t'or comparing the performance of competing design solutions, since the
correspondence between equivalent operating points for different systems is now considerably
simplified. Equivalent operating points have the s¿rme room sensible load for all systems. The
variation in water flow rate across the operating range of the system is, on the other hand, a
function of the system design, and the correspondence between equivalent operating points is
less obvious. This latter type of representation has been used to compare the performance of
the LFVÆICV system with conventional VAV and CAV systems in hgure 5.10. In hgure
13.7, this representation is extended to present the performance map of an LFVÆICV system
as a plot of room relative humidity versus room sensible load.
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Figure 13.8. Contour map of system refrigeration capacity for the LFV/HCV system. This plot is
designed to be used as an overlay for the performance map of figure 13.7.

The most suitable representation, and the choice is not limited to those shown above, will be
determined by the needs of the user. In general, it might be expected that the presentation of
figure 13.5 would be more usefrrl for the system designer, while that of figure 13.7 provides a
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Operatlng Conditions LFV/HCV Conventional VAV Conventlonal CA!

Outdoor Air: 32"C db;
27"C wb

1 50 Studenls
(Peak design condition)

Total Hel. Cap. (kW)
Overcooling (kW)

56,38
0.00

61.20.
4.82

61.20.
4.82

Ref. Power Consum. (kW)
Additional Reheat (kW)
Pump Power (kW)
Fan Power (kW)

17,62
0.00
0.26
0.04

19.13
3.47
0.05
0.55

19.13
3.47
0.05
0.55

Total Power (kW)
Total Add Power (kW)
% Add Power Req'd

17.92 23.1 I
5.27

29.44o/"

23.19
5.27

29.44o/o

Outdoor Air: 30'C db;
26.5'C wb

100 Students

Total Ref. Cap. (kW)
Overcooling (kW)

40.53
0.00

4't,40
0.87

52.50
11.97

Rel. Power Consum. (kW)
Add¡t¡onal Reheat (kW)
Pump Power (kW)
Fan Power (kW)

12.67
0.00
0.10
0.02

12.94
3.91
0.01
o.27

16.41
8.00
0.03
0.55

Total Powet (kW)
Total Add Power (kW)
% Add. Power Req'd

12.78 17.13
4.35

34.OOo/"

24.98
12.20

9s.46%

Outdoor Air: 26'C db;
25.2'C wb

100 Students

Total Bef. Cap. (kW)
Overcooling (kW)

29.33
0.00

33.00
3.67

49.80
20.47

Ref, Power Consum. (kW)
Add¡t¡onal Reheat (kW)
Pump Power (kW)
Fan Power (kW)

9.17
0.00
0.02
0.01

10.31
3.41
0.00
0.15

15.56
9.78
o.02
0.55

Total Power (kW)
Total Add. Power (kW)
% Add Power Req'd

9.20 13.87
4.68

50.85%

25.90
16.71

181.65%

375

* See footnote 150 on page372.

Table 13.1 Comparison of power consumption between an LFV/HCV system and conventional VAV
and CAV systems constrained to deliver the same dehumidification performance.

clearer means of comparing the performance of various systems. Regardless of the axes

selected however, it is possible to build up a complete picture of system performance by
plotting contour maps for the entire range of parameters of interest ¿rs overlays on the basic
performance map. To illustrate this idea, a map of refrigeration capacity is shown in figure
13.8 as an overlay for the performance map of figure 13.7.

The unique set of conditions which permitted the zone loads to be expressed as a function of
just two parameters was described earlier in this section. In the general case, the factors

affecting the zone loads are both more numerous, and more complex in the interactions which
exist between them. While the concept of the perfonnance map is certainly attractive, it is not

immediately clear how it can meaningfullybe extended to situations in which it is not possible

to make simplifying assumptions compa.rable to those operating in this case.

In the foregoing, a comparison has been drawn between the dehumidification performance of
an LFViHCV system, and that of conventional systems designed to offset the same sensible

load. It has been noted that the conventional VAV and CAV systems considered in the design
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study are unable to meet the design brief over much, if not all of the operating range. It is of
course possible, by the use of overcooling and reheat, to control these latter systems to meet
the desired humidity specifications. This factor must be accounted for in comparing the
performance of systems in terms of energy consumption. In other words, if meaningful energy
comparisons are to be drawn between different systems, the systems undcr consideration must
be capable of meeting the same specifications, in terms of offsetting both sensible and latent
loads.

Algorithms for solving the moisture staircase problem for a system subject to humidity
constraints a¡e described in section 6.3.4.2. With the conventional systems thus constrained to
maintain the same relative humidity as the LFV/HCV systemrsr, the power consumption for
the three systems was evaluated at three representative load conditions. The results a¡e
tabulated in Table 13.1. In interpreting these figures, note that

Refrigeration power consumption was derived from refrigeration capacity using a
coefficient of performance of 4.0, and a compressor efficiency of 0.8.

The additional reheat is that which must be added in addition to duct and fan heat
gains to obtain the desired performance.

iii. The extremely low fan power consumption for the LFV/HCV system is a result of the
low face velocity associated with this system. Power consumption for the spill air fan
(which is the same for all systems) has been neglected in Table 13.1.

The figures presented provide an indication of the upper bound of the energy savings which
a¡e obtainable using the LFV/HCV methodology.

13.3. Case 2 - A Multistorey Office Building.

The two other case studies documented in this chapter, the National University of Singapore
lecture theatre, and the Attakarn Prasit Staff Apartments in Bangkok, deal with actual design
briefs. In the case of the hrst-mentioned, the plant has been in operation since January 1993,
and in the second case commissioning was completed in November 1995. The study
described in the following is, by contrast, of a conceptual nature. The idea for this study
originated from a number of design studies for high-rise buildings in Singapore which were
undertaken in early 1992. While the icleas developed in those studies were not adopted in
practice at that time, the studies played an important rôle in the evolution of the HDP concept.
These design studies formed the basis for a later conceptual study (Marshallsay et al., 1993)

15t The comparison criterion used in this early study (i.e. equal dehumidification performance) over-
penalises the conventional systems in that it is strictly only necessary that the conventional systems
just satisfy the RH specifications. Any dehumidification which the LFV/HCV systems offer in
excess of the design value is an unquantihable bonus. Nevertheless, overcooling and reheating is
required to achieve 607o RH with the conventional systems at all times and the energy penalty
remains substantial.
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which compared the
performance of a

typical office building
when it is located in
each of four capital
cities in loacations
which span a wide
range of climates;
Adadetfldcn Sngæüe

and Washington. In
that study, simulations
were performed for
each location at peak
sensible load and at a
representative paÍ-
load condition, each

for two outdoor air
flow rates, and for a

number of system
types of both
conventional and

novel configuration.

The earlier study 
., Fi8ure 13.9. Plan view of a floor of the "typical" office building.

revisited in the following. The number of climates considered is reduced to two; Kuala
Lumpur and Adelaide. Kuala Lumpur has a typical rainy tropical climate, while that of
Adelaide is dry subtropical. The configuration of the system types to be considered has been

revised as a result of a reassessment of the earlier study and in the light of our more recent
design experience. Finally, the opportunity has been taken to examine a wider range of design
and operating parameters, and to make a more detailed presentation than was possible in the

earlier study.

The present study is timely in view of recent work undertaken by the group (Luxton and

Petrovic, 1995) to identiff the parameters which will define a "design matrix" which may be

used by the HDP system designer both as an estimating tool, and as a means of developing a
sound initial approximation to the design which can subsequentþ be refined. While the study
described below is incomplete in itself, it does provide an indication of the manner in which
a simulation package such as ZEBRA may be used to develop, veri$ and supplement the

design matrix.

13.3.1. The Building.

A central preliminary task in this study was that of selecting a "standard" building which
would provide a reference for evaluating the comparative characteristics of contending air
conditioning design solutions. It goes without saying that, for a given situation, different
buildings will exhibit signihcant va¡iations in thermal behaviour, according to their purpose

N

1
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and construction. However, one may envisage a "standard" offrce building, for which the
construction, lighting and occupancy schedules may be regarded as being in a sense typical
Orientation, together with climatic regime and location, are then the major factors determining
the thermal behaviour of the building. By making the building symmetrical, and setting it with
a diagonal facing North, thc cffcct of orientation can be minimized. The building then forms
an ideal test-bed for comparing the performance of va¡ious system types.

The construction of the "standard"
building used for the study is shown in
plan form in figure 13.9, a¡rd in section in
hgure i3.10. The construction is based
on that of an actual building, and
represents a "t¡rpical" small to medium
size ofhce block of up to perhaps, 20
stories. Each floor is divided into four
perimeter zones, and an interior zone.
The interior zone has a floor a¡ea of
59I.4 m2, that of each of the perimeter
zones being lI0'4 rú. A floor plan has been

chosen in which the service area is
completely enclosed within the interior
zone, thus making the building almost Figure 13.10.
symmetrical, to reduce the number of
variables in the load calculations. The lift
lobby (area 33'4 rfi) is air conditioned, and for load calculation purposes is regarded as part of
the interior zone. The remaining portions of the service are¿rs ¿ìre not air conditioned. In this
exploratory study we have taken the building to comprise 20 identical stories. For the purpose
of the load calculations, thermal aspects specific to the ground and top floors have been
neglected.

Retum air is ducted through the ceiling plenum. For load calculation purposes, the plenum is
divided into five zones, each corresponding exactly in area to one of the conditioned zones.
Building construction is assumed to be 'tight' and, on this basis and using information
published by ASHRAE (1993;chapter 23),the perimeter zones may be taken to be subject to
leakage through the extemal walls at a steady rate of íOIJslzone, while the leakage rate from
the interior zone through elevator shafts may be taken to be 13 [-/s/floor. These rates a¡e
commensurate with a building envelope pressurized to 75 Pa above atmospheric.
Unfortunately, it has not been possible to account for the effects of leakage in the present
study, since the TEMPER progranìme which was used to perform the load calculations does
not provide for the estimation of exfiltration, although infiltration may be accounted for152. It
was however thus possible to simulate the effect on the load of infiltration through the walls
of each of the perimeter zones during the period when the plant is not operating, and the
building is not pressurized. This infiltration rate was taken to be 100 [-/s per zone.

152 Exfilnation cannot be simulated by specifying a negative value for infiltration, since TEMPER will
flag such values as 'out ofrange'.

6ññ cb!: / 63mn an nôÞ / 6nñ cklr (sc = 015)

200ññ Porr.rrr.ñ.

Section through the outdoor wall of the
"typical" office block.
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13.3.2. Climatic Considerations.

Air conditioning system design and energy analysis requires a knowledge of the cooling loads
in the conditioned space at appropriate points in the operating cycle. Conventional practice
concentrates on design for peak load conditions. For this purpose, design aids are available
which tabulate recommended design outdoor-air conditions, in terms of dry- and wet-bulb
temperature, for various locations (Australian Construction Services, 1988a; ASHRAE, 1993,
Chapter 24). The design methodology being developed at the University of Adelaide (Luxton
et al., 1989; Sekha¡ et al., 1989), while recognizing the importance of peak load conditions for
sizing plant, places equal emphasis on design to achieve satisfactory performance under part-
load conditions. To support this design philosophy, the design locus was introduced (see

section 13.2). The design locus enables the designer to identi$r the outdoor-air conditions
which a¡e associated not only with peak conditions, but also with a series of critical partJoad
conditions. In the general situation however, such information is not in itself sufficient to
calculate the associated cooling loads, since no unique relationship exists between the outdoor-
air condition on the one hand, and the solar load and thermal history of the building on the

other hand. Only in certain circumstances, such as those pertaining in case I above, is it
permissible to ignore solar load and dynamic effects, and to calculate cooling loads on the

basis of outdoor-air conditions alone.

Computer simulation may be used to evaluate the thermal response of a building to arbitrary
variations in outdoor-air conditions. A number of computer codes are available which provide
such simulations on an hour-by-hour basis, given suitable meteorological input. The input
required va¡ies significantly from code to code. The TEMPER (Australian Construction
Services, 1987) and BUNYIP (Moller and Wooldridge, 1985) codes, the former of which was

used in the present study, synthesize the variations in dry- and wet-bulb temperatures over a

24-horx cycle on the basis of values specified for a maximum at 1400 hours, and the diumal
swing in dry-bulb temperature. This model will be considered further below. At the other end

of the spectrum, the energy simulation code ESP-tr requires the user to supply actual

meteorological records for an entire yearrs3, covering a wide range of va¡iables. Variations on
this latter approach have been proposed in the literature. Yoshida and Terai (1992) advocate

the use of weather records synthesized by time-series analysis of existing data records, as a

means of generating data records which are more representative than those pertaining to any

particular year. Additional advantages claimed for this approach are that it provides a means

of accounting for climate trends, particularly those a¡ising from urbanization, of synthesizing
records for sites for which records are incomplete or nonexistent, and of compacting the data.

Von Thun and Witte (1991) also describe the synthesis from actual records of a "design

weather year", incorporating a number of sequences representing extreme weather conditions.

Úr air conditioning applications simulation may be used as a tool for either design or analysis.

The use of a load calculation programme to determine peak load conditions, and hence to size

the plant, is obvious. A heat transfer model suitable for calculating the loads in a conditioned
space when combined with a plant model, albeit rather basic in parts, allows an estimate to be

rs3 A selected year of meteorological data, known as the "Test Reference Yeaf', is commonly used as

a standard for performing energy analyses for a given location. See Clarke (1985).
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made of the energy consumption of the plant. This then allows comparison of the effects of
architecture and zoning changes on energy consumption and is the forte of codes such as
BUNYIP and ESP-tr. It must be stressed that these codes do not claim to be dehnitive in their
definition of an actual plant and hence they must not be used for absolute estimates of energy
consumption. Nor should they be used to compare different types of plant. In a recent paper,
von Thun and Witte (1991) demonstrate what is perhaps the limit of validity of the use of a
programme of this type, namely the optimization of the operating schedules of a notional
HVAC system to minimize required capacity by taking advantage of the thermal mass of the
building. Unlike codes such as Bunyip and ESP-tr, theZnbra Kernel has been designed to
provide a reliable estimate not only the energy consumption of a specihed air conditioning
system, but also to determine the zone conditions which will result when the system is applied
to offset a given set of cooling loads. This has been a central aim and an essential element of
our design procedures since the beginning of the work described in the present thesis. It is not
immediately obvious how the Tnbra Kemel can be applied in a systemntic manner to arrive at
a near-optimal design solution for a given situation, and although this is currently an active
area of resea¡ch, our design procedures retain an element of trial and error. Nevertheless, the
Tnbra Kemel can be used in conjunction with a suitable load calculation programme to
compile the performance of candidate plant, zoning and architectural design solutions across
a range of load conditions, and to examine the sensitivity of the various designs to changes in
the operating parameters.

ln analysing system performance, it is necessary to speciff a weather data set and sets of
occupancy,lighting and equipment schedules which will adequately model the load envelope
within which the system is expected to operate. The choice of operating schedules will be
described in the following section. In the current study, the TEMPER programme has been
used to calculate the loads. V/ithin a TEMPER run, the building loads are calculated over one
twenty-four hour period. The daily temperature profile model used by TEMPER is
straightforward, the user being required to specify the following parameters:

The maximum ambient dry-bulb temperature which occurs within the twenty-four
hour period.

The wet-bulb temperature coincident with the mærimum anrbient dry-bulb
temperature.

The diurnal swing in dry-bulb temperature.

It is assumed that the daily maximum is achieved at 1400 hours, the dry-bulb temperature
falling to its minimum value, as determined by the diumal swing, at 0600 hoursrsa. A double-
cosine curve is fitted to these two points. The ambient moisture level is assumed to remain
constant over the twenty-four hour period at the level determined by the humidity at the peak
dry-bulb temperature.

ts4 For Kuala Lumpur at least, the daily maximum and minimum consistently occur close to the times
assumed in the TEMPER model (Sham, 1980).

l.
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In addition, the user may speciff a multiplicative factor [0...1] which will be used to reduce the
solar radiation from its clea¡ day value. This factor may be evaluated simply, if not with a high
degree of precision, by observing (Haltiner and Martin, 1957) that solar radiation on a fully
overcast day is reduced to 46Vo of its value under clear sky conditions. Then, if C is the
fraction of the sky covered by clouds, the multiplicative factor f is given by

f" = 1. _ 0.s4c (13.3.1)

It should be noted that certain cloud conditions can augment the solar radiation above the clear
sþ conditions at some sun angles (Liu and Jordan, 1960). This effect is not consistent in the
TEMPER formulation. It remains then to specify the parameters which determine the climate
model for the desired months, namely items (i) to (iii) above, together with the cloud cover.

13.3.2.1. Adelaide (I^at. 34'56'S; Inng. i,38'35 E).

The analysis is based on a cooling period extending from November through to Apriltss. It is
noted that the various zones will peak at different times of the year, and this factor is
important in sizing equipment, especially for CAV systems. For design purposes, simulations
are run for maximum mcnthly ambient dry- and wet-bulb conditions, as tabulated by
Australian Construction Services (1987). The sequence used is:

Nov Dec Jan Feb Mar Apr

dbt ('c)
wbt ('C)
Ar ("C)'56

f"

33.0
21.0
9.4
I

36.0
2t.o
8.7
I

36.0
21.0
9.6
I

36.0
2t.o
9.2

1

35.0
2t.o
8.7
I

34.0
18.5

8.4

I

A sequence covering the same months for analysis purposes is constructed as follows:

The dry-bulb temperature is based on the highest mean daily maximum, as provided
by the National Climate Centre for the Adelaide Regional OfhcersT of the Bureau of
Meteorology.

The corresponding wet-bulb temperatures are determined using the 57o design locus
(frgure 13.3).

The values for the diumal swing are as above.

t55 The cooling period may in fact extend a month or so on either end of this range, depending on the

weather.
ls6 Figures for the diurnal range ^At were kindly supplied by Dr. Angelo Delsante of CSIRO Division

of Building, Construction and Engineering.
ts1 Recorded over a seventeen ye¿ìr period from 1977, whenthe Regional Offrce was relocated to Kent

Town.

ll

lll
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IV The factor /. (equation 13.3.1) is calculated using monthly average 3 p.m. cloud cover
statistics extracted from the "Climatic Survey: Adelaide" ( Bureau of Meteorology,
tet r).

Tltc sequence thus clerived is as follows:

Nov Dec Jan Feb Mar Apr

dbt ('C)
wbt ('C)
Ar ('C)
f

28.0
20.4
9.4

0.71

28.8
20.7

8.7

0.74

32.1

2t.5
9.6

0.80

32.0
21.4
9.2

0.74

28.9
20.7

8.7

0.74

24.8
19.4

8.4
0.66

The above sequence is perhaps not entirely representative of Adelaide, in that the daily mean
figures used a¡e based on the highest monttrly means recorded during a seventeen year period,
rather than on the average monthly means. However, use of these values in conjunction with
the corresponding wet-bulb temperatures extracted from the 57o design locus does provide a
reasonable basis for comparing the performance of systems in the Adelaide climate.

13.3.2.2. Kuala Lumpur (I-at. 3 "7 TI; Long. 101 "42 E).

The most comprehensive analysis of the climatology of Kuala Lumpur is undoubtedly that due
to Sham (1979,1980), which forms the basis for the following. The design and analysis data
are based on the Subang site, for which the most complete records are available. The need, as

before, is to construct separate sequences for design and analysis of air conditioning systems.
In this case, cooling will be required for twelve months of the year. For design purposes, it is
proposed to use a daily ma,ximum condition of 33"C dbt,27"C wbt throughout the year. The
diurnal swing is as tabulated below. Clear skies are postulated to mærimize solar load for
sizing of plant.

The seqüence used for analysis is constructed as follows

Dry-bulb temperature is based on the mean daily ma;<imum temperatures tabulated by
Sham (1980). As shown by Sham, the daily maximum is attained at about 1400 hours
throughout the year with a high degree of consistency.

Sham tabulates mean daily average relative humidities, together with hourly
correction factors. The values for 1400 hours are used in conjunction with the dry-
bulb temperature values to derive the corresponding wet-bulb temperatures.

iii. The values for the mean diumal swing tabulated by Sham are used.

iv. Cloud cover values tabulated by Sham a¡e used to derive the factor f
The sequence thus derived is as follows:



Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

dbr ("C)
wbr ("C)
A/ ('C)
f,

31.3
24.6
9.0

0.58

32.4
25.2
8.9

0.55

32.'7

25.6
9.3

0.53

32.0
26.2
7.9
0-54

32.2
26.6
7.8

0.55

31.2
2s.8

0.55

31.3
25.7
8.0

0.55

31.4
25.6
7.8

0.55

3t.4
26.1
t'5

0.53

31.6
26.1
7.9

0.54

31.4
26.5
1.1

0.53

30.3
25.3
7.2

0.53

1
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13.3.3. Operating Schedules.

It remains to speciff schedules for (i) plant operation, (ii) occupancy, (iii) lighting, and (iv)
equipment operation. These will be considered below.

13.3.3.1. Plant Operation Schedule.

In the model used in this study, the plant operation schedule is as follows:

For Adelaide, the plant operates to provide daytime cooling to24"C in all zones from
0600 to 2000 hours. This allows three hours for the building to reach its design

temperature before full occupancy is achieved. It would be desirable to use an

economy cycle for night time operation during much of the cooling season in
Adelaide. It is not however immediately obvious how this may best be simulated

using TEMPER.

For Kuala Lumpur, the plant operates to provide daytime cooling to 24"C in all zones

from 0600 to 1900 hours. In view of the high temperature and humidity content of the

outdoor air, it is also desirable to provide cooling at night, both to minimize the startup

load on the plant as above, and also to inhibit the buildup of moisture in the

conditioned space.

13.3.3.2. Occupancy Schedule.

,A,n occupancy level of 1 person per 10 m2 has been used for the perimeter zones. A higher

occupancy level is assumed for the interior zone, but allowing for the fact that a sizeable

portion of this zone is occupied by the lift lobby and corridots, an average occupancy level of
1 person per 10 m2 ha.s been used for this zone also.

The basic working day is taken to be 0900 to 1700 hours for Adelaide, and 0800 to 1600

hours for Kuala Lumpur. The occupancy schedules for the two sites ¿ìre ¿Is shown in
Appendix G.

13.3.3.3. Lighting Schedule.

High efficiency lighting is used, with a total power consumption of 15 Wln;?. This is
dissipated as follows (Kimura, 1977):

i. 7 57o (11.25 Wm) is removed in the ceiling plenum. Of this, 67 '57o is convective.

2.
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ii. The remaining2íVo (3'75Wlrl:2) enters the room. None of this is convective

The lighting schedule is as follows:

Full lighting is used from 0800 to 1800 hours.

ii. Between 0700 and 0800 hours, and between 1800 and 2000 hours, the lighting is
reduced to 5OVo

Between 0600 and 0700 hours, and between 2000 and 2200 hours, the lighting is
reduced to lO7o.

13.3.3.4. EquÍpment Schedule.

The equipment schedule follows the occupancy schedule, except that there is no reduction in
equipment power consumption during the lunch period. The power consumption due to
equipment usage is assumed to be 18 Wlnf , giving a total equipment load of 1.99 kW for each
of the perimeter zones, and 10.05 kW for the interior zone.

13.3.4. Equipment Selection and Operation.

Three system conf,rgurations have been selected for analysis in the current study:

A conventional multizone variable air volume (VAV) system configured as shown in
figure 5.7, using a single cooling coil in a draw{hrough configuration. One air-
handling unit is allocated to each floor. For this system, the fan and coil must be sized
to handle the air flow and cooling requirements associated with the simultaneous peak
sensible load imposed on the system.

A conventional multizone constant air volume (CAV) system conhgured as shown in
figure 5.5. Each zone is served by an individual cooling coil. Again, one air-handling
unit is allocated to each floor. The fan for this system must be selected to handle the
sum of the air flow rates required to offset the individual peak sensible loads for the
various zones. Similarly, the coil serving each zone must be sized according to the
individual peak sensible load for that zone.

lll An HDP system operating in VAV mode and configured as shown in f,gure 5.11.
Two outdoor air treatment units are installed approximately halfivay up the building
(on floor 11, say), each serving ten floors. tWithin each floor, each zone is served by
a variable air volume fan-coil unit (FCU) containing a return-air coil. The treated
retum air is mixed with treated outdoor air supplied by the central plant, before entry
to the fan. The fan and coil for the fan-coil unit serving each zone must be sized
according to the peak sensible load for the zone. The conf,rguration selected in this
case will permit the fan-coil units to be mounted within the ceiling space, thus
eliminating the need for plantrooms on all but the eleventh floor, and increasing the
overall rentable space within the building. The need to size the units to fit within the
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ceiling space will be considered in selecting the cooling coils. (The choice of ceiling
mounting may not be acceptable to some building managers, but this option is chosen
here to illustrate the flexibility of the design procedure).

ln order to establish the design conditions, load calculations were performed using TEMPER
for the design sequences listed in section 6.3 above. Zone conditions at the time of the

individual zone peaks, and at the time of the overall peak were as tabulated below for
Adelaide:

Peak Month Time NW Zone NE Zone SE Zone SW Zone lnt.7,one

SH SHR SH SHR SH SHR SH SHR SH SHR

NW Zone
NE Zone
SE Zone
SW Zone
Int. Zone
Overall

Apr
Apr
Dec
Dec
Dec
Dec

l6:00
1l:00
l0:00
17:00

l0:00
l7:00

r6.306

6.890

6.328

t2.612

6.328

t2 6t2

0.952

0.893

0.885

0.937

0.885

0.937

7.7 4l
15.310

I 1.459

8 435

I t.459

8.435

0.904

0'949

0.933

0.91 I

0.933

0.91 I

'7,328

6.554

r1.316

8.454

t 1.316

8.454

0.899

0.888

0'932

0.91 I

0.932

0.91 I

7,407

6.537

7.359

13.095

7.359

r3.095

0.900

0.888

0.899

0'941

0.899

0.941

21.666

2t.579

22.298

22.276

22.298

22.2'76

0 830

0.830

0.834

0.834

0.834

0.834

The corresponding conditions for Kuala Lumpur were as follows:

Peak Month Time NW Zone NE Zone SE Zone SV/ Zone lnt. Zone

SH SHR SH SHR SH SHR SH SHR SH SHR

NW Zone
NE Zone
SE Zone
SW Zone
I¡r".Zone
Overall

Jun

Jun
Dec
Dec
Dec
Sep

l6:00
09:00
09:00
l6:00
16:00
l5:44

L4'923

5.900

6.050

'7.913

'7.9t3

I 1.755

0.948

0.8't'l

0.880

0.906

0.90ó

0.934

7.082

ß'409
6.400

7.N7

7.00'l

7.192

0.896

0'942

0.886

0.895

0.895

0.897

6.91 I

6.5't4

14.14
7.218
'7.218

7.214

0.893

0.888

0.945

0.897

0.897

0.897

8.1 25

5 820

6.137

15'375

15.375

t2491

0.908

0 876

0.881

0.949

0.949

0.938

2t.056

20.226

20.319

21.122

2t122
2t.078

0.826

0.820

0.821

0.827

0.827

0.826

It will be observed that the design peak loads for the perimeter zones in Kuala Lumpur fall
within a nano\ry band. For Adelaide, which is located somewhat further from the Equator,

there is a signihcant difference between the peak design loads for the southerly facing zones,

and the northerly facing zones.

Two levels of ventilation air flow rate have been considered in the present study. A
ventilation air flow rate of 10 Us per person accords with the minimum level recommended

by many current standa¡ds (see Chapter 3). Iævels as low as 2.5 L/s per person are however
commonly specified in monsoonal Asia.

The three factors, system configuration, climate and ventilation air flow rate define a matrix of
test cases for the study. In evaluating the fan, duct and other miscellaneous temperature gains,

the following assumptions were made:

For the multizone VAV and CAV systems, the pressure drop through the duct system

is 500 Pa at peak air flow. Note that the pressure drop through each branch of the duct
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ll.

system must be balanced to match that through the branch with the highest pressure
drop, in accordance with the principles derived in Chapter 9, For the HDp system, the
duct runs a¡e considerably shorter, and the duct systems are coffespondingly less
complex. The pressure drop at peak air flow has been taken as 100 pa for the
perimeter zones, and 150 Pa for the interior zone. For the HDp system only,
allowance must be made for a pressure drop through the outdoor air duct from the
central outdoor air treatment plant to the fan-coil units; 400 Pa has been allowed. In
all cases, the fan efficiency is 0.75, and the motor efhciency is 0.9, with the motor
located ¿n air stream.

Return air temperature gains a-re as calculated using TEMPER. For the multizone
systems, a supply-air temperature gain of 0.5'C has been used throughout, For the
HDP systems, duct runs will typically be shorter than for the multizone systems, and
the supply-air temperature gain is assumed to be 0'2"C for the perimeter zones, and
0'3"C for the interior zone. The treated outdoor air to the fan-coil units is also subject
to a temperature rise of 0.4'C in the supply duct.

The chilled water suppliecl to the multizone units, and to the outdoor air treatment unit
in the HDP system, is at 6.5oct58. within the pipework between the outdoor air
treatment unit and the fan-coil uruts, the chilled water in the HDP system is subject to
a temperature rise of 0'4"C.

The analysis has been undertaken as a two-stage process

The coils were selected to offset the appropriate peak load values, as tabulated above.
For the vAV units, the supply air temperature is 15"C. The supply air flow to each
zone served by the CAV system has also been selected to provide a supply-air
temperature of 15"C at the design peak load for the zone. The dry-bulb temperature
in all the zones has been maintained af 24"C throughout the study.

Details of the coils selected and of system performance at peak load may be found in
Appendix F.

The performance of each of the systems was evaluated for operation over a daily
period for each of two months for each site. The appropriate loads were calculated
using TEMPER. The parameters defining the daily variation in ambient conditions
are as tabulated in section 13.3.2. The months selected were:

a. For Adelaide,
i. Janunryr provides the highest overall load (within the analysis

sequence) of any month, and

t58 The chilled water temperature has been selected to conform with common practice. In principle,
higher temperatures are feasible using the HDP methodology. The extent to which chilled water
temperature can be raised in practice is currently an active area ofresearch.

2.
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April represents the end of the cooling season, and provides the most
difhcult partJoad conditions.

For Kuala Lumpur,
i. Marclz marks the end of the North-East Monsoon, and is associated

with the highest sensible loads, and

ii. The onset of the North-East Monsoon occurs during November,
during which month the highest average humidity levels are

encountered (Sham, 1980).

A summary of the major results from the simulation process are presented in the

appendices, as follows:

a. The arnbient temperature and zone loads, represented as plots of sensible load
a¡rd sensible heat ratio, are contained in Appendix B. These are plotted over
the period from 07:00 to 20:00, a common abscissa being used throughout
appendices B to E. Cooling loads only are shown.

It will be observed that the sensible load in the large interior zone dominates,
and remains nearly constant throughout the period when the building is at or
near full occupancy. During this period, the zone sensible heat ratio in the

interior zone generally remains lower than that in the perimeter zones.

The loads in the perimeter zones generally peak in the early moming or late

aftemoon. In the early morning the westerly facing perimeter zones receive

little or no direct solar radiation, and sensible loads a¡e generally low. This
may give rise to a short period of extremely low sensible heat ratio when the

building first reaches full occupancy. This situation will potentially tax the

ability of an air conditioning system to offer adequate dehumidification. The

effect is particularly pronounced in Adelaide, but less so in Kuala Lumpur.
The corresponding effect is also far less pronounced in the easterly facing
zones in the late afternoon, when heat stored in the building fabric during the

day will contribute significantly to the zone sensible loads.

The conditions obtained in each zone, as measured by the relative humidity,
are plotted in Appendix C for each point in the test matrix. Plots are also

presented illustrating the effect of staging on room conditions for an HDP

system in Kuala Lumpur. Note that the zone conditions in all cases are those

obtained without the use of overcooling and reheat.

ll

b

b.

c Power consumption for the various points in the test matrix is described and

intercomparisons are drawn inAppendixD. The power consumption has been

calculated on a building-wide basis is itemized into four components:

l. Refrigeration The cooling load for the coils is calculated directly by
ÆBRA. To derive the power consumption of the associated chiller,
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the coefhcient of performance of the refrigeration cycle is assumed to
be 4.0, and the efficiency of the compressor to be 0.8.

Fan power, calculated as the electrical power input to the fan motor

Pump power, calculated on the basis of pressrrre drops through
pipework and cooling coils. In fact, the latter component dominates,
but the pump power is in any case never more than a minor portion of
the total.

lv Reheat. Calculated for CAV systems only, where overcooling and
reheat have been applied to reduce zone humidity to an acceptable
level of 607o.

The plots fall into three series

Power consumption for a conventional multizone VAV system is
compared with that of an HDP system.

Power consumption is graphed for a conventional multizone CAV
system, with overcooling and reheat applied as described above. In
this series it is convenient to use a different ordinate scale than that
which has been used in the other graphs.

1il. Power consumption is compared for an HDP system with and without
staging.

d. Appendix E compares the chilled water consumption per floor for a
conventional multizone VAV system and an HDP system.

The results of the study are discussed below for each of the three system configurations
considered. It is emphasized that the study as described here is of apreliminary nature only,
and that a number of issues have not been addressed, the most important of these being the
need to define a strategy to control the system under conditions of very low load. These issues
will be considered further in the following.

13.3.4.1. Conventional Multizone VAV System.

The coils used for the VAV system simulations were selected on the basis of the simultaneous
peak load. Specifications for the coils selected, and details of the system performance at the
simultaneous peak load conditions will be found in Appendix F. Performance over a range of
part-load conditions is described by the graphs of appendices B to E.

The coils for this application were selected to operate with an air face velocity of about 2'5 mls
and a chilled water velocity of about 1 m/s at peak. Under peak load conditions the relative
humidity for all zones is maintained below 55Vo, and in Adelaide, that of the perimeter zones

11.

iii.
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is maintained below 507o. As expected, the humidity of the air in the zones rises under part-
load conditions, and it is evident from the results of the simulations that dehumidification
performance approaching that of the design peak will only be experienced over a very small
portion of the operating cycle of the system. Nevertheless the off-peak behaviour of the

system is considerably better than that of the single-zone conventional VAV system

considered in connection with Case 1 above. This is because two major factors serve to
dampen out the variations in the total space load in course of a working day. Fi¡st, the major
contributor to the total space load is the interior zone and, as has been remarked upon earlier,
the load within this zone shows little variation while the building is at full or near full
occupancy. Secondly, while the solar load on the easterly facing zones will decrease during
the course of a day from an early moming peak, that on the westerly facing zones will increase

towards a late aftemoon peak. The sum of the contributions of the perimeter zones to the total
space load thus varies smoothly within a relatively n¿urow band during the course of the

working day. As a result, the multizone VAV system is able to reduce fluctuations in the

humidity levels within the various zones to a minimum during working hours. Zone humidity
levels only really start to deteriorate significantly when the total space load falls.

It is interesting to note that dehumidif,rcation performance of this system is quite insensitive to

the quantity of outdoor air handled. A four-fold increase in the outdoor air flow in the humid
tropical climate of Kuala Lumpur only results in an increase in the relative humidity within the

conditioned space of approximately I7o, this increase being experienced equally in all zones

at all times. The conesponding increase in zone relative humidity in the comparatively dry
climate of Adelaide is even less. The dehumidification performance of the multizone VAV
system is rather more sensitive to variations in space load. Thus in Kuala Lumpur, where the

climate variations are contained within a fairly narrow band in the course of a year, thus

constraining the range over which the total zone space load varies, the daily zone humidity
profile remains almost constant from one month to the next. The picture is somewhat different

in Adelaide, which is subject to significant seasonal climatic variations together with a larger

diurnal swing than is commonly encountered in the Tropics. In January, when the loads on the

perimeter zones are high, relative humidity is maintained between 50 and 557o for all zones

except for a brief period in the early moming. By contrast during April, at the end of the

cooling season, the relative humidity in some zones will exceed 557o for an appreciable

portion of the day, although levels in excess of 60Vo are never encountered, as a result of the

moderating influence of the multizone system which was remarked upon earlier.

While the effect of outdoor air quantity on dehumidification performance is minimal for both
Adelaide and Kuala Lumpur, an increase in this pararneter may have a significant adverse

impact on power consumption, which is higtrly dependent upon the moisture content of the

outdoor air. The effect of a fourfold increase in outdoor air quantity in the relatively benign

climate of Adelaide results in an increase in the required refrigeration capacity which at no

time exceeds l6Vo between the hours of 09:00 and 17:00, and is considerably smaller over

much of this period. By contrast, the corresponding increase in Kuala Lumpur during Ma¡ch

does not fall below 2JVo, and at times approaches 4OVo. A comparison of tables F.2 and F.5

shows that for Adelaide the increase in refrigeration capacity required by the increased outdoor

air quantity is almost exclusively used for sensible cooling, while for Kuala Lumpur the latent

component is far larger than the sensible component, and is also appreciably larger than the
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increase in sensible component caused by increase outdoor air quantity in the case of Adelaide,
even though the peak dry-bulb temperature for Kuala Lumpur is somewhat lower than that for
Adelaide. The difference in the impact of increased outdoor air quantity for the two sites on
the annual power consumption for each will be even more marked than a comparison of peak
months would suggcst. For Kuala Lumpur, as remarked previously, the climate varies within
a fairly nafiow band in the course of a year, and temperature and humidity level remains high
throughout the day. Consequently, the cooling season extends over the whole year, and it is
also likely that the air conditioning plant would be operated on a 24-hour basis for a building
such as that under consideration. In Adelaide the outdoor climate varies considerably during
the course of the cooling season, and also from day to day within the cooling se¿ì,son. A
comparison of figures D.3 and D.4 shows that the adverse effect of increased air quantity on
power consumption is much less for April than for January, and that there is even a period in
the early morning when the effect of the increased outdoor air is benef,rcial to power
consumption. kr addition, the cooling season for Adelaide only lasts for about six months, and
it is frequently possible to take advantage of an economy cycle, in which outdoor air quantities
are increased subatantially, to reduce power consumption during the cooling season, a strategy
which is not applicable in a humid tropical climate.

13.3.4.2. Conventional Multizone CAV System.

The coils for the CAV system were selected to offset the individual peak loads for the zones
served, and as in the case of the VAV system, each coil was selected to operate with a face
velocity of about 2.5 mls and a chilled water velocity of about I m/s at peak.

As shown in tables F.9 and F.12, the coils selected are able to maintain conditions in their
respective zones below 557o for each perimeter zone, when the zone is subject to its
individual peak load. The relative humidity in the interior zone lies just above 55Vo forboth
Adelaide and Kuala Lumpur under similar conditions. Ho'wever, dehumidihcation
performance deteriorates markedly during part-load conditions, for reasons which have been
discussed in section 5.1.1. For the load sequence used to simulate zone conditions in Adelaide
during January, the relative humidity within the perimeter zones lies between 60 and,657o
while the building experiences full or near-full occupancy. During the same period the relative
humidity in the interior zone, which is subject to near-peak loads throughout this period
regardless of arnbient conditions, varies between 56 and 59Vo. InApril, when the loads in the
perimeter zones ale, for the most paf, considerably less than their January values, the relative
humidity in all zones rises by some 3 to 5Vo. This provides a reminder that this is indeed a
multizone system. Even though each zone has its own cooling coil and supply air distribution
system, they share a common retum air system, and this serves to dampen inter-zone variations
to a certain extent. With a fall-off in building occupancy levels, the relative humidity in all
zones rises rapidly to levels in excess of 707o in January, and greater ThanSOTo in April. In the
relatively dry climate of Adelaide, dehumidification performance appears to be almost entirely
insensitive to the outdoor air flow rate.

In Kuala Lumpur, the multizone CAV system exhibits behaviour which differs markedly from
that experienced in Adelaide. While the building is at or nea¡ full occupancy the relative
humidity within the interior zone is maintained between 55 and 6O7o, regatdless of ambient
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conditions or outdoor air quantity. There is a marked difference however in the response of
the perimeter zones to changes in both ambient conditions, and to the quantity of outdoor air
delivered. Increasing the quantity of (humid) outdoor air generally raises the level of humidity
experienced in the perimeter zones. It also increases the degree of variation in humidiry levels
between zones, and in the fluctuations in humidity level experienced in the course of a

working day. These effects, already evident in March, are exacerbated in November. Two
factors probably operate to produce this seasonal effect, these being the higher ambient
humidity levels, and greater diversity of perimeter zone loads resulting from the lower sun

angles in November (see Appendix B). As for Adelaide, dehumidification perforrnance

deteriorates markedly when building occupancy levels fall, the relative humidity levels in all
zones approaching or exceeding 807o.

The relative humidity plots of Appendix C document the performance of a CAV system with
no control placed on the humidity levels. The resulting dehumidif,rcation peformance is, for
the perimeter zones at least, unacceptable by any standa¡ds at almost all times. The exercise

has been repeated with overcooling and reheat applied as necessary to constrain the relative

humidity level within all zones to a maximum of 60Vo, wbtch falls on the upper boundary of
the ASHRAE comfort zonu, ¿rs defined in ASHRAE Standard 55-1989 (see Chapter 3). The

resulting relative humidity levels a¡e not documented here. However, the power consumption

for a system subject to such control is plotted in figures D.9 to D.16. The extra power required

to overcool, and more particularly to reheat the air, considerably increases the power
consumption when compared with the VAV systems which are, for the most part, able to

maintain relative humidity levels below 607o without any control action. At near-peak

conditions for Adelaide (January, 17:00), the extra energy consumption is of the order of 1OVo,

and becomes progressively larger as the zone loads fall. The power consumption required to

maintain acceptable relative humidity levels in Kuala Lumpur is generally much higher than

that required in Adelaide. For both locations, the power consumption required to maintain
acceptable conditions outside of working hours is exorbitant. For Adelaide, the effect of a
four-fold increase in outdoor air quantity is minimal, increasing power consumption slightly
when a¡nbient temperatures are high, and decreasing it slightly when ambient temperatures are

low. In Kuala Lumpur, the effect of increasing outdoor air quantity is always to increase

power consumption, although on a percentage basis the increase is much smaller than that

experienced with a VAV system. This is however cold comfort for the building owner faced

with the high cost of running a CAV system.

The second feature to emerge from the power consumption plots is the contribution of the fan,

which is considerably higher than that of the VAV systems, and remains constant throughout

the operating cycle. This is to be expected, since the CAV system design requires that the air
quantity delivered to each zone at all times equals that required to offset the individual peak

load for the zone, the supply-air temperature rising to satisff reduced cooling requirements. In

the VAV systems on the other hand, the air flow rate to a zone adjusts to offset the zone load

while maintaining a constant supply-air temperature.

As a final note, HDP principles may be used to improve the dehumidification performance of
a CAV system without incurring the energy penalties associated with traditional overcooling
and reheat practices. The performance of such a system in an apartment block will be
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considered in the next case study. The use of a two- or three-speed fan also offers a means of
improving the part-load performance of CAV systems. Both of these options should be
examined in a more comprehensive study than has been possible here.

13.3.4.3. HDP System.

For the HDP system considered in this study, the coil in each fan-coil unit has been selected to
offset the peak load for the zone which it serves. Unlike the two systems considered
previously, the HDP system modelled is not a multizone system and each coil, with the
possible exception of that serving the interior zone, is consequently required to handle a
greater range of zone loads than the single coil in the multizone VAV system. This factor
should be bome in mind in drawing comparisons between the va¡ious systems described.
Some characteristics of the performance of the system described may be attributed directly to
the fact that it is an HDP system; others relate more to the fact that it uses a distributed
network of terminal units in preference to a system of floor-by-floor multizone units. The
High Driving Potential concept does not prescribe a particular system configuration. The
principles may be applied with benefit to both VAV and CAV systems serving both single and
multiple zones. In addition, HDP systems may treat the outdoor air in one or more dedicated
central units, as has been done here, or they may package an outdoor air coil and a return air
coil together in a stand-alone unit, as has been done in the other two case studies considered
here. The HDP principle lends itself particularly to the distributed conhguration considered
here since, given a sufhciently high flow rate of outdoor air, the size of the coils in the fan-coil
units may be reduced, facilitating their location in the ceiling plenum.

The outdoor air treatment units were designed to supply treated outdoor air at temperatures of
between '7'5"C and 10'C across the range of operation of the system (see Appendix H)rse.
The corresponding water temperature rise va¡ied between 1"C and 4'C. The constraints on
the quantity of chilled water which can be used in the outdoor air units will be discussed
below. Coil performance at the simultaneous peak load condition is tabulated in Table F.15
for Adelaide, and Table F.20 for Kuala Lumpur. Considerable dehumidification occurs, and
in the case of Kuala Lumpur latent heat removal in fact dominates. The implications of this
for the terminal units can be deduced by examining the cooling loads on the coils of these
latter units (Tables F.16 and F.2l). At the lower outdoor air flow rate considered, the cold,
dehumidified outdoor air offsets much of the latent load in the retum air; at the higher outdoor
air flow rate, it effectively cancels the latent load, while at the same time reducing the sensible
load on the coils.

The terminal units have been designed according to conventional principles, since a high level
of dehumidifìcation is not called for. The resulting units are indeed compact.

Comparing first the power consumption for the HDP system with that for the multizone VAV
system (Figures D.l to D.8), it will be seen that there is little to choose between the two

lse The large coils required at the higher outdoor air flow rate could be replaced with two or more
smaller coils of equivalent total capacity, and it may even be desirable to replace the single outdoor
air unit with two smaller units, one of which could be shut down under part-load conditions.
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systems in terms of the refrigeration component, conditions at times slightly favouring the
multizone VAV system, and at other times slightly favouring the HDP system. Fan power
consumption is considerably lower for the HDP system, but this is due to the fact that each

zone is served by its own unit, and duct pressure losses can consequently be reduced in
comparison with those for the multizone system. In any case, the duct pressure losses used in
this study are based on reasoned assumptions. A more objective analysis using the principles
developed in Chapters 9 a¡rd 10 would be required to determine the extent to which this
advantage can be realised in practice.

Turning next to the dehumidifìcation performance of the HDP systems, it is instructive to
consider performance at the lower outdoor air flow rate hrst. Each unit, when operating at its
individual peak load is capable of maintaining relative humidity within the zone served at or
below 55Vo (see Tables F.17 and F.22). Some deterioration is experienced at part-load, but
relative humidify is for the most part maintained between 55 and 607o duing working hours
for the perimeter zones, and close to 557o for the interior zone. The early moming dip in
sensible heat ratio in the westerly facing perimeter zones experienced in January in Adelaide,
and commented on earlier, proves to be particularly problematic. The deterioration in
dehumidification performance at partload is undoubtedly due to the fact that this system usel
single zone terminal units, a fact that is bonie out when one compares the diversity in zone

conditions at any time with that associated with the multizone VAV system. For the latter
system, the zone conditions are almost always contained within a fairly n¿urow band. For the

former, they may span a considerable range at those times when some zones are near peak

load, while the load on other zones is comparitively low. The effect of the cold outdoor air in
the HDP system is to contain the degree of deterioration which would otherwise be

experienced. As the load falls, the outdoor air progressively comprises a greater proportion of
the whole. When the occupancy of the building falls, the dehumidification potential of the air
becomes suffrcient to arrest, and in fact to reverse the upperward trend in zone humidity. This
behaviour is the inverse of that which is experienced with conventional systems,

The use of staging, described in sections 5.2.I,6.5.4 and 8.3.3, offers a further means of
improving the part-load performance of the system. In the present study, the effect of staging

on the indoor climate in the perimeter zones has been investigated for Kuala Lumpur. The

staging scheme involves deactivating half the circuits in the hrst two rows of the four-row coil
when the chilled water velocity falls below 0.5 m/s, and reactivating the circuits when the

velocity again climbs above 1'5 m/s. The improvement in performance is dramatic, as shown

in figures C.25 and C.26. Relative humidity in the zones where staging is used is now

maintained below 557o at almost all times. Similar levels of improvement would be expected

for Adelaide. In the simulation sequences shown, all coils were operated throughout in the

reduced conhguration. With the sequence intitiated in the early moming with the coils fully
activated, coolant velocities were sufficiently low to trigger an immediate transition to the

reduced configuration, as would be expected. At no time in the day did the coolant velocity in
any coil climb to a level suff,rciently high to trigger a reverse transition. It is important to

realise that the coils selected ue not oversize; the full coil is required to offset the design peak

load for each zone, and will occasionally be required to offset the loads encountered in an

operational cycle. This underlines the importance of designing for part-load conditions which
are, after all, the norrn. Secondly, comparing the performance of this system with that of the
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multizone VAV system, it becomes clea¡ that it is particularly important to consider part-load
conditions when designing for single-zone units. Finally, it should be noted that the benefits
of staging are obtained at the cost of a negligible energy penalty, as shown in f,rgures D.17 and
D.18. Insofar as there is an energy penalty, it can almost entirely be attributed to the extra
pump power required as a result of the increased water pressure drop through the coils.

When the higher quantity of treated outdoor air is used, the latent load on the return air coils
is effectively cancelled, and the use of staging becomes redundant. The relative humidity in all
zones at all times lies well below 55Vo. Another problem now becomes apparcnt. With falling
zone loads a point is reached at which the cooling capacity of the outdoor air exceeds the
return air cooling load, even with the retum air coil deactivated. This problem has not been
considered in the present study, but has been solved comprehensively in the case of an actual
HDP installation, the Attikam Prasit Apartments in Bangkok, which will be considered
shortly. A partJoad strategy would probably comprise a combination of the following actions:

Permitting the zone dry-bulb temperatures to drift downwards until a new equilibrium
point is reached.

ii. Reducing the chilled water flow through the coil of the outdoor air treatment unit.

Reducing the outdoor air flow. This is permissible during periods of low occupancy,
provided ventilation standa¡ds are met.

A part-load strategy should preferably aim to prevent the relative humidity level in aury zone
falling below 4O to 45Vo.

It is opportune at this time to consider the factors which affect the choice of a suitable chilled
water flow rate for the outdoor air unit. Clearly, a lower constraint will be imposed by the
requirement that the total flow through this unit equals or exceeds the total requirements of the
terminal units served by the outdoor air unit. Given that constant speed pumps are the norm
in practice, the flow through the outdoor air unit will in fact need to equal or exceed the peak
total requirements of the terminal units. In fact, it will be usual to select a somewhat highcr
flow rate, as has been done here. The HDP strategy in most cases reduces the chilled water
requirements of the units on the va¡ious floors of the buildingrn, as shown in Appendix E.
The reduction is particularly impressive in Kuala Lumpur when the higher outdoor air quantity
is used. This will reduce pumping costs, which it has been noted a¡e a minor component of
the Lot¿rl energy bill. More importantly, it may enable the selection of smaller capacity pumps,
and smaller diameter pipes, both of which will result in significant savings in capital costs.
The graphs of Appendix E only tell part of the story in this regard. Pipes and pumping
equipment must be sized to handle the chilled water required to offset the simultaneous peak
loadfor the building. The chilled water requirements (Us) per floor under simultaneous peak
load conditions are tabulated below for the cases considered:

160 It is assumed that the outdoor units will be located in close proximity to the chiller(s).
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VAV HDP

ot{ @ 2.5

L/s/person
o/A @ 10

L/s/person
ot{ @ 2.5

L/s/person
o/A @ 10

L/s/person

Adelaide
Kuala Lumpur

2.1r5
2.506

2.398
3.995

1.655
r.868

2.386
2.392

A higher limit on the chilled water flow rate through the outdoor air treatment unit is imposed
by the requirement that the temperature rise of the water returned to the chiller after having
passed through both the outdoor air coil and the retum air coil must exceed some threshold if
stable operation of the chiller is to be attained. Clearly, there is some scope to reduce the
chilled water flow rate through the outdoor air unit in certain of the cases tabulated above, at

the expense possibly of increasing the chilled water requirements of the terminal units, and

increasing humidity levels within the zones. It is conceivable that the task of selecting an

optimal chilled water flow rate could be formulated as a constrained optimization problem. A
further aspect of the HDP system which has not been addressed here is that the chilled water
supply temperature may in many designs be raised by one or more degrees above the
conventional 6.5'C or 7oC. Again the selection of the optimal chilled water temperature
could be formulated as a constrained optimization problem.

L3.3.4.4. Summary.

It should be emphasized agun that the study described in the above is of an exploratory nature

only, and is intended primarily to illustrate the manner in which the simulation techniques
developed in this thesis can be used to gain new insights into problems of practical

importance. A far more exhaustive study is required to generate a concrete set of
recommendations for air conditioning the building under consideration. A more extensive
range of systems needs to be considered, and part-load strategies need particular attention for
both conventional and HDP systems. The required studies can be undertaken using facilities
which currently reside within, or can readily be added to the æBRA programme. In the
preliminary form developed above the study does however provide valuable insight into the

manner in which a number of possible design solutions for the building will respond when

subjected to various load regimes.

13.4. Case 3 - Attakarn Prasit StaffApartments, Bangkok.

The final case study considered here is the Attakarn Prasit Staff Apartments at the Australian
Embassy in Bangkok. The author was involved in the preliminary studies associated with this
project. The definitive design and the development of the control strategy was undertaken by
Mr. Ivan Koptchev, a postgraduate student in the author's department in association with
Professor R.E. Luxton. The author is indebted to Mr. Koptchev for permission to reproduce

some of the results of his research in the following. The novel ideas developed in this design
study will be fully described and analyzed in future publications. All were able to be

accommodated within the Tebra softwa¡e with only modest additions to the code. The
purpose of the following is to provide a brief summary of two aspects of the design, the

application of High Driving Potential concepts to a CAV system, and the development of a
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control strategy for an HDP system which is capable of providing satisfactory indoor air
conditions over a particularly broad range of partload conditions. The discussion of these
aspects of the design reflect on our current understanding of the practical applications of the
HDP concept. As such, this section may be considered to complement the case study
described above.

The Attakarn Prasit Apartments comprise two seven-storey apartment blocks in the grounds
of the Australian Embassy in Bangkok. There are four apaftments on each floor, a number of
which are designated to be 'party' apartments. The other two areas which require air
conditioning are the childrens'recreation a¡ea and the lounge bar. Each of these ffeas poses
specihc design problems. The following discussion is largely restricted to the approach taken
to solving those problems specihc to the lounge bar, but with suitable modihcations, the
techniques described are applicable to a range of similar design problems.

Commercial considerations dictated the use of self-contained constant air volume units, one
for each apartment, and one each for the childrens' recreation area and the lounge bar. It was
also a requirement of the design brief that the chilled water flow rates remain constant
throughout the operating cycle of ;he plant. A preliminary set of simulations were conducted
by the author on the basis of interim load estimates supplied by the contractor, and subject to
the commercial requirements described above. The results of this exercise confirmed that it is
practical within the commercial constraints to use HDP concepts to overcome the part-load
problems associated with CAV systems, so removing from the owner the burden of the
otherwise excessive energy penalty of a CAV system in a humid climate. While the results
shown below are not entirely representative of the system as installed, it is worth reproducing
a sample here to illustrate the concepts involved.

The system which was the basis of the preliminary investigation comprised separate outdoor
air and return air coils in a common case, with the fan mounted in a draw{hough
configuration. Chilled water is fed in series to the outdoor air coil, and then to the return air
coil, thus maximizing the dehumidihcation potential of the outdoor air coil which handles the
more humid air stream. The chilled water flow rate through the outdoor air coil is hxed at a
constant value. A three-way valve provides continuous modulation of the chilled water flow
through the retum-air coil as required to offset the zone load, the excess water being bypassed.
Figure 13.11 shows the variation in room relative humidity with changing load for three
diflerent combinations of air flow and water flow. As the zone load decreases from the peak
value, which occtlls when the ambient dry-bulb temperature is 34'C, the relative humidity of
the air in the zone rises sharply at fust in the manner cha¡acteristic of CAV systems. Unlike
conventional systems however, relative humidity does not continue to rise unchecked with a
further fall in load. A point is reached where the dehumidification potential of the dry air from
the outdoor air coil is sufhcient to offset the latent load on the return air, and the zone relative
humidity in fact falls as the zone load decreases further.

The layout and circuiting of the air handling unit specified for the lounge ba¡ is fundamentally
simila¡ to that described above. The outdoor air coil is 850 mm long by 24 tubes high, and 8
rows deep; the return air coil is 650 mm long by 10 tubes high and 3 rows deep. Both coils
have a fin density of 6 fins per inch. What distinguishes this unit from the basic unit
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considered in the preliminary studies is the features which have been incorporated as part of a

comprehensive control strategy to enable the unit to maintain room conditions within

acceptable limits when subject to an extremely broad range of load conditions. Ambient dry-

bulb temperature may vary from approximately 18'C up to 34'C, with the occupancy varying

from 60 people down to perhaps 4. The partJoad control strategy may perhaps most clearly

be understood by considering the stages involved in accommodating a progressively

decreasing sequence of loads:

- - - - 1100 Us S/A;280 Us O/A; 1 5 Us Cw

- - 1200 Us S/A; 300 Us O/A; 1 5 Us CrW
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Figure 13.11. Results of a preliminary investigation of the performance of a CAV unit configured

according to HDP principles for the Attakarn Prasit Apartments'

At full load, the outdoor air flow is 600 Us. A fall in load is accommodated in the

first instance by throttling the chilled water flow through the retum air coil to maintain

the dry-bulb temperature within the space at the frst thermostat set point of 24"C.

When the chilled water velocity in the return air coil falls to 0.2 m/sr6r, it is no longer

practical to maintain proportional control of the room temperature by modulating the

flow through the retum air coil. At this point the three-way valve moves to its fully-
closed position to isolate the return air coil. As the load further decreases, reheat is

r6r The original proposal envisaged a two-stage reduction in the capacity of the return air coil by

eliminating two of the original five circuits when the chilled water velocity first falls to 0'2 m/s, and

then a second pair of circuits when the chilled water velocity again falls to 0'2 m/s, the coil being

finally deactivated the third time the chilled water velocity falls to this value. This strategy was

proposed to extend the range over which proportional control of room temperature could be

maintained by modulating chilled water flow, rather than to assist dehumidification as in cases I and

2. This proposal was not accepted by the contractor.
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requited to offset the excess cooling capacity of the outdoor air coil, which continues
to receive the full quantity of chilled water, if the room temperature is to be maintained
af 24"C. The quantity of reheat required is small, and is provided by recovering waste
heat from the spill air using an air-to-air heat exchanger between the spill air and the
relativcly modcst quantity of low temperature air leaving the outdoor air coil.
Reheating up to a maximum of about 7.5 kW is possible by this means. Proportional
control is maintained during this stage by a set of dampers which modulate the amount
of spill air passing through the air{o-air heat exchanger.

When the amount of spill air passing through the air{o-air heat exchanger reaches a
maximum of 600 [-/s, proportional control of room temperature is no longer possible.
A further decrease in load will cause the room temperature to fall. This trend
continues until the room temp€rature falls to 21.5'C, which is the second set point on
the thermostat. At this point, the outdoor air damper closes down to reduce the
outdoor air flow to 300 L/s, and the spill air fan speedt62 simultaneously changes to
reduce the spill air flow rate to match. Proportional control of room dry-bulb
temperature at the first thermostat set-point of 24"C again becomes possible by
modulating chilled water flow or applying spill air reheat, as appropriate. The control
sequence is reset to its original state when rising loads force the room temperature up
to24.5"C.

The rationale underlying the reduction in outdoor air flow rate in stage 3 can be infened by
reference to figure I.3163. From this diagram it can be seen that at the full outdoor air flow rate
of 600I-/s and 30 people in the lounge bar, the room temperature cannot fall below 21.5"C
unless the ambient temperature drops below 20"C. With higher occupancy of the lounge bar,
the reduction in outdoor air flow rate to 300 Us will be delayed until an even lower ambient
temperature is attained. Thus, in other than exceptional circumstances, the desired ventilation
rate of 10 Us is achieved at all times.

The dehumidification performance attainable using the above control strategy is as shown in
Itgures L l and I.2. The former shows the room relative humidity when the full outdoor air
quantity of 600 [-/s is used, the latter when it is halved to 300 L/s. The lower rate is of course
only applicable when the occupancy falls below 30 people. It is seen that the relative humidity
is maintained within a band between 39'l7o and 59'47o at all times. These levels are a great
improvement over those attainable using conventional CAV systems, and are attained without
the profligate expenditure of power which would be required to overcool and reheat the whole
mass of the supply air to achieve acceptable zone conditions using conventional strategies.

t62 This is a two-speed fan.
163 

See Appendix I.
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13.5. Summary.

The ZEBRA package has been conceived as a tool which will assist the designer in
understanding the processes occurring within an air conditioning system, and consequently

provide direction in the search for a near-optimal design solution. The present chapter

describes in some detail the application of the Tnbra Kemel to three design studies, one of a
conceptual nature and the other two describing operational projects. The studies have been

presented in the chronological order in which they were undertaken, and not only provide a

demonstration of the capabilities of the 7.ebra Kernel, but also illustrate the interactive

processes which have been involved in the HDP method of air conditioning. The

understanding which accrues from studies such as those described plays a vital rôle in
stimulating technical innovation, highlighting def,rciencies in cunent understanding of various

aspects of plant and system performance, and in providing guidance in the development and

automation of methodologies for optimal design.
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Chapter L4. Conclusions and Recommendations.

The objective comparison of the relative merits of contending design solutions for an indoor
climate control problem presupposes the availability of a means of modelling the performance
of the various systems which the designer might wish to consider. As a minimum, the
designer should be able to extract from the modelling process a measure of the zone conditions
which may be maintained by a system in the face of anticipated variations in zone loads and

other operating parameters, an estimate of the power consumption required to maintain those

,,/.1,,t, conditions, and a means of identifying an appropriate control strategy. Given that this

¡*" , p information can be obtained, the designer can estimate the capital and operating costs
(r' v associated with promising candidate design solutions, and recommend a conf,rguration and

control strategy which will enable a prescribed set of air quality indices to be maintained,
while at the same time minimizing the cost of owning and operating the system. The
modelling tools used should be efficient, flexible and easy to use. They should also be

established on a firm physical foundation, and conceived within a framework which takes a

holistic approach to the entire specification and design process. When provided with such

tools, the designer is encouraged to experiment, and gains new insight into the factors which
effect the air conditioning system performance. The current study has been undertaken as a

component of an ongoing project to develop such a set of tools, and to establish procedures to

\enable maximum productivity to be gained from their use. This is necessa¡ily an evolutionary

þiocess, but the tools developed today to increase productiviry within a semi-automated and
, partially fragmented design environment should be conceived with the clear foresight that they

1l will in the near future be required to operate within an environment which seeks to obtain

\ much closer integration between the various facets of the design process. In this concluding
, chapter of the thesis, it is timely to review the progress which has been made to date in

meeting the above objectives, and our immediate priorities for future developments. In this

respect, it will be convenient in the following to examine three aspects of the modelling
programme, namely:

The position of the Z.ebraKemel as a component of an integrated environment for the

design and analysis of air conditioning systems.

The need for further experimental research to support the modelling effort.

The need to develop further modelling capabilities within theZnbra Kemel

14.1. An Integrated Design and Analysis Environment.

The case studies described in the preceding chapter indicate clearly the manner in which the

æBRA programme may be used both as a design tool, and as a means of establishing general

principles and recommendations for general classes of air conditioning problems. In each case

the need to consider system operation over a broad range of part-load conditions was clearly
demonstrated. The reader familiar with the modelling tools available in most, and probably all
design offices, will recognizethat the thorough analyses involved in those studies could only
be undertaken by traditional means at the expense of months of manual computation even with

\
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the assistance of conventionally available software. Such time investment would not be
feasible in a normal design ofhce. Use of the Znbra Kernel in its present form has the
potential to increase greatly the productivity of the design engineer by providing a means
whereby the characteristics of a range of prospective air conditioning design solutions can be
rapidly evaluated for their responsc to both peak and part-load conrjitions. On this basis
cooling coils can be selected, and control strategies devised to handle potentially difficult part-
load cutrditiuns. Nevertheless, certain routine data processing tasks associated with these
studies have been mundane and labour intensive, and a¡e prime candidates for automation.
This can be undertaken most conveniently if the Tnbra Kernel runs as a process within a
multitasking environment such as Windows, as has always been envisaged (see Chapter 2).
The task of converting the code to run as a Windows process, and establishing the protocols
whereby the Tnbra Kemel will be able to communicate and interact with other Windows
processes therefore assumes a very high priority. The other tasks with which theZnbraKemel
will be required to interact may be standa¡d softwa¡e packages, such as CAD packages,
spreadsheets, databases, and progranìmes which have either been written or modified
expressly for use within the general ÆBRA framework, such as user interfaces, graphics and
reporting prografiìmes, and load calculation programmes. The m¿ì.nner in which these tasks are
integrated into the æBRA framework will ultimately determine the useability of the package.
Certain aspects of the integrated environment a¡e considered below.

A windows based user interface for the ZEBRA programme is presently being
developed. This will provide the user with a means by which to communicate
interactively with the Znbra Kemel, and with other components of the ZEBRA
environment. It will also provide a means of accessing and editing existing system
specification files which have been stored in the format outlined in section 2.4. These
a¡e currently created and edited using a standa¡d text editor, a procedure which
requires an intimate knowledge of the Tnbrafile structure.

The runtime log hle (section 12.3) is the primary repository for the results of a
simulation exercise. It is however to be regarded as an interim, and usually volatile
data store only, from which information may be extracted for more permanent storage
in a databa^se (see below), or for the generation of reports and graphical output. Three
basic types of report are envisaged. By default, printed reports will be formatted
according to a standard style. It is also desirable that a (limited) facility be provided to
enable the user to define and store custom styles, whereby only those parameters of
particular interest to the user may be selected for output. Finally, a facility will be
provided to enable data to be transfened directly from the log file to a spreadsheet
programme such as Excel.

Data will also be extracted from the runtime log file for graphical output. There is a
clear need for a facility to plot the process lines rcpresenting the results of a simulation
run on a screen-based psychrometric chart. Provision will also be made to generate
other types of plots, such as those presented in Appendix E. Certainly, these can be
generated via the medium of a spreadsheet package, but where such plots need to be
generated on a routine basis, this procedure becomes quite tedious. The graphics
generation routine will make provision for graphs to be stored to disc or printed, and

2
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in the longer term to be linked to other documents using the Object Linking and
Emb e ddin g (OLE) mechanism.

In current practice, the results of a load analysis performed using a load calculation
programme need to be transcribed manually into a form suitable for input to ÆBRA
when performing a simulation covering a time sequence of load conditions, as was
done in Case Study 2 in Chapter 13. Most if not all extant load calculation
progranìmes generate output files reporting on an extensive range of parameters, most
of which are of little relevance to the user concemed with simulating air conditioning
plant perfoffnance. Machine extraction of those parameters which a¡e of interest,

namely the space loads, is by no means straightforward. Generation of an auxiliary
output file in an appropriate format would certainly improve the situation, but a more
intimate degree of interaction is really desirable. What is required is the ability to
establish a link between the load calculation programme and the 7-ebra Kemel,
possibly via an intermediary. This is not simply a matter of convenience. Such a
mechanism is necessary for the accurate modelling of a class of problems which are

of growing interest; those in which proportional control of room temperature is not
possible at some point, either as the result of a conscious design decision, or because

of poor equipment selection. Under such conditions the room temperature is not held
at the thermostat set point, and to find the equilibrium zone condition, it is necessary

to be able to establish the functional relationship between room dry bulb temperature
and space load. Clearly, a Windows-hosted load calculation programme is required.

This could possibly be developed by modifying one of the existing codes, such as

TEMPER.

A database system is projected as an essential and integral component of the æBRA
package. A database is an ideal means of storing and retrieving information relating
to equipment items such as fans, and possibly also information relating to components,

such as pipe and duct fittings. In the case of such entities there is little argument as to

exactly what should be stored, and the task of designing the database is relatively
straightforward.

The project database is potentially an extremely powerful tool for archiving and

maintaining information relating to an air conditioning design project. Potentially, this

could act as a repository for a quite diverse body of informationr#, including system

specifications and performance data, load data, and information of a more general

nature, such as drawings, costing information and time schedules. There is however
a danger that the database could become unwieldy if close attention is not paid to its

design, and to the establishment of procedures for its use and maintenance. During the

early stages of a project, the designer will probably wish to trial a number of possible

design solutions and to archive the specifications and performance data for future
comparison. The origins and status of the data must be clearly identified if future

t64 In fact, most of the items which follow would probably not be stored directly in the database

Rather, the database would store the names of files where this information could be found.

4.
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confusion is to be avoided. The investigation of suitable means of managing the data
associated with a design project is potentially an important area for research.

The structuring and composition of the climate database is more straightforward, but
still raises questions. Obviously, the database will be organized according to location,
and will include such basic data as the altitude and geographic coordinates of the site.
Meteorological data will be stored in raw or processed forms, or both. Monthly
climate summaries are an obvious candidate for inclusion, as is the design locus,
which figures so prominently in the group's work at the present time. 'Test Reference
Year' data sets, comprising 8760 hourly sets of climatic data which are decla¡ed to be
representative of the location according to some agreed criterion, are commonly used
as a standard for estimating annual energy usage (Clarke, 1985). Yoshida and Terai
(1992) advocate the use of time series analysis both as a means of compacting the data
storage, and as a means of deriving a record which is more truly representative than
that for a 'typical' year. A data set which is appropriate for estimating energy usage
will probably not form a suitable basis for the actual air conditioning design. Von
Thun and v/itte (1991) suggest the use of a 'design weather year'. These matters
suggest a¡eas for further investigation of how best to select climate data which are
suitable for inclusion in a climate database intended for use in the design and analysis
of air conditioning systems, and of the tools which are required to access and maintain
such a database.

In Chapter 9 a methodology was developed for calculating the temperature and
pressure distributions in a duct system. Although not yet fully operational, it is
envisaged that this will be an important component of the æBRA package. It was
originally envisaged that this component would form an integral part of the Znbra
Kernel. It now seems preferable that it should be implemented as a self-contained
component which can either be used in a standalone mode or accessed by the Tnbra
Kemel via a link. The duct model is constructed in computer memory from a flat file
using a recursive algorithm which is described in detail in section 9.4.5. The flat hle
itself can be created using a text editor. This procedure is suitable for use during the
development phase but is too labour intensive for routine operational usc. Suitable
altemative tools will need to be developed. As was mentioned in Chapter 9, the data
structures used to implement the duct model are, with minor modifications, suitable
for use with the T-method for the optimal design of systems (Tsal et al., 1988a, b).
The possibility of adapting this component for use as a tool not only for analysis for
¿ùso for design should be investigated at some future date.

TheZnbra Kernel itself has been designed with the intention that, once loaded with a
set of system specifications, it may be accessed in several different ways. Most
obviously, a user at a keyboard may conduct an interactive session with the loaded
ZnbraKemel. Altematively, a set of instructions may be supplied to the TnbraKemel
in the form of a metafile. The analyses involved in Case Study 2 of Chapter 13 were
performed in this manner. Once the Tnbra Kernel has been ported to a multitasking
environment it will become possible for another running process to initiate an
interactive session with the loaded Z.ebra Kemel. This facility is mainly intended to

6.
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provide access to the TnbraKemel by expert system and optimization software. The

identihcation of aspects of the system design which a¡e amenable to optimization, and

the formulation of the associated optimization problems, is still in an exploratory

stage.

14.2. Experimental Research.

i In developing theZnbraKemel, every effort has been made to ensure that the algorithms used

, are not only computationally efhcient, but that they are firmly based on fundamental scientific

{ì
:i I

iii\
'l i operates to the benefit of both progr

I which is essential to the modelling process, but equally the insights gained from modelling of
,.- ,ait conditioning processes are leading to the identification of areas where further research is

'. needed.
itu

Considerable work has been undertaken in the past to establish a hrm basis for the testing and

rating of cooling coils (Sekhar, 1990). However, our database currently only contains

conelations for wet and dry coils one, two and four rows deep, and having a tube diameter of
5/a" anda hn density of 6 fins per inch. Support for coils two and four rows deep, and having

fin densities of 9 and 12 hns per inch, has been added by synthesizing datar65. The accuracy

of the correlations derived for these latter coils has not been tested, although there is reason to

believe that the accuracy is fairly high. The lack of support for single row coils in these higher

fin densities seriously restricts the range of coil geometries which may be simulated in

practlce There is an need to extend our test matrix, ideally to provide a universalurgent

correlatiod,- or series of correlations, which will permit the simulation of s/e" tube coils

- 
cove¡ing all depths from one to six rows, and fin densities from 4 to 14 fins per inch.

=Eifension 
to chilled water coils with Vz" diatneter tubes and DX coils with Vz" diartrctet and

7e" diameter tubes is also needed (see also item 2 below). It is to be hoped that fundamental

research into the nature of the condensation process in cooling coils which is currently in

progress will provide the thèoretical understanding needed to derive the appropriate

conelations, allówing us to restrict testing.to a sparse subset of the total matrix

, There is also a need for improved experimental data relating to air pressure drops through
I Òooling coils. We currently use McQuiston's conelations (see section 7.7), andcomparisons

"ì-with results given by a proprietary coil selection programme are good. However, it has

' recently been brought to our attention that a more recent version of the same proprietary

prograÍìme predicts pressure drops which are substantially lower than those obtained from the

In this experiment, a series of synthesized 'experiments'were run using data output from a

proprietary coil selection prograrnme, and the results processed in the usual way. Our experience

when using this programme to predict the performance of coils having a hn density of 6 fins per

inch, for which we do have a substantial body of experimental data, leads us to believe that the

resulting correlations will be acceptable.

,t
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earlier version. kr any case, McQuiston's expressions are unwieldy, and the physical basis for
some of them is not altogether clear.

Other a¡eas in which we can foresee the results of fundamental resea¡ch feeding back into the
modelling process inchrde the following:

Estimation of entrainmcnt ratcs for induction systems. The functional relationships
upon which these depend need to be established by numerical modelling using a
commercial CFD package and verihed by deh¡itive experiment.

t : ll ¡..)rrl'i' i ,,'.

Fundamental experiniental and computational resea¡ch on various aspects of the
performance of DX system components is required to support the extension of the
ZEBRA modelling methodology to handle such systems. The most immediate
requirement in this regard is that of establishing a set of correlations for the heat
transfer and pressure drops for refrigerants in an evaporator coil.

Numerical modelling of pressure losses in duct fittings, and of fan system effects. As
was notOd in Chapter 9, the data in the ASHRAE database has been collated from a
disparate collection ofsources, and varies greatly in its style ofpresentation, and also
one suspects in accuracy. Numerical modelling using a CFD package offers the
potential to establish a more uniform sytem of presentation, to broaden the range of
geometries which can be modelled, and also to study the influence of upstream fittings

, on the pressure drop through a particular fitting.

14.3. Additional Modelling Capabitities.

In its current form, the7æ,bra Kemel is able to model a wide range of ai¡ conditioning system
configurations. In designing the softwa¡e, it was recognized that there would be an ongoing
need to enhance and broaden the capabilities of the model, and a great deal of emphasis has
been placed on developing data structures which contain the flexibility necessary to facilitate
this process. The use of the object model has assisted greatly in this regard. Future
enhancements envisaged for the model include the following:

Simulation of DX systems. The basis for a framework for modelling DX system
performance has been established in Chapter 11. There is need to continue this work,
in conjunction with a programme of basic resea¡ch (see above).

Modelling of heating systems. The basic procedures for rating cooling coils described
in Chapter 7 are equally applicable to coils using hot water as a cooling medium, with
the simplification that we no longer need to consider condensation. The softwa¡e
modules currently used to simulate heat transfer do include some aspects which are

2.
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specific to the cooling situation, but these restrictions can easily be removed to permit
the heating situation to be modelled alsor66.

Perimeter induction units experienced a considerable degree of popularity during the
1950's, 1960's and 1970's. These systems offer the advantage that they occupy less

space than conventional units. For ceiling-mounted induction the small size allows the

depth of plenum to be reduced, thus reducing the slab-to-slab height and hence

increasing the number of floors of rentable space in the building within a prescribed

height. However, as installed they are noisy, and offer poor energy efhciency. The
latter factor in particular led to a decline in their popularity during the energy
conscious 1970's. Many of these systems are still in use, and since the buildings
involved were custom built to accommodate the induction systems, space limitations
preclude the possibility of retrofitting more conventional technology. Recent (as yet

unpublished) work in our laboratories, supported by field trials, indicates that by
redesigning the induction nozzles, entrainment rates can be enhanced, allowing
primary air supply pressures to be reduced and leading to both a substantial reduction
in noise level and an increase in efhciency. Use of HDP principles potentially offers
a means of effecting further improvements in efficiency. For these reasons, the

addition to the Tnbra Kemel of a facility to model induction systems has become

highly desirable.

4. The basic system model, as described in Chapter 6, offers the capability of modelling
a wide ratgg"_qljgad"ar_rd control situations. A class of problem which cannot yet be

-handled 
is that in which proportional control of room temperature is precluded.

Algorithms to solve for this c¿ìse can be developed, but their implementation will need

to wait until the appropriate links to a load estimation programme have been

established (see section 14.1 above). A related problem, and one for which a solution
can be implemented now, is that in which a space is subject to humidity control, but
the cooling coil lacks the capacity to deliver the necessary overcooling. In this case, it
is desirable to be able to estimate the room relative humidity which the system can

sustain. The ability to model this situation will be incorporated into theZnbra Kemel
in the near future.

trated on the air side of the system. In future,
r the water side also. Pipe networks can be

d in Chapter 9. A chiller model will also be

6. - " Waste heat recovery through the use of air-to-air heat exchangers has recently become

ii ¡an important component of the HDP control strategy (see section 13.4). The air

iiipressure drop through such units has implications for the energy consumption and

166 In fact, since we are no longer concerned with fìnding the wet and dry surface areas of the coil, a

fundamental operation in the simulation of cooling coils, it will probably be more efficient to write
a separate top-level module for the heating situation, rather than attempting to produce a universal

module. Needless to say, most of the lower level modules can be shared.
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pressure balance for the system, while efficiency determines the amount of heat
transfer which is possible. It is desirable that tbeZnbra Kernel be provided with the
means to estimate these parameters as an integral component of the system model.

14.4. Conclusions.

The thesis has described the a¡chitecture of an integrated design and analysis environment for
air conditioning systems. The Tnbra Kemel which, as its name implies , is at the heart of this
environment, provides a structured framework within which the presently known physics of
the processes occurring within an air conditioning system can be incorporated to provide a
rigorous simulation of the system and its component plant items. In its present form theZ.ebra
Kemel is a robust and proven tool which incorporates the ability to model a wide range of air
conditioning system conhgurations. The physical bases and solution algorithms which
underlie the modelling methodology embodied in the Tnbra Kernel have been described. It
has been demonstrated how the use of the modelling tool has the potential to facilitate the task
of the air conditioning designer greatly when seeking a solution to an indoor climate control
problem. This is achieved not only by automating tamiliar aspects of the design cycle, but also
by providing the designer with new insights into the thermodynamic and transport processes
involved in an air conditioning system. Future work may be expected to proceed in two broad
directions. Development of the overall framework within which TheZnbraKernel is designed
to operate will make the code more accessible and so facilitate its acceptance by industry.
Fundamental resea¡ch together with the continuing application of the modelling strategy to a
range of applied problems, including studies which on the one hand may be of a conceptual
nature and on the other hand may have commercial signif,rcance, will serve both to verifu and
strengthen the basis for the modelling strategy, and will encourage enhancements and
extensions to the basic model to increase further its value and range of applicability.
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Appendix A. Coil Simulation Plots.

The following plots complement the text of section 13.1, which contains a full description of
the cases considered. Briefly, the coil configurations used in simulations used to generate

these plots were as follows:

4.1. A simple four-row coil

Two coil components with the chilled water flow to each circuited in parallel, as per

the arrangement of figure 8.1. (Section 13.1, Case 1).

Two coil components circuited in a counterflow arrangement with respect to the

chilled water flow, as per the alrangement of figure 8.2. (Section 13.1, Case 2).

A.4. As per the preceding case, but with three coil components circuited in a counterflow

affangement with respect to the chilled water flow. (Section 13.1, Case 3).

4.5. A coil subject to a changeover involving deactivation of circuits, as per the

arrangement of hgures 8.3 and 8.4. (Section 13.1, Case 4).
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Figure A.l.a. Coollng capacity vs. CVy' velocity for an air face velocity of
1.5 nils.
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Figure 4.1.f, Surface wetness fraction (A,/ A,) vs. CW velocity at air face
velocities from 0.5 m/s to 2.-5 m/s,
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Figure 4.1.g. Water pressure drop vs. CW velocity for an air face
velocity of 1.5 m/s.
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Figure 4.2.a. Total capacity vs. CW velocity. Air face velocity = 1.5 n/s.
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Figure 4.2.d. Sensible heat ratio vs. CVy' velocity. Air face velocity

= 1.5 n/s.
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Figure 4.2.e. Db temperature at vanous polnts ln the coil vs. CW velocity
Air face velocity = l'5 m/s.
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Figure 4.2.g. Water pressure drop vs. CVy' velocity. Air face velocity =
1.5 m/s.
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Figure 4.3.a. Total capacity vs. CW velocity. Air face velocity = l'5 m/s.
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Figure 4.3.d. Sensible heat ratio vs. CW velocity. Air fäce velocity =
l 5 m/s.
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Figure 4.3.g. Water pressure drop vs. CW velocity. Air face velocity =
1.5 m/s.
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Figure 4.4.d. Sensible heat ratio vs. CW velocity. Air t'ace velocity =
1.5 m/s.
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Figure 4.4.g. water pressure drop vs. cw velocity. Air täce vel.city =
1.5 m/s.
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Figure 4.5.a. Total capacity vs. CW velocity. Air face velocity = 1.5 m/s
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Figure 4.5.d. Sensible heat rario
velocitv= 1.5 n/s.

vs. CV/ velocity. Air face
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Figure 4.5.e. Db temperature at v¿u'ious points in the coil vs. cvy' velocity
Air tace velocity = 1.5 m/s.
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Figure 4.5.g. Water pressure drop vs. CW velocity. Air face
velocity = 1'5 m/s.
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Appendix B. Load Data for the Multistorey Building.

The following graphs describe the ambient conditions and zone loads for simulating the

performance of a series of air conditioning plant configurations in a multistorey office
building. Full details of the office building and the test matrix will be found in section 13.3.

The data presented in the following graphs models the ambient conditions and zone load

situations for:

January, Adelaide. 07:00 to 20:00.

April, Adelaide. 07:00 to 20:00.

Ma¡ch, Kuala Lumpur. 07:00 to 20:00.

November, Kuala Lumpur. 07:00 to 20:00.

a.

b.

c.

d.
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Figure B.l. Ambient dry and wet bulb temperatures for January. Adelaide.
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Figure 8.3. Zone sensible heat ratios fbr January. Adelaide.
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Figure 8.4. Ambient dry and wet bulb temperature for April. Adelaide
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Figure 8.7. Ambient dry and wet bulb temperature tbr March. Kuala Lumpur
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Figure ß.10. Ambient dry and wet bulb temperature for November. Kuala
Lumpur.
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Appendix C. Zone Conditions for the Multistorey Building.

The following graphs plot the zone relative humidity attained in a multistorey office building
subject to a test matrix defined by the following parameters:

a. Climatic regime, the following cases being considered

Adelaide for the months of January and April;
Kuala Lumpur for the months of Ma¡ch and November

b. Ventilation air flow rates of:

2'5 Us per person;

10 Us per person.

I
ll

I

ll

c Air conditioning system configurations:

Conventional multizone VAV;
Conventional multizone CAV;
HDP.

In all cases, the zone dry-bulb temperature has been maintained at24"C. Full details of the

building, the test matrix and the modelling procedure will be found in section 13.3.

1.

ii.
iii.
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Figure C.l.

\
\_

Zone conditions obtained using a conventional multizone VAV
system. Adelaide, Janualy. Ventilation air flow 2.5 Lls per person.
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Figure C.4.

Figure C.5.
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Zone conditions obtained using a conventional multizone VAV
system. Adelaide, January. Ventilation air flow l0 L/s per person.
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Figure C.7.
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Zone conditions obtained using a conventional multizone VAV
system. Adelaide, April. Ventilation air fTow 2'5 L/s per person.
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Figure C.10.

Figure C.ll

Figure C.12.
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Figure C.13. Zone conditions obtained using a conventional multizone VAV
system. Kuala Lumpur, March. Ventilation air tlow 2.5 L/s/person.
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Figure C.16. Zone conditions obtained using a conventional multizone VAV
systenÌ. Kuala Lumpur, March. Ventilation air flow l0 L/s/person.
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Figure C.19. Zone conditions obtained using a conventional multizone VAV
system. Kuala Lumpur, Nov. Ventilation air flow 2'5 L/s/person.
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Figure C.22. Zone conditions obtained using a conventional multizone VAV
system. Kuala Lunpur, Nov. Ventilation air flow l0 L/s/person.
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Figure c.23. Zone conditions obtained using a conventional multizonecAV
system. Kuala Lumpur, Nov. Ventilation air flow l0 L/s/person.

85

&

70

65

m

s

t5

&

¡Q

.E

I

È

l3O la:ó

Ìm.

æzffi

------ sEZN

0t@ l6:@ tz@ 13fl t0ú æi@

Figure C.24. Zone conditions obtained using an HDp system without staging
Kuala Lumpur, Nov. Ventilation air flow l0 L/s/person.

&

70

àl

Ë65
'Ë

I

.!æ
t
E

55

s

45

07@

\ ./
\

rt6 lSø la:@

flm.

1ss l6:@ l0:O re@ æ@



443

Figure C.25. Zone conditions obtained using an HDP system with .staging on
perimeter i,on¿s. Kuala Lurnpur, March. Ventilation air flow 2'5 Us
pef person.
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Appendix D. Power Consumption for the Multistorey Building.

The following graphs plot the power consumption of various system configurations used to air

condition a multistorey off,rce building. The power consumption is itemized in terms of
refrigeration, fan and pump power consumption, and has been calculated as power

consumption for the entire building. In summary, the contents of the graphs are as follows:

Graphs D.1 through to D.8 compare the power consumption for a conventional

multizone VAV system, and an HDP system, without staging. Neither system is

subject to humidity control.

Graphs D.9 through to D.l6 plot the power consumption for a conventional multizone

CAV system. In simulations used to derive this series of graphs, overcooling and

reheat has been applied as necessary to constrain the maximum zone humidity to a

Ievel of 607o In other words, to just satisfy the provisions of ASHRAE Standard 55-

1989. Reheat has been plotted as an additional item of po\ryer consumption in this

series of graphs, and it has been found desirable to use an ordinate scale which differs

from that used for the other graphs.

Graphs D.17 andD.18 compa¡e the power consumption for an HDP system without

staging, and one with staging applied to the perimeter zones. As with the first series

of graphs, neither system is subject to humidity control'

Full details of the building, the test matrix and the modelling procedure will be found in

section 13.3.
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Figure D.1.

447

Power Consumption for a conventional VAV system and an HDP VAV system for January

Adelaide. Ventilation air flow 2'5 Lls per person.
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Figure D.2. Power consumption for a conventional VAV system and an HDP VAV system for January

Adelaide. Ventilation air flow l0 L/s per person.
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Figure D.3. Power consumption for a conventional vAV system and an HDp vAV system for April
Adelaide. Ventilation air flow 2.5 Lls per person.

A Punp

E Fan

aRêh¡gønl¡on

800

750

foo

650

600

550

Ð roo

c
.3 4s0
Â
É! ¡oo

2o --^o r5u

o

' 
3oooÈ
250

200

150

100

50

0

07:00 08:00 09:00 i0:00 I t:00 12:OO 13:00 i4:00 15:00 t6:OO 17:00 t8:m te:æ 20:æ

Tmê
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Power consumption for a conventional VAV system and an HDP VAV system for March.
Kuala Lumpur'. Ventilation air flow 2.5 Lls per person.
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Figure D.7 Power consumption for a conventional vAV system and an HDp vAV svstem for
November. Kuala Lumpur. Ventilation air flow 2.5 Lls per person.
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Figure D.9.

45t

Power consumption f'or a conventional CAV system for January. Adelaide. Ventilation
air flow 2.5Lls. Overcooling and reheat applied to coustrain maximum zone humidity to
60Vo.
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Power consumption tbr a conventional CAV system for January. Adelaide. Ventilation
air flow t0 L/s per person. Overcooling and reheat applied to constrain maximum zone

humidity to 60Vo.
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Figure D.1l Power consumption tbr a conventional CAV system fbr April. Adelaide. Ventilation air
flow 2'5 L/s per person. Overcooling and reheat applied to constrain maximum zone
humidity to 607o.
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Figure D.13.
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Power consumption for a conventional CAV system for March. Kuala Lumpur.
Ventilation air flow 2'5 Lls per person. Overcooling and reheat applied to constrain

maximum zone humiclity to 607o.
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Power consumption for a conventional CAV system for March. Kuala Lumpur.
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Figure D.15.

Figure D.16.
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Figure D.17. Comparison of energy consumption for an HDP system without staging, and the same

system with staging on zones I to 4. Kuala Lumpur. March. Ventilation air flow rate

2'5 Lls per person.
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Figure D.18. Comparison of energy consumption for an HDP system without staging, and the same

system with staging on zones I to 4. Kuala Lumpur, November. Ventilation air flow rate
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Appendix E. Water Flow Rates for Multistorey Building.

457

Chillecl water consuntption per floor lor a conventional multizone VAV system and an

HDP system (without staging). Adelaide, January. Ventilation air flow rate2'5 L/s per

person.
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Figure 8.3.
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Chilfed water consumption per floor for a conventional multizone VAV system and an
HDP systern (without staging). Adelaide, Aplil. ventilation air flow rate 2.5 L/s per
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Figure E.5.
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Chilled water consumption per floor tbr a conventional multizone VAV system and an

HDP system (with and without staging). Kuala Lumpur, March. Ventilation air flow late
2.5 Lls per person.
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Chilted water consumption per floor for a conventional multizone VAV system and an

HDP system (without staging). Kuala Lumpur, March. Ventilation air flow rate 10 L/s per

person.
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Figure 8.7.

Figure E.8.

Chilled water consumprion perfloor for a conventional multizone VAV system and an
HDP system (wtih and without staging). Kuala Lumpur, November. ventilation air flow
rate 2.5 L/s per person.
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Appendix F. Coil Selections and Peak Load Performance for
the Multistorey Building.

This appendix tabulates the coil selections used in the air conditioning system performance

simulations for the multistorey building (Section 13.3), together with details of the system

performance under peak load conditions. The following abbreviations are used in the tables

below:

AFV
APD
CV/
WPD
WTR
wv

Air Face Velocity
Air Pressure Drop
Chilled Water
Water Pressure Drop
'Water Temperature Rise

Water Velocity

F.1. VAV Systems.

F.1.1. Adelaide.

Table F.1.. Cooling Coil Selection.

Table F.2. Cooling Coil Performance at Simultaneous Peak Load.

Table F.3. Zone Relative Humidity at Simultaneous Peak Load.

width
IItm

Height
nìm

Height
tubes

Fins/Inch Rows Passes per
Circuit

Circuits

1800 t3'n.6 36 9 4 L2 t2

Ventilation
l,/s per
person

wv
m/s

CW
Flow
L/s

Refrigeration Cap (krW) AFV
m/s

APD
Pa

V/PD
kPa

WTR
OC

Sens. Lat. Total

2.5
10

1.009

1.1 14

2.115
2.398

86.52
96.&

7.82
8.45

94'34
r05.1

2.511
2.51r

t49'l
t49.5

22.38
27.83

10.64

10.455

Ventilation
[.,/s per person

Tnne I
NW

7-one2
NE

7nne3
SE

Znne4
SW

Znne5
Interior

2.5
10

49.33

48.63

49.92
49.22

49.92
49.22

49.29
48.59

5t.74
51.05
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F.1.2. Kuala Lumpur.

F.2. CAV Systems.

F.2.l.Adelaide.

Table F.4. Cooling Coil Selection.

Table F.5. Cooling Coil Performance at Simultaneous peak Load.

Table F.6. Zone Relative Humidity at Simultaneous peak Load.

Table F.7. Cooling Coil Selection.

Width
mm

Height
nìm

Hcight
tubes

Fins/Inch Rows Passes per
Circuit

Circuits

I 800 t371,6 36 9 4 8 18

Ventilation
L/s per
person

WV
m/s

CW
Flow
Us

Refrigeration Cap (kW) AFV
m/s

APD
Pa

WPD
kPa

WTR
C

Sens Lat. Total

2.5

l0
0.79',7

r.270
2.506
3.995

77.73
84.87

15.88

40.00
93.61

124.87
2.3t1
2.310

124.3

Itt.2
to.2t
25.97

8.908
7.452

Ventilation
L/s per person

7,one I
NW

Zane2
NE

Zone3
SE

Znne4
SV/

Zone 5

Interior

2.5

l0
50.73

51.45
5 1.53

52.24
51.53
52.24

50.65
51.36

53.26
53.97

Znne width
Inm

Height
ntm

Height
tubes

Fins/Inch Rows Passes per
Circuit

Circuits

I
)
J

4
5

I 100
l 100
1400

1400

1400

571.5

571.5

381

381

609.6

l5
l5
l0
l0
16

9

9

9
9
9

4

4
4

4

4

20
20
20
20
l6

3

3

2
2
4
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Table F.8. Cooling Coil Performance for Each Coil at its Individual Peak Load.

Table F.9. Zone Relative Humidity at Individual and Simultaneous Peak Load.

F.2.1. Kuala Lumpur.

Table F.10. Cooling Coil Selection.

7¡lne Ventilation
L/s per
person

wv
m/s

CV/
Flow
L/s

Refrigeration Cap (kW) AFV
m/s

APD
Pa

V/PD
kPa

V/TR
oc

Sens Lat. Total

I
2.5

10

1.160

t.126
0.608
0.590

21.44
23.18

5.63
4.21

27.07
27.39

2.482
2.482

138.4

t42-7
29.03
27.51

10.617

11.070

2
2.5
l0

1.113
1.031

0.584
0.541

19.80

20.68
6.r6
4.54

25.96
25.22

2.33r
2.331

124.2

128.3

27.02
23.62

10.613

ll.l30

J
2.5
l0

1.055
1.054

0.369
0.368

14.78

15.45

3.82
3.45

18.60
r8.90

2.030
2.030

104.2
105.3

30.90
30.85

t2.037
12.240

4
2.5

l0
1.196
1.280

0.418
0.447

t7.32
19.01

3.50
3.37

20.82
22.38

2.350
2.350

131.5

t32.5
41.11

46.38
11.891

l 1.938

5
2.5

l0
t.230
r.238

0.859
0.866

29.12
30.43

8.53

7.87
37.65
38.31

2.500
2.s00

138.3

139.9

35.53
35.97

10.451

10.558

Peak
Zone

Ventilation
[-/s per person

7,one I
NW

7nne2
NE

7nne3
SE

Tnne 4
SW

Tnne 5
Interior

1
2.5

10

52.il
51.85

58.88
56.53

59-23
56.85

59.05
56.67

56.09
55.29

2
2.5
10

60.43

5',7.93

53.27
52.69

60.81
s8.35

60.65
58.15

56.52

55.91

J
2.5
l0

59.63
58.72

59.58
58.67

53.98
53.65

59.83
58.92

55.44

55.06

4
2.5

l0
57'42
56.60

57.48
56.68

57.83
57.02

52.85

52-23

55.07
54.42

5
2.5
10

59-63
58.72

59.58
58.67

53.98
53.6s

59.83
58.92

55.4
55.06

Overall
2.5
l0

57.42
56.60

57.48
56.68

57.83
57.02

52.85

52.22
55.06
54.4r

Tnne width
mm

Height
mm

Height
tubes

Fins/Inch Rows Passes per
Circuit

Circuits

1

2
J

4
5

1000
1000
1000
1000
1350

609.6
609.6
609.6
609.6
609.6

l6
16

16

t6
l6

9
9
9
9
9

4
4

4
4
4

l6
l6
t6
t6
8

4
4
4
4
8
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Table F.11. cooling coil Performance for Each coil at its Individual peak Load

Table F.12. Zone Relative Humidity at Individual and Simultaneous peak Load.

Zone Ventilation
L/s per
person

WV
m/s

CW
Flow
L/s

Refrigeration Cap (kW) AFV
m/s

APD
Pa

WPD
kPa

WTR
OC

Sens. Lat. Total

I
2.5
10

0.988
1.339

0.690
0.936

19.42

2U.82

7.60
12.40

27.O2

33.22
2
2

343
343

120.7
111.8

16.29

31.08
9.332
8.463

2
2.5

l0
0.9t4
1.088

0.639
0.761

17.12

t7.4t
8.24
l1.40

25.36
28.81

2.tos
2.105

100.6

95.4
14.24

19.28
9.468
9.035

3
2.5

l0
0.973
1.t62

0.680
0.812

18.05
18.32

8.48
11.79

26.s3
30.t2

2.220
2.220

108.8

103.0
r5.88
21.62

9.300
8'841

4
2.5

l0
1.030

1.422
0.720
0.994

19.99

21.43
1.75
t3.14

27.74
34.57

2.4t4
2.414

125.4

I16.0
17.52

34.60
9.191
8.294

5
2.5

l0
0.827
t.128

1.156
1.577

27.47
29.43

10.72

t8.ll
38.18
47.55

2.456
2.456

126.6

I19.0
8.37
14.30

7.814
7.188

Peak

Zone
Ventilation

L/s per person
Znne I
NW

Znne2
NE

Znne3
SE

Znne 4
SW

Z.ane 5

Interior

I 2.5
l0

53.54

54.08
62.76
69.07

62.73
69.02

62.62
68.93

56.26
56.81

2
2-5

l0
65.3',1

70.14
54.50
s5.04

65.43
70.17

65.35

70.1I
57.90
58.51

J
2.5

l0
64.87
69.65

64.98

69.74
54.20

54.78
64.86
69.63

57.69
58.32

4
2.5
l0

62.44
69.30

62.54
69.43

62.49
69.38

53.39
54.03

56.13
56.'77

5
2.5

10

62.44
69.30

62.54
69.43

62.49
69.38

53.39

54.03
56.13
56.77

Overall
2.5

10

59.86
60.14

61.89
66.78

61.86
66,73

58.91

59.20
56.10
56.45
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F.3. HDP Systems.

F.3.1. Adelaide.

Table F.13. Cooling Coil Selection - Ventilation Air Flow Rate 2'5 L/s per person.

Table F.14. Cooling Coil Selection - Ventilation Air Flow Rate 10 [,/s per person.

Table F.15. Outdoor Air Cooling Coil Performance at Simultaneous Peak Load.

Zone widrh
Inm

Height
tlrm

Height
tubes

Fins/Inch Rows Passes per
Circuit

Circuits

o/A
I
2
J

4
5

1500

1550

1550

1200
1200
1350

1828.8

381

381
381

381

571.5

48

10

l0
10

l0
l5

9

9

9

9
9

9

6
4
4
4
4
4

J

20
20
20
20
20

96
2

2
2

2
3

Tnne widrh
mm

Height
fitm

Height
tubes

Fins/Inch Rows Passes per
Circuit

Circuits

o/A
I
2
J

4
5

3600
t200
1200
1000

1000

1350

2286
457.2
457.2
457.2
457.2
609.6

60
t2
t2
t2
t2
t6

9

9

9
9

9

6.18

6
4
4
4

4
3

J

t6
l6
t6
t6
l6

120
J

J

J

J

-t

Ventilation
L/s per
person

rtw
m/s

CW
Flow
Us

Refrigeration Cap (kW) AIry
m/s

APD
Pa

WPD
kPa

WTR
oc

Sens. Lat. Total

2.5

10

1.49t
t.192

25
25

88.63

338.85
23.92
78.77

112.55
417-6t

0.942
r.255

36.',I

58.9
17.62
16.49

1.0',72

3.980
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Table F.16. Cooling Coil Performance for Each Return Air Coil at its Individual peak Load.

Table F.17. Zone Relative Humidity at Individual and simultaneous peak Load.

Zone I
NW

Zone Ventilation
L/s per
person

WV
m/s

CV/
Flow
Us

Refrigeration Cap (kV/) AFV
m/s

APD
Pa

WPD
kPa

WTR
C

Sens. Lat. Total

I
2.5
10

1.161

1.108
0.406
0.581

18.73

17.11
0.s6
0.01

19.2,9

l7.l 8

2._500

2.543
152.9
t64.2

42.56
23.20

11.350
'7.062

2
2.5

10

1.043

0.888
0.365
0.465

17.49

15.90
0.54
0.01

18.03

15.91

2.345
2.376

138.8

148.5
33.22
t5.79

I 1.803

8.163

3
2-5

l0
0.810
0.684

o-283
0.359

t2.82
11.26

0.53
0.0r

r 3.35
t1.27

2.222
2.043

127.4

I17.8
t6.75
8.47

11.259
7.501

4
2.5

10

1.064
1.o47

0'372
0.549

14.89

13.31
0.57
0.01

15.46

13.37
2.582
2.402

159.5

148.6
26.87
17.64

9.927
5.821

5
2.5

l0
l.t2l
r.329

0.s88
0.697

23.s8
15.02

2.70
0.00

26.28
15.02

2.504
1.812

148.3

24.6
33.02
36.43

10.670

5.t46

Peak

Zone
Ventilation

L/s per person
Z,one 2

NE
Zone3

SE
Znne4

SW
Znne 5
Interior

I 2.5

l0
51.13
48.?Å

56.30
48.29

55.73
48.45

55
48

.69

.44
54.75
48.52

2
2.5

l0
57.02
48.1 8

51.6ó
47.99

56.55
48.15

56.56
48.14

54.80
48.16

-t
2.5
l0

s6.63
49.90

53.65
48.62

52.57
49.89

55.71
49.95

54.40
50.03

4
2.5

l0
53.14

50.36
55.81

50.48
54.74

50.51
51.41

50.39
54.39
50.60

5
2.5

l0
56.63

49.90
53.65
48.62

52.57
49.89

55.71
49.95

54.40

50.03

Overall
2.5

10

53.19
50.80

55.81
50.48

54.75

50.51
51.41

50.39
54.65

50.60
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F.3.1. Kuala Lumpur.

Tabte F.18. Cooling Coil Selection - Ventilation Air Flow Rate 2.5 L/s per person.

Table F.19. Cooling Coil Selection - Ventilation Air Flow Rate l0 [./s per person.

Table F.20. Outdoor Air Cooling Coil Performance at Simultaneous Peak Load.

Zone widrh
mm

Height
mm

Height
tubes

Fins/Inch Rows Passes per
Circuit

Circuits

o/A
I
2
J

4
5

1500

1200

1200

1200
1200
1350

1828.8

457.2

457.2
45'7.2

457.2

571.5

48
1,2

t2
t2
t2
l5

9

6.18

6.18

6.18

6.18
9

6

4
4
4
4
4

J

I2
t2
t2
t2
20

96
4
4

4
4

J

Tnne V/idrh
rnm

Height
mrn

Height
tubes

Fins/Inch Rows Passes per
Circuit

Circuis

o/A
1

2
J

4
5

3600
1200

t200
1200

1200
1350

2743.2
457.2

457-2
457.2

457.2

457.2

72
t2
t2
t2
t2
12

9
9

9
9

9

6.18

6

4

4
4
4
3

J

16

t6
t6
l6
6

144
3

J

J

J

6

Ventilation
[./s per
person

WV
m/s

CW
Flow
Us

Refrigeration Cap (kW) AIry
m/s

APD
Pa

WPD
kPa

WTR
OC

Sens. Lat. Total

2.5
10

1.789

r.789
30
45

68.76

301.27
94.00

408.75
162.76

710.03
0.942
1.046

36-5
42.'l

24.66
42.t0

t.444
3.759
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Table F.21. Cooling Coil Performance for Each Return Air Coil at its Individual peak Load.

Table F.22. Zone Relative Humidity at Individual and Simultaneous peak Load.

Peak
Zone

Ventilation
L/s per
person

WV
m/s

CW
Flow
L/s

Refrigeration Cap (kW) AFV
m/s

APD
Pa

WPD
kPa

WTR
"C

Sens. Lat. Total

1
2.5

l0
0'839
t.073

0.586
0'563

16.85

15.36
0.55

0.0r
17.39

15.37
2.45'.7

2.308
rt7.9
t38.7

I 1.06

21.89
7.O78

6.524

2
2.5

l0
0.684
0.805

0.478
0.422

15.01

t3.49
0.54
0.01

15.55

13.50
2.202
2.054

r00.1
t17.5

7.78
13.28

7.762
7.644

J
2.5
l0

0.743
0.829

0.519
0.434

15.90

14.34
0.54
0.01

16.43

14.35
2.326
2.t78

108.6

129.0
8.98
13.99

1.551
7.887

4
2.5

l0
0.884
1.136

0.618
0.595

17.40
15.91

0.55
0.01

17.95

t5.92
2'533
2.384

t23.4
145.1

t2.tt
24.16

6.933
6.387

5
2.5
l0

r.166
1.330

0.611
r-394

22.21
13.72

2.84
0.00

25.05
13.72

2.36t
2.237

134.'7

34.O

37.84
15.04

9.784
2.348

Tnne Ventilation
L/s per person

Zone I
NW

Znne2
NE

Znne3
SE

Znne 4
SW

Zone 5
Interior

I 2.5
l0

53.97

50.88
57.05
51.00

57.r7
51.10

56.49
51.01

55.09
5 1.15

2
2.5

l0
57.85
50.55

54.45

50.44
57.39
50.56

57.89
50.49

55.59
50.59

-t
2.5

10

57.73

50.47
57.48
49.77

54.22

49.71
57.68
49.96

55.52

49.89

4
2.5

l0
56.60
50.98

51.10
51.00

56.98
51.11

53.84
50.99

55.04
51.10

5
2-5

l0
56.60
50.98

57.10
51.00

56,98
5l.l I

53.84
50.99

55.04
51.10

Overall
2.5

10

55.02
51.00

57.00
50.97

56.99
51.01

54.75

50.93
55.09
51.07
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Appendix G. Occupancy Levels for the Multistorey Building.
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Appendix H. Multistorey Building: Miscellaneous Plots.

H.1. Outdoor Air Supply Air Temperaturer6T.

Figure H.1. Supply air temperature for outdoor air treatment unit in HDP system. Adelaide.
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Figure H.2. Supply air temperature for outdoor air treatment unit in HDP system. Kuala Lumpur
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t67 The supply air temperature plotted here is the temperature of the air supplied to the terminal units,

and contains a duct temperature gain of 0'4"C.
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Appendix I. Attakarn Prasit Apartments: Performance Plots.

Figure I.1. Zone relative hurnidity as a fnnction of ambient dry-bulb temperature. Outdoor air flow
rate 600 L/s.
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Figure I.2. Zone relative humidity as a function of ambient dry-bulb temperature. Outdoor aìr flow
rate 300 L/s.
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Figure I.3. Room dry-bulb temperature as a tunction of oudoor air dry-bulb temperature. Outdoor air
flow rate maintained at 600 L/s. Room temperature maintained at 24'C at higher outdoor
air temperatures by modulating chilled water tlow through return air coil. At lower air
temperatures, reheat is applied as necessary to maintain room temperature at 24oC up to
the maximum possible when proportional control is lost, and room dry-bulb temperature
decreases.
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Cooling Coil Configurations for a fìistributed Air Handling
Unit.

Blow-lhrough Configurotions.
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Legend.
D: Pre-cooled outside oir
O: Oulside oir
R : Return oir
S: Supply oiro

The above is a relnoduction ofFigure 6.5.




