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Abstract

Difficulties of simulation in existing hydraulic models arising from combinations of pressure and flow
controlling devices in water distribution systems have been discussed in a number of previous papers. For
instance, examples for non-convergence or wrong results of the hydraulic solver EPANET (version
2.00.10) were first published by Smpson in 1999. It may be shown that the problems were caused by a
singularity of the equation system that appearsif in an iteration two interacting control devices are active
at the same time. In terms of graph theory the part of the network between the two active valves in this
case is disconnected from the rest of the system leading to the singularity.

In the new EPANET version 2.00.12 that has been released recently this problem is tackled by adding a
virtual coefficient to all matrix columns and rows corresponding to nodes of active flow control valves.
Mathematically this method is equivalent to adding a very small diameter pipe to the actual network in
paralld to the FCV resulting in a nonsingular system. The examples of networks published by Smpson
(1999) where EPANET 2.00.10 failed to converge or converged to wrong results now can be solved
successfully. Nevertheless the latest release of EPANET still has difficulties in modeling of combinations
of control devices. Whereas the former version of EPANET (version 2.00.10) often failed to calculate the
correct valve states (active, closed, open) the problems of the new version consist of numerical
inexactness that is caused by the addition of the virtual matrix terms for FCVs. In addition examples can
be found where version 2.00.12 of EPANET still failsto converge.

1. INTRODUCTION

Especially in developing countries water supply afen not continuous but intermittent. As a
consequence separated subzones of the systemtaredi$connected from any water source like a
reservoir, tank or pumping station. The supplyrig/dor few hours a day or even worse only on derta
days. As a consequence people try to get as muier asthey can during supply hours. From a teelhnic
point of view that behavior leads to abnormallyhhigelocities and headlosses leading to insufficient
pressure conditions in some parts of the distrilousystem. Due to the low pressures and the large
number of leaks contaminants may enter the piptesyteading to the possibility of very poor or even
dangerous water quality. Often the water resousopply is sufficient. Thus one of the most impottan
issues of a rehabilitation program of intermittgrperated systems is the transition to continusogply.
After the definition of supply zones and sectors thansition process is executed zone by zone. The
scenarios must be carefully planned enabling integnt and continuous supply at the same time.



The planning and calculation of the transition sc&rs often requires the application of controlides in

the hydraulic model. In reality, control devices arsed for different purposes. Pressure reducihgsa
are used to decrease the pressure at specifietiolugafor example, in order to reduce leakagedsgss
Flow control devices reduce the maximum flows tgivgen limit or are used to prevent backflows. In
hydraulic modeling those devices are in additiothtorepresentation of existing shutoff valves \utace

a valuable tool in planning and reconfiguratiorsopply areas. For instance they are used for theato

of inflows and outflows of the supply zones or thgeration of storage tanks. In the case where the
modeler works with large simulation models consgstof several supply areas that are further suted/i
into zones it is important that system states hpinfeasible valve settings are detected by theainadd
that the calculation results are reliable. It hasrbobserved that EPANET sometimes fails to comverg
even worse converges on the wrong results. The ioatnbn of flow and pressure controlling devices ha
been frequently discussed before. Simpson (199jghed the study of a simple example system with a
FCV and a PRV in series and the comparison ofdhelts of different network solvers.

In the first part of this paper the existence andjueness of the hydraulic steady-state of simpe p
networks including flow and pressure controllingides is discussed from a theoretical point of viéiv
that stage only physical properties are considehedthe second part the results are used for the
explanation of convergence problems and wrong tesalculated by EPANET. The new version 2.00.12
that was released in March 2008 and the older mer&PANET 2.00.10 show different behavior
regarding the modeling of control devices. Examplage been calculated with both versions. It hanbe
established that the problems discussed by Sim{i€89) can be solved with the new version. However
there exist other examples where version 2.00.12 @ converge or converges to wrong solutions. In
turn some of those examples may be solved sucdtlgssith the older version. A selection of example
systems is presented and the reasons for the raveprs of the numerical algorithm are discussed. In
addition, an alternative approach of tackling cambipns of flow and pressure controlling devices in
EPANET is outlined. The first method presented &wmlthe detection of infeasible flow conditions
before the iterative calculation takes place. Teheoed makes use of the calculation of parameter
sensitivities. The explanation of the calculatidntlee sensitivities using EPANET is followed by the
identification of the control valves that are cagsthe singularity. The implementation of the metho
does not require the modification of the matrixauding values corresponding to virtual pipes (\ersi
2.00.12) with the associated problem of inexactnkesfact, the alternative approach implements & ne
function that replaces the formeadval ve(n) function of the EPANET code. With this functioreth
interdependent valves can be identified. For eaihqg interacting valves the status of the valvat was
already active during the previous iteration isrgfed to inactive. This is repeated for all valvegpantil

a configuration is reached where the coefficientrixas non-singular. With the correct estimatioh o
active and inactive valves further calculationssiraight-forward.

2. HYDRAULIC STEADY-STATE CALULATION OF SYSTEMSUNDER CONTROL

Problem Formulation

The hydraulic steady-state is defined by the caiityrof flows (Eq. 1 (a)) at the nodes of the natkyahe
compatibility of nodal pressures and headlosseggaioe pipes (Eg. 1 (b)) and a certain hydrauliatien
between the flow and the headloss (Eg. 1 (c)) of eetwork feature

A'q=Q (a), h+lz+AH=-A_H, (b, Dg=h (o), (1)

whereA is the incidence matrix of the network grapghis the flow vector an@ is the vector of nodal
demandsThe vectorh represents the headlosses due to fricliggis theindicator matrix of links with



given headloss values (in EPANET denoted as Pressure Breaker ValvesBdfslp and the diagonal
matrix D includes the derivatives of the hydraulic headlegsation with [) = q|q|"’1. The subscript R
indicates matrices and vectors that belong to foredle nodes (Nielsen 1989). The question of exgste
and unigueness of the hydraulic steady state has Hescussed extensively in the past. For simple
networks without control devices Birhoff (1963) fighed a variational principle proofing uniqueness
under certain monotonicity assumptions for the lessdequation. The methods were renewed later by
Collins et al. (1978). In that case the problemcalculating the steady-state of a pipe network was
mathematically modeled by an equivalent minimizaiwoblem of the so called system content function
(Collins et al., 1978). The content functidfis determined by

M°(u) =~ (4, +Cu)" D@, +Cu) +u'CT[AGH, +1,02] @

whereq; denotes a flow vector that solves the mass balahtiee system (e.g. the flow distribution of a
spanning tree)J is the vector of unknown loop flows afis the loop matrix. Here, the minimization of
the system content (Eq. 2) is formulated in thenamkn loop flowsulJU. As long as no flow controlling
devices are considered the feasiblesebnsists of the wholR" (n: number of loops).

Flow constrained problems

The additional consideration of control devicesdeto the formulation of inequality constraintdlofvs
and pressures. Whereas the existence and uniquehdéiss hydraulic steady-state of simple systems
(without control devices) requires the monotoniatythe hydraulic functional relation between flewd
headloss (Birkhoff 1963) for systems with flow amhthen the inequality conditions resulting frolové
controlling devices must be proven additionally tmnsistency. It is necessary for the existenca of
solution that the polyhedral set

U={u0R'[Gusb,,Hu=b,}with G=17cC, G = 1TecC (3)

of feasible loop flows, which is described by thguality and inequality conditions resulting frometh
operation of flow control devices, is honemp@.is again the loop matrid,c andlgc are the index
matrices of links with inequality and equality ctramts for the flows andb; and b, are the
corresponding right hand side vectors of the cairgs. From nonlinear optimization it is known that
under a suitable constraint qualification (CQ) Karush-Kuhn-Tucker (KKT) conditions hold at a local

minimum u”,p", 1)
O,Lu’,p,A)=0, 4 (Gu"-b,), =0, i=1...m, g’ =0, i=1..m, (4)

where L(u,p,A) =M°U)+p " (Gu-b,)+1"(Hu-b,) is the Lagrangian angs and % are the
Kuhn-Tucker multipliers. The physical meaning ok tmultipliers is that they represent the minor
headloss that has to be generated by the valwelar to observe the flow conditions. It can be shoiat
second order optimality conditions hold by guaramtg strict convexity of the objective function.
Together with the coercivity dfi®and non-emptiness of the polyhedral SefEq. 3), the existence of a
unique flow distribution can be proven.



Flow and pressure constrained problems

Modeling of distributed feedback devices wheredbievalue is not within the same device (e.g. PiR¥":
head of the downstream node of the PRV is conttdiiethe headloss of the PRV-link) is not posstble
be posed as a single optimization problem. In tlsise the identification of the correct value foe th
headloss generated by the PRV is a matter of ieveredeling. The vector in Eq. 1 has to be
determined by additional conditions for the pressatrthe set pressure nodes. For each of firessure
regulating devices an additional optimization pewblis formulated minimizing the difference between
the calculated pressure and the set pressure

minzi%‘Hu’i(u,Z)—zi—Hsenz, z,=0, i=1...0 (5)

The variable of the minimization problem in Eqs3he value of the minor headlosthat is operated by
the i-th pressure regulating device. The pressutieeaupstream nodd,; of valvei depends on the flow
distribution of the system that is determinedubgindthe headlosseZ generated by the other pressure
regulating devicesZ = z;). The corresponding KKT-conditions are (with Lagga-multipliersv,):

H,(u2)-z -Hg,; +v,=0,v,(-z,)=0,v;, 20-z, <0, i=1...,0 (6)

seti
Combining the KKT-conditions given by Eq. 4 and EBgthe hydraulic steady state of systems with
general control devices can be modeled as a Naslibeigm of g+1 parametric nonlinear optimization
problems that derive from mathematical game th€Dguerlein et. al., 2005). An alternative formudati

of the Nash-equilibrium is possible by a Variatibimequality (VI) problem representing a generdiza

of the nonlinear optimization model. Harker and ¢4h990) published a comprehensive survey of
variational inequalities. For a solution, a so®adllgeneralized KKT-Point of the VI can be calcudate

The proof of the existence and uniqueness of sugbird is more complicated than that of the convex
programming problem and is beyond the scope ofpter.

3. EXISTENCE AND UNIQUENESSOF THE HYDRAULIC STEADY-STATE

Working with large systems it is often not easyd&ect inconsistent flow conditions. Especiallythie
case of interacting flow and pressure controllimyides configurations can be found where either the
hydraulic steady-state is non-unique or does nist ex all. In the following the problem will beaglfied
using a simple system consisting of two reservibias are connected by a substantial length of ipel
The flows and pressures are controlled by two obdgvices.

Non-uniqueness of the hydraulic steady-state: Examplewith FCV-PRV in series

The first example includes the network of Simpst®90) with one FCV and one PRV in series. Imagine
now that starting with an active FCV {@ 400 L/s) the system in Fig. 1 is run over a qerof time.
Then, the water level of tank 15 increasing because its volume is finite andettie no outflow from the
tank. Along with the water level in the tank thegsure head at the set pressure node of the P&sbis
increasing until the set pressure is reached. i&ttilme, both the flow through the FCV and the pues

at the downstream node of the PRV are both exatttheir set values. As a consequence, both valves
could theoretically be in an active state. Tryingdtaw the hydraulic grade line (HGL) of this stites
obvious that this state of the system is unstalitle K@spect to the heads between the FCV and thé PR
(Fig. 1). There exist an infinite number of comtiioas of headlosses generated by the PRV and the FC



that could lead to the desired conditions of batlves. For example, if the flow is controlled b thCV
alone the headloss generated by the PRV is still. #éowever the set pressure for the PRV is already
reached (HGL “a” in Fig. 1). If the control passegr to the PRV a linear combination of both hessllo
generators is possible (HGL “b” in Fig. 1). Forstliase both control valves are in an active sTdies.
situation is physically and mathematically unstabllee HGL “c” in Fig. 1 indicates the case where th
control is borne only by the PRV and the headl@sggated by the FCV is zero.

om 7 . C
~ HGL ‘__ "b'm—_kl
T, T
r““-—@_u_" H=H
L =400 m e} 3045 0
D=500mm | 7T A =
Chxw = 100 0=a Qs=400L/s Hs=35m T,
e e ]: _______ % — 2 ..... % _________ 3 ......... =
D,Gw  Fcv PRV
| L I L | L

Figure 1: Non-uniqueness of the hydraulic grade (iHGL)
Multiple FCVsin series

The same unstable behavior may be observed whéyremganetworks with multiple FCVs in series. As
an example, the system of Fig. 1 is considered thghPRYV replaced by a second FCV also having a set
value of 500 L/s (Fig. 2). It is easy to determihe slope of the HGL because the flow is known fthm
active state of the valve. In contrast the locatibthe HGL of the inner network part between tive t
FCVs is not well defined. There are infinitely masglutions between full control by the first valaad

full control by the second valve. For an activeaflor pressure regulating device there is no funetio
relation between headloss and flow through theevdlv fact, the head at the upstream and downstream
nodes of the FCVs is determined by the hydraulicshe remainder of the system. Based on graph
theoretical mapping the active FCVs can be repléged constant in- and outflow meeting the setealu
at the inlet and outlet node of the valve (Fig. 2).

60m— | HGL
B “1;-;1
—— _I_ .
L =400m
D =500 mm 30 m
CHW =100
Qs= 500 L/s Qs
D, Cuw
FCV; Qs FCVZQS
| L | L | L |
| | | 7

Figure 2: Non-uniqueness of the Lagrange multipligrandpi,



As a result, the inner part of the example netwsisconnected from all of the fixed grade nodésus,
the vertical position of the HGL of the link is wfthed. From this example a general condition Far t
placement and the size of the set values of flosv@assure controlling devices is deduced:

Condition 1: To ensure the stability and uniqueness of the lwidrateady-state with respect to pressure
heads of flow and pressure controlled networksd to be proven that the system graph after regudin
of the active flow and pressure controlling devitsestill connected.

In the former example (Fig. 2) uniqueness of thgraage multipliers (Kyparisis, 1985) is not observe
because the constraints involved by the FCVs amdatung the linear independency constraint
qualification (LICQ). After removing one arbitraRCV from the system the LICQ holds and uniqueness
of the Lagrange multipliers can be proven.

Non-existence of the hydraulic steady-state: Example system with two FCVs

The examples above have shown that in some casdsythiaulic steady-state under the assumption of
ideal control conditions is not unique and therefoot stable. Now the existence of the hydraubady
state is investigated. For that purpose the sysftefng. 2 is slightly modified. In the center oktlsystem

a demand node (Q = 500 L/s) is added and the JWeatek of the second tank is increased to 60 m amil
to the water level of the first tank on the lefntaside (see Fig. 3). Because of the symmetry én th
system without control both tanks supply 250 L/she@ow, upper bounds for the input of the tanks ar
introduced. For example if FCV 1 allows only 20 lthe remaining 300 L/s are delivered from tank 2.
But what happens if the flows through both valvesat their limit? In that case the dema&paannot be
satisfied and there exists no feasible solutioiéoproblem.

60 m 60 m
Tank 1 Tank 2
O I;%l D IECXVZ G
D, Gw Q=500 L/s
L L L2 LR L
| 71 I 1 I

Figure 3: Example for non-existence of the hyticasteady state

In demand driven analysis the continuity equatibeagh node of the system (Eg. 1 (a)) requiresttigat
sum of inflows and outflows at a node exactly mekésgiven demand of the node. If for example the
second FCV in Fig. 3 has also a flow limit of 208 like the first FCV the demand of Q = 500 L/s matn
be reached without violating the inequality coratis g, < 200 L/s andq, < 200 L/s. Mathematically
formulated in this case the feasible 9gEq. 3) is empty.

Mixed problem: Combination of FCV and PSV

A similar problem occurs if the second flow contk@lve is replaced by a pressure sustaining valve
(PSV). Whereas the FCV continues to regulate tHevinof tank 1 the PSV tries to keep the pressure
head at the inlet node above a given set valueirfloav of tank 2 is determined by the head differe
between the water level in tank 2 and the set vafube PSV and the characteristics of the conngcti



pipeline. If the demand Q exceeds the sum of plesgiiows a feasible solution does not exist angeno
In that case the consideration of theldés not sufficient for the proof of existence ofeasible solution.
In addition the pressure conditions at the firslenof the PSV have to be considered. The systeralsan
be used for demonstrating the limitations of demdiiekn analysis. Whereas the system shown inIFig.
with a FCV and a PRV in series results in hydralijcunstable conditions the difficulties resultifrgm
the combination of FCV and PSV can be resolved mpee realistic pressure driven analysis.

4. COMPARISON OF EPANET VERSIONS 2.00.10 AND 2.00.12 REGARDING THEIR
CAPABILITY OF SOLVING FLOW AND PRESSURE CONSTRAINT NETWORKS

The results of the last section will now be usedtf@ discussion of the convergence propertiehef t
EPANET-algorithm. Similar systems to the examplé®ve are used for the comparison of the
convergence properties of the older version EPAIREID.10 (for the following the abbreviation v10 lwil
be used) and the most recent version 2.00.12. delalted by v12) for the solution of flow and pregsu
constraint pipe systems. From different publicatiagnis known that v10 fails to converge for certai
combinations of flow and pressure controlling desicas shown in Fig. 1. The problems could be
explained by the singularity of the linear equatiystem that is solved in each iteration of thelinear
calculation. The status of the valves is assuméldeabbeginning of the iterative process, checkedéen
the iterations and if necessary adjusted by spebifiuristics. In some cases the heuristic resalts i
conditions where a couple of interacting valvesautive at the same time leading to a singular tmua
system. For instance, the singularity appearseftifo valves in Fig. 1 are active at the same tmi
general if the system state contradicts the Carditias stated above.

In version v12 the described problem is tackledbgling the fixed value 1.0/CBIG with CBIG =216

the matrix coefficients belonging to the two endie® of the valve. Physically, the approach is exjait

to adding a very small diameter pipe in parallethte valve. In the case where the active valvesldvou
contradict Condition 1 the virtual pipe guarantdes connectivity of the system. It could be proteat

the modified approach solves most of the probleesulting from interacting flow and pressure
controlling devices as stated in Simpson (1999)weéier, in some examples where the demand driven
analysis has no feasible solution the new methedlt®ein misleading output. In addition there exist
combinations of pressure regulating devices whagefails to converge or to calculate the correstlts.

In the following different valve combinations ofettexample pipe system that is shown in Fig. 4 are
considered and the results of v10 and v12 aredsiat€able 1.

60 m 60 m
(o]} Valvel D Valve2 O
D, Gaw Q=500 L/s

L L2 L2, L

! q | 4 71
Figure 4: Example network with two valves

Four different cases are distinguished:

Case 1: Hydraulic solution feasible, EPANET conesrtp right solution.



Case 2: Hydraulic solution feasible, EPANET conesrtp wrong solution.
Case 3: Hydraulic solution feasible, EPANET doescomverge.
Case 4: Hydraulic solution infeasible, EPANET cages to wrong solution

Table 1: Calculation results of example networkhwdifferent combinations of valves (v12)

EX. Valve 1 Valve 2 PressureCase No.| Results
Node D differ

No. | Typel| Set.] L/s) | Type2| Set.2 LL/s) (m) v12 (v10)| v10-v12

0 None - 250 None - 250 57.16 1(2) No

la | FCV | 240 250 FCV| 240 250 -1E10 4 (4) Yes

1b | CHV | Rev. 50 FCV | 400 450 -5E10 4 (4) Yes

Flow

2a | PSV 59 177 PSV 56 323 55.44 1(1 NG

2b PSV 56 250 PSV 59 250 57.16 2 (1) Yes

2C PSV 55 250 PSV 59 250 57.16 2 (1) Yes

2d PSV 54 ---/250 PSV 59 --/250 ---/57.16 3/2 (1) Yes

2e PSV 53 323 PSV 59 177 55.44 1(1 NG

3a| PSV 59 177 FCV| 300 323 2E10 4 (4) Yes

3b PSV 54 466 Closed link 34 -AF10 4 (4) No

3c | Closed link 0 PSV| 54 500 49.74 4 (4) No

3d| PSV | 54 500 Deleted link 0 49.74 4 (4) No

Results calculated by EPANET version 2.00.12

Examples 1a and 1b belong to a group of systemeremho physically feasible solution exists. In thes
simple examples it is easy to find out that forregée 1a both FCV set flows are exceeded and either
50% of the excess flow is allocated to each FCVthWwhe above mentioned CBIG large negative
pressures are calculated. The CHV of example Iiesded to allow flow only from the right to theft
reservoir. Instead of this, a reverse flow of 58 through the pipes adjacent to the CHV (but naiugh

the CHYV itself) is computed. In contrast for exaegpRa to 2e hydraulically feasible solutions exisie
only difference between 2a and 2b is the locatioth@ PSV with the lower setting. While v12 convesg

to the right solution after a few trials in 2a,2b the same flows as in example 0 without contrel a
calculated. In the solution the constraint of tH&VPwith the setting of 59 m is not observed. After
decreasing the setting of valve 1 by 1.0 m in tle@esequent steps the results calculated for doerzr

to 2e are wrong in 2c, correct in 2e and no sahugdfound in 2d when using the default valuesl(®,0)

for CHECKFREQ, MAXCHECK and DAMPLIMIT as described the help function of v12. With the
other choice of (10, 100, 0.01) that is suggestetthé help function for networks that have diffiges in
converging the algorithm converges in all caseghmtesults are also wrong as found in 2b and 2c.
Examples 3a to 3d deal with an overloaded PSV. €meargue whether these overloadings may be
allowed or not. In case 3a the total excess floasisigned to the FCV, also leading to a large inagat
pressure at the demand node. Examples 3b to 3dndtrate the behavior of EPANET according to
closed links: After closing either the right lingaise 3b) or the left link (case 3c) in the firsdeca flow of
about 34 L/s flows through the pipes adjacent t® tlosed pipes again leading to large negative
pressures, while in the second case (3c) theftotalof 500 L/s passes through the PSV with viaatof

its constraint but a pressure of 49.74 m at thearelhmode. The same result as in 3c is reachee if th
closed link is deleted from the network (case 3d).



Results calculated by EPANET version 2.00.10

The cases 1a, 1b and 3a in table 1 include exaogpigurations where the constraints representieg t
operational behavior of control devices cannotifilled: In Example 3a only the constraint of tREV

is violated, in example la the constraints of be@Vs are violated by the same amount. In v10 for
example 3a, a warning is given that the system bwynstable. The flows are equivalent to v12. In
contrast the pressure at the demand node is 55.4d vitO no additional headloss due to the overlafad
the FCV is considered. The same situation is fdimndexample 1a: v10 increases the flow of the right
valve up to 260 L/s and a warning, that the systeay be unstable, is given. Because no additional
headloss is calculated the pressure at the den@dalia 56.94 m. Similar to case la the excess fitow
example 1b passes through the check valve in therge direction — resulting in a flow of 100 L/s
through the pipes adjacent to the check valve goréssure of -1E£@t the demand node. Unlike to v12,
in cases 2b — 2d v10 converges to the right solutiber a few iterations. For the other examples th
results calculated by v10 and v12 are equivalent.

Handling of constraints

During this research it has been observed thatvmtsions of EPANET handle constraints in a way tha
leads to the risk of misinterpreting the resultscdrding to p 190 of the EPANET manual (Rossman,
2000) closed links obey a linear headloss relatiith a large resistance factor, i.ez 10°Q, so thap =

10® andy = Q. In some cases this leads to a significant flowubh a pipe assigned as closed resulting in
wrong results. The only warning is that there erisgjative pressures. Dealing with large networks of
deficient water supply systems where negative pressare expected the modeler may ignore the fact
that in such cases the continuity of flows in comaliion with the valve settings does not hold.
Additionally, as shown in example 3d a PSV can berloaded resulting in pressures at the upstream
junction slightly below its setting. For overloadedmbinations of PSV and FCV in v12 the flow that
exceeds the valve settings is mismatched to the WillYthe result of large negative pressures alghou

in other calculations an overloading of a PSV ldadsressures slightly under the setting. Examgbet

3d show, that the EPANET algorithm does not distisly between “harder” and “weaker” constraints.
While in examples 3c and 3d an overloading of t8% s allowed, in example 3b the flow exceeding the
maximum possible flow through the left pipe witheidlating the constraint of the setting of the PS8V
related to the closed link with the result of langegative pressures. Similar to examples 2a and 2b,
examples 3c and 3d are symmetric and must ledteteadme computational results. An interesting Hetai
is that in example 3b the flow through the clodell is stated as 0, while the flow in the adjadeks is

34 L/s.

5. DISCUSSION OF THE EXAMPLES
Pr essure Control

In order to explain the reasons for the non-coreeeg or wrong results of the EPANET algorithm the
network of Fig. 4 with a couple of tanks supplyidgmand node D via two pipelines serves as an
example. Let the pressures at the inlet side opibelines be controlled by a PSV on each sides(Ras-
2e). As demonstrated the calculations with EPANEiSMN v12 show different results depending on the
respective set value of the PSVs. In case 2c theatige of valve 1 is chosen to 55 m and the skeievaf
valve 2 is 59 m. For that configuration a physicd#lasible solution exists where the valve 1 isim
OPEN state and valve 2 is ACTIVE. EPANET 2.00.18wvevges after 5 iterations. The calculated flows
through the valves are both 250 L/s and the vadvates are OPEN (Table 1). The results contrakdect t
condition of valve 2 that should guarantee a mimmmpressure of 59 m at the inlet node. If the iteeat
process in the source code is followed, it app#daas the setting of valve 2 is set to XPRESSURE in



function badval ve( n) . The function is called within the first iteratidrecause the system matrix is
singular. The singularity can be explained by cdesition of Condition 1 above. In v12 the status of
pressure and flow controlling devices is set to ACH at the beginning of the iterative calculatioiibe
resulting system is in contradiction to the CormuaiitlL because if both active valves are replacedhtier
part of the system is disconnected from all heateaoDuring the following iterations the valve 2wcat

be reactivated since the heuristics allow only atchwfrom XPRESSURE to CLOSED if the flow
changes its direction.

Now let us decrease the set value of valve 1 byrl(Base 2d, table 1). In that case v12 fails toveoge
within 1000 possible iterations. The small diffezerto the conditions above is that after fixing $tetus

of valve 2 to XPRESSURE a change of the flow digecin iteration 3 occurs. As a consequence the
status of valve 2 is set to CLOSED. In the subseqierations the status is changed to ACTIVE at th
same time with valve 1 resulting again in the slagty of the equation system. From that point the
algorithm is circling between different valve s&t@nd the flows and pressures are out of reasonable
bounds. Now the set values of the PSVs are excha@msequently the set value of valve 1 is 59 th an
the one of valve 2 is 55 m. In that case v12 hagroblems to calculate the correct solution withéven
iterations. The second scenario with a set valug4oim at valve 2 is correctly calculated within eev
iterations as well. With a view to the source ciddse easy to explain that behavior. Whereas infifse
case the valve with the higher set pressure (valvevas set to XPRESSURE in the case with the
exchanged values the valve with the lower set visiget to XPRESSURE (valve 2 again). In effect the
status XPRESSURE is treated like OPEN and the idthgorconverges to the correct results. The same
results can be reached if in the first case theroad valves and nodes in the EPANET-Input file is
changed. The given example shows that the conveegamd correctness of the solution sometimesiliis sti
left to chance in version 2.00.12.

Flow Control

The problem of invalidating the continuity conditifor systems with flow control and infeasible alv
settings can be explained by the method of dealiitig closed valves and active FCVs. Under normal
conditions the effect of adding the matrix coe#iitis corresponding to a very small diameter pipe in
parallel to links with active flow control, as eapied above, is negligible. However, if the flow
conditions result in physically infeasible congttaicontinuity is forced during the iterative cdétions.

As a consequence the flow constraints are invadland large headlosses are calculated. For the
modeler the only way to find the infeasible vahedtisg is to investigate the region with very small
pressures and the adjacent valves.

6. SUGGESTIONSFOR THE IMPROVEMENT OF CALCULATION RESULTS
Proving non-existence of the hydraulic steady-state

In the previous section it has been shown thaetkarst different sources of incorrectness of #muiits

of EPANET calculations. In this section a prepreogg method is proposed that calculates a flowaorect
that solves, firstly, the continuity equations le hodes and, secondly, the flow constraints reptegs)

the valve operation. It is well documented in kitewre that the convergence properties of the hyidrau
solver often rely on the initial guesses of theveadettings. In the present version v12 the vadwresall

set to ACTIVE at the beginning of the calculatioms. In v10 all valves were initially set to OPEAS it

has been shown in section 4 examples exist whereversion fails to converge and the other calcslate
the correct results and vice versa. The presenpgdoach of the preprocessing procedure has the
additional benefit that the initial valve states astimated correctly (i.e. in accordance to tlitealrflow
vector). The non-existence of a feasible soluteg.(case la in table 1) is also detected.



It follows from the KKT-conditions (Eq. 4) that faach active flow constraint (in other words ifst
solved by an equality constraint) there exists aitpe Lagrangian multiplier representing the local
headloss that is caused by the device. Since thpoped preprocessing step deals only with the
continuity equations and inequalities but not wiltb head balance the pressure drops are not knbwn a
that stage. As a consequence it is not sufficiefind a flow distribution on the boundary of theagible
setU. Since the heads are not known it cannot be dedfdbe constraint is active or not. That problem
can be solved by starting with a feasible flow wec¢hat is chosen from the inner of the feasiblelse
Such a vector can be found by a slight modificatiériPhase | of the Simplex Algorithm known from
Linear Programming. The initial flow vectoy = g, + u is calculated by the solution of the following
minimization problem:

min & with ®={(u,&)0R"xR:[Gu-b,] <&i=1..,mOHu-b,=0} (7)

(u.é)0®

If the polyhedral seU (Eqg. 3) is nonempty and therefore a feasible swiuto the problem exists the
value of the objective functiofin Eq. 7 is negative. Then, the solution vectdies in the inner otJ and
solves all of the inequality constraints with “€Consequently all multipliers are zero and the ftmwatrol
devices are OPEN at the beginning of the itergiroeess and subsequently activated if needed.

Dealing with singularitiesduring theiterations

It has been shown above that under certain condit{e.g. for the pair of PSVs in case 3, Tableh#) t
matrix of the equation system of the new versior2 Vias the same problems resulting from the
singularity of the coefficient matrix as was obsshin v10. If the solver of EPANET detects such a
singularity the functiorbadval ve( n) is called. The original function proves if thetial or end node

of an active control device corresponds to the tingf the matrix with a non-positive diagonal element
The indexn indicates a node that is disconnected from anye maith given potential if all of the active
and closed valves would be replaced from the gragha result the head of the disconnected nodes is
undefined. If such a valve is found its settingcieanged to XFLOW (FCV) or XPRESSURE (PSV,
PRV). The problem was that the nadés not always adjacent to a valve causing the sy with the
consequences for the convergence as explained .above

Here, a modified version of the functidmadval ve(n) is outlined that makes use of parameter
sensitivities for the identification of the corre@tlve that causes the singularity. The first siefhe new
approach includes the identification of such a ealWor that purpose all valves are opened and the
sensitivity of the nodal heads against a changiemand at node is calculated. The valve in the search
is a formerly active or closed valve whose nodesgtibe highest sensitivity. For the next step tlade,
(say valve k for example), is kept open whereasfathe other valves are set to their actual vabate at
that iteration. Then, the sensitivity of nodal headainst a change in headloss (dz) of the opeaied is
calculated. In some cases the calculation of tinsisaty fails because there are still valves tagsa
singularity in the system of equations. If this e@s, the valves are opened step by step by caltjan

the function that identifies the valve. This iseafed until a feasible solution is calculated dradresult

is the sensitivity dH/dz where dz is the headlokange for valve k. The second valve that is
communicating with valve k is a valve that is stlttive and whose nodal heads have significant
sensitivity against dz. The last step is to provéctv of the two valves should be active in the next
iteration. This can be done by application of thenmon valve heuristic in EPANET.



Warningsgiven by EPANET

From our point of view it would be very helpful fdre users of EPANET to receive more information in
the status report. As mentioned before, in devabpgiountries negative pressures in some partseof th
network are not unusual. For that reason, a usghtrmot pay a lot of attention to EPANETS hints of
negative pressures. It would be useful to be waaielit the lowest pressure in the whole network. A
sophisticated user would search for the reasonnbta like “Minimum network pressure is -4EQ7 at
junction 968" was given. It is suggested that tressages for valves should be changed oggen, active,
constraints violated and reverse flow (e.g. FCV, PBV). It would also be very useful tagf when
significant flow is calculated through closed linkscheck valves in the opposite direction thaended.
Warnings like “PSV 7 open but cannot deliver pressin v12 are now less helpful than in v10 because
they are given when the valve is open or conssairg violated (in v10 only for violated constrajnt

7. SUMMARY AND CONCLUSIONS

In the first part of the paper a description isegivof the problem of physical non-existence and-non
uniqueness of the hydraulic steady-state of simppéssurized pipe systems with flow and/or pressure
controlling devices. The results have been usedh®rexplanation of difficulties of EPANET version
2.00.12 with convergence or calculation of incarrezsults. It appears that in some cases the older
version 2.00.10 delivers more reliable resultsthim last part of the paper modifications of the BEA
source code have been proposed. The first onediesla preprocessing approach and requires more
extensive code additions because it relies on dwpalogical information (spanning tree, loops). In
contrast, the second approach includes only fewifinatons of the source code and allows the
identification of interacting control valves thause a singularity of the equation system. It sthdd
noted that both modifications can be only regardsdimprovements of the existing heuristics. A
mathematically more exact way of calculating thdrhylic steady state of pipe networks under comsrol
the use of the Nash-Equilibrium as stated in se@io

8. REFERENCES

Birkhoff, G. (1963). “A variational principle foranlinear networks.Quarterly of Applied Mathe-
matics, 21(2), 160 — 162.

Collins, M.; Cooper, L.; Helgarson, R.; KenningtdnLe Blanc, L. (1978). “Solving the pipe network
analysis problem using optimisation techniquééaihagement Science, 24(7), 747-760.

Deuerlein, J.; Cembrowicz, R.G.; Dempe, S. (2008ydraulic simulation of water supply networks
under control."World Water and Env. Res. Congress EWRI05, 7" Annual Water Distribution Systems
Analysi s Symposium WDSA2005, Anchorage, USA, May 15-19, 2005, ASCE, Conf. PAXS, 24.

Harker, P. T.; Pang, J.-S. (1990). “Finite-dimenalovariational inequality and nonlinear complenaent
rity problems: A survey of theory, algorithms ampbcations.”Mathematical Programming, North-
Holland, 48, 161-220.

Kyparisis, J. (1985). “On uniqueness of Kuhn-Tuakeitipliers in nonlinear programming.”
Mathematical Programming, North-Holland, 48, 161-220.

Nielsen, H. B. (1989). “Methods for analyzing pipetworks.”Journal of Hydraulic Engineering, ASCE,
115(2), 139-157.

Rossman, L. A. (2000). “EPANET 2 Users manual”, EO8/R-00/057Environmntal. Protection
Agency, Cincinnati, Ohio, USA.

Simpson, A.R. (1999). “Modeling of pressure regualatdevices—a major problem yet to be solved in
hydraulic simulation.'Water Distribution Systems Symposium, Division of Water Resources Planning
and Management, American Society of Civil Engineers, Tempe, Arizona, 7-9 June [CD—-ROM].



