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Abstract
The thesis presents a systematic study of the flow structure within a cylindrical chamber
generated by multiple isothermal jets, under conditions relevant to a wide range of
practical applications, including confined swirl combustors, ventilation systems and
concentrated solar thermal devices. The system comprises a symmetric arrangement of
four jets with a tangential component relevant to the Hybrid Solar Receiver Combustor
(HSRC) under development at the University of Adelaide. The geometrical configuration
of the HSRC is simplified here to a cylindrical cavity with four inlet jets (representing
four burners), which are configured in an annular arrangement and aligned at an
inclination angle to the axis with a tangential component to generate a swirl in the
chamber. The use of a simple jet configuration also makes these results relevant to more
complex burner arrangements, such as those comprising a central fuel jet and a co-annular
air jet, by considering the total momentum associated with the combined jet. However,
the greater complexity of multiple-jets over the single round jet issuing into a quiescent
environment, including the additional parameters and experimental challenges, means
many gaps in understanding remain. Hence, this thesis presents a detailed characterisation
of the flow velocity within a Multiple Impinging Jets in a Cylindrical Chamber (MIJCC)
that has geometrical relevance to the HSRC.
A joint experimental and numerical methodology was used to characterise the large-scale
flow field within the MIJCC configurations, under fully turbulent flow condition with a
constant nozzle Reynolds number of ReD = 10500. A range of MIJCC devices was
manufactured from acrylic and fully submerged into a water tank to provide laser access
and minimise optical distortion. Particle image velocimetry was used to measure the
instantaneous velocity field within the experimental MIJCC configurations, while the
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numerical modelling employed Reynolds-Averaged Navier-Stokes methods to provide
qualitative information of the flow field in the region of the flow for which experimental
data were not available.
The annular arrangement of multiple-jets was found to form a resulting jet flow
downstream from the jet merging point, while the location of this point depends strongly
on jet angles. The flow-field reveals strong similarity to single free and swirling jet flows
downstream from the merging point, but retains significant differences upstream from
this point. The key controlling parameters of multiple annular impinging jets (i.e., jet
angles, number of jets and geometrical aspect ratio) were found to significantly influence
the mean and turbulent velocity fields, the position and strength of the external and central
recirculation zones, and also the degree of flow unsteadiness within the MIJCC
configurations. In addition, the dependence of the key qualitative flow features on these
controlling parameters was analysed by presenting the corresponding flow regime maps,
while configurations of greatest relevance to solar thermal environments and combustion
regimes were proposed. The key results and findings of the present study have been
presented in four peer review papers, which have been published by the journal of
“Physics of Fluids”.
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Chapter 1
1

Introduction

1.1 Multiple interacting jets within a confined space
Unlike the simple round jet issuing into a quiescent environment, which has received
significant attention [1-5], the flow-field generated by multiple interacting jets within a
confined space is still poorly understood. Nevertheless, these configurations have wide
relevance to many engineering applications. For example, the aerodynamic curtains
generated by multiple-jets has been used to mitigate the escape of high-temperature gases
from cavities [6]. The annular jets employed in several types of gas turbine engines lead
to high mixing between fuel and air [7]. Also, multiple jets are generated by multiple-fan
systems for the ventilation of tunnels, in aircraft cabins and car parks to supply fresh air
into confined environments [8]. In addition, combustors featuring the injection systems
for multiple-burners combustors have shown the potential to reduce NOx emissions [9].
One of the applications of multiple interacting jets is for solar thermal systems utilising
the Concentrated Solar Thermal (CST), which has received particular interest within the
context of renewable energy.

1.2 The integration of concentrated solar thermal and combustion
In recent years, there is a growing interest in CST because it offers opportunities to
generate energy at high temperatures, to allow the storage of thermal energy and to allow
hybridisation with combustion devices [10]. Nevertheless, the intermittent nature of the
solar source is a barrier to the penetration of solar energy technology and the cost of
heliostats is high. Therefore, the overall cost of CST remains significantly higher than
that of conventional energy technologies [11, 12]. In contrast to the CST, the combustion
1
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of fuels offers high availability. In the near term, fossil fuels have low cost but high
emissions of CO2 and other pollutants [13]. Thus, the complementary nature of these two
thermal energy sources means that their integration is gaining interest globally [14, 15].
However, while a number of hybrid systems have been proposed to date [16], the
combination of a solar cavity receiver and a combustion chamber is yet to be fully
investigated. Hence there is a need to assess the conditions under which solar and
combustion energy sources are integrated into a single device.

1.3 Hybrid Solar Receiver Combustor
Of particular interest here is a multiple-jets configuration featuring a symmetric
arrangement of jets with a tangential velocity component relevant to the Hybrid Solar
Receiver Combustor (HSRC) under development at the University of Adelaide [17-23].
The HSRC devices offer potential to reduce both the energy losses and total infrastructure
requirements relative to a hybrid from stand-alone components, while providing a firm
supply of energy for heat and power applications [24]. Figure 1.1 presents the schematic
diagram of an HSRC configuration. It features a cavity operable as a combustion chamber,
an aperture to admit concentrated solar radiation into the chamber, multiple burners to
direct a flame into the chamber and a heat exchanger within it to absorb the heat from
both energy sources.
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Receiver tubes

Fuel inlet

Outlet

Concentrated
solar
radiation

Aperture shutter

Flame

Fuel inlet

Counter-flow
heat exchangers

Figure 1.1: Schematic diagram of a Hybrid Solar Receiver Combustor (HSRC). Adapted from
Nathan et al. [17].

Figure 1.2 presents the schematic diagram of a CST tower system, including a
configuration of the HSRC, a heliostat field and a solar tower. The HSRC design allows
the device to operate in any of three operational modes, namely, the “combustion only
mode”, the “solar only mode” and the “mixed mode” [17]. For the “solar only mode”, the
shutter of the secondary concentrator (SC) is open to allow the entrance of concentrated
solar radiation, while the only heat source for the HSRC is solar energy. For the
“combustion only mode”, the heat source is derived only from the burning of injected
fuel and the shutter is closed. In the “mixed mode”, the power of the HSRC is derived
from both solar energy and combustion, with the percentage of each being dependent on
the solar intensity available at the time. The configuration of the combustion system in a
solar cavity differs from that in a conventional combustor owing to the need to incorporate
the aperture. This design results in an annular ring of burners, which can be configured
in a symmetric arrangement and aligned at an inclination angle (αj) relative to the axis of
the chamber, and/or at an azimuthal angle (θj) to the axis of the burner.

3
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Burners

HSRC

Aperture
shutter

Heliostat
field

Solar tower

Figure 1.2: Schematic diagram of a Concentrated Solar Thermal (CST) system, showing an HSRC
configuration on the top of a solar tower, together with the heliostat field. Adapted from Nathan et
al. [17] .

Due to the annular arrangement of burners and the range of operational modes, it can be
expected that different flow regimes, flame structures and dominant heat transfer
mechanisms will occur inside the chamber depending on the mode of operation. Ideally,
the optimised flow patterns would lead to an enhanced mixing while preventing fluid to
escape through the aperture plane. A larger flow through the aperture would lead to a
larger convective heat loss in the mixed mode of operation. Also, an optimised flow-field
would be characterised by a reduced in-flow since this would alter the equivalence ratio
of the flame, and therefore alter the heat transfer, fuel conversion and pollutant emissions.
Nevertheless, the existing literature does not identify a suitable range of the operation
angle (both αj and θj) for preventing the escape of hot gases through the aperture to the
secondary concentrator. Therefore, a better understanding of the flow-field generated by
multiple-jets within a confined space (e.g., a cavity or chamber) is needed to allow the
details of the possible HSRC configurations to be optimised.
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The HSRC features multiple-jets of relevance to a wide range of CST applications,
including solar-enhanced vortex gasifiers [25], solid particle solar receivers [26] and solar
chemical reactors [27]. However, to my knowledge, there is no quantitative assessment
that is available of the desirable flow regimes for optimizing the entrainment rates, flow
instability and recirculation zones of the CST devices. Hence new data and information
of the flow-field generated by multiple-jets within a cylindrical chamber are also required
to develop the reliable design tools for engineers to optimise the relevant CST and hybrid
combustion configurations for low-cost manufacture.

1.4 Controlling parameters of multiple confined jets
The greater complexity of the multiple-jets configurations over the single jet issuing into
a quiescent environment [28], including the additional parameters and experimental
challenges (e.g., jet angles [29], the extent of confinement by walls [30] and flow
conditions [31]), means many gaps in understanding remain. Hence, it is important to
characterise the influence of the key controlling parameters on the large-scale flow field
generated by multiple-jets within a confined space or chamber.
1.4.1 Jet angles
The definition of jet angles (i.e., nozzle angles) that are used in the present study is
presented schematically in Figure 1.3. The inclination (αj) and azimuthal angles (θj) have
been widely used to define the angular displacement between multiple inlet pipes or
nozzles. The inclination angle (αj) refers to the angle between the axis of the pipe and the
enclosure, while the azimuthal angle (θj) refers to the relative angle from the pipe axis to
the enclosure radius. The arrangement for which αj > 0° and θj = 0° is termed “planarsymmetric” (Figure 1.3a), and has wide relevance to devices such as multiple-burners
combustors [32] and longitudinal ventilation systems [8]. The arrangement of
5
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“rotationally-symmetric” jets is defined as having both αj > 0° and θj > 0° (Figure 1.3b),
and is commonly used for vortex and cyclone reactors [33]. However, although the angle
of inlet-jets tends to be important for engineering applications of multiple-jets such as the
HSRC, a comprehensive understanding of the influence of jet angles on the internal flowfield generated by multiple jets confined in an axisymmetric chamber is yet to be reported.
That is, the existing knowledge provides an insufficient guideline for engineers to design
an optimised operation angle of burners that can not only generate a large and uniform
recirculation zone within a chamber, but also minimise the flow instability caused by the
interaction of multiple-jets. Hence, there is a need to characterise for the first time all of
the flow regimes that can be generated within a cylindrical chamber (i.e., as a confined
flow) with multiple inlet-jets of arbitrary angles (αj and θj) that are equal for all jets.

αj
(a)

αj
(b)
θj

Figure 1.3: Schematic diagram of multiple inlet-pipes configurations for (a) planar-symmetric jets,
and (b) rotationally-symmetric jets.
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1.4.2 Jet configurations
Although a wide range of potential angles (αj and θj) between jet-nozzles are possible,
three configurations have received most attention previously, namely that of parallel-jets,
inclined-jets and swirling jets. Parallel and inclined jets (i.e., non-swirling jets) are
typically composed of multiple planar-symmetric nozzles that have the same inlet
diameter (Dpipe), a fixed jet angle (90° ≥ αj ≥ 0°) and a fixed spacing between each other
(S0), while the swirling jets typically refer to the rotationally-symmetric configurations
where θj > 0° to generate a strong swirl within a confined space [34-36]. Previous studies
of these multiple-jets configurations have found that the flow unsteadiness which is
associated with the interaction between each inlet-jets (e.g., the precessing vortex core or
jet precession [37]) tends to be significantly stronger than that of a single unconfined jet.
This precession of jet is typically not a desirable flow feature for industrial combustion
applications because it may potentially reduce the thermal performance within the
chamber during the combustion process [38-40]. However, to my best knowledge, no
previous assessment has been performed of flow oscillations generated by the nonswirling (parallel or inclined) and swirling jets within a cylindrical chamber for a wide
range of jet angles. This gap in understanding tends to affect the engineers to finalise a
suitable design of combustors or reactors for reducing the undesirable precessing flow.
Hence, the key flow characteristics, including the unsteady flow features, generated by
multiple confined jets also needs to be assessed.
1.4.3 Geometrical aspect ratio
The geometrical aspect ratio is one of the key parameters for a wide range of engineering
applications, including air-conditioning systems [41], flow mixing [42] and combustion
technologies [37]. For example, the confinement ratio of room Lroom/Hroom (length-to7
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height) was found to have a controlling influence on the efficiency of cooling and heat
transfer for jet impingement [42], while the nozzle aspect ratio of a plane jet Wnozzle/Hnozzle
(width-to-height) can significantly change the velocity field within a wide range of
configurations, such as air curtains and cooling systems [43]. Importantly, previous
studies of the HSRC revealed that the chamber aspect ratio Lc/Dc (length-to-diameter) has
a strong influence on thermal efficiency and capital cost [18, 23]. Nevertheless, there is
no systematic study with well-defined conditions that have been proposed to fully
characterise a range of chamber aspect ratio (Lc/Dc) for multiple-jets applications. That is,
the dependence of the important flow structure generated by multiple confined jets on the
key geometrical parameters, such as the characteristic length of the confining wall (Lc.crit),
remains unknown. This research gap is significant because in practical combustion
devices, particularly for the hybrid combustion technology, the selection of an appropriate
chamber size is important for maintaining high thermal efficiency and also a relatively
low infrastructure cost. Therefore, there is also a need to better understand the influence
of chamber aspect ratio, such as the length or diameter of the chamber, on the flow-field
of multiple confined jets to guide the development of the HSRC and also relevant
engineering applications.

1.5 Project aims
Based on the above background information, the overall objective of the present study is
to provide a new understanding of the large-scale flow characteristics generated by
multiple annular impinging jets within a cylindrical chamber. The specific aims of the
present study are the following:
1. To characterise all of the flow regimes that can be generated within a cylindrical
chamber with multiple planar-symmetric impinging jets.
8
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2. To investigate the flow characteristics of multiple rotationally-symmetric jets
within a cylindrical chamber configured to generate a swirl.
3. To identify the influence of the geometrical aspect ratio on the internal flow-field
generated by multiple confined jets.
4. To quantify the swirling and unsteady flow features generated by multiple
swirling jets (rotationally-symmetric) within a cylindrical chamber.

1.6 Thesis outline
The thesis presents eight chapters as outlined in the following:
Chapter 2 presents the literature review of the flow-field generated by multiple interacting
jets within a confined space, including both experimental and numerical studies on the
non-swirling jets, swirling jets, geometrical aspect ratio and flow unsteadiness. Four
research gaps are identified and the corresponding scientific aims to address these
research questions are presented.
Chapter 3 presents the methodology for the present study to meet the aims. The
experimental configurations of “Multiple Impinging Jets in a Cylindrical Chamber”
(MIJCC) investigated in the thesis are presented. A full description of the experimental
arrangements is provided, including information of the Particle Image Velocimetry (PIV)
arrangement, together with the data-processing methods, boundary and inlet conditions.
Also included is a comprehensive discussion of the uncertainty for PIV measurements,
together with a brief description of the numerical method used to perform Computational
Fluid Dynamics (CFD).
Chapter 4 reproduces the first published journal paper arising from the thesis entitled
“Experimental and numerical investigation of the iso-thermal flow characteristics within
9
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a cylindrical chamber with multiple planer-symmetric impinging jets”. The paper
presents a joint PIV measurement and CFD investigation of the flow structure within the
MIJCC configuration, including 19 jet inclination angles (αj = 0° to 90°) and two jet
arrangement (two or four jets). The measured and calculated instantaneous and mean
velocity fields, turbulence intensity, Reynolds shear stress, together with the predicted
recirculation rate and reversed mass flow rate were assessed. The calculated CFD results
were validated against the PIV measured data, with a reasonable agreement being
achieved. A map of flow regimes and their key corresponding flow features was also
proposed.
Chapter 5 reproduces the second published journal paper entitled “Iso-thermal flow
characteristics of rotationally-symmetric jets generating a swirl within a cylindrical
chamber”. The paper presents a systematic experimental study of the interaction between
four rotationally-symmetric jets within the MIJCC configuration. The value of αj was
varied over the range of 25° to 45°, while the jet azimuthal angle (θj) was varied from 5°
to 15°. The combined effect of αj and θj on the mean and root-mean-square (RMS) velocity
fields, integral length scale, external and central recirculation zones (ERZ and CRZ)
within the cylindrical chamber were assessed. A regimes map for identifying the
influence of having both αj and θj on different flow regimes was derived.
Chapter 6 reproduces the third published journal paper entitled “The influence of aspect
ratio on the iso-thermal flow characteristics of multiple confined jets”. The configurations
of αj = 25° were assessed with θj = 5° and 15°, and a range of chamber aspect ratios (Lc/Dc
= 1 to 3). The effect of the chamber aspect ratio (Lc/Dc) on the ERZ and CRZ, mean and
RMS velocity fields, Reynolds shear stress and integral length scale were analysed. A
detailed measurement of the recirculation rate (Kv) within the chamber was also carried
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out, with a strong dependence of recirculation rate on the chamber aspect ratio being
identified.
Chapter 7 reproduces the fourth published journal paper entitled “Characteristics of
swirling and precessing flows generated by multiple confined jets”. This paper presents
a series of PIV measurements for the swirling flow generated by multiple rotationallysymmetric jets within a cylindrical chamber. New quantitative information of the
tangential velocity, vortex intensity of the ERZ and CRZ, and the rotational flow patterns
within the MIJCC configuration were derived. A detailed characterisation of the
precessing flow, such as the precessing vortex core (PVC), within three distinctive flow
regimes, was proposed. The dependence of the PVC on the multiple confined jets was
identified.
In Chapter 8, a summary of all findings from Chapters 4 to 7 together with some
recommendations for future work is presented.

1.7 Publications resulting from this work
List of journal papers:
̢ Long, S, Lau, TCW, Chinnici, A, Tian, ZF, Dally, BB and Nathan, GJ 2017,
‘Experimental and numerical investigation of the iso-thermal flow
characteristics within a cylindrical chamber with multiple planar-symmetric
impinging jets’, Physics of Fluids, vol. 29, no. 10, p. 105111.
̢ Long, S, Lau, TCW, Chinnici, A, Tian, ZF, Dally, BB and Nathan, GJ 2018,
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1.8 Thesis format
The thesis has been submitted in the publication format. It includes four peer review
papers, which have been published by the journal of “Physics of Fluids”. I, Shen Long, is
the principal author of all papers. The format of the current document is based on the
formatting requirements of The University of Adelaide. The hard copy of the thesis is
identical to the soft copy which is available online, and the online PDF version of the
thesis can be viewed by any PDF software.

13

1.8. Thesis format

14

Chapter 2. Literature Review

Chapter 2
2

Literature Review

Chapter 2 presents the key literature review of the flow-field generated by multiple
annular impinging jets within a confined space.

2.1 The influence of multiple non-swirling jets
2.1.1 Parallel jets
The key flow regions of multiple parallel jets issuing from a wall [44-46] are presented
schematically in Figure 2.1. It can be seen that the flow-field of parallel jet consists of a
converging region, a merging region and a combined region. The converging region
generates a recirculation zone upstream from a merging point (Pmer), while the two inletjets continue to merge until a combined point (Pc).

Figure 2.1: Key flow regions of multiple parallel jets generated from a free wall. The symbol of Pmp
denotes the “merging point”, while that of Pc refers to the “combined point”. Adapted from Faghani
et al. [45].
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Table 2.1: Summary of previous studies of multiple parallel jets, including the key parameters investigated.
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Previous experimental and Computational Fluid Dynamics (CFD) studies of the evolution
of large-scale flow structures from multiple parallel jets, as summarised in Table 2.1, have
been performed almost exclusively for unconfined environments. These showed that the
flow characteristics depend strongly on the key geometrical features of the nozzles, as
well as their arrangement [36, 47-55].
The following key findings can be drawn from previous studies:
x

Multiple parallel jets (i.e., number of jets Nj > 1) was found to significantly
influence the mean flow characteristics, such as the jet momentum, centreline
velocity decay and jet spreading rate [36, 48-50]. The mean velocity profile of
multiple parallel jets is of similar to a single circular jet for merging region,
regardless the value of Nj, while a distinctive velocity profile of each inlet-jet can
be observed upstream from converging region [50, 52, 53].

x

The spacing between each nozzle, S0 was found to be an important parameter for
controlling the iso-thermal flow-field generated by multiple parallel jets. For
example, the key mean flow statistics such as the rate of maximum decay in
centreline jet velocity and the growth of jet width increase significantly with an
increase in S0 [36, 48, 53]. However, the qualitative feature of the mean velocity
profile downstream from the merging point was found to be independent of S0,
although the magnitude of velocity profile depends on the inlet flow conditions
[48, 52, 53].

x

The turbulent or RMS (root-mean-square) flow-field of multiple parallel jets
depends strongly on in-flow conditions. For a constant total inlet flow-rate
(݉ሶ௧௧ ), the turbulence intensity does not change significantly between single
and multiple parallel jets [53], while for a constant nozzle flow-rate (݉ሶ௭௭ ), an
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increase in Nj tends to increase the velocity fluctuation within the merging region
[48].
x

Nozzle arrangement was found to significantly affect the flame and combustion
characteristics of multiple parallel jets. For example, the study of multiple jet
flame conducted by Menon et al. [51] showed that S0 is the prominent parameter
that influences the interaction of flame, while Leite et al. [47] revealed that, for a
given S0, the flow stability and the flame length in the merged flow from multiple
unconfined reacting jets increases as Nj is increased. In addition, it was also found
that the configuration of directly impinging jets (αj = 90°) can improve flow
mixing and heat transfer efficiency within a confined cylindrical chamber [35, 54,
55].

From these studies, it is clear that parameters such as the number of jet-nozzles (Nj),
nozzle spacing (S0) and nozzle arrangements have a strong influence on the flow-field
generated by multiple interacting jets. Nevertheless, the research gap in multiple-jets
remains significant. Firstly, the majority of previous studies only investigated the flowfield generated from parallel impinging jets (i.e., αj = 0°) or directly impinging jets (i.e.,
αj = 90°), so that few studies are available for inclined impinging jets (i.e., 0° < αj < 90°)
with planar-symmetric arrangements. Secondly, little information is available for
multiple inclined jets within a confined space or cylindrical chamber, although confined
impinging jets are directly relevant to many industrial applications, such as gas turbine
combustors [7], aerodynamic curtains in solar receiver/reactors [6] and novel
burner/furnaces [32]. Thirdly, the detailed in-flow and boundary conditions are not fully
provided by most of the previous investigations in parallel jets due to the limitation of
measurement technology (e.g., probe). Hence, a more detailed characterisation of the flow
patterns within a confined environment (e.g., an axisymmetric chamber) for a systematic
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range of well-defined inflow and boundary conditions is needed to provide a new
understanding of the flow generated by planar-symmetric multiple-jets.
2.1.2 Constant Reynolds number
The influence of Reynolds number on the mean and turbulent flow-fields has been found
previously to be asymptotic for both single jet and multiple-jets configurations [28, 31,
42, 54, 56-59]. The Reynolds number at the nozzle exit plane is defined as:

ReD =

ρf Ue Dpipe

(2.1)

μf

where ρf is the fluid density, μf is the fluid dynamic viscosity and Ue is the bulk velocity
at the nozzle exit. Previous work has found that the mean and turbulent flow-fields depend
strongly on Reynolds number for ReD < 10,000 but tends to be relatively weak for ReD
≥10,000 [31, 57-59]. However, previous studies of multiple jets have been performed for
a wide range of different values of ReD and other inlet conditions [8, 52], which makes it
difficult to fully isolate the influence of other key parameters from those of ReD. Hence it
is also important to isolate the effect of ReD to provide new understandings of large-scale
flow structure generated by multiple interacting jets confined in a cylindrical chamber.
2.1.3 Inclined jets confined in a space
The investigations of multiple inclined jets (0° < αj < 90°) within a confined space are
relatively newer but fewer in number than those of parallel jets. Previous research showed
that the jet inclination angle (αj) is a key parameter for controlling the flow-field generated
by multiple inclined jets within a confined space [8, 9, 32, 60-63]. A summary of the
studies for multiple confined inclined jets is listed in Table 2.2.
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Table 2.2: Summary of previous studies of multiple inclined jets within a confined space, including
the key parameters investigated.
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Some key findings of the influence of αj on the flow-field generated by multiple inclined
confined jets are presented below:
x

The flow visualization of two inclined confined jets conducted by Chammem et
al. [8] defined the “resulting jet flow” as the central, merged flow downstream
from the jet merging point and the “upstream reverse flow” as that upstream from
the merging point. They also found that the presence or absence of the resulting
and reverse flows depends strongly on the value of αj and ReD. It was also found
from Chammem et al. [8] that the vortex structure within the resulting jet flow is
much more complex than that in a single jet, owing to the effect of the asymmetry
of the inlet-jets on vortex formation.

x

The CFD investigation by Chammem et al. [60] found that the reverse flow region
of multiple inclined jets depends strongly on the value of αj because this reverse
flow can only be generated within a certain range of αj. For the configurations of
αj = 10° to 90° and Nj = 2, the upstream reverse flow occurs only for the cases
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where αj ≥ 50°, while the jet merging point is only present for αj ≥ 30°. However,
no experimental data is presently available with which to validate these calculated
results.
x

Boushaki et al. [9, 32, 61] conducted a series of experiments to measure the mean
and turbulent velocity fields within a multiple-burners combustor. They found that
an increase in αj from 0° to 30° can significantly accelerate the impinging and
combining of individual inlet-jets for the mean velocity field, which is crucial for
achieving desirable mixing performance for combustion applications. The Particle
Image Velocimetry (PIV) results of Boushaki et al. [9] also showed that the
turbulence intensity along the axis of the chamber increases significantly with an
increase in αj, although the comparison of turbulence intensity between multiplejets and the single jet was not provided in their study.

While these previous works provide useful insight, they are of limited value for model
validation because none of them reports detailed in-flow information and boundary
conditions. More importantly, none of the previous measurements of inclined jets
provides a comprehensive understanding of the influence of jet arrangement for all of the
regimes of flow-fields that can be generated. That is, no flow regime map has been
provided for multiple impinging inclined jets within a cylindrical chamber. Instead, all
previous investigations have been limited to a relatively small range of conditions, such
as a limited range of αj and a fixed number of jets (Nj). Therefore, there is poor
understanding of the influence of the key dominant parameters, particularly of αj, on the
resulting flow and recirculation region for confined impinging jets in planar-symmetric
arrangements (e.g., Nj = 2 and 4). This is a significant research gap for identifying the
operation angle of jet-nozzles to provide a large and uniform recirculation region within
the industrial combustors or chemical reactors. A critical jet angle (αj.crit) is also needed
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for the CST devices to avoid the transport of high temperature gases from the cavity to
the outside environment. In addition, the existing data sets for planar-symmetric jets
provide insufficient information for the unambiguous development and validation of
computational models across the full range of angles 0° < αj < 90°, resulting in the lack of
fully validated CFD models for multiple confined jets. Hence, there is also a need to
obtain sufficient reliable experimental data to fully characterise the flow-field of multiple
planar-symmetric impinging jets in a confined space and to assess the validity of CFD
models through this range.

2.2 The influence of swirl on confined jets
2.2.1 Annular swirling jets
The swirl within a confined space is typically generated by an azimuthal angle (θj) relative
to either the axis of the jet for multiple-jets, or the vane for annular jet systems. The
influence of θj on the iso-thermal flow-field has been widely investigated for
configurations of annular swirling jets [34, 64-74]. These studies showed that the value
of θj, associated with a swirl number, Sw, significantly influences the large-scale
recirculation zones within a confined chamber. The swirl number Sw is defined as:
R

Sw =

0 ρf Ux Uθ 2πr2 dr
R

R 0 ρf Ux 2 2πrdr

(2.2)

where Ux and Uθ denote the axial and azimuthal velocities, respectively, while R is the
radius of the geometry. One of the key flow features within a swirling jet flow is the
central recirculation zone (CRZ) generated by the azimuthal angle θj with a sufficient
swirl number. Another key flow feature is the external recirculation zone (ERZ), which
is typically found in configurations of jet impingement. Figure 2.2 presents a schematic
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diagram of the CRZ and ERZ generated by jets within a confined chamber. It can be seen
that the CRZ is defined as a large-scale vortex with inward rotation (Figure 2.2a), while
the ERZ refers to the vertex with outward rotation (Figure 2.2b). Syred et al. [73] and
Gupta et al. [72] proposed a detailed review of swirling flow and found that the CRZ is
particularly important for the stabilization of a flame, notably by the recirculation of
reactants during the combustion process. However, while previous studies provide useful
qualitative information of the CRZ, they are limited to a relatively few configurations
since they have been performed almost exclusively for the single annular jet (Nj = 1)
within vane swirled systems. That is, no previous studies quantitatively measured the key
information such as the length and the core location of the CRZ and ERZ (Lcore) as a
function of the jet-nozzles’ angles, although these parameters are critical for quantifying
the mixing and heat transfer efficiency within the chamber of multiple-jets burners. Hence,
the influence of the azimuthal angle θj from multiple-jets (i.e., multiple inlet-jets
configured with annular arrangement) on the large-scale recirculation regions, such as the
CRZ and ERZ, requires further investigations.

Central
recirculation
zone

External
recirculation
zone

(a)

(b)

Figure 2.2: Schematic diagram of the large-scale vortex generated by confined jet configurations,
showing (a) central recirculation zone, and (b) external recirculation zone.

23

2.2. The influence of swirl on confined jets
The characteristics of the large-scale recirculation zone can strongly influence the mean
and turbulent flow-fields generated by swirling jets, as reported by Syred et al. [73] and
Syred [37]. The recirculation zone is particularly important for configurations of swirling
jets within an axisymmetric chamber. For example, it was found that an increase in the
size of the CRZ can significantly increase the level of turbulent fluctuations and Reynolds
stress anisotropy within the central region of a confined chamber [34, 67], although the
decay rate of turbulence intensity and turbulent kinetic energy within the CRZ was also
found to be increased [68]. The turbulent flow characteristics such as turbulence intensity
and Reynolds stress are important for the development of combustion and solar thermal
technologies because these parameters quantify the flow instability generated by the
interaction between multiple-jets. However, while these previous studies provide new
data of swirling flow in a cylindrical chamber, the value of θj used in these studies was
not explicitly presented. Therefore, the influence of θj on the mean and turbulent
characteristics is still not fully understood. In addition, the definition of the swirl angle
(i.e., azimuthal angle θj) in each study is slightly different due to the inconsistent
coordinate for these configurations (e.g., Cartesian or polar systems), which also makes
them difficult to be analysed together. Hence, a detailed investigation of θj for swirling
jets confined in a cylindrical chamber under a well-defined boundary condition is also
needed.
2.2.2 Multiple impinging jets generating a swirl
There are limited studies that have investigated the effect of multiple impinging swirling
jets (θj > 0° and Nj > 1) on the iso-thermal flow field within a confined space, particularly
for conditions where jets are confined in an axisymmetric chamber [33, 75-79]. A
summary of these studies is given in Table 2.3.
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Table 2.3: Summary of previous studies of multiple impinging jets generating a swirl in a cylindrical
chamber.
Study

θj

αj

Nj

Method

Investigated parameters

Chinnici et al. [33]

90°

90°

2

Experiment & CFD

Mean velocity

Chinnici et al. [76]

90°

90°

2

Experiment & CFD

Mean & RMS velocities

Tian et al. [77]

90°

90°

2

CFD

Mean velocity

Krishna et al. [79]

45°

90°

18

CFD

Mean velocity & scale fields

Ozalp et al. [78]

45°

90°

18

CFD

Mean velocity

Ridluan et al. [75]

90°

90°

12

CFD

Mean velocity

The majority of these previous studies have investigated the dependence of the flow-field
on the geometrical features and inlet conditions of multiple impinging jets. For example,
Chinnici et al. [33] and Chinnici et al. [76] investigate the mean flow characteristics
within a Solar Enhanced Vortex Reactor (SEVR) equipped two tangential inlet-pipes (θj
= 90° and Nj = 2). They found that an increase in the cone angle (βcon) and the length of
the main cavity (Lc) leads to a decrease in the swirl strength within the SEVR. The
numerical and experimental studies of Ozalp et al. [78] for a multiple-jets cyclone reactor
(θj = 45° and Nj = 18) revealed that a decrease in the nozzle exit velocity (Ue) results in a
reduction in the magnitudes of axial velocity (Ux) and vorticity (ζ) within the cyclone
cavity. Nevertheless, none of these studies has considered the effect of θj on the flow-field
generated by multiple impinging jets because most of them have investigated a single
value of θ j. The lack of a comprehensive investigation for θj leads to the incomplete dataset to fully identify the entire range of operational azimuthal angles for achieving
preferred swirling flow within industrial vortex applications. Therefore, the influence of
θj on the mean and turbulent flow-fields generated by multiple swirling jets requires
further investigations.
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It is also important to note that most of the previous studies of multiple impinging jets
(Nj > 1) considered only the influence of the αj between each inlet-jet (see also Table 2.2),
so that almost no information is available of the influence of the jet azimuthal angle θj for
which αj > 0°. This gap in understanding is significant because the combination of αj and
θj for multiple-jets (rotational-symmetric) has wide relevance to the development of swirl
jets applications, including novel vortex combustors [27, 65, 75], cyclone reactors [78,
80] and solar thermal applications [81, 82]. Owing to the lack of sufficient reliable
experimental data from previous investigations, the details of the flow structure generated
by multiple swirling jets (rotationally-symmetric) confined in a cylindrical chamber is
still poorly understood. This is a significant impediment to the continuous development
of computational models for multiple swirl jets configurations [83]. Therefore, a more
detailed and quantitative understanding is needed of the combined effects of θj and αj on
the flow-field generated by multiple rotationally-symmetric jets confined in a cylindrical
chamber.

2.3 The influence of geometrical aspect ratio
The influence of geometrical aspect ratio on the flow-field generated by jet has been
investigated for a wide range of applications, including jet impingement, single annular
jet and multiple-jets [42, 43, 54, 70, 84-88]. A summary of previous studies of the aspect
ratio for both the swirling and non-swirling jets is listed in Table 2.4.
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Table 2.4: Summary of previous studies of the geometrical aspect ratio for swirling and non-swirling
jets configurations.
Study

Aspect ratio

Nj

Configuration

Method

Investigated parameters

1

Non-swirling

Experiment

Mean velocity

Hcon/Dpipe = 2 Guo et al. [87]
8
Khalil et al. [70]

Dc/Dpipe = 1.7

1

Swirling

Experiment

Mean velocity

Kao et al. [88]

Lc/Dc = 1.5 - 3

1

Swirling

Experiment

Mean velocity

2

Non-swirling

Experiment

Mean & RMS velocities

1

Non-swirling

CFD

Hcon/Dpipe = 1.5
Gao et al. [54]
to 4
Lroom/Hroom =
Al-Sanea et al. [42]

Mean velocity & heat-

0.5 - 6

transfer efficiency

Wnozzle/Hnozzle =
Deo et al. [43]

1

Non-swirling

Experiment

1

Non-swirling

CFD

Mean & RMS velocities

15 - 72
Hcon/Dpipe = 1 Morris et al. [84]

Mean velocity &

4
Morris et al. [85]

Hcon/Dpipe = 2 -

pressure
1

Non-swirling

CFD

Mean velocity

1

Non-swirling

Experiment

Heat-transfer coefficient

4
Hcon/Dpipe = 1 Garimella et al. [86]
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For configurations of non-swirling jet (θj = 0°), it has been found that the distance between
the jet exit and an end plate, termed “confinement height” (Hcon), can significantly
influence the position and strength of the large-scale recirculation regions, wall jet
development and the distribution of the jet velocity [84-87]. For example, the PIV
measurements of Guo et al. [87] for a confined jet impingement revealed that an increase
in Hcon from Hcon/Dpipe = 2 to 8 leads to a significant movement of the vortex-core of an
ERZ from the bottom to the top edge of the confining wall within the range of ReD = 1000
to 9000, although the growth rate of the wall jet thickness is significantly decreased.
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However, these studies have been performed almost exclusively for a single jet (Nj = 1),
which makes it difficult to directly apply to multiple swirling or non-swirling jets within
a cylindrical chamber.
For configurations of swirling jet investigated previously (θj > 0°), it was found that the
confinement by cylindrical wall tends to increase the velocity fluctuation, velocity
magnitude and the recirculation within swirl flow burners [88, 89]. For example, the
experimental study of Kao et al. [88] showed that the influence of the chamber aspect
ratio (Lc/Dc) on the mean and RMS velocity fields is significant for near-field (e.g., x/Dc
= 0.12), although they also found the influence to be negligible in the far-field (e.g., x/Dc
= 1.77) within a swirled jets combustor. However, due to the lack of information available
of the inflow and boundary conditions, these previous studies are of limited value for
model validation.
For configurations of multiple confined jets (Nj > 1), Gao et al. [54] investigated the effect
of the confinement height Hcon on the turbulent flow field within a confined impinging
jets reactor using PIV. Their results showed that a decrease in Hcon/Dpipe from 4 to 1.5
leads to an increase in turbulent kinetic energy and mixing efficiency within the jet
impinging region. Nevertheless, the important flow parameters such as the recirculation
zones and RMS velocity field were not be assessed in their study. Hence, the dependence
of the key mean and turbulent flow characteristics within multiple confined jets on
geometrical parameters such as the chamber aspect ratio is yet to be fully understood.
The presence of large-scale recirculation zones (e.g., the ERZ and CRZ) can significantly
influence the flow and flame characteristics of multiple confined jets. For example, it was
found that the ERZ and CRZ are associated with the recirculation rate Kv (the ratio
between the circulated and total mass flow-rate) within the chamber, which is important
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for combustion stabilization and thermal efficiency [90-92]. However, to my knowledge,
the influence of the geometrical parameters such as the chamber length-to-diameter ratio
(Lc/Dc) on the size and the strength of the dominant recirculation zone remains unknown
due to the lack of comprehensive investigations. Hence, a more detailed characterisation
is also needed to identify the influence of the chamber aspect ratio Lc/Dc on the ERZ and
CRZ generated by multiple jets within a cylindrical chamber.

2.4 Flow unsteadiness of multiple impinging jets
The characteristics of flow unsteadiness that associated with multiple impinging jets have
been widely investigated by previous researchers [33, 35, 37-40, 54, 67, 73, 93-97]. One
of the major features is the precessing vortex core (PVC) within the recirculation zone,
which has been identified for a wide range of vortex applications [33, 37, 96, 97]. The
PVC is a large-scale coherent and time-dependent flow structure embedded within a
vortex, which is defined as the precession of the vortex-core relative to the geometrical
axis of an axisymmetric device, as described in the detailed review by Syred [37] and
presented schematically in Figure 2.3. Their study showed that the PVC can significantly
influence flow behaviour, mixing performance and combustion efficiency for vortex
devices such as cyclones and swirl burners. Previous investigations revealed that the
extent of the PVC depends strongly on the geometrical confinement [98], recirculation
zone [72] and thermal conditions [73]. For example, the experimental studies of Syred et
al. [98] and Gupta et al. [72] found that a decrease in the confinement ratio of jet leads to
a significant increase in the intensity of the ERZ and CRZ, which increases the degree of
the PVC and other instabilities within a swirl combustor. Syred et al. [73] reviewed the
characteristics of PVC under reacting flow conditions and found that the combustion
process tends to amplify the amplitude of the PVC by an order of magnitude compared
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with isothermal conditions. In addition, the experimental and numerical studies of
Chinnici et al. [33] confirmed the presence of a PVC within a multiple-jets solar cavity
receiver. Their study also showed that an increase in either the value of cone angle (βcon)
or the length of the chamber (Lc) leads to a significant reduction in the significance of the
PVC. However, while the dynamics of the PVC in a swirling or single jet has been widely
documented [37], none of the previous investigations provided a comprehensive
understanding of the influence of the key controlling parameters (i.e., αj and θj) on the
PVC, so that the dependence of the PVC on large-scale recirculation zones (i.e., ERZ and
CRZ) generated by multiple-jets remains unclear. Hence, there is also a need to better
understand the characteristics of the PVC generated by multiple jets within a confined
space.

×

×

×

Figure 2.3: Schematic diagram of typical streamline of the precessing vortex cores (PVC) within the
recirculation zone. The black-dot denotes the central of the geometry, while the red-cross denotes the
core of the vortex.

Previous studies of multiple-lateral jets (αj = 90° and θj = 0°) revealed that the strong
interaction of multiple impinging jets tends to amplify the extent of flow precession and
oscillation, resulting in the presence of a precessing flow downstream from the jet
merging or impingement point [35, 54, 99]. For those configurations, a significant offset
in the instantaneous position of the impingement point from the axis, which was termed
“flapping”, was observed. However, although these studies provided useful insights about
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jet precession, they are almost exclusively performed for multiple impinging jets without
an azimuthal component θj, with the inclination angle is typically fixed at a constant
single value (αj = 90°). That is, none of the previous investigations provided a
comprehensive understanding of the influence of the combination of αj and θj on the
extent of flow unsteadiness. This suggests that the key unsteady flow features, such as the
PVC or jet precession, within these configurations remains unknown. Hence, there is also
a need to fully characterise the precessing flows generated by multiple jets within a
cylindrical chamber.

2.5 Research gaps and scientific aims
Based on the literature review, the following research gaps have been identified and the
corresponding research aims to address these gaps are provided.
2.5.1 Research gaps
1.

Previous studies provide insufficient information about inlet-flow and boundary
conditions to fully characterise the dependence of flow structure on the inclination
angle (αj) for multiple impinging jets within a cylindrical chamber. Hence, there is
poor understanding of the influence of the jet inclination angle (αj) on the mean
and turbulent flow-fields generated by multiple planar-symmetric (αj > 0° and Nj >
1) jets in a cylindrical chamber.

2.

The majority of previous investigations of multiple-jets considered either the
configurations for which αj > 0° (impinging jets) or θj > 0° (swirling jets), resulting
in the lack of reliable experimental data sets for the development of multiple
rotationally-symmetric jets (αj > 0° , θj > 0° and Nj > 1) where both αj and θj are
employed to generate a swirl within a cylindrical chamber.
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3.

Previous research revealed a significant dependence of the iso-thermal flow-field
on a wide range of geometrical aspect ratio for multiple-jets configurations.
However, none of the previous studies has performed a systematic experimental
investigation to fully assess the effect of geometrical aspect ratio on the mean and
turbulent flow-fields generated by multiple rotationally-symmetric jets in a
cylindrical chamber (αj > 0°, θj > 0° and Nj > 1).

4.

Previous investigations have provided useful information to understand the effect
of geometrical parameters and in-flow conditions on the characteristics of swirling
and precessing flows generated by either single jet (Nj = 1) or multiple jets (Nj >
1). However, the combined effect of αj and θj on the swirling and precessing flows
(e.g., the PVC and tangential velocity) has not been fully explored. That is, the
understanding of key flow features occurs in multiple swirling confined jets is still
very limited.

2.5.2 Scientific aims
1. The first scientific aim of the present study is to characterise all of the flow regimes
that can be generated within a cylindrical chamber with multiple planar-symmetric
impinging jets. Specifically, The thesis aims:
(a) to provide a detailed characterisation of the flow-field for planar-symmetric
arrangements of impinging jets with well-defined inflow conditions within a
cylindrical chamber;
(b) to identify the influence of the inclination angle of jets αj from 0° to 90° for two
or four jets (Nj = 2 or 4), on large-scale flow structure;
(c) to provide a map of flow regimes for planar-symmetric arrangements of
impinging jets in a cylindrical chamber.
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2. The second scientific aim of the thesis is to investigate the flow characteristics of
multiple rotationally-symmetric jets within a cylindrical chamber configured to
generate a swirl. The three sub-aims are:
(a) to characterise the mean and RMS flow-fields for a series of rotationallysymmetric arrangements of multiple interacting jets;
(b) to identify the influence of the small azimuthal angle of jets (θj = 5°, 10° and 15°)
in addition to the inclination angle of jets αj = 25°, 35° and 45°, on the dominant
recirculation zones within a cylindrical chamber;
(c) to characterise the dependence of flow regimes on rotationally-symmetric
arrangements of multiple jets within a cylindrical chamber.

3. The third scientific aim of this investigation is to identify the influence of the
chamber aspect ratio (length-to-diameter Lc/Dc) on the internal flow-field generated
by multiple jets within a cylindrical chamber. More specifically, it aims:
(a) to provide a detailed characterisation of the flow generated by multiple
rotationally-symmetric inlet-jets within a cylindrical chamber for aspect ratios
Lc/Dc = 3, 2.5, 2, 1.5 and 1;
(b) to identify the influence of aspect ratio Lc/Dc on both the mean and RMS flowfields within a cylindrical chamber with multiple-jets;
(c) to characterise the dependence of aspect ratio Lc/Dc on the large-scale
recirculation zones for multiple-jets configurations.

4. The fourth scientific aim of the current study is to quantify the swirling and
unsteady flow features generated by multiple swirling jets (rotationally-symmetric)
confined in a cylindrical chamber. The specific sub-aims are:
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(a) to provide a quantitative description of the mean and RMS flow-fields in both
the axial and tangential directions for multiple confined jets;
(b) to identify the characteristics of swirl within the ERZ and CRZ generated within
a confined chamber with multiple-jets;
(c) to characterise the dependence of the precessing vortex core (PVC) on the
configurations of multiple confined jets.
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Chapter 3
3

Methodology

Chapter 3 presents the experimental and numerical methods that were chosen to address
the research gaps and to meet the scientific aims presented in Chapter 2.
3.1

Configurations selected in the present study

Figure 3.1 presents the schematic diagram of the configuration investigated in the present
study, namely, the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC). This
geometry is simplified relative to the HSRC to facilitate understanding and to increase
relevance to other devices. The most significant components of practical burner systems
are a central jet of fuel and a co-annular stream of air. The details of geometrical shapes
vary greatly from one combustor to another, so that they typically have different levels of
swirl, different relative velocities and geometrical configurations. Despite these
differences, to first order, the complex co-annular burner can be represented as a single
jet of equivalent momentum. This simplification is desirable because it avoids the
complexity of assessing every possible combination of the many details of burner
configurations, whilst still allowing the large-scale dynamics associated with the
multiple-jets to be evaluated. For these reasons, the simplified arrangements were
selected for the current study. The data set obtained from the present MIJCC
configuration is relevant not only to the applications of combustion technology but also
to several engineering applications where combustion is not necessarily needed, such as
solar thermal devices, ventilation systems and chemical reactors.
The key geometrical features of the MIJCC are the main cavity, consisting of a cylindrical
chamber with a conical expansion, and a secondary concentrator (SC), used to further
35

3.1. Configurations selected in the present study
concentrate the solar radiation from the heliostat field (as shown in Figure 1.2). The SC
in the model was closed at the largest end with a flap (labelled with a green line) to prevent
flow to the ambient environment, but open at the plane of the throat (labelled with a red
dashed-line) to admit flow between these sections. This corresponds to the configuration
of the HSRC within the combustion-only mode, where the aperture is closed with a flap
to prevent heat loss [17].
Two nozzle arrangements were proposed for the MJICC configurations investigated here.
These are the “planar-symmetric jets” (Figure 3.1b) and the “rotationally-symmetric jets”
configurations (Figure 3.1c). Four inlet-pipes were distributed around the conical
expansion of the main chamber with an inclination angle (αj) to the axis of the chamber
and/or at an azimuthal angle (θj) to the axis of the pipe. The flow leaves the chamber in
the radial direction through an annular gap around a bluff end wall of uniform thickness,
Wout. The dimensions of the key geometrical parameters of the MIJCC configurations
investigated here are given in Table 3.1.
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Figure 3.1: Schematic diagram of the configurations of the Multiple Impinging Jets in a Cylindrical
Chamber (MIJCC) investigated here, showing the key geometrical features from the (a) axial cross
section and (b) radial cross section for planar-symmetric jets, and (c) rotationally-symmetric jets.
Here the flap plane, the throat plane, and the annular outlet are highlighted with red (dashed), green
(solid), and blue lines, respectively. The SC refers to the Secondary Concentrator.
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Table 3.1: Values of the geometrical parameters of the MIJCC configurations investigated in the
present study.
Dimensions

Description

Value

Dc

Chamber Diameter (mm)

74

Dsc

Diameter of the Secondary Concentrator (mm)

74

Dth

Throat Diameter (mm)

24.6

Dpipe

Inlet Pipe Diameter (mm)

3.35

Lc

Chamber Length (mm)

74, 111, 148, 185 and 225

Lpipe

Inlet Pipe Length (mm)

150

Wout

Width of the Outlet Gap (mm)

3
°

αj

Jet Inclination Angle (degree)

0 to 90°

θj

Jet Azimuthal Angle (degree)

5°, 10° and 15°

βcon

Conical Expansion Angle (degree)

40°

γsc

Angle of the Secondary Concentrator (degree)

40°

3.2 Experimental cases
Table 3.2 lists all of the experimental cases investigated in the present study. The
experimental configuration of the MIJCC was manufactured from acrylic to provide
optical access and a close match between the refractive index of the chamber and that of
the working fluid (water). These configurations have inclination angles of αj = 25°, 35°,
45° and 50° and azimuthal angles of θj = 5°, 10° and 15°, together with a manufacturing
tolerance of ± 0.1 mm (linear) and ± 0.5° (angular). The angles of jet-nozzles were selected
to ensure the jet merging point (or jet impingement point in some cases) for all
experimental cases is within the cylindrical chamber, as is necessary for optical access,
and to achieve sufficiently large increment of αj and θj required to provide distinct flowfeatures. The diameter of the MIJCC chamber was fixed at Dc = 74 mm, while the length
of the chamber was set at either Lc = 225 mm, 185 mm, 148 mm, 111 mm or 74 mm,
resulting in aspect ratios of Lc/Dc = 3, 2.5, 2, 1.5 or 1. These ratios were selected to span
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a sufficient range of flow-features and to cover realistic geometrical dimensions for
relevant applications.
Table 3.2: The notation for the MIJCC configurations investigated experimentally.
Inclination

Azimuthal

Number of

Chamber aspect

Investigated

angles, αj

angles, θj

jets, Nj

ratio, Lc/Dc

Chapters

MIJCC-25-2J

25°

0°

2

3

4

MIJCC-25-4J

25

°

°

4

3

4

MIJCC-50-2J

50

°

°

0

2

3

4

MIJCC-50-4J

50°

0°

4

3

4

MIJCC-25-05

25

°

°

MIJCC-25-10

25

°

MIJCC-25-15

25°

MIJCC-35-05

35

°

MIJCC-35-10

35

°

MIJCC-35-15

35°

MIJCC-45-05

45

°

MIJCC-45-10

45

°

MIJCC-45-15

Configurations

0

5

4

3

5 and 7

°

10

4

3

5

15°

4

3

5 and 7

°

5

4

3

5

°

10

4

3

5

15°

4

3

5

°

5

4

3

5

°

10

4

3

5

45°

15°

4

3

5 and 7

MIJCC-05-LD25

25°

5°

4

2.5

6

MIJCC-05-LD20

25

°

°

4

2

6

MIJCC-05-LD15

25

°

°

4

1.5

6

MIJCC-05-LD10

25°

MIJCC-15-LD25

25

°

MIJCC-15-LD20

25

°

MIJCC-15-LD15
MIJCC-15-LD10

5
5

5°

4

1

6

°

4

2.5

6

°

15

4

2

6

25°

15°

4

1.5

6

°

°

4

1

6

25

15

15

3.3 Measurement techniques
Planar Particle Image Velocimetry (PIV) was employed to investigate the mean and RMS
flow-fields within the MIJCC configurations. The PIV technique offers a wide range of
advantages over traditional point measurements to measure the instantaneous velocity
field of turbulent flow, such as a relatively high accuracy for measuring the integral length
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scales, the anisotropy of the velocity fluctuations and the Reynolds normal and shear
stresses [100, 101]. Measurements were performed under iso-thermal conditions at
ambient temperature using water as the working fluid to avoid deposition of seeding
particles onto confining walls and also to provide a relatively high Reynolds number at a
lower in-flow velocity condition. To limit optical distortion, the entire experimental
model was fully submerged into a rectangular water tank with dimensions of 500 mm (L)
× 400 mm (W) × 390 mm (H). This water tank was also made from acrylic. The water
from the outlets was discharged into the water tank, which overflowed to a reservoir. The
discharged fluid was reinjected through the jets using a variable-speed-drive enabled
water pump (Pan World NH-200PS), a frequency converter (Danfoss VLT 2800) and
flowmeters (ABB D10A11), resulting in a closed-loop system.
The bulk mean velocity at the nozzle exit (Ue) was fixed at 2.8 m/s for each nozzle,
resulting in an inlet jet Reynolds number ReD = 10500. This ensures that the inlet flow is
within the fully turbulent regime where the influence of ReD is considered to be small
[43]. The jets were generated with a supply system that was carefully designed to ensure
both overall flow symmetry and fully developed pipe flow at the exit. A symmetric
manifold system was employed to ensure equal flow distribution to each jet, which fed
150 diameters of gently-curved flexible piping, feeding 46 diameters of perfectly straight
pipe. The perfectly straight section exceeds the 40 diameters found by Nikuradse [102]
to be the minimum needed to establish a fully developed pipe flow. Hence, the customised
manifold system is sufficient to ensure that the present configuration achieves, or closely
approximates fully developed pipe flow.
The symmetry of the flow was carefully reconfirmed in a series of sensitivity study prior
to the actual PIV measurement. Briefly, the data from “0 ° - plane” P00 (jet inlet plane)
and “45° - plane” P45 (the plane rotated 45° relative to 0° - plane) were measured for the
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reference configuration of Lc/Dc = 3 with αj = 25°, 35°, 45° and θj = 5°, 10°, 15°. Figure 3.2
presents a schematic diagram of the measurement planes for the study of symmetry. The
results showed that all investigated cases feature significant symmetric or axisymmetric
flow-fields for both “0 ° - plane” and “45° - plane”. A detailed description of the
measurement is presented in Chapter 5.

Radial cross section
45°
P00
r

ߠ

P45
Figure 3.2: Schematic diagram of the radial cross section, showing the measurement planes of “0 ° plane” P00 and “45° - plane” P45.

The flow was seeded with hollow glass spheres of 12 μm diameter and with a specific
gravity of 1.1. The resultant Stokes number (SkD), based on the bulk exit velocity and exit
diameter of the nozzle was SkD =0.003 (SkD = ρpDp2Ue/18μfDpipe where ρp is the particle
density and Dp is the particle diameter), which is sufficiently low to enable the particles
to follow the flow down to length scales that can be resolved with the PIV measurement.
Owing to the closed-loop design of the entire system, continuous seeding of particles was
not required.
The optical arrangement and the measurement region are shown schematically in Figure
3.3. The source of illumination for the PIV measurements was a double-head, pulsed
Nd:YAG laser (Quantel Brilliant B), operating at a fixed pulsing frequency of 10 Hz and
a maximum power of approximately 400 mJ. The laser was operated in the frequency41
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doubled mode to provide a wavelength of 532 nm. The laser beam was formed into a
sheet with a combination of three cylindrical lenses (Thorlabs) that were aligned with the
centreline of the cylindrical chamber and positioned to illuminate the measurement region,
as shown in Figure 3.3. The thickness of the light sheet was measured by using both the
burn marks and image data-processing, resulting in a thickness of 1.5 mm at the focal line.
The PIV raw images were captured with a Charged Coupled Device (CCD) camera
(Kodak Megaplus ES2093) with an array of 1920 × 1080 pixels. The frame rate of CCD
camera for the PIV measurements was set to match that of the laser at 10 Hz. The x-r
plane (see Figure 3.3b), which provides the axial (x) and radial (r) instantaneous velocity
components, was approximately 123 mm (Li) × 66 mm (Wi) in size, while the r-θ plane
(see Figure 3.3c) was approximate 37 mm in radius to measure the tangential component
(θ) within the MIJCC configuration. This measurement region was chosen to avoid
interference from reflections caused by curved acrylic sections and interfaces between
different sections. The shape of the conical component within the chamber prevented
optical access there, so that measurements were performed only within the cylindrical
part of the chamber, downstream from the edge of the cylinder for approximately Si = 2
~ 10 mm, depending on the configuration (See Figure 3.3b).
A minimum of 1500 PIV image pairs (12 bits) was recorded for each experimental
condition. An in-house PIV code in MATLAB R2015a (Mathworks) was employed to
process the raw images. A single-pass, Fast Fourier Transform (FFT) algorithm, together
with an interrogation window size of 32 × 32 pixels was used for the data-processing,
resulting in an effective probe volume of 2 mm × 2 mm × 1.5 mm. It should be noted that
the current PIV measurement cannot resolve small-scale velocity field (e.g., Kolmogorov
scales) and this is also not an objective of the present study. In addition, a multi-grid
correlation algorithm with 50% overlap was applied to calculate the displacement of
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seeding particles and also to minimize noise. Outliers (erroneous vectors) were identified
by using an in-house PIV code in the post-processing, which compares the value
difference between the absolute and relative velocities. The average number of outliers
was less than approximately 5% of the total vectors, and all outliers were removed from
the ensemble.
The overall uncertainty associated with the PIV measurements comprises both systematic
and measurement errors. The systematic errors arise both from geometrical uncertainty,
derived from manufacturing tolerances, and from measurement uncertainties. The
volumetric flow rate of each inlet-pipe was measured independently by using a flowmeter
prior to each single measurement. The averaged difference between each inlet-pipe was
calculated to be ≈ 1.6 - 1.8%, resulting in a 2% uncertainty of the desired flow rate. The
spatial resolution of the PIV and cylinder, which incorporates the effect of optical
distortion, was assessed by calibration with a customized grid that was inserted into the
cylindrical chamber before each experiment. On this basis, the uncertainty of position
was estimated to be ± 0.05mm within the measurement region, which is around 0.03%.
The time separation between successive image pairs in the PIV measurement was chosen
to achieve an average particle displacement of about 8~10 pixels (1/3 of the interrogation
window size), as estimated from the centreline region of images, with the highest
expected mean velocity. The bias error associated with the time separation between the
laser pulses was estimated to be ± 2%. The uncertainty due to the sample size was
calculated from value difference in the velocity fields along the centreline and selected
radial profiles of the chamber for sample size within the range of 100 to 2000 image pairs,
with an increment of 100. The difference was below 1% for a sample size of ≥ 1500.
Based on the inaccuracies in calibration and observed scatter in present measurements,
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the overall uncertainty of the measured mean and RMS velocities for the present study is
estimated to be Ԗ ≈ 5%.

(a)

Mirror
Laser sheet
Nd:YAG Laser
Optical alignment

Water tank

CCD camera

Si

(b)

(c)

r

r
ߠ

Wi

x

Li
Axial cross section

Radial cross section

Figure 3.3: (a) The PIV setup, showing the Nd:YAG laser, optics arrangement, light sheet and camera,
(b) Axial measurement region (green box enclosed by a red dashed line) relative to the chamber, and
(c) Radial cross-section, showing the radial measurement region.

3.4 Numerical methods
Numerical simulation was conducted to provide qualitative information on the flow field
in regions of the flow for which experimental data are not available. The commercial
Computational Fluid Dynamics (CFD) code ANSYS/CFX 16.1 was employed to simulate
the flow-field, utilising the Reynolds-Averaged Navier-Stokes (RANS) method. The
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three-dimensional computational model of the device, shown in Figure 3.4, was generated
with the commercial Computer Aided Design (CAD) package PTC Creo. Due to the axissymmetric geometry and to reduce the computational cost, only a quarter of the full
domain was modelled utilising the symmetry boundary option in the code. This
simplification relies on the assumption that no circumferential instability, such as a
precession, can occur. This, as is shown below (Figure 3.4), is true for most conditions
but not all.
Mass flow inlet 1
Mass flow inlet 2

Opening outlet

No slip wall

Symmetric planes

Figure 3.4: The CFD domain of the MIJCC configuration investigated in the present study.

The uncertainties associated with the CFD simulation arise mostly from limitations in
mesh quality and simplification of the turbulence models. The influence of uncertainty of
the boundary conditions was small because of the care taken to ensure fully developed
pipe flow at the inlet (described in Section 3.3), but was nevertheless assessed
systematically by a sensitivity analysis for both the inlet and outlet conditions. This
showed that the difference in the calculated mean velocity field changed by less than 1%
with changes to the boundary condition. The selected boundary conditions are shown in
Figure 3.4.
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The ANSYS/Meshing 16.1 CFD code was used to generate the computational mesh. A
structured mesh was chosen for all circular components (nozzles, cylindrical chamber),
while non-uniform unstructured grids were chosen for the conical components. The mesh
quality was checked for expansion factor, aspect ratio, skewness and orthogonality. The
influence of the number of mesh nodes on the CFD results was evaluated through a mesh
independence test. Figure 3.5 presents the radial profiles of the calculated mean axial
velocity Ux, normalised by inlet bulk velocity Ue, for mesh nodes number 2 × 106, 4 ×
106, 8 × 106 and 12 × 106 at the jet impingement point for the case of Nj = 4 and αj = 25°
(MIJCC-25-4J). It can be seen that the grid was sufficiently converged for 8 million mesh
nodes (8 × 106) with a maximum difference of 2% compared to 12 million mesh nodes.
This result indicates that 8 million mesh nodes represent a good compromise between the
accuracy of the calculated results and computational cost.
The convergence criterion for all CFD cases was set to be 1×10-5 (RMS). A total of 38
configurations of the planar-symmetric MIJCC were assessed, comprising inclination
angles from αj = 0° to 90° in 5° increments for both the 2-Jet (Nj = 2) and 4-Jet (Nj = 4)
configurations. The working fluid and the inflow conditions assessed in the numerical
simulations were chosen to match those of the PIV measurements (i,e., water as working
fluid and ReD = 10500).
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Figure 3.5: Radial profiles of the calculated mean axial velocity Ux, normalised by inlet bulk velocity
Ue, at the jet impingement point for the MIJCC configuration of Nj = 4 and αj = 25° for four different
computational meshes.

Previous CFD modelling studies [77, 103, 104] have shown that the Reynolds Stress
model (RSM) can be used to provide a reasonable prediction of the mean velocity field
of multiple-jets flow within a confined space. Figure 3.6 presents the evolution of
normalized mean axial velocity (Uc/Ue) along the centreline of the MIJCC chamber as
calculated with three turbulence models, namely, the Baseline Reynolds Stress model
(BSL RSM), Standard k-ɛ (SKE) model and Shear Stress Transport (SST) model, in
comparison with the PIV data for the case where αj = 25° and Nj = 2 (MIJCC-25-2J). It
can be seen that both the SST and SKE models fail to reproduce the trend and magnitude
of the centreline velocity, while the BSL RSM model shows good quantitative and
qualitative agreements with the measured data, together with a maximum difference of
13% at x/Lc = 0.4. The inaccuracy of the SST and SKE models for the present case is
attributed to the modelling of the Reynolds stresses as isotropic stresses in these models.
The BSL RSM has additional six transport equations for Reynolds stresses that is
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expected to model the Reynolds stresses more accurately than the SKE and SST models.
Hence, the Baseline Reynolds Stress model in ANSYS/CFX gives a reasonable
agreement of the centreline velocity evolution for the current MIJCC configuration
compared with the Standard k-ɛ model and Shear Stress Transport model.

Figure 3.6: Evolution of the mean axial velocity along the centreline of the MIJCC configuration for
the case of αj = 25° and Nj = 2 (MIJCC-25-2J) for both the experimental data (plus sign) and the
results calculated with three turbulence models (lines), namely, the Baseline Reynolds Stress (BSL
RSM), Standard k-ɛ (SKE) and Shear-Stress-Transport (SST) models.

A preliminary comparison of the relative performance of five alternative RSM models
[83, 105-108] available in ANSYS/CFX was also undertaken for one configuration of
confined jets. These models are the “Baseline Reynolds Stress”, the “SSG (Speziale,
Sarkar, Gatski) Reynolds Stress”, the “LRR (Launder, Reece and Rodi) Reynolds Stress”,
the “Omega Reynolds Stress” and the “QI (Quasi-Isotropic) Reynolds Stress” models.
The models were assessed on the basis of the mean velocity field and the Reynolds
stresses. Figure 3.7 presents the comparison of the evolution of normalized mean axial
velocity (Uc/Ue) along the centreline of the MIJCC chamber (Figure 3.7a), and the radial
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profile of non-dimensional Reynolds stress (<uv>/U2c) at the jet impingement point
(Figure 3.7b), for the case of αj = 25° and Nj = 2 (MIJCC-25-2J). Figure 3.7a shows that
the LRR RSM, QI RSM and SSG RSM models over-predict the peak velocity by about
15%, 11% and 32%, respectively, while the OMEGA RSM under-predicts the peak
velocity at the impingement point by 11%. The BSL RSM model achieves the best
agreement with the experimental data, with an average 10% over-prediction thought the
centreline velocity.
In Figure 3.7b, the BSL RSM model gives a reasonable agreement with the trend and
location of the peak value of <uv>/U2c. The reasonable difference (10%) between the
BSL RSM prediction and the measured data is mainly caused by the unsteadiness and
“out-of-plane” motion in the resulting jet (refer to Chapter 4 for details). Hence, it can be
concluded that the BSL RSM model provides the best prediction to the mean velocity and
Reynolds stress for the MIJCC configurations. The Baseline RSM model was selected as
the turbulence closure model for the present study, which is hereafter referred to as the
“RSM model” for brevity in Chapter 4.
All CFD simulations were performed with a supercomputing cluster (Dell PowerEdge
R815 Rack Mount Server) with two AMD 12-Core Opteron 6174 Processors and 40GB
of RAM. An average of 5 hours of CPU-time was required to achieve the desired
convergence of 1×10-5 (RMS).
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(a)

(b)

Figure 3.7: Evolution of the (a) normalised mean axial velocity along the centreline of the MIJCC
(Ux/Ue), and (b) radial profiles of non-dimensional Reynolds stress (<uv>/U2c) at the jet impingement
point for the case of αj = 25° and Nj = 2 (MIJCC-25-2J) for both the experimental data (plus sign) and
the calculated results from five Reynolds Stress models (lines).
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the Iso-thermal Flow Characteristics within a
Cylindrical Chamber with Multiple Planarsymmetric Impinging Jets
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We present a joint experimental and numerical study of the ﬂow structure within a cylindrical chamber
generated by planar-symmetric isothermal jets, under conditions of relevance to a wide range of practical applications, including the Hybrid Solar Receiver Combustor (HSRC) technology. The HSRC
features a cavity with a coverable aperture to allow it to be operated as either a combustion chamber
or a solar receiver, with multiple burners to direct a ﬂame into the chamber and a heat exchanger that
absorbs the heat from both energy sources. In this study, we assess the cases of two or four inlet jets
(simulating the burners), conﬁgured in a planar-symmetric arrangement and aligned at an angle to
the axis (α j ) over the range of 0◦ –90◦ , at a constant inlet Reynolds number of ReD = 10 500. The jets
were positioned in the same axial plane near the throat and interact with each other and the cavity
walls. Measurements obtained with particle image velocimetry were used together with numerical
modeling employing Reynolds-averaged Navier-Stokes methods to characterize the large-scale ﬂow
ﬁeld within selected conﬁgurations of the device. The results reveal a signiﬁcant dependence of the
mean ﬂow-ﬁeld on α j and the number of inlet jets (N j ). Four different ﬂow regimes with key distinctive features were identiﬁed within the range of α j and N j considered here. It was also found that
α j has a controlling inﬂuence on the extent of back-ﬂow through the throat, the turbulence intensity,
the ﬂow stability, and the dominant recirculation zone, while N j has a secondary inﬂuence on the
turbulence intensity, the ﬂow stability, and the transition between each ﬂow regime. Published by AIP
Publishing. https://doi.org/10.1063/1.4986132
I. INTRODUCTION

Unlike the simple round jet issuing into a quiescent environment, which has received signiﬁcant attention,1–4 the ﬂowﬁeld of multiple impinging jets within a conﬁned space is
poorly understood. Nevertheless, these conﬁgurations have
wide relevance to many engineering applications, including
gas turbine engines for modern aircraft,5 separated-jet combustors for combustion technology,6 and longitudinal ventilation systems for large enclosures.7–9 Of particular interest
here is a multiple-jet conﬁguration with a planar-symmetric
arrangement for the design of the Hybrid Solar Receiver
Combustor (HSRC) under development at the University of
Adelaide.10–14 The HSRC offers the potential to reduce both
the energy losses and total infrastructure requirements relative to a hybrid from stand-alone components (such as start-up
and shut-down of the back-up combustor), while providing
a ﬁrm supply of energy for heat and power applications. It
features a cavity operable as a solar receiver and/or a combustion chamber with multiple burners to direct a ﬂame into
the chamber and a heat exchanger within it to absorb the
heat from either energy source. The burners are conﬁgured
in a planar-symmetric arrangement and aligned at an angle to
a)Author to whom correspondence should be addressed: shen.long@adelaide.

edu.au
1070-6631/2017/29(10)/105111/18/$30.00

the axis of the chamber, so that they interact with each other
within the chamber. The presence of walls (conﬁnement) has
an additional inﬂuence in restricting the entrainment of the
surrounding ﬂuid, changing the pressure ﬁeld and hence also
the direction of ﬂow.15 Although a wide range of potential
inclination angles (α j ) between jet nozzles are possible, two
conﬁgurations have received the most attention previously, that
of parallel-jets and opposed-jets. However, multiple impinging jets are much more complex than a single jet because of
the additional parameters, so that many gaps in understanding
remain. The overall objective of the present paper is therefore
to characterize for the ﬁrst time all of the ﬂow regimes that can
be generated within a cylindrical chamber (i.e., as a conﬁned
ﬂow) with multiple planar-symmetric impinging inlet-jets of
an arbitrary inclination angle that is equal for all jets.
Previous studies of the evolution of large ﬂow structures from multiple impinging jets have been performed
almost exclusively for unconﬁned environments. These have
shown that the ﬂow characteristics depend strongly on the key
geometric features of the nozzles as well as their arrangement.16–23 For example, Tanaka17,18 found that, for a transitional/turbulent ﬂow regime (4300 < ReD < 9000), the rate
of maximum decay in centerline jet velocity (U m ) increases
with an increase in the distance between each nozzle, S 0 , normalized with the nozzle width. Menon and Gollahalli21 and
Leite et al.16 revealed that, for a given S 0 within the range
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4000 < ReD < 15 000, the ﬂow stability and the ﬂame length
in the merged ﬂow from multiple unconﬁned reacting jets
increase as the number of jets (N j ) is increased. Nevertheless,
the majority of previous investigations only investigated the
ﬂow-ﬁeld from parallel impinging jets (i.e., α j = 0◦ ) or directly
impinging jets (i.e., α j = 90◦ ), so that few studies are available
for inclined impinging jets with planar-symmetric arrangements (i.e., 0◦ < α j < 90◦ ). Little information is available for
conﬁned jets, although conﬁned impinging jets are directly relevant to many industrial applications, such as gas turbine combustors,5 aerodynamic curtains in solar receivers/reactors,24
and novel burners/furnaces.6 Furthermore, previous studies
have been performed for a wide range of different values of
the inlet jet Reynolds number (ReD ) and other inlet conditions,
which makes it difﬁcult to isolate the inﬂuence of ReD from
other parameters, owing to the asymptotical dependence of
ReD on the turbulent ﬂow ﬁeld.25 Hence, a more detailed characterization of the ﬂow patterns within a conﬁned chamber for
a systematic range of well-deﬁned and consistent inﬂow and
boundary conditions is needed to provide new understanding
of the ﬂow generated by inclined conﬁned jets. The present
paper aims to meet this need.
From previous research of inclined, conﬁned, and impinging jets, it can be found that the inclination angle (α j ) can
signiﬁcantly inﬂuence the ﬂow-ﬁeld. The ﬂow visualization
experiments of Chammem et al.26 showed that the impingement of planar-symmetric inclined conﬁned jets (N j = 2) generates a central, merged jet downstream from the impingement
point, termed the “resulting jet.” Their work also showed that
the vortex structure in the resulting jet is much more complex
than that in a single jet, owing to the effect of jet-interaction on
vortex formation. The Computational Fluid Dynamics (CFD)
investigation by Chammem et al.27 found that the vortex
structure upstream from the impingement point, dubbed the
“reverse ﬂow” region, can only be generated within a certain range of α j . However, while this work provides useful
insight, it is of limited value for model validation because it
does not report detailed inﬂow information and boundary conditions. Similarly, Boushaki and Sautet 28 showed that α j has
a signiﬁcant inﬂuence both on the mixing and instantaneous
velocity ﬁelds of multiple-jets conﬁgurations for a separatedjet combustor with α j = 0◦ , 10◦ , 20◦ , 30◦ , but they also did
not report details of the inﬂow and boundary conditions for
inclined-jets cases. Furthermore, none of the previous measurements of inclined, conﬁned, and impinging jets provide a
comprehensive understanding of the inﬂuence of jet arrangement for all of the regimes of ﬂow-ﬁelds that can be generated.
Instead, all previous investigations have been limited to a
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relatively small range of conditions, such as a limited range
of α j . Therefore, there is poor understanding of the inﬂuence of the key dominant parameters, particularly of α j and
N j , on the resulting ﬂow ﬁeld for conﬁned impinging jets in
planar-symmetric arrangements (e.g., N j = 2 and 4). In addition, the existing data sets for planar-symmetric jets provide
insufﬁcient information for the unambiguous development and
validation of computational models across the full range of
angles 0◦ < α j < 90◦ . Hence, there is also a need to obtain sufﬁcient reliable experimental data to fully characterize the ﬂow
ﬁeld of multiple planar-symmetric impinging jets in a conﬁned
space and to assess the validity of CFD models through this
range.
To meet the aforementioned needs, the current investigation aims (a) to provide a detailed characterization of the
ﬂow-ﬁeld for planar-symmetric arrangements of impinging
jets with well-deﬁned inﬂow conditions within a cylindrical
chamber; (b) to identify the inﬂuence of the inclination angle
of jets α j from 0◦ to 90◦ for two or four jets (N j = 2 or 4),
on large-scale ﬂow structure; and (c) to provide a map of ﬂow
regimes for planar-symmetric arrangements of impinging jets
in a cylindrical chamber. The present paper, which forms part
of a larger research program, reports a joint experimental and
numerical investigation of the iso-thermal ﬂow-ﬁeld generated
by Multiple Impinging Jets in a Cylindrical Chamber (MIJCC)
under conﬁgurations most relevant to HSRC technology. The
primary objective of the CFD work are, ﬁrstly, to provide qualitative understanding of the ﬂow-ﬁeld in regions of the ﬂow for
which experimental data are not available (due to experimental constraints) and, second, to assess accuracy and limitations
of commercially available models with a view to guiding the
development of further CFD modeling endeavors.

II. METHODOLOGY
A. Conﬁgurations selected in the present study

A schematic diagram of the MIJCC conﬁguration is
shown in Fig. 1. This geometry is simpliﬁed relative to the
HSRC to facilitate understanding and to increase relevance to
other related devices. Its key features are the main cavity, consisting of a cylindrical chamber with a conical expansion, and
a secondary concentrator (SC), used to concentrate solar radiation in a solar receiver, which is of conical shape. The SC was
closed at the largest end with a ﬂap (labeled with a green line),
preventing ﬂow to the ambient environment, but open at the
plane of the throat (labeled with a yellow line) to admit ﬂow
between these sections. This corresponds to the conﬁguration

FIG. 1. Schematic diagram of the Multiple Impinging
Jets in a Cylindrical Chamber (MIJCC) conﬁgurations
investigated here, showing the key geometric features
from the axial cross section (left) and a radial cross section (right). Here the ﬂap plane, throat plane, and annular
outlet are highlighted with green, yellow, and blue lines,
respectively.
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TABLE I. Values of the geometric parameters of the MIJCC (see Fig. 1) that
have been investigated in the present study.
Dimensions
Dc
Dsc
Dth
Dpipe
Lc
L pipe
W out
αj
βc
γ sc

Description

Value

Chamber diameter
Diameter of the secondary concentrator
Throat diameter
Inlet pipe diameter
Chamber length
Inlet pipe length
Outlet gap
Jet inclination angle
Conical expansion angle
Angle of the secondary concentrator

74 mm
74 mm
24.6 mm
3.35 mm
225 mm
150 mm
3 mm
0◦ –90◦
40◦
40◦

of the HSRC within the combustion-only mode, where the
aperture is closed with a ﬂap to prevent heat loss. The MIJCC
is conﬁgured with four planar-symmetric inlet jets distributed
around the conical expansion of the main chamber with an
inclination angle (α j ) to the axis of the chamber. The ﬂow
leaves the chamber in the radial direction through an annular
gap around a bluff end wall of uniform thickness, W out . The
dimensions of the key geometrical parameters of the MIJCC
conﬁgurations investigated here are given in Table I.
B. Experimental arrangement

Planar Particle Image Velocimetry (PIV) was employed
to investigate the instantaneous and mean ﬂow-ﬁelds within
selected conﬁgurations. Measurements were performed under
iso-thermal conditions at ambient temperature using water as
the working ﬂuid to avoid deposition of tracer particles onto
conﬁning walls. Two laboratory-scale models with inclination
angles of α j = 25◦ and 50◦ were manufactured from acrylic to
provide optical access and a close match between the refractive index of the chamber and that of the working ﬂuid, with
tolerances of ±0.1 mm (linear) and ±0.5◦ (angular). These
two angles were selected to ensure the impingement point
for experimental cases is within the cylindrical chamber, as
is necessary for optical access, and to achieve a sufﬁciently
large increment of α j required to provide distinct ﬂow-features.
These were assessed for the cases with equal ﬂows to either
two or four planar-symmetric jets, as shown in Table II.
To limit optical distortion, the entire experimental model
was fully submerged into a rectangular water tank with dimensions of 500 mm (L) × 400 mm (W ) × 390 mm (H). This
water tank was also made from acrylic. The water from the
outlets was discharged into the water tank, which overﬂowed
TABLE II. The notation for the conﬁgurations investigated experimentally
in the present study.
Experiment
case no.

Conﬁgurations

1
2
3
4

MIJCC
MIJCC
MIJCC
MIJCC

25
25
50
50

2J
4J
2J
4J

Jet inclination
angles, αj (◦ )

Jet number, N j

25
25
50
50

2
4
2
4

to a reservoir. The discharged ﬂuid was reinjected through
the jets using a variable-speed-drive enabled water pump (Pan
World NH-200PS), a frequency converter (Danfoss VLT 2800)
and ﬂowmeters (ABB D10A11), resulting in a closed-loop
system.
The inlet jet bulk injection velocity (U b ) was ﬁxed at
2.8 m/s for each nozzle, leading to an inlet jet Reynolds number

ReD = 10 500 (ReD = ρf U b Dpipe μf , where ρf is the ﬂuid density and μf is the ﬂuid dynamic viscosity). This ensures that the
inlet ﬂow is within the fully turbulent regime. The jets were
generated with a supply system that was carefully designed
to ensure both overall ﬂow symmetry and fully developed
pipe ﬂow at the exit. A symmetrical manifolding system was
employed to ensure equal ﬂow distribution to each jet, which
fed 150 diameters of gently curved ﬂexible piping, feeding
46 diameters of perfectly straight pipe. The perfectly straight
section exceeds the 40 diameters found by Nikuradse29 to be
the minimum needed to establish a fully developed pipe ﬂow.
Hence, the combination of the long gently curved supply to
the straight section is sufﬁcient to ensure that the present conﬁguration achieves or closely approximates a fully developed
pipe ﬂow.
The ﬂow was seeded with hollow glass spheres of 12 μm in
diameter and with a speciﬁc gravity of 1.1. The resultant Stokes
number (Sk D ), based on the bulk exit velocity and exit diameter of the jet, was Sk D =0.003 (Sk D = ρp Dp 2 U b /18μf Dpipe ,
where ρp is the particle density and Dp is the particle diameter),
which is sufﬁciently low to enable the particles to follow the
ﬂow down to length scales that can be resolved with the PIV
measurement. Owing to the closed-loop design of the entire
system, continuous seeding of particles was not required.
The optical arrangement and the measurement region
are shown schematically in Fig. 2. The illumination for the
PIV measurements was sourced from a double-head, pulsed
Nd:YAG laser (Quantel Brilliant B), frequency doubled to provide a wavelength of 532 nm at a ﬁxed pulsing frequency of
10 Hz. The laser beam was formed into a sheet with a combination of three cylindrical lenses (Thorlabs plano-convex
and plano-concave lenses) that were aligned with the axis of
inlet nozzles and positioned to illuminate the measurement
region, as shown in Fig. 2. The thickness of the light sheet was
estimated to be 1.5 mm at the focal line.
The images were captured with a Charged Coupled Device
(CCD) camera (Kodak Megaplus ES2093) with an array of
1920 × 1080 pixels. The frame rate of the CCD camera for
the PIV measurements was set to match that of the laser at
10 Hz. The x-r plane (see Fig. 2), which provides the axial
(u) and radial (v) instantaneous velocity components, was
118 mm (L i ) × 66 mm (W i ) in size. This measurement region
was chosen to avoid interference from reﬂections caused by
curved acrylic sections and interfaces between different sections. The shape of the conical component within the chamber
prevented optical access there, so that measurements were
performed only within the cylindrical part of the chamber,
downstream from the edge of the cylinder for approximately
S i = 2–10 mm, depending on the conﬁguration [note that the
investigation of the ﬂow-ﬁeld within the two conical sections
was performed using computational ﬂuid dynamics (CFD), as
is described in Sec. II C].
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uncertainty of the measured mean and r.m.s. (root-meansquare) velocities for the present study is estimated to be less
than ±2%.
C. Computational modeling

FIG. 2. (a) The optical arrangement, showing the laser, optics, light sheet,
and (b) measurement plane (green box enclosed by a red dashed line) relative
to the chamber.

A minimum of 3000 PIV images (12 bits) were recorded
for each measurement. The image-processing was performed
with an in-house PIV code in MATLAB (Mathworks), with an
interrogation window size of 32 × 32 pixels, leading to a spatial
resolution of 2 mm in each direction. A multi-grid correlation
algorithm with 50% overlap was applied to all cases. Outliers (erroneous vectors) were identiﬁed in the post-processing
using an in-house code to compare both absolute velocity
and relative velocity differences. All erroneous vectors were
removed from the ensemble.
The overall uncertainty associated with the PIV measurements comprises both systematic and measurement errors.
The systematic errors arise both from geometric uncertainty,
derived from manufacturing tolerances, and from measurement uncertainties. The measurement uncertainties from the
ﬂowmeter was measured to be ±1.6% of the desired ﬂow rate,
resulting in an estimated uncertainty of the exit velocity from
the four pipes of less than 2%. The spatial resolution of the PIV
and cylinder, which incorporates the effect of optical distortion, was assessed by calibration with a customized grid that
was inserted into the cylindrical chamber before each experiment. On this basis, the uncertainty of position was estimated
to be ±0.05 mm within the measurement region. The time
separation between successive image pairs in the PIV measurement was chosen to achieve an average particle displacement
of about 8–10 pixels (1/3 of the interrogation window size),
as estimated from the centerline region of images, with the
highest expected mean velocity. The bias error associated
with the time separation between the laser pulses was estimated to be ±2%, while the uncertainty due to the sample size
was less than 1% for a sample size of 3000. Based on the
evaluation of systematic and measurement errors, the overall

The commercial computational ﬂuid dynamics (CFD)
code ANSYS/CFX 16.1 was employed to simulate the ﬂowﬁeld, utilizing the Reynolds-Averaged Navier-Stokes (RANS)
method. The three-dimensional computational model of the
device, shown in Fig. 3, was generated with the commercial
computer-aided design (CAD) package PTC Creo. Due to
the axisymmetric geometry and to reduce computational cost,
only a quarter of the full domain (Fig. 3) was modeled utilizing the symmetry boundary option in the code. This simpliﬁcation relies on the assumption that no circumferential
instability, such as a precession, can occur. This, as is shown
below (Fig. 3), is true for most conditions but not all.
The uncertainties associated with the CFD simulation
arise mostly from limitations in mesh quality and simpliﬁcation of the turbulence models. The inﬂuence of uncertainty
of the boundary conditions was small because of the care taken
to ensure fully developed pipe ﬂow at the inlet (described
above) but was nevertheless assessed systematically by a sensitivity analysis for both the inlet and outlet conditions. This
showed that the difference in the calculated mean velocity
ﬁeld changed by less than 1% with changes to the boundary condition. The selected boundary conditions are shown in
Fig. 3. The ANSYS/Meshing 16.1 CFD code was used to
generate the computational mesh. A structured mesh was chosen for all circular components (nozzles, cylindrical chambers), while non-uniform unstructured grids were chosen for
the conical components. The mesh quality was checked for
expansion factor, aspect ratio, skewness, and orthogonality.
The inﬂuence of the number of mesh nodes on the CFD
results was evaluated through a mesh independence test, which
showed that approximately 8 × 106 mesh nodes represent
a good compromise between the accuracy of the calculated
results and the simulation time. The convergence criterion
for all cases was set to be 1 × 10 5 (r.m.s.). A total of
38 conﬁgurations of the MIJCC were assessed, comprising
inclination angles from α j = 0◦ to 90◦ in 5◦ increments for
both the 2-jet (19 models) and 4-jet (19 models) conﬁgurations. The working ﬂuid and the inﬂow conditions assessed
in the numerical simulations were chosen to match those
of the PIV measurements (i.e., water as working ﬂuid and
ReD = 10 500).

FIG. 3. The CFD domain of the Multiple Impinging Jets in a Cylindrical
Chamber (MIJCC) conﬁguration.

105111-5

Long et al.

Phys. Fluids 29, 105111 (2017)

TABLE III. Axial positions of the radial proﬁles for which data are reported,
together with the methods employed to investigate them. The circumferential
plane is shown in Fig. 4.
Transect
1
2
3
4
5
6
7
8
9
10

Location, x/L c

Methods

Investigated case no.

0.14
0.18
0.22
0.26
0.31
0.35
0.40
0.44
0.53
N/A

PIV, CFD
PIV, CFD
PIV, CFD
PIV, CFD
PIV, CFD
PIV, CFD
PIV, CFD
PIV, CFD
PIV, CFD
PIV, CFD

3, 4
3, 4
1, 2, 3, 4
1, 2, 3, 4
1, 2, 3, 4
1, 2, 3, 4
1, 2
1, 2
1, 2
1, 2, 3, 4

The results from previous CFD modeling studies of
multiple-jet ﬂow within a conﬁned space30–32 have shown that
the Reynolds Stress model (RSM) can be used to provide a
reasonable prediction of the mean velocity ﬁeld. This is consistent with our own preliminary CFD model assessment, which
found that the Baseline RSM model in ANSYS/CFX gives
a reasonable agreement of the centerline velocity evolution
for the current MIJCC conﬁguration compared with the standard k-ε model and shear stress transport model. In addition,
a preliminary comparison of the relative performance of ﬁve
alternative RSM models33–37 available in ANSYS/CFX was
also undertaken for one conﬁguration of conﬁned jets. These
models are the “Baseline Reynolds Stress,” “SSG (Speziale,
Sarkar, Gatski) Reynolds Stress,” “LRR (Launder, Reece, and
Rodi) Reynolds Stress,” “Omega Reynolds Stress,” and the
“QI (Quasi-Isotropic) Reynolds Stress” models. The models were assessed on the basis of the mean velocity ﬁeld
and the Reynolds stresses, as shown in the supplementary
material. The best prediction was provided with the Baseline
RSM model. Hence, the Baseline RSM model was selected as
the turbulence closure model for the present study, which is
hereafter referred to as the “RSM model” for brevity.
The validity of the RSM model for the selected MIJCC
conﬁguration (four cases) was assessed at the six radial proﬁles
and one axial proﬁle shown in Table III by comparing the PIV
measurements with the CFD calculations, as is shown in Fig. 4.
All CFD simulations were performed with a supercomputing
cluster (Dell PowerEdge R815 Rack Mount Server) with two
AMD 12-core Opteron 6174 Processors and 40 GB of RAM.
An average of 5 h of CPU-time was required to achieve the
desired convergence.

FIG. 4. Selected positions for the investigations of the radial proﬁles investigated with PIV measurements and/or CFD simulations. See Table III for the
exact location of each axial station.

III. RESULTS AND DISCUSSION
A. Instantaneous velocity ﬁelds

Figure 5 presents four sets of three typical instantaneous
images of velocity vectors, showing direction (black) and
magnitude (colored) for the cases in which α j = 25◦ and
N j = 2 (MIJCC 25 2J), α j = 50◦ and N j = 2 (MIJCC 50 2J),
α j = 25◦ and N j = 4 (MIJCC 25 4J), and α j = 50◦ and N j = 4
(MIJCC 50 4J). It can be seen that the ﬂow is characterized by
the unsteady impingement of the turbulent jets onto a single
point that is located at or close to the principle axis (r/L c = 0),
where they merge into the “resulting jet,”26 as described above.
For a given number of jets (N j ), the location of the impingement point progresses upstream with an increase in the inclination angle (α j ), while for a given value of α j , the velocity
magnitude and ﬂow lateral extent of the resulting jet increases
as the number of jets is increased from 2 to 4. This suggests that
the turbulence characteristics, including the extent of unsteadiness, will also depend both on the inclination angle and on the
number of inlet jets.
The instantaneous results in Fig. 5 also reveal that the
location of the impingement point (determined visually for
each image shown and marked with a white cross) varies
with time, which in turn causes oscillations in the ﬂow downstream from the impingement point. This is most notable for
the higher inclination angle case (α j = 50◦ ) and is consistent with previous studies, for which lateral ﬂow oscillations
and ﬂow precession were identiﬁed for multi-lateral jets with
large jet inclination angles (α j = 90◦ ).38–42 For those conﬁgurations, a signiﬁcant offset in the instantaneous position of
the impingement point from the axis, which was termed “ﬂapping,” was observed. Importantly, this ﬂapping mode cannot
be captured with existing steady-state RANS models.38 Hence,
the increased signiﬁcance of ﬂow oscillations with inclination
angles explains the larger differences between the experimentally measured and numerically calculated mean velocities for
conﬁgurations of α j = 50◦ than for the smaller angles, as is
discussed in Sec. III B.
It can also be seen that the lateral (cross-stream) offset
of the impingement point is less signiﬁcant for the case where
N j = 4 than for N j = 2, although the ﬂapping was still observed
downstream from the impingement point. The reason for this
is possibly due to the increased strength of the ﬂow from the
two additional “out-of-plane” jets. More work is required to
determine if this trend is consistent for a greater number of jets
(N j > 4) and higher inclination angles (α j > 50◦ ).
B. Mean velocity ﬁelds

Figure 6 presents the normalized mean velocity (U x /U b )
contours for the cases (a) MIJCC 25 2J, (b) MIJCC 25 4J, (c)
MIJCC 50 2J, and (d) MIJCC 50 4J. It can be seen that the
mean ﬂow ﬁeld for all four cases is planar-symmetric, despite
the presence of some ﬂow unsteadiness in the instantaneous
ﬂow as described above. The mean ﬂow of the resulting jet
spreads out gradually and symmetrically beyond the impingement point, in a trend consistent with a single free jet.43 In
order to quantitatively characterize the mean ﬂow ﬁeld in
more detail, we plot the mean centerline axial velocity proﬁles
(U c /U b ), inverse mean centerline velocity decay of resulting
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FIG. 6. Normalised mean velocity (U x /U b ) contours for the cases of (a)
MIJCC 25 2J, (b) MIJCC 25 4J, between x/L c = 0.2 and 0.6, and for the
cases of (c) MIJCC 50 2J and (d) MIJCC 50 4J, between x/L c = 0.13 and
0.55.

FIG. 5. Typical instantaneous velocity vectors (black) and magnitude contours (colored) for the conﬁgurations of (a) αj = 25◦ and N j = 2
(MIJCC 25 2J), (b) αj = 50◦ and N j = 2 (MIJCC 50 2J), (c) αj = 25◦ and
N j = 4 (MIJCC 25 4J), (d) αj = 50◦ and N j = 4 (MIJCC 50 4J). Here U x and
U b denote the mean axial velocity and the jet injection velocity, respectively.
L c denotes the length of the MIJCC chamber, and white cross denotes the
approximate jet impingement point determined visually.

jet (U b /U c ), and radial proﬁles of mean axial velocity (U x /U b )
in Figs. 7, 8, and 10. All data are obtained directly from
Fig. 6.
Figure 7 presents the evolution of dimensionless mean
axial velocity (U c /U b ) along the centerline of the MIJCC obtained from the CFD model in comparison with the experimental measurements for the cases of MIJCC 25 2J, MIJCC 50 2J,
MIJCC 25 4J, and MIJCC 50 4J. The impingement point
is deﬁned as the location of maximum mean velocity
(U c /U b ) max . It can be seen that all cases feature similar trends
in the mean axial centerline velocity decay, although the locations and magnitudes of their peak values differ. The jet
impingement point is located at x/L c ≈ 0.30 for MIJCC 25 2J,
x/L c ≈ 0.17 for MIJCC 50 2J, x/L c ≈ 0.31 for MIJCC 25 4J,
and x/L c ≈ 0.18 for MIJCC 50 4J. This result is consistent with
the observation in Fig. 5. That is, an increase in α j for constant
Dpipe leads to the upstream progression of the jet impingement
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FIG. 7. Evolution of the mean axial velocity (U c /U b )
along the centerline of Multiple Impinging Jets in a
Cylindrical Chamber (MIJCC) normalized by the inlet
velocity as functions of chamber length for (a) αj = 25◦
and N j = 2 (MIJCC 25 2J), αj = 50◦ and N j = 2
(MIJCC 50 2J), (b) αj = 25◦ and N j = 4 (MIJCC 25 4J),
αj = 50◦ and N j = 4 (MIJCC 50 4J). The impingement
point is deﬁned as the location of peak mean velocity
(U c /U b ) max .

point, while the number of jets (N j ) increases only slightly
the axial distance to the impingement. In addition, it can
also be seen that the measured peak velocity for N j = 4 is
higher than for N j = 2 cases by 15% (α j = 25◦ )–30% (α j
= 50◦ ), implying that an increase in jet number (N j ), for

FIG. 8. Inverse mean velocity decays (U b /U c ) along the centerline of the
MIJCC for the cases of MIJCC 25 2J, MIJCC 25 4J, MIJCC 50 2J, and
MIJCC 50 4J. The equivalent axial coordinate, x * , can be expressed as x *
= x 0 + (x x imp ), where x imp denotes the distance between the throat and the
impingement point, x 0 denotes the distance along the curved axis of each jet
between the pipe exit and the impingement point as shown in the inset, and
De is the diameter of an equivalent circular pipe with the same total exit area.
For a better image resolution, experimental data are presented with each of
the two data points.

constant Dpipe , reduces the unsteadiness in the resulting jet
ﬂow.
For all cases, the RSM model predicts the overall trends
in the experimental data and also gives quantitative agreement to within 10% for all α j = 25◦ cases. However, the
quantitative agreement for the α j = 50◦ cases is relatively
poor, particularly at the impingement point region (x/L c ≈
0.17) for MIJCC 50 2J, where the peak velocity is overpredicted by 25%. Nevertheless, the axial locations of the
velocity peak are well produced even for this case. The most
likely explanation for these two observations is the presence
of signiﬁcant unsteady oscillations in the ﬂow at the point
of impingement, as discussed in Sec. III A. This unsteadiness will not inﬂuence the average position of the point of
impingement but will decrease relative to the model both the
magnitude of the peak and the downstream centerline velocity
decay.
Figure 8 presents the evolution of the measured and calculated inverse mean velocity of the resulting jet (U b /U c ) along
the centerline of the MIJCC. The
 equivalent jet exit diameter,
De , can be expressed as De = Nj Dpipe , which is the diameter of an equivalent circular pipe with the same exit area. The
equivalent axial coordinate, x * , along the axis of the local jet
can be approximated as being x * = x 0 + (x x imp ), where x imp
denotes the distance between throat and impingement point
and x 0 denotes the distance along the local axis of each jet
between the pipe exit and impingement point (shown in the
inset of Fig. 8). For comparison with previous measurements
of the single unconﬁned jet, the HWA (Hot-wire anemometry) data of Xu and Antonia44 for a free pipe jet and the PIV
measurement of Lau and Nathan45 for a turbulent, round jet,
issuing from a long pipe, are also included in Fig. 8. It can
be seen that the evolution of U b /U c for the central resulting
jet for present experimental cases is signiﬁcantly greater than
a single unconﬁned jet within 7 ≤ x * /De ≤ 22, regardless the
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value of α j and N j . This implies that the combination of the
presence of walls (conﬁnement), the jet curvature upstream
from the impingement point, and the additional unsteadiness
caused by the impingement substantially increase the decay of
the resulting jet.
Figure 8 also shows that the evolution of U b /U c over the
measured region is different for each of the four conﬁgurations.
For the cases of N j = 2, an increase in the inclination angle
(α j ) from 25◦ to 50◦ leads to a great increase in the decay of
the resulting jet. For example, the case of MIJCC 50 2J decays
faster than MIJCC 25 2J, for which U b /U c = 10 at x * /De = 15,
while U b /U c for MIJCC 25 2J reaches 10 at x * /De = 21. However, for the cases of N j = 4, the slope of inverse centerline
velocity is lower than the N j = 2 cases and is also similar for
α j = 25◦ and 50◦ , although a slightly greater slope was found
for α j = 50◦ within the range 11 ≤ x * /De ≤ 22. The most likely
cause for this is the increased unsteadiness in the resulting jet
arising from the lateral offset of the impingement point for all
α j = 50◦ cases, as discussed in Sec. III A. Hence, it can be
concluded that, ﬁrstly, for constant Dpipe , the centerline velocity decay of the resulting jet increases as α j is increased, and
second, the extent of unsteadiness for N j = 2 cases is greater
than for N j = 4 for a given value of α j —at least for these
planar-symmetric impinging jets conﬁgurations.
The RSM model predicts the centerline velocity decay of
the resulting jet reasonably well for most cases, particularly
for the two cases of α j = 25◦ , where the maximum difference is 15%. However, a relatively poor agreement was found
for the case of MIJCC 50 4J in the region downstream from
x * /De ≈ 15, although quantitative agreement is good upstream
from this location. This is further evidence of the inﬂuence of
unsteadiness for this case.
Figure 9 presents the calculated inverse mean centerline
velocity decays of the resulting jet (U b /U c ) along the centerline of the MIJCC for the cases of MIJCC 25 4JDpipe=2.37 and
MIJCC 50 4JDpipe=2.37 , where the subscript Dpipe=2.37 denotes
a pipe diameter of 2.37 mm. The total exit area from these
four pipes (Apipe.tot ) is therefore the same as for the original
MIJCC 25 2J and MIJCC 50 2J cases, allowing the inﬂuence of the pipe diameter (Dpipe ) on the ﬂow-ﬁeld to be
assessed. The calculated results for the original four cases
(Dpipe = 3.35 mm) are also reported here for reference. It can be
seen that, for a constant total exit area Apipe.tot (Case 1, 3, 4, 6),
an increase in the number of jets (N j ) from 2 to 4 leads to
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a signiﬁcant decrease in the velocity decay of the resulting
jet, although the value of U b /U c at the impingement point for
N j = 4 cases is higher than that for N j = 2. This trend is consistent with the velocity decay shown in Fig. 8, which shows that
the decrease in the decay of the resulting jet that arises from
an increase in N j from 2 to 4 is not caused by the change in the
area of the nozzles. The most likely reason for this is that the
two additional “out-of-plane” jets restrict the radial spread of
the resulting jets, consistent with observations from a previous
study.46
It is also worth noting that, for all cases with Dpipe =
3.35 mm (Case 1, 2, 4, 5 in Fig. 9 and the associated experimental data in Fig. 8), an increase in N j from 2 to 4 causes a
signiﬁcant decrease in the centerline velocity decay for α j =
50◦ , while only a slight decrease occurs for the two α j = 25◦
cases. This suggests that a higher “out-of-plane” spread of the
resulting jet occurs in MIJCC 50 2J than that in MIJCC 25 2J,
also consistent with previous research.47
The calculated results in Fig. 9 also show that, for the cases
of N j = 4 (Case 2, 3, 5, 6), an increase in Dpipe from 2.37 mm
to 3.35 mm leads to an increase in the centerline velocity decay
of the resulting jet, regardless of the change in α j . This is
attributed to the increased entrainment of the surrounding ﬂuid
arising from the extra conﬁnement for larger Dpipe .
Figure 10 presents radial proﬁles of the measured and calculated mean axial velocity, normalized by the inlet velocity,
U b , at six axial distances along the chamber for the cases (a)
MIJCC 25 2J, (b) MIJCC 25 4J, (c) MIJCC 50 2J, and (d)
MIJCC 50 4J. The left-hand-side ﬁgure presents three proﬁles near the impingement point, and the right-hand-side ﬁgure
presents three proﬁles in the downstream region. The black
dashed-dotted line denotes the location of U x /U b = 0 for each
case, for which the exact locations of the measurements is
reported in Table III. For α j = 25◦ [Figs. 10(a) and 10(b)],
it can be seen that there are no signiﬁcant qualitative differences in the velocity proﬁles between N j = 2 and N j = 4 cases.
Signiﬁcant positive velocity peaks are found upstream from the
impingement point (x/L c = 0.22, 0.26), while a central resulting jet with single velocity peak occurs downstream from the
impingement point (x/L c = 0.31, 0.35, 0.44, 0.53). It can also be
seen that no negative velocity peaks occur for these two cases,
which implies that no reversed ﬂow is present on the axis for
these cases. For the cases of α j = 50◦ [Figs. 10(c) and 10(d)],
the impingement point is further upstream at x/L c ≈ 0.17–0.18.

FIG. 9. Calculated inverse mean velocity decays
(U b /U c ) along the centerline of the MIJCC for
the cases of MIJCC 25 4JDpipe=2.37 (case 3) and
MIJCC 50 4JDpipe=2.37 (case 6), where the exit pipe
area (Apipe ) is identical to MIJCC 25 2J (case 1) and
MIJCC 50 2J (case 4). The cases of MIJCC 25 4J (case
2) and MIJCC 50 4J (case 5) are also included for
comparison. The equivalent axial coordinate, x * , can be
expressed as x * = x 0 + (x x imp ), where x imp denotes
the distance between throat and impingement point, x 0
denotes the distance along the curved axis of each jet
between the pipe exit and impingement point as shown
in the inset of Fig. 8, and De is the diameter of an
equivalent circular pipe with the same total exit area.
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FIG. 10. Radial proﬁles of measured and calculated
mean axial velocity, U x , at six cross sections through
the Multiple Impinging Jets in a Cylindrical Chamber
(MIJCC) for (a) MIJCC 25 2J, (b) MIJCC 25 4J, (c)
MIJCC 50 2J, (d) MIJCC 50 4J. The left-hand-side ﬁgure presents three proﬁles near the impingement point,
and the right-hand-side ﬁgure presents three proﬁles in
the downstream region. Here Rc denotes the radius of
the MIJCC. Note that the impingement point is located at
approximately x/L c ≈ 0.3-0.31 and 0.17–0.18 for αj = 25◦
and αj = 50◦ cases, respectively. The dashed-dotted line
denotes the location of U x /U b = 0.

A negative velocity peak is found in the central region of the
chamber (r/Rc < 0.1) upstream from the impingement point
(x/L c ≈ 0.17), which implies the presence of a reverse ﬂow for
these cases. In addition, the magnitude of the negative velocity
peak of x/L c = 0.14 for the N j = 4 [Fig. 10(d)] is approximately

75% higher than that for N j = 2 [Fig. 10(c)], which is consistent with the strength of the ﬂow increasing with the number
of inlet jets.
Figure 10 also shows that, for a given value of Dpipe , the
ﬂow-ﬁeld for the 2-jet conﬁguration is qualitatively similar

105111-10

Long et al.

to the 4-jet conﬁguration but typically has a lower magnitude
of velocity. For α j = 25◦ , the radial proﬁle of U x /U b for the
N j = 4 case at x/L c = 0.35 (downstream region) is approximately 10% higher than that for the N j = 2 case, while for
α j = 50◦ , the velocity proﬁle for the N j = 4 case at x/L c = 0.35
is 70% higher. This implies a greater decay of centerline velocity and more “out-of-plane” expansion in the ﬂow-ﬁeld for
N j = 2 than for the N j = 4 cases, as discussed above. This trend
in the mean velocity ﬁeld is also consistent with the observations from the experimentally measured instantaneous velocity
ﬁelds (Fig. 5), which shows that the greater mean decay is not
the result of precession but also occurs instantaneously.
It is important to note that there are regions of negative axial velocity in the outer region of the chamber for all
cases downstream from the impingement point. For example,
reverse ﬂow is found at r/Rc  0.3 for x/L c = 0.31 for the
case MIJCC 25 2J and r/Rc  0.3 for x/L c = 0.18 for the case
MIJCC 50 2J. This implies the presence of a large-scale circulation region within the main cavity, extending to the wall
of the chamber.
As with previous comparisons, the results of the RSM
model show good qualitative agreement with the experimental results for all cases and a quantitative agreement to within
15% for three of the four cases, both upstream and downstream
from the impingement point. However, poorer agreement was
found for the MIJCC 50 2J case, for which a maximum
difference of 25% was found on the axis at x/L c = 0.18.
Hence it can be concluded that the RSM model gives good
qualitative agreement with the experimental data for all cases
assessed here and gives good quantitative agreement for all
cases in which no signiﬁcant precession in the merged ﬂow is
generated, namely, for MIJCC 25 2J and MIJCC 25 4J.
The validity of the RSM model for α j = 0◦ was also
assessed by comparing the simulated results with the experimental data of three conﬁned parallel jets investigated by
Boushaki and Sautet,28 which shows that the RSM model also
predicts the qualitative trends and gives similar quantitative
agreement to the non-precessing cases reported there. This
assessment is reported in the supplementary material. Similarly, other researchers have reported that the RSM model also
provides good prediction of impinging jets with α j = 90◦ in
several relevant conﬁgurations, such as jet impingement 48,49
and conﬁned impinging jet reactors.50 Hence, taking our measured data of α j = 25◦ and 50◦ together, it can be deduced that
the RSM model reproduces velocity ﬁelds sufﬁciently well
for multiple jets conﬁgurations in the range of 0◦ ≤ α j ≤ 90◦
to identify the large-scale ﬂow structure within the MIJCC
conﬁguration.
Figure 11 presents the axial distribution of calculated
mean axial velocity (U c /U b ) through the whole region of the
MIJCC ( 0.13 ≤ x/L c ≤ 1) for the ﬁve inclination angles
α j = 0◦ , 25◦ , 50◦ , 75◦ , and 90◦ and for the N j = 4 conﬁguration. The experimental data of α j = 25◦ and 50◦ are also
included for reference. The results for the N j = 2 cases are not
reported for conciseness because they are qualitatively similar
to the N j = 4 cases (refer to Fig. 7). It can be seen that for
all cases in which inlet jet impingement occurs (α j = 25◦ ,
50◦ , 75◦ , and 90◦ ), the location of the impingement point
progresses upstream with an increase in α j , from x/L c = 0.31
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FIG. 11. Calculated mean axial velocity (U c /U b ) proﬁles along the centreline
of the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC), from the
ﬂap to the annular outlet ( 0.13 ≤ x/L c ≤ 1). Here x/L c = 0 corresponds
to the location of the throat plane. The yellow area denotes the secondary
concentrator, and the two black dashed-lines denote the ﬂap (left) and throat
planes (right), respectively. For a better image resolution, experimental data
are presented with each of the two data points.

for α j = 25◦ to x/L c = 0.06 for α j = 90◦ . In contrast, for the
α j = 0◦ case, a small negative velocity proﬁle is found between
0.2 ≤ x/L c ≤ 0.6, revealing a reverse ﬂow. This is consistent
with previous experimental research.51,52
It can also be seen that a region of signiﬁcant negative
axial velocity occurs on the axis upstream from the impingement point for the cases of α j = 50◦ , 75◦ , and 90◦ . This reveals
that a fraction of the jet ﬂow from the impingement point travel
upstream, which in turn indicates that a secondary recirculation region with a strong reverse ﬂow is established within this
region. More importantly, the peak negative axial centerline
velocity occurs downstream from the plane of throat (x/L c =
0), which implies that the ﬂow decelerates toward the throat
and recirculates again in this region. For the cases of α j =
75◦ and 90◦ , the negative axial velocity along the centerline
extends upstream into the secondary concentrator (x/L c ≤ 0),
which indicates that a strong reverse ﬂow from the main
chamber into the secondary concentrator is generated under
these conditions. Furthermore, it is clear that a stagnation
plane occurs at the ﬂap plane (x/L c = 0.13) for the cases of
α j = 75◦ and 90◦ , since the axial centerline velocity approaches
zero there. This also implies that an annular recirculation
zone is generated within the SC moving upstream on the
axis.
Figure 12 presents radial proﬁles of the calculated mean
(time-averaged) axial velocity, normalized by the jet inlet
velocity, U b , at ﬁve axial distances along the chamber of the
α j = 0◦ and 75◦ , for both N j = 2 (left) and N j = 4 (right) MIJCC
conﬁgurations. It can be seen that for the parallel impinging
jets conﬁguration, α j = 0◦ [Figs. 12(a) and 12(b)], there is no
direct interaction between the inlet jets, resulting in the radial
location of the peak velocity being approximately constant
with axial distance within the cylindrical chamber. Nevertheless, the trajectory of the jets is not exactly constant, since they
converge slightly at the end of the chamber. Consistent with
conventional parallel-jets, the peak in each radial velocity proﬁle decays with axial distance.20 Furthermore, the minimum
value of velocity for MIJCC 00 4J, which occurs on the axis,
becomes negative for x/L c ≥ 0.22, implying the presence of
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FIG. 12. Calculated radial proﬁles of mean axial velocity, U x at ﬁve cross sections through the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC) for the cases
of (a) MIJCC 00 2J, (b) MIJCC 00 4J, (c) MIJCC 75 2J,
and (d) MIJCC 75 4J. Here Rc denotes the radius of the
MIJCC. The dashed-dotted line denotes the location of
U x /U b = 0.

a reversed ﬂow there. This feature is not observed for larger
inclination angles, α j ≥ 25◦ .
Where the inclination angle is increased sufﬁciently, the
inlet jets interact with each other, causing the location of the
peak velocity to move toward the centerline. For the α j = 75◦
case, the velocities are non-negative throughout the radial
extent of the chamber for x/L c ≥ 0.14. This is because the
impingement point is located where x/L c < 0.14. The calculated velocity proﬁles in the central region are consistent
with conventional unconﬁned jets. That is, the peak velocity,
which is located on the axis, decreases with the axial distance along the chamber.20 The upstream reverse ﬂow inferred
from the α j = 50◦ case, as discussed in Fig. 10, if it exists, is
expected to be located outside the calculated regions shown
in Figs. 12(c) and 12(d).
It is also worth noting that the parallel impinging jet case,
α j = 0◦ , does not generate a central merged jet at any axial
location within the chamber, while for the α j = 75◦ case, a
central jet is measured from x/L c = 0.14 (i.e., close to the
throat plane). This highlights the sensitivity of the presence or
absence of central jet to the inlet jet inclination angle.
C. Turbulent ﬂow ﬁelds

Figure 13 presents the measured and calculated (a) axial
turbulence intensity (u /U c ) and (b) radial turbulence intensity
(v /U c ) of the resulting jet along the centerline of the MIJCC
for the cases of MIJCC 25 2J, MIJCC 50 2J, MIJCC 25 4J,
and MIJCC 50 4J. Here u  = u2 0.5 and v  = v2 0.5 where u
and v denote the ﬂuctuating components of the velocity along
the axial and radial directions of the chamber, respectively.
The detailed description of the equivalent jet exit diameter,
De , and the equivalent axial coordinate, x * , can be found in
Fig. 8. The PIV measurement of Lau and Nathan45 for a turbulent, round jet, issuing from a long pipe, is also included.

It can be seen that the evolution of both axial and radial turbulence intensities for present experimental cases is always
higher than a single unconﬁned jet within 7 ≤ x * /De ≤ 22,
consistent with the centerline velocity decay trend from Fig. 8.
This is likely to be caused by the combined effects of jet
impingement, wall conﬁnement, and ﬂow unsteadiness. For
multiple-jet conﬁgurations under fully turbulent ﬂow conditions, the coherent structures downstream from the impingement point are more evident than for a single unconﬁned
jet. This implies a strong interaction between the large-scale
ﬂow structures within the upstream jets, so that impingement
ampliﬁes the large-scale unsteadiness within the natural jet.
It is plausible that these oscillations may be further ampliﬁed by wall conﬁnement, although this was not assessed
here.
It can also be seen that for N j = 2 cases, an increase in
the inclination angle (α j ) from 25◦ to 50◦ leads to a signiﬁcant
increase in both u /U c and v /U c . A similar evolution of u /U c
and v /U c was also found for all N j = 4 cases. However, for
a given α j , the extent of u /U c and v /U c decreases with the
increase in N j . This occurs for both the measured data and CFD
predictions and is also more signiﬁcant for the MIJCC 50 2J
case than for the other cases. Hence, it can be concluded that
an increase in N j can signiﬁcantly reduce the turbulent ﬂuctuations, while an increase in α j is expected to increase the
extent of turbulence intensity for N j = 2 conﬁgurations.
Figure 14 presents the measured and calculated radial
proﬁles of the normalized axial r.m.s. velocity (u /U c ), normalized radial r.m.s. velocity (v /U c ) and the non-dimensional
Reynolds stress (uv/U 2 c ) downstream from the jet impingement point for the cases of MIJCC 25 2J, MIJCC 50 2J,
MIJCC 25 4J, and MIJCC 50 4J. The calculated r.m.s.
velocity along the “out-of-plane” direction (w) is relatively
small, which has been excluded in the present study. It can be
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FIG. 13. Measured and calculated axial evolution of (a)
axial turbulence intensity (u /U c ), (b) radial turbulence
intensity (v /U c ) of the resulting jet along the centerline
of the MIJCC for cases of MIJCC 25 2J, MIJCC 25 4J,
MIJCC 50 2J, and MIJCC 50 4J. The equivalent axial
coordinate, x * , can be expressed as x * = x 0 + (x
x imp ), where x imp denotes the distance between throat
and impingement point, x 0 denotes the distance along the
curved axis of each jet between the pipe exit and impingement point as shown in the inset of Fig. 8, and De is the
diameter of an equivalent circular pipe with the same total
exit area. For a better image resolution, experimental data
are presented with each of the two data points.

seen that for α j = 25◦ , the radial evolution of both u /U c and
v /U c in the resulting jet does not change signiﬁcantly with
an increase in N j from 2 to 4, while for α j = 50◦ , a notable
magnitude reduction in both u /U c and v /U c at the jet impingement point (r/Rc = 0, x/L c = 0.18) was observed. This indicates
that the ﬂuctuating components may contribute more unsteady
characteristics to the resulting jet of α j = 50◦ than α j = 25◦ ,
and particularly for N j = 2 conﬁguration, which is consistent
with Fig. 13.
The results in Figs. 14(a)–14(d) also show the magnitude
of u /U c is typically 20%–30% higher than v /U c for most
cases, consistent with previous research of the single unconﬁned jet.43–45 However, the value of v /U c at the impingement
point r/Rc = 0 (x/L c = 0.31 for α j = 25◦ cases and x/L c = 0.18 for
α j = 50◦ cases) is higher than u /U c , particularly for α j = 50◦
cases. The most likely cause for this is the interaction between
jets with inclination angles, which generates a high radial ﬂuctuating component (v ) at the impingement point. Hence, the
turbulent ﬂuctuation is expected to be characterized by α j for
multiple-jets conﬁgurations.
It can also be seen from Figs. 14(e)–14(h) that, for a
given α j , the Reynolds stresses uv/U 2 c for N j = 2 cases
are always higher than that for N j = 4 cases. This difference is particularly large for α j = 50◦ cases, consistent with
the ﬁnding from u /U c and v /U c [Figs. 14(a)–14(d)]. This
in turn indicates a much higher turbulent ﬂuctuation, including the normal (u2 ) and shear (v2 ) stresses existing in
the ﬂuid momentum for N j = 2 cases than that for N j = 4
cases. More importantly, the difference between u /U c and
v /U c , together with the different magnitudes of Reynolds
stresses uv/U 2 c for different N j , indicates a high degree
of Reynolds stress anisotropy in the current MIJCC conﬁgurations. This can also be clearly observed from the radial
[Fig. 13(a)] and axial [Fig. 13(b)] turbulence intensities along

the centerline of the chamber. Taken together, it can be concluded that a high degree of anisotropy exists within the ﬂow
ﬁeld generated by planar-symmetric impinging jets within a
cylindrical chamber. This ﬁnding is important for the selection
and future development of CFD models since the assumption
of the isotropic condition has been widely used for existing
RANS models.34 In addition, this also explains the improved
reliability of the RSM model relative to the other RANS models in predicting the mean ﬂow ﬁeld for the current study since
this model solves the Reynolds stresses individually for each
direction.
Overall, the RSM model predicts the qualitative trends
of turbulence intensity and the Reynolds stress anisotropy
reasonably well for all cases, although there are signiﬁcant
discrepancies in the quantitative values, as is to be expected
for RANS models. The discrepancy is particularly signiﬁcant
for α j = 50◦ cases, which can be attributed to the unsteadiness
within the ﬂow, discussed in Sec. III A.
D. Characterization of ﬂow regimes

Figure 15 presents schematic diagrams of the conﬁguration and the calculated streamlines for the four dominant
ﬂow regimes that have been identiﬁed within the MIJCC conﬁguration. These are illustrated by the cases α j = 0◦ , 25◦ ,
50◦ , and 90◦ . The calculated streamlines for the N j = 2 cases
are not reported for conciseness due to their similarity to
the N j = 4 cases. The experimentally measured streamlines
for the cases of MIJCC 25 4J [Fig. 15(b)] and MIJCC 50 4J
[Fig. 15(c)] are also included for comparison. Here the recirculation core location (L core ) denotes the axial distance between
the throat and the centre of the dominant recirculation region
(often termed “vortex core”53,54 ). The key features of the four
ﬂow regimes are described in turn, below:
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FIG. 14. Radial proﬁles of measured
and calculated normalized axial r.m.s.
velocity (u /U c ), normalized radial
r.m.s. velocity (v /U c ), and the nondimensional Reynolds stress (uv/U 2 c )
downstream from the jet impingement
point for the cases of MIJCC 25 2J,
MIJCC 50 2J, MIJCC 25 4J, and
MIJCC 50 4J. Here Rc denotes the
radius of the MIJCC. The impingement
point is located at approximatly
x/L c ≈ 0.3-0.31 and 0.17–0.18 for αj =
25◦ and αj = 50◦ cases, respectively.

1. Regime I: Dominant central recirculation
ﬂow regime

Regime I, which occurs for 0◦ ≤ α j < 10◦ , is dominated
by the axial momentum from the outer jets toward the rear of

the chamber that converge onto a saddle point, S A , to generate
a large central recirculation zone (CRZ) within the cylindrical
chamber. Downstream from the saddle point, toward the cylinder walls (r/Rc ≈ 0.8), a small vortex can be observed. This
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vortex is linked to the stream-line curvature of the peripheral
ﬂow, generated by the interaction between the jets and the
walls, drawing ﬂuid from the outer region (r/Rc > 0.8) to the
inner region (0 < r/Rc < 0.8) of the cylinder at x/L c ≈ 0.7,
before the ﬂow exits from the chamber via the annular outlets. At the downstream end of the cylinder, close to the axis,
a reversed ﬂow is observed. This leads to the generation of
the second vortical region at the end of the chamber and the
second saddle point, S B .
2. Regime II: External recirculation dominated
ﬂow regime

Regime II, which occurs for 10◦ ≤ α j < 35◦ , is characterized by a merged central jet within upstream half of the
chamber and a dominant external recirculation zone (ERZ)
around it. The merged central jet is a dominant feature of this
regime. Unlike Regime I, no reversed ﬂow is present on the
axis in the region downstream from the point of impingement.
At the upstream region of the chamber, near the throat plane, an
induced ﬂow toward the impingement point can be observed.
However, the intensity of ﬂow in this region is low.
3. Regime III: External recirculation zone with
upstream reverse ﬂow

Regime III, which for 35◦ ≤ α j < 60◦ , is characterized
by a region of reverse ﬂow upstream from the nozzle inlets
in addition to the ERZ within the main chamber. This is
termed the “upstream vortex.” The upstream reverse ﬂow is
also associated with an annular vortex within the conical section of the chamber. Also signiﬁcant are the instantaneous PIV
measurements, shown in Figs. 5(b) and 5(d), which reveal that
this regime tends to generate an unstable impingement point,
so that resultant jet exhibits signiﬁcant ﬂow oscillations. This
was observed experimentally to constitute a precession, so that
the turbulent characteristics in the ﬂow-ﬁeld are more variable
in this regime than the other two.
4. Regime IV: Jet impingement regime

Regime IV, which occurs for 60◦ ≤ α j < 90◦ , is associated
with the increase in the size and strength of the vortex region
upstream from the impingement point to extend through the
throat plane and into the secondary concentrator (SC). This
penetration of the secondary ERZ through the throat is associated with signiﬁcant transport of ﬂuid between the conical
chamber and the SC, which is typically undesirable for solar
thermal devices.
Table IV presents the measured and calculated dimensionless recirculation core location (L core /L c ) for four experimental
cases. The value of L core was determined with the method
TABLE IV. Measured and calculated dimensionless recirculation core location (L core /L c ) for the cases of MIJCC 25 2J, MIJCC 50 2J, MIJCC 25 4J,
and MIJCC 50 4J.
FIG. 15. Simpliﬁed diagrams showing the major ﬂow features within the
Multiple Impinging Jets in a Cylindrical Chamber (MIJCC) conﬁgurations (left) and calculated ﬂow patterns of 4-jet MIJCC conﬁgurations with
αj = 0◦ , 25◦ , 50◦ , 90◦ , as generated with the CFD model validated with the
PIV measurements. (a) Regime I: dominant central recirculation ﬂow regime,
(b) Regime II: external recirculation dominated ﬂow regime, (c) Regime III:
external recirculation zone with upstream reverse ﬂow, (d) Regime IV: jet
impingement regime.

Conﬁgurations
MIJCC
MIJCC
MIJCC
MIJCC

25
50
25
50

2J
2J
4J
4J

Calculated L core /L c

Measured L core /L c

Difference (%)

0.43
0.26
0.40
0.36

0.45
0.29
0.42
0.38

4.4
11
4.7
5.3
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TABLE V. Deﬁnition of ﬂow regimes in the MIJCC conﬁguration.
Flow regime

Characteristics

Regime I

1.

Regime II

1.
2.
1.

Regime III

2.
Regime IV

1.
2.

The dominance of a central recirculation zone (CRZ) within the cylindrical chamber,
so that its length exceeds half the chamber length
Characterized by an impingement point within the upstream half of the chamber;
the dominance of an external recirculation zone (ERZ) within the cylindrical chamber
A signiﬁcant reverse ﬂow (U c  0) upstream from the impingement point (the value of
|Uc /Ub | 5% upstream from the impingement point);
a small vortex is generated upstream from the impingement point but does not extend
into the secondary concentrator (SC)
A signiﬁcant reverse ﬂow extends through the throat plane into the SC section
(ṁth /ṁin 5%);
a secondary ERZ is generated within the SC section

described by Grosjean et al.53 and Volkert et al.,54 in which
the vortex core is deﬁned as the crossing point for lines of
zero ux , vx , ux + vx , and ux vx on the x-r coordinate system (2-dimensional). It can be seen that the calculated results
of L core /L c agree with the experimental results to within an
average of 7%. It can also be seen that, for a given value of
N j , an increase in α j leads to a decrease in L core /L c . That is,
the centre of the dominant recirculation (vortex core) moves
upstream within an increase in α j . This ﬁnding is also consistent with the calculated streamlines for Regime I, II, III, and IV
(Fig. 15).
Table V presents the deﬁnition of ﬂow regimes within
the MIJCC conﬁguration, which is obtained from the ﬂuid
visualization and quantitative data from both PIV and CFD
results presented in Fig. 15.
Figure 16 presents a map of the geometric conﬁgurations
for which the various ﬂow regimes are generated as a function
of the jet inclination angle, α j , for the cases N j = 2, 4, and
8 cases. The data have been derived from a combination of
experimental data, where they are available, and additional
numerical data, showing explicitly those cases for which data
are available to directly validate the model and those cases for
which the model has been extended to conditions where no
experimental data are yet available, notably for N j = 8. It can
be seen that the transition between the different ﬂow regimes
occurs for α j ≈ 10◦ , 35◦ , 60◦ for the N j = 4 conﬁguration and
α j ≈ 10◦ , 50◦ , 70◦ for the N j = 2 conﬁguration. This indicates
that Regime I occurs in the range 0◦ ≤ α j < 10◦ for both
N j = 2 and N j = 4 conﬁgurations, while the other three regimes

do not occur consistently at the same inclination angles as N j
is increased from 2 to 4. Therefore, an increase in jet number
from 2 to 4 could have a substantial effect on the ﬂow-ﬁeld for
α j > 10◦ . This trend is more notable for N j = 8 conﬁguration, in
which the transition between the different ﬂow regimes occurs
at α j ≈ 10◦ , 25◦ , and 50◦ . This indicates that the transition
between regimes occurs at lower jet inclination angles for an
increase in the number of jets (N j ) or with an increase in the
area of jets (Apipe.tot ). Hence, it can be concluded that, for
conﬁgurations in which 0◦ ≤ α j ≤ 90◦ , the jet inclination angle
(α j ) is expected to be the dominant parameter that characterizes
the ﬂow-ﬁeld within a cylindrical chamber, while for a given
value of Dpipe , the number of inlet jets (N j ) is expected to
inﬂuence the transition of ﬂow regimes for conﬁgurations in
which 10◦ ≤ α j ≤ 90◦ .
E. Quantiﬁcation of the recirculation rate

Figure 17 presents the effect of α j on the calculated local
recirculation rate (Kv = ṁe /ṁin ) within the MIJCC conﬁguration for ﬁve different inclination angles α j = 0◦ , 25◦ , 50◦ ,
75◦ , and 90◦ for the N j = 4 conﬁguration. Here ṁe denotes
the total mass ﬂow rate of ﬂuid entrained by all inlet jets
transported upstream through a plane orthogonal to the axis
at the plane x/L c , while ṁin refers to the total inlet mass ﬂow
rate of ﬂuid. All values were obtained using the built-in “IsoClip” function in ANSYS/CFX. For reference, we also plot
the blue cross marker to denote the normalized location of
the core of the recirculation zone (L core /L c ) for ﬁve calculated

FIG. 16. Map of ﬂow regimes as a function of the inclination angles (αj ) for N j = 2, 4, and 8 of the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC)
conﬁgurations.
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that the integrated recirculated ﬂow within the recirculation
zone is greatest for Regime II (α j = 25◦ ), and the axial variation is also more uniform than that it is for Regimes I, III, and
IV (α j = 0◦ , 50◦ , 75◦ , and 90◦ ). This ﬁnding is important for the
development of practical combustion applications employing
MILD (moderate or intense low oxygen dilution) combustion
because the presence of a large and uniform recirculation zone
is crucial for achieving desirable mixing, heat transfer, and
quasi-homogeneous temperature within the chamber.55,56
It is also worth noting that the calculated value of L core /L c
for these ﬁve cases coincides fairly well with the location of
the peak in K v . This implies that the maximum amount of
recirculation coincides with the location of the centre of dominant recirculation zone, consistent with expectation. That is,
L core ≈ x Kv.max .
F. Reverse ﬂow through the throat

FIG. 17. Calculated axial evolution of the normalized recirculation rate (Kv =
ṁe /ṁin ) for the 4-jet conﬁguration of the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC) with ﬁve inclination angles, together with a schematic
diagram of the ANSYS/CFX “iso-clip” function for MIJCC 25 4J as shown in
part (a). Here ṁe denotes the total mass ﬂow rate of ﬂuid transported upstream
through a plane orthogonal to the axis at a selected location x/L c and ṁin refers
to the inlet mass ﬂow rate of ﬂuid through all jets. The length of the recirculation zone location (x/L c )rec , derived from (a), is denoted with an arrow,
color matched for each case. The blue cross marker denotes the normalized
location of the core of the recirculation zone (L core /L c ) for ﬁve calculated
cases, while the two vertical dashed lines (red and blue) denote the location of the measured values of L core /L c for MIJCC 25 4J and MIJCC 50 4J.
Note x/L c = 0.13 refers to the upstream edge of the cylindrical section of the
chamber.

cases, while we plot the two vertical dashed lines (red and
blue) to denote the location of the measured values of L core /L c
for MIJCC 25 4J and MIJCC 50 4J (refer to Fig. 15 and
Table IV).
A schematic diagram of the planes within the
MIJCC 25 4J for which K v was calculated is shown in
Fig. 17(a), as green lines, while the blue lines are streamlines. It can be seen that the maximum downstream location
for which K v ≥ 0 coincides well with the downstream-end of
the recirculation zone, (x/L c )rec , as also shown in Fig. 17(a).
The downstream axial location where K v approaches zero corresponds well to the location of (x/L c )rec for all cases, as shown
in Fig. 17(b) with colored arrows.
The results of Fig. 17(b) show that, for cases where jet
impingement occurs (α j = 25◦ , 50◦ , 75◦ , and 90◦ ), the location
of (x/L c )rec for which K v is positive progresses upstream from
(x/L c )rec = 0.8 to (x/L c )rec = 0.43 as α j is increased from 25◦
(Regime II) to 90◦ (Regime IV). This implies that an increase in
α j leads to a reduction in the distribution of the external recirculation zone (ERZ). However, from the case α j = 0◦ (Regime I)
to 25◦ (Regime II), a 10% increase in the distribution of the
recirculation zone was found for which K v is positive moving
from (x/L c )rec = 0.7 to (x/L c )rec = 0.8. This is also consistent
with the qualitative trend of measured and calculated streamlines illustrated in Fig. 15. Taken together, it can be concluded

Figure 18 presents the inﬂuence of α j on the calculated normalized mass ﬂow rate through the throat (ṁth /ṁin ).
Here ṁth denotes the mass ﬂow rate through the throat plane
(x/L c = 0) into the SC, which was obtained with the “Iso-Clip”
function in ANSYS/CFX, while ṁin is the total inlet mass ﬂow
rate of ﬂuid. For both the N j = 2 and 4 cases, it can be seen that
the percentage of the mass ﬂow rate through the throat plane
is approximately zero for α j < 55◦ . Importantly, this means
that there is negligible ﬂow entering the SC within the range
of 0◦ ≤ α j < 55◦ . This is a signiﬁcant ﬁnding because in practical combustion devices, particularly of the HSRC technology,
the limitation of heat and ﬂuid ﬂow from the main cylindrical
chamber into the SC (where they may be lost to the environment), is crucial for maintaining high thermal efﬁciency of the
reactor.
The results also show that an increase in α j above the
threshold causes a signiﬁcant increase in ṁth /ṁin from 0.3%
(α j = 55◦ ) to 66% (α j = 90◦ ) with the N j = 4 case. While
the trend is similar for the N j = 2 case, the values are slightly
lower for ṁth /ṁin = 0.3% for α j = 65◦ , while the maximum
value of ṁth /ṁin = 59% for α j = 90◦ . This suggests that
the inclination angle should be chosen to be α j.op > 65◦ for
N j = 2 and α j.op > 55◦ for N j = 4 to avoid signiﬁcant induction
of ﬂow through the aperture. This value maintains the relative mass ﬂow rate of upstream reversed ﬂow to be less than
0.3% (ṁth /ṁin ≤ 0.3%). These angles are also smaller than the

FIG. 18. Comparison of the calculated mass ﬂow rate through the throat to
the secondary concentrator (ṁth /ṁin ) of the Multiple Impinging Jets in a
Cylindrical Chamber (MIJCC), normalized by the total inlet mass ﬂow rate
(ṁin ), as a function of inclination angles (αj ).
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critical inclination angles for which ṁth becomes signiﬁcant
(ṁth /ṁin 5%), i.e., α j.crit = 70◦ for N j = 2 and α j.crit = 60◦
for N j = 4, corresponding to the transition between Regimes
III and IV (Fig. 15).
IV. CONCLUSIONS

A joint experimental and numerical investigation was carried out to characterize the iso-thermal ﬂow patterns within a
cylindrical geometry conﬁgured with planar-symmetric jets
(two or four jets) inclined at several different angles (α j ),
termed the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC) relevant to Hybrid Solar Receiver Combustor
(HSRC) technology. The key outcomes of the study are as
follows:
1. The characteristics of the ﬂow ﬁeld exhibit a primary
dependence on the inclination angle, α j , and a secondary
dependence on the number of inlet jets (N j ). The location
of the jet impingement point progresses upstream with an
increase in α j from 25◦ to 90◦ , while an increase in N j
from 2 to 4 causes a smaller upstream translation of the
jet impingement point. In addition, signiﬁcant ﬂow oscillations and precession of the resulting jet were observed
from both the instantaneous and mean velocity ﬁelds for
α j = 50◦ .
2. The decay of the mean centerline velocity of the resulting
jet is signiﬁcantly greater than a single unconﬁned free
jet. This is partly attributed to the role of conﬁnement
and partly to the additional unsteadiness caused by the
impingement. The decay in the mean centerline velocity
also decreases with an increase in N j (from 2 to 4), both
for the case with the constant nozzle diameter (Dpipe ) and
that with the constant total nozzle area (Apipe.tot ). This is
attributed to an increase in the number of jets inhibiting
the lateral spread of the jet downstream from the impingement point. It also appears to inhibit the unsteadiness of
the ﬂow, although this was not quantiﬁed.
3. The resulting jet exhibits a high turbulence intensity due
to the strong ﬂow interaction between jets themselves
and ambient ﬂuids, while an increase in N j was found
to substantially reduce the turbulent ﬂuctuations. A high
degree of Reynolds stress anisotropy was also found in
the resulting jet, particularly for the N j = 2 cases.
4. Four dominant ﬂow regimes (Regime I, II, III, IV) were
found within the MIJCC conﬁguration investigated here
depending on the value of α j , while an increase in
N j (2–8) decreases the α j at which the ﬂow transitions
between each ﬂow regime. For N j = 4 conﬁgurations:
(a) Regime I (0◦ ≤ α j < 10◦ ): the dominance of a central recirculation zone (CRZ) within the cylindrical
chamber.
(b) Regime II (10◦ ≤ α j < 35◦ ): the presence of jet
impingement point and the dominance of an external recirculation zone (ERZ) within the cylindrical
chamber.
(c) Regime III (35◦ ≤ α j < 60◦ ): the presence of a
reverse ﬂow and vortex upstream from the impingement point.
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(d) Regime IV (60◦ ≤ α j ≤ 90◦ ): the presence of
a secondary dominant ERZ within the secondary
concentrator (SC) section.
5. The calculated recirculation rate (Kv = ṁe /ṁin ) for
N j = 4 cases shows that Regime II (α j = 25◦ ) provides
the greatest total mass of recirculated ﬂuid, which is also
most uniform in the axial direction. This is important for
combustion technologies, particularly for MILD (moderate or intense low-oxygen dilution) combustion, since the
recirculation zone is associated with high rates of mixing, heat transfer, and quasi-homogeneous temperature
within the chamber.
6. A critical inclination angle was found below which signiﬁcant circulation between the throat and the secondary
concentrator (SC) can be avoided, that is, α j.op = 65◦
and α j.op = 55◦ for N j = 2 and N j = 4 conﬁgurations,
respectively. This ﬁnding is signiﬁcant for combustion
devices as the avoidance of upstream reverse ﬂow is crucial for maintaining high reactor efﬁciency and thermal
performance.
SUPPLEMENTARY MATERIAL

See supplementary material for the CFD model selection
and validation.
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53 N. Grosjean, L. Graftieaux, M. Michard, W. Hübner, C. Tropea, and J. Volkert, “Combining LDA and PIV for turbulence measurements in unsteady
swirling ﬂows,” Meas. Sci. Technol. 8, 1523 (1997).
54 J. Volkert, C. Tropea, R. Domann, and W. Hübner, “Combined application
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We present a systematic experimental study of the interaction between four rotationally symmetric jets
within a cylindrical chamber, under conditions relevant to a wide range of engineering applications,
including the technology of a Hybrid Solar Receiver Combustor (HSRC). The HSRC geometry
is simpliﬁed here to a cylindrical cavity with four inlet jets (representing four burners) which are
conﬁgured in an annular arrangement and aligned at an inclination angle to the axis with a tangential
component (azimuthal angle) to generate a swirl in the chamber. In this study, the jet inclination
angle (α j ) was varied over the range of 25◦ –45◦ , while the jet azimuthal angle (θ j ) was varied from
5◦ to 15◦ . The inlet Reynolds number for each injected jet and the number of jets were ﬁxed at
ReD = 10 500 and 4, respectively. Measurements obtained with Particle Image Velocimetry were used
to characterise the large-scale ﬂow ﬁeld within selected conﬁgurations. The results reveal a signiﬁcant
dependence of the mean and root-mean-square ﬂow-ﬁelds on the jet azimuthal angle (θ j ) and the jet
inclination angle (α j ). Three different ﬂow regimes with distinctive ﬂow characteristics were identiﬁed
within the conﬁgurations investigated here. It was also found that θ j can signiﬁcantly inﬂuence (a)
the position and strength of an external recirculation zone and a central recirculation zone, (b) the
extent of turbulence ﬂuctuation, and (c) the ﬂow unsteadiness. Importantly, the effect of α j on the
ﬂow characteristics was found to depend strongly on the value of θ j . Published by AIP Publishing.
https://doi.org/10.1063/1.5026719

I. INTRODUCTION

Multiple symmetric jets are employed within conﬁned
spaces in a wide range of engineering applications which
include solar receiver reactors,1 gas turbine engines,2 longitudinal ventilation systems,3 and separated-jet combustors.4
However, the greater complexity of these conﬁgurations over
the single round jet issuing into a quiescent environment,5
including the additional parameters and experimental challenges, means many gaps in understanding remain. Of particular interest here is a multiple-jet conﬁguration featuring
a rotationally symmetric arrangement of jets with a tangential component of relevance to the Hybrid Solar Receiver
Combustor (HSRC) under development at the University of
Adelaide.6–11 The HSRC offers potential to reduce both the
energy losses and total infrastructure requirements relative to
a hybrid from stand-alone components, while providing a ﬁrm
supply of energy for heat and power applications. The HSRC
features a cavity that is operable as a combustion chamber, or
as a cavity receiver with multiple burners to direct fuel and
air into the chamber, and tubular heat exchangers to transfer the thermal energy to the heat transfer ﬂuid. Importantly,
the conﬁguration of the combustion system in a solar cavity
differs from that in a conventional combustor owing to the
need to incorporate the aperture. This results in an annular
a) Author
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ring of burners which can be conﬁgured in a rotationally symmetric arrangement and aligned at an inclination angle (α j )
relative to the axis of the chamber and/or at an azimuthal angle
(θ j ) relative to the axis of the burner. The presence of walls
(conﬁnement), together with the α j and θ j of burners, has an
additional inﬂuence on the pressure ﬁeld, the jet interactions,
and the entrainment rates so that the ﬂow patterns within the
cavity are complex.6 The overall objective of the present paper
is therefore to characterize for the ﬁrst time the ﬂow regimes
that can be generated within a cylindrical chamber (i.e., as a
conﬁned ﬂow) with multiple rotationally symmetric inlet-jets
conﬁgured to generate a swirl in the chamber.
Previous investigations of ﬂow-ﬁelds generated with
multiple symmetric jets have been performed almost exclusively for either parallel-jets (α j = 0◦ )12–15 or opposedjets (α j = 90◦ ).16–18 However, the studies of inclined jets
(0◦ < α j < 90◦ ) revealed a strong dependence of the ﬂow
characteristics on the jet inclination angle (α j ).3,4,6 The study
of Chammem et al.3 for inclined conﬁned jets deﬁned the
“resulting jet” as a central, merged jet downstream from the
jet impingement point. They also found that the reverse ﬂow
can only be generated within a certain range of α j . The particle image velocimetry (PIV) measurements of Boushaki and
Sautet 4 for a multi-jet combustor showed that an increase
in α j from 0◦ to 30◦ can signiﬁcantly change the instantaneous velocity ﬁelds and the mixing characteristics of inclined
conﬁned jets. A detailed characterization of the ﬂow-ﬁeld generated with multiple planar-symmetric conﬁned jets was also
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reported by Long et al.6 They have conducted a computational
ﬂuid dynamics (CFD) study and PIV measurements to fully
characterize the ﬂow regimes within the range 0◦ ≤ α j ≤ 90◦ ,
revealing a controlling inﬂuence of α j on ﬂow stability, turbulence intensity, and dominant recirculation regions. Nevertheless, to our knowledge, most of the previous multiple-jet
studies considered only the inﬂuence of α j so that little or
no information is available of the inﬂuence of the azimuthal
angle θ j . This gap is signiﬁcant because the combination of θ j
and α j for multiple jets (rotational-symmetry) has a wide relevance to vortex combustors,19–21 cyclone reactors,22,23 and
solar thermal devices.24,25 More importantly, owing to the
lack of sufﬁcient reliable experimental data, the ﬂow structure generated by multiple rotationally symmetric jets within
a conﬁned space is still poorly understood. This is a signiﬁcant
impediment to the continuous development of computational
models for relevant conﬁgurations.26 Hence, a more detailed
characterization of the ﬂow patterns within a conﬁned chamber for a systematic range of well-deﬁned, consistent inﬂow
and boundary conditions is needed to provide new understanding of the ﬂow generated with rotationally symmetric jets. The
present paper aims to address this need.
The inﬂuence of the azimuthal angle on the ﬂow-ﬁeld has
been widely investigated for the conﬁguration with annular
jets.19,27–32 These previous studies showed that the value of θ j ,
associated with a swirl number, S, can signiﬁcantly inﬂuence
the characterization of recirculation zones within a conﬁned
space. One of the major features is the presence of a central
recirculation zone (CRZ) which is particularly important for
the stabilization of a ﬂame, notably by the recirculation of
reactants during the combustion process.19,32 However, while
these studies provide useful insight, they are limited to a relatively few conﬁgurations since they have been performed
almost exclusively for annular (α j = 0◦ and θ j = 0◦ ) or tangential jets (θ j = 90◦ and α j = 0◦ ). Importantly, although Long
et al.6 indicated that the inclination angle (α j ) signiﬁcantly
affects the strength and position of the external recirculation
zone (ERZ) within a cylindrical chamber, the inﬂuence of
θ j on the transition and presence of dominant recirculation
regions for multiple inclined jets’ (α j > 0◦ ) conﬁgurations
remains unknown. Therefore, a more detailed and quantitative
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understanding is needed of the combined effects of θ j and α j
on the dominant recirculation zones generated with multiple
rotationally symmetric jets.
To meet the aforementioned needs, the current study
reports an experimental investigation of the iso-thermal ﬂowﬁelds generated by a cylindrical chamber with rotationally
symmetric jets with the following aims: (a) to characterize the
mean and RMS (root-mean-square) ﬂow-ﬁelds and the integral
length scale for a series of rotationally symmetric arrangements of Multiple Impinging Jets in a Cylindrical Chamber
(MIJCC); (b) to identify the inﬂuence of the small azimuthal
angle of jets (θ j = 5◦ , 10◦ , and 15◦ ) in addition to the inclination angle of jets α j = 25◦ , 35◦ , and 45◦ , on the dominant
recirculation zones within a cylindrical chamber; and (c) to
characterize the dependence of ﬂow regimes on rotationally
symmetric arrangements of multiple jets within a cylindrical
chamber.
II. METHODOLOGY
A. Conﬁgurations selected in the present study

The conﬁguration of the Multiple Impinging Jets in a
Cylindrical Chamber (MIJCC) investigated in the present
study is presented schematically in Fig. 1. This can be related
to more complex burner arrangements, such as those comprising a central fuel jet and a co-annular air jet, by considering
the total momentum associated with the combined jet. The use
of a simple jet conﬁguration also makes these results relevant
to other practical applications such as solar thermal devices,
ventilation systems, and chemical reactors. The key features
of the MIJCC are the main cavity, consisting of a cylindrical
chamber with a conical expansion, and a secondary concentrator (SC), which is of conical shape. The SC was closed at
the largest end with a ﬂap (labeled with a yellow dashed line),
preventing ﬂow to the ambient environment, but open at the
plane of the throat (labeled with a green line) to admit ﬂow
between these sections. This corresponds to the conﬁguration
of the HSRC within the combustion-only mode, where the
aperture is closed with a ﬂap to prevent heat loss. The MIJCC
is also conﬁgured with four rotationally symmetric inlet jets
distributed around the conical expansion of the main chamber

FIG. 1. Schematic diagram of the conﬁgurations of the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC) investigated here, showing the key geometric
features from the axial cross section (left) and a radial cross section (right). Here the ﬂap plane, throat plane, and annular outlet are highlighted with yellow
(dashed), green (solid), and blue lines, respectively.
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with an inclination angle (α j ) to the axis of the chamber and/or
at an azimuthal angle (θ j ) to the axis of the burner. The ﬂow
leaves the chamber in the radial direction through an annular
gap around a bluff end wall of uniform thickness, W out .
Nine laboratory-scale conﬁgurations were manufactured
from acrylic to provide optical access and a close match
between the refractive index of the cylindrical chamber and
that of the working ﬂuid (water). These have inclination angles
of α j = 25◦ , 35◦ , and 45◦ and azimuthal angles of θ j = 5◦ ,
10◦ , and 15◦ , together with a manufacturing tolerance of ±0.1
mm (linear) and ±0.5◦ (angular). The three values of α j were
selected to ensure that the jet interaction is within the cylindrical part of the chamber. This is necessary both for optical
access and to provide the maximum relevance to related applications for establishing preferred ﬂow regimes (α j < 50◦ ), as
discussed in our previous paper.6 The increment of θ j was
selected to ensure that distinct ﬂow-features can be generated
and that the jets interact with each other. The dimensions of
the key geometrical parameters of the MIJCC conﬁgurations
investigated here are given in Table I.
B. Experimental arrangement

The present experimental arrangement is similar to
our previous work.6 Particle Image Velocimetry (PIV) was
employed under iso-thermal conditions at ambient temperature, with water as the working ﬂuid to avoid deposition of
tracer particles onto conﬁning walls. Importantly, the entire
device was fully submerged into a rectangular water tank with
dimensions of 500 mm (L) × 400 mm (W ) × 390 mm (H) to
minimize optical distortion. This water tank was also made
from acrylic to enable optical access for laser sheet. The water
from the outlets was discharged into the water tank which
overﬂowed to a reservoir. The discharged ﬂuid was reinjected
through the jets using a variable-speed-drive enabled water
pump (Pan World NH-200PS), a frequency converter (Danfoss VLT 2800), and ﬂowmeters (ABB D10A11), resulting in
a closed-loop system. All conﬁgurations employed equal ﬂows
to the four rotationally symmetric jets, as shown in Table II.
The bulk mean velocity at the nozzle exit (U e ) was ﬁxed
at 2.8 m/s for each inject pipe, leading to an inlet jet Reynolds
number ReD = ρf U e Dpipe /μf = 10 500, where ρf is the ﬂuid
density and μf is the ﬂuid dynamic viscosity. This ensures that

TABLE I. Values of the geometric parameters of the MIJCC conﬁgurations
investigated in the present study.
Dimensions

Description

Value

Dc (mm)
Dsc (mm)
Dth (mm)
Dpipe (mm)
L c (mm)
L pipe (mm)
W out (mm)
αj (deg)
θ j (deg)
β con (deg)
γ sc (deg)

Chamber diameter
Diameter of the secondary concentrator
Throat diameter
Inlet pipe diameter
Chamber length
Inlet pipe length
Width of the outlet gap
Jet inclination angle
Jet azimuthal angle
Conical expansion angle
Angle of the secondary concentrator

74
74
24.6
3.35
225
150
3
25, 35, and 45
5, 10, and 15
40
40

TABLE II. The notation for the conﬁgurations investigated experimentally
in the present study.
Experiment
case no.

Conﬁgurations

Jet inclination
angles, αj (deg)

Jet azimuthal
angles, θ j (deg)

1
2
3
4
5
6
7
8
9

MIJCC-25-05
MIJCC-25-10
MIJCC-25-15
MIJCC-35-05
MIJCC-35-10
MIJCC-35-15
MIJCC-45-05
MIJCC-45-10
MIJCC-45-15

25
25
25
35
35
35
45
45
45

5
10
15
5
10
15
5
10
15

the inlet ﬂow is within the fully turbulent regime where the
inﬂuence of ReD is considered to be small.33 The jets were
generated with a supply system that was carefully designed
to ensure both overall ﬂow symmetry and fully developed
pipe ﬂow at the exit. A symmetrical manifolding system was
employed to ensure equal ﬂow distribution to each jet, which
was generated by a perfectly straight pipe of 46 diameters in
length and, in turn, by 150 diameters of gently curved ﬂexible
piping. The perfectly straight section exceeds the 40 diameters
found by Nikuradse34 to be the minimum needed to establish
fully developed pipe ﬂow. Hence, the combination of the long
gently curved supply to the straight pipe is sufﬁcient to ensure
that the present conﬁguration achieves or closely approximates
fully developed pipe ﬂow.
The seeding particles for PIV measurements are hollow
glass spheres which have a speciﬁc gravity of 1.1 with a particle
diameter (Dp ) of 12 μm. The resultant Stokes number (Sk D )
based on the bulk mean velocity (U e ) and pipe diameter (Dpipe )
of the inlet jet was Sk D = ρp Dp 2 U e /18μf Dpipe = 0.003 (where
ρp is the particle density). This is sufﬁciently low to enable
the length scales of particle movements to be resolved with
the PIV measurement.
The optical arrangement and the measurement region are
shown schematically in Fig. 2. The source of illumination for
the PIV measurements was a double-head, pulsed Nd:YAG
laser (Quantel Brilliant B), operating at a ﬁxed pulsing frequency of 10 Hz and a maximum power of approximately 400
mJ. The laser was operated in the frequency-doubled mode to
provide a wavelength of 532 nm. The laser beam was formed
into a sheet with a combination of three cylindrical lenses
(Thorlabs) that were aligned with the centerline of the cylindrical chamber and positioned to illuminate the measurement
region, as shown in Fig. 2. The thickness of the light sheet was
estimated to be 1.5 mm at the focal line.
A Charged Coupled Device (CCD) camera (Kodak
Megaplus ES2093) was used to capture raw images for each
measurement, with an array of 1920 × 1080 pixels. The frame
rate of the CCD camera for the PIV measurements was set to
match that of the laser at 10 Hz. The x-r plane [see Fig. 2(b)],
which provides the instantaneous information of axial (u) and
radial (v) velocity components, was 125 mm (L i ) × 66 mm (W i )
in size. The planar PIV measurement was performed within the
MIJCC conﬁgurations at two axial planes to provide ﬂow-ﬁeld
information for multiple-locations, as presented in Fig. 2(c).
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FIG. 2. (a) The optical arrangement, showing the laser, optics, light sheet, and camera, (b) measurement region (a green box enclosed by a red dashed line)
relative to the chamber, and (c) measurement planes for “0◦ -plane” P00 and “45◦ offset-plane” P45 .

The measurement plane of P00 denotes the jet inlet plane
(0◦ offset), while the P45 denotes the plane rotated 45◦ relative
to P00 (45◦ offset). The shape of the conical component within
the chamber prevented optical access there so that measurements were performed only within the cylindrical part of the
chamber, downstream from the edge of the cylinder for approximately S i = 1–3 mm [refer to Fig. 2(b)], depending on the
conﬁguration.
A minimum of 1500 PIV image pairs (12 bits) were
recorded for each planar measurement. All images were processed using an in-house PIV code in MATLAB R2015a
(Mathworks), with an interrogation window size of 32 ×
32 pixels, resulting in a spatial resolution of 2 mm in each direction. A multi-grid correlation scheme with 50% overlap was
applied to calculate the particle displacements and to minimize
noise for all cases. Outliers (erroneous vectors) were detected
in the post-processing using an in-house PIV code to compare
the differences between absolute and relative velocities, and
all erroneous vectors were removed from the ensemble.
A systematic study was employed to assess the overall
uncertainty associated with the PIV measurements. The impact
of slight variations between the ﬂow-rate to different pipes
was measured to be small (<2%) due to the care taken to
ensure symmetry of the manifolding system. The measurement uncertainty derived from the ﬂowmeter and water pump
was measured to be ±1.6% of the desired ﬂow rate, which
results in an estimated uncertainty of the exit bulk velocity
from the four pipes of less than 2%. The effect of optical distortion, which is associated with the spatial resolution of the
PIV measurements, was assessed by calibration with a customized grid that was used before each measurement. On this
basis, the uncertainty of position was estimated to be ±0.05 mm
within the measurement region. The time delay between successive image pairs in the PIV measurements was varied
between 100 μs and 200 μs (depends on the conﬁguration).
This yields an average particle displacement of approximately
8–10 pixels (1/3 of the interrogation window size) within
the central region of images, where the highest mean axial
velocity occurs. The experimental errors associated with the

time separation between the laser pulses was estimated to be
±2%, while the uncertainty contributed from the image sample
size was calculated to be ±1% for a sample size of 1500 image
pairs. Based on the inaccuracies in calibration and observed
scatter in present measurements, the overall uncertainty of the
measured mean and RMS (root-mean-square) velocities for
the present study is estimated to be less than 5%.

III. RESULTS AND DISCUSSION
A. Mean ﬂow ﬁelds

Figure 3 presents the contours of measured mean axial
velocity (U x ) normalized by the nozzle exit velocity (U e ),
showing the velocity direction (black arrows) and magnitude
(both the length of the arrows and the color map), for the cases
(a) α j = 25◦ and θ j = 5◦ , (b) α j = 25◦ and θ j = 10◦ , (c) α j = 25◦
and θ j = 15◦ , (d) α j = 35◦ and θ j = 5◦ , (e) α j = 35◦ and θ j
= 10◦ , (f) α j = 35◦ and θ j = 15◦ , (g) α j = 45◦ and θ j = 5◦ ,
(h) α j = 45◦ and θ j = 10◦ , and (i) α j = 45◦ and θ j = 15◦ .
Data are presented for both the P00 and P45 planes. It can
be seen that an increase in azimuthal angle (θ j ) from 5◦ to
15◦ leads to a signiﬁcant change to the mean velocity ﬁeld
within the range of 25◦ ≤ α j ≤ 45◦ . For the conﬁgurations
where α j = 25◦ [Figs. 3(a)–3(c)] and for the smallest angles
α j = 25◦ and θ j = 5◦ , the inlet jets impinge at a point close to the
chamber axis (r/Dc = 0) where they combine to form a resulting
jet which then spreads and decays symmetrically. This is qualitatively similar to our previous study6 for the same α j , but with
θ j = 0◦ . As the azimuthal angle is increased beyond θ j ≥ 10◦ ,
the mean ﬂow bifurcates into an axisymmetric divergent resulting jet downstream from a “stagnation point.” This feature is
most evident for the case of θ j = 15◦ , where the bifurcation is
strong and slightly asymmetrical due to a relatively large θ j ,
consistent with previous studies.27,35 Also, for these larger
azimuthal angles (θ j ≥ 10◦ ), a region of negative axial velocity
is generated downstream from the stagnation point, indicating
the presence of large-scale recirculation with a reverse ﬂow
in the chamber. The position of this recirculation progresses
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FIG. 3. Mean axial velocity (U x ) normalized by the bulk mean jet exit velocity (U e ), showing the velocity direction and magnitude (black arrows), overlaid
with a color scale of magnitude (colored), for the cases (a) αj = 25◦ and θ j = 5◦ , (b) αj = 25◦ and θ j = 10◦ , (c) αj = 25◦ and θ j = 15◦ , (d) αj = 35◦ and θ j = 5◦ ,
(e) αj = 35◦ and θ j = 10◦ , (f) αj = 35◦ and θ j = 15◦ , (g) αj = 45◦ and θ j = 5◦ , (h) αj = 45◦ and θ j = 10◦ , and (i) αj = 45◦ and θ j = 15◦ . The data are measured
from both the P00 (0◦ -plane) and P45 (45◦ offset-plane) between x/L c = 0.15 and 0.6.

upstream from x/L c ≈ 0.38 to 0.28 as θ j is increased from 10◦ to
15◦ , which can be deduced to be associated with the increased
strength of the recirculation zone.
The results in Fig. 3 also show that the mean velocity ﬁeld
for α j = 35◦ [Figs. 3(d)–3(f)] is qualitatively similar to α j = 25◦ .
However, for the α j = 35◦ cases, the large-scale recirculation
zone is more prominent and the location of the negative velocity region is further upstream than in the α j = 25◦ cases for all

θ j . For α j = 45◦ [Figs. 3(g)–3(i)], the resulting divergent jet
ﬂow downstream from the stagnation point is even detected for
the smallest θ j = 5◦ , which reveals that α j also inﬂuences the
bifurcation of the resulting jets. More importantly, the negative
axial velocity is found to extend further upstream to the conical section (above the measurement region x/L c < 0.15) for the
case with α j = 45◦ and θ j = 15◦ . This suggests that a portion of
the ﬂow is transported into the conical chamber section and,
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perhaps, even through the throat to the secondary concentrator.
This data quantify the extent to which α j inﬂuences the mean
velocity ﬁeld for a given value of θ j .
It can also be seen from Fig. 3 that the magnitude of negative axial velocity typically increases with an increase in θ j
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from 5◦ to 15◦ for a given value of α j . This shows that the
reverse ﬂow is stronger for θ j = 15◦ than that for θ j = 5◦ , consistent with highly swirled jets’ conﬁgurations.30,32 In addition,
the mean velocity ﬁeld can be seen to be slightly asymmetric
for each case and for both planes P00 and P45 . This asymmetry

FIG. 4. Measured streamline, labeled
with arrows to indicate the ﬂow direction, for the cases (a) αj = 25◦ and
θ j = 5◦ , (b) αj = 25◦ and θ j = 10◦ , (c)
αj = 25◦ and θ j = 15◦ , (d) αj = 35◦ and
θ j = 5◦ , (e) αj = 35◦ and θ j = 10◦ , (f)
αj = 35◦ and θ j = 15◦ , (g) αj = 45◦ and
θ j = 5◦ , (h) αj = 45◦ and θ j = 10◦ , and (i)
αj = 45◦ and θ j = 15◦ . The green line
and the blue line denote the measurement plane P00 and P45 , respectively,
while the red dash-dotted line refers to
the centerline of the main cavity. The
black cross and blackplus denote the
vortex core of the external and central
recirculation zones, respectively.
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is also consistent with the previous ﬁnding for related conﬁgurations36 that multi-jets conﬁgurations tend to amplify small
asymmetries in the inﬂow conditions.
Figure 4 presents the measured streamlines, labeled with
arrows to indicate the ﬂow direction for all experimental cases
(refer to Table II for a detailed description). The green line and
the blue line denote the measurement plane P00 and P45 , respectively, while the red dash-dotted line refers to the centerline
of the main cavity. It can be seen that, for all conﬁgurations,
the ﬂow-ﬁeld is dominated by two distinctive vortex regions:
a large-scale vortex with outward rotation, termed the external
recirculation zone (ERZ), and a vortex with inward rotation,
termed the central recirculation zone (CRZ).37,38 The ERZ
(whose vortex core is marked with a black “×”) is typically
generated in the upstream half of the chamber (x/L c ≤ 0.5)
and is characterized by the interaction between the inclined
inlet jets, while the CRZ (whose vortex core is marked with a
black “+”) is generated downstream from the negative bifurcation and is typically associated with the presence of swirling
ﬂows.27 The position of ERZ corresponds well with the resulting jet, while the location of CRZ is associated with the downstream negative velocity region, consistent with Fig. 3. This
shows that the large-scale mean ﬂow structure (ERZ and CRZ)
within the main cavity depends strongly on both α j and θ j .
Figure 4 also shows that, although the qualitative features
of the mean ﬂow ﬁeld are present for all cases, their relative signiﬁcance changes. For example, for the case where
α j = 25◦ and θ j = 5◦ (MIJCC-25-05), the extent of ERZ spans
the majority of the imaged region in the main cavity, while
the CRZ is only observed in the most downstream region of
it (x/L c ≈ 0.65). By contrast, for the case of α j = 25◦ and
θ j = 15◦ (MIJCC-25-15), the ERZ and CRZ are of similar
size. This trend is more notable for higher inclination angles’
conﬁgurations (α j ≥ 35◦ ), although both α j and θ j inﬂuence
the position of the dominant recirculation regions within the
cylindrical chamber.
Another ﬁnding from Fig. 4 is that the structure of both the
ERZ and CRZ is approximately axisymmetric for most cases.
However, signiﬁcant asymmetry can be seen in the CRZ for
the cases of α j = 35◦ and θ j = 15◦ (MIJCC-35-15), α j = 45◦
and θ j = 10◦ (MIJCC-45-10), and α j = 45◦ and θ j = 15◦
(MIJCC-45-15), consistent with relevant previous studies.27,39
This asymmetry can be seen to be associated with the largest
angles of the jets which can also be deduced to generate the
largest pressure gradients. This implies that the large pressure
gradients amplify any small geometric asymmetry, for example: the misalignment of injection pipes. This also highlights
the sensitivity of large α j (≥35◦ ) and θ j (≥10◦ ) to the axisymmetric ﬂow features of rotationally symmetric conﬁned jets.
Figure 5 presents the evolution of the dimensionless mean
axial velocity (U c /U e ) along the centerline of the Multiple
Impinging Jets in a Cylindrical Chamber (MIJCC) for the cases
of (a) α j = 25◦ and θ j = 5◦ , (b) α j = 25◦ and θ j = 10◦ , and (c)
α j = 25◦ and θ j = 15◦ . Here we deﬁne the jet impingement
point, Pi , to be the location of the maximum mean axial velocity along the centerline of the chamber [(U c /U e )max.cl ], the
stagnation point, Ps , as the zero velocity point at the crossover
from positive to negative axial velocities (U c /U e = 0), and the
point of minimum axial velocity, Pmin , as the axial location
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FIG. 5. Evolution of mean axial velocity along the centerline of the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC), normalized by the
bulk mean velocity (U c /U e ), as functions of chamber length for the cases
(a) αj = 25◦ and θ j = 5◦ , (b) αj = 25◦ and θ j = 10◦ , and (c) αj = 25◦ and
θ j = 15◦ . For clarity, the ﬁgure only presents one in two data points.

of the minimum mean axial velocity [(U c /U e )min.cl ]. For comparison with the previous measurement of the non-swirling
case (α j = 25◦ and θ j = 0◦ ), the PIV data from our previous work (Ref. 6) are also included. It can be seen that the
evolution of U c /U e along the centerline of the chamber for
all swirled-jets’ cases is signiﬁcantly smaller than that of nonswirling jets within 0.13 ≤ x/L c ≤ 0.65, although similar trends
of velocity evolution were measured from all four cases. The
magnitude of (U c /U e )max.cl for the cases of θ j = 10◦ and 15◦ is
approximately 35% and 60% lower than that of θ j = 5◦ , while
the location of Pi progresses upstream from x/L c = 0.27 for
θ j = 5◦ to x/L c = 0.21 for θ j = 15◦ . This reveals that an increase
in θ j leads to a signiﬁcant change in the location of Pi and
the magnitude of (U c /U e )max.cl along the centerline of the
chamber.
It can also be seen that a stagnation point Ps (U c /U e = 0)
occurs on the axis for all cases, which is located at x/L c = 0.65,
0.38, and 0.28 for θ j = 5◦ , 10◦ , and 15◦ cases, respectively.
This marks the most upstream point of the region of the CRZ
(Fig. 4). Taken together, it can be concluded that, for the conﬁgurations with the smallest α j considered here (α j = 25◦ ),
the CRZ region is translated from the downstream half to the
upstream half of the chamber as θ j is increased from 5◦ to 15◦ .
This is a further evidence of the inﬂuence of θ j on the CRZ,
for any given value of α j .
Figure 5 also shows that a minimum axial velocity point
Pmin is detected at x/L c = 0.47 and 0.34 for the cases of θ j = 10◦
and 15◦ , respectively, and is outside of the measurement region
for the case of θ j = 5◦ . This is upstream from the core of
the annular vortex in the CRZ, which occurs at x/L c ≈ 0.49
(θ j = 10◦ ) and 0.47 (θ j = 15◦ ), respectively, and is consistent
with the convergence of the streamlines toward the axis near to
the position of Pmin shown in Fig. 4. Importantly, the value of
(U c /U e )min.cl increases with an increase in θ j , also consistent
with an increased strength of the reverse ﬂow and CRZ for
larger θ j conﬁgurations.
Figure 6 presents the radial proﬁles of the mean axial
(U x ) and radial (V x ) velocities, normalized by the nozzle exit
velocity (U e ), at six axial distances along the chamber for
the cases where α j = 25◦ and θ j = 5◦ , 10◦ , and 15◦ . Data
are presented only within the plane P00 because the results
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FIG. 6. Radial proﬁles of mean axial velocity, U x , at six cross-sections through the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC), for the cases
of [(a) and (b)] αj = 25◦ and θ j = 5◦ , [(c) and (d)] αj = 25◦ and θ j = 10◦ , and [(e) and (f)] αj = 25◦ and θ j = 15◦ . Here Dc denotes the diameter of the MIJCC
cylindrical chamber, and the dashed line denotes the location of U x /U e = 0.

in the P45 plane are qualitatively similar to them. The exact
locations of Pi and Ps are presented in Fig. 5. In considering the mean axial velocity [Figs. 6(a), 6(c), and 6(e)], it can
be seen that an increase in θ j leads to a signiﬁcant decrease
in the magnitude of velocity peaks [(U x /U e )max ] throughout
the chamber. For example, an approximately 40% reduction
in the magnitude of (U x /U e )max is measured at x/L c = 0.19
and 0.28, which is possibly attributed to the increased extent
of offset in the inlet jets as θ j is increased, consistent with the
qualitative features in Fig. 3. Importantly, as θ j is increased
from 5◦ to 15◦ , the radial position of (U x /U e )max upstream
from Pi (x/L c = 0.19) remains the same (|r/Dc | ≈ 0.16), while
the location of (U x /U e )max downstream from Pi (x/L c = 0.28)
moves from the centerline (|r/Dc | = 0) to away from the axis
(|r/Dc | > 0). This indicates that an increase in θ j can significantly change the strength and position of the resulting jet
ﬂow.

It can also be seen from Figs. 6(a), 6(c), and 6(e) that an
increase in θ j leads to a signiﬁcant increase in the magnitude
of negative axial velocity within the CRZ region (downstream
from Ps ). For example, the negative peak velocity [(U x /U e )min ]
along the centerline increases from U x /U e ≈ −0.001 for the
case of θ j = 5◦ [Fig. 6(a)] to U x /U e ≈ −0.05 for the case
of θ j = 15◦ [Fig. 6(e)]. This reveals an increased strength
of downstream reverse ﬂow within the CRZ for larger θ j
cases, consistent with the trend of (U c /U e )min.cl in Fig. 5.
Nevertheless, the magnitude of (U x /U e )min within the ERZ
region (upstream from Ps ) does not signiﬁcantly change with
θ j , although the strength of ERZ within the central region
decays faster for the cases with a larger θ j .
For the mean radial velocity [Figs. 6(b), 6(d), and 6(f)],
an increase in θ j leads to a signiﬁcant change in both the
magnitudes and proﬁles of V x /U e . For locations upstream
from Pi (x/L c = 0.19), the radial velocity peak [(V x /U e )max ]
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is decreased from V x /U e ≈ 0.15 for θ j = 5◦ to V x /U e ≈ 0.02
for θ j = 15◦ , which indicates a reduction in the magnitude
of inlet velocity along the radial direction in the plane P00 .
By contrast, for the location close to Pi (x/L c = 0.28), the
magnitude of (V x /U e )max increases from V x /U e ≈ 0.03
[Fig. 6(b)] to V x /U e ≈ 0.06 [Fig. 6(f)] with an increase
in θ j . This indicates an increase in the radial extent of the
ERZ within the jet impingement region (where Pi occurs).
Furthermore, for downstream locations where CRZ is dominated [x/L c > 0.36 for Figs. 6(b) and 6(c)], the magnitude
of V x /U e is further reduced with an increase in θ j . This
indicates that a reduction in the strength of V x and also an
increase in the swirling ﬂow within the downstream CRZ
region.

Phys. Fluids 30, 055110 (2018)

It is also worth noting that, for all cases shown in Fig. 6,
the magnitude of the mean axial and radial velocities within
the ERZ (for all locations upstream from Ps ) is typically higher
than that of the CRZ (for all locations downstream from Ps ),
which suggests that the strength of the ERZ is expected to be
greater than that of the CRZ for all conﬁgurations. The reason
for this is possibly due to the strong interaction between the
jet ﬂow and the ERZ within the fully turbulent ﬂow regime, as
expected for multiple-jet conﬁgurations.6
B. RMS of the turbulent ﬂow ﬁelds

Figure 7 presents the evolution of normalized axial RMS
(root-mean-square) velocity (u /U e ) and the normalized radial

FIG. 7. Radial proﬁles of normalized axial RMS velocity (u /U e ) and normalized radial RMS velocity (v /U e ) downstream from the jet impingement point Pi
for the cases [(a) and (b)] αj = 25◦ and θ j = 5◦ , [(c) and (d)] αj = 25◦ and θ j = 10◦ , and [(e) and (f)] αj = 25◦ and θ j = 15◦ . Here Dc denotes the diameter of the
MIJCC cylindrical chamber.
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RMS velocity (v /U e ) downstream from the jet impingement
point (Pi ) for the cases of [(a) and (b)] α j = 25◦ and θ j = 5◦ ,
[(c) and (d)] α j = 25◦ and θ j = 10◦ , and [(e) and (f)] α j = 25◦
and θ j = 15◦ . Here u  = u2 0.5 and v  = v2 0.5 , where
u and v denote the ﬂuctuating components of axial and radial
velocities, respectively. All data reported are for the plane
P00 since those for the plane P45 are qualitatively similar as
above. It can be seen that the peak magnitude of the values of
u /U e and v /U e are almost independent from θ j , although the
distributions change signiﬁcantly. The peaks tend to be distributed in the shear layer at a different radial location from
the peak in mean values.
For the axial RMS velocity [Figs. 7(a), 7(c), and 7(e)], it
can be seen that, for all locations upstream from the stagnation point Ps (ERZ dominated region), the peak value of u /U e
typically occurs within the central region of the main cavity
(|r/Dc | ≤ 0.25), featuring a double hump proﬁle. The location of the peak u /U e corresponds well with the maximum
mean velocity gradient presented in Fig. 6 and is therefore a
good indicator of the maximum value in a shear layer. This
coincides with the interaction between the high momentum
jet ﬂow and the dominant ERZ. Conversely, downstream from
Ps where the CRZ is dominant, the maximum magnitude of
u /U e is always measured from the outer region of the main
cavity (|r/Dc | > 0.25), with a trend of increasing values toward
the cavity wall. This indicates that the velocity ﬂuctuations
between the CRZ and the surrounding ﬂuids are much higher
than those that occur in the central reverse ﬂow region, which is
a common feature for conﬁgurations employing highly swirled
jets.27,30
Figure 7 also shows that, for the radial RMS velocity
[Figs. 7(b), 7(d), and 7(f)], a pronounced peak of v /U e along
the centerline of the chamber occurs for θ j = 5◦ case at
x/L c = 0.28, which is associated with the jet impingement
point (Pi ) in this case. That is, a high degree of radial velocity
ﬂuctuation is associated with this point. A large ﬂuctuation
in the radial velocity is commonly associated with a lateral
(cross-stream) offset of the jet impingement point, such as a jet
precession,36 and has been widely documented for multiple-jet
conﬁgurations.16–18,36,40 In addition, the peak value of v /U e
along the centerline of the chamber decreases with an increase
in θ j (from 5◦ to 15◦ ), which also suggests a reduction in the
extent of ﬂow oscillation at Pi .
It is also important to note that, regardless of the value
of α j and θ j , the magnitude of u /U e is typically higher
than v /U e , inferring that a high degree of Reynolds stress
anisotropy exists in the current MIJCC conﬁgurations. This
is consistent with the ﬁndings from our previous work for
non-azimuth jets’ conﬁgurations6 and it is of particular relevance to the development of computational modeling.26 This
implies that Reynolds-averaged Navier-Stokes (RANS) models which solve the Reynolds stress components individually
(e.g., Reynolds stress model26 ) are likely to be more accurate
than isotropic models.41
Figure 8 presents the normalized integral length scales
(L u /Dpipe ) along the centerline of the MIJCC for the cases
where α j = 25◦ and θ j = 5◦ , 10◦ , and 15◦ . The integral length
−1
scale (L u ) is deﬁned as Lu = ∫ 0r0 u(x)u(x + r)u2  dr, where
u(x) denotes the ﬂuctuating component of the axial velocity
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FIG. 8. Evolution of the integral length scale (L u ) along the centerline of the
Multiple Impinging Jets in a Cylindrical Chamber (MIJCC) normalized by the
inlet nozzle diameter (Dpipe ), as functions of chamber length for (a) αj = 25◦
and θ j = 5◦ , (b) αj = 25◦ and θ j = 10◦ , and (c) αj = 25◦ and θ j = 15◦ . Here the
colored arrows denote the location of the stagnation point for each case. For
the inset, the equivalent jet exit diameter, De , is the diameter of an equivalent
circular pipe with the same exit area as the four inlet jets. The equivalent axial
coordinate, x ∗ , along the axis of the central resulting jet can be approximated
as being x ∗ = x 0 + (x − x i ), where x i denotes the distance between the throat
and impingement point and x 0 denotes the distance along the local axis of
each inlet jet between the pipe exit and jet impingement point. For clarity, the
ﬁgure only presents one in two data points.

and r 0 corresponds to the ﬁrst zero crossing of the autocorrelation function u(x)u(x + r)u2 −1 , following Xu and
Antonia.42 It can be seen that the value of L u /Dpipe increases
along the centerline upstream from the stagnation point Ps
(labeled with the corresponding colored arrows) for all three
cases, with the slope of L u /Dpipe increasing as θ j is increased
from 5◦ to 15◦ . The maximum value is L u /Dpipe ≈ 2.7 for
the case where θ j = 5◦ . This trend indicates that the extent
of large-scale motion increases both along the centerline and
within the corresponding ERZ region. However, downstream
from the Ps where the CRZ region is dominant, the value of
L u /Dpipe substantially decreases, with the minimum value of
L u /Dpipe ≈ 1.5 occurring for the case of θ j = 15◦ . This decrease
is possibly caused by the absence of the central jet ﬂow for
larger θ j cases (as shown in Fig. 3), which reduces the largescale motion in the CRZ region. Hence, it can be concluded
that the large-scale ﬂow motion, and hence the integral length
scales, depends strongly on the position of the ERZ and CRZ
within the chamber, which is also characterized by the value
of θ j .
For comparison with previous measurements of a single
unconﬁned jet, the inset of Fig. 8 presents the integral length
scale (L u /De ) of the central resulting jet (downstream from the
jet impingement point Pi ) for the case of α j = 25◦ and θ j = 5◦
together with the HWA (hot-wire anemometry) data of Mi and
Nathan43 for a round pipe. The equivalent jet exit diameter,
De , can be expressed as De = Nj Dpipe , where N j denotes
the number of jets. That is, De is the diameter of an equivalent circular pipe with the same exit area as the four inlet
pipes. The equivalent axial coordinate, x ∗ , along the axis of
the central resulting jet can be approximated as being x ∗ = x 0
+ (x − x i ), where x i denotes the distance between the throat and
impingement point and x 0 denotes the distance along the local
axis of each inlet jet between the pipe exit and jet impingement point.6 It can be seen that the evolution of L u /De within

055110-11

Long et al.

Phys. Fluids 30, 055110 (2018)

TABLE III. Dimensionless location of the jet impingement, stagnation, and minimum velocity points along the
centerline of the MIJCC chamber.
Experiment
case no.

Conﬁgurations

Jet impingement
point, Pi , (x/L c )

Stagnation
point, Ps , (x/L c )

Minimum velocity
point, Pmin , (x/L c )

1

MIJCC-25-05

0.27

0.65

>0.65

2

MIJCC-25-10

0.25

0.38

0.47

3

MIJCC-25-15

0.21

0.28

0.34

4

MIJCC-35-05

0.23

0.59

>0.65

5

MIJCC-35-10

0.21

0.28

0.35

6

MIJCC-35-15

0.14

0.17

0.23

7

MIJCC-45-05

0.19

0.45

0.56

8

MIJCC-45-10

0.14

0.18

0.21

9

MIJCC-45-15

<0.13

<0.13

0.16

the central resulting jet for the case of θ j = 5◦ is greater than a
single unconﬁned jet within 7 ≤ x ∗ /De ≤ 18, although the value
of L u /De at x ∗ /De = 7 coincides fairly well with each other. The
maximum difference occurs at x ∗ /De ≈ 16, with L u /De for the
current case of θ j = 5◦ being 35% higher than that in the work
of Mi and Nathan.43 This result highlights that the combination of the presence of walls (conﬁnement), the interaction of
multiple-jets, and the swirling ﬂow increases substantially the
large-scale ﬂow motion for the rotationally symmetric jets’
conﬁgurations.
C. Eﬀects of jet azimuthal and inclination angles

Table III presents a summary of the location of the jet
impingement (Pi ), stagnation (Ps ) and minimum velocity
(Pmin ) points along the centerline of the MIJCC chamber for
all experimental cases. It can be seen that an increase in either
angle tends to move these points closer to the inlet plane, as
expected.
Figure 9 presents the normalized location of (a) the jet
impingement point (Pi ), (b) the stagnation point (Ps ), and
(c) the minimum velocity point (Pmin ) as a function of jet
azimuthal angles (θ j ) for α j = 25◦ , 35◦ , and 45◦ . All measured
data points are labeled with solid makers, while some “out
of measurement region” points which are labeled with hollow
markers are extrapolated from Table III. As noted from the
table, it can be seen from Fig. 9(a) that the increase in either
α j or θ j leads to an upstream progression of Pi . The location
of Pi moves from x/L c = 0.27 for the case of α j = 25◦ and
θ j = 5◦ to x/L c < 0.13 for the case of α j = 45◦ and θ j = 15◦ ,
which is approximately 15% of the total chamber length.
Hence, the inﬂuence of varying α j between 25◦ and 45◦ or
θ j between 5◦ and 15◦ on the location of Pi is quantitatively
similar.
Figure 9(b) shows that Ps moves upstream more signiﬁcantly than does Pi with an increase in either α j or θ j . That is,
the upstream progression of the CRZ depends on both the α j
and θ j . However, the effect is non-linear so that, for a given
value of α j , the upstream movement of Ps is more signiﬁcant
from θ j = 5◦ to 10◦ (≈27%) than that from θ j = 10◦ to 15◦

FIG. 9. Normalized location of the (a) jet impingement point (Pi ), (b) stagnation point (Ps ), and (c) minimum velocity point (Pmin ) along the centerline of
the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC), as a function
of jet azimuthal angles (θ j ) for αj = 25◦ , 35◦ , and 45◦ .
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FIG. 10. (a) The normalized maximum mean axial velocity (absolute), |(U c /U e ) | max.cl , and (b) the normalized minimum mean axial velocity (absolute),
|(U c /U e ) | min.cl , along the centerline of the chamber, as a function of jet azimuthal angles (θ j ) for αj = 25◦ , 35◦ , and 45◦ .

(≈10%). By contrast, an increase in α j from 25◦ to 45◦ results
in a consistent 10% upstream progression between each point
for a given value of θ j . That is, θ j has a greater inﬂuence on the
CRZ than does α j for these rotationally symmetric conﬁned
jets.
The results in Fig. 9 also show that, for the cases where
θ j is small (θ j = 5◦ ), an increase in α j from 25◦ to 45◦ does
not lead to the presence of Ps within the upstream half of the
main cavity (x/L c < 0.45), while for the cases where θ j is relatively large (θ j = 15◦ ), Ps is even measured at x/L c = 0.28
for the smallest α j = 25◦ case. This indicates that the inﬂuence of the jet inclination angle (α j ) on the large-scale CRZ
within the main chamber is expected to be greater for larger θ j
MIJCC conﬁgurations (θ j ≥ 10◦ ) than for smaller θ j MIJCC
conﬁgurations (θ j < 10◦ ). In addition, the trend of upstream
movement for the minimum velocity point Pmin [Fig. 9(c)] is
qualitatively similar to that of Ps which has maximum 35% and
10% progressions for constant α j and constant θ j , respectively.
That is, an increase in either θ j or α j tends to move the central
reverse ﬂow further upstream, while the inﬂuence of θ j is more
signiﬁcant.
Figure 10 presents (a) the normalized maximum mean
axial velocity (absolute), |(U c /U e )| max.cl , and (b) the normalized minimum mean axial velocity (absolute), |(U c /U e )| min.cl ,
along the centerline of the chamber, as a function of jet
azimuthal angles (θ j ) for α j = 25◦ , 35◦ , and 45◦ . It can be
seen that an increase in θ j leads to a signiﬁcant decrease
of |(U c /U e )| max.cl for the cases of α j = 25◦ , 35◦ , and 45◦ ,
although the decay rates for each α j differ. For the α j = 25◦
conﬁgurations, the rate at which |(U c /U e )| max.cl decreases with
increasing θ j is almost constant so that an overall 60% reduction in |(U c /U e )| max.cl occurs as θ j is increased from 5◦ to
15◦ . However, the rate of |(U c /U e )| max.cl decays faster between
θ j = 10◦ and 15◦ than that between θ j = 5◦ and 10◦ for
α j = 35◦ cases, with an overall 85% reduction as θ j is increased
from 5◦ to 15◦ . For α j = 45◦ cases, the decay rate within the
range of 10◦ ≤ θ j ≤ 15◦ is slightly lower than that in 5◦ ≤ θ j
< 10◦ and the total reduction in |(U c /U e )| max.cl achieves the
highest (≈95%). Hence, the inﬂuence of θ j on the magnitudes
and decay rates of |(U c /U e )| max.cl is not linear and depends
strongly on the value of α j .

It can also be seen from Fig. 10(b) that a linear increase
in |(U c /U e )| min.cl was measured as θ j is increased from 5◦ to
15◦ for α j = 25◦ and 35◦ cases. However, the dependence of
|(U c /U e )| min.cl on θ j increases between θ j = 5◦ and 10◦ and
then decreases between θ j = 10◦ and 15◦ for α j = 45◦ cases.
The reduction in slope for θ j = 15◦ is attributed to an increase in
the signiﬁcance of ﬂow unsteadiness within in the CRZ region,
which was observed in the planar images.
Figure 11 presents three radial proﬁles of the normalized
radial RMS velocity (v /U e ) within the CRZ region (downstream from Ps ) for the cases of α j = 45◦ , θ j = 5◦ (solid markers)
and α j = 45◦ , θ j = 15◦ (hollow markers). It can be seen that
a pronounced peak of v /U e was observed at all three axial
distances for the case of θ j = 15◦ , with the proﬁles also being
almost identical. By contrast, ﬂat proﬁles of v /U e with low
magnitudes were measured for θ j = 5◦ case. This implies that
the ﬂow oscillation (radial direction) is much greater within
the CRZ along the central axis for θ j = 15◦ case than for
θ j = 5◦ case. The oscillations are key characteristics of ﬂow
unsteadiness such as the PVC (precessing vortex core) which
is well known to be generated within a CRZ.27,30,36 This also
explains the trend of |(U c /U e )| min.cl for the cases of α j = 45◦ in
Fig. 10(b).

FIG. 11. Radial proﬁles of the normalized radial RMS velocity (v /U e ) within
the central recirculation zone (CRZ) for the cases where αj = 45◦ , θ j = 5◦
(solid markers), and θ j = 15◦ (hollow markers). For clarity, the ﬁgure only
presents one in two data points.

055110-13

Long et al.

Phys. Fluids 30, 055110 (2018)

Overall, it can be concluded that, for a given value of α j
(25◦ ≤ α j ≤ 45◦ ), an increase in θ j from 5◦ to 15◦ leads to a
decrease in |(U c /U e )| max.cl and an increase in |(U c /U e )| min.cl
for most cases, which in turn suggests that the strength of the
ERZ, corresponding to |(U c /U e )| max.cl , is decreased, and the
strength of CRZ [corresponding to |(U c /U e )| min.cl ] is increased
for higher θ j conﬁgurations.
Figure 12 presents the averaged radial RMS velocity
within the CRZ region (v CRZ.cl /U e ) along the centerline of
the chamber, as a function of the length of the central recirculation zone (L CRZ ), for all experimental cases. The value of
L CRZ refers to the maximum axial length of the CRZ region,
which can be calculated as L CRZ = L c − L s . Here L s denotes the
distance between the throat and the stagnation point (shown in
the inset of Fig. 12). Please note that the value of v CRZ.cl /U e is
calculated only within the range of 0.13 ≤ x/Lc ≤ 0.65, while
the value downstream from x/Lc = 0.65 is small for most cases
and is estimated to have a negligible inﬂuence on the results
in Fig. 12. The data for the case of α j = 25◦ and θ j = 5◦ are
not included because Ps is located too close to the boundary
of the PIV image. It can be seen that the slope of v CRZ.cl /U e is
relatively small and the value is within the range of 0.018
≤ v CRZ.cl /U e ≤ 0.028 for the cases where 0.4 ≤ L CRZ /L c
≤ 0.72, while the slope of v CRZ.cl /U e increases signiﬁcantly
for the cases where L CRZ /L c > 0.72 to achieve the highest value
of v CRZ.cl /U e = 0.057 for the case of α j = 45◦ and θ j = 15◦ . This
trend is further evidence supporting the ﬁnding that the ﬂow
oscillation within the CRZ increases with azimuthal angles
(Figs. 10 and 11), which in turns suggests that the increased
dependence of v CRZ.cl /U e on θ j is strongest for the cases with
large α j (≥35◦ ) and θ j (>10◦ ). In addition, this increase is
most likely to be associated with the increased extent of ﬂow
unsteadiness (e.g., PVC) within the CRZ region, as previously
discussed.

FIG. 12. Averaged radial RMS velocity (v CRZ.cl /U e ) within the CRZ region
as a function of the length of the central recirculation zone (L CRZ ). The value of
L CRZ refers to the maximum axial length of the CRZ region, L CRZ = L c − L s ,
where L s denotes the distance between the throat and the stagnation point
(Ps ).

FIG. 13. Schematic diagrams of the three dominant ﬂow regimes that have
been identiﬁed within the rotationally symmetric MIJCC conﬁgurations. (a)
Regime I: Dominant external recirculation zone with a downstream central
recirculation zone. (b) Regime II: Dominant external and central recirculation
zones. (c) Regime III: Dominant central recirculation zone with an upstream
external recirculation zone.
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TABLE IV. Deﬁnition of ﬂow regimes in the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC)
conﬁguration equipped rotationally symmetric jets.
Flow regime

Characteristics

Regime I

The dominance of an external recirculation zone (ERZ) within the cylindrical chamber
so that its length exceeds half the chamber length, and a small central recirculation zone
(CRZ) occurs downstream from the stagnation point.
The location of the stagnation point at x/L c > 0.5.

Regime II

The dominance of an ERZ within the upstream half of the chamber and a dominant CRZ
downstream from the stagnation point.
The location of the stagnation point at 0.25 < x/L c < 0.5.

Regime III

The dominance of CRZ within the majority of the cylindrical chamber and the presence
of a high intensity ERZ at the upstream edge of the chamber.
The location of the stagnation point at x/L c < 0.25.
The location of the jet impingement point at the conical section (x/L c < 0.15).

D. Characterization of ﬂow regimes

Figure 13 presents schematic diagrams of the three dominant ﬂow regimes that have been identiﬁed within the rotationally symmetric MIJCC conﬁgurations. The key features of
the three ﬂow regimes are summarized in Table IV, using both
the ﬂow visualization and quantitative data. More details are
presented in the following:
1. Regime I: Dominant external recirculation zone
with downstream central recirculation zone

Regime I is characterized by a merged resulting jet within
the upstream half of the chamber, together with an external recirculation zone (ERZ), which runs almost 2/3 of the
cylindrical chamber. A jet impingement point (Pi ) is observed
downstream from the conical chamber. The ERZ is a dominant
feature of this regime, which typically features a high vortex
strength and a uniform distribution of the ﬂow recirculation
rate.6 The central ﬂow bifurcates into a small central recirculation zone (CRZ) downstream from the stagnation point at
x/L c > 0.65, although the strength of the CRZ is relatively low.
This regime features a symmetric ﬂow structure that is qualitatively similar to that identiﬁed for the MIJCC conﬁguration6
with α j = 25◦ and θ j = 0◦ .
2. Regime II: Dominant external and central
recirculation zones

Regime II is characterized by an upstream progression of
the stagnation point (Ps ) within the chamber from x/L c > 0.65
to x/L c ≈ 0.25, which generates a dominant central recirculation zone (CRZ) within the downstream half of the chamber.
An ERZ region is also observed within the upstream of the
chamber, although its size is reduced relative to Regime I.
Importantly, the strength of the ERZ in this regime is typically
much greater than that for the CRZ. In addition, a low-velocity
swirling ﬂow is generated within the CRZ region.

upstream movement in the points of jet impingement (Pi ), stagnation (Ps ), and minimum velocity (Pmin ). As Ps approaches
the upstream edge of the cylindrical chamber (x/L c ≈ 0.13),
this regime will generate substantial transport of ﬂuid from the
main cavity toward the aperture and secondary concentrator,
which is typically undesirable for solar thermal applications.
The RMS velocity data also reveal that this regime tends
to amplify the ﬂow unsteadiness within the dominant CRZ
region.
Figure 14 presents the geometric conﬁgurations for which
the ﬂow regimes are generated as a function of the jet azimuthal
angle (θ j ) for the conﬁgurations of α j = 25◦ , 35◦ , and 45◦ . An
additional case of α j = 50◦ and θ j = 5◦ is also included in
this map, which was obtained under the same experimental
condition described in Sec. II. Here the x-axis refers to the
value of jet azimuthal angles (θ j ) while the y-axis refers to the
value of jet inclination angles (αj ). The colored points denote
the experimental cases and the contour maps denote the corresponding regimes of ﬂow. It can be seen that, for a given value
of α j , an increase in θ j leads to the transition from Regime I
to Regime III, and vice versa. This implies that the transition
and presence of each ﬂow regime depend on both the α j and
θ j investigated here. Nevertheless, the increment of α j (∼10◦ )
in which the transition between each regime is greater than
that for θ j (∼5◦ ). This is distinctly different from the case in
which θ j = 0◦ , for which an increase in α j causes a signiﬁcant reduction in the extent of the ERZ without a CRZ being
generated further downstream from the ERZ.6 This implies

3. Regime III: Dominant central recirculation zone
with an upstream external recirculation zone

Regime III is qualitatively similar to Regime II, except
that the CRZ is more dominant. It is also associated with a
further reduction in the distribution of the ERZ and a signiﬁcant

FIG. 14. Map of ﬂow regimes as a function of the jet inclination angles
(αj ) and the jet azimuthal angles (θ j ) for the Multiple Impinging Jets in a
Cylindrical Chamber (MIJCC) equipped rotationally symmetric jets.
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that the case of α j is a singularity and that it is necessary for
θ j > 0◦ to generate a CRZ and also for αj to have inﬂuence.
Hence, taken together, it can be concluded that, for the rotationally symmetric jets within a conﬁned space, the jet azimuthal
angle (θ j ) is the dominant parameter that characterizes the
presence of both the ERZ and CRZ regions, regardless of the
value of α j , while the jet inclination angle (α j ) can signiﬁcantly inﬂuence the ERZ for which θ j = 0◦ or both the ERZ
and CRZ for which θ j > 0◦ .
Figure 14 also shows that Regime I occurs for the cases in
which α j and θ j are both relatively small (α j < 45◦ , θ j < 10◦ ),
while Regimes II and III are favored for the cases of large α j
with a signiﬁcant θ j . This also suggests that the jet azimuthal
angle for applications related to combustion and solar thermal
technologies should be chosen sufﬁciently low (e.g., θ j < 10◦ )
to minimize the risk of transporting ﬂuid through the secondary
concentrator or aperture.
IV. CONCLUSIONS

An experimental study of the iso-thermal ﬂow ﬁeld within
a cylindrical chamber with rotationally symmetric jets has
found that the characteristics of the mean and RMS (rootmean-square) ﬂow-ﬁelds exhibit a primary dependence on the
jet azimuthal angles (θ j ) and a secondary dependence on the
jet inclination angles (α j ). The key outcomes of the study are
as follows:
1. For a given value of α j (25◦ ≤ α j ≤ 45◦ ), an increase in
θ j from 5◦ to 15◦ leads to a decrease in the strength of
the resulting jet ﬂow and an increase in the strength of
the downstream reverse ﬂow, which changes the position
and strength of the external recirculation zone (ERZ) and
central recirculation zone (CRZ). It was also found that
an increase in α j from 25◦ to 45◦ causes a more signiﬁcant upstream progression of the CRZ for conﬁgurations
where θ j ≥ 10◦ than that of θ j < 10◦ , which indicates that
the effect of α j depends strongly on θ j .
2. The presence of sufﬁcient swirl was found to inhibit the
large-scale oscillations (e.g., jet precession) that are otherwise associated with the jet impingement point (Pi ).
For example, an increase in θ j from 5◦ to 15◦ avoids the
large velocity ﬂuctuations associated with large-scale jet
oscillation and precession within the resulting jet ﬂow
downstream from Pi that do occur for the case of α j = 25◦
and θ j = 5◦ . However, ﬂow unsteadiness within the CRZ
region (e.g., precessing vortex core) was found to be
ampliﬁed for large θ j cases that occur when α j = 45◦
and θ j = 15◦ .
3. A high degree of Reynolds stress anisotropy was found
in all experiment cases investigated here (25◦ ≤ α j ≤ 45◦
and 5◦ ≤ θ j ≤ 15◦ ). Also, the large-scale ﬂow motion
corresponding to the integral length scale (L u ) depends
strongly on the position of the ERZ and CRZ regions.
4. The magnitudes of mean and RMS velocities were found
to be higher for the ERZ than those for the CRZ due to
the strong interaction between inlet jets and the ERZ.
This implies that the recirculation rate of the ERZ is
greater than that for the CRZ. In addition, the velocity
ﬂuctuations were found to be stronger within the central
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region of the chamber for ERZ, in contrast to the CRZ
for which the velocity ﬂuctuations are greatest close to
the wall region.
5. Three distinctive ﬂow regimes were found within
the Multiple Impinging Jet in a Cylindrical Chamber
(MIJCC) investigated here depending on both α j and θ j ,
but most strongly on θ j . The three ﬂow regimes are as
follows:
a. Regime I: an upstream ERZ is dominant with a weak
downstream CRZ.
b. Regime II: an upstream ERZ is of similar extent to a
downstream CRZ.
c. Regime III: the downstream CRZ is dominant with a
small ERZ upstream from the stagnation point.
6. For applications of combustion in a solar receiver, it
is likely that some swirl will be desirable to avoid
oscillations associated with jet precession. However, θ j
should also be sufﬁciently low (e.g., θ j < 10◦ ) to minimize the risk of transporting ﬂuid through the secondary
concentrator or aperture.
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We report a systematic study of the interaction between four rotationally symmetric jets within a
cylindrical chamber obtained with particle image velocimetry, under conditions relevant to a wide
range of practical applications including the hybrid solar receiver combustor. The geometry consists
of a cylindrical cavity with four inlet jets (representing four burners), which are conﬁgured in an
annular arrangement and aligned at an inclination angle (α j ) to the axis with a tangential component
(azimuthal angle θ j ) to generate a swirl in the chamber. The conﬁgurations of α j = 25◦ were assessed
with two azimuthal angles θ j = 5◦ and 15◦ , a range of chamber aspect ratios (L c /Dc ), and a ﬁxed
nozzle Reynolds number of ReD = 10 500. The experimental results reveal a signiﬁcant dependence
of the mean and turbulent ﬂow-ﬁelds on the aspect ratio L c /Dc for the values of α j and θ j considered
here. Three different ﬂow regimes and their controlling parameters were identiﬁed within the range
1 ≤ L c /Dc ≤ 3. The dependence of the ﬂow characteristics on the chamber length L c was weak within
1.5 < L c /Dc ≤ 3, but signiﬁcant for 1 ≤ L c /Dc ≤ 1.5. It was also found that the value of L c /Dc has a
controlling inﬂuence on the position and strength of large-scale recirculation regions, together with
the extent of ﬂow unsteadiness, although this inﬂuence is reduced as θ j is increased. Published by
AIP Publishing. https://doi.org/10.1063/1.5063500

I. INTRODUCTION

Multiple conﬁned jets have been widely used in engineering applications such as solar receiver reactors,1 gas turbine
engines,2 ventilation systems,3 and multiple-burner combustors.4 However, comprehensive understanding of the ﬂow-ﬁeld
in these systems is still lacking owing to the large number of
controlling parameters, such as jet angles,5 the extent of conﬁnement by walls,6 and ﬂow conditions.7 Of particular interest
here are those conﬁgurations featuring multiple jets of relevance to the Hybrid Solar Receiver Combustor (HSRC) under
development at the University of Adelaide.8–12 This device
features a cavity that is operable as either a solar receiver or a
combustion chamber equipped with multiple burners to direct
fuel and air into the main cavity and tubular heat exchangers
to transfer the thermal energy to the heat transfer ﬂuid. The
burners are conﬁgured in an annular ring and aligned at an
inclination angle (α j ) relative to the axis of the cavity and/or
at an azimuthal angle (θ j ) relative to the axis of the burner,
resulting in a swirling ﬂow within the main cavity. For conditions in which both α j > 0◦ and θ j > 0◦ , this arrangement
is termed “rotationally symmetric.” Previous investigations of
the ﬂow-ﬁelds within the HSRC revealed a signiﬁcant effect
of the jet angles (α j and θ j ) on the strength and position
of the large-scale recirculation which is critical for achieving desirable ﬂow regimes.10,11 In addition, the aspect ratio
of L c /Dc has a strong inﬂuence on thermal efﬁciency and
a) Author to whom correspondence should be addressed: shen.long@adelaide.

edu.au
1070-6631/2018/30(12)/125108/15/$30.00

capital cost.9,12 Nevertheless, the dependence of the important ﬂow characteristics on the key geometrical parameters,
such as the length (L c ) and diameter (Dc ) of the chamber,
remains unknown. Hence, the overall objective of the present
paper is to provide new understanding of the ﬂow characteristics generated with multiple rotationally symmetric inlet-jets
within a cylindrical chamber for a range of chamber aspect
ratios L c /Dc .
Previous studies of ﬂow-ﬁelds generated with multiple
symmetric jets within a conﬁned space revealed that the ﬂow
structure depends strongly on the arrangement and geometrical features of jets.3,4,10,11,13–16 Chammem et al.3 deﬁned
the ﬂow structure downstream from the jet impingement point
(Pi ) as the “resulting jet ﬂow” and that upstream as the
“upstream reverse ﬂow” noting that these ﬂow features are
signiﬁcantly inﬂuenced by α j . The experimental studies of
Boushaki and Sautet 4 employing Particle Image Velocimetry
(PIV) showed that an increase in α j from 0◦ to 30◦ leads to
a signiﬁcant increase in the magnitude of mean and turbulent velocity ﬁelds within the jet merging region. Similarly,
the PIV measurements of Long et al.10,11 found a strong
dependence on jet angles (α j and θ j ) of the instantaneous
and mean ﬂow-ﬁelds generated with multiple symmetric jets.
However, to the best of our knowledge, little or no information is available for the key geometrical parameters (e.g.,
L c and Dc ) of the conﬁned space for multiple jet conﬁgurations, although the aspect ratio of geometry has been found
to have a signiﬁcant inﬂuence on the ﬂow-ﬁelds of free
jet impingement17–19 and cavity ﬂow.20–22 Importantly, the
existing experimental data provide insufﬁcient information to
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adequately understand the effect of the aspect ratio on the multiple conﬁned jets in which both α j and θ j are variables. Hence,
there is a need to obtain reliable, comprehensive, and sufﬁcient data to fully characterize the inﬂuence of the chamber
aspect ratio L c /Dc on the mean and RMS (root-mean-square)
ﬂow-ﬁelds generated with multiple inclined jets in a conﬁned
space.
The inﬂuence of conﬁnement on the ﬂow-ﬁelds has been
investigated for a wide range of applications.16,17,23–27 It has
been found that the distance between the jet exit and an end
plate, termed “conﬁnement height” (H c ), can signiﬁcantly
inﬂuence the position and strength of the recirculation regions,
wall jet development, and jet velocity.17,23,24,26 It has also been
found that the inﬂuence of the aspect ratio of a conﬁned space
is signiﬁcant for near-ﬁeld but negligible for far-ﬁeld within a
swirled jet chamber.27 However, while these previous studies
provide useful insight, they are of limited value for model validation due to the lack of information available for the inﬂow
and boundary conditions. Another limit of these studies is that
they have been performed almost exclusively for a single jet,
which makes it difﬁcult to directly apply to multiple conﬁned
jets. In our previous work, Long et al.11 revealed the presence
of both an external and internal recirculation zone (ERZ and
CRZ) within these conﬁgurations. The ERZ and CRZ regions
are associated with the entrainment rate (or the recirculation
rate) within the chamber, which is important for combustion
stabilization and thermal efﬁciency.28–30 However, this was
assessed for a ﬁxed value of L c /Dc = 3 so that the inﬂuence of L c /Dc on large-scale recirculation regions is yet to
be reported. Hence, additional measurements are needed to
identify the inﬂuence of the chamber aspect ratio L c /Dc on the
dominant recirculation zones generated by multiple jets within
a cylindrical chamber.
To meet the aforementioned needs, the present paper
aims to provide new understanding of the iso-thermal ﬂowﬁelds generated with a Multiple Impinging Jet in a Cylindrical Chamber, termed “MIJCC.” More speciﬁcally, it aims:
(a) to provide a detailed characterization of the ﬂow generated with multiple rotationally symmetric inlet-jets within
a cylindrical chamber for the aspect ratios L c /Dc = 3, 2.5,
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2, 1.5, and 1; (b) to identify the inﬂuence of the chamber
aspect ratio L c /Dc on both the mean and RMS ﬂow-ﬁelds
within a cylindrical chamber with multiple jets; and (c) to
characterize the dependence of the large-scale recirculation
zones (ERZ and CRZ) on the aspect ratio L c /Dc for low-swirl
(α j = 25◦ and θ j = 5◦ ) and high-swirl (α j = 25◦ and θ j = 15◦ ) jet
conﬁgurations.

II. METHODOLOGY
A. Experimental conﬁgurations

The experimental MIJCC conﬁguration is presented
schematically in Fig. 1. The design principles have been
reported in our previous work,11 so here only the key geometrical features are discussed. The cavity of the MIJCC consists
of a cylindrical chamber with a conical expansion, a secondary
concentrator (SC), and four rotationally symmetric inlet jets
(N j = 4). The inlet jets were distributed around the main cavity with a combination of an inclination angle (α j ) and an
azimuthal angle (θ j ). The ﬂow leaves the device through an
annular outlet around a bluff end-wall.
The values of the key geometrical parameters are listed in
Table I. The diameter of the MIJCC was ﬁxed at Dc = 74 mm,
while the length of the chamber was set at either L c = 185 mm,
148 mm, 111 mm, or 74 mm, resulting in aspect ratios of
L c /Dc = 2.5, 2, 1.5, or 1. These ratios were selected to span
a sufﬁcient range of ﬂow-features and cover realistic geometrical dimensions for relevant applications. In addition, the
chamber length of our previous work L r = 225 mm (L r /Dc = 3)
was chosen as reference cases for comparison with the present
study (labelled with an asterisk in Table II). Two azimuthal
angles of θ j = 5◦ and 15◦ were investigated at a ﬁxed inclination angle of α j = 25◦ , representing the “low-swirl” and
“high-swirl” conﬁgurations, respectively. These angles were
chosen to generate the two main classes of ﬂow identiﬁed in our
previous work,11 which found that either a dominant ERZ or
CRZ regime can be generated within the cylindrical chamber,
depending on the geometry. All experimental cases are listed in
Table II.

FIG. 1. Schematic diagram of the MIJCC conﬁgurations investigated in the present study, showing the key geometrical parameters from the axial cross section
(left) and the radial cross section (right).
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TABLE I. Values of the geometrical parameters of the MIJCC conﬁgurations
investigated in the present study.
Dimensions
Dc
Dsc
Dth
Dpipe
Lc
Lr
L pipe
W out
β con
γ sc
αj
θj

Description

Value

Chamber diameter (mm)
Diameter of the SC (mm)
Throat diameter (mm)
Inlet pipe diameter (mm)
Chamber length (mm)
Reference chamber length (mm)
Inlet pipe length (mm)
Width of the outlet gap (mm)
Conical expansion angle (deg)
Angle of the SC (deg)
Jet inclination angle (deg)
Jet azimuthal angle (deg)

74
74
24.6
3.35
185, 148, 111, and 74
225
150
3
40
40
25
5 and 15

TABLE II. The notation for the MIJCC conﬁgurations investigated in the
present study.
Experiment
case no.
1
2
3
4
5
6
7
8
9∗
10∗

Conﬁgurations

Jet angles,
αj and θ j (deg)

Chamber aspect
ratio, L c /Dc

MIJCC-05-LD25
MIJCC-05-LD20
MIJCC-05-LD15
MIJCC-05-LD10
MIJCC-15-LD25
MIJCC-15-LD20
MIJCC-15-LD15
MIJCC-15-LD10
MIJCC-05-LD30
MIJCC-15-LD30

25 and 5
25 and 5
25 and 5
25 and 5
25 and 15
25 and 15
25 and 15
25 and 15
25 and 5
25 and 15

2.5
2
1.5
1
2.5
2
1.5
1
3
3

B. Experimental arrangement

The present experimental arrangement is similar to that
reported previously,10,11 so only the key experimental apparatus and parameters are described here. Planar Particle Image
Velocimetry (PIV) was employed to investigate the mean and
RMS ﬂow-ﬁelds with the MIJCC conﬁgurations. The working
ﬂuid was water at ambient temperature, while a closed-loop
system was used to recirculate the water from the outlets of
the tank to the inlet-pipes. A symmetrical manifold system
feeds ﬂuid to four pipes with a length-to-diameter ratio of
L pipe /Dpipe ≈ 196 (the straight pipe has a length of 46Dpipe ,
and the gently curved ﬂexible pipe has a length of 150Dpipe ),
which ensures that a fully developed pipe ﬂow is achieved at
the pipe exit plane.31 The ﬂow was seeded with hollow glass
spheres with a speciﬁc gravity of 1.1 and a particle diameter of
12 μm.
The optical arrangement, together with the axial measurement region, is presented schematically in Fig. 2, while
the details of the key experimental parameters are listed in
Table III. A Nd:YAG laser (Quantel Brilliant B) was used to
generate a light sheet with a combination of three cylindrical
lenses (Thorlabs). A Charged Coupled Device (CCD) camera (Kodak Megaplus ES2093) was used to capture the PIV
images for each measurement.
A total of 1900 PIV image pairs was collected and processed for each experimental condition. An in-house PIV code
in MATLAB R2015a (Mathworks) was employed to process
the raw images. A multi-grid correlation algorithm with 50%
overlap was applied to calculate the displacement of seeding particles and also to minimize noise. Outliers (erroneous
vectors) were identiﬁed by using an in-house PIV code in the
post-processing, which compares the value difference between

FIG. 2. (a) Schematic diagram of the PIV setup, showing the Nd:YAG laser, optical arrangement, water tank,
and camera, (b) the axial measurement region (green box
enclosed by a red dashed line) relative to the chamber
(not to scale), and (c) the radial cross section, showing
the laser sheet.
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TABLE III. Details of the key experimental parameters for the present PIV
measurements.
Experimental parameters
Bulk mean velocity at the nozzle exit, U e (m/s)
Inlet Reynolds number, ReD
Laser wavelength (nm)
Laser thickness (mm)
Camera array size (pixels)
Measurement region (mm)
Image bit depth (bit)
Spatial resolution (mm)
Interrogation window (pixels)

Value
2.8
10 500
532
1.5
1920 × 1080
123 × 65
12
2
32 × 32

the absolute and relative velocities. The average number of outliers was less than approximately 5% of the total vectors, and
all outliers were removed from the ensemble.

The overall uncertainty ( overall ) associated with the PIV
measurements was assessed via a series of systematic analyses,
which accounted for the uncertainty derived from the experimental apparatus (2%), calibration (±0.05 mm), laser timedelay (2%), and the image sample size (1%). On these bases,
the overall uncertainty for the present PIV measurements was
calculated to be  overall ≈ 5%.
III. RESULTS AND DISCUSSION
A. Mean ﬂow ﬁelds

Figure 3 presents the contours of the mean axial velocity (U x ) normalized by the nozzle exit velocity (U e ), showing the streamlines, labelled with arrows to indicate the ﬂow
direction (white arrows), and magnitude (color map) for the
conﬁguration of α j = 25◦ and θ j = 5◦ with (a) L c /Dc = 2.5,
(b) L c /Dc = 2, (c) L c /Dc = 1.5, and (d) L c /Dc = 1 and for

FIG. 3. Mean axial velocity normalized by the nozzle exit velocity (U x /U e ),
showing the streamlines, labelled with
arrows to indicate the ﬂow direction
(white arrows), and magnitude (color
map), for the conﬁguration of αj = 25◦
with θ j = 5◦ and 15◦ for (a) and (e) L c /Dc
= 2.5, (b) and (f) L c /Dc = 2, (c) and (g)
L c /Dc = 1.5, and (d) and (h) L c /Dc = 1.
Here x and r denote the axial and
radial locations of the chamber, respectively. The orange dashed line denotes
the upstream end of the annular outlet,
while the region downstream from this
line refers to the exit plane.
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the conﬁguration of α j = 25◦ and θ j = 15◦ with (e) L c /Dc
= 2.5, (f) L c /Dc = 2, (g) L c /Dc = 1.5, and (h) L c /Dc = 1. Here
x and r denote the axial and radial locations of the chamber,
respectively. The orange dashed line denotes the upstream end
of the annular outlet, while the region downstream from this
line refers to the exit plane. The location of the vortex-core
was determined by a combination of mathematical calculations
described by Grosjean et al.32 and visual observation. Owing
to the symmetry of the ﬂow in the MIJCC conﬁgurations,11
which was reconﬁrmed in the preliminary measurements, only
half of the measured region is presented here. For the conﬁgurations where θ j = 5◦ [Figs. 3(a)–3(d)], it can be seen that a
central resulting jet ﬂow occurs for all cases downstream from
the merging point (Pmer ) of the four inlet jets. This resulting
ﬂow generates a large vortex (counter-clockwise in Fig. 3, with
the vortex-core marked with a white “×”) dubbed the external recirculation zone (ERZ). The secondary vortex that was
found in the previous work of L c /Dc = 3,11 if present, must be
outside of the imaged region for L c /Dc = 2.5.
It can be seen that the position of the ERZ is almost independent of the chamber length for L c /Dc ≥ 2. For example,
the axial location of the ERZ vortex-core relative to the throat
location, x core , remains constant at x core ≈ 80 mm as L c /Dc is
reduced from 2.5 to 2 [Figs. 3(a) and 3(b), respectively]. However, as L c /Dc is further reduced from 2 to 1, x core decreases
to ≈60 mm, with the distance between the ERZ vortex-core
and the bluff end-wall (∆x end ) reduces to ∆x end ≈ 20 mm. In
addition, this decrease in the aspect ratio also increases the
radial location of the ERZ core (r core ) from r core ≈ 21 mm at
L c /Dc = 2.5 to r core ≈ 29 mm at L c /Dc = 1. These ﬁndings are
attributed to the effect of jet impingement on the bluff endwall that inﬂuences the development of the resulting ﬂow and
are consistent with a previous study employing an unconﬁned
single jet.17 Hence, it can be concluded that the position of the
ERZ exhibits a strong dependence on the aspect ratio L c /Dc for
low-swirl conﬁgurations (θ j = 5◦ ), which is most signiﬁcant
for L c /Dc < 2.
Figures 3(a)–3(d) also show that a reduction in the aspect
ratio L c /Dc leads to a signiﬁcant increase in the velocity magnitude of the inlet-jets upstream from the merging point. For
example, the velocity near the merging point increases by
≈35% from L c /Dc = 2.5 [Fig. 3(a)] to L c /Dc = 1 [Fig. 3(d)].
Since the inlet-jet parameters (α j , θ j , and U e ) are identical to
all cases, the increased value in U x /U e is attributed primarily to a reduction in the ﬂow oscillation at and upstream from
the merging point as L c is decreased. This reduction in ﬂow
unsteadiness, such as jet ﬂapping or precessing, is addressed
later in the paper and has also been widely reported previously
for multiple-jet conﬁgurations.16,33,34 For the current MIJCC
conﬁgurations, a shorter length of the chamber tends to restrict
both the “in-plane” and “out-of-plane” motions of the four
inlet-jets, which therefore inhibits the ﬂow oscillation that is
associated with the interaction between inlet-jets. In addition,
the reduction in the chamber length also increases the velocities in the ERZ, reducing the rate of decay in the jets upstream
from the merging point.
For the higher-swirl cases with θ j = 15◦ [Figs. 3(e)–3(h)],
the ERZ is much shorter and a central recirculation zone (CRZ)
also occurs within the measurement region so that no central
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resulting jet is generated. Instead the ﬂow bifurcates to form a
conically divergent resulting ﬂow downstream from the merging point. The cores of the ERZ and CRZ are marked with a
white “×” and a white “+,” respectively. It can be seen that the
axial and radial locations of the vortex-core within the ERZ
region remain constant at x core ≈ 56 mm and r core = 25 mm,
respectively, regardless of L c /Dc . By contrast, x core within the
CRZ moves upstream from x core ≈ 95 mm to x core ≈ 86 mm as
L c /Dc is reduced from 2.5 to 1.5. Importantly, as L c /Dc is further reduced to 1, the downstream CRZ is no longer observed
within the chamber due to insufﬁcient space. The vortex-core
of the ERZ at L c /Dc = 1 moves slightly to further downstream
(x core ≈ 58 mm), implying that L c /Dc inﬂuences the ERZ for
this case. This also suggests that the dependence of the ERZ
on L c /Dc will be increased if L c /Dc is further reduced (e.g.,
L c /D < 1). Hence, for the conﬁgurations with large azimuthal
angle (θ j = 15◦ ), the upstream ERZ region is almost independent of the value of L c /Dc for L c /Dc ≥ 1.5 but becomes
signiﬁcant for L c /Dc < 1.5, while the downstream CRZ region
depends strongly on all values of L c /Dc considered here.
Figure 4 presents the evolution of normalized mean axial
velocity along the axis (U c /U e ) for all MIJCC conﬁgurations
investigated here. The PIV data from our previous work 11 of
L c /Dc = 3 are also included. Each mean velocity measurement has been performed from the time-average of the 1900
PIV image pairs. In each ﬁgure, the dashed line denotes the
value of U c /U e = 0, while the dotted lines color-matched with
data points refer to the locations of the bluff end-wall. The jet
merging point, Pmer , refers to the location of the maximum
velocity along the centerline of the chamber [(U c /U e )max ], the
stagnation point, Ps , as the most upstream axial location of the
velocity zero-crossing (U c /U e = 0), which also denotes the
most downstream location of the resulting ﬂow, and the point
of the minimum axial velocity, Pmin , as the axial location of
the minimum velocity [(U c /U e )min ].
For the conﬁgurations of θ j = 5◦ [Fig. 4(a)], it can be
seen that a decrease in the aspect ratio L c /Dc does not change
the magnitude or location of U c /U e at the merging point,
with (U c /U e )max ≈ 0.26 at x/L c = 0.27 for all cases. However, downstream from the merging point, the evolution of
U c /U e is strongly inﬂuenced by L c /Dc . For example, as L c /Dc
reduces from 2.5 to 1.5, the location of the stagnation point
moves upstream from x/L c = 0.65 to 0.5, while the decay of
U c /U e decreases signiﬁcantly for L c /Dc = 1.5. This is possibly caused by the effect of the end-wall on the development
of central resulting jet ﬂow that reduces the entrainment rate
between the jet and surrounding ﬂuids.17,35 Importantly, large
data ﬂuctuations were found at x/L c ≈ 0.48, with RMS ≈ 0.037
for the case of L c /Dc = 1.5, which is consistent with the strong
gradients caused by the combined effects of a radial outlet
ﬂow, a bluff end-wall, and a cylindrical chamber. In addition,
for L c /Dc = 1 where the bluff end-wall closely approaches
the location of the merging point, the central resulting ﬂow
is almost absent [see also Fig. 3(d)] due to the conﬁnement
effect from the cylindrical walls, while the decay of U c /U e is
the highest for all cases. Hence, it can be concluded that, for
the case of θ j = 5◦ , reducing the aspect ratio L c /Dc signiﬁcantly
inhibits the axial development of the central resulting ﬂow for
L c /Dc < 2.
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FIG. 4. Evolution of normalized mean axial velocity along the centerline of the MIJCC conﬁgurations
(U c /U e ), as a function of the reference chamber length
(L r ) for the cases of (a) αj = 25◦ and θ j = 5◦ , (b) αj
= 25◦ and θ j = 15◦ , and for aspect ratios of L c /Dc = 1–3.
The dotted lines color-matched with data points refer to
the locations of the bluff end-wall. For clarity, only one
in two data points is presented.

For the θ j = 15◦ case [Fig. 4(b)], it can be seen that the
evolution of U c /U e along the axis is almost independent from
L c /Dc for L c /Dc ≥ 2. The value of (U c /U e )max is approximately
0.1 at x/L c = 0.21, while (U c /U e )min is approximately −0.05 at
x/L c = 0.37 for the cases of L c /Dc = 2–3. This shows that the
locations of both the merging and stagnation points are independent from L c /Dc for these cases. However, as the value
of L c /Dc reduces to 1.5, the location of the merging point
moves slightly upstream (from x/L c = 0.22 to 0.19), while
magnitude of (U c /U e )max reduces by 15%. The axial extent
of the negative velocity ﬂow (U c /U e < 0) was also found to
be reduced due to a shorter L c , although both the magnitude
and location of (U c /U e )min remain the same. For the shortest
L c considered here (L c /Dc = 1), no negative velocity region is
present owing to the absence of the CRZ [see also Fig. 3(h)].
In addition, the location of the merging point progresses further downstream to x/L c = 0.24, while the value of (U c /U e )max
increases to 0.15 for L c /Dc = 1. This indicates an increase
in the size and intensity of the ERZ for L c /Dc = 1, which
also highlights the effect of the bluff end-wall on the development of divergent resulting ﬂow. Hence, for the θ j = 15◦
case, the aspect ratio of L c /Dc can inﬂuence the ﬂow characteristics within the CRZ for L c /Dc > 1 or within the ERZ for
L c /Dc < 2.
Overall, the evolution of U c /U e ≥ 0 is almost independent
from the value of the chamber length L c before the resulting
ﬂow approaches the bluff end-wall of the chamber, while this
dependence increases signiﬁcantly as L c is further reduced.
This is also consistent with the qualitative ﬂow patterns in

Fig. 3 as both the recirculation regions and resulting ﬂow are
changed for certain values of L c depending on the conﬁgurations. Taken together, it can be concluded that the mean
velocity ﬁeld exhibits a strong dependence on the axial location
of the resulting ﬂow.
Figure 5 presents the evolution of the inverse mean axial
velocity of the central resulting jet ﬂow (U e /U c ) as calculated
on the equivalent axial coordinate from the jet origin
x ∗ = x0 + (x − xmer ),

(1)

where x mer denotes the distance between the throat and merging point and x 0 denotes the distance along the local axis of
each jet between the pipe exit and merging point (see also the
inset of Fig. 5). The cases with θ j = 15◦ are not reported due to
the absence of a resulting jet ﬂow along the centerline of the
chamber. However, the data for L c /Dc = 3 and θ j = 0◦ reported
previously10 for non-swirled jets are included as a reference,
and also included are the free pipe jet data of Xu and Antonia36 representing the unconﬁned single jet case. The axial
coordinate is normalized by the equivalent jet exit diameter,

De = Nj Dpipe ,
(2)
where N j denotes the number of jets and De is the diameter of
an equivalent circular pipe with the same exit area as the four
inlet pipes. Here the merging and stagnation points (Pmer and
Ps ) denote the most upstream and downstream of the resulting
ﬂow, respectively. It can be seen that, for all cases with a nonzero azimuthal angle (θ j > 0◦ ), the decay of U e /U c along the
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FIG. 5. Evolution of the inverse mean axial velocity of
the central resulting jet ﬂow (U e /U c ) along the axis of
the MIJCC for the case of αj = 25◦ and θ j = 5◦ for aspect
ratios of L c /Dc = 1–3. The equivalent axial coordinate,
x ∗ , and the equivalent jet exit diameter, De , are expressed
in Eqs. (1) and (2), respectively.

centerline of the chamber is signiﬁcantly greater than the nonswirled jet (θ j = 0◦ ) or single jet (N j = 1) conﬁgurations within
8 ≤ x ∗ /De ≤ 16, regardless of the value of L c /Dc . This is due
to the presence of θ j that increases the “out-of-plane” motion
from the inlet jets, which implies that the additional azimuthal
angle of the multiple-jet conﬁgurations substantially increases
the centerline velocity decay of the resulting ﬂows.
Figure 5 also shows that, for the conﬁgurations with
θ j = 5◦ , a decrease in L c /Dc from 3 to 2 leads to a decrease of
only 5% in the rate of decay, i.e., ∆(U e /U c )/∆(x ∗ /De ), while a
decrease in L c /Dc from 2 to 1.5 leads to a decrease in the rate of
decay by up to 40% at x ∗ /De = 13. The rate of centerline decay
has long been used as a measure of rate at which the jet ﬂow
exchanges momentum with the surrounding ﬂow.37 Hence this
step-change reduction at shorter chambers indicates a step
change in the intensity of the ERZ. However, for the shortest
chamber length considered here (L c /Dc = 1), the rate of decay
is the highest [∆(U e /U c )/∆(x ∗ /De ) ≈ 4], with U e /U c ≈ 8.5
at x ∗ /De ≈ 9. This is due to the insufﬁcient space downstream
from the merging point, which causes the distance between the
merging and stagnation points to approach zero [(x Ps − x Pmer )
≈ 0], implying that the resulting ﬂow is almost absent. Hence,
it can be concluded that the rate of decay of central resulting
ﬂow depends strongly on the distance between the merging and stagnation points—for the low-swirl conﬁgurations
(α j = 25◦ and θ j = 5◦ ) considered here.
B. Turbulent ﬂow ﬁelds

Figure 6 presents the evolution of the axial RMS (u )
and radial RMS (v ) velocities, normalized by the nozzle exit
velocity (U e ), along the centerline of the MIJCC for all experimental cases. Note that the legends are identical to all cases
with the same θ j for all ﬁgures in the paper. For the θ j = 5◦
cases [Figs. 6(a) and 6(b)], it can be seen that a decrease in
L c /Dc leads to a substantial decrease (≈20%) in both u /U e
and v /U e , particularly where L c /Dc ≤ 1.5. This suggests that
the ﬂow unsteadiness is substantially reduced as the chamber
length is decreased. However, for the θ j = 15◦ cases [Figs. 6(c)
and 6(d)], both the magnitudes of u /U e and v /U e are almost

independent from L c for all aspect ratios investigated here,
while the difference in the magnitude of u /U e and v /U e is
typically within 10%. This weaker dependence of the centerline velocity ﬂuctuations on L c /Dc for θ j = 15◦ than for
θ j = 5◦ provides further evidence of the reduced inﬂuence of the
chamber aspect ratio on ﬂow unsteadiness (e.g., precession) for
higher azimuthal angles.
It is also worth noting that for both θ j = 5◦ and θ j = 15◦
conﬁgurations, a signiﬁcant reduction in u /Ue and an increase
in v /Ue were measured in the region where the resulting
ﬂow approaches the bluff end-wall (≈5% of the total length
of L c before the end-wall). This is most signiﬁcant for the
cases where L c /Dc ≤ 1.5. That is, the impingement of the
resulting ﬂow on the bluff end-wall acts both to amplify the
velocity ﬂuctuations in the radial direction (v ) and to inhibit
the axial velocity ﬂuctuations (u ) within the impingement
region.
The results in Figs. 4–6 show that both the mean and RMS
ﬂow-ﬁelds are typically independent from the value of L c /Dc
= 3. Hence, subsequent analyses are performed only for the
range of 1 ≤ L c /Dc ≤ 2.5.
Figure 7 presents the radial proﬁles of the mean axial
(U x ), axial RMS (u ), and radial RMS (v ) velocities, normalized by the nozzle exit velocity (U e ), at the jet merging point
for all experimental conditions. (The L c /Dc = 3 case was not
included here because the measurements are almost identical
to the L c /Dc = 2.5 case.) The results in Fig. 7(a) show that,
for the θ j = 5◦ cases, the value of U x /U e at the merging point
is almost independent from the chamber length for 1 < L c /Dc
≤ 2.5. The peak mean velocity (U c /U e )max occurs on or near
to the central axis, while the region of negative velocity is typically limited to r/Dc ≥ 0.3 for all cases. This indicates that the
radial extent of the ERZ does not change signiﬁcantly with the
value of L c /Dc for L c /Dc > 1. However, as L c /Dc is decreased
to 1, the magnitude of velocity within r/Dc ≥ 0.2 increases by
approximately 10% and the radial location of negative velocity
extends to r/Dc ≥ 0.4. This highlights the inﬂuence of the bluff
end-wall on the ﬂow ﬁeld at and around the merging point for
all cases.
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FIG. 6. Evolution of the axial RMS (u ) and radial RMS
(v ) velocities, normalized by the nozzle exit velocity
(U e ), along the centerline of the MIJCC for the cases
of (a) and (b) αj = 25◦ and θ j = 5◦ , (c) and (d) αj = 25◦
and θ j = 15◦ , and for aspect ratios of L c /Dc = 1–3. For
clarity, only one in two data points is presented and the
legends are identical to all cases with the same θ j .

The results in Figs. 7(b) and 7(c) also show that a decrease
in L c /Dc leads to a maximum reduction of 20% in the value
of u /Ue, while the value of v /Ue remains almost independent
from the L c /Dc . The location of (u /Ue)max , which corresponds well with the maximum value of the mean velocity
gradient presented in Fig. 7(a), moves from r/Dc ≈ 0.16 to
r/Dc ≈ 0.09 and its magnitude decreases from (u /Ue)max
≈ 0.12 to ≈0.09 as L c /Dc is decreased from 2.5 to 1. However, the value of (v /Ue)max is approximately 0.08 at the

central axis (r/Dc = 0) for all cases. This indicates that a
decrease in L c /Dc from 2.5 to 1 tends to inhibit the axial
velocity ﬂuctuation but not to inﬂuence signiﬁcantly the radial
velocity ﬂuctuation at the merging point. As a large ﬂuctuation of velocity is commonly associated with ﬂow unsteadiness,33 this provides further evidence that decreasing the aspect
ratio tends to reduce the ﬂow unsteadiness within the jetinteraction region for low-swirl conﬁgurations (α j = 25◦ and
θ j = 5◦ ).
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FIG. 7. Radial proﬁles of the mean axial (U x ), axial RMS (u ), and radial RMS (v ) velocities, normalized by the nozzle exit velocity (U e ), at the jet merging
point for the cases of (a)–(c) αj = 25◦ and θ j = 5◦ , (d)–(f) αj = 25◦ and θ j = 15◦ , and for aspect ratios of L c /Dc = 2.5, 2, 1.5, and 1. Here Dc denotes the diameter
of the MIJCC and the legends are identical to all cases with the same θ j .

For the θ j = 15◦ conﬁgurations, the velocity peak
(U c /U e )max occurs at r/Dc ≈ 0.1 for all cases [Fig. 7(d)]. It
can also be seen that the mean axial velocity decreases slightly
as L c /Dc is decreased from 2.5 to 1.5, with a maximum 20%
reduction in U x /U e at r/Dc ≈ 0.1. However, the value of U x /U e
increases signiﬁcantly as L c /Dc is further reduced to 1, and the
maximum increase is around 70% within r/Dc ≥ 0.2. The trend
of an increased U x /U e for the case where L c /Dc approaches 1
is possibly caused by the increased strength of the divergent
resulting ﬂow for θ j = 15◦ cases, as shown qualitatively in
Fig. 3.
The radial proﬁles of RMS velocities in Figs. 7(e) and
7(f) show that the effect of L c /Dc on the velocity ﬂuctuations is non-linear since both the values of u /Ue and v /Ue
decrease as L c /Dc is decreased from 2.5 to 1.5 and then
increase as L c /Dc is further decreased to 1. Interestingly, the
CRZ is detected for L c /Dc ≥ 1.5, but not for L c /Dc = 1
(see also Fig. 3). This suggests that the presence of a CRZ
damps velocity ﬂuctuations in the high-swirl conﬁgurations
(θ j = 15◦ ). Nevertheless, the case L c /Dc = 1 has a different trend to the other cases in the mean and RMS velocity
ﬁelds due to the absence of the central resulting jet ﬂow
for θ j = 5◦ conﬁgurations or the CRZ region for θ j = 15◦
conﬁgurations.
Overall, it can be concluded that a decrease in the aspect
ratio L c /Dc leads to a decrease in velocity ﬂuctuations for most
cases, although the effects are non-linear. That is, increasing L c /Dc in this range tends to increase interaction with the

wall, and hence the ampliﬁcation of large-scale eddies in the
ﬂow.
Figure 8 presents the radial proﬁles of the ratio of axial and
radial RMS velocities (u /v ) and the Reynolds shear stresses
(uv/U 2 c ) at the merging point for all experimental conditions. For the conﬁgurations of θ j = 5◦ [Fig. 8(a)], it can be
seen that the value of u /v  exhibits two peaks, one in the shear
layer (r/Dc ≈ 0.15), consistent with an unconﬁned single jet,38
and the other in the near wall region (r/Dc ≈ 0.45). These
locally high values imply a high degree of anisotropy in these
regions, consistent with an important role of large-scale turbulence. In addition, a decrease in L c /Dc tends to reduce the
value of u /v  along the cylinder radius (r), with the most signiﬁcant reduction occurring for L c /Dc = 1. By contrast, for
the conﬁgurations where θ j = 15◦ [Fig. 8(b)], the value of
u /v  typically varies between 1.5 and 1 for all cases, so that
the effect of L c /Dc on u /v  is relatively small. This indicates
that, ﬁrst, the variation of anisotropy at the merging point is
more signiﬁcant for θ j = 5◦ than that for θ j = 15◦ , regardless of the value of L c /Dc , and second, the inﬂuence of L c /Dc
on the anisotropy is more signiﬁcant for the ERZ dominated
regime (θ j = 5◦ ) than that for the CRZ dominated regime
(θ j = 15◦ ).
Figures 8(c) and 8(d) also show that a decrease in L c /Dc
leads to a decrease in the Reynolds stresses at the merging
point for both the θ j = 5◦ and θ j = 15◦ conﬁgurations, although
it is most signiﬁcant for θ j = 5◦ . This provides further evidence
that reducing L c /Dc reduces large-scale interactions between
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FIG. 8. Radial proﬁles of the ratio of axial and radial
RMS velocities (u /v ) and the Reynolds shear stresses
(uv/U 2 c ) at the merging point for the cases of (a) and
(c) αj = 25◦ and θ j = 5◦ , (b) and (d) αj = 25◦ and
θ j = 15◦ , and for aspect ratios of L c /Dc = 2.5, 2, 1.5,
and 1. Here Dc denotes the diameter of the MIJCC and
the legends are identical to all cases with the same θ j .

the jet and surrounding ﬂow within the jet interaction region.
However, the value of uv/U 2 c is typically greater for the
higher-swirl cases than that for the low-swirl cases. That is,
although the degree of anisotropy at the merging point is
greater for θ j = 5◦ , the extent of large-scale ﬂow motion at this
point is greater for θ j = 15◦ than that for θ j = 5◦ , regardless of

the value of L c /Dc . This evidence supports the ﬁnding that the
interaction between multiple jets is stronger for high-swirl jet
conﬁgurations.39
Figure 9 presents the integral length scale normalized
by the nozzle diameter (L u /Dpipe ) along the centerline of the
MIJCC for all experimental conditions. The integral length

FIG. 9. Evolution of the integral length scale [see
Eq. (3)] along the axis of the MIJCC device normalized
by the nozzle diameter (Dpipe ), as a function of the reference chamber length (L r ) for the cases of (a) αj = 25◦
and θ j = 5◦ , (b) αj = 25◦ and θ j = 15◦ , and for aspect
ratios of L c /Dc = 1–3. For clarity, only one in two data
points is presented.
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scale (L u ) is deﬁned as
 r0
 −1
Lu =
u(x)u(x + r) u2 dr,

(3)

0

where u(x) denotes the ﬂuctuating component of the axial
velocity and r 0 corresponds to the ﬁrst zero crossing of the
 −1
cross-correlation function u(x)u(x + r) u2 , following Xu
and Antonia.36 The published data for the case of L c /Dc = 311
are included for reference. The uncertainty associated with L u
was estimated to be less than 10% from a sensitivity study of
the spatial resolution and literature data.11,40 For the cases of
θ j = 5◦ [Fig. 9(a)], where the ﬂow is characterized by a clear
resulting central jet ﬂow, it can be seen that, for all L c /Dc , the
value of L u /Dpipe ﬁrst decreases between 0.13 ≤ x/L r ≤ 0.23,
which corresponds approximately to the region upstream from
the merging point, before increasing approximately linearly for
x/L r > 0.23. This near linear increase in L u /Dpipe with axial
distance is consistent with free-jet measurements.40 However,
as L c /Dc is decreased from 3 to 1, the slope and magnitude
of L u /Dpipe decrease so that a signiﬁcant drop in L u /Dpipe
occurs at the end of the chamber (the bluff end-wall) for all
cases. That is, a decrease in L c /Dc tends to decrease the largescale ﬂow motion along the centerline of the chamber for
θ j = 5◦ conﬁgurations, consistent with the ﬁndings in Fig. 8.
For the conﬁgurations of θ j = 15◦ [Fig. 9(b)], the value of
L u /Dpipe increases linearly upstream from the stagnation point
(x/L r ≈ 0.3) and then remains almost the same value along the
axis of the chamber for all cases. However, the evolution of
L u /Dpipe is almost independent of L c /Dc , although a drop in
L u /Dpipe is also observed at the end of the chamber due to the
effect of the bluff end-wall. This ﬁnding, together with the evolution of u /U e and v /U e presented in Fig. 6, provides further
evidence that the degree of large-scale ﬂow oscillations tends
to increase with L c /Dc for cases where the swirl component is
weak (here θ j = 5◦ ).
C. Quantiﬁcation of the recirculation rate

Figure 10 presents the effect of the chamber aspect ratio
L c /Dc on the recirculation rate (K v ) within the MIJCC conﬁgurations for all experimental conditions. The recirculation rate
K v is deﬁned as
Kv = ṁent /ṁin ,
(4)


where

r

ṁent =

2πr ρUent dr

(5)

0

is the total mass ﬂow rate of ﬂuid entrained by all inlet jets
transported upstream through a plane orthogonal to the axis at
the plane x/L c . Equation (5) was adapted from the calculation
of the entrainment rate from the previous study of the jet,41–43
where the entrainment velocity, U ent , refers to the negative
axial velocity (U x < 0) within the chamber, while the positive
axial velocity was excluded from the calculation. The symbol
of ṁin refers to the total inlet mass ﬂow rate of ﬂuid.
For the θ j = 5◦ conﬁgurations [Fig. 10(a)], the results
show that a single hump proﬁle, approximately corresponding to the axial extent of the ERZ, occurs for all cases, while
the location of peak K v [(K v )max.ERZ ] coincides well with
the location of the vortex-core in the ERZ (x core in Fig. 3).

FIG. 10. Evolution of the recirculation rate (Kv = ṁent /ṁin ) along the axis
of the MIJCC (x/L r ) for the conﬁgurations of (a) αj = 25◦ and θ j = 5◦ ,
(b) αj = 25◦ and θ j = 15◦ , and for aspect ratios of L c /Dc = 2.5, 2, 1.5, and 1.
For clarity, only one in three data points is presented.

For L c /Dc = 2.5–1.5, a decrease in L c /Dc tends to decrease the
value of K v throughout the chamber, although (K v )max.ERZ for
all three cases remains approximately the same (occurring at
x/L r = 0.38). However, for L c /Dc = 1, (K v )max.ERZ increases signiﬁcantly (by 25%) and its location moves further upstream to
x/L r = 0.2 due to the conﬁnement effect caused by the chamber
length. Hence, the axial proﬁle of K v is consistent for L c /Dc
≥ 2, while as L c is further reduced to 1, both the value and distribution of K v are strongly restricted by the reduced chamber
length.
For the θ j = 15◦ conﬁgurations [Fig. 10(b)], it can be
seen that a double-hump proﬁle occurs for all cases in which
both ERZ and CRZ are present (see Fig. 3). Furthermore, for
each given case of L c /Dc , the maximum value of K v in ERZ
[(K v )max.ERZ ] is approximately 50% higher than that in CRZ
[(K v )max.CRZ ]. This implies that the circulation strength in ERZ
is similarly stronger.11 In addition, the maximum value of K v
is almost independent of L c /Dc for both the ERZ and CRZ
regions, although the axial extent where K v > 0 is reduced by
50% for a decreased L c /Dc .
The results in Fig. 10 also show that the value of
(K v )max.ERZ > 3 for all cases considered here, regardless of
L c /Dc . This is an important ﬁnding for the development of
practical combustion applications, particularly those employing combustion in the MILD (moderate or intense low-oxygen
dilution) regime because it implies the presence of a large
and uniform recirculation zone, which is important for the
MILD combustion regime, suggesting strong potential for a
quasi-homogeneous temperature.28,30
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D. Eﬀects of the chamber aspect ratio

Table IV presents a summary of the location of the jet
merging point (x mer /L r ), stagnation point (x s /L r ), and the CRZ
axial extent (x CRZ /L r ) along the axis of the MIJCC for all
chamber aspect ratios investigated in the present study. Here
x CRZ denotes the maximum axial location of the CRZ region.
It can be seen from the table that all critical locations change
signiﬁcantly as the L c /Dc is reduced.
Figure 11 presents the characteristic centerline length of
(a) the stagnation point (∆x s ), (b) the CRZ region (∆x CRZ ),
and (c) the ERZ region (∆x ERZ ), normalized by the diameter
of the chamber (Dc ), as a function of the aspect ratio L c /Dc .
As shown in the inset, we deﬁne ∆x s = (L c − x s ) as the distance between the stagnation point and the bluff end-wall,
∆x ERZ = (x s − x mer ) refers to the distance between the
merging and stagnation points, and ∆x CRZ = (x CRZ − x s )
denotes the distance between the stagnation and CRZ points.
The data points for L c /Dc = 3, which were measured from
our previous study but not previously published, are also
included. All measured data points are labelled with solid
makers, while some “extrapolated” points, which are labelled
with hollow markers, are extrapolated from the values in
Table IV.
For Fig. 11(a), it can be seen that ∆x s increases linearly
with the aspect ratio L c /Dc in the range 1 ≤ L c /Dc ≤ 3 for the
high-swirl cases (θ j = 15◦ ) and 2 ≤ L c /Dc ≤ 3 for the low-swirl
cases (θ j = 5◦ ). For the latter case, the value of ∆x s ≈ 0 occurs
for L c /Dc ≤ 2, which suggests that L c.crit /Dc = 2 is the critical
chamber length where the bluff end-wall starts to signiﬁcantly
impact the ERZ and the resulting ﬂow. Conversely, it can also
be inferred that for L c > L c,crit , the chamber length does not
signiﬁcantly inﬂuence the ERZ within the cylindrical chamber.
For the higher-swirl cases (θ j = 15◦ ), the values of ∆x s are
larger than the low-swirl cases due to the decreased axial extent
of the ERZ. Hence, the value of L c.crit is approximately equal
to Dc for these conﬁgurations (L c.crit /Dc = 1).
The trends for ∆x CRZ in Fig. 11(b) are qualitatively similar to those for ∆x s . That is, a decrease in the aspect ratio
L c /Dc signiﬁcantly decreases the value of ∆x CRZ /Dc for both
the θ j = 5◦ and θ j = 15◦ conﬁgurations. The value of ∆x CRZ /Dc
reduces from 0.45 at L c /Dc = 3 to 0 at L c /Dc = 2 for θ j = 5◦
conﬁgurations, while for θ j = 15◦ cases, the value of ∆x CRZ /Dc
TABLE IV. Normalized axial location of the jet merging and stagnation
points, and the CRZ axial extent along the centerline of the MIJCC.
Experiment
case no.
Conﬁgurations
1
2
3
4
5
6
7
8
9∗
10∗

MIJCC-05-LD25
MIJCC-05-LD20
MIJCC-05-LD15
MIJCC-05-LD10
MIJCC-15-LD25
MIJCC-15-LD20
MIJCC-15-LD15
MIJCC-15-LD10
MIJCC-05-LD30
MIJCC-15-LD30

Jet merging
Stagnation CRZ point
point (x mer /L r ) point (x s /L r ) (x CRZ /L r )
0.27
0.27
0.27
0.27
0.21
0.21
0.19
0.24
0.27
0.21

0.65
0.65
0.50
0.33
0.29
0.29
0.27
0.32
0.65
0.28

>0.65
N/A
N/A
N/A
>0.65
0.65
0.48
N/A
>0.65
>0.65

FIG. 11. Characteristic length of (a) the stagnation point (∆x s ), (b) the CRZ
region (∆x CRZ ), and (c) the ERZ region (∆x ERZ ), normalized by the diameter
of the chamber (Dc ), as a function of the chamber aspect ratio L c /Dc .

decreases from 1.55 at L c /Dc = 3 to 0 at L c /Dc = 1. The value
of ∆x CRZ /Dc is important for quantifying the effect of L c /Dc
on the CRZ region since the critical value of ∆x CRZ.crit /Dc = 0
indicates the absence of the CRZ within the cylindrical chamber. Hence, a decrease in the value of L c /Dc from 3 to 1 leads
to a reduction in the size of the CRZ for both conﬁgurations,
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TABLE V. Deﬁnition of ﬂow regimes and their key controlling parameters in the MIJCC conﬁgurations equipped
with multiple jets for αj = 25◦ and θ j = 5◦ , 15◦ .
Controlling
parameters

Flow regime

Resulting
parameters

ERZ

CRZ

Resulting
ﬂow

αj and θ j

∆xs /Dc > 0
∆xCRZ /Dc > 0
∆xERZ /Dc > 0

Yes

Yes

Yes

Regime II

αj and θ j
L c /Dc

∆xs /Dc = 0
∆xCRZ /Dc = 0
∆xERZ /Dc > 0.2

Yes

No

Yes

Regime III

αj and θ j
L c /Dc
x mer

∆xs /Dc = 0
∆xCRZ /Dc = 0
∆xERZ /Dc ≤ 0.2

Yes

No

No

Regime I

Decreasing
L c /Dc

while the absence of the CRZ region occurs for L c /Dc ≤ 2 and
1 for θ j = 5◦ and 15◦ conﬁgurations, respectively.
It can also be seen from Fig. 11(c) that for θ j = 5◦ conﬁgurations, the value of ∆x ERZ /Dc = 1.2 for all cases where
L c /Dc ≥ 2. This means that the bluff-end wall only impacts the
CRZ and does not inﬂuence the ERZ. This, in turn, implies
that the CRZ vortex is somewhat decoupled from the ERZ
vortex for L c /Dc ≥ 2. In addition, the value of ∆x ERZ /Dc
signiﬁcantly decreases from 1.2 to 0.1 as L c /Dc is further
decreased to 1. By contrast, the value of ∆x ERZ /Dc ≈ 0.3 is
almost independent of L c /Dc within the range of 1 ≤ L c /Dc ≤
3 for θ j = 15◦ conﬁgurations. This is because the bluff endwall only impacts the upstream ERZ for L c /Dc ≤ 1 due to the
shorter axial extent of the ERZ for θ j = 15◦ . The parameter
of ∆x ERZ /Dc quantiﬁes the effect of the aspect ratio L c /Dc
on both the ERZ and the jet merging point, which means
that for the cases where ∆x ERZ /Dc approaches 0, the inlet-jets
impinge on the bluff end-wall instead of generating a resulting ﬂow. Hence, the value of L c /Dc signiﬁcantly inﬂuences
the interaction of multiple jets for L c /Dc ≤ 1, for all values
of θ j .
It is also worth noting that, for the values of L c /Dc considered here, a reduction in L c /Dc leads to a signiﬁcant decrease
in the difference between the values of ∆x s /Dc , ∆x ERZ /Dc ,
and ∆x CRZ /Dc for both the θ j = 5◦ and θ j = 15◦ conﬁgurations. For example, the difference in ∆x s /Dc between θ j = 5◦
and θ j = 15◦ reduces from ∆(∆x s /Dc ) = 1.1 at L c /Dc = 3 to
∆(∆x s /Dc ) = 0 at L c /Dc = 1. This, in turn, suggests that as
the aspect ratio L c /Dc is reduced from 3 to 1, the signiﬁcance of L c /Dc on the larger-scale recirculation zones within
the MIJCC increases, while the signiﬁcance of θ j decreases
substantially.

three ﬂow regimes are shown schematically in Fig. 12, and the
detailed description are presented in Secs. III E 1–III E 3.
1. Regime I: External and central recirculation zones

Regime I is characterized by the presence of both external and central recirculation zones [ERZ (red dashed box)
and CRZ (purple dotted box)] within the MIJCC. The relative signiﬁcance of the ERZ and CRZ depends strongly on
the value of jet angles (α j and θ j ), which is consistent with
our previous work,10,11 while the aspect ratio L c /Dc has a
negligible inﬂuence on the large-scale ﬂow structure in this
regime.
2. Regime II: External recirculation zone
with a resulting ﬂow

Regime II is characterized by the presence of a dominant
ERZ generated from the resulting ﬂow within the MIJCC. The
effect of the aspect ratio L c /Dc signiﬁcantly reduces the position and strength of the ERZ due to the increased conﬁnement

E. Identiﬁcation of the key controlling parameters
for ﬂow regimes

Table V summarizes the key parameters for controlling
the three distinctive ﬂow regimes that have been identiﬁed
within the rotationally symmetric MIJCC conﬁgurations for
a ﬁxed value of α j = 25◦ but with θ j = 5◦ and 15◦ , and a
decrease value of the chamber aspect ratio L c /Dc from 3 to
1, using both the ﬂow visualization and quantitative data. The

FIG. 12. Schematic diagrams of the three distinctive ﬂow regimes that have
been identiﬁed within the MIJCC conﬁgurations for aspect ratios of L c /Dc
= 1–3. (a) Regime I: External and central recirculation zones. (b) Regime
II: External recirculation zone with a resulting ﬂow. (c) Regime III: External
recirculation zone with no resulting ﬂow.
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c. Regime III (L c /Dc ≤ 1 for θ j = 5◦ or L c /Dc < 1 for θ j
= 15◦ ): External recirculation zone with no resulting ﬂow.
The key ﬁndings of the study are as follows:

FIG. 13. Map of the three dominant ﬂow regimes that have been identiﬁed
within the MIJCC conﬁgurations for the jet inclination angle αj = 25◦ and
two jet azimuthal angles θ j = 5◦ and 15◦ , and for chamber aspect ratios
L c /Dc = 1–3.

caused by the bluff end-wall. The inﬂuence of jet angles (α j
and θ j ) remains signiﬁcant in this regime, although it is not as
prominent as that in Regime I.
3. Regime III: External recirculation zone
with no resulting ﬂow

Regime III is characterized by the presence of dominant ERZ generated from the multiple inlet-jets, which runs
the entire chamber of the MIJCC. Owing to the signiﬁcantly
reduced value in L c /Dc , the inlet-jets have insufﬁcient space
to generate a resulting ﬂow downstream from the merging
point. Therefore, the size of the ERZ is further reduced and
the strength of the ERZ is the strongest.
Figure 13 presents a regime map as a function of the chamber aspect ratio L c /Dc and jet azimuthal angles (θ j ) for the
MIJCC conﬁgurations of α j = 25◦ . It can be seen that the transition between each regime occurs for L c /Dc ≈ 2 and 1 for θ j
= 5◦ conﬁgurations, and L c /Dc ≈ 1 and <1 for θ j = 15◦ conﬁgurations. This implies that a higher value of θ j reduces the
critical value of L c /Dc . This is because a higher value in θ j
results in less impingement among inlet-jets, a weaker resulting ﬂow, and a higher swirl, which in turn decreases the axial
extent of the ERZ and CRZ. Hence, it can be concluded that,
for both the low-swirl (θ j = 5◦ ) and high-swirl (θ j = 15◦ ) conﬁgurations, the ﬂow patterns are strongly controlled by the
combination of the jet azimuthal angle (θ j ) and the chamber
aspect ratio (L c /Dc ), with the signiﬁcance of L c /Dc increases
as L c /Dc decreases.
IV. CONCLUSIONS

New quantitative information has been provided on the
iso-thermal ﬂow ﬁeld within a cylindrical chamber featuring multiple jets with an inclination angle α j = 25◦ and two
azimuthal angles θ j = 5◦ and 15◦ for a range of chamber aspect
ratios (L c /Dc ). Three distinctive ﬂow regimes were identiﬁed
within the Multiple Impinging Jet in a Cylindrical Chamber
(MIJCC) as follows:
a. Regime I (L c /Dc > 2 for θ j = 5◦ or L c /Dc > 1 for θ j
= 15◦ ): External and central recirculation zones.
b. Regime II (L c /Dc > 1 for θ j = 5◦ or L c /Dc = 1 for θ j = 15◦ ):
External recirculation zone with a distinctive resulting
ﬂow.

1. The presence of each ﬂow regime is strongly controlled
by the combination of the jet angles (α j and θ j ) and the
chamber aspect ratio (L c /Dc ), with the signiﬁcance of
L c /Dc increases as the value of L c /Dc is decreased from
3 to 1.
2. The ﬂow ﬁeld within the ERZ immediately downstream
from the jet merging point in Regime I is approximately
independent of the length of the cavity L c . However, in
Regimes II and III, the characteristics of the ERZ depend
strongly on L c .
3. For θ j > 0◦ cases, the decay of the central resulting ﬂow
downstream from the jet merging point is signiﬁcantly
greater than for θ j = 0◦ (single jet or multiple jets). The
value of mean axial velocity (U c ) along the axis of the
chamber was found to increase by approximately 40%
from Regime I to Regime II, while it decreases signiﬁcantly (by 50%) for Regime III. This indicates that the
effect of the aspect ratio L c /Dc depends strongly on the
presence or absence of the resulting ﬂow downstream
from the merging point.
4. The signiﬁcance of the large-scale oscillations (e.g., jet
precession) and the velocity ﬂuctuations (u  and v ) was
found to increase with the chamber aspect ratio L c /Dc
for those conﬁgurations where the ERZ is dominant (θ j =
5◦ ). However, the inﬂuence of L c /Dc on ﬂow unsteadiness
was found to be relatively small for those conﬁgurations
generating a dominant CRZ (θ j = 15◦ ). This is evidenced
by a higher value of Reynolds shear stress (uv/U 2 c ) for
all L c /Dc cases at the merging point for θ j = 15◦ than for
θ j = 5◦ .
5. The large-scale ﬂow motion corresponding to the integral
length scale (L u ) was found to be inhibited as L c /Dc is
decreased for the case where a swirl is relatively weak
(θ j = 5◦ ), while it is almost independent from L c /Dc for
higher-swirl cases (θ j = 15◦ ). This indicates a reduced
inﬂuence of the chamber aspect ratio on the turbulent
velocity ﬁeld for θ j = 15◦ cases.
6. The value of the recirculation rate (K v ) was found to
increase by 25% as L c /Dc is reduced from 3 to 1 (Regime
I to Regime III), although the axial extent of K v reduces
by 50%. The value of K v exceeds 3 for all cases, which
has been found by others to be an important indicator for
the avoidance of combustion reactants impinging on the
walls and also maintaining a relatively high recirculation
rate (K v ≥ 3).
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ABSTRACT

An experimental study is reported of the interaction between multiple isothermal jets within a cylindrical chamber under conditions relevant
to a wide range of engineering applications, including the conﬁned swirl combustors, industrial mixers, and concentrated solar thermal
devices. The particle image velocimetry technique was used to investigate the swirling and precessing ﬂows generated with four rotationally
symmetric inlet pipes at a ﬁxed nozzle Reynolds number of ReD = 10 500 for two conﬁgurations of swirl angle (5○ and 15○ ) and two alternative
tilt angles (25○ and 45○ ). The measurements reveal three distinctive rotational ﬂow patterns within the external recirculation zone (ERZ) and
the central recirculation zone (CRZ) for these conﬁgurations. It was found that the mean and root-mean-square ﬂow characteristics of the
swirl within the chamber depend strongly on the relative signiﬁcance of the ERZ and CRZ, with the swirling velocity being higher in the CRZ
than that in the ERZ. A precessing vortex core was identiﬁed for all experimental conditions considered here, although its signiﬁcance was
less for the cases with a dominant CRZ.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5089904

I. INTRODUCTION
Devices that utilize multiple-jets within a conﬁned environment are commonly used in a wide range of scientiﬁc and industrial
applications, such as gas turbine engines,1 solar cavity receivers,2
separated-jet combustors,3 and ventilation systems.4 Furthermore,
the details of the ﬂow-ﬁeld within them can have a signiﬁcant inﬂuence on their system performance and thermal efﬁciency. However,
despite their importance, the internal ﬂow within these systems has
not been well characterized due to their greater complexity relative
to a single round free jet.5 Recently, a series of investigations has
provided new details of these ﬂows,6–8 such as their large-scale ﬂow
regimes and recirculation rates. Nevertheless, some important characteristics of the swirling ﬂow conﬁgurations, notably of the presence of any precessing vortex core (PVC)9 within them, are still not
fully understood. Hence, the present investigation aims to address
key gaps in understanding of these classes of ﬂow through detailed
measurements of the ﬂow velocity within a Multiple Impinging
Jets in a Cylindrical Chamber (MIJCC), which has geometrical relevance to the Hybrid Solar Receiver Combustor (HSRC) under
development at the University of Adelaide.6–8,10–12
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While a range of conﬁgurations of the MIJCC are available, one
of the most common is that which employs rotationally symmetric
nozzles conﬁgured in an annular ring aligned with an inclination
angle (α j ) relative to the axis of the cavity and/or at an azimuthal
angle (θj ) to the axis of the burner. This conﬁguration generates a
swirling ﬂow within the main cavity. Previous studies of the ﬂowﬁeld within the MIJCC found that the two angles that characterize
the jet’s orientation (α j and θj ) and the chamber aspect ratio (Lc /Dc ,
where Lc refers to the chamber length and Dc is the chamber diameter) have a controlling inﬂuence on the mean and turbulent ﬂowﬁelds.6,7 However, while these studies provide useful information,
they are limited to the velocity data within the axial plane of the
main chamber (across the chamber axis). That is, no quantitative
data are available of the tangential velocity (U θ ) within the radial
planes (orthogonal to the chamber axis) despite the swirling component typically having the largest magnitude in high-swirl ﬂows.13–15
Additionally, no comprehensive data set of velocity measurements
suitable for the development of computational models is presently
available for the MIJCC and relevant conﬁgurations.16 Hence, the
overall aim of the present study is to provide new quantitative
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of α j and θj for multiple conﬁned jets (see Fig. 1), which are as
follows:
● Regime I: a dominant external recirculation zone (ERZ)
surrounding a small central recirculation zone (CRZ),
● Regime II: an upstream ERZ that is of similar extent to the
downstream CRZ, and
● Regime III: a dominant CRZ downstream from a small
upstream ERZ.

FIG. 1. Schematic diagrams of the three dominant ﬂow regimes within the rotationally symmetric MIJCC conﬁgurations, showing the eternal and central recirculation
zones (CRZ and ERZ). (a) Regime I, (b) Regime II, and (c) Regime III. Adapted
from Ref. 7.

understanding of the ﬂow regimes within a cylindrical chamber with
multiple interacting jets through detailed planar measurements of
the ﬂow velocity in both the axial and tangential directions.
Previous investigations revealed a strong inﬂuence of the
nozzle angles on the ﬂow characteristics of multiple conﬁned
jets.3,4,6,7,14,15,17,18 It has been found that the impingement of inclined
jets (α j > 0○ ) generates a merged ﬂow downstream from the jet merging point (Pmer ), termed the “resulting jet,” together with a reverse
ﬂow upstream from this, termed the “upstream reverse ﬂow.”4 It
has also been found that an increase in nozzle inclination angle
α j can signiﬁcantly increase the turbulence intensity and mixing
efﬁciency within the jet merging region.3 Importantly, the Particle Image Velocimetry (PIV) measurements of Long et al.7 identiﬁed three distinctive ﬂow regimes generated with the combination

Long et al.7 characterized the ﬂow regimes by the relative size
and position of the ERZ and CRZ within a cylindrical chamber and
assessed their dependence on the geometric conﬁguration of the
nozzle and chamber. They found that for a given value of α j (25○
≤ α j ≤ 45○ ), an increase in θj from 5○ to 15○ signiﬁcantly increases
the axial extent of the CRZ and reduces the size of the ERZ, leading
to the transition from Regime I to Regime III. However, since that
study only measured the velocity data in the axial plane, the tangential velocity and its corresponding swirling ﬂow within the ERZ and
CRZ remain unknown. This gap is signiﬁcant because the strength of
swirl within the large-scale recirculation zone is crucial for achieving
desirable mixing and ﬂow stabilization for relevant conﬁgurations
such as vortex combustors,19,20 cyclone reactors,21 and solar thermal
devices.22,23 Hence, there is a need for reliable, comprehensive, and
sufﬁcient data under well-deﬁned, consistent inﬂow and boundary
conditions to fully characterize the swirl within the ERZ and CRZ
generated by a range of α j and θj .
Flow unsteadiness has been widely investigated for swirling
annular jet conﬁgurations.9,18,24–31 One of the key ﬂow features is the
precessing vortex core (PVC) within the recirculation zone, which
has been identiﬁed for a wide range of vortex applications.27,29,30,32
The PVC is a large-scale coherent and time-dependent ﬂow structure embedded within a vortex, which is deﬁned as the precession
of the vortex-core relative to the geometric axis of an axisymmetric device, as described in the detailed review by Syred.9 Their study
showed that the PVC can signiﬁcantly inﬂuence ﬂow behavior, mixing performance, and combustion efﬁciency for vortex devices such
as cyclones and swirl burners. Previous investigations revealed that

FIG. 2. Schematic diagram of the Multiple Impinging Jets
in a Cylindrical Chamber (MIJCC) conﬁgurations investigated here, showing the key geometric features from the
axial cross section (left) and a radial cross section (right).
Here, the plane of the movable ﬂap and that of the annular
outlet are highlighted with the red line and blue enclosure,
respectively.
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TABLE I. Values of the geometric parameters of the MIJCC (see Fig. 2) that have
been investigated in the present study.

Dimensions
Dc
Dsc
Dth
Dpipe
Lc
Lpipe
W out
β con
γsc

Description

Value

Chamber diameter (mm)
Diameter of the secondary concentrator (mm)
Throat diameter (mm)
Inlet pipe diameter (mm)
Chamber length (mm)
Inlet pipe length (mm)
Annular outlet gap (mm)
Conical expansion angle (deg)
Angle of the secondary concentrator (deg)

74
74
24.6
3.35
225
150
3
40
40

scitation.org/journal/phf

conical expansion, a secondary concentrator (SC), and a number N j
= 4 of rotationally symmetric inlet jets. The inlet jets were distributed
around the conical expansion of the main cavity with a combination
of α j and θj . The SC was closed at the largest end to prevent ﬂow
to or from the ambient environment (labeled with a red line), while
the ﬂow leaves the device through an annular outlet around a bluff
end-wall (labeled with a blue enclosure). In addition, the cylindrical
section of the MIJCC was manufactured from transparent acrylic to
enable optical access into the chamber. The key geometric parameters of the MIJCC investigated in the present experiment are given
in Table I.
Two azimuthal (θj = 5○ and 15○ ) and inclination angles (α j
= 25○ and 45○ ) were chosen to generate three experimental conﬁgurations of the MIJCC representing Regimes I, II, and III in Fig. 1.
These angles have been selected to ensure that each distinctive class
of ﬂow-feature (i.e., each ﬂow regime) is represented, based on our
previous work.6–8 A detailed description of the experimental cases is
presented in Table II.

the presence of the PVC depends strongly on the geometric conﬁnement,33 recirculation zone,34 and thermal conditions.28,35 Consistent
with this, our previous PIV measurements showed that the strong
interaction between multiple-jets tends to amplify ﬂow precession
and oscillation,6,7 although this has not yet been quantiﬁed. However, while the dynamics of the PVC in a swirling or single jet has
been widely documented,9 none of the previous investigations provided a comprehensive understanding of the inﬂuence of the multiple conﬁned jets on the PVC so that the dependence of the PVC
on large-scale recirculation zones generated by multiple-jets remains
unclear. Hence, there is also a need to better understand the characteristics of the PVC generated by multiple jets within a conﬁned
environment.
In light of the needs identiﬁed above, the overall objective of the
present study is to provide new understanding of the swirling and
precessing ﬂows generated within the MIJCC. The speciﬁc aims are
as follows: (a) to provide a quantitative description of the mean and
root-mean-square (rms) ﬂow-ﬁelds in both the axial and tangential
directions for multiple conﬁned jets, (b) to identify the characteristics of swirl within the ERZ and CRZ generated by a conﬁned
chamber with multiple-jets, and (c) to characterize the dependence
of the precessing vortex core (PVC) on the conﬁguration of the four
conﬁned jets.

B. Measurements
The optical arrangements were similar to those reported previously6,7 so that only the key details are described here. The ﬂow-ﬁeld
was measured using PIV. The working ﬂuid was water at ambient
temperature, which avoids the deposition of seeding particles onto
the conﬁning walls. The jet Reynolds number ReD = ρf U e Dpipe /μ f
= 10 500 (where ρf is the ﬂuid density and μ f is the ﬂuid dynamic viscosity) ensures that the ﬂow at the nozzle exit is in the fully turbulent
regime. The ﬂow was seeded with hollow glass spheres with a speciﬁc
gravity of 1.1 and a particle diameter of 12 μm. A closed-loop system, including a water pump (Pan World NH-200PS), a frequency
converter (Danfoss VLT 2800), and ﬂowmeters (ABB D10A11), was
used to recirculate the water from the outlets of the tank to the inletpipes. Importantly, a symmetrical manifold system which consists of
two straight pipes and four gently curved ﬂexible pipes (Lpipe /Dpipe
≈ 196) ensures a fully developed pipe ﬂow is achieved at the exit
plane of the supply pipes.36
Figure 3 presents the optical arrangement and the measurement regions for the present study. A double-head Nd:YAG laser
(Quantel Brilliant B) was used to generate a light sheet of 1.5 mm
thickness with a combination of three cylindrical lenses (Thorlabs). A Charged Coupled Device (CCD) camera (Kodak Megaplus
ES2093) was used to capture the PIV images for each measurement.
The image size was selected so that it spans the entire radial cross
section of the cylinder (Dc = 74 mm).
The measurement planes for the present study are listed in
Table III. Five radial planes (orthogonal to the axis) and one axial
plane (across the axis) within the cylindrical chamber of the MIJCC

II. METHODOLOGY
A. Conﬁgurations selected in the present study
A schematic diagram of the MIJCC device, which has been
described in detail in our previous work,7 is presented in Fig. 2.
Brieﬂy, the MIJCC consists of a cylindrical chamber with a

TABLE II. The notation for the MIJCC conﬁgurations investigated in the present study.

Experiment
case No.

Conﬁgurations

Inclination angles,
α j (deg)

Azimuthal angles,
θj (deg)

Flow
Regime

1
2
3

MIJCC-25-05
MIJCC-25-15
MIJCC-45-15

25
25
45

5
15
15

I
II
III
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TABLE IV. Details of the key experimental parameters for the present PIV measurements.

Experimental parameters

Value

Bulk mean velocity at nozzle exit, U e (m/s)
Inlet Reynolds number, ReD
Laser wavelength (nm)
Laser thickness (mm)
Laser frequency (Hz)
Camera array size (pixels)
Measurement region (mm)
Particle Stokes number, SkD
Image bit depth (bit)
Spatial resolution (mm)
Interrogation window (pixels)

FIG. 3. (a) Schematic diagram of the optical arrangement, showing the laser,
optics, light sheet, and water tank; (b) the ﬁve radial measurement planes, undertaken separately, along the axis of the MIJCC; and (c) the axial measurement
plane relative to the chamber.

were assessed. It should be noted that the results for planes 1 and
6 are only reported for selected ﬁgures for conciseness because
they are qualitatively similar to those from other planes. The selection of these measurement planes ensures that the velocity data
can be obtained from all three classes of ﬂow (see Table III for
details).
A minimum of 1500 PIV image pairs were recorded by using
the CCD camera for each measurement. The raw images were processed utilizing an in-house PIV code in MATLAB R2015a (Mathworks), employing a multigrid correlation algorithm with 50% overlap to calculate the displacement of tracer particles and also to minimize noise. In addition, an in-house post-processing PIV code was
used to identify the outliers (erroneous vectors) for all experimental
conditions. As a result, the average number of outliers was less than
approximately 5% of the total vectors, and all outliers were removed
from the ensemble. The details of the key experimental parameters
are listed in Table IV.
The overall uncertainty associated with the PIV measurements
was assessed via a series of systematic analysis steps. The estimated

2.8
10500
532
1.5
10
1920 × 1080
134 × 77
0.003
12
2 × 2 × 1.5
32 × 32

uncertainty derived from the experimental apparatus (i.e., ﬂowmeter, water pump, and frequency converter) was measured to be less
than 2%, while the uncertainty of a given measurement position
was estimated to be ±0.05 mm within the measurement region.
The experimental errors associated with the laser system (e.g., timedelay) were estimated to be less than 2%. Also, the uncertainty contributed from the image sample size was calculated to be less than
1%. On this basis, the overall uncertainty of the measured mean and
rms velocities for the present PIV measurements was estimated to be
approximately 5%.
III. RESULTS AND DISCUSSION
A. Mean velocity ﬁelds
Figure 4 presents the contours of mean tangential velocity (U θ ),
normalized by the nozzle exit velocity (U e ), labeled with arrows to
indicate the ﬂow direction (black arrows), and magnitude (both the
length of the arrows and the color map) at four radial planes x/Lc
= 0.36, 0.45, 0.63, and 0.80 for the conﬁgurations of [Figs. 4(a)–4(d)]
Regime I (α j = 25○ and θj = 5○ ), [Figs. 4(e)–4(h)] Regime II (α j
= 25○ and θj = 15○ ), and [Figs. 4(i)–4(l)] Regime III (α j = 45○ and
θj = 15○ ). The locations of the CRZ and ERZ for each plane are also
presented.
For the case of Regime I (dominant ERZ and small CRZ),
the mean ﬂow spirals outward from the center to the near-wall
region in each case (except for the most downstream one), with a

TABLE III. Axial positions of the measurement proﬁles for which data are reported. The circumferential plane is shown in
Fig. 3. Note that plane 6 denotes the axial plane illustrated in Fig. 3(c).

Measurement plane
1
2
3
4
5
6
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Location, x/Lc

Regime I

Regime II

Regime III

0.27
0.36
0.45
0.63
0.80
N/A

ERZ
ERZ
ERZ
ERZ
CRZ
ERZ and CRZ

ERZ
ERZ
CRZ
CRZ
CRZ
ERZ and CRZ

CRZ
CRZ
CRZ
CRZ
CRZ
ERZ and CRZ
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FIG. 4. Mean tangential velocity (Uθ ) normalized by the nozzle exit velocity (Ue ), labeled with arrows to indicate the ﬂow direction (black arrows) and magnitude (color map)
at four axial planes x/Lc = 0.36, 0.45, 0.63, and 0.80 within the MIJCC for the conﬁgurations of [(a)–(d)] Regime I (α j = 25○ and θj = 5○ ), [(e)–(h)] Regime II (α j = 25○ and θj
= 15○ ), and [(i)-(l)] Regime III (α j = 45○ and θj = 15○ ). Note that the axes and pseudo-color scales are identical for all cases.

magnitude that is greatest at x/Lc = 0.36 and decreases with axial distance x/Lc ≥ 0.45. It can also be seen from the color scale that there
is a trend for the magnitude of U θ within the outer regions of the
chamber (i.e., within the ERZ) to decrease with axial distance from
x/Lc = 0.36 to x/Lc = 0.63. By contrast, the magnitude of U θ near to
the axis (i.e., within the CRZ) remains almost independent of axial
distance. This is qualitatively similar to the velocity ﬁeld generated
by annular swirling jets.37 Taken together, it can be concluded that
the swirl intensity within the ERZ decreases with an increase in x/Lc
within this regime.
For Regime II (where the ERZ and CRZ are of similar size), the
velocity contours show that the distribution of U θ is almost independent of axial distance so that it is higher than that of Regime I for
all cases of x/Lc . This conﬁrms that the axial extent of the swirl zone
is greater in Regime II than in Regime I. The contours also show
that the distribution of U θ does not change signiﬁcantly from the
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upstream ERZ (x/Lc = 0.36) to the downstream CRZ planes (x/Lc
≥ 0.45). This conﬁrms that the decay of swirl within the chamber
reduces as the size of the CRZ is increased, as expected. In addition,
it should also be noted that at each axial position, the value of U θ
is fairly uniform, except for a lower velocity component near to the
axis. This also suggests that the symmetry of the tangential velocity
tends to be approximately achieved in this regime.
Regime III is characterized by a generally signiﬁcantly higher
magnitude of U θ than the other regimes, as can be seen from the
redder color, consistent with the greater swirl angle of the inlet jets.
Indeed, the ﬂow direction approaches a tangential direction except
for the very core. In addition, the distribution of U θ is relatively
uniform for all locations considered here. That is, the swirl generated with the multiple inlet-jets is almost independent from the
location of radial plane for Regime III. This is consistent with the
dominance of the CRZ throughout all measured planes. It can also
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be seen that a high velocity region (U θ /U e ≈ 0.12) occurs within
the range −0.15 ≤ r/Dc ≤ 0.15 for all measured locations except
the central point (r/Dc ≈ 0). This, in turn, suggests that a higher
degree of swirl occurs close to the axis of the cylindrical chamber,29
while this pronounced swirl region is not observed in the other two
regimes. Hence, it can be concluded that the signiﬁcance of the swirl
within the central region tends to increase signiﬁcantly as the dominant ﬂow feature changes from the ERZ (Regime I) to the CRZ
(Regime III).
It is also worth noting that for a given radial plane x/Lc , the
magnitude of tangential velocity U θ typically increases from Regime
I to Regime III, with the highest value of U θ for each plane is measured from Regime III. For example, the swirl at x/Lc = 0.80 in
Regime III [Fig. 4(l)] is an order of magnitude higher than that in
Regime I [Fig. 4(d)]. This also indicates that the combination of high
inclination and azimuthal angles (α j = 45○ and θj = 15○ ) tends to
signiﬁcantly increase the degree of swirl at any given location for
multiple conﬁned jets.
Figure 5 presents the measured streamlines, labeled with arrows
to indicate the ﬂow direction at four radial planes x/Lc = 0.36, 0.45,
0.63, and 0.80 for all experimental conditions. Clear differences can
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be seen. For the case of Regime I [Figs. 5(a)–5(d)], it can be seen that
the ﬂow exhibits an outwardly spiraling ﬂow pattern from a point
source at the cylinder axis within three planes in the ERZ, i.e., x/Lc
= 0.36, 0.45, and 0.63. This ﬂow is generated by the central resulting jet formed by the merging of the inlet jets, superimposed onto
the swirl generated by the tangential component of the inlet-jets
(θj = 5○ ). This ﬂow pattern is consistent with conventional swirling
jets38,39 and also with our previous paper.7 However, further downstream at x/Lc = 0.80, the ﬂow exhibits an internally spiraling ﬂow
toward the axis within the CRZ (i.e., the source becomes a sink),
while the swirling direction is unchanged. This ﬂow pattern is caused
by the low-pressure core with the CRZ, which also generates the
reverse ﬂow zone.
For the case of Regime II [Figs. 5(e)–5(h)], the trends are similar
although the axial extent of each region changes. The spiraling out
from the source on the axis is only present at location x/Lc = 0.36,
which corresponds well with the presence of the ERZ. The other
two positions exhibit a sink at the axis x/Lc = 0.45 and 0.63, corresponding well with the CRZ. Importantly, as the radial component
becomes weaker for x/Lc = 0.80, the ﬂow approaches being tangential. This indicates that a strongly swirled ﬂow is present in which

FIG. 5. Measured streamlines, labeled with arrows to indicate the ﬂow direction at four axial planes x/Lc = 0.36, 0.45, 0.63, and 0.80 within the MIJCC for the conﬁgurations
of [(a)–(d)] Regime I, [(e)–(h)] Regime II, and [(i)–(l)] Regime III.
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the tangential velocity U θ is much greater than the radial velocity
component (U r ).
For the case of Regime III [Figs. 5(i)–5(l)], the ﬂow-ﬁeld everywhere is characterized by a very weak radial inﬂow so that it
approaches an almost purely rotational ﬂow for all radial planes
investigated here. This is consistent with the presence of highly
swirled ﬂow for Regime III together with a dominant CRZ.
Overall, the results show that a source within the rotational ﬂow
is associated with the presence of an ERZ, while a sink within the
rotational ﬂow represents the occurrence of a CRZ. This is consistent
with expectation. Importantly, as the source or sink is absent and a
ﬂow of pure rotation occurs, the region tends to be dominated by a
high-swirled ﬂow within the CRZ (for which U θ > U r ). That is, the
value of swirl angles (α j and θj ) and their corresponding large-scale
recirculation zones (ERZ and CRZ) have a controlling inﬂuence on
the presence of rotational ﬂow patterns for multiple conﬁned jets.
Figure 6 presents the radial proﬁles of the normalized mean
tangential velocities (U θ /U e ) at four radial planes x/Lc = 0.36,
0.45, 0.63, and 0.80 within the MIJCC for all experimental conditions. Note that the axes and symbols are identical for all of
these subﬁgures. The measurements for Regime I [Fig. 6(a)] show
that the magnitude of U θ /U e decreases by approximately 70% as
x/Lc is increased from 0.36 to 0.8. For example, the peak velocity,
(U θ /U e )max , decreases from 0.03 at x/Lc = 0.36 to 0.01 at x/Lc = 0.8.
Furthermore, the value of U θ /U e decreases faster within the ERZ
than that in CRZ plane. For example, it decreases by 70% from x/Lc
= 0.36 to 0.63 (ERZ) and only by 10% from x/Lc = 0.63 to 0.80 (CRZ).
It should also be noted that the magnitude of the tangential velocity U θ ≈ 0.01U e –0.03U e for all measured planes in Regime I. This
is an order of magnitude lower than that of the axial velocity (U x
≈ 0.15U e ) as we reported previously.7 Hence, the swirl in Regime I is
weak.
For Regime II [Fig. 6(b)], it can be seen that the tangential
velocity does not change as signiﬁcantly with x/Lc as it does in
Regime I but only decays by about 30% from upstream (x/Lc = 0.36)
to downstream (x/Lc = 0.80). The decay of the tangential velocity is noticeably lower than that of Regime I as (U θ /U e )max at x/Lc
= 0.80 is approximately 40% higher than that for the case of θj
= 5○ (within the CRZ). This reveals that the swirl increases as θj
is increased, as expected. It can also be seen that the radial proﬁle of U θ /U e increases monotonically with the radial distance (r)
from the axis to r/Dc ≈ 0.25 for x/Lc = 0.36 and 0.45 plateaus and
then increases slightly toward the wall. This is qualitatively consistent with a turbulent swirling pipe ﬂow measured by Kitoh40 [see
the inset of Fig. 6(b)], which indicates that the ﬂow is characterized
by a forced vortex within these planes. However, the magnitude of
the forced vortex in Regime II is approximately 80% lower than that
of Kitoh,40 indicating that the swirl is weaker in this case. For further
downstream planes (x/Lc = 0.63 and 0.80), a signiﬁcant reduction of
U θ /U e was measured at the near-wall region of r/Dc ≥ 0.46 (≈10%
of the total radius). This implies the transition between a forced and
a free vortex, corresponding well with the ERZ and CRZ regions of
Regime II.
For Regime III [Fig. 6(c)], the tangential velocity is the highest [(U θ /U e )max ≈ 0.12]. For all radial proﬁles, the value of U θ /U e
increases from 0 to 0.12 within 0 ≤ r/Dc ≤ 0.15 and then decreases
to 0.07 for r/Dc > 0.15. This is qualitatively similar to the PIV data
reported by Chinnici et al.29 for multiple swirling jets, which shows
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FIG. 6. Radial proﬁles of the normalized mean tangential velocities (Uθ /Ue ) at four
radial planes x/Lc = 0.36, 0.45, 0.63, and 0.80 within the MIJCC for cases of (a)
Regime I, (b) Regime II, and (c) Regime III. Note that the axes and symbols are
identical for all cases.

the presence of a forced vortex near to the central region, surrounded by a free vortex, i.e., a “Rankine” vortex (a forced and free
combined vortex). This vortex has also been widely documented for
high-swirled jet conﬁgurations.41–44 Importantly, the combination
of a forced and free vortex (Rankine vortex) is typically associated
with the presence of a high degree of ﬂow oscillations within the
CRZ, such as a PVC.9,34
The results in Fig. 6(c) also show that U θ /U e in Regime
III is around 20% higher than the data of Chinnici et al.29 This
indicates the presence of a highly swirled ﬂow for this regime.
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However, as x/Lc is increased from 0.36 to 0.8, the tangential velocity increases by 10% within the forced vortex (|r/Dc | ≤ 0.15) while it
decreases by 15% within the free vortex (|r/Dc | > 0.15). This reveals
that the intensity of “Rankine” vortex is not consistent throughout the chamber, although the difference of U θ /U e is typically
small (≤15%).
It is also worth noting that for the cases where the inclination
and azimuthal angles (α j and θj ) are both small and an ERZ dominates the chamber (Regime I), the magnitude of tangential velocity
decreases signiﬁcantly (by 40%) with x/Lc , while for the cases in
which both α j and θj are sufﬁciently large to generate a dominant
CRZ (Regime III), the decay in the tangential velocity is relatively
small (by up to 15%) and the magnitude remains the highest. This
suggests that the strength of the swirl persists further within a CRZ
than within an ERZ.
B. rms of the turbulent ﬂow ﬁelds
Figure 7 presents the radial proﬁles of normalized tangential
rms (root-mean-square) velocity (u′θ /U e ) within the MIJCC at four
radial planes x/Lc = 0.36, 0.45, 0.63, and 0.80 for the conﬁgurations
of (a) Regime I (α j = 25○ and θj = 5○ ), (b) Regime II (α j = 25○ and θj
= 15○ ), and (c) Regime III (α j = 45○ and θj = 15○ ).
For Regime I [Fig. 7(a)], the location of the peak rms velocity,
(u′θ /U e )max , at x/Lc = 0.36 and 0.45 is found at, or close to, the center
of the chamber and then decreases approximately linearly toward the
wall region. A maximum in turbulent ﬂuctuation within the central
region is associated with the unsteady merging point of the multiple inlet-jets,7 resulting in a precessing jet ﬂow.9 At x/Lc = 0.63,
the rms velocity is 70% lower than at x/Lc = 0.45, while the radial
proﬁle of the rms velocity remains approximately constant (u′θ /U e
≈ 0.025) across the chamber’s radius. The value of u′θ /U e continues to decrease with axial distance to a value of u′θ /U e ≈ 0.02 at x/Lc
= 0.80, which is very close to uniform throughout the radial proﬁle.
Taken together, it can be concluded that the ﬂuctuations in the tangential velocity for Regime I reduce signiﬁcantly with axial distance
from the nozzle exit, consistent with trends in conventional annular
jets.14,37
It can be seen from Fig. 7(b) that the tangential rms velocity in Regime II is signiﬁcantly lower than that of Regime I at x/Lc
= 0.36 and 0.45. However, u′θ /U e is quite similar in the two regimes
at x/Lc = 0.63 and 0.80. This gives some evidence that the ﬂuctuation
in tangential velocity tends to reduce as θj is increased. The shapes
of the upstream proﬁles are also different. At the two upstream locations, x/Lc = 0.36 and 0.45, the rms peaks on the axis for Regime
I but peaks away from the axis for Regime II. However, further
downstream they are ﬂatter. This indicates that the axial extent of
the zone with relatively low ﬂuctuation of swirl in the downstream
region grows from Regime I to Regime II. Hence, it can be concluded that the radial proﬁle of the rms of tangential velocity is small
and relatively ﬂat for the CRZ region but signiﬁcantly higher for
the ERZ.
For Regime III [Fig. 7(c)] where the ﬂow is characterized by
a dominant CRZ, it can be seen that a pronounced peak in u′θ /U e
occurs at the central region −0.15 ≤ r/Dc ≤ 0.15 for all radial proﬁles, with the peak value of u′θ /U e ≈ 0.06 occurring at the centerline
of the chamber. This corresponds well with the maximum gradient
of the mean tangential velocity (U θ ) shown in Fig. 6(c). That is, a

Phys. Fluids 31, 055102 (2019); doi: 10.1063/1.5089904
Published under license by AIP Publishing

FIG. 7. Radial proﬁles of tangential rms (root-mean-square) velocity normalized by
the nozzle mean exit velocity (u′θ /Ue ) at four radial planes x/Lc = 0.36, 0.45, 0.63,
and 0.80 within the MIJCC for conﬁgurations of (a) Regime I, (b) Regime II, and
(c) Regime III. Note that the axes and symbols are identical for all cases.

high value of u′θ /U e is associated with the central region for Regime
III. Such a large ﬂuctuation in the tangential velocity is commonly
associated with a high degree of ﬂow unsteadiness, which may be
evidence of the presence of a PVC within the central region, consistent with previous studies in swirled burners and reactors.9,13,37,45
Importantly, this pronounced peak only occurs at Regime III, which
suggests that this regime is most likely to generate a PVC at, or close
to, the axis of the chamber.
Overall, it can be concluded that, ﬁrst, for a given value of
nozzle angle (α j and θj ), the degree of ﬂuctuation in the tangential
velocity decreases along the axis of the chamber for both the ERZ
and CRZ, although the reduction is most signiﬁcant for the smallest jet angles considered here (Regime I) and, second, an increase in
α j and θj (Regime III) leads to a signiﬁcant increase in the velocity
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ﬂuctuation of the central region (r/Dc ≈ 0) for a given radial plane
(x/Lc ). This also highlights the inﬂuence of the CRZ on the ampliﬁcation of ﬂow unsteadiness along the axis of the chamber, as discussed
in the previous study.7
Figure 8 presents axial proﬁles of the evolution of normalized axial (u′x /U e ) and radial rms velocities (u′r /U e ) along the
centerline of the MIJCC for representative conﬁgurations that
generate Regimes I, II, and III. The data for Regimes I and II are
reproduced from our previous paper (Long et al.8 ) to complete the
data set, while red solid lines denote Regime I and blue dashed lines
refer to Regime II. For Fig. 8(a), the results show that the transition from Regime I to Regime III leads to a signiﬁcant decrease in
axial rms velocity u′x along the axis of the chamber. The magnitude of the peak (u′x /U e )max remains almost constant (u′x /U e ≈ 0.1)
from Regime I to Regime II and decreases by 40% from Regime II
to Regime III. The position of the peak also moves upstream from
x/Lc ≈ 0.32 (Regime I) to 0.15 (Regime III). This is consistent with
the upstream movement of the jet merging point for each case, as
reported previously.7 The axial extent of the region with low u′x /U e
therefore increases commensurately from Regime I, where it is negligible, to Regime III, where it is the dominant phenomena in the
measured region. Hence, it can be concluded that Regime III is associated with a lower ﬂuctuation in the axial velocity component along
the centerline of the chamber.
The axial proﬁle of u′r /U e is presented in Fig. 8(b). It can be
seen that for Regime I and II, the position of the peak tends to be
further upstream than for u′x /U e and the corresponding axial extent
is shorter. Hence, the average value of u′r /U e in Regime II is typically 30% lower than that in Regime I. However, the peak for Regime
III is found further upstream and asymptotes to a higher value of
u′r /U e ≈ 0.06 than for the other regimes. This value of u′r /U e ≈ 0.06 is

FIG. 8. Evolution of (a) normalized axial rms (u′x /Ue ) and (b) normalized radial rms
velocity (u′r /Ue ) along the centerline of the MIJCC for all experimental cases. The
red and blue lines denote the data published in our previous work.8 For clarity,
only every second data point is presented and both cases use identical axes and
symbols.
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similar to that of the pronounced peak in u′θ within the central region
of the radial planes reported above. Taken together, it can be concluded that Regime III is associated with strong ﬂuctuation in the
radial and tangential velocity components but weaker ﬂuctuations in
the axial direction which is also consistent with the presence of precessing ﬂows for the conﬁgurations with high nozzle angles (α j = 45○
and θj = 15○ ).
C. Characterization of the precessing vortex core
Figure 9 presents (a) two typical instantaneous streamlines,
labeled with arrows to indicate the ﬂow direction, and (b) the angular displacement of the vortex-core relative to the center of the
cylinder (θcore ), as a function of time (t) for the case of Regime
III (α j = 45○ and θj = 15○ ). Note that the data are presented only
at x/Lc = 0.8 here for consistency. The location of the vortex-core
was determined by a combination of mathematical calculations and
visual observation. Mathematically, the position of the vortex-core
is deﬁned as the crossing point where the tangential velocity U θ
and the radial velocity U r equals or approaches zero on the θ-r
coordinate system, following Grosjean et al.26 and Volkert et al.46
The results were calibrated with the visualization from the raw PIV
images to obtain the ﬁnal location of the vortex-cores. On this basis,
the uncertainty of the vortex-core location was estimated to be less
than 10%.
For the instantaneous velocity ﬁeld [Fig. 9(a)], it can be seen
that the vortex-core (labeled with a red cross) moves from the
bottom-half [Fig. 9(a) left] to the top-half [Fig. 9(a) right] section

FIG. 9. (a) Typical instantaneous streamlines, labeled with arrows to indicate the
ﬂow direction for the case of α j = 45○ and θj = 15○ (Regime III) at the plane x/Lc
= 0.8, and (b) the angular displacement of the vortex-core (θcore ) as a function of
the time (t).

31, 055102-9

Physics of Fluids

of the cylindrical chamber, with a signiﬁcant displacement relative
to the axis of the chamber (labeled with the red lines). That is, the
location of vortex-core changes signiﬁcantly with time. The temporal displacement of the vortex-core is presented in a time-series in
Fig. 9(b) for some 25 cycles. This shows that θcore moves periodically around the axis of the chamber with a regular frequency. This
is a typical of previous descriptions of a PVC,9,29 which conﬁrms its
presence within the cylindrical chamber.
Figure 10 presents the probability density function (PDF) of
the radial displacement of the vortex-core relative to the axis of
the chamber (rcore ), normalized by the chamber diameter (Dc ) for
the cases of Regimes I, II, and III. All of these data are measured
in the CRZ at the radial plane x/Lc = 0.8 (refer to Table III). The
results show that the most probable displacement of the vortexcore is rcore /Dc ≈ 0.11–0.13 for Regimes I and II, while it is smaller
at rcore /Dc ≈ 0.03 for Regime III. However, the peak in probability
is much sharper for Regime III, showing that the ﬂuctuations are
more regular. The ﬁnding that the transition between Regime I and
Regime II does not signiﬁcantly inﬂuence the radial displacement of
the PVC is consistent with them both being associated with a dominant ERZ upstream from x/Lc = 0.8, while Regime III is associated
with a CRZ that ﬁlls almost the entire cylindrical chamber. Hence,
the presence of a dominant CRZ tends to inhibit the precession of
vortex-core and to generate a coherent PVC for the conﬁgurations
of multiple conﬁned jets.
It can also be seen from Fig. 10 that the higher peak in the PDF
for Regime III is consistent with the higher values of rms velocities
along the centerline of the chamber for Regime III (see also Figs. 7
and 8). Taken together, it can be concluded that the PVC is present
in all of these ﬂows, regardless the types of vortex (i.e., free, forced,
or Rankine), although it is more coherent in the CRZ of Regime III
but with a smaller displacement than it is for Regime I.
Figure 11 presents the averaged radial displacement of the
vortex-core (r̄core ) normalized by the chamber diameter (Dc ) at
ﬁve radial planes (x/Lc = 0.27, 0.36, 0.45, 0.63, and 0.80) for the

FIG. 10. Probability distribution of the radial displacements of the vortex core relative to the axis of the chamber, normalized by the chamber diameter, for the
conﬁgurations of Regime I (α j = 25○ and θj = 5○ ), Regime II (α j = 25○ and θj
= 15○ ), and Regime III (α j = 45○ and θj = 15○ ).
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FIG. 11. Averaged vortex-core displacement, normalized by the diameter of the
chamber (r̄ core /Dc ) along the axis of the MIJCC for the conﬁgurations of Regime
I, Regime II, and Regime III.

conﬁgurations generating Regimes I, II, and III. Data are only presented for those cases where a vortex-core can be identiﬁed from the
method illustrated in Fig. 9. It can be seen that the axial extent of the
regions in which a PVC can be identiﬁed is the greatest for Regime
III (x/Lc = 0.27, 0.36, 0.45, 0.63, and 0.80) and the least for Regime
I (x/Lc = 0.80). This is consistent with the increase in the magnitude
of the tangential velocity for Regime III. Furthermore, these regions
correspond to radial planes where a CRZ is present (see also Table III
for details), which is consistent with a previous study,9 indicating
that the position of the PVC corresponds well with that of the CRZ.
Figure 11 also shows that the value of r̄core /Dc typically
decreases from Regime I to Regime III, although the extent of the
reduction is small for Regime II. For example, at x/Lc = 0.80, the
value of r̄core /Dc in Regime II is 20% lower than that in Regime I,
while it is approximately 80% lower for Regime III. This is consistent with the PDF of the position of the vortex-core (Fig. 10),
showing that a more coherent PVC has a smaller displacement.
However, the extent of the reduction in the position of the PVC for
each regime is not consistent. For example, the value of r̄core /Dc for
Regime III decreases by ≈50% from 0.058 at x/Lc = 0.27 to 0.03 at
x/Lc = 0.80. However, for the case of Regime II, the extent of the
reduction in r̄core /Dc is relatively small (≈10%) from x/Lc = 0.46 to
0.80 where a PVC is identiﬁed. This suggests that the presence of
jet precession in the upstream ERZ in Regime II is associated with
a substantially lower reduction in the position of the PVC in the
downstream CRZ.
Overall, it can be concluded that for the cases in which the size
of the ERZ is larger than, or similar to, that of the CRZ (Regimes I
and II), the displacement of the PVC remains high throughout the
CRZ region, while for the cases with higher swirl angles and a dominant CRZ (Regime III), the displacement of the PVC is smaller and
the movement is more regular.
D. Identiﬁcation of the three-dimensional
ﬂow regimes
Figure 12 presents a schematic diagram of the three rotational
ﬂow patterns that have been identiﬁed for Regime I (α j = 25○ and
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FIG. 12. Schematic diagram of the three rotational ﬂow patterns that have been
identiﬁed within the MIJCC conﬁgurations: (a) Pattern A: rotation + source, (b)
Pattern B: rotation + sink, (c) Pattern C: pure rotation. Here, the “×” denotes the
source and “+” is the sink.

θj = 5○ ), Regime II (α j = 25○ and θj = 15○ ), and Regime III (α j = 45○
and θj = 15○ ), using both the measured streamlines and quantitative
information from Secs. III A–III C. A brief summary of the key ﬂow
features generated by the MIJCC conﬁgurations is listed in Table V
and presented below:
1. Pattern A: Rotation + source
Pattern A is characterized by a rotational ﬂow superimposed on
a point source at the cylinder axis. The source is associated with the
central resulting jet generated by the interaction of multiple inletjets. Hence, this ﬂow pattern typically occurs in the ERZ where the
magnitude of the axial velocity is signiﬁcantly greater than that of
the tangential velocity (U x > U θ ).
2. Pattern B: Rotation + sink
Pattern B is characterized by a rotational ﬂow superimposed
on a sink at the axis of the chamber. The sink is generated by the
combination of a central reverse ﬂow along the axis and a downstream peripheral ﬂow near to the wall region. This ﬂow pattern is
present within a CRZ where the magnitude of the tangential velocity
is similar to that of the radial velocity (U θ ≈ U r ).
3. Pattern C: Pure rotation
Pattern C is characterized by a purely rotational ﬂow dominating the radial planes, which is generated by the high magnitude
of tangential component from the swirl angle of the multiple inletjets. This ﬂow pattern occurs within the CRZ where the tangential
velocity is signiﬁcantly higher than the radial velocity (U θ > U r ).
Figure 13 presents the three distinctive rotational ﬂow patterns within the chamber of the MIJCC for the geometric conﬁgurations of Regimes I, II, and III that have been identiﬁed using
both the ﬂow visualization and quantitative data. The axial extent
of the ERZ and CRZ regions within the MIJCC is also identiﬁed by
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FIG. 13. Map of the key rotational ﬂow patterns as a function of the Regimes I, II,
and III within the rotationally symmetric MIJCC conﬁgurations. The ERZ and CRZ
are highlighted with red and purple colors, respectively.

the use of highlighting with red and purple colors, respectively. The
results show that the presence of Pattern A corresponds well with
the ERZ, while Patterns B and C are typically associated with a CRZ,
as expected. However, it should be noted that Pattern B occurs at
regions for which the downstream end of the ERZ is located at x/Lc
≥ 0.36, labeled with a red dashed line (i.e., 0.63 ≤ x/Lc ≤ 0.80 for
Regime I and 0.36 ≤ x/Lc ≤ 0.45 for Regime II), while Pattern B is
totally absent for Regime III where the ERZ is expected to be located
at further upstream (x/Lc < 0.27). This ﬁnding indicates that the
position and size of the ERZ have a controlling inﬂuence on the presence of Pattern B (rotational ﬂow with a sink), which in turn suggests
that Pattern B tends to be only generated within the transition region
between the ERZ and the CRZ. This is also consistent with the transition from a forced to a Rankine vortex as discussed in Fig. 6. Taken
together, it can be concluded that a change from Regimes I to III
eliminates Pattern A and leads to the dominance of Pattern C, consistent with the change in the relative signiﬁcance of the ERZ and
CRZ from Regime I to III.
Figure 14 presents a schematic diagram of the three ﬂow
regimes that have been identiﬁed within the MIJCC conﬁgurations.
The data for the x-r plane (axial) have been adapted from our previously published work,7 while those for the r–θ plane (tangential)
were obtained from Patterns A, B, and C reported in Fig. 12. The
detailed description of the key ﬂow features for the x–r plane is
discussed by Long et al.7
a. Regime I: Dominant ERZ + weak CRZ + low swirl ﬂow.
Regime I is characterized by the presence of a dominant ERZ and
a small downstream CRZ within the cylindrical chamber of the
MIJCC. The rotational ﬂows with a source (Pattern A) and a sink
(Pattern B) are associated with the main ERZ and the weak CRZ
regions, respectively. The swirl strength in this regime is weak, with
the majority of the ﬂow being in the axial direction of the chamber.

TABLE V. Deﬁnition of rotational ﬂow patterns within the MIJCC conﬁgurations equipped with rotationally symmetric multiple-jets.

Rotational
ﬂow
Pattern A (rotation + source)
Pattern B (rotation + sink)
Pattern C (pure rotation)

Flow
direction

Recirculation
zone

Source

Sink

Swirl
strength

Outwardly spiraling
Inwardly spiraling
Purely tangential

ERZ
CRZ
CRZ

Yes
No
No

No
Yes
No

Weak (U θ ≈ 0.02U e )
Medium (U θ ≈ 0.04U e )
Strong (U θ ≈ 0.12U e )
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inclination (α j = 25○ and 45○ ) and azimuthal angles (θj = 5○ and
15○ ):
1.

FIG. 14. Schematic diagrams showing the major ﬂow features for the axial plane
(across the axis) and four radial planes (orthogonal to the axis) within the rotationally symmetric MIJCC conﬁgurations. (a) Regime I: Dominant ERZ + weak CRZ +
low swirl ﬂow, (b) Regime II: ERZ + CRZ + medium swirl ﬂow, and (c) Regime III:
Weak ERZ + dominant CRZ + high swirl ﬂow.

The displacement of the PVC in this regime is the greatest of all cases
investigated here.
b. Regime II: ERZ + CRZ + medium swirl ﬂow. Regime II is
characterized by a strong ERZ and CRZ within the cylindrical chamber, with the axial extent of the ERZ and CRZ is relatively similar.
The extent of Pattern B is greater than that for Regime I, while a
purely rotational ﬂow (Pattern C) occurs at the downstream region
of the chamber. Hence, the swirl strength for this regime is signiﬁcantly greater than that for Regime I, although the displacement of
the core of the PVC is smaller than that for Regime I.
c. Regime III: Weak ERZ + dominant CRZ + high swirl ﬂow.
Regime III is characterized by the dominance of a CRZ within the
chamber, while the ERZ is limited to the conical section of the chamber. Pattern C is recorded for all radial planes downstream from
the jet merging point. This regime is also characterized by a significant swirling ﬂow (the most signiﬁcant among the three identiﬁed
regimes). Importantly, the PVC in this regime is mostly regular and
stable.

IV. CONCLUSIONS
In conclusion, new qualitative and quantitative information has
been provided to the swirling and precessing ﬂows generated by the
Multiple Impinging Jets in a Cylindrical Chamber (MIJCC) with the
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The new ﬁndings of the three distinctive ﬂow regimes (Regimes
I, II, and III) are as follows:
(a) The magnitude of tangential velocity U θ is the strongest
[(U θ /U e )max ≈ 0.12] and is almost independent from the
axial locations throughout the chamber for Regime III (α j
= 45○ and θj = 15○ ) where a dominant central recirculation zone (CRZ) occurs, while the value of U θ is relatively
weak [(U θ /U e )max ≈ 0.04] and decays much faster along
the axis for the cases where a dominant external recirculation zone (ERZ) is present (e.g., Regime I, α j = 25○ and
θj = 5○ ). This indicates that the swirl strength is much
stronger and remains higher value for the CRZ than that for
the ERZ.
(b) The transition from Regime I to Regime III is associated
with an increase by 60%–90% in the magnitude of tangential velocity for a given cross section (x/Lc ) within the
chamber, resulting in the absence of a free vortex and the
presence of a Rankine (forced and free combined) vortex.
This corresponds well with the increase in the size of the
CRZ, which is caused by the combined effects of large α j
and θj increasing the tangential velocity.
(c) The rms (root-mean-square) of tangential velocity (u′θ ) was
found to be small and relatively ﬂat for the CRZ but typically
higher for the ERZ. This is associated with the unsteady
merging point of the multiple inlet-jets within the ERZ. It
was also found that a pronounced peak of the rms velocities
for axial, radial, and tangential directions (u′x , u′r , and u′θ )
occurs within the central region for Regime III. This indicates that a dominant CRZ in Regime III ampliﬁes signiﬁcantly the level of turbulent ﬂuctuations within the central
region of a cylindrical chamber.
(d) Three rotational ﬂow patterns were identiﬁed within
Regimes I, II, and III, depending on the relative signiﬁcance
of the ERZ and CRZ:
● Pattern A: rotational ﬂow superimposed on a source
(for the ERZ with a weak swirl U x > U θ );
● Pattern B: rotational ﬂow superimposed on a sink (for
the CRZ with a medium swirl U θ ≈ U r );
● Pattern C: pure rotation (for the CRZ with a highswirled ﬂow U θ > U r ).

2.

A precessing vortex core (PVC) was found to occur for all
cases investigated here. The key ﬁndings of the PVC are as
follows:
(a) The axial extent of the regions in which a PVC can be identiﬁed is the greatest for Regime III and the least for Regime
I. This corresponds well with the axial extent of the CRZ
for Regimes I, II, and III, indicating that the position of the
PVC depends strongly on the size of the CRZ.
(b) The signiﬁcance of the PVC tends to be ampliﬁed for small
swirl angles (e.g., θj = 5○ ) but to be inhibited for higher
swirl angles (e.g., θj = 15○ ). This is evidenced by up to
80% smaller displacement of the vortex-core (rcore ) relative
to the center of the chamber for Regime III than that for
Regime I.
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(c) The value of rcore was found to be reduced along the axis of
the chamber for all three ﬂow regimes. However, the value
of rcore is reduced by up to 50% for Regime III but only 10%
for Regime II. This indicates that a strong interaction of
inlet-jets within the upstream ERZ for Regime II tends to
retain the displacement of the PVC within the CRZ.
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8.1 Conclusions
The thesis provides a new understanding of the large-scale flow dynamics generated by
multiple-jets confined in a cylindrical chamber. It was found that the annular arrangement
of multiple impinging jets forms a resulting jet flow downstream from the jet merging
point, generating an external recirculation zone (ERZ) and a central recirculation zone
(CRZ). The flow-field downstream from the merging point reveals strong qualitative
similarity to single-jet, parallel-jets and swirling-jets flow but retains significant
quantitative differences. New qualitative and quantitative information has been added to
the flow-field of multiple confined jets for model development and validation.
The key findings of the present study are as follows:
1.

An increase in the inclination angle αj from 0° to 90° was found to move the jet
merging point further upstream by up to 60%, while an increase in the number of jets
Nj from 2 to 4 only changes the location of this point by 5%. The velocity decay
within the region of the resulting jet generated by αj (planar-symmetric) was found
to be at least 60% greater than a single unconfined free jet, but 20% lower than that
generated by the combination of αj and azimuthal angle θj (rotationally-symmetric).
This is due to the combined effects of the cylindrical-wall confinement and the strong
interaction between inlet-jets. However, a decrease in the chamber aspect ratio Lc/Dc
from 3 to 2 was also found to increase the velocity field of the resulting jet by up to
40%, while its strength decreases by up to 50% as Lc/Dc is further reduced to 1 due
to the confinement effect from the bluff end-wall.
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2.

The velocity fluctuation within the region of the resulting jet generated by either
multiple swirling or non-swirling confined jets was found to be at least 50% higher
than a single unconfined free jet. This is partly attributed to the role of confinement
and partly to the additional unsteadiness caused by the jet impingement. An increase
in Nj was also found to reduce the fluctuation of velocity by up to 50%, due to the
reduction in the lateral spread of the resulting jet. The presence of a relatively large
θj (e.g., θj ≥ 10°), or a short chamber length (e.g., Lc/Dc = 1) inhibits the large-scale
oscillations (e.g., jet precession) that are otherwise associated with the jet merging
point, although the degree of velocity fluctuations within the ERZ is typically up to
60% higher than that in the CRZ for all investigated conditions.

3.

For configurations of multiple swirling jets (rotationally-symmetric), the value of
swirling velocity Uθ is the strongest (up to 12% of the nozzle exit velocity Ue) and is
almost independent of the axial locations within the CRZ, while Uθ is relatively weak
(Uθ ≈ 0.01 ~ 0.03Ue) and decays much faster within the ERZ. For a given location
within a cylindrical chamber, a higher value of both αj and θj (e.g., αj = 45° and θj =
15°) leads to an approximately 60% increase in the strength of swirl, resulting in the
presence of a Rankine (the combination of forced and free) vortex.

4.

Precessing flows such as the precessing vortex core (PVC) has been identified for all
configurations of multiple confined jets in this study. The significance of the PVC
tends to be amplified for the cases with a dominant ERZ (e.g., αj = 25° and θj = 5°),
but to be inhibited for the dominant CRZ cases (e.g., αj = 45° and θj = 15°). This is
evidenced by up to 80% smaller displacement of the vortex-core relative to the centre
of the chamber (rcore) for the dominant CRZ regime.
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5.

The present study has identified all of the major flow regimes that can be generated
by the combination of αj, θj and Lc/Dc within a cylindrical chamber. It was found that
an increase in αj from 0° to 90° leads to the presence of an ERZ and the absence of a
CRZ, while a larger αj (e.g., αj ≥ 35°) also generates a secondary ERZ upstream from
the jet merging point. It was also found that an increase in θj from 0° to 15° increases
the size of the CRZ and decreases the size of the ERZ. However, a decrease in
chamber length from Lc/Dc = 3 to 1 reduces both the size of the ERZ and CRZ
significantly.

6.

For applications of combustion and solar thermal devices, it was found that the value
of θj should be sufficiently low (e.g., θj < 10°) and the value of αj should not exceed
approximately 65° for Nj = 2 and 55° for Nj = 4 configurations to minimize the risk of
transporting fluid from the chamber to the aperture. This finding is crucial for
relevant configurations (such as the HSRC) to maintain high reactor efficiency and
thermal performance. In addition, it was also found that the value of αj should be
approximately 10° ~ 35° to provide the greatest total mass of recirculated fluid and a
uniform recirculation zone. This is important for combustion technologies,
particularly for MILD (Moderate or Intense Low-oxygen Dilution) combustion
regime, since the recirculation zone is associated with high rates of mixing, heat
transfer, and quasi-homogeneous temperature within the chamber.

8.2 Recommendations for further work
It is recommended that new systematic investigations should be conducted to extend the
current study of multiple annular jets from iso-thermal to reacting flow conditions. For
example, to further investigate the thermal performance of configurations that avoid the
transport of flow from chamber to the aperture (e.g., αj < 55° and θj > 10°). This study
133

8.2. Recommendations for further work
extends the finding from the present study to more complex flow conditions, which can
quantify the important parameters such as recirculation rate and heat transfer efficiency
for reacting flow and provide benefit to the future development and refinement of
combustion technologies. Further numerical study of the PVCs and precession-jet should
also be included for both the iso-thermal and reacting flow conditions to motivate the
continuous development of the most accurate modelling approaches for multiple confined
jets.
In addition, it is also recommended that further extension work should be proposed to
investigate the influence of the wind effects on the internal flow-field generated by
multiple annular jets within a cylindrical chamber. This is because that the majority of
solar thermal devices is designed to be operated on top of the tower (≈ 100 m in height)
where the wind (e.g., wind speed and direction) tends to significantly change the flow
patterns and convective heat losses within the cavity. However, to my best knowledge,
no previous study has fully characterised the effects of external wind on the flow-field
generated by multiple confined jets. Hence, a better understanding of the external flow
could potentially benefit the improvement of heat transfer and thermal efficiency for
practical combustion and solar thermal devices such as the HSRC technology.
The final recommendation for future work is to develop a cost-effective solution to
mitigate the potential negative effects of the wind on the flow-field generated by multiple
confined jets within a cylindrical chamber. For example, to identify the potential
arrangement of aerodynamic curtains to reduce the convective heat loss of the HSRC
within the solar and mixed modes (aperture shutter is open). It has been found that the
majority of the investigations of the aerodynamic curtains was performed almost
exclusively for numerical simulation, while no reliable experimental data is yet available
for multiple annular jets in an axisymmetric chamber. Hence, it is recommended to
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conduct a systematic study with well-defined inflow and boundary conditions to optimise
the performance of aerodynamic curtains for multiple annular jets within a cylindrical
chamber.
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is derived only from the burning of injected fuel. In the
‘mixed mode’, the heat source for the HSRC is derived
from both solar radiation and combustion, with the
percentage of each being dependent on the solar intensity
available at the time. A schematic diagram of the HSRC is
presented in Figure 1.

ABSTRACT
This paper assesses the performance of three turbulence
models on the simulation of an isothermal flow from a
burner with three separated-jet inlets. This burner has key
flow features of a novel hybrid solar receiver combustor
(HSRC) that is under development in the Centre for
Energy Technology (CET) at the University of Adelaide.
Three turbulence models, namely, the Baseline Reynolds
Stress (BSL RSM), the Shear-Stress-Transport (SST) and
the Standard k-ɛ (SKE) models were chosen. The paper
reports numerical results from two cases of the separatedjet flows. In these two cases, the angle between the side jet
and the centre jet is Ͳι ʹͲι . The predicted mean
velocity profiles at six positions of this burner are
compared against experimental results from the literature.
It is found that the best prediction is provided by the BSL
RSM model, which predicts well the velocity peaks and
reproduces the trend of velocity profiles in different axial
positions. Importantly, the BSL RSM model has the
advantage of predicting anisotropic Reynolds stresses in
interacting jet flows. This opens the way to use these
models to inform the development of the combustion
system within the HSRC.

The HSRC is still in the early stages of development.
Owing to the range of operational modes, it can be
expected that different flow regimes, flame structures and
dominant heat transfer mechanisms will occur at different
times inside the HSRC. Hence there is a need to
understand the flow dynamics of this unique geometry to
design burners that can work effectively. Based on the
proposed configurations of the HSRC, multiple burners
are distributed within the conical configuration of the
chamber with an angle of inclination (ߚ௧ ) that causes the
jets to interact within the chamber (Figure 1). According
to Chinnici (2015), by changing the inclination angle of
the jet from ͵Ͳι ͻͲι , the flow features and combustion
behaviours inside the HSRC change dramatically.
Therefore, a comprehensive understanding of the
influence of interacting jets on flow dynamics inside the
HSRC is desirable.

INTRODUCTION
The concept of integrating Concentrating Solar Thermal
(CST) technology and traditional combustion energy is
gaining prominence globally due to the complementary
nature of these two thermal energy sources (OrdoricaGarcia, Delgado & Garcia 2011). CST can reduce the
emission of greenhouse gas and provide a cost-effective
way to incorporate solar with thermal energy storage
(Steinmann 2012) to overcome the challenge of the
intermittent nature of solar radiation (Jin & Hong 2012).
The integration of combustion energy source with CST
offers a relatively low cost solution which minimises the
need for costly long term energy storage and provides
certainty for baseload power.

Figure 1: Schematic diagram of the Hybrid Solar
Receiver Combustor (Nathan et al. 2013).

A Hybrid Solar Receiver Combustor (HSRC) has been
proposed by the Centre for Energy Technology (CET) at
the University of Adelaide, which is a combination of a
solar cavity receiver and a gaseous fuel combustor. The
HSRC reduces heat losses relative to equivalent hybrids
by integrating CST and combustion energy source into a
single device (Nathan et al. 2013; Nathan et al. 2009). The
HSRC is designed to operate in any of three modes: the
‘combustion only mode’, the ‘solar only mode’ and the
‘mixed mode’. For the ‘solar only mode’, the shutter of
Compound Parabolic Concentrator (CPC) is open to allow
the entry of concentrated solar radiation into the receiver,
so that the heat source for the HSRC is only solar energy.
In contrast, the heat source in the ‘combustion only mode’

Prior to building experimental facilities with which to
directly assess the performance of the HSRC, CFD models
have been developed using other experimental data from
related configurations. Of these, the investigation of
interacting jets of an oxy-fuel combustion separated-jet
burner developed by Boushaki and Sautet (2010) was
chosen for CFD model validation. This burner consists of
a central jet of natural gas placed between two oxygen
jets, the orientation of which is adjustable (Boushaki et al.
2008; Boushaki et al. 2007). Hence this system has similar
features to the multiple-jet configuration of the HSRC. A
schematic diagram of this system is shown in Figure 2.
Importantly, the work of Boushaki and Sautet (2010)
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provides sufficient details of the geometry and flow
velocity measurement for reliable model development and
validation.

profiles at six positions from the burner exit, in nonreacting conditions.
MODEL DESCRIPTION
The computational model of the separated-jet burner
shown in Figure 3 was generated with a commercial CAD
package Creo 2.0. Two models of the burner have been
constructed for the case of ߙ௧ ൌ Ͳι and ߙ௧ ൌ ʹͲι . The
dimensions of the burner are shown in Table 1.

Outlet

The ANSYS/ICEM CFD code was used to generate the
structural mesh of this computational model. In order to
accelerate the process of mesh generation and refinement,
the shape of the burner has been simplified by replacing
the conical structure of the exhaust duct (Figure 2) with a
square structure (Figure 3). While this change will
inevitably influence the secondary flows in the chamber,
here our primary interest is the first order recirculation
flow patterns. Additionally, due to the symmetric
configuration of this burner, only a quarter of the full
domain was analysed and a symmetric boundary was
employed. This results in an efficient use the number of
mesh nodes. The mesh quality was checked for expansion
factor, aspect ratio, skewness and orthogonality. The
influence of the number of mesh nodes on the CFD results
was evaluated through a mesh independence test, which is
reported in the next section.

Furnace body

Oxygen Natural gas Oxygen
inlet
inlet
inlet
(Central)

The flow field measurements reported by Boushaki and
Sautet (2010) were undertaken by replacing natural gas
with an inert mixture of 65.38% of nitrogen and 34.63% of
helium (by volume) to achieve a similar density to natural
gas. Hence in this paper the designation of ‘central jet’ is
used to denote the mixed gases in this jet. The mass flow
rate of the central jet and oxygen jet were held constant for
all simulation cases to match the inlet conditions in the
reference paper of Boushaki and Sautet (2010). The
detailed boundary conditions are given in Table 2 and 3,
and the complete boundary settings and experimental
configurations are reported by Boushaki and Sautet
(2010).

Figure 2: Schematic diagram of the separated-jet burner
of Boushaki and Sautet (2010).
In light of the needs mentioned above, the aim of the
present paper is to conduct a CFD study to better
understand the flow behaviour of inclined jets and to test
the performance of different turbulence models in
predicting the flow behaviour of a separated-jet burner.
The performance of three turbulence models, namely, the
Baseline Reynolds Stress (BSL RSM) model, Standard k-ɛ
(SKE) model and Shear-Stress-Transport (SST) model, is
evaluated in this study. The selection of these models was
based on our previous CFD modelling studies of flows in a
solar-enhanced vortex gasifier (Tian, Nathan & Cao
2015). Particularly, this study compares the simulated
results against the experimental data of axial velocity

The CFD calculations were carried out with the
commercial Finite Volume code ANSYS CFX 16.1. The
convergence criterion for all simulations was set to be ͳ ൈ
ͳͲିହ (RMS).

ߙ௧

Figure 3: Geometry of the CFD domain.
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Mesh independence test

A series of mesh refinements was carried out for four
different grid sizes of 1 million, 2 million, 4 million and 8
million mesh nodes, respectively. The BSL RSM model
was chosen to investigate the influence of the number of
mesh nodes on the results, for the case with ߙ௧ ൌ ʹͲι . In
the work of Boushaki and Sautet (2010), the mean axial
velocity profiles were obtained at six radial traverses at the
axial locations of z = 15 mm, 35 mm, 55 mm, 75 mm, 95
mm, 115 mm, as is illustrated in Figure 5. The comparison
between the numerical results and experimental data at z =
15 mm and 115 mm is shown in Figure 6. At z = 15 mm
(Figure 6 a), it can be seen that there is only a slight
difference between the results predicted using these four
mesh sizes, and all simulated results are similar to
experimental data. At z = 115 mm (Figure 6 b), the
prediction also changes little with an increase in the
number of mesh nodes, although all models under-predict
the velocity profile. This under-prediction may be caused
by the inaccurate reproduction of an out-of-plane motion
as the mass flow and momentum are conserved. Therefore,
4 million mesh size was chosen to evaluate the
performance of turbulence models in this study.

Table 1: Geometric parameters.
"% %
!!
$%!

 # !)( *
,',,,112
,',,-320

Table 2: Inlet boundary details.
"% 
-&.
/
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!

"% %
 #!

%! 
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Table 3: Boundary conditions.
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Figure 4: CFD Domain

Figure 6: Comparison between the CFD simulations
and the epxeriments for four different mesh sizes at (a) z
= 15 mm and (b) z = 115 mm.

Z

X
Figure 5: The six measurement planes, together with the
mean velocity profile simulated by 4 million mesh nodes
with હ ܜ܍ܒൌ ι .
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Figure 7: Comparison of calculated radial profile of mean axial velocity using three turbulence models with experimental
data હ ܜ܍ܒൌ ι (Boushaki & Sautet 2010) at axial positions (a) z = 15 mm, (b) z = 35 mm, (c) z = 55 mm, (d) z = 75 mm,
(e) z = 95 mm, (f) z = 115 mm.

Figure 8: Comparison of calculated radial profile of mean axial velocity using three turbulence models with experimental
data હ ܜ܍ܒൌ ι (Boushaki & Sautet 2010) at axial positions (a) z = 15 mm, (b) z = 35 mm, (c) z = 55 mm, (d) z = 75 mm, (e)
z = 95 mm, (f) z = 115 mm.
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Comparison of different turbulence models

(maximum difference 20.5%). This under-prediction is
consistent with their performance in modelling a single
round free jet. For instance, Figure 9 shows the centreline
velocity decay of the central jet for the case ofߙ௧ ൌ ʹͲι.
It can be seen that the velocity decay of SKE and SST
models is much higher than that of BSL RSM model, and
BSL RSM model provides good agreement with the
experimental data at z = 15 mm, 75 mm, 95 mm and 115
mm.

Figure 7 shows the comparison of mean axial velocity
profiles at six positions downstream from the burner exit
(z = 15 mm, 35 mm, 55 mm, 75 mm, 95 mm and 115 mm)
to illustrate the performance of different turbulence
models for the case of ߙ௧ ൌ ʹͲι . At z = 15 mm (Figure 7
a), all turbulence models provide good agreement with the
experimental data for the side jets (oxygen jets shown in
Figure 2), while they under-predict the velocity at the
central jets (maximum difference 5%). Similarly, at z = 35
mm (Figure 7 b), all three models slightly over-predict the
peak value of velocity by about 5% (x = ± 12 mm, 0 mm),
and results of the SKE model are in relatively good
agreement with the experimental data. However, at z = 55
mm (Figure 7 c), the predictions based on BSL RSM
model have a similar trend to the SKE model, while they
over-predict the velocity magnitude around the central jet
region (maximum difference 8% at x = 0 mm). At z = 75
mm (Figure 7 d), the jet velocity predicted by the BSL
RSM model is quite similar to that of the measurement,
which reproduces the peak velocity at x = 0 mm. Also, at z
= 95 mm (Figure 7 e), the maximum value of underprediction is found to be 19.5% at x = 0 mm, which is
provided by the SST model. The jet velocity predicted by
the BSL RSM model at the centre of the jet (x = 0 mm)
has the best agreement with the experimental data. In
addition, at z = 115 mm (Figure 7 f), all models underpredict the velocity value at all jet regions, while the
results from BSL RSM model agree best with the
measured data at x = 0 mm, where there is 10% difference
between the measured and calculated velocity.

Figure 9: Comparison of centreline velocity decay of the
central jet using three turbulence models with
experimental data ߙ௧ ൌ ʹͲι (Boushaki & Sautet 2010)
along the z axis.

Figure 8 presents a comparison of the mean axial velocity
profiles at the same six positions from the burner exit for
the case of ߙ௧ ൌ Ͳι . At z = 15 mm (Figure 8 a), the
maximum difference occurs at x = 0 mm, the SKE model
under-predicts the velocity by about 11.5%, the SST
model by 6.5% and the BSL RSM model by 5.5%. Also,
at z = 35 mm (Figure 8 b), all models slightly over-predict
the velocity magnitude in the three jet regions. At z = 55
mm (Figure 8 c), the BSL RSM model offers a good
match with the central velocity peak, but an obvious
difference to the side velocity peaks (around 10%). At z =
75 mm (Figure 8 d), the results based on all three models
are slightly different from the experimental data. The SKE
model and the SST model can only reproduce the trends in
the velocity of the two side jets, while the predictions of
the central jet velocity profile differ significantly from the
data. A closer observation indicates that the simulated
velocity profile from the BSL RSM model agrees best
with the experimental data since it reproduces all three
peak velocity regions. At z = 95 mm (Figure 8 e) and z =
115 mm (Figure 8 f), there are significant differences
between the numerical results and the experimental data
for all tested turbulence models. Notably, the results of
BSL RSM model under-predict most of the measured
locations between z = 95 mm and 115 mm. However, this
model still reproduces the velocity trend for all three
velocity peaks, and the overall trend is in reasonable
agreement with that of the experiment.

Figure 10: Comparison of calculated radial profile of
mean axial velocity from two different கଵ at axial
positions (a) z = 15 mm, (b) z = 115 mm with
experimental data (Boushaki & Sautet 2010).
Specifically, it is well known that the SKE model overpredicts the velocity decay of a round free jet. Morse
(1980) and Pope (1978) suggested to change the constant
கଵ (Epsilon coefficient) in the turbulence dissipation rate,
ߝ , equation of the SKE model from 1.44 to 1.6, to
overcome the under-prediction of a round free jet. Figure
10 illustrates the simulated mean axial velocity profile
from two different கଵ values at z = 15 mm and z = 115
mm. It can be seen that at the upstream region (z = 15
mm), there is no significant difference between the results
from the two கଵ values. However, in the far-field region
(z = 115 mm), changing the value of கଵ to 1.6 only

Discussion

Generally, reasonable agreement with the measured data
can be obtained using all three turbulence models for the
case of ߙ௧ ൌ Ͳι ʹͲι . Both SKE and SST models
under-predict the jets downstream the location z = 75 mm
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provides a good prediction for central jet, but underpredicts the side jets compared with the default value of
கଵ (1.44). Hence, this change does not improve the
simulated results in these cases.
The performance of the BSL RSM model is slightly better
than that of SST and SKE models. According to Tian,
Nathan and Cao (2015), the normal Reynolds stress in
both SKE model and SST model are assumed to be
isotropic, which reduces the prediction accuracy of a
turbulence model when dealing with turbulence flow
conditions such as jet interaction. By resolving turbulence
intensity and additional transport equations, the BSL RSM
model considers the anisotropic Reynolds stresses. Figure
11 shows the predicted normal Reynolds stress of BSL
RSM model at z = 115 mm, ߙ௧ ൌ ʹͲι . The normal
Reynolds stress ߬௪௪ (ww in the figure) is predicted to be
much higher than the normal Reynolds stress ߬௩௩ and ߬௨௨ .
This may explain why the BSL RSM model has a better
performance of predicting interacting jet flow than the
other two models.

Figure 11: Predicted Reynolds stresses of BSL RSM
model at z = 115 mm with હ ܜ܍ܒൌ ι Ǥ
CONCLUSION
The simulated results of the Baseline Reynolds Stress
(BSL RSM), the Standard k-ɛ (SKE) and the Shear-StressTransport (SST) models were found to predict the
experimental data reasonably well at upstream locations of
z = 15 mm to z = 55 mm in Boushaki and Sautet (2010),
where z is the downstream distance from the burner exit.
However, all three models under-predict the measured
velocity for locations z = 75 mm to 115 mm. The best
model is the BSL RSM model, which predicts the peak
velocity magnitude (z = 75 mm) and reproduces the trend
of velocity profiles in different axial positions. Owing to
the advantage of predicting the anisotropic Reynolds
stresses, the BSL RSM model mitigates the deficiency
found in SKE and SST models. Therefore, the BSL RSM
model is expected to provide good prediction to
interacting jet flows, and it is deduced to be the preferred
type of RANS model for the turbulent flows inside the
HSRC.
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Abstract
This paper reports on a systematic numerical study that
investigates the interaction of four isothermal jets within an
annular chamber under conditions relevant to a Hybrid Solar
Receiver Combustor (HSRC). The HSRC features a cavity that is
operable as a combustion chamber, an aperture to admit
concentrated solar radiation into the chamber, multiple burners to
direct a flame into the chamber, and a heat exchanger within it to
absorb the heat from both energy sources (depending on the mode
of operation). The HSRC geometry is simplified in this study to
include a cylindrical cavity with four jets, representing the burners,
which are configured in an annular arrangement and aligned at an
angle to the axis. The aperture to the cavity is closed while the four
jets interact with each other and with the cavity wall. The jet
inclination angle (ߙ௧ ) was varied from Ͳι to ͻͲι, while the jet
Reynolds number and the number of jets were fixed at ܴ݁ ൌ
ͳͷǡͲͲͲ and 4, respectively. The numerical study utilised the
commercial Computational Fluid Dynamics (CFD) code ANSYS
CFX. The results show that the ߙ௧ significantly influences the
flow field with smaller ߙ௧ ሺͲι  ߙ௧ ൏ ͳͲι ሻ leading to a
strong inward annular recirculation while larger ߙ௧ ሺͳͲι 
ߙ௧ ൏ ͻͲι ሻ generates an outward annular recirculation with a
strong back-flow through the aperture plane. Four flow regimes
were identified, namely: inward recirculation dominant flow
ሺͲι  ߙ௧ ൏ ͳͲι ሻ; outward recirculation dominant flowሺͳͲι 
ߙ௧ ൏ ͶͲι ሻ; outward recirculation with back-flowሺͶͲι  ߙ௧ ൏
Ͳι ሻ; and jet impinging flow ሺͲι  ߙ௧ ൏ ͻͲι ሻ. The findings
are presented and discussed with relevance to heat transfer within
the HSRC.
Introduction
With the growing need for a more sustainable living, clean energy
generation has received increasing interest globally. Within the
context of renewable energy, solar energy has received particular
attention because it is both clean and abundant [7]. In recent years,
Concentrating Solar Thermal (CST) systems have been developed
because it offers opportunities to utilise energy at high
temperatures, to allow the storage of thermal energy and to allow
hybridisation with combustion devices [10]. However, a key
barrier for developing CST technologies is the intermittent nature
of the solar source.
The concept of integrating CST and traditional combustion
systems is gaining prominence globally due to the complementary
nature of these two thermal energy sources [12]. It offers a
relatively low cost solution that minimises the need for costly large
energy storage and also provides continuous power supply. While
a number of hybrid systems have been proposed to date [9], none
of them combine a solar receiver and a combustor directly within
a cavity.

The concept of a Hybrid Solar Receiver Combustor (HSRC) has
been recently proposed by the Centre for Energy Technology
(CET) at the University of Adelaide. The HSRC configuration has
the potential to reduce heat losses relative to equivalent hybrids by
integrating CST and combustion energy sources into a single
device [11]. The HSRC features a cavity operable as a combustion
chamber, an aperture to admit concentrated solar radiation into the
chamber, multiple burners to direct a flame into the chamber and
a heat exchanger within it to absorb the heat from both energy
sources. The burners are configured in an annular arrangement and
aligned at an angle to the axis of chamber. This causes the jets to
interact with each other as well as with the wall and the aperture.
The HSRC design allows the device to operate in any of three
operational modes, namely, the ‘combustion only mode’, the ‘solar
only mode’ and the ‘mixed mode’. For the ‘solar only mode’, the
shutter of secondary concentrator (SC) is open to allow the
concentrated solar radiation to enter the chamber. Under this mode,
the only heat source for the HSRC is solar energy. In contrast, the
heat source in the ‘combustion only mode’ is derived only from
the burning of injected fuel and the shutter is closed. In the ‘mixed
mode’, the power of the HSRC is derived from both solar energy
and combustion, with the percentage of each being dependent on
the solar intensity available at the time. A schematic diagram of
the HSRC is presented in Figure 1. Owing to the annular
arrangement of jets and the range of operational modes, it can be
expected that different flow regimes, flame structures and
dominant heat transfer mechanisms will occur inside the HSRC
depending on the mode of operation. Ideally, the optimised flow
patterns would lead to an enhanced mixing while preventing fluid
to escape through the aperture plane. A larger flow through the
aperture would lead to a larger convective heat losses in the mixed
mode of operation. More importantly, an optimised flow field
would be characterised by a reduced in-flow since this would alter
the equivalence ratio of the flame, and therefore altering the heat
transfer, fuel conversion and pollutant emissions. Hence, a
comprehensive understanding of the influence of interacting jets
on the overall flow-field within the HSRC is needed.

Jet inlet
Shutter

ߙ௧

Receiver pipes
Concentrated
t t d
Solar
Radiation
Jet inlet
Figure 1. Hybrid Solar Receiver Combustor [11].

A number of researchers have studied the behaviour of interacting
jets using experimental techniques [1,2,3], numerical techniques

[4], or a combination of both experimental and numerical
techniques [5, 6]. However, there are only limited investigations
with regard to multiple inclined annular jets inside a cylinder. The
relationship between the variation of inclination angle and flow
regimes is still not fully understood, and the fundamentals of these
variations in the flow-field have not been fully quantified. Also,
previous studies have only provided a detailed understanding of
the flow-field for collinear inclined jets configurations
(   ͵ ) [1,2,3,4,5,6], while the impact of other
configurations such as annular jets (  Ͷ) on the

overall flow-field within a confined space is still not well
understood.
In light of the needs above, the aim of the present paper is to
conduct a Computational Fluid Dynamics (CFD) study to a)
investigate the iso-thermal flow-field of interacting jets within the
HSRC configuration, b) identify potential flow regimes as a
function of jet inclination angles within a circular chamber, and c)
select the preferred flow regimes for ‘combustion only mode’
(closed-shutter) of the HSRC.

ܮ௧

ܮ௨௧

ܦ

ߙ௧

ߚ

Y
ܮ

X

Figure 2. Geometry of the CFD domain (not to scale).

Methodology
A computational study was conducted using a commercial CFD
code ANSYS CFX. The computational model of the HSRC shown
in Figure 2 was generated with a commercial CAD package PTC
Creo. 19 models of the HSRC were constructed for the cases from
ߙ௧ ൌ  Ͳι to ͻͲι , with an increment of ͷι for each case. The
dimensions of the HSRC are shown in Table 1.
Due to the symmetric nature of the geometry and to reduce
computational cost, only a quarter of the full domain (Figure 2)
was modelled utilising the symmetry boundary option in the code.
The ANSYS Meshing code was used to generate the mesh of this
computational model. The mesh quality was checked for
expansion factor, aspect ratio, skewness and orthogonality. The
influence of the number of mesh nodes on the CFD results was
evaluated through a mesh independence test, which showed that 8
million mesh nodes represents a compromise between the
accuracy of the calculated results and the simulation time. The
convergence criterion for all cases was set to be ͳ ൈ ͳͲିହ (RMS).
Shen et al. [8] reported a numerical investigation of an isothermal
flow from a burner with three separated-jet inlets. This burner has
similar features to the multiple-jet configuration of the HSRC.
Shen et al. [8] found that the Baseline Reynolds Stress model (BSL
RSM) is able to reproduce the velocity peaks and trends for
interacting jets, due to the capability of the BSL RSM to calculate
the anisotropic Reynolds stresses in different directions. Hence,
the BSL RSM model was used for the current CFD study.

Dimensions
ࡰࢉ
ࡸࢉ
ࡸࢋ࢚
ࢻࢋ࢚
ࢼࢉ
ࡸ࢛࢚

Description
Chamber width (half)
Chamber length
Jet inlet length
Jet inclination angle
Conical chamber
angle
Outlet length

Value (mm)
37
225
150
Ͳι to ͻͲι
Ͷͷι
3

Table 1. Geometric parameters.

Boundary Name
1,2
3
4
Other

Boundary Type
Mass flow inlet
Opening outlet
Symmetric planes
No slip wall

Table 2. Boundary conditions.

1

2

3

4
It is necessary to understand the isothermal flow-field before
moving to the more complex cases of non-isothermal, therefore,
the working fluid in the current CFD model was defined as
isothermal water at ʹͷι ܥ. Water can provide a relatively high
Reynolds number at a lower flow velocity. The Reynolds number
in all cases was fixed at ܴ݁ = 15,000 (ܴ݁ is the jet Reynolds
number), which ensured all calculated cases were performed in the
fully-turbulent regime. The detailed boundary and inlet conditions
are given in Table 2 and Figure 3.

Figure 3. CFD domain.

Results and discussion
Figure 4 presents the calculated flow-patterns within the HSRC
under ‘combustion only mode’ for four different ߙ௧ . Four
classes of flow can be identified from these CFD results. Figure 5
to Figure 8 present the key features of the different flow regimes:
Regime 1: Inward recirculation dominant flow regime. For an
inclination angle of Ͳι  ߙ௧ ൏ ͳͲι , an annular inward

recirculation dominates the flow-field within the chamber, and a
small annular outward recirculation is observed near the
downstream wall (‘outward’ means from the axis towards the
chamber wall, while ‘inward’ means from the wall to the axis).
Regime 2: Outward recirculation dominant flow regime. For
an inclination angle of ͳͲι  ߙ௧ ൏ ͶͲι , the jets start to interact
with each other and also with the cavity wall. An annular outward
recirculation zone is found to dominate the flow-field inside the
chamber. The recirculation length ܮ in Regime 2 is much
longer than that in Regime 1.
Regime 3: Outward recirculation with backflows regime. For
an inclination angle of ͶͲι  ߙ௧ ൏ Ͳι , the annular outward
recirculation is still the dominating flow feature within the
chamber. The recirculation length ܮ is similar to Regime 2.
However, annular outward backflows are observed around the
impinging point (merging point) of multiple jets (‘backflow’
means the flow reversing into the SC).
Regime 4: Jet impingement regime. For an inclination angle
Ͳι  ߙ௧ ൏ ͻͲι , large annular outward backflows can be found
within the secondary concentrator section, while the area of
annular outward recirculation inside the chamber becomes
smaller. Also, ܮ has a significant decrease compared with
Regime 3. Hence, annular outward recirculation zones are
identified in both chamber and secondary concentrator sections.

ܮ
b
ƻ

Figure 6. Flow regime 2 (b = annular outward recirculation).

ܮ

c
ƻ
Figure 7. Flow regime 3 (c = outward backflows).

ܮ

Figure 8. Flow regime 4.

This section would present the quantitative analysis for five
distinct angles (Ƚ୨ୣ୲ ൌ  Ͳι ǡ ʹͷι ǡ ͷͲι ǡ ͷǡ ͻͲι). Figure 9 presents the
dependence of the mean centreline velocity profile along the
centreline on the inclination angles. It can be seen that the
inclination angles ͷͲι , ͷι and ͻͲι generate significant
negative velocity profiles (ݑ Τܷ ൏ Ͳ) upstream of the impinging
region ( ݔ ͲǤͲ͵݉). However, for small inclination angles (Ͳι
and ʹͷι ), the negative velocity profile was found to disappear.
This indicates that the significant back-flow is likely to be found
at larger inclination angles (Regime 3 and Regime 4). In addition,
it can also be seen that with an increase of ߙ௧ from 2ͷι to ͻͲι,
the location of the positive velocity peak in the chamber varies
from downstream (0.07 m) to the upstream (0.02 m) region, which
indicates that the impinging point is moving from downstream to
upstream. However, the impinging point does not depart
significantly from the axis of the chamber.

Figure 4. Calculated streamline for the case of ߙ௧ ൌ  Ͳι ǡ ʹͷι ǡ ͷͲι ǡ ͻͲι.

ܮ
a
ƻ
Figure 5. Flow regime 1 (a = annular inward recirculation,
ܮ = recirculation length).

Figure 9. Calculated evolution of the axial velocity ݑ along the HSRC
centreline normalised by injection velocity ܷ as a function of the
HSRC length for five inclination angles, x = 0 m refers to the location of
the aperture plane. The range of x < 0 m refers to the secondary
concentrator.

Figure 10 presents the effects of the inclination angles (Ƚ୨ୣ୲ ൌ
Ͳι ǡ ʹͷι ǡ ͷͲι ǡ ͷǡ ͻͲι ) on the normalised recirculation length
(ܮ Τܮ ), and mass flow rate through the secondary concentrator
(ୟ୮ refers to the mass flow rate through SC, and ୧୬ refers to

the injected mass flow rate). It can be seen that the recirculation
zone increases significantly (ܮ Τܮ = 64% to 76%) varying ߙ௧
from Ͳι to ʹͷι , while it decreases in the range ʹͷι  ߙ௧ 
ͻͲι . The case of ߙ௧ = ʹͷι provides the largest annular
recirculation zone (ܮ Τܮ ൌ Ψ) and very small back-flow rate
(ܯ Τܯ ൎ ͲǤ͵Ψ) compared with the other four cases, which is
able to enhance the mixing of reactants and heat transfer in
‘combustion only’ mode. It can also be seen that for ߙ௧ ൏ ͷͲι,
there is almost not injected flow entering the secondary
concentrator ( ܯ Τܯ ൎ ͲǤ͵Ψ). However, as the inclination
angle is further increased (ߙ௧  ͷͲι ), the percentage of mass
flow rate ( ܯ Τܯ ) increases significantly from 0.3 % (at
ߙ௧ ൌ ͷͲι ) to 66 % (at ߙ௧ ൌ ͻͲι ), which means more fluids
will escape to the SC (closed-shutter mode) or even outside (openshutter mode). The loss of hot reactants from the cavity through
the aperture may lead to significant decreases in reactor efficiency.
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Abstract
This paper reports on a systematic experimental and numerical study that investigates the
interaction between four isothermal jets within a cylindrical chamber under conditions relevant
to a Hybrid Solar Receiver Combustor (HSRC). The HSRC features a cavity that is operable as
a combustion chamber, or as a cavity receiver with an aperture to admit the concentrated solar
radiation, multiple burners to direct fuel and air into the chamber and tubular heat exchangers
to transfer the heat to the heat transfer fluid. The HSRC geometry is simplified here to the
cylindrical cavity with four jets, representing the burners, which are configured in an annular
arrangement and aligned at an angle to the axis with a swirling component. The aperture to the
cavity is closed while the four jets interact with each other and with the cavity wall. The jet
inclination angle (αj) was fixed at 25°, while the jet azimuthal angle (θj) was varied from 5° to
15°. The inlet Reynolds number for each injected jet and the number of jets were fixed at ReD
= 10500 and 4, respectively. Measurements obtained with Particle Image Velocimetry (PIV)
were used together with numerical modelling employing Reynolds-Averaged Navier-Stokes
(RANS) methods to characterise the large-scale flow field within the HSRC device. The results
reveal a significant dependence of the mean flow-field on the jet azimuthal angle (θj) and have
implications on the heat transfer within the HSRC.
Introduction
Renewable energy generation is gaining interest globally due to the growing need for a more
sustainable society (Christoff 2016). Solar energy has received particular attention because it is
both clean and abundant (Desideri & Campana 2014). In recent years, there is growing interest
in Concentrating Solar Thermal (CST) system because it offers opportunities to utilise energy
at high temperatures, to allow the storage of thermal energy and to allow hybridisation with
combustion devices (Moore & Apt 2013). Nevertheless, the intermittent nature of the solar
source is a barrier to the penetration of all solar and wind energy technologies. In contrast, the
combustion of fuels offers high availability. In the near term, fossil fuels have low cost but high
emissions of CO2 and other pollutants (Cavaliere & de Joannon 2004). However, the cost of
more sustainable fuels such as hydrogen and syngas are expected to decrease in the future.
Thus, the complementary nature of these two thermal energy sources means that their
integration is gaining prominence globally (Nathan et al. 2017).
1.

A Hybrid Solar Receiver Combustor (HSRC) has been recently proposed by the Centre for
Energy Technology (CET) at the University of Adelaide, which offers potential to reduce both
the energy losses and total infrastructure requirements relative to a hybrid from stand-alone

components, while providing a firm supply of energy for heat and power applications (Nathan
et al. 2014). It features a cavity operable as a combustion chamber, an aperture to admit
concentrated solar radiation into the chamber, multiple burners to direct fuel and air into the
chamber and a heat exchanger within it to absorb the heat from both energy sources (Figure 1).
In addition, the HSRC can be operated in any of three modes, namely, the ‘combustion only
mode’, the ‘solar only mode’ and the ‘mixed mode’. For the ‘solar only mode’, the shutter of
the secondary concentrator (SC) is open to allow the entrance of concentrated solar radiation,
while the only heat source for the HSRC is solar energy. For the ‘combustion only mode’, the
heat source is derived only from the burning of injected fuel and the shutter is closed. In the
‘mixed mode’, the power of the HSRC is derived from both solar energy and combustion, with
the percentage of each being dependent on the solar intensity available at the time. Importantly,
the configuration of the combustion system in a solar cavity differs from that in a conventional
combustor owing to the need to incorporate the aperture. This results in an annular ring of
burners, which can be configured with an inclination angle (αj) relative to the axis of the
chamber, and/or as well as an azimuthal angle (θj) to the axis of the burner. The azimuthal angle
generates swirling flows within the chamber, which causes the jets to interact with each other
as well as with the wall and the aperture. Owing to the swirling burner arrangement and the
range of operational modes, it can be expected that different flow regimes, flame structures and
dominant heat transfer mechanisms will occur with changes to these angles. Hence, a more
detailed characterisation of the flow field within the HSRC for a well-defined and consistent
inflow conditions is needed to better understand the flow generated by the swirled burner
arrangement.
Receiver tubes

Burner

Outlet
Concentrated
Solar
Radiation

ߙ

Burner

Counter-flow
heat exchangers

Figure 1. Schematic diagram of Hybrid Solar Receiver Combustor (Nathan et al. 2013).
To meet the aforementioned needs, the current investigation aims to conduct an experimental
and numerical study to a) investigate the iso-thermal flow-field of interacting jets with swirling
component within the HSRC configuration, b) identify potential flow regimes as a function of
jet azimuthal angles (θj) within a circular chamber, and c) analyse the effect of different flow
regimes on the ‘combustion only’ (closed-aperture) and ‘mixed’ modes of operation. In
particular the aim of the CFD work is to provide a qualitative understanding of the flow patterns
in the regions for which experimental data is not available (i.e. out-of-plane motion).
Methodology
A schematic diagram of the experimental HSRC configuration is shown in Figure 2. The cavity
of the experimental model consists of a cylindrical chamber with a conical expansion,

2.

connected with a secondary concentrator (SC). An aperture shutter is employed at the end of
the SC. Particularly, the current study investigates the HSRC within the ‘combustion-only’
mode, where the aperture is closed to prevent heat loss. The geometric parameters are given in
Table 1.
ܦ

ߠ
ܮ

ݐ݈݁ݐݑ

ߙ
ܦ

ܮ

Figure 2. Schematic diagram of cold flow device used for the experimental investigation.
Table 1. Values of the geometric parameters of the experimental models.
Dimensions Description

Value (mm)

Dc

Chamber diameter

37

Lc

Chamber length

225

Dpipe

Pipe diameter

3.35

Lpipe

Pipe length

150

αj

Jet inclination angle 25°

θj

Jet azimuthal angle

5°, 10° and 15°

Experiment arrangement
Planar Particle Image Velocimetry (PIV) was employed to investigate the mean flow-fields
within experimental models under iso-thermal conditions at ambient temperature. Three
laboratory-scale devices were manufactured with inclination angles of αj = 25° and azimuthal
angles of θj = 5°, 10° and 15°. Acrylic was chosen as the material to provide optical access and
a close match between the refractive index of the chamber and that of the working fluid. The
entire experimental model was fully submerged into a rectangular water tank with dimensions
of 500 mm (L) × 400 mm (W) × 390 mm (H) to prevent optical distortion.
2.1.

Water was chosen as the working fluid to avoid deposition of tracer particles onto confining
walls. The water from the outlets was discharged into the water tank, which overflowed to a
reservoir. The inlet jet bulk injection velocity (Ub) was fixed at 2.8 m/s for each nozzle, leading
to an inlet jet Reynolds number ReD = 10,500. This ensures that the inlet flow is within the fully
turbulent regime. The flow was seeded with hollow glass spheres of 12 μm in diameter and with
a specific gravity of 1.1.

The optical arrangement and the measurement region are shown schematically in Figure 3. The
illumination for the PIV measurements was sourced from a double-head, pulsed Nd:YAG laser
(Quantel Brilliant B), frequency doubled to provide a wavelength of 532 nm at a fixed pulsing
frequency of 10 Hz. The thickness of the light sheet was estimated to be 1.5 mm at the focal
line.
The images were captured with a Charged Coupled Device (CCD) camera (Kodak Megaplus
ES2093) with an array of 1920 × 1080 pixels, which provides the axial (u) and radial (v)
instantaneous velocity components with an image size of 118 mm (Li) × 66 mm (Wi). A
minimum of 3000 PIV images (12 bits) was recorded for each measurement. The imageprocessing was performed with an in-house PIV code in MATLAB (Mathworks), with an
interrogation window size of 32 × 32 pixels, leading to a spatial resolution of 2 mm in each
direction. A multi-grid correlation algorithm with 50% overlap was applied to all cases. All
erroneous vectors were removed from the ensemble.

Figure 3. Experiment layout for the PIV measurements, together with the optical
arrangement.
2.2.

Computational modelling
The commercial computational fluid dynamics (CFD) code ANSYS/CFX 17.0 was employed
to simulate the flow-field, utilising the Reynolds-Averaged Navier-Stokes (RANS) method.
The 3-dimensional computational model of the device, shown in Figure 4, was generated with
a commercial CAD package PTC Creo. To reduce computational cost, only a quarter of the full
domain was modelled utilising the periodic boundary option in the code. The ANSYS/Meshing
17.0 CFD code was used to generate the computational mesh. The mesh quality was checked
for expansion factor, aspect ratio, skewness and orthogonality. The influence of the number of
mesh nodes on the CFD results was evaluated through a mesh independence test, which showed
that approximately 8 million mesh nodes yield a good compromise between the accuracy of the
calculated results and the simulation time. The convergence criterion for all cases was set to be
1×10-5 (RMS). The working fluid and the inflow conditions assessed in the CFD simulations
were chosen to match those of the PIV measurements (i.e., water as working fluid and ReD =
10500). The Shear Stress Transport (SST) model was selected as the turbulence closure model,
owing to the reasonable prediction of the mean flow-field in related configurations (Chen et al.
2012; Tian et al. 2015).

Mass flow inlet

No slip wall

Opening outlet

Periodic boundary

Figure 4. The CFD domain of the Hybrid Solar Receiver Combustor.
Results and Discussion
Figure 5 presents the contours of measured mean axial velocity (Ux) normalised by the inlet
velocity (Ub) for the cases (a) αj = 25° and θj = 5° (HSRC-25-5), (b) αj = 25° and θj = 10° (HSRC25-10) and (c) αj = 25° and θj = 15° (HSRC-25-15). It can be seen that an increase in azimuthal
angle (θj) from 5° to 15° leads to a significant change of the mean flow field for a given value
of αj. For the case of HSRC-25-5, the mean flow of the resulting jet (merged jet downstream
from the impingement point) spreads out gradually and symmetrically beyond the impingement
point, qualitatively similar to non-swirling jets configurations (θj = 0°). By increasing θj to 10°
(HSRC-25-10), the mean flow bifurcates into two resulting jets downstream from the
interacting region (Vanierschot & Van den Bulck 2008). This is most evident for the case of
HSRC-25-15, with a higher value of θj for which the bifurcation is strong and slightly
asymmetrical. Indeed, slight asymmetry can be seen for each flow, which is consistent with
such a configuration tending to amplify small asymmetries in the inflow conditions.
3.

It is also worth noting that a region of significant central recirculation zone, CRZ (i.e. negative
axial velocity) is generated in the region downstream from the bifurcation point for the cases
of HSRC-25-10 and HSRC-25-15. The position of this CRZ progresses upstream with an
increase in θj, from 0.38 < x/Lc<0.6 for HSRC-25-10, to 0.27 < x/Lc<0.53 for HSRC-25-15.
This is consistent with previous investigations of swirling flows for other configurations, in
which an increase in swirl increases the strength of the CRZ (Vanierschot & Van den Bulck
2008).

(a)

(b)

(c)

Figure 5. Measured normalised mean velocity (Ux/Ub) contours for the cases of (a) αj = 25°
and θj = 5° (HSRC-25-5), (b) αj = 25° and θj = 10° (HSRC-25-10) and (c) αj = 25° and θj = 15°
(HSRC-25-15).
Figure 6 presents the evolution of measured dimensionless mean axial velocity (Uc/Ub) along
the centreline of the HSRC chamber for the cases of (a) HSRC-25-5, (b) HSRC-25-10 and (c)
HSRC-25-15. For comparison with previous measurements of non-swirling (θj = 0°) jets, the
PIV data of Long et al. (2017) for multiple-impinging jets in a cylindrical chamber, namely
HSRC-25-0, is also included. It can be seen that all cases feature similar trends in the mean
axial centreline velocity decay, although the locations and magnitudes of their peak values
differ. The velocity peak for HSRC-25-5, HSRC-25-10 and HSRC-25-15 is approximately
27%, 50% and 70% lower than that of HSRC-25-0, and the location of velocity peak progresses
upstream from x/Lc = 0.28 for HSRC-25_5 to x/Lc = 0.20 for HSRC-25-15. This reveals that an
increase in θj leads to a significant decrease in the velocity peak along the centreline of the
chamber.
It can also be seen that a significant saddle point occurs on the axis for the cases of HSRC-2510 and HSRC-25-15, which is located at x/Lc = 0.38 and 0.27 for HSRC-25-10 and HSRC-2515, respectively. This marks the most upstream point of the region of the CRZ described in
Figure 5. Taking together, it can be concluded that a CRZ is established for the configurations
where in which θj ≥10°.
It is also worth noting that an increase in θj from 10° to 15° causes a significant upstream
movement of saddle point for a given value of αj. This progression is important because where
the saddle point to move too far upstream, it would risk transporting hot gases through the
aperture and even into the secondary concentrator, which would lead to large convective heat
losses. Importantly, the present configurations avoid this condition although some differences
may occur between the reacting and non-reacting cases.

Figure 6. Evolution of the mean axial velocity (Uc/Ub) along the centreline of the
experimental models normalised by the inlet velocity, as a function of the axial distance
through the chamber for the cases (a) αj = 25° and θj = 5° (HSRC-25-5), (b) αj = 25° and θj
= 10° (HSRC-25-10) and (c) αj = 25° and θj = 15° (HSRC-25-15).
Figure 7 presents the radial profiles of the measured mean axial velocity, normalised by the
inlet velocity (Ux/Ub) at four axial distances along the chamber for the cases (a) HSRC-25-5,
(b) HSRC-25-10 and (c) HSRC-25-15. It can be seen that, for HSRC-25-5, significant positive
velocity peak is found upstream from the impingement point (x/Lc = 0.19), while a central
resulting jet with single velocity peak occurs downstream from the impingement point. The
positive velocity peak at x/Lc = 0.19 for the case of HSRC-25-10 is less significant than that of
HSRC-25-05, while the magnitude is reduced by 40%. For the case of HSRC-25-15, the
velocity peak at x/Lc = 0.19 is no longer exist, which indicates that the extent of asymmetry
increased with an increase of θj.
Figure 7 also shows that there are regions of negative axial velocity in the outer region of the
chamber (|r/Dc| > 0.3) for all cases. This implies the presence of a large-scale external
recirculation zone (ERZ) within the main cavity. In addition, the profiles of negative axial
velocity in the inner region (|r/Dc| < 0.3) are only measured for the cases of HSRC-25-10 and
HSRC-25-15, which in turn suggests that a CRZ exists for higher θj configurations (θj ≥ 10°) of
the HSRC, consistent with qualitative features in Figure 5.
It is also important to note that, for the case of HSRC-25-15, the CRZ region occurs from x/Lc
= 0.28 to downstream locations, which indicates that an upstream progression of negative
velocity profiles occurs with an increase in θj, consistent with Figure 5 and Figure 6.

(a)

(b)

(c)

Figure 7. Radial profiles of measured mean axial velocity (Ux/Ub) at four cross-sections
through the experimental models for (a) αj = 25° and θj = 5° (HSRC-25-5), (b) αj = 25° and
θj = 10° (HSRC-25-10) and (c) αj = 25° and θj = 15° (HSRC-25-15).
Figure 8 presents schematic diagrams of the measured and calculated streamlines for the
dominant flow regimes that have been identified within the HSRC configuration for the cases
(a) HSRC-25-5, (b) HSRC-25-10 and (c) HSRC-25-15.
For the case αj = 25° and θj = 5° (HSRC-25-5), it can be seen that the flow regime is characterised
by a merged central jet within the upstream half of the chamber, together with a dominant
external recirculation zone (ERZ), which runs almost the full length of the chamber.
Importantly, the ERZ also extends upstream from the burners, so may present a potential risk
for convective heat losses through the aperture. The impingement point is observed downstream
from the conical chamber, consistent with the non-swirling case. At the downstream end of the
chamber, close to the centerline of the chamber, a negative bifurcation is observed in the
modelled flow, although its presence still needs to be confirmed with experiments. This leads
to the generation of a central vortex region at the end of the chamber. A low-velocity swirling
flow region is also observed downstream from the negative bifurcation. This swirling flow has
potential to augment mixing and heat transfer within the chamber.
For the case αj = 25° and θj = 10° (HSRC-25-10), it can be seen that a saddle point can be seen
in the central region of the chamber, which is attributed to slight asymmetry of the jets. An ERZ
is also observed within the chamber, although its size is reduced relative to the HSRC-25-5.
Downstream from the saddle point, a significant reverse flow is observed, while the
downstream CRZ and swirling flow are larger than for HSRC-25-5.
For the further increase in the value of θj to 15°(HSRC-25-15), the key flow features within the
HSRC remain the same, although their relative significance changes. The ERZ is now confined
to the upstream region of the chamber, while CRZ dominates, together with the subsequent
swirling flow region dominates 2/3 of the total HSRC chamber. This suggests that this
configuration will generate substantial transport of gases from downstream to upstream and
perhaps, even through the aperture to the secondary concentrator. Therefore, the heat losses
from this system may increase significantly for the case in which the HSRC is operated with an
‘open-aperture’ in the mixed mode regime.
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Figure 8. Simplified diagrams showing the main flow features within the Hybrid Solar
Receiver Combustor (HSRC) for (a) αj = 25° and θj = 5° (HSRC-25-5), (b) αj = 25° and θj =
10° (HSRC-25-10) and (c) αj = 25° and θj = 15° (HSRC-25-15), as generated with the CFD
and PIV results.
Conclusions
A joint experimental and numerical study was carried out to characterise the iso-thermal flow
behaviour within a Hybrid Solar Receiver Combustor configured with four jets, inclined at αj =
25° and swirling components (θj = 5°, 10°, 15°). The key outcomes of the study are as follows:
4.

1. The characteristics of the flow field for the current HSRC configuration exhibit a primary
dependence on the azimuthal angles (θ j). An increase in azimuthal angle (θj) from 5° to
15° leads to the increase of the swirl intensity within the chamber, which changes the
position and strength of external recirculation zone (ERZ) and central recirculation zone
(CRZ).
2. An increase in azimuthal angle (θj) from 5° to 15° generates a low-velocity swirling flow
region downstream from the bifurcation (saddle point), which is typically sought after
for applications such as MILD (Moderate or intense low-oxygen dilution) combustion.
3. For θj = 15°, the flow field is dominated with central recirculation zone (CRZ), reverse
flow and swirling flow. The strength of the CRZ in this region is significant, and has
potential to risk transporting fluid through the aperture. The significance needs further
analysis.
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Abstract
We present a systematic experimental study of the interaction
between four rotationally-symmetric jets within a cylindrical
chamber, under conditions relevant to a wide range of practical
applications, including the Hybrid Solar Receiver Combustor
(HSRC). The HSRC geometry is simplified here to a cylindrical
cavity with four inlet jets (representing four burners), which are
configured in an annular arrangement and aligned at an
inclination angle (αj) to the axis with a tangential component
(azimuthal angle θj) to generate a swirl in the chamber. In this
study, we assess the configurations of αj = 25° and θj = 5°. The
length of the chamber was varied from Lc = 148 mm to 74 mm
and the diameter of the chamber was Dc = 74 mm, resulting in
an aspect ratio of Lc/Dc = 2, 1.5 and 1. The inlet Reynolds
number for each injected jet and the number of jets were fixed
at ReD = 10,500 and 4, respectively. Velocity data obtained with
Particle Image Velocimetry (PIV) were used to characterise the
large-scale flow field within the selected experimental
configurations. The results reveal a significant dependence of
the mean flow-field on the aspect ratio Lc/Dc for the value of αj
and θj considered here. More specifically, it was found that
Lc/Dc can influence the position of the external recirculation
zone (ERZ), the strength of the central resulting jet, and the
recirculation rate (Kv).
Introduction
Multiple jets have been widely used in many practical
applications as solar receiver reactors [9], gas turbine engines
[5], longitudinal ventilation systems [3] and separated-jet
combustors [1]. However, the greater complexity of these
configurations over the single round jet issuing into a quiescent
environment [8], including the additional parameters and
experimental challenges, means many gaps in understanding
remain. Of particular interest here are the configurations
featuring multiple-jets relevant to the Hybrid Solar Receiver
Combustor (HSRC) under development at the University of
Adelaide [3,4,10,11,12,13]. The HSRC offers potential to
reduce both the energy losses and total infrastructure
requirements relative to a hybrid from stand-alone components,
while providing a firm supply of energy for heat and power
applications. The geometry of a typical HSRC (Figure 1)
features a cavity that is operable as either a cavity receiver or a
combustion chamber equipped multiple burners to direct fuel
and air into the main cavity, and tubular heat exchangers to
transfer the thermal energy to the heat transfer fluid. The
burners are configured in an annular ring arrangement and
aligned at an inclination angle (αj) relative to the axis of the
cavity, and/or at an azimuthal angle (θj) to the axis of the burner,
resulting in a swirling flow within the main cavity. This burner
arrangement, referring to the conditions where both αj > 0° and
θj > 0°, is termed “rotationally-symmetric”. Previous
investigations of the flow-fields within the HSRC revealed a
significant dependence of the jet angles (αj and θj) on the
strength and position of the large-scale recirculation which is
critical for achieving flow conditions conducive for efficient
receiver operation [11,12]. Nevertheless, the dependence of the
geometrical parameters, such as the length (Lc) and diameter

(Dc) of the chamber, on important flow characteristics remains
unknown, although relevant studies have found that the aspect
ratio of Lc/Dc is critical for maintaining high thermal efficiency
with low infrastructure costs [10, 13]. Hence, a comprehensive
understanding of the effect of aspect ratio Lc/Dc is needed to
characterize the flow-fields of multiple jets.
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Radiation
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Figure 1. Hybrid Solar Receiver Combustor

Previous studies of flow-fields generated with multiple
symmetric jets within a confined space revealed that the flow
structure depends strongly on the arrangement and geometric
features of jets [1,2,6,11,15,16,17]. However, to our
knowledge, little or no information is available for the key
geometrical parameters (e.g., Lc and Dc) of the confined space
for multiple jets configurations. In addition, our previous work
Long et al [12] revealed the presence of an external
recirculation zone (ERZ) within a cylindrical chamber. The
ERZ is typically associated with the recirculation rate (Kv)
within the chamber, which is particularly critical for
combustion stabilization and thermal efficiency [18]. However,
the influence of Lc/Dc on the recirculation regions is not fully
understood.
In light of the needs above, the present paper reports on an
experimental investigation of the iso-thermal flow-fields
generated with a Multiple Impinging Jets in a Cylindrical
Chamber, termed “MIJCC”. The aims of the current study are:
(a) to identify the influence of the aspect ratio Lc/Dc on the mean
flow-fields within a cylindrical chamber with multiple-jets; and
(b) to characterize the dependence of the characteristics of
large-scale recirculation zones on the aspect ratio Lc/Dc.
Methodology
A schematic diagram of the experimental MIJCC configuration
is shown in Figure 2. The cavity of the experimental model
consists of a cylindrical chamber with a conical expansion,
connected with a secondary concentrator (SC). The geometric
parameters are given in Table 1.
The length of the MIJCC chamber were Lc = 148 mm, 111 mm
and 74 mm, resulting in an aspect ratio of Lc/Dc = 2, 1.5 and 1.
In addition, the chamber length of our previous work Lr = 225
mm, resulting in Lr/Dc = 3, was chosen as reference cases for

comparison with the present study (labelled with an asterisk in
Table 2).
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Figure 2. Schematic diagram of the configuration of the Multiple
Impinging Jets in a Cylindrical Chamber (MIJCC).

Dimensions
Dc
Lc
Lr
Lpipe
Dpipe
αj
θj

Description
Chamber diameter
Chamber length
Reference chamber
length
Inlet pipe length
Inlet pipe diameter
Jet inclination angle
Jet azimuthal angle

Value
74 mm
148, 111, 74 mm
225 mm
150 mm
3.35 mm
25°
5°

Table 1. Values of the key geometric parameters of the experimental
models.

Experimental case
No.

Configurations

1
2
3
4*

MIJCC-05-LD20
MIJCC-05-LD15
MIJCC-05-LD10
MIJCC-05-LD30

Table 2. The notation for the
experimentally in the present study.

Confinement
aspect ratio,
Lc/Dc
2
1.5
1
3

configurations

The inlet jet bulk injection velocity at the nozzle exit (Ue) was
fixed at 2.8 m/s for each nozzle, leading to an inlet jet Reynolds
number ReD = 10,500. This ensures that the inlet flow is within
the fully turbulent regime. The inclined jets were introduced
through long straight pipes with a length-to-diameter ratio,
Lpipe/Dpipe = 46, which is sufficient to closely approach a fullydeveloped inflow condition at the exit of the inlet nozzles [14]
and thus generate a well-defined inflow condition to the
chamber.
The flow was seeded with hollow glass spheres of 12 μm in
diameter and with a specific gravity of 1.1. The resultant Stokes
number (SkD) was estimated to be SkD = 0.003 (where ρp is the
particle density). This is sufficiently low to enable the particles
to follow the flow down to length scales that can be resolved
with the PIV measurement.
The optical arrangement and the measurement region are shown
schematically in Figure 3. The source of illumination for the
PIV measurements was a double-head, pulsed Nd:YAG laser
(Quantel Brilliant B), operating at a fixed pulsing frequency of
10 Hz and a maximum power of approximately 400 mJ. The
laser was operated in the frequency-doubled mode to provide a
wavelength of 532 nm. The thickness of the light sheet was
estimated to be 1.5 mm at the focal line.
The images were captured with a Charged Coupled Device
(CCD) camera with an array of 1920 × 1080 pixels, which
provides the axial (u) and radial (v) instantaneous velocity
components with an image size of 118 mm (Li) × 66 mm (Wi).
A minimum of 3000 PIV images (12 bits) was recorded for each
measurement. The image-processing was performed with an inhouse PIV code in MATLAB, with an interrogation window
size of 32 × 32 pixels, leading to a spatial resolution of 2 mm in
each direction. A multi-grid correlation algorithm with 50%
overlap was applied to all cases. All erroneous vectors were
removed from the ensemble. The overall uncertainty of the
mean velocity field was calculated to be 5%.
Mirror
Nd:YAG Laser
Optics
alignment

Water tank
CCD camera

investigated

Particle Image Velocimetry (PIV) was employed under isothermal conditions at ambient temperature, with water as the
working fluid to avoid deposition of tracer particles onto
confining walls. The entire device was fully submerged into a
rectangular water tank to minimize optical distortion. The water
from the outlets was discharged into the water tank, which
overflowed to a reservoir. The discharged fluid was reinjected
through the jets using a water pump, a frequency converter and
flowmeters, resulting in a closed-loop system.

Figure 3. Experimental layout for the PIV measurements, together with
the optical arrangement.

Results and discussion
Figure 4 presents the contours of measured mean axial velocity
(Ux) normalized by the nozzle exit velocity (Ue), showing the
streamlines, labelled with arrows to indicate flow direction
(white arrows), and magnitude (colour map) for the
configuration of αj = 25° and θj = 5° with (a) Lc/Dc = 2, (b) Lc/Dc
= 1.5, and (c) Lc/Dc = 1. The dashed line (in white colour)
denotes the upstream end of the exit plane. It can be seen that a

central resulting jet flow (enclosed with red dashed box) occurs
in all cases downstream from a merging point of the four inlet
jets. This resulting jet generates an external recirculation zone
(ERZ), whose vortex core is marked with a black “×”, running
almost the full length of the chamber. It can also be seen that
the position of the ERZ depends strongly on the value of Lc/Dc.
For example, the axial location of the ERZ vortex-core relative
to the throat location, xcore, increases from xcore/Lc = 0.36 to 0.40
and then reduces to xcore/Lc = 0.27 as Lc/Dc is reduced from 2 to
1 [Fig. 4(a), (b) and (c), respectively], with the distance between
the ERZ vortex-core and the bluff end-wall reduces to xend/Lc ≈
0.09 at Lc/Dc = 1.5 and remains approximately the same for
Lc/Dc = 1. In addition, this decrease in Lc/Dc also increases the
radial location of the ERZ core from rcore/Dc = 0.28 at Lc/Dc =
2 to rcore/Dc = 0.4 at Lc/Dc = 1. These findings are attributed to
the effect of jet impingement on the bluff end-wall that
influences the development of the resulting jet flow, and is
consistent with previous studies with an unconfined single jet
[7].

downstream from Pmer, the evolution of Uc/Ue is strongly
influenced by Lc/Dc. For example, as Lc/Dc reduces from 2 to
1.5, the decay rate of Uc/Ue decreases significantly. This is
possibly caused by the effect of end-wall on the development
of resulting jet that reduces the entrainment rate between the jet
and surrounding fluids. Importantly, for Lc/Dc = 1 where the
bluff end-wall closely approaches the location of Pmer, the
central resulting jet is almost absent [also see Fig 4(c)] due to
the confinement effect from the cylindrical walls, while the
decay of Uc/Ue is the highest for all cases. Hence, it can be
concluded that the aspect ratio of Lc/Dc significantly inhibits the
axial development of the central resulting jet for Lc/Dc < 2.

The results in Figure 4 also show that a reduction in Lc/Dc leads
to ≈ 30% increase in the velocity magnitude of the jets upstream
from the merging point (above the red dashed-box). This is
attributed to the reduced flow oscillation at and upstream from
the merging point as Lc is decreased. That is, a shorter length of
the chamber tends to restrict both the “in-plane” and “out-ofplane” motion of the four inlet-jets, which in turn inhibits the
flow oscillation associated with the interaction between inletjets.
(a)

(b)

(c)
Figure 5. Evolution of mean axial velocity along the centerline of the
Multiple Impinging Jets in a Cylindrical Chamber (MIJCC),
normalized by the bulk mean velocity (Uc/Ue) as functions of chamber
length for all experimental cases. For clarity, the figure only presents
one in two data points.

Figure 4. Mean axial velocity (Ux) normalized by the bulk mean jet exit
velocity (Ue), showing the streamlines, labelled with arrows to indicate
flow direction (black arrows), and magnitude (colour map), for (a) Lc/D c
= 2, (b) Lc/Dc = 1.5, and (c) Lc/Dc = 1.

Figure 5 presents the evolution of dimensionless mean axial
velocity (Uc/Ue) along the axis of the MIJCC device for all
investigated conditions. The PIV data from our previous work
[12] of Lc/Dc = 3 is also included. The dotted lines refer to the
locations of the bluff end-wall. We define the jet merging point,
Pmer, to be the location of the maximum mean axial velocity
along the centreline of the chamber [(Uc/Ue)max]. It can be seen
that (Uc/Ue)max ≈ 0.25 at x/Lr = 0.27 for all cases, implying
that Lc/Dc does not change the location of the merging
point or its corresponding velocity magnitude. However,

Figure 6 presents the effect of Lc/Dc on the recirculation rate
(Kv = mሶ ent Τmሶ in ) within the MIJCC configurations. Here
∞
mሶ ent = 0 2πρUent dr is the total mass flow rate of fluid
transported upstream through a plane orthogonal to the axis at
the plane x/Lc, while mሶ in refers to the total inlet mass flow rate
of fluid. The entrainment velocity, Uent, is the negative axial
velocity (Ux < 0) within the chamber. It can be seen that a single
hump profile, approximately corresponding with the axial
extent of the ERZ, occurs for all cases, while the location of the
peak value of Kv [(Kv)max] coincides well with the location of
the vortex-core in the ERZ (xcore). For Lc/Dc = 2 to 1.5, a
decrease in Lc/Dc leads to a decrease in the axial extent of Kv
throughout the chamber (x/Lr = 0.13 to 0.65), although the
magnitude of (Kv)max for these two cases remains the same
(occurring at x/Lr = 0.38). However, as Lc/Dc is further
decreased to Lc/Dc =1, the value of (Kv)max increases
significantly (~ 25%) and its location moves further upstream
to x/Lr = 0.2 due to the confinement effect caused by the
chamber length. Hence, the axial profile of Kv appears similar
for Lc/Dc ≥ 2, while as Lc is further reduced to 1, the value and
distribution of Kv is strongly restricted by the chamber length
and bluff end wall.
The results in Figure 6 also shows that the value of (Kv)max
exceeds 3 for all cases considered here. This finding is
important for the development of practical combustion
applications, particularly those employing combustion in the
MILD (moderate or intense low-oxygen dilution) regime [18].
This is because the value of Kv = 3, in addition to the presence
of a large and uniform recirculation zone, is crucial for
achieving desirable mixing, heat transfer and quasi-

homogeneous temperature distribution
employing MILD (such as the HSRC).

for

applications

combustion. Part I: Solar-only and combustion-only
employing conventional combustion." Sol. Energy, 147, 2017,
489-503.
[4] Chinnici, A., Tian, Z.F., Lim, J.H., Nathan, G.J. & Bassam,
B.B., Comparison of system performance in a hybrid solar
receiver combustor operating with MILD and conventional
combustion. Part II: Effect of the combustion mode. Sol.
Energy, 147, 2017, 479-488.
[5] Cox, G., Multiple jet correlations for gas turbine engine
combustor design. J. Eng. Power, 98, 1976, 265-272.
[6] Gao, Z., Han, J., Xu, Y., Bao, Y. & Li, Z., Particle image
velocimetry (PIV) investigation of flow characteristics in
confined impinging jet reactors. Ind. Eng. Chem. Res., 52,
2013,11779-11786.

Figure 6. Evolution of the recirculation rate (Kv) along the centerline of
the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC) as a
function of the normalized reference chamber length (x/Lr).

Conclusions
An experimental study was carried out to investigate the isothermal flow field within a cylindrical chamber featuring
multiple-jets with an inclination angle αj = 25° and an azimuthal
angle θj = 5°. The aspect ratio of chamber length to diameter
(Lc/Dc) from 2 to 1 was assessed in the present study. The key
outcomes of the study are as follows:
1.

2.

3.

4.

For a given value of Dc, the mean velocity field
depends strongly on the value of Lc as Lc/Dc is
reduced from 2 to 1. This causes a significant
reduction in the axial location and the velocity
magnitude of the external recirculation zone (ERZ).
A decrease in Lc/Dc from 2 to 1 was found to increase
30% of the velocity magnitude near to the merging
point, which highlights the reduction in the largescale oscillations as Lc/Dc is reduced.
The maximum value of the recirculation rate of the
ERZ (Kv) was found to increase by 25% as Lc/Dc
reduces from 2 to 1, with the axial extent of Kv
reduces 50%.
The value of Kv exceeds 3 for all cases, which is
crucial for achieving desirable mixing, heat transfer
and quasi-homogeneous temperature for solar
thermal applications utilising combustion in the
MILD regime.
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