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An experimental study is reported of the interaction between multiple iso-thermal 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 (PIV) 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 (PVC) 
was identified for all experimental conditions considered here, although its significance was less 
for the cases with a dominant CRZ.  

 
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 engines1, solar cavity receivers2, 
separated-jet combustors3 and ventilation systems4. 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 jet5. Recently, a series 
of investigations has provided new details of these flows6-8, 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 Jet in a Cylindrical Chamber (MIJCC), which has geometrical relevance to the Hybrid 
Solar Receiver Combustor (HSRC) under development at the University of Adelaide6-8, 10-12.  

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 (αj) 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 flow-field within the MIJCC found that the two angles that characterize the jet’s orientation 
(αj 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 flow-fields6, 7. However, 
while these studies provide useful information, they are limited to the velocity data within the axial 
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plane of the main chamber (across the chamber axis). That is, no quantitative data are available of 
the tangential velocity (Uθ) within the radial planes (orthogonal to the chamber axis), despite the 
swirling component typically having the largest magnitude in high-swirl flows13-15. Additionally, 
no comprehensive data set of velocity measurements suitable for the development of 
computational models is presently available for the MIJCC and relevant configurations16. Hence, 
the overall aim of the present study is to provide new quantitative 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 jets3, 4, 6, 7, 14, 15, 17, 18. It has been found that the impingement of 
inclined jets (αj > 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 αj can 
significantly increase the turbulence intensity and mixing efficiency within jet merging region3. 
Importantly, the Particle Image Velocimetry (PIV) measurements of Long et al.7 identified three 
distinctive flow regimes generated with the combination of αj and θj for multiple confined jets (See 
in Fig. 1), which are: 

 
 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; 
 Regime III: A dominant CRZ downstream from a small upstream ERZ. 
 

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 αj (25° ≤ αj ≤ 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 axial plane, the tangential velocity and its corresponding swirling flow within the ERZ and 
CRZ remains 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 combustors19, 20, cyclone reactors21 and solar thermal devices22, 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 
that generated by a range of αj and θj. 
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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) [adapted from Long et al.7]. 
 

Flow unsteadiness has been widely investigated for swirling annular jets configurations9, 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 applications27, 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 Syred9. 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 the presence of the PVC 
depends strongly on the geometric confinement33, recirculation zone34 and thermal conditions28, 

35. Consistent with this, our previous PIV measurements showed that the strong interaction 
between multiple-jets tends to amplify flow precession and oscillation6, 7, although this has not yet 
been quantified. However, while the dynamics of the PVC in a swirling or single jet has been 
widely docmented9, 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 
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with multiple-jets; and (c) to characterize the dependence of the precessing vortex core (PVC) on 
the configuration of the four confined jets. 

 
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 

work7, is presented in Fig. 2. Briefly, the MIJCC consists of a cylindrical chamber with a conical 
expansion, a secondary concentrator (SC) and a number Nj = 4 of rotationally-symmetric inlet jets. 
The inlet jets were distributed around the conical expansion of the main cavity with a combination 
of αj and θj. The SC was closed at the largest end to prevent flow to or from the ambient 
environment (labelled with a red line), while the flow leaves the device through an annular outlet 
around a bluff end-wall (labelled 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 (αj = 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 work6-8. A detailed description of the 
experimental cases is presented in Table II.  

 
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 red line and blue 
enclosure, 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 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) 225 

Lpipe Inlet Pipe Length (mm) 150 

Wout Annular Outlet Gap (mm) 3 

βcon Conical Expansion Angle (degree) 40° 

γsc Angle of the Secondary Concentrator (degree) 40° 

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

Experiment Case No. Configurations Inclination angles, αj Azimuthal angles, θj Flow Regime 

1 MIJCC-25-05 25° 5° I 

2 MIJCC-25-15 25° 15° II 

3 MIJCC-45-15 45° 15° III 

 
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 = ρfUeDpipe/μf = 10,500 (where ρf is the fluid density and μf 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 inlet-pipes. 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 pipes36.  

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 were assessed. It should be noted that the results for cases 1 and 6 are only reported for 
selected figures for conciseness because they are qualitatively similar to those from other planes. 
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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 the CCD camera for each measurement. 
The raw images were processed utilizing an in-house PIV code in MATLAB R2015a 
(Mathworks), employing a multi-grid 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 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., time-delay) 
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%. 

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

Mirror

Nd:YAG Laser

Optical alignment

CCD camera

Water tank

Laser sheet
(a)

(b) (c)

2

5
4

3

6

1

http://dx.doi.org/10.1063/1.5089904


7 
 

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

Measurement plane Location, x/Lc Regime I Regime II Regime III 

1 0.27 ERZ ERZ CRZ 

2 0.36 ERZ ERZ CRZ 

3 0.45 ERZ CRZ CRZ 

4 0.63 ERZ CRZ CRZ 

5 0.80 CRZ CRZ CRZ 

6 N/A ERZ & CRZ ERZ & CRZ ERZ & CRZ 

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

Experimental parameters Value 

Bulk mean velocity at nozzle exit, Ue (m/s) 2.8 

Inlet Reynolds number, ReD 10,500 

Laser wavelength (nm) 532 

Laser thickness (mm) 1.5 

Laser frequency (Hz) 10 

Camera array size (pixels) 1920 × 1080 

Measurement region (mm) 134 × 77 

Particle Stokes number, SkD 0.003 

Image bit depth (bit) 12 

Spatial resolution (mm) 2 × 2 × 1.5 

Interrogation window (pixels) 32 × 32 

 

III. RESULTS AND DISCUSSION 

A. Mean velocity fields 
Figure 4 presents the contours of mean tangential velocity (Uθ), normalized by the nozzle exit 

velocity (Ue), labelled with arrows to indicate 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 (αj = 25° and θj = 5°), [Figs. 4(e) – 4(h)]: 
Regime II (αj = 25° and θj = 15°), and [Figs. 4(i) – 4(l)]: Regime III (αj = 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 
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 Uθ 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. In contrast, the magnitude of Uθ 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 jets37. Taken together, it can be concluded that the swirl intensity within the ERZ 
decreases with an increase in x/Lc within this regime.  
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For Regime II (where the ERZ and CRZ are of similar size), the velocity contours show that 
the distribution of Uθ 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 Uθ does not change significantly 
from the 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 Uθ 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 Uθ 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 Uθ 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 be seen that a high velocity region (Uθ/Ue ≈ 0.12) occurs within the range -0.15 ≤ r/Dc 
≤ 0.15 for all measured locations except the central point (r/Dc ≈ 0.15). This, in turn, suggests that 
a higher degree of swirl occurs close to the axis of the cylindrical chamber29, 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 
Uθ  typically increases from Regime I to Regime III, with the highest value of Uθ 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 (αj = 45° and θj = 15°) tends to significantly increase the 
degree of swirl at any given location for multiple confined jets.  
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FIG. 4. Mean tangential velocity (Uθ) normalized by the nozzle exit velocity (Ue), labelled with arrows to indicate 
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 (αj = 25° and θj = 5°), [(e)-(h)]: Regime II (αj = 25° and θj = 
15°) and [(i)-(l)]: Regime III (αj = 45° and θj = 15°). Note that the axes and pseudo color-scales are identical for all 
cases.   
 

Figure 5 presents the measured streamlines, labelled 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 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 paper7. However, further downstream at x/Lc =0.80, the flow 
exhibits an internally spiraling flow towards the axis within the CRZ (i.e., the source becomes a 
sink), while the swirling direction unchanged. This flow pattern is caused by the low-pressure core 
with the CRZ, which also generates the reverse flow zone.  
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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 the tangential velocity Uθ is much greater than the 
radial velocity component (Ur).   

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 
Uθ > Ur). That is, the value of swirl angles (αj 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. 
 

 
FIG. 5. Measured streamlines, labelled 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.  

(a) (d)(c)(b)

Regime I
(αj = 25° and θj = 5°)

ERZ ERZ ERZ CRZ

(e) (h)(g)(f)

Regime II
(αj = 25° and θj = 15°)

ERZ CRZ CRZ CRZ

(i) (l)(k)(j)
x/Lc = 0.36 x/Lc = 0.45 x/Lc = 0.63 x/Lc = 0.80

Regime III
(αj = 45° and θj = 15°)

CRZ CRZ CRZ CRZ
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Figure 6 presents the 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 chamber for all experimental 
conditions. Note that the axes and symbols are identical for all of these sub-figures. The 
measurements for Regime I [Fig. 6(a)] show that the magnitude of Uθ/Ue decreases by 
approximately 70% as x/Lc is increased from 0.36 to 0.8. For example, the peak velocity, 
(Uθ/Ue)max, decreases from 0.03 at x/Lc = 0.36 to 0.01 at x/Lc = 0.8. Furthermore, the value of Uθ/Ue 
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 Uθ ≈ 0.01Ue to 0.03Ue for all measured planes in 
Regime I. This is an order of magnitude lower than that of the axial velocity (Ux ≈ 0.15Ue) as we 
reported previously7. 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 (Uθ/Ue)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 Uθ/Ue 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 Kitoh40, indicating that the swirl is weaker in this case. For further downstream 
planes (x/Lc = 0.63 and 0.80), a significant reduction of Uθ/Ue 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 [(Uθ/Ue)max ≈ 0.12]. For all 
radial profiles, the value of Uθ/Ue 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 the presence of a forced vortex near to the central region, 
surrounded by a free vortex, i.e., a “Rankine” vortex (forced and free combined vortex). This 
vortex has also been widely documented for high-swirled jet configurations41-44. 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 PVC9, 34.  

The results in Fig. 6(c) also show that Uθ/Ue 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. 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 Uθ/Ue is typically small (≤ 15%). 

It is also worth noting that, for the cases where the inclination and azimuthal angles (αj 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 αj 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.   
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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.  
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B. RMS of the turbulent flow fields 
Figure 7 presents the radial profiles of normalized tangential RMS (root-mean-square) velocity 

 within the MIJCC chamber at four radial planes x/Lc = 0.36, 0.45, 0.63 and 0.80 for the (ఏ/Ue’ݑ)
configurations of (a) Regime I (αj = 25° and θj = 5°), (b) Regime II (αj = 25° and θj = 15°) and (c) 
Regime III (αj = 45° and θj = 15°).  

For Regime I [Fig. 7(a)] the location of the peak RMS velocity, (ݑ’ఏ/Ue)max, at x/Lc = 0.36 and 
0.45 is found at, or close to, the centre of the chamber, and then decreases approximately linearly 
towards the wall region. A maximum in turbulent fluctuation within the central region is associated 
with the unsteady merging point of the multiple inlet-jets7, resulting in a precessing jet flow9. 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 (ݑ’ఏ/Ue ≈ 0.025) across the chamber’s radius. The value 
of ݑ’ఏ/Ue continues to decrease with axial distance to a value of ݑ’ఏ/Ue ≈ 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 reduces significantly with axial distance from 
the nozzle exit, consistent with trends in conventional annular jets14, 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, ݑ’ఏ/Ue 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 ݑ’ఏ/Ue occurs at the central region -0.15 ≤ r/Dc ≤ 0.15 for all radial 
profiles, with the peak value of ݑ’ఏ/Ue ≈ 0.06 occurring at the centerline of the chamber. This 
corresponds well with the maximum gradient of the mean tangential velocity (Uθ) shown in Fig. 
6(c). That is, a high value of ݑ’ఏ/Ue 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 reactors9, 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, firstly, for a given value of nozzle angle (αj 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, secondly, an increase in αj and θj (Regime III) leads to a significant increase in the 
velocity 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 previous study7.  
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FIG. 7. Radial profiles of tangential RMS (root-mean-square) velocity normalized by the nozzle mean exit velocity 
 at four radial planes x/Lc = 0.36, 0.45, 0.63 and 0.80 within the MIJCC for configurations of (a): Regime I (Ue/ࣂ’࢛)
(b): Regime II and (c): Regime III. Note that the axes and symbols are identical for all cases.   
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Figure 8 presents axial profiles of the evolution of normalized axial (ݑ’௫/Ue) and radial RMS 
velocities (ݑ’௥/Ue), along the centerline of the MIJCC chamber 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 line denotes Regime I and blue dashed-
line refers 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 ݑ’௫ along the axis of the chamber. The 
magnitude of the peak (ݑ’௫/Ue)max remains almost constant (ݑ’௫/Ue ≈ 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 previously7. The axial extent of the 
region with low ݑ’௫/Ue 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 ݑ’௥/Ue 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 ݑ’௫/Ue and the corresponding axial extent 
is shorter. Hence the average value of ݑ’௥/Ue 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 ݑ’௥/Ue ≈ 0.06 than for the other regimes. This value of ݑ’௥/Ue ≈ 0.06 is similar to that of 
the pronounced peak in ݑ’ఏ 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 (αj 
= 45° and θj = 15°).  

http://dx.doi.org/10.1063/1.5089904


16 
 

 
FIG. 8. Evolution of (a) normalized axial RMS (ݑ’௫/Ue) and (b) normalized radial RMS velocity (ݑ’௥/Ue) along the 
centerline of the MIJCC for all experimental cases. The red and blue lines denote the data published in our previous 
work (Long et al. 2018). For clarity, only every second data point is presented and both cases use identical axes and 
symbols. 

 

C. Characterization of the precessing vortex core 
Figure 9 presents (a) two typical instantaneous streamlines, labelled with arrows to indicate 

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 (αj = 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 Uθ and the radial velocity Ur 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 (labelled 
with a red cross) moves from the bottom-half [Fig. 9(a) left] to the top-half [Fig. 9(a) right] section 
of the cylindrical chamber, with a significant displacement relative to the axis of the chamber 
(labelled 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 
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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 PVC9, 29, which confirms its presence 
within the cylindrical chamber.   

 
FIG. 9. (a) Typical instantaneous streamlines, labelled with arrows to indicate the flow direction for the case of αj = 
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). 

 
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 vortex-
core is rcore/Dc ≈ 0.11 to 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 
significant 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 Fig. 7 and Fig. 8). Taken together, it can be concluded that the PVC is present in all of these 
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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.  

 
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 (αj = 25° and θj = 5°), Regime II (αj = 25° and 
θj = 15°) and Regime III (αj = 45° and θj = 15°). 
 

Figure 11 presents the averaged radial displacement of the vortex-core (̅ݎ௖௢௥௘) 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 
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 by Fig. 9. It can be seen that the axial 
extent of the regions in which a PVC can be identified is greatest for Regime III (x/Lc = 0.27, 0.36, 
0.45, 0.63 and 0.80) and 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 study9, indicating that the position of the PVC corresponds well with that of the CRZ.  

Figure 11 also shows that the value of ̅ݎ௖௢௥௘/ܦ௖ 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 ̅ݎ௖௢௥௘/ܦ௖ 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 
 .௖ for Regime III decreases by ≈ 50% from 0.058 at x/Lc = 0.27 to 0.03 at x/Lc = 0.80ܦ/௖௢௥௘ݎ̅
However, for the case of Regime II, the extent of the reduction in ̅ݎ௖௢௥௘/ܦ௖ 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 (Regime I and II), the displacement of the PVC remains high throughout 
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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.  

 
FIG. 11. Averaged vortex-core displacement, normalized by the diameter of the chamber (ത࢘ࢉࡰ/ࢋ࢘࢕ࢉ) along the axis of 
the MIJCC for the configurations of Regime I, Regime II and Regime III. 
 

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 (αj = 25° and θj = 5°), Regime II (αj = 25° and θj = 15°) and Regime III (αj = 
45° and θj = 15°), using both the measured streamlines and quantitative information from Section 
III A to III C. A brief summary of the key flow features generated by the MIJCC configurations is 
listed in Table V and presented below: 
 
(a) 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 
inlet-jets. 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 (Ux > Uθ).  
 
(b) 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 (Uθ ≈ Ur).  
 
(c) 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 
inlet-jets. This flow pattern occurs within the CRZ where the tangential velocity is significantly 
higher than the radial velocity (Uθ > Ur).  

ܿܦ/݁ݎ݋തܿݎ ≈ 0.058 
ܿܦ/݁ݎ݋തܿݎ ≈ 0.03 
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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. 
 
TABLE V. Definition of rotational flow patterns within the MIJCC configurations equipped rotationally-symmetric 
multiple-jets. 

 
Rotational 

flow 
Flow 

direction
Recirculation 

zone
Source Sink 

Swirl 
strength

Pattern A (rotation+source) Outwardly spiraling ERZ Yes No Weak (Uθ ≈ 0.02Ue) 

Pattern B (rotation+sink) Inwardly spiraling CRZ No Yes Medium (Uθ ≈ 0.04Ue) 

Pattern C (pure rotation) Purely tangential CRZ No No Strong (Uθ ≈ 0.12Ue) 

 
Figure 13 presents the three distinctive rotational flow patterns within the chamber of the 

MIJCC for the geometric configurations of Regime 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 chamber are also identified by 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, 
labelled 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 has 
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 CRZ. This is also consistent with the transition from a forced to Rankine vortexes 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.  

× +

(a) (b) (c)
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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. 
 

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 work7, while that for the r-θ plane (tangential) were obtained from the Pattern 
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. 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 the Pattern A and 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. Patterns 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.  

ERZ
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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. 

 

IV. CONCLUSIONS 
In conclusion, new qualitative and quantitative information have been provided to the swirling 

and precessing flows generated by the Multiple Impinging Jets in a Cylindrical Chamber (MIJCC) 
with the inclination (αj = 25° and 45°) and azimuthal angles (θj = 5° and 15°):  

 
1. The new findings of the three distinctive flow regimes (Regimes I, II and III) are as 

follows: 
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a) The magnitude of tangential velocity Uθ is the strongest [(Uθ/Ue)max ≈ 0.12] and is 
almost independent from the axial locations throughout the chamber for Regime III (αj 
= 45° and θj = 15°) where a dominant central recirculation zone (CRZ) occurs, while 
the value of Uθ is relatively weak [(Uθ/Ue)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, αj = 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% to 

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 αj and θj increasing the 
tangential velocity.  

 
c) The RMS (root-mean-square) of tangential velocity (ݑ’ఏ) 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 
 occurs within the central region for Regime III. This indicates that a (ఏ’ݑ ௥ and’ݑ ,௫’ݑ)
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 Ux > Uθ); 

 Pattern B: rotational flow superimposed on a sink (for the CRZ with a medium 
swirl Uθ ≈ Ur); 

 Pattern C: pure rotation (for the CRZ with a high-swirled flow Uθ > Ur). 
 

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 centre of the 
chamber for Regime III than that for Regime I.  

 
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 

http://dx.doi.org/10.1063/1.5089904


24 
 

only 10% for Regimes 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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