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Abstract 

This paper analyzes the time averaged flow structure of a reacting jet in cross flow (RJICF), emphasizing 
the structure of the counter-rotating vortex pair (CVP) by using simultaneous tomographic particle image 
velocimetry (TPIV) and hydroxyl radical planar laser induced fluorescence (OH-PLIF). It was performed to 
determine the extent to which heat release, and the associated effects of gas expansion and baroclinic vortic- 
ity production, impact the structure of the CVP. These results show the clear presence of a CVP in the time 
averaged flow field, whose trajectory lies below the jet centerline on either side of the centerplane. Consis- 
tent with other measurements of high momentum flux ratio JICF in nonreacting flows, there is significant 
asymmetry in strength of the two vortex cores. The strength and structure of the CVP was quantified with 
vorticity and swirling strength ( λci ), showing that some regions of the flow with high shear are not necessarily 
accompanied by large scale bulk flow rotation and vice-versa. The OH PLIF measurement allows for corre- 
lation of the flame position with the dominant vortical structures, showing that the leeward flame branch lies 
slightly above, as well as, in the region between the CVP cores. 
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

The jet in cross flow (JICF) is an important
flow configuration that is of technological interest
due to its applicability in staged combustion for
both fuel and air injection. The flow structures in
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a JICF enables rapid mixing between the jet and 
crossflow contents [1] through several large scale, 
coherent vortical structures forming a highly three- 
dimensional flow-field, both instantaneously and 
on average. The four types of coherent structures 
in the non-reacting JICF [2] consist of: (i) horse- 
shoe vortices (HV), (ii) upright wake vortices (WV), 
(iii) the counter-rotating vortex pair (CVP), and (iv) 
shear layer vortices (SLV). Of these structures, the 
CVP is the dominant vortical structure in the wake 
ier Inc. All rights reserved. 
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f the jet [3] and contributes in a large part to the
nhanced mixing characteristics of the jet with the
ross flow [4] . 
The formation of the CVP, and it’s structure,

as been linked to the periodic vortex ring rollup
rom the jet shear layers [5] . These shear layers orig-
nate at the jet exit and form the shear layer vortices
SLVs) which distort and fold from their cylindri-
al form due to the effect of the crossflow [6] , and
he mutual self-induction of vorticity from one part
f the SLV to the other [7–10] . However, while the
VP is clearly present in the time-averaged flow,
ts presence is much less obvious in instantaneous
napshots of the flow-field, since the folding and
ilting of successive vortex sheets contributes to the
et circulation of the CVP [6,10] . 
The non-reacting JICF structure is dependent

n parameters including the crossflow Reynolds
umber Re ∞ , jet momentum flux ratio, J =
j u 2 j / ρ∞ u 2 ∞ 

, and the jet density ratio, S = ρ j / ρ∞
7,8] . Experimental characterization of cross sec-
ional slices of the non-reacting CVP have been
sed to measure the time-averaged flow-field [3,7] .
uantitative velocity data for cross-sections of the
VP have been performed with probes [11] and
lanar PIV [12] . Planar PIV measurements suffers
rom the inability to quantitatively obtain a three-
imensional velocity gradient field, which is im-
ortant for visualizing a highly three-dimensional
tructure such as the CVP. The only study we are
ware of that used full volumetric, 3D velocity mea-
urements was done by Cambonie et al. [13] us-
ng volumetric 3D Particle Tracking Velocimetry
3DPTV) to analyze the mean flow of a trans-
erse water jet. Their study analyzed the three-
imensional structure of the CVP field and tracked
he trajectory of the vortex cores to obtain scaling
aws with respect to different values of J , jet diam-
ter ( d j ) and the boundary layer thickness ( δ). 
In the case of RJICF, the limited data avail-

ble suggests that reactions have a minimal im-
act on the time-averaged jet trajectory [12,14] .
he behavior and the structure of the CVP in the
resence of exothermic reactions have been inves-
igated by fewer studies. The incompressible vor-
ex model developed by Karagozian [15] assumes
hat the RJICF flow-field will be similar to the
on-reacting case and investigates the effects of 
he entrainment rate due to the CVP on the flame
ength and shape. Similarly, many experimental
JICF studies implicitly assume its existence, but
he characterization of its structure and location is
ncomplete. 

There is good reason to expect that combustion
ould both qualitatively and quantitatively influ-
nce the CVP in the RJICF through both gas ex-
ansion and baroclinic vorticity effects. For exam-
le, there is no mechanism for vorticity generation
n the interior of the flow in the iso-density JICF.
ll vorticity in the flow originates either from the
oundary layers in the jet or bounding walls, and
Please cite this article as: V. Nair et al., Counter rotating
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is subsequently redistributed and reoriented in the
flow domain. In contrast, in the reacting flow, vor-
ticity can be generated via the baroclinic mecha-
nism or damped via gas expansion modifying the
interactions of one region of vorticity with another.
For example, in two-dimensional reacting wakes
(with two shear layers), combustion-induced gas
expansion materially alters the degree of interac-
tion of the shear layers and suppresses the forma-
tion of the Von Karman vortex street [16] . 

This study aims to investigate the time-averaged
flow field structures present in the RJICF field -
primarily the structure and the evolution of the
CVP. Similar to the study of Coriton et al. [17] ,
which employed Tomographic Particle Image Ve-
locimetry (TPIV) to resolve three-dimensional flow
structures in a lifted jet flame, the study employs
10KHz high speed TPIV. The volume over which
the PIV vectors were evaluated was significantly
larger than previous studies to capture the extent
of the CVP structures. The ability to fully com-
pute gradients in all three directions, which is not
possible in planar or stereo-PIV vector fields, was
utilized to visualize gradient dependent quantities
(i.e., three-dimensional vorticity), and to resolve
the three-dimensional flow structures. Simultane-
ous OH-PLIF was used to investigate the center-
plane flame structure. Although the influence of 
the flow-field structures on flame structure and sta-
bilization is thought to be significant for RJICF
[10,12] , the limitations of planar PIV diagnostics
utilized by most experimental studies on both fuel
and premixed jets [14,18,19] , limit the investiga-
tion of the flame-flow interaction to the center-
plane flow-field. The only work to provide a three-
dimensional view of the flame structure as well as
the associated flow-field is the DNS study of Grout
et al. [20] . The current work aims to provide exper-
imental insights into the structure of the time av-
eraged, three-dimensional flow field, and the asso-
ciated flame position. Key questions include: (i) Is
the structure of the CVP fundamentally altered in
the presence of combustion? (ii) Where does it sit
with respect to the flame? 

2. Main body 

2.1. Experimental setup 

The setup consists of a lean, swirling main
burner which burns methane and air (preheated
to 575 K) at an equivalence ratio, �HE = 0.4. The
hot combustion products pass through a ceramic
honeycomb flow conditioning section to obtain
a uniform non-swirling crossflow at a tempera-
ture, T ∞ = 1450 K and Re ∞ = 6400. The test sec-
tion contains a flush mounted methane jet using a
ceramic nozzle contoured to obtain a top-hat ve-
locity profile [8] . The test section has dimensions
of 189 d j (length) × 25 d j (width) × 42 d j (height),
 vortex pair structure in a reacting jet in crossflow, 
doi.org/10.1016/j.proci.2018.06.059 
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Fig. 1. (left) Schematic of the test-section with reconstructed PIV volume; (right) Schematic of the laser diagnostic setup; 
1- High speed TPIV laser, 2- EdgeWave Nd:YAG Laser, 3-SirahCredo Tunable Dye Laser, 4-Test section, 5-FastCam SA- 
Z#1 (TPIV), 6-FastCam SA-Z#2 (TPIV), 7-FastCam SA-Z#3 (TPIV), 8-FastCam SA-Z#4 (TPIV), 9-LaVision HiCATT 

intensifier, 10-FastCam SA-X (OH-PLIF). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with optical access up to 50 d j downstream of the
jet, where d j = 3 mm. A jet momentum flux ratio ( J )
of 90 ( Re j = 8000) was used to obtain a highly pene-
trating jet fixed near the center of the viewable vol-
ume, as well as a value that substantially exceeds
the globally unstable bifurcation boundary, J ∼ 10,
noted by Megerian et al. [8] . 

The schematic of the diagnostic setup used
in this study is shown in Fig. 1 above. For
TPIV measurements, a quasi-continuous burst-
mode (QCBM) laser (QuasiModo, Spectral Ener-
gies LLC) is used [21,22] . The laser produces a high-
energy double pulse train of 532 nm pulses of width
10 ns, with a separation of 40 μs (between the dou-
ble pulses) while operating at 10 KHz. The burst
duration for each measurement set lasts 10 ms to
yield 75 image pairs per burst, repeated every 12 s
a total of 7 times. The pulse energy is maintained
at 200 mJ per pulse to ensure sufficient illuminat-
ing intensity over the entire PIV volume. Since the
laser energy is diffused over such a large volume,
3–5 micron TiO 2 particles were used in both the
jet and crossflow to achieve a sufficient signal to
noise ratio. The illuminated volume is controlled
by using a square slit which positions the volume
of 44 d j (length) × 6.66 d j (width) × 42 d j (height)
so that its centerplane coincides with the jet cen-
terplane and it illuminates a distance of up to 40 d j
downstream of the jet to capture the CVP. The im-
ages were captured by 4 high speed CMOS cam-
eras (Photron SA-Z) operating at 20 kHz in frame-
straddling mode with full resolution (1024 × 1024
pixels). The cameras used a Nikon 55 mm camera
lens ( f/4.0) and their focal plane was aligned us-
ing Scheimfplug adapters, with camera 1 and 2 ori-
ented at an angle of 10 ° while camera 3 and 4 were
Please cite this article as: V. Nair et al., Counter rotating
Proceedings of the Combustion Institute (2018), https://
oriented at an angle of 30 ° to the centerplane nor- 
mal. A 9 nm FWHM band-pass optical filter was 
used centered at 532 nm. 

The OH-PLIF measurements used a frequency- 
doubled Nd:YAG laser (Edgewave InnoSlab IS811- 
E) operating at 10 kHz as the pump laser, and a 
frequency-doubled tunable dye laser (Sirah Credo 
LG24) operating with a Rhodamine 6 G dye solu- 
tion. The UV output of 0.16 mJ/pulse at 283 nm 

was tuned to the Q 1 (9) transition of OH in the (1,0) 
band of the A 

2 �+ - X 
2 � system. The beam was ex- 

panded into a sheet measuring 0.4 mm placed at 
the center of the illuminated TPIV volume such 
that the flame at the centerplane of the methane 
jet would be captured. The OH-fluorescence was 
captured by a high-speed CMOS camera (Photron 
SA-X) which used a high-speed image intensifier 
(LaVision HS-IRO) and no filter to maximize the 
signal to noise. The OH-PLIF laser pulse was syn- 
chronized along with the TPIV system with the im- 
age being acquired in the middle of the TPIV pulse 
doublet. 

2.2. Methodology 

The image pairs captured from the TPIV tech- 
nique were processed using the Davis 8.1.6 soft- 
ware from LaVision. The image were preprocessed 
by normalizing the instantaneous images with the 
average laser intensity to account for the pulse to 
pulse intensity variation. The scaled mean inten- 
sity image was then subtracted recursively from 

the instantaneous images to remove the reflections 
and static noise, and the resulting images were 
smoothed with a 3 × 3 px 2 Gaussian filter. The im- 
ages were then used to refine the calibration by the 
 vortex pair structure in a reacting jet in crossflow, 
doi.org/10.1016/j.proci.2018.06.059 
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olume self-calibration procedure [23] with an av-
rage error in the centerplane of 0.062 pixels and
isparity vector length of 0.4–0.8 pixels. The pre-
rocessed images were then used to reconstruct
he particle distribution volume [24] . The recon-
tructed volume measured 75 × 50 × 20 mm 

3 re-
ulting in 664 × 449 × 180 voxels and is displayed
n Fig. 1 . This region was chosen to capture the
ain structure of the CVP which extends signif-

cantly downstream of the jet, and to minimize
he influence of wall reflections. The particle dis-
lacements were determined by using multi-pass
ross-correlation with an interrogation volume
f dimensions 48 × 48 × 48 with 75% overlap of 
eighboring regions, resulting in a final vector spac-
ng of 1.37 vectors/mm. Vector post processing was
one iteratively to remove spurious outliers and
ectors with a correlation value lower than 0.1. The
esultant field was smoothed with a 3 × 3 × 3 pt
aussian filter. 
The Stokes number, i.e., the ratio of charac-

eristic particle relaxation time and CVP rotation
ime was estimated assuming a characteristic parti-
le frequency scale as 10 kHz (using the formula by
elling [25] ) and that the CVP Strouhal number,
t = f 0 d j / u j = 0.016 [26] . Thus, the Stokes number
ssociated with the CVP, Stk CVP ∼ 0.042, implies
hat the particles closely follow the CVP motions.
patially, the vector resolution is roughly ∼O ( dj ),
hile the CVP is a large scale structure known to
xtend downstream up to 40 d j and with a width
f nearly 10 d j at a distance of 10 d j from the jet
7] . Thus, the gradients in the x-direction associ-
ted with the dominant vorticity associated with
he time averaged CVP structure is sufficiently cap-
ured, but not the fine scale SLV structures. 
The time averaged flow-field for this data set was

reated by averaging over the 7 pulse bursts of a
otal of 525 vector fields. The correlation coeffi-
ient for most vectors in the crossflow were around
.6–0.7 while the vectors near the jet core were
round 0.3–0.4. This variation in values occurs
ecause of the significant differences in particle
otion with location. Random uncertainties in ve-

ocity are estimated to be much larger than bias er-
ors [27] and were calculated to range from 4% (in
he jet core) to 2% (in the crossflow) with the outer
lanes having a higher uncertainty, using the rela-
ion U ̄u = σu / N 

0 . 5 [28] where σ u is the standard de-
iation of the velocity and N , the number of sam-
les . To establish convergence, the mean velocity ū
as calculated with N = 400 and N = 525 samples
nd the average RMS was less than 0.1%. 
The OH-PLIF images were processed by nor-

alizing the images to the instantaneous laser sheet
ntensity and an edge preserving filter was used
o smooth out some of the noise and retain the
harp gradients at the flame edge. The intensity
ange of noise was found to be between 0-10% max
LIF signal ( I max ), and regions of elevated temper-
ture where elevated OH levels persist, lay between
Please cite this article as: V. Nair et al., Counter rotating
Proceedings of the Combustion Institute (2018), https://
20-100% I max . To obtain the threshold, Otsu’s
method was used for each instantaneous image. To
test the sensitivity of the results the threshold was
varied by 20% resulting in a 2% area reduction for
the windward flame edge and a 10% reduction in
area in the leeward flame. This difference is due to
the much higher scalar dissipation rate and asso-
ciated OH/temperature gradients on the windward
side than the leeward side. Since a filter was not
used for the PLIF signal, scattered light from large
TPIV particles were filtered out of the binarized im-
age using an area filter and the resulting image was
used to obtain the instantaneous flame edges. The
binarized images were also averaged to obtain the
flame probability distribution field, p τ , which quan-
tifies the probability of high-temperature combus-
tion products being present at a given location. 

2.3. Results 

Figure 2 shows a schematic of the SLV rollup
phenomenon along with representative instanta-
neous images which overlay the velocity field along
the center jet x-y plane, the z -vorticity ( ω Z ), and the
regions of elevated OH. The SLV vortex rings orig-
inate at the jet exit and, distort and bend [6] as they
advect downstream, creating vortex pairs which can
be visualized in the centerplane as a train of al-
ternating positive and negative vortical structures
in the windward and leeward side of the jet. The
OH PLIF clearly shows that the windward side of 
the flame is lifted, while the leeward is attached
to the jet exit, similar to the flames analyzed by
Steinberg et al. [18] for a hydrogen fuel jet, Wagner
et al. [19] for a premixed ethylene jet, and Sullivan
et al. [14] for a methane fuel jet. Similar to prior ob-
servations, the elevated OH region is much thinner
on the windward side than the leeward side, due to
higher scalar dissipation rates causing sharper tem-
perature gradients. 

To visualize the three-dimensional mean flow-
field, we use the swirling strength ( λci ) field [29] ,
which, is the magnitude of the complex compo-
nent of the conjugate eigenvalue pair from the ve-
locity gradient tensor ( ∇ 

⇀ 

U ). This scalar field is
computed from the time-averaged flow-field to ob-
serve the presence of the CVP. In Fig. 3 , the two
iso-swirling strength surfaces are plotted, with the
color of the surface indicating the value of the ax-
ial vorticity to show the two counter-rotating struc-
tures. Note that the negative ω x structure is larger
in size and magnitude than the positive one. This
result is consistent with other studies that have sim-
ilarly noted asymmetries in the time averaged CVP
cross-section for high J nonreacting jets [7,30] . The
jet centerline marked in the figure was obtained
by applying the Rd j scaling introduced by Pratte
et al. [31] , y/R d j = A ( x/R d j ) b , on the maximum
velocity streamline, obtaining the scaling coeffi-
cients A = 1.65 and b = 0.33 which lie within the
 vortex pair structure in a reacting jet in crossflow, 
doi.org/10.1016/j.proci.2018.06.059 
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Fig. 2. (left) Schematic of vortex rollup and distortion [6] with PIV region of interest (ROI) demarcated; (right) Represen- 
tative instantaneous overlay(s) of out of plane vorticity ( ω Z ) (color scale), velocity vectors, and elevated OH PLIF regions 
(hashed)(| ω Z | max = 7893.6 s −1 ). 

Fig. 3. Three-dimensional plot showing iso-surfaces of 
λci = 0.4, colored with the normalized vorticity in the 
axial direction ( ω x ), to demonstrate the two differ- 
ent CVP branches and the jet velocity centerline ( ∗). 
( ω x,max = 1253 s −1 ). 

Please cite this article as: V. Nair et al., Counter rotating
Proceedings of the Combustion Institute (2018), https://
ranges noted in literature [1] . Thus, the CVP lies 
well below the jet core, similar to the observations 
for non-reacting jets [13,32] . 

High shear in this flowfield makes coherent 
structure identification using vorticity problematic 
[29] . To illustrate, Fig. 4 shows different views 
of the vorticity, swirling strength (defined earlier) 
and shear strength || S ||. Shear is defined as | | S| | = 

[ tr ( S i j S ′ i j ) ] 
0 . 5 [29] where S ij is the symmetric part 

of the velocity gradient tensor ∇ 

⇀ 

U . As the pla- 
nar slices demonstrate, regions of bulk rotation 
( λci ) and shear || S || do not occur at the same loca- 
tion. The CVP, also associated with bulk flow ro- 
tation, can be seen in all the planes. In addition, 
planes 1 and 2 show other concentrated vorticity 
regions, where the the shear strength dominates. 
This is more apparent from the central schematic 
which shows shear iso-surfaces (|| S ||/|| S || max = 0.4) 
near the base of the CVP. Comparing this with 
the schematic of SLV rollup given in Fig. 2 , sug- 
gests that elevated shear could be linked to the dis- 
tortion of the SLV rings, since the dissipation of 
the shear occurs spatially in the same location as 
the CVP strengthens and becomes the dominant 
 vortex pair structure in a reacting jet in crossflow, 
doi.org/10.1016/j.proci.2018.06.059 
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Fig. 4. Three-dimensional plot of out of plane vorticity from four planes normal to the jet trajectory at s/dj = 10, 14, 17.5, 
22 where s is the coordinate along the jet centerline; positive (‘ ♦’) and negative (‘o’) CVP branches are marked along with 
the jet centerline trajectory (‘.’); Plot of out of plane vorticity with iso-lines of λci / λci, max = 0.25 (solid), || S ||/|| S || max = 0.25 
(dashed) plotted for each plane; point at which each plane intersects with the jet core is marked with a red asterix ‘ ∗’. 
( λci, max = 2227 s −1 ; || S || max = 3368 s −1 ; | ω n | max = 1525 s −1 ) . 
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ortical structure. Also indicated in the center fig-
re is the trajectory of the two branches of the
VP, corresponding to the center of the two re-
ions of high λci through planes perpendicular to
he jet trajectory. Noting that the transverse posi-
ion (z-direction) of the CVP centers remained rel-
tively constant, the two trajectories were fit using
 similar Rd j scaling with coefficients, A pos = 1.19,
 pos = 0.35 and for the other branch A neg = 1.13,
 neg = 0.3. 
The strength of the CVP is tracked by mea-

uring the average circulation ( �), calculated as
he integral of the net vorticity, as well as the net
wirling strength ( A λ), calculated as the integral of 
he net swirling strength contained in the planar
ross section of the CVP core of each vortex struc-
ure along each plane perpendicular to the center-
ine. The coordinate system along the CVP trajec-
ories ( s ) starts nearly 15 diameters downstream of 
he jet exit due to the planes cutting through the
VP in the near field lying partially outside the
easurement volume. The peak in swirling strength
Please cite this article as: V. Nair et al., Counter rotating
Proceedings of the Combustion Institute (2018), https://
in the near field was also noted in the case of 
non-reacting JICF [13] and is noted in the same
spatial region where the shear structures noted in
Fig. 4 stop being dominant. From Fig. 5 , the com-
parison in strength of the two separate branches is
apparent as well as the gradual reduction in both
vorticity and swirling strength as we move down-
stream due to the dissipation of this structure. 

To compare the time-averaged flame and jet
structure, Fig. 6 plots the time averaged velocity,
vorticity, and two iso- p τ contours on the jet cen-
terplane, in addition to fits for the jet and CVP
centerlines. The out of plane vorticity in the fig-
ure, ( ω z ), clearly shows the presence of the wind-
ward and leeward shear layers lying on either side
of the jet centerline. The p τ contours in the fig-
ure shows that the leeward flame signal lies essen-
tially in the region between the CVP vortices. This is
noted in DNS data [20] , where the peak heat release
was found to lie in the centerplane slightly above
and between the CVP structure. This shows that the
typically attached leeward flame observed in these
 vortex pair structure in a reacting jet in crossflow, 
doi.org/10.1016/j.proci.2018.06.059 
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Fig. 5. Plot of circulation ( �) and net swirling strength 
( A λ) along the CVP trajectory ( s ). 

Fig. 6. Time-averaged vorticity field and velocity vec- 
tors overlaid (1 vector per 4 × 4 grid); Iso-contours mark 
regions of p τ = 0.15 (vertical hashing) and p τ = 0.25 
(oblique hashing); The jet centerline (‘o’) and fit for 
the + ve (‘ 
’) and −ve (‘ ∇’) CVP trajectories have been 
marked on it. (| ω z | max = 1525 s −1 ). 

 

 

 

 

 

 

 

 

 

 

 

 

configurations is a consequence of flame stabiliza-
tion due to the CVP and the behavior of the CVP
can influence both post-flame mixing as well as
flame liftoff height. 

3. Conclusion 

This study presents the first application of three-
dimensional flow measurements using TPIV to
gain insight into the flow topology of a react-
ing JICF. The data allowed simultaneous compar-
ison of well documented flow features, i.e., the
instantaneous centerplane vorticity showing the
advecting SLVs, with a novel measurement of the
three-dimensional mean flow to understand if and
how the CVP is formed from the SLVs in re-
Please cite this article as: V. Nair et al., Counter rotating
Proceedings of the Combustion Institute (2018), https://
acting flows. This also allowed us to analyze the 
full velocity gradient tensor, and to determine the 
dominant directions of flow distortion. To this ef- 
fect, the mid field (10 < s/d j < 20) topology is dom- 
inated by shear (associated with streamwise vor- 
ticity; not out of plane, spanwise vorticity, which 
presumably dominates in the very near field, up- 
stream of the measurement window), believed to 
be due to the turning and distortion of the SLV 

rings. The far field ( s/d j > 20) is dominated by the 
streamwise bulk flow rotation of the CVP, demon- 
strating the spatial locations along the jet where 
the CVP becomes dominant. A prominent ques- 
tion motivating this study was the extent to which 
combustion effects on vortex interactions (e.g., gas 
expansion/baroclinic torque) materially alter SLV 

ring interactions that leads to CVP formation. The 
topological similarity to the well-documented non- 
reacting flowfield suggests that combustion effects 
on SLV structures/interactions are not significant 
enough to prevent their formation into the CVP. 
Lastly, the combustion products centerplane dis- 
tribution emphasizes the importance of the CVP 

on the axial location of reaction initiation/flame 
stabilization. Specifically, consistent with Grout 
et al. [20] , the location where significant reaction is 
present the majority of the time (i.e., high p τ val- 
ues) is on the leeward side of the jet and occurs at 
a location not coincident with the jet exit, nor the 
low velocity shear layers, but along the CVP (see 
Fig. 6 ). 
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