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ABSTRACT

A jet of fluid discharging into a cross stream,calsiown as Jet In Crossflow (JICF), has receivedyma
experimental and numerical investigations. In ddditto the fundamental understanding of three-
dimensional mixing and shear flow characteristittsg fluid dynamics research community often
regarded it as a benchmark test case for validatirigulence models. Although many authors consitiere
the canonical case of a jet issuing from a circudafice, the rectangular shape has received less
numerical investigations. The present study death & jet issuing from a rectangular duct into a
confined crossflow domain in which five jet-to-csfisw velocity ratios ranging from 3.3 to 10 are
considered. The analysis focuses on the reliahdlitthree two-equation turbulence models, nankety

k- andSST in predicting this type of complex flow phenome@mmparisons with previous large-eddy
simulation results and available test data for Haene problem have revealed good agreement in
predicting ‘mean’ flow properties, but relative pagreement in predicting the second-order stasistt
indicates that this type of flow exhibits signifitanon-equilibrium behavior for which the commonly
used two-equation turbulence models are unablestd @ith. Thus it is necessary to apply anisotropic
turbulence model such as Reynolds stress modeagbrfiuelity large-eddy simulation method.

Keywords: RANS Modelling, Jet in Cross-Flow, Jet Trajectd®galar Mixing, Counter Rotating Vortex Pair

1. INTRODUCTION case for fundamental understanding of three-diroenki
turbulent mixing and shear layer flows, thus ibften used
Turbulent flow mixing of jet flow discharging inta for validating turbulent models by the fluid dynami
crossflow (shown schematically Fig. 1) arises in many research community (Chochegal., 2000; Acharyat al.,
situations of technologically important fields. Forample, ~ 2001; Chassaing al., 1974; Schluter and Schonfeld, 2000;
a non-reacting transverse jet is a configuratiopliegble Muppidi and Mahesh, 2007).
for chimney stacks, Vertical and/or Short Take-@ifd So far, various researches have been conducted for
Landing (V/STOL) aircrafts, dilution of combustigases  circular jet flows issuing into unconfined crossfldomain,
in gas turbines and film cooling of turbine bladés.  because of its application in aerospace engineering as
reacting transverse jet could affect the flameilgtation of vertical and/or short take-off and landing airsafiteering
a fuel jet issuing into a crossflow as a modelta€isflares  of rockets, film cooling of turbine blades, fuejdation
and also the secondary combustion zones in a daisdu  into combustors, etc. More recently, ecologicaleatp
combustion chamber. On aspect of flow physics,Idet such as plumes of smoke stacks, volcanoes, oregfunn
Crossflow (JICF) has been regarded as a challerigstg  fires have also gained much attention for research.
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Fig. 1. Instantaneous flow features observed in jet issftow (Fric and Roshko, 1994)

The main efforts were focused on detailed flowdfiel jet penetration of the rectangular orifice casemigre
features (such as velocity, pressure, or tempergtur important than that of the circular orifice. In ¢y, the
dimensionless variables, streamwise trajectory Wieha confined transverse slot jet of a rectangular cues
and scaling properties (Andreopoulos and Rodi, 1984 received less attention, despite that some studare
Moussaet al., 1977). In addition, vorticity dynamics conducted (Jones and Wille, 1996; Kalita, 2002;rCéned
such as the Counter-Rotating Vortex Pair (CRVP)ehav Hwang, 1991; Haniu and Ramaprian, 1989; Ramapridn a
also played an important role in flow mixing proges Haniu, 1989; Holdeman, 1993). The studies consitlere
thus many studies have emphasized on the origin andlot jet slot that spans the entire dimension d& th
dynamic evolution of CRVP (Smith and Mungal, 1998; confinement (i.e., channel) and results showed tinat
Yuan et al., 1999; Broadwell and Breidenthal, 1984; generated flow field is hominally two-dimensionaittw
Cortelezzi and Karagozian, 2001; Sykesal., 1986; respect to mean and turbulence statistics. It tsctear
Kelsoet al., 1996; Khali and Benmansour, 2009). Other whether there is any CRVP-type structure observed i
vortex systems presented in the round transvetsm je these confined transverse slot jet cases. A resteity
crossflow include the horseshoe vortex formed epsir by (Plesniak and Cusano, 2008) explored the flaidfi

of the jet, the jet shear layer structures and wlage for a rectangular jet issuing into a confined cflose
vortices that occur downstream of the jet for sigftly field, with the jet width less than the depth ofeth
higher jet-to-crossflow velocity ratios. For expeeintal crossflow duct. The study showed that the CRVP was
JICF studies, flow visualization of this highly &er established for most conditions with a slot jetrspzd
dimensional flow has been an invaluable tool (Shat up to 80% of the duct depth.

Dimotakis, 2001; Krothapallet al., 1990; Newet al., To further advance JICF research, the primary
2004). Alternative jet nozzle shapes have also beemmotivation of the present work is to study the flow
received attentions to explore their impacts on thecharacteristics of a rectangular jet flow issuimgoia
behavior of a passive scalar quantity such as teatype main crossflow within a confined rectangular chdnne
for mixing enhancement. In their experimental study domain. The parameters used to characterize this
(McMahon and Mosher, 1969) observed from pressureconfiguration are the jet to crossflow velocityioat =
field measurements that a jet issued from a longU/U; and Reynolds number based on the jet bulk
rectangular shape orifice placed in parallel toassflow velocity and the rectangle width. Results of steady
stream (i.e., streamwise bus) will generate a fet i Reynolds-Averaged Navier Stokes (RANS) solution
crossflow penetration distance longer than thathef using three turbulence models will be analyzed and
same jet placed perpendicularly to the crossflow.,(i compared with previous Large-Eddy Simulation (LES)
blunt bus). Their measurements also suggestedthbat calculations of (Khali and Benmansour, 2009) and
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experimental measurements of (Fougairolle, 2009). L,
Finally a conclusion will be made on important fimgs
obtained from this study.

L,
2. MATERIALSAND METHODS = T <
2.1. Problem Background and Simulation Details T >
The flow configuration used in present study Y 1| ol
follows a previous large-eddy simulation performed ' '

by (Khali and Benmansour, 2009), in which a fully- >
developed turbulent jet flow issues perpendicularly
from a rectangular duct into a crossflow channel Fig. 2.
domain. The flow conditions and geometry are the
same as those from the experimental work conducte
by (Fougairolle, 2009), in which a rectangular jet
crossflow in a closed tunnel has been studiedhéirt Due to Ilow-speed conditions, the present
experimental study, the jet was heated up sligidty  calculations are based on steady state incomptessib
mixing study purposes, whilst various parametersturbulent JICF. To allow study of flow and thermal
including the velocity ratio were considered. Thaim  mixing, the jet fluid is slightly heated, the difésmce of
investigations of this experiment focused on the temperatures of the two fluid i5T,. = 10°C. In these
interaction or not of the jet flow with both the conditions the temperature of the jet is regardecha
opposite wall boundary layer and the adjacent wall passive scalar. With this assumption, the effedts o
where it issues, depending on values of this patame density difference are neglected and without source
Its influence on the mixing properties and someeoth terms (body forces). However, the equations of this
features of the dynamic behavior of the jet streeas JICF configuration are Equation 1 to 3:
also studied in their experimental workigure 2
shows a computational domain. A Cartesian U,
coordinate systemx(y, z), representing streamwise, KZO 1)
spanwise and transverse directions respectively, is
adopted with its origin located at the centre oé th
rectangular jet exit plane on the bottom wall oéth 9 __0P 0 U, oy,

. . : (,OUin ) - + I:iueff ( + J:| (2)
crossflow domain. The rectangular jet exit has ox 0% 0x ax,  0x
dimensions ofl; = 8 cmand h; = 5 c¢cm, inx andy
directions, respectively and is centred laterallytbe |: oT

(ra)or]

A central XZ plane of the computational domain with
dimension

d2.2. Governing Equations

bottom wall with a streamiwse distancelpf 3|; from i(pUjT) -0
the crossflow inlet plane to the jet centre locati®he 0x, 0x,
dimensions of crossflow channel domain age 13,

Ly = 6.28; and L, = 7.9; in x, Yy, z directions, where, these equations are continuity, momentum and
respectively. Reynolds number based on the jet bulkadvection-diffusion of a passive scalar (tempemtur
velocity, the streamwise length of jet exit and  respectively. In these equations; stand for mean
viscosity of jet fluid is 26,000, same as that use@  yejocity components,p for density andT is the

previous_ LES stu_dy (K_hali and Be_nmansour, 20(_)9). Atemperature. The modified pressuie and the
total of five velocity ratios are considered to lewe its effective viscosity and diffusivity are defined as

influence on flow characteristics; i.e.,=_ 3.3,5, 73 8  follows Equation 4 to 6

and 10 These values also follow a previous experimental

investigation (Fougairolle, 2009), excepting for 5, 10 2

they are taken from the LES study (Khali and P=p+=pk 4)
Benmansour, 2009). In order to study the mixingcpss 3

of jet and crossflow, a passive scalar equation of

temperature field is included in the computation. Mo = H+ 14 )

" 3)
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Mg =r+r (6)
where,p is pressurek is the turbulent kinetic energy
and /~ are the molecular viscosity and diffusivity,
respectively. i is the eddy viscosity or turbulent

viscosity, which must be modeled’ is the eddy
diffusivity written as:

ro=f
Pt

Benmansour, 2009) onto present RANS meshes is used
for both ‘mean’ velocity and temperature profilésr

the crossflow inlet plane, the definition of flow
conditions requires extra treatments and in theege
simulation, the velocity profile is provided from a
precursor simulation of an incompressible turbuligatt
plate boundary layer matching the boundary layer
thickness measured in the experiment at the saraédao,
while a prescribed back pressure is imposed asfioos
domain outlet. No-slip and adiabatic wall condisoare
used for velocity and temperature, respectivelytdprand
bottom walls in thez-direction. A symmetry condition is

where,Pr; is the turbulent Prandtl number taken equal to imposed for two sidewalls in thedirection.

0.9 in the present simulation.

The above equations can express turbulent fluongti
in terms of function of the mean variables onlythe
turbulent viscosityy, is known. All thek-01, k- and SST
two-equation turbulence models use this variable.

2.4. Gridsand Numerical Details

In RANS computation, three two-equation turbulence
models are considered to assess their applicahilitis
flow configuration; they ar&-¢ model of Launder and

The k-£7 model assumes that the turbulence viscosity Spalding (1972)k-«o model of Wilcox (2006) an®ST

is linked to the turbulent kinetic energy and giasion
rate via the relation as Equation 7:

2

K
= Cypj (7)

where,C, = 0.09. The values & and 2/ come directly
from the differential transport equations for the
turbulence kinetic energy and turbulence dissipatade,
respectively.

In the k- model, the turbulent viscosity is assumed

model of Menter (1994), while a constant turbulent
Prandtl number (0.9) used for computing turbulent
diffusivity. In addition, three computational meshare
employed to achieve near grid independent solutfon.
simple progression functions is used for contrgllgrid-
point distributions. Three meshes are named conesh
(M), medium mesh\,) and fine meshMs), respectively.
All meshes are constructed in structured grid mawnt
grid refinement enforced around the jet exit andhéar-
wall regions. The meshed/{, M, and M3) have same
topology and only differ in mesh densifigure 3 shows

to be linked to the turbulence kinetic energy and @ typical mesh, whild able 1 below summarizes all test

turbulent frequency via the relation as Equation 8:

k
=p= 8
H=p_ (8)

Finally, in the SST model, the turbulent viscosgy
computed by the following relation as Equation 9:

pak

- max(a,w SF,) ©

H

With a; being a constan§is an invariant measure of
the strain rate and~, is a function that is one for
boundary-layer flow and zero for free shear flow.

2.3. Boundary Conditions

To ensure same ‘mean’ flow properties at the jét ex

parameters used in present simulations.
2.5. CFD Solver

The governing equations are discretized by a finite
volume method. The continuity, momentum and a
passive scalar equation are solved in the fixedeSemn
directions on a co-located (non-staggered) gricbuay
such that the control volumes are identical for all
transport equations. All the variables are thusestaat
the center of the control volume. The velocity
components at the control volume faces are computed
by the Rhie-Chow interpolation method (Rhie and
Chow, 1983) and the pressure-velocity coupling is
handled by SIMPLEC method. The convective terms
are treated by the hybrid scheme. The Algebraic
Multigrid base algorithm is employed for solvingeth
algebraic equations. The solution procedure isitee
and the computations are terminated when the sdms o

plane, a method of interpolating time-averaged LESabsolute residuals normalized by the inflow fluxesre

results from a previous LES mesh (Khali and
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Fig. 3. Computational grids with side-view (left) and teiew (right)

Table 1. Details of the RANS parameters used in the sionist
Velocity ratio §)  Turbulence models Meshes

3.3,5,7.3,8,10 k-, k-w, SST M,: 367,320 cells
M,: 1,145,088 cells
Ms: 2,671,460 cells

3.RESULTS
3.1. Grid Convergence Study

The effect of grid resolution on RANS predictions

are ‘mean’ flow properties represented by ‘mean’
velocity which constitutes the first-order temporal
statistics, proceeding with the second-order temdpor
statistics, i.e.the Turbulent Kinetic Energy (TKE). The
results presented thereafter are from the fine nish
which is the same as the one used in LES. The iagloc
ratio isr = 10 and velocity and TKE profiles will be
compared to those predicted by LES calculationtlier
same condition (Khali, 2010). All profiles are &t
along segment in the centre-plakg at x/l; = 0 which
corresponds to the centre of the jet exigure 5 depicts

was studied by performing computations on three RaNS predicted ‘mean’ velocity and turbulent kimeti

successive meshell;, M,, M3 (seeTable 1). Figure 4
displays predicted temperature and velocity prsffte r

= 5in a centralXZ plane aty=0 with three turbulence
models. The velocity magnitude is normalized by jtte
bulk velocity U; and the normalized temperatuifg is
defined asly= (T-T)/(T;-Ter) whereT; and T are the jet
and the crossflow temperatures, respectively. Resul
were plotted at a streamwise locatidli= 1 downstream
of the jet centre. RANS predictions from differenésh
resolutions were included for comparison, alonghwit
results of previous LES studies (Khali and Benmanso
2009; Rhie and Chow, 1983).

3.2. Turbulence M odd I nfluence

Turbulence model influence at different levels is
carried out, following a procedure proposed by
(Sagaut and Deck, 2009). In the present case,awald
with the increased profoundness are investigatéey T

,///4 Science Publications
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energy profiles from three turbulence models in
comparison with LES predictionskigure 5 (lower

graphs) gives turbulent kinetic energy profiles
normalized byU;” at same streamwise locations as those

‘mean’ velocity profiles Fig. 5 upper graphs).
3.3. Jet Trajectory and Decay of Passive-Scalar

The jet trajectory path presented here corresptmds
a z-coordinate positiorg, where the maximum peak
temperature is reached at eaclocation in the central
XZ plane y = 0). Thus the trajectory presented is merely
based upon a local maximum ‘mean’ passive-scak, (i
temperature in present study), rather than thecitglo
field as commonly used in the literature (Smith and
Mungal, 1998)) Figure 6 displays simulated trajectories
at five different velocity ratios whil€ig. 7 shows the jet
trajectory and the envelope of the jet for two weélo
ratio ofr = 5 andr = 7.3, respectively.
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Fig. 7. Jet trajectory and envelope deduced from the teatyre field (ay = 5, (b)r = 7.3

The jet envelope is characterized by a parambter ratiosr =5, 10. Please note that in the case10the
which is defined asb(X) = |zy(X)-zmex(X)| for each  jetimpinges onto the opposite wall.

vertical profile (Strzeleckiet al., 2009). In this 34.Decay Rate of PassveScalar and
expressionzy»(X) is z-coordinate on both sides of the jet 'Comparison with Experiment

stream ‘tube’ where temperature is equal to half a
maximum value identified bga(X). Figure 9 shows maximum normalized temperature
To complete the analysis, results obtained by Tamax VS curvilinear abscissa, denoted &5 for four
RANS approach are compared to LES resultsvelocity ratios ( = 3.3, 5, 8 and 10). The curvilinear

previously obtained by (Khali, 2010) for the same abscissa is calculated along the jet trajectory,, ia
configuration. Figure 8 depicts RANS and LES distance measured along jet trajectory path from th
(Khali, 2010) predicted trajectory at two velocity injection start point.
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Fig. 8. Comparison of RANS results with LES results
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Fig. 9. Maximum temperature plotted with distance s noizedl bylj

Re-plotting of the results in the log-log coordemivith ~ velocity and temperature profiles, respectivetig( 11).

gll, parameter as suggested by (Smith and Mungal, 1998figure 12a and b give contours of passive-scalar
is shown by Fig. 9b. Figure 10 shows further temperature) and velocity magnitude, respectivelya

comparison of temperature decay rate for veloatios vertical planey-2) at a location ok/l; = 5.
r = 3.3 and 10 with available experimental measurémen 3.6. Visualization of Flow and Mean
of (Fougairolle, 2009) for the same configuration. Temperature Field

The passive scalar (temperature) field was further
visualized in successive-g) planes ofx/l; = 1, 3, 6.

Quantitative comparisons of steady RANS prediction Figure 13 shows temperature contours for velocity
with ‘mean’ LES results from reference paper (Khali ratiosr = 3.3, 5, 8, respectively. The scalar value
2010) for velocity ratior = 5 are carried out at three varies from zero (in white color) to unity (in blac
streamwise locations in the centre plarye=( 0) for color) with an increment scale of 0.1.

3.5. Mean Velacity and Temperature Profiles
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4. DISCUSSION

Figure 4 shows clearly that near grid independent
solution has been achieved for medium mikhbased
on the fact that profiles were well-collapsed witiose
of fine meshMs. For ‘mean’ velocity profilesKig. 5
upper graphs), influence of turbulence model isantye
seen where thé-w model results give poorer ‘mean’
velocity profile in comparison to that of LES (Khal
2010), than those froke and SST models. This may be
attributed to the known deficiency &« model by its
strong dependency on the freestreanvalue (Wilcox,
1991). In fact, low level of inlet turbulence intéty of
1% for the crossflow is imposed in present simatladi
and using a ratio of turbulent and molecular viggos
rather than they value. Therefore, an overestimation of
turbulent viscosity could be produced, which masute
in an unphysical damping of spatial and temporal
turbulent fluctuations. Comparing to thew model,
other two turbulence modelk;e and SST, have shown
overall good agreement with LES data. This meaatsah
proper prediction of ‘mean’ quantities for a jet in

of Appli€ciences 11 (9): 1645-1658, 2014
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Temperature contours, Right: Velocigntours

RANS approach can only capture large-scale flow
motions, rather than small-scale ones which are
important in contribution towards turbulent kinetic
energy distributions. Again, the TKE profile obtaihby
using thek-w model shows a significant overestimation
compared to that of LES by approximately a factbr o
two, while two other turbulence models over-predit
LES data by max 50%. The influence of the jet-to-
crossflow velocity ratio parameter on the jet peatain
shown inFig. 6 in term of jet trajectories illustrate that a
common feature of two distinct parts is clearlyibis.
From the origin of jet exit up to a certain absaiss
(depending on velocity ratio), the lines are fairly
grouped, except for a low velocity ratio of= 3.3,
indicating that the jet is penetrating in near igtia
manner. Beyond that position, the lines are berided
slopes and each follows its own evolution path
| depending on the velocity ratio. This behavior agre
experimental observations made by (Humbat., 1993;
Strzeleckiet al., 2009) for a rectangular JICF, in which
they noticed a unique penetration zone for differen
velocity ratio studied, followed by a change in the of

crossflow also requires good spatial and temporalevolution along the centerline. The trajectorietaoted

resolution of inherent dynamics. The second-orde

rin the present study also indicate the influencethef

statistics of TKE are also compared with LES dataconfinement (i.e., the upper wall), which imposes a

(Khali, 2010) as displayed big. 5 lower graphs. It is
worth noting that all TKE profiles obtained by thre
turbulence models are overestimated in the vicioity
the jet exit, i.e.zl; = 0, comparing to LES predictions.
This trend could be due to the fact that unlike LES
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earlier bending of the jet flow paths.

Figure 7 shows that the jet spreads more quickly
toward the bottom wall rather than the upper wall,
comparing to the jet issuing into a crossflow ofop
space domain. It can be seen that jet trajectobésined
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by present RANS modelling are in good agreemertt wit
LES data in the near field region. After that, RANS
predicted jet penetration depth into the crossflmw

spreading towards the upper wall and induces amative
faster decay of the passive-scalar in the far-fifeld
higher velocity ratio as shown iRig. 9b. Figure 10

increases with downstream distance and it may leeau
the fact that in downstream region, the mixed
jet/crossflow field is predominated by the newlynfed
CRVP, a well-known flow feature for this type of
configuration. However, in this region RANS proddce
higher streamline curvature indicates anisotropiov f
features, suggesting that Reynolds stresses maypeot
predicted accurately by two-equation turbulence efmd

Same issue was also discussed by (Demuren, 1993),

Hence, an inadequate eddy-viscosity value is nikesiyl
computed by two-equation turbulence model thatdead
to an excess of turbulent diffusion, while LES ajgmh
uses a more universal sub-grid-scale model.

The passive scalar mixing properties is performmed i
this study by the decay of its maximum value altimg
jet center line (trajectory) as illustrated IByg. 9. In
Figure 9a, two regions are clearly shown; i.e., while
close to the jet exit, a potential zone where tauapee

velocity ratiosr = 3.3 and 10 with available experimental
measurement of Fougairolle (2009) for the same
configuration. In general, RANS predicted resuls i@
good agreement with these test data.

Figure 11a shows that the LES predicted jet velocity
remains almost constant in the vicinity of theggit up
to a vertical position of abour = 1I;, after that it
ecreases rapidly to the crossflow velocity magtgtat
= 2.5;. Similar behaviour is observed for temperature
profile at this locationKig. 11d). The jet evolutions at
two downstream locations,= 1l;, 3l;, are shown irFig.
11 and 11c. For RANS results, both figures have shown
clear peaks, inherited from higher jet exit velgcit
Considering the velocity profilesFig. 11b), the first
peak occur ag=2l; near the exit (where the jet issues),
indicating velocity increase from an imposed nap-sl
wall condition to a wake velocity at this position,
whereas the second peak occurs at the same poagtion

remains broadly constant and further downstream athat of a temperature scalar profile, i.es3.9; (Fig.
diffusion zone characterized by a rapid decrease oflle). This will be used to define the jet trajectorgtip

temperature value. The length of the potential zisne
equal to 1 in case of =5 and 8 in cases of = 8 and
10. When re-plotting results in the log-log cooatas

explained in section 4 above. All these peaks appea
inside the jet potential core. However feig. 11c and
11f, it can be seen that the second peak of the wgloci

with §/l;, a clear slope in diffusion zone can be obtainedprofile appears at a position higher than that of

that is dependent on velocity ratio. For velocgior =
3.3 temperature decreases initiallysih law in the near-
field region, then later is™®* law in the far-field region.
Despite similar trends of decay in far field, presgecay
rate ins ' law produced by RANS modelling is slightly
different from those obtained by (Smith and Mungal,
1998) who derived an initial decay ratesof®law which

is faster than present RANS prediction. This défere
could be due to the fact that in experimental stofly
(Smith and Mungal, 1998), a top-hat velocity pmfitas
used in defining the jet inlet conditions, compateda
fully-developed velocity profile used in presenid. In
fact, s' powerlaw decay was later obtained

temperature profile. To understand this observatimpn
comparison to the contours of passive-scalar
(temperature) and velocity magnitude giverFig. 12a
and b, respectively, it can be seen that the maximum
velocity occurs at a positiow/l; = 0.3, whereas the
passive-scalar maxima lies below this positioh Fig.
12a and b). This explains the reason why the jet
trajectory computed with the maximum velocity
magnitude lies above the one defined by the maximum
passive scalar (temperature) concentration, as @otlym
used. Nevertheless, overall agreement of RANS with
LES ‘mean’ data is generally acceptable.

In Fig. 13, contours of passive-scalar at several jet
downstreanXY planes and for different jet-to-crossflow

experimentally by Su and Mungal (2004), who used avelocity ratios are used to illustrate the main tewr

fully-developed flow conditions at the jet exit. Fo

velocity ratiosr = 5, 8 and 10, temperature decreases inthe Counter-Rotating Vortex Pair (CRVP).

s law in both near-field and far-field. The behavior
observed at these velocity ratios is related tdufes
observed inFig. 6 and 7. As highlighted above, for

structure characterizing the JICF configurationhsas
These
contours clearly show the classic kidney-shaped
Counter-Rotating Vortex Pair (CRVP), as seen ireoth
studies (Strzelecket al., 2009; Yao and Maidi, 2011;

r>3.3, the confinement imposes a greater bendingSalinas-Vazqueet al., 2005). Note that the kidney shape

constrain on the jets development, which limitsirthe
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is evident even near the jet exitxdj= 1.
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This near-field initiation of CRVP was suggested by 1998; Kelsoet al., 1996; Khali and Benmansour, 2009).

various experimental observations (Smith and Mungal The effect of velocity ratio can also be seen ias¢th
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figures; i.e., while the velocity ratio increaseitwthe size 6. ACKNOWLEDGMENT
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