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DISTRIBUTION OF TEMPERATURE AS A PASSIVE
SCALAR IN THE FLOW FIELD OF A HEATED TURBULENT
JET IN A CROSSFLOW

Manabendra Pathak, Anupam Dewan, and Anoop K. Dass
Department of Mechanical Engineering, Indian Institute of Technology
Guwahati, Guwahati, India

This article presents a computational investigation of the mean flow field of heated

turbulent rectangular jets in a crossflow. The jet is discharged with a slightly higher

temperature (about 6�C) than the crossflow. The computations are carried out for two

values of jet-to-crossflow velocity ratio, 6 and 9. The commercial code FLUENT 6.2.16,

employing the Reynolds stress transport model, is used to predict the mean flow field.

The influence of the velocity field on the temperature distributions is discussed. A compari-

son of the predicted results is made with the available experimental data, and reasonably

good agreement is observed.

1. INTRODUCTION

The problem of jets in crossflow is important from both theoretical and
practical application points of view. Theoretically, the flow field is very complex,
as the interaction and mixing between the jet and the crossflow take place at different
scales with intricate unsteadiness. The flow field is characterized by four different
types of vortices: the jet shear layer vortex, horseshoe vortex, wake vortex, and
counter-rotating vortex pair [1–3]. These vortices play a dominant role in the
complex mechanisms of mixing and interaction between the jet and the crossflow.
In applications, the problem of jets in crossflow is found either under isothermal
conditions or for a heated=cold jet in crossflow. The flow field of a heated jet in cold
crossflow is encountered in many engineering and environmental problems, such as
exhaust gas issuing from the exhaust stacks of most industrial plants, exhaust gas
from vehicles and effluent from plants discharged into rivers, etc. In all these applica-
tions, it is found that jets and plumes are either discharged vertically or at an angle to
the crossflow. In investigations of such problems, the interactions between the jet
and the crossflow, the resulting temperature downstream of the jet, the thermal
spread or the trajectory, and the physical path of the jet are extremely important fac-
tors. In many situations the temperature field is strongly affected by the velocity field
and can be regarded as a passive scalar. In such conditions it is necessary to under-
stand the mean and fluctuating characteristics of the thermal spread and mixing
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between the jet and the crossflow. Several researchers [4–13] have reported the flow
behavior and heat transfer analysis of a heated jet in crossflow. In most of these stu-
dies the gross temperature field and the detailed correlations for predicting the tem-
perature distributions and the relevant parametric variations at downstream of the
jets are provided.

Sherif and Pletcher [8] investigated experimentally the flow field of a round
heated jet in a crossflow for velocity ratios of 1, 2, 4, and 7. They mainly studied
the jet wake thermal characteristics and observed the qualitative differences of the
flow behavior for small velocity ratios (R < 2) and large velocity ratios (R > 2).
Based on their observations, they suggested that the velocity ratio R ¼ 2 should
be a borderline between the high and low velocity ratios.

Much of the work reported in the literature concerns the flow field of round
jets in crossflow. There is only few literature reporting the flow field of square or
rectangular heated jets in crossflow. The flow field of a two-dimensional (2-D)
heated plane jet in a crossflow, where the jet was confined in a channel, was inves-
tigated experimentally by Chen and Hwang [7]. In this flow configuration, the jet
was injected from a narrow slot developed between the two side walls of the channel,
without any clearance between the jet and walls. Chen and Hwang [7] reported the
two-dimensionality of the flow field, especially at the center of the slot. Nishiyama
et al. [9] investigated the characteristics of the temperature fluctuations in a slightly
heated 2-D jet issuing through a slot normally into a crossflow for various velocity
ratios. They studied the effects of the velocity ratio on the mean and fluctuating tem-
perature fields. They observed that the low-velocity-ratio jets behave like a wall jet
and the high-velocity-ratio jets are liftoff jets with a recirculation region. Ramaprian
and Haniu [4] and Haniu and Ramaprian [5] investigated experimentally the flow

NOMENCLATURE

D width of the jet

g acceleration due to the gravity

k turbulent kinetic energy

n coordinate perpendicular to the jet

trajectory

p mean pressure

R jet-to-crossflow velocity ratio (vj=ua)

Rbj exit Richardson number

s distance along the jet trajectory from

the center of the jet slot

T mean temperature

Ti mean temperature at the crossflow inlet

Tj mean temperature of the jet

u mean velocity along the crossflow (x)

direction

ua crossflow velocity

v mean velocity along the jet discharge

(y) direction

vj jet velocity

w mean velocity along the spanwise (z)

direction

x coordinate along the crossflow

direction

y coordinate along the direction of the jet

discharge

z coordinate along the spanwise

direction

e rate of dissipation of turbulent kinetic

energy k

nt eddy viscosity

q density

re model constant

rk model constant

rt turbulent Prandtl number

Subscripts

a crossflow condition

i, j, k tensor notation

j condition at the jet discharge

68 M. PATHAK ET AL.



D
ow

nl
oa

de
d 

B
y:

 [D
ew

an
, A

nu
pa

m
] A

t: 
05

:3
6 

15
 A

pr
il 

20
08

 

field of turbulent plane jets in a narrow channel crossflow. They performed the
experiments for three values of jet-to-crossflow velocity ratio, R ¼ 6, 9, and 10,
for both isothermal and heated jets. They performed the measurements of
mean and turbulent flow properties in the middle of the jet slot and did not
report any observation in the other spanwise planes and near-bottom-wall regions.
They reported about the two-dimensionality of the flow field near the jet central
plane area.

In recent years, besides the investigations of velocity and vorticity fields, inves-
tigation of the scalar field of transverse jets has also received some attentions. Mean
scalar fields in terms of concentration were measured experimentally by Niederhaus
et al. [14], who applied planar laser-induced fluorescence (PLIF) to obtain the scalar
concentration fields in the cross sections of crossflowing jets in water, with velocity
ratio R ¼ 4.9 to 11.1. Smith and Mungal [15] applied PLIF to investigate air-into-air
crossflowing jets and mapped the concentration field in the cross-sectional planes, in
the symmetry plane, and in planes parallel to the jet exit plane, for velocity ratios
ranging from 5 to 20. They also measured the vortex interaction region, mean trajec-
tories and concentration decay, and overall structural features of mixing of a round
jet in a crossflow. Su and Mungal [16] performed a comprehensive investigation of
the scalar and velocity fields in the developing region of a crossflowing turbulent
jet in the gas phase, using the planar imaging technique for the velocity ratio
R ¼ 5.7. Their results showed that the intensity of the mixing, as quantified by the
scalar variance and the magnitude of the turbulent scalar fluxes, is initially higher
on the jet windward side, but eventually becomes higher on the wake side. Plesniak
and Cusano [17] performed an experimental investigation of a confined rectangular
jet in a crossflow to investigate the scalar mixing. They systematically varied three
pertinent parameters, i.e., the momentum ratio, injection angle, and development
length. They observed the three regimes (wall jet, fully lifted jet, and reattached
jet) for the jet crossflow interaction and the resulting concentration fields. Their
combined scalar concentration and velocity data provided an understanding of the
large-scale mixing and the role of coherent structures and their evolution. Recently,
Shan and Dimotakis [18] investigated the Reynolds number dependence of the scalar
mixing by examining the probability distribution of the jet fluid in strong liquid-
phase transverse jets at a fixed far-downstream location. In their study, the mixing
at high Schmidt number was compared between the transverse and free jets to inves-
tigate the possible differences in mixing for fully developed (but finite Reynolds
number) turbulent flows.

The literature review reveals that although much of the computational work on
jets in crossflow have been made using relatively simple turbulence models such as
the k–e model, in most cases, the predictions by these simple models result in poor
agreement with the experimental results [19–21]. The Reynolds stress transport
(RST) model is known to work better than the standard k–e model in investigating
flow fields that are highly anisotropic and characterized by streamline curvature
effects such as the flow field of jets in crossflow [22]. Demuren [22] has observed that
a RST model reproduces peak vorticity and counter-rotating vortice pair (CRVP)
strength very well and predicts Reynolds stresses better than those predicted by
the standard k–e model. Moreover, this model is computationally much less expens-
ive than the use of either large-eddy simulation or direct numerical simulation. Said

HEATED TURBULENT JET IN A CROSSFLOW 69
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et al. [13] performed a numerical investigation of a round heated jet in a crossflow
using various turbulence models. They also observed better performance of the
RST model compared to the two-equation models. Hale et al. [23] investigated the
surface heat transfer associated with a row of multiple round short-hole jets in a
crossflow using the commercial flow solver FLUENT. They employed a RST model
with nonequilibrium wall functions and a two-layer zonal approach in their code,
and they observed better performance with the two-layer zonal model than with
the RST model. However, no work on the study of rectangular heated jets in cross-
flow using the RST model has been reported in the literature.

In the present work, the flow field and temperature distribution of a slightly
heated jet in crossflow is investigated computationally for the two velocity ratios
of jet and crossflow R ¼ 6 and 9. The length of the jet discharge slot spans more than
55% of the crossflow channel width, rather than issuing into a semiconfined or
unconfined crossflow. This flow configuration has so for not been studied in detail.
The computations are carried out using the commercial code FLUENT 6.2.16, based
on the finite-volume method and employing the RST model. The predicted results
are compared with the experimental data of Ramaprian and Haniu [4] and Haniu
and Ramaprian [5] reported at the central plane. The objective of the present inves-
tigation is to provide more detailed information about the flow and thermal charac-
teristics than that given in [4, 5] experimentally. The present work also investigates
the influence of the velocity field on the distribution of the temperature as a passive
scalar. A description of the computational domain, governing equations, turbulence
model, and computational methodology is presented in Section 2. The predictions of
the mean and turbulent quantities and their comparisons with the measurements are
described in Section 3, followed by conclusions in Section 4.

2. PROBLEM FORMULATION

A schematic diagram of the three-dimensional (3-D) computational domain
and the coordinate system used in the present work is shown in Figure 1. The origin
is located at the center of the jet slot. The x coordinate represents the distance in the
cross-stream direction, y the vertical, and z the spanwise direction. The size of the
computational domain depends on the value of the jet-to-crossflow velocity ratio
R. The sizes of the computational domain (Figure 1) used for different values of
R are shown in Table 1.

2.1. Governing Equations

The Reynolds-averaged continuity, three momentum equations, and energy
equation are the governing equations. We assumed the flow to be steady in mean.
The equations may be expressed using the Cartesian tensor notation as follows.
Continuity:

q
qxj

uj ¼ 0 ð1Þ

70 M. PATHAK ET AL.
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Momentum:

q
qxj
ðuiujÞ ¼ �

qp

qqxi
þ q
qxj

�u0iu
0
j

� �
ð2Þ

Energy:

qðujTÞ
qxj

¼ q
qxj

nt

rt

qT

qxj

� �
ð3Þ

Here ui denote the mean velocities, p the mean pressure, and T the mean temperature.
rt denotes turbulent Prandtl number and is defined as the ratio of the thermal dif-
fusivity and eddy diffusivity. In many applications one can get results of modest

Table 1. Domain size for different values of R

R X1 (x=D) X2 (x=D) Y1 (y=D) Y2 (y=D) Z1 (z=D) Z2 (z=D)

6 10 40 30 5 10 18

9 10 50 40 5 10 18

Figure 1. Schematic diagram of the computational domain for R ¼ 6.
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accuracy by using a constant value of rt [24]. The value of the turbulent Prandtl
number used in the present work is 0.85.

It is to be noted that the jet discharge and the flow in the entire computational
domain are assumed to be fully turbulent and thus independent of the value of the
Reynolds number. The discharged jet is at a slightly higher temperature than that of
the crossflow, with a temperature difference of 5.7�C for the velocity ratio R ¼ 6 and
6.1�C for R ¼ 9 according to the experimental conditions [4, 5]. The value of the exit
buoyancy Richardson number (Rbj ¼ DqjgD=qavj) due to the heating is quite low,
thus ensuring a negligible buoyancy effect with temperature playing the role of a
passive scalar only. A physical quantity that is transported by the flow but in turn
does not alter the flow field is called a passive scalar. In such a condition, a passive
scalar such as the temperature is transported only by the forced-convective flow. It is
logical to use the momentum ratio (¼ qjv

2
j =qau2

a) in the formulation of investigation
of a heated jet in crossflow, but since both the jets and crossflow are of the same fluid
(water), the change of density for a small temperature difference was assumed to be
negligible. Thus the momentum ratio is equivalent to the square of the velocity ratio.

2.2. Turbulence Model: Reynolds-Stress Transport Model

Transport equations for six individual components of Reynolds stresses (u0iu
0
j)

are solved numerically. The exact equations for the stresses used in the present inves-
tigation can be written in tensor notation as

q
qxk
ðuku0iu

0
jÞ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

Cij ¼ convection

¼ � q
qxk

u0iu
0
ju
0
k þ p0ðdkju

0
i þ diku0jÞ

h i
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

DT
ij ¼ turbulent diffusion

� u0iu
0
k

quj

qxk
þ u0ju

0
k

qui

qxk

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Pij ¼ stress production

þ p0
q

qu0i
qxj
þ

qu0j
qxi

� �
|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

/ij ¼ pressure strain

� 2nt
qu0i
qxk

qu0i
qxk|fflfflfflfflfflffl{zfflfflfflfflfflffl}

eij ¼ dissipation

ð4Þ

Since the jet discharge and the flow in the entire computational domain are assumed
to be fully turbulent, the effect of the molecular viscosity is assumed to be negligible,
and therefore the molecular diffusion term is neglected.

To obtain the boundary conditions for the Reynolds stresses at the different
boundary zones, the equation for the turbulent kinetic energy (k) is solved. More-
over, the equation for the dissipation rate is solved to obtain the dissipation rate
eij of the Reynolds stress tensor. In both equations, a few minor modifications are
made to the original form of the equations. The equations used are

q
qxi
ðkuiÞ ¼

q
qxj

nt

rk

qk

qxj

� �
þ 1

2
Pii � e ð5Þ
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q
qxi
ðeuiÞ ¼

q
qxj

nt

re

qe
qxj

� �
þ 1

2
Ce1Pii

e
k
� Ce2

e2

k
ð6Þ

where Pii is the production of k and rk ¼ 0:82, re ¼ 1:0, Ce1 ¼ 1:44, Ce2 ¼ 1:92 are
the model constants. Although Eq. (5) is solved globally throughout the computa-
tional domain, the values of k obtained are used only for the boundary conditions.
In other part of the flow domain, k is obtained by taking the trace of the Reynolds
stress tensor: k ¼ 1=2u0iu

0
i.

2.2.1. Modeling different terms of Reynolds stress equation. Among the
various terms of the Reynolds stress transport equation (4), the convection term (Cij)
and the production term (Pij) do not require any modeling. However, the turbulent
diffusion term ðDT

ij Þ, the pressure strain term ð/ijÞ, and the dissipation term ðeijÞ need
to be modeled to close the set of governing equations.

The turbulent diffusion term ðDT
ij Þ is modeled as suggested by Lien and

Leschziner [25]. The pressure strain term ð/ijÞ is generally modeled in FLUENT with
a linear pressure strain model. However, the highly anisotropic nature of the flow
due to the streamline curvature near the jet discharge, resulting from a strong
interaction between the jet discharge and the crossflow, suggests that the production
term and the pressure strain correlation play a dominant role in the prediction of
the turbulent stresses. The pressure strain is especially important in producing the
anisotropy of normal stress components. The quadratic pressure strain model
proposed by Speziale et al. [26], which is known to improve the accuracy of a flow
field with streamline curvature, is used to model the pressure strain term of the
Reynolds stress transport equation (4). The dissipation term eij is modeled in
terms of the dissipation rate e of turbulent kinetic energy as proposed by Sarkar
and Balakrishnan [27].

2.3. Boundary Conditions

The boundary conditions used in the present computations are the inlet, outlet,
and wall. The boundary condition at the inlet corresponds to the crossflow condition,
i.e., the only component of the flow is along the crossflow direction (u ¼ ua),
with zero components along both the vertical (v ¼ 0) and spanwise directions
(w ¼ 0). The crossflow inlet boundary-layer thickness is set to 1.5D by adapting
the boundary at the velocity inlet zone to match with the experimental conditions.
Inside the boundary layer, the 1=7th power-law profile is used for the u-velocity
component. A user-defined function (UDF) is used to introduce this profile at the
inlet. The values of turbulent quantities at the crossflow inlet are based on
the turbulent specification method, where the turbulent intensity and a length scale
are prescribed. The value of the turbulent kinetic energy is taken from the 5% turbu-
lent intensity based on the experimental data. The domain length in the vertical direc-
tion is used as the length scale to represent the turbulent dissipation rate. The values
of Reynolds stresses at the flow inlet are taken from the prescription of the turbulent
kinetic energy by assuming the isotropy of the turbulence as u02i ¼ 2=3k, u0iu

0
j ¼ 0. The

nondimensionalized temperature of 0.9813 for R ¼ 6 or 0.9800 for R ¼ 9 is specified
at the crossflow inlet, which is maintained at a temperature of 300 K.
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At the top surface, excluding the side-wall top, the free-stream condition is
imposed and the values of u, v, w, k, and e specified are the same as those at the inlet
boundary. The tops of the side walls are treated as the wall. At the outlet plane, the
normal gradients of all variables are assumed to be zero ½qf =qx ¼ 0; f ¼
ðu; v;w; k; eÞ�. The whole bottom surface, excluding the jet discharge slot, is con-
sidered as a solid wall. The no-slip condition is applied there, and the standard wall
functions are used to resolve the near-wall turbulence. The value of yp

þ is taken as
11.3, above which the log-law is assumed to be valid. For the turbulent kinetic
energy, a zero value is specified at the wall, while the value of dissipation at the
near-wall point is set using a local equilibrium assumption as e ¼ c

3=4
m k3=2=ðdyÞ,

where dy is the wall-normal grid spacing for the first grid point. To define the ther-
mal boundary conditions at the wall, FLUENT has different types of thermal con-
ditions such as fixed heat flux, fixed temperature, convective heat transfer, etc. In the
present work a fixed temperature is applied at the wall. The nondimensionalized
temperature of the wall is set in the same way as described in the crossflow inlet
boundary condition (¼300 K).

The boundary conditions at the entry to the jet channel or jet plenum are u ¼ 0,
w ¼ 0, and v ¼ vj. The value of turbulent kinetic energy is based on 6.5% turbulent
intensity ðk ¼ 0:00625v2

j Þ, and the value of the dissipation rate is taken using the
expression proposed by Versteeg and Malaleskara [28], as e ¼ c

3=4
m ðk3=2=0:5DÞ. The

nondimensionalized temperature corresponding to the value of temperature
305.7 K for R ¼ 6 or 306.1 K for R ¼ 9 was set as the jet-stream temperature at
the inlet. Both side walls are treated with the no-slip condition, and the standard wall
functions are used to resolve the near-wall turbulence.

2.4. Computational Methodology

In the present computation, a nonuniform staggered grid is used. The grid is
clustered near the bottom wall in the y direction as well as near both side walls in
the z direction. Moreover, grids are clustered at the jet exit region in the x direction.
A staggered grid arrangement is employed in which the scalar variables (p, k, and e)
are positioned at the center of the control volume and the velocity components are
positioned at the cell face. The momentum equations are discretized using the
second-order upwind scheme, and all transport equations are discretized using the
power-law scheme. The SIMPLE algorithm is used for coupling the pressure–
velocity fields. The segregated solution method of FLUENT is employed, where
each discrete governing equation is linearized implicitly with respect to the equa-
tion’s dependent variable and which results in a linear system of equations. All the
variables (u, v, w, k, and e) are underrelaxed in each iteration. The solution is
assumed to be converged when the normalized residual of the energy equation is less
than 10�6 and the normalized residuals of continuity and other variables are less than
10�3. The computations are performed on a Pentium 4 machine with 512 MB RAM,
1.6-GHz processor speed, and it takes approximately 34 days of CPU time to obtain
the converged solution.

The present FLUENT code is validated by testing the present computations
with the result reported by Hoda et al. [29], who performed numerical investigations

74 M. PATHAK ET AL.
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for a square jet in a crossflow for the velocity ratio of 0.5 using two versions of
the RST model and large-eddy simulation (LES). For the validation, the present
FLUENT code employed the Daly and Harlow [30] model for modeling the turbulent
diffusion term of the RST equation, and the pressure strain term is modeled using the
quadratic pressure strain model. Moreover, the wall reflection correction term is also
included in the code, to meet the conditions of Hoda et al. [29]. A comparison of the
predicted results of the cross-stream component of the mean velocity at a location
x=D ¼ 3, z=D ¼ 0, for the velocity ratio R ¼ 0.5 by the present code with the results
of Hoda et al. [29] is shown in Figure 2. The agreement between the two predictions is
fairly good, and the maximum difference between the two is 11.5%.

The grid sensitivity test of the present computation is conducted by using four
different sets of grids, viz., 100� 75� 45 (100 along x, 75 along y, and 45 along z
directions), 130� 85� 55, 140� 90� 60, and 150� 95� 65 by comparing the
cross-stream component of the mean velocity (u=vj) profile for R ¼ 6. The velocity
profiles for R ¼ 6 at the plane z=D ¼ 0 and at the location x=D ¼ 2 is shown in
Figure 3. It is observed that the grid refinement in general improves the prediction
by reducing the higher prediction in the near-wall region and increasing the peak
value of the jet velocity. The deviation among the predictions using the four different
grids decreases as the mesh is refined, and the difference between the computations
using the grid sizes of 150� 95� 65 and 140� 90� 60 is 3.4%. The results that are
presented in the subsequent sections for the velocity ratio R ¼ 6 are obtained using
the grid size of 150� 95� 65.

Figure 2. Comparison of the present prediction with the results of Hoda et al. [29] for the velocity ratio

R ¼ 0.5, z=D ¼ 0.
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3. RESULTS AND DISCUSSION

In the present work, computations are performed in Cartesian coordinates and
the computed data are subsequently transformed to s–n coordinates for the purpose
of comparison with the experimental data [4, 5]. To gain an understanding of the
flow physics in a clear way and to provide the flow properties near the bottom wall,
first we present the predictions of the mean flow properties in Cartesian coordinates.

3.1. Components of Mean Velocity

The mean velocity of the deflected jet can be considered as having three
components, one along the x axis (in the direction of the crossflow), one along the
y axis (in the direction of the jet discharge), and the third along the z axis (in the
transverse direction). These three components are termed the cross-stream, vertical,
and spanwise, respectively. All three components have significant contribution to the
resultant mean flow field in the flow configuration considered in the present work.

Figure 4 shows the variation of the cross-stream component of the mean velo-
city ðu=vjÞ with distance from the wall (y=D) at various downstream positions (x=D)
for the velocity ratio R ¼ 6 at two spanwise planes at z=D ¼ 0 and 6. The velocity
profile at the jet central plane (z=D ¼ 0) is shown at five different downstream
(x=D) positions in Figure 4a. A reverse flow region is formed near the wall, just at
the downstream of the jet (x=D ¼ 2) by showing negative velocity. A weak wall-
jet-like structure is observed near the bottom wall in the downstream positions
(x=D ¼ 5 and 10). Since the crossflow is weak in this case, the wall-jet-like structure

Figure 3. Grid sensitivity test: predicted cross-stream component of the mean velocity ðu=vjÞ profile for

R ¼ 6, z=D ¼ 0.
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is weak compared to the case of a strong crossflow, i.e., low values of the velocity
ratio R [31, 32]. A wake region with a low velocity is observed above the wall jet
shear layer. Also, a shear layer with strong velocity gradient above the wake region
is observed at the locations of x=D ¼ 2, 5, and 10. The size of the wake region is
comparatively larger than that reported in [31, 32] for low values of R. The velocity
gradient in the wake region and jet shear layer is diminished at the far downstream
location (x=D ¼ 20), and the flow recovers toward a boundary-layer profile.

To show the change of the velocity profile as one moves from the jet central
plane (z=D ¼ 0) toward the side wall, the velocity profile ðu=vjÞ is presented at
z=D ¼ 6 in Figure 4b. A qualitative difference in the trends of profiles is observed
in this plane. The velocity profiles at all downstream locations are observed, as
expected, to be different from those at the central plane (z=D ¼ 0). The vertical height
where the jet peak value occurs is less in this plane (z=D ¼ 6) compared to that at the
central plane. The size of the wakelike region is slightly smaller than that in the earlier
case. Near the bottom wall, the wall-jet-like layer is prominent at all downstream
locations, and it is even formed at x=D ¼ 0 with steep velocity gradients.

Figure 4. Prediction of the cross-stream component of the mean velocity at different downstream

locations for R ¼ 6: (a) z=D ¼ 0; (b) z=D ¼ 6.
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The cross-stream component of the mean velocity profile ðu=vjÞ at two
transverse planes (z=D ¼ 0 and 6) and at different downstream locations (x=D ¼ 0,
0, 2, 5, 10, and 20) for the velocity ratio R ¼ 9 is shown in Figure 5. The peak values
of the cross-stream components are seen at higher values of y=D in Figures 5a and 5b
compared to the case of jet with R ¼ 6 (Figures 4a and 4b). Thus the penetration
height of the jet into the crossflow is observed more in this case compared to the case
with R ¼ 6. In this case also, qualitative differences in the velocity profiles are
observed at the spanwise plane z=D ¼ 6 than that at the plane z=D ¼ 0.

Figure 6 shows the predictions of the vertical component of the mean velocity
at different transverse planes and at different downstream positions for the velocity
ratio R ¼ 6. The downstream development of the vertical component of the mean
velocity in the jet central plane (z=D ¼ 0) is shown in Figure 6a. It is observed that
at the jet discharge point (x=D ¼ 0), the vertical component of the velocity is largely
unaffected by the crossflow up to a height of about y=D ¼ 3, showing a high value of
the vertical component. Thus, until that point the jet is almost vertical. After a
certain height, the jet is deflected and therefore the value of the vertical velocity
component is reduced. Downstream of the jet slot (at x=D ¼ 2), a weak wall jet flow

Figure 5. Prediction of the cross-stream component of the mean velocity at different downstream

locations for R ¼ 9: (a) z=D ¼ 0; (b) z=D ¼ 6.
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is formed near the bottom wall. Above this region a wakelike region starts at
approximately y=D ¼ 3 and moves away from the wall as one goes in the down-
stream direction. Farther downstream the jet becomes almost horizontal and runs
parallel to the crossflow, showing quite small values of the vertical component.
Changes of the vertical component profile at the transverse plane (z=D ¼ 6) are
observed as shown in Figure 6b. The velocity gradients ðqv=qyÞ in the wall jet layer
are smaller and the wake region is reduced. The vertical penetration height of the jet
is observed to be reduced. This is due to the entrainment and mixing of the jet with
the crossflow.

The vertical component of the mean velocity at two transverse planes (z=D ¼ 0
and 6) and at different downstream locations for the velocity ratio R ¼ 9 are shown
in Figure 7. The peak values of the vertical component are observed at higher
positions than for the case with R ¼ 6. Thus the jet trajectory is greater in this case
compared to the case with R ¼ 6. The qualitative change of the velocity profiles at
z=D ¼ 6 are observed to be similar to those in the case of R ¼ 6 (Figures 6a and 6b).

Figure 6. Prediction of vertical component of the mean velocity at different downstream locations for

R ¼ 6; (a) z=D ¼ 0; (b) z=D ¼ 6.
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The flow three-dimensionality of the present problem can be demonstrated by
showing the presence of transverse or spanwise components of the mean velocity in
the flow field. Due to the symmetry of the flow about the jet central plane, the values
of the transverse velocities at the jet central plane (z=D ¼ 0) are found to be zero
(not shown in figure). The variation of the transverse velocity at two different
downstream positions and at different transverse planes (z=D ¼ 3 and 6) are shown
in Figure 8 for the velocity ratio R ¼ 6.

The variations of the spanwise component of the velocity at the plane z=D ¼ 3
and at different downstream locations are shown in Figure 8a. At the jet exit region
(x=D ¼ 0), a small value of the transverse component of velocity is observed at an
approximate height of y=D ¼ 6. Due to the presence of this small value, the jet acts
toward the side wall after leaving the jet slot. Since the crossflow is relatively weaker
than the jet, crossflow fluids on both sides of the jet spread slightly into the trans-
verse direction after leaving the slot. Downstream of the jet exit region (x=D ¼ 2),
the formation of the counter-rotating vortex pair (CRVP) starts, and from this
location, the transverse velocity is controlled by both the CRVP and the wake
vortices. Behind the jet slot, a low-pressure region prevails in the flow field close

Figure 7. Prediction of vertical component of the mean velocity at different downstream locations for

R ¼ 9: (a) z=D ¼ 0; (b) z=D ¼ 6.
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to the bottom wall, due to the wake effect. The low-pressure region induces
surrounding fluid toward the center of the jet, close to the bottom wall. Thus the
transverse component acts in the direction from the side wall toward the central ver-
tical plane of the jet. The transverse velocities close to the bottom wall are reported
at all the positions (x=D ¼ 2, 5, 10, and 20) for two planes, z=D ¼ 3 and 6. Moving
away from the bottom wall, this variation is reduced.

The variations of the spanwise component of the velocity at the plane z=D ¼ 6
are shown in Figure 8b. A reverse trend of the transverse component of the mean
velocity is observed near the bottom wall at z=D ¼ 6 and x=D ¼ 0. The transverse
velocity is toward the central vertical plane. At other downstream positions
(x=D ¼ 2, 5, 10, and 20), the profiles of the transverse component of the mean velo-
city are similar to those at the plane z=D ¼ 3.

The variations of the spanwise velocity at two transverse planes and at different
downstream locations are shown in Figure 9 for R ¼ 9. In this case the spread of the
jet at both sides (at x=D ¼ 0) is observed to be greater compared to the case of R ¼ 6
(Figures 8a and 8b). Downstream of the jet slot (x=D ¼ 2), the spanwise velocity is

Figure 8. Prediction of spanwise component of mean velocity at different downstream locations for R ¼ 6:

(a) z=D ¼ 3; (b) z=D ¼ 6.
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higher at both the transverse planes compared to the case with R ¼ 6. Moreover, the
flow reversals close to the bottom wall at z=D ¼ 6 and at the position x=D ¼ 0 are
observed to be more prominent compared to the case with R ¼ 6.

It is to be noted that the trends of the mean velocity profiles (u=vj), (v=vj), and
(w=vj) predicted so far in the present work resemble the trends of similar predictions
for square jets in crossflow [20, 31, 33]).

3.2. Mean Temperature Field

It has already been explained that the jet is slightly heated (5.7�C for R ¼ 6 and
6.1�C for R ¼ 9). Due to the small temperature difference, the changes of density are
assumed to be negligible and therefore the flow field is assumed to be unaffected by
the temperature field. The temperature distribution can provide good information
about the mixing behavior of the jet with the crossflow.

The variations of the normalized mean temperature with the vertical height
(y=D) at different spanwise planes and at different downstream locations for the
velocity ratio R ¼ 6 are shown in Figure 10. At the jet exit region (x=D ¼ 0), it is

Figure 9. Prediction of spanwise component of mean velocity at different downstream locations for R ¼ 9:

(a) z=D ¼ 3; (b) z=D ¼ 6.
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Figure 10. Prediction of the mean temperature at different downstream locations for R ¼ 6: (a) z=D ¼ 0;

(b) z=D ¼ 3; (c) z=D ¼ 6.
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observed that the peak of the mean temperature is near the wall, which indicates the
high temperature of the jet stream at the jet inlet. Farther downstream the tempera-
ture peak moves upward along with the jet, and this spread is controlled by the velo-
city field. It is observed that upon moving away from the bottom wall, the value of
the temperature gradually increases to a maximum or peak value and decreases
monotonically thereafter. The distribution of the mean temperature at the upper
and lower halves of the jet is different due to the fact that the distribution of the
temperature in the lower half of the jet is controlled by the reverse flow. It is
observed that the temperature profiles show similar trends as the vertical component
of the mean velocity. This may be due to the fact that the prescribed boundary con-
dition of the temperature at the jet inlet is similar to the vertical component of the
mean velocity. It is also observed that though the jet is slightly heated compared
to the crossflow, the decay rate of the temperature with downstream distance is quite
small, due to a weak crossflow.

At the spanwise plane z=D ¼ 3 (Figure 10b), the temperature profiles are quite
similar to the profiles at the jet central plane (z=D ¼ 0), due to the nonmixing and
small interaction of the jet stream with the crossflow stream at this plane. The tem-
perature distributions at the spanwise plane (z=D ¼ 6) are significantly different
from those at the first two planes (z=D ¼ 0 and 3). At this plane the value of the
temperature near the bottom wall at the jet exit region (x=D ¼ 0) is observed to
be smaller compared to that at the other spanwise planes (z=D ¼ 0 and 3). From
the temperature profiles at all spanwise planes, it can be concluded that the decay
or dilution of the temperature along the spanwise direction is small compared to
the corresponding decay in the cross-stream direction.

In the case of the velocity ratio R ¼ 9, the temperature profile shows similar
behavior (Figure 11) to that in the case of R ¼ 6. In this case the peak values of
the temperature occur at a higher vertical position compared to the case with
R ¼ 6. This is due to the higher trajectory and penetration of the jet compared to
the case with R ¼ 6. In this case also, the temperature distributions are different
in the upper and lower halves. Moreover, the profiles are different at different
spanwise planes. The spread of the temperature profiles is slightly less at the outer
spanwise plane (z=D ¼ 6) compared to the inner spanwise planes (z=D ¼ 0 and 3).
Since the jet is comparatively stronger, appreciable temperature peak values are
obtained even at the far downstream positions at the outer spanwise plane
(z=D ¼ 6), which was not observed in the case of R ¼ 6.

Isocontours of the mean temperature at the x–y plane and at three different
spanwise planes (z=D ¼ 0, 5, and 6) for R ¼ 6 and 9 are presented in Figures 12a
and 12b, respectively. The temperature contour shows shapes somewhat similar to
the well-known Gaussian distribution. The mean temperature variations of the
heated free jet are generally observed to be small [8]. Therefore all the temperature
fluctuations in the crossflow jet may result from the mixing and the interaction
between the jet and crossflow. In the upper part of the jet, the distribution of the
contour is dense, thus indicating that the mixing between the jet and the crossflow
is rather active. In contrast, relatively sparse contours are developed widely in the
inner part of the jet. This originates from a low-velocity reverse flow region, which
may promote the process of thermal spread in the inner part of the jet. The spread of
the mean temperature is affected by the mean velocity field at different spanwise
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Figure 11. Prediction of mean temperature at different downstream locations for R ¼ 9: (a) z=D ¼ 0;

(b) z=D ¼ 3; (c) z=D ¼ 6.
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locations. At the edge and outside of the slot, the spread of the temperature is less
compared to that at the center, which is similar to the case of the mean velocity field
distribution.

In case of R ¼ 9 the jet is relatively stronger and therefore the spread of the
temperature or the penetration of the temperature occurs up to a higher position
than that in the case of R ¼ 6 (Figure 12b). The temperature distribution follows
the mean velocity distribution in this case also.

Figures 13a and 13b show the mean temperature contours at various y–z
planes and at different downstream locations for the velocity ratios R ¼ 6 and 9.
The spread of the high-temperature jet core due to the interaction of the jet with
the crossflow can be understood from these plots. The high-temperature jet fluid
enters from the jet slot and, after interaction with the crossflow, this zone moves
upward along with the downwash from the crossflow. It is observed that in the
upper part of the jet, the distribution of the contour is dense, whereas a quite coarse
and relatively wide temperature distribution occurs in the inner part of the jet. The
shape of the temperature distribution is more or less circular immediately down-
stream of the slot, and it becomes kidney-shaped farther downstream. It is observed
that the counter-rotating vortex dynamics controls the temperature distribution. At
all locations, the shape is observed to be symmetric about the central vertical plane
(z=D ¼ 0).

Figure 12. Mean temperature contours at three different spanwise (x–y) planes, z=D ¼ 0, 5, and 6: (a)

R ¼ 6; (b) R ¼ 9.
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In the case of the velocity ratio R ¼ 9 the y–z plane mean temperature contours
(Figure 13b) show a similar trend as in the case of R ¼ 6, but far downstream the
contours show some differences. At x=D ¼ 10, the isotherm pattern near the bottom
corners show some dissimilarity from those for R ¼ 6. At the position x=D ¼ 20,
sharp variations in the temperature are confined to the upper part of the flow field,
and variations in the bottom part and near the wall are small. This also occurs due to
the position of the counter-rotating vortex in the upper part of the flow field at that
location.

The mean temperature contours are presented in Figure 14 for three heights
(y=D ¼ 1, 5, and 10) in the x–z plane for the velocity ratio R ¼ 6 and 9. It is observed
that as the height increases, the maximum of the temperature moves downstream from
the jet and the temperature is distributed over a large region. Dispersion of the tempera-
ture is influenced by the wake vortices formed in the x–z plane. The temperature

Figure 13. Mean temperature contours at various y–z planes, x=D ¼ 0, 5, 10, and 20: (a) R ¼ 6; (b) R ¼ 9.
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distribution at different planes observed in the present work is similar to that reported
by Shi et al. [12] and by Said et al. [13]. In the case of the velocity ratio R ¼ 9, also, the
wake vortices control the temperature distribution, which is shown in Figure 14b.

From the plots of the velocity components and temperature distributions, it is
observed that both the velocity and temperature fields exhibit three-dimensional
nature.

3.3. Comparison with Measurements

A comparison of the predicted results of the mean temperature with the experi-
mental data of Ramaprian and Haniu [4] and of Haniu and Ramaprian [5] is
presented in this section. The results are presented in the s–n coordinate system.

The normalized excess temperature profile ðDT=DTjÞ, where DT ¼ T � Ta and
DTj ¼ Tj � Ta, in the jet central vertical plane (z=D ¼ 0) at four downstream posi-
tions for the velocity ratio R ¼ 6 is shown in Figure 15. The temperature field is
slightly overpredicted. The agreement between the present predictions and the
experimental data is observed to be better in the near field (s=D ¼ 4.94 and 9.68)
compared to the far field (s=D ¼ 18.86 and 28.12). In the case of the velocity ratio
R ¼ 9 (Figure 16), the prediction shows the same behavior as the experimental data,
but it overpredicts more at the far downstream location (s=D ¼ 29.73) compared to
the similar location in the case of R ¼ 6 (Figure 15). Overall, the present predictions
show reasonably good agreement with the experimental data.

Figure 14. Mean temperature contours at various x–z planes at different y=D locations: (a) R ¼ 6; (b)

R ¼ 9.
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4. CONCLUSIONS

The flow field of a slightly heated rectangular jet discharged into a narrow
channel crossflow has been investigated numerically using the Reynolds stress
transport model. The various terms of the Reynolds stress transport equation that
need modeling are modeled based on proposals in the literature that are suitable
for the present flow configuration. The effect of the buoyancy on the flow field is
negligible, due to a small temperature difference, so that the temperature is treated
as a passive scalar, and good agreement with the experiments demonstrates the val-
idity of this assumption. The effect of the velocity ratio on the flow field and tem-
perature distribution are discussed for two velocity ratios, R ¼ 6 and 9. The
higher velocity ratio is characterized by higher jet trajectories and temperature tra-
jectory compared to that for R ¼ 6. The mean temperature field in the case of the
heated jet appears to be closely linked to the mean velocity field, and the distribution
of the temperature is controlled by the different vortices formed in the flow field. The
temperature dispersion observed in the present investigation is consistent with simi-
lar results reported in the literature. The overall thermal characteristics obtained

Figure 15. Comparison of normalized excess temperature at jet central plane (z=D ¼ 0) for R ¼ 6: (a)

s=D ¼ 4.94 and 9.68; (b) s=D ¼ 18.86 and 28.12.
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with the RST model are in reasonably good agreement with the experimental data.
The present investigation establishes the three-dimensionality of the flow field, which
is in some contrast to the observation made by Ramaprian and Haniu [4] and Haniu
and Ramaprian [5], who perhaps did not find it necessary to carry out a detailed 3-D
experimental investigation.
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