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Abstract

A computational investigation of three-dimensional mean flow field resulting due to the interaction of a rectangular heated jet issuing
into a narrow channel crossflow has been reported in the present paper. The jet discharge slot spans more than 55% of the crossflow
channel bed, leaving a small clearance between the jet edge and sidewalls. Such flow configurations are encountered in several industrial
processes such as mixing product streams, drying product streams, etc. The objective of the present work was to carry out a detailed
investigation of the mean flow field and flow structure, which could not be obtained in a similar two-dimensional experimental work
reported in the literature. The commercial code FLUENT 6.2.16 based on the finite volume method was used to predict the mean flow
and temperature fields for the jet to crossflow velocity ratio (R) = 6. Two different turbulence models, namely, Reynolds-stress transport
model (RSTM) and the standard k–e model, were used for the computations. Different terms of the Reynolds-stress transport equation
were modeled based on the proposals in the literature that are appropriate for the important flow features of the present configuration.
Important flow features predicted by the two models, such as the formation of different vortical structures and their effects on the flow
field are discussed. Some predicted results are compared with the available experimental data reported in the literature. The predicted
mean and turbulent flow properties are shown to be in good agreement with the experimental data. However, the performance of RSTM
is found to be better than that of the standard k–e model.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The flow fields of jets in a crossflow are encountered in
several engineering and environmental applications, for
example, in cooling tower, smoke issuing from smoke-
stacks, chimneys, volcanoes, thermal discharges into river,
film cooling of turbine blades, fuel injection for burners, V/
STOL aircraft design, enhancement of industrial mixing
and drying processes, etc. Because of its enormous applica-
tions and complex fluid flow phenomenon involved, the
problem has been studied extensively by several researchers
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both experimentally and computationally during the last 50
years. There are several review papers on this topic includ-
ing those by Margason [1], Holdeman [2], Sherif and
Pletcher [3] and Acharya et al. [4]. The following three con-
clusions can be drawn from the literature review: (i) Most
earliest studies of jet in crossflow were concerning the gross
flow behaviour, such as, jet trajectory, jet penetration, jet
spreading, etc. (ii) With the advancement of technology
in both experimental and numerical fields, several new fea-
tures of the flow field were analyzed in the literature such as
the effects of velocity or momentum ratio, jet injection
angle, skew angle, multiple jets, jet spacing, jet geometry,
jet Reynolds number, impingements and swirl, etc. These
studies extended the analysis of the flow field from the basic
flow properties to the formation of different vortices,

mailto:adewan@iitg.ernet.in


Nomenclature

C model constant
c model constant
D width of the jet
g acceleration due to gravity
k turbulent kinetic energy
n coordinate perpendicular to jet trajectory
P mean pressure
Pr Prandtl number
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
Tj temperature of the jet
U mean velocity along the crossflow direction

(along the x direction)
Ua crossflow velocity
Us component of mean velocity along s direction
V mean velocity along the jet discharge direction

(y direction)

Vj jet velocity
Vn component of mean velocity along n direction
W mean velocity along spanwise (z direction)
x coordinate along the crossflow direction
y coordinate along the direction of jet discharge
z coordinate along spanwise
d Kronecker delta
e rate of dissipation of turbulent kinetic energy k

l molecular viscosity
lt eddy viscosity
q density
re model constant
rk model constant
rt turbulent Prandtl number
/ model constant

Subscripts

a crossflow condition
i, j, k tensor notation
j jet condition at the discharge
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turbulent mixing and concentration studies. (iii) Though a
variety of different geometries have been studied during the
past few decades, a relatively few studies on the rectangular
jet in crossflow have been reported in the literature and
even fewer on the jet in a narrow crossflow channel have
been reported. We intend to fill this lacuna through the
present paper.

When a jet is discharged vertically into a crossflowing
stream, the whole flow field can be classified in three dis-
tinct regions [5–7]. In the first region, the initially uniform
jet flow interacts with the ambient crossflow causing a
shear layer to develop at the jet boundaries. Upstream of
this region, the crossflow is decelerated and a positive pres-
sure region is formed. The length of the initial region
depends on the jet diameter, velocity ratio and jet discharge
Reynolds number. The second region is the main region or
the established flow region, where the jet experiences max-
imum deflection. This region is complex, being character-
ized by the development of turbulent mixing layer around
the jet boundaries and the flow becomes fully turbulent.
Due to shearing action of the crossflow, the jet sides expe-
rience strong lateral deflections. The third region is the far-
field region, where the jet axis approaches the crossflow
direction asymptotically and the flow field becomes nearly
self-similar. In this region, the magnitude and direction of
the jet velocity are close to those of the crossflowing stream
and it becomes difficult to distinguish between crossflow
and jet fluids. The whole flow field of a jet in crossflow is
characterized by four main vortical structures: (i) shear
layer vortices; (ii) horseshoe vortices; (iii) wake vortices;
and (iv) counter-rotating vortices [8,9]. As stated earlier,
the shear layer vortices form near the initial region of the
jet due to the interaction of the uniform jet velocity and
the crossflow. These shear layer vortices form on the lee-
ward and windward edges of the jet and have been attrib-
uted to Kelvin–Helmholtz type instabilities [9,10]. Due to
the adverse pressure gradient upstream of the jet, a horse-
shoe vortex system is formed which wraps around the base
of the jet and travels downstream. The wake vortices form
in the second region and at the inner part of the jet. Exper-
imental studies [8–10] and computational studies [11,12]
support the fact that wake vortices are initiated by the
entrainment of the crossflow boundary-layer into the wake
and the upward re-orientation of the entrained flow into
the wake structures. Lim et al. [13] observed that the size
of the wake region depends upon the velocity ratio (R).
For high velocity ratios (R > 2), the jet penetrates signifi-
cantly into the crossflow and it bends over far enough
downstream of the injection hole. Therefore, for these
types of jets, there is little influence of the wall on its devel-
opment. Moreover, there is a little effect of crossflow
boundary layer characteristics on the flow for high values
of R as the jet is able to penetrate through a relatively thin
boundary layer. On the other hand for low velocity ratios,
i.e., R < 1, the jet bends over into the wall at a small down-
stream distance and then it spreads over the wall. There is a
lack of the wake region downstream of the jet injection
hole and the jet behaves like a wall jet. In this type of situ-
ation, the jet flow is unable to cross the crossflow boundary
layer and thus producing less complex flow behaviour in
the near field of the jet compared to that with a high value
of R. The counter-rotating vortices (CRVP) form at the
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vertical plane just after the jet hole and these become dom-
inant structures downstream in the flow field. These are
formed due to both the shearing between the jet and the
crossflow and the vorticity issuing from the jet hole exit
[10]. However, there are different mechanisms proposed
in the literature on the re-orientation of the jet hole vortic-
ity into the CRVP structures. Peterson and Plesniak [14,15]
have studied the development of these structures from the
inlet plenum through the injection hole and out into the
crossflow using PIV. Sau et al. [12] have also explicitly
described the formation of CRVP and its growth. Besides
these four structures, some authors [9,15–18] have reported
the presence of secondary structures in the flow field. They
have found an additional pairs of counter rotating vortices
located between the jet and wall, thus bifurcating the tradi-
tional CRVP.

The flow structures that have been discussed in the
above-mentioned studies are mostly for a round jet in
crossflow. Several researchers have found that the structure
of the flow field of square jets in crossflow is nearly identi-
cal to the flow field of round jet in crossflow. Liscinsky
et al. [19] observed the similarity of flow field between
the square jet and round jet in crossflow in terms of the
mixing effectiveness. The different vortical structures, pres-
ent in the flow field of round jet in crossflow are also
reported in the flow field of square jet in crossflow
[12,20–23]. A square jet can be treated as a special type
of rectangular jet with discharge hole aspect ratio one.
Welson and Thames [24] compared the pressure field
around rectangular and circular jets. They found that a
streamwise-oriented slot generates a pressure profile simi-
lar to a round jet. Humber et al. [25] experimentally studied
a rectangular jet in crossflow and found similar observa-
tions of the jet penetration and trajectory as those in round
jet in crossflow but observed more entrainment than that in
the round jet case. Vincenti et al. [26] studied planer jets in
crossflow at low Reynolds number using PIV. They studied
the effect of velocity ratio on the interaction between the
shear layer vortices and the counter rotating vortices. They
observed that for the velocity ratios R = 3–6, the shear
layer of the planer jet has large fluctuations and its instabil-
ity seems to be driven by the action of the crossflow leading
to the formation of wake like vortices. For velocity ratio
higher than 6 they observed two types of shear layer vorti-
ces. Recently, Plesniak and Cusano [27] studied the con-
fined rectangular jet in crossflow. They observed that the
flow is more complex than a canonical unconfined round
jet in crossflow. They also observed that the large-scale
CRVP structures dominate the scalar mixing of both the
jet and crossflow. Therefore, it may be concluded that most
previous studies on jet in crossflow deal with round jet.
However, the mechanism of formation and the governing
flow physics for the square or rectangular jets in crossflow
reveal some similarities to that for the case of round jet in
crossflow, even though there may appear small quantita-
tive differences in the local flow properties for the two
cases.
In most practical situations, jets and plumes are either
discharged vertically or at an angle to a crossflow. In such
flow conditions, the jet and crossflow interaction and ther-
mal spread are extremely important factors. Accordingly,
when the temperature field is strongly affected by the veloc-
ity field and can be regarded as a passive scalar, it is neces-
sary to understand the mean and statistical characteristics
of the thermal spread and mixing in such jets in crossflow.
The flow behaviour and heat transfer analysis of a heated
jet in crossflow are reported by several researchers
[28,29,6,30–34]. Chen and Hwang [29] experimentally stud-
ied a two-dimensional heated plane jet in a crossflow,
where the jet was confined in a channel. In this flow config-
uration, the jet injected from a narrow slot developed
between two sidewalls of the channel, without any clear-
ance between the jet and walls. They reported on the
two-dimensionality of the flow field, especially at the center
of the slot. Sherif and Pletcher [6] made an experimental
investigation of a round heated jet in crossflow for different
velocity ratios of 1, 2, 4 and 7. They analysed the jet wake
thermal characteristics for different velocity ratios. They
found the difference of flow behaviour for small velocity
ratios (R < 2) and large velocity ratios (R > 2). They
observed the existence of a double vortex structure in the
flow field for both the velocity ratios, but weaker in
strength in small velocity ratio. Based on their results, they
suggested that the velocity ratio R = 2 should be a border-
line between the high velocity and low velocity ratios.
Nishiyama et al. [30] reported the characteristics of temper-
ature fluctuations in a slightly heated two-dimensional jet
issuing through a slot normally into a crossflow for differ-
ent velocity ratios. They studied the effects of the velocity
ratio on the mean and fluctuating temperature fields. They
observed that the low velocity ratio jets behave like a wall
jet and the high velocity ratio jets are lift-off jets with a
recirculation region. Said et al. [34] performed numerical
investigation of a round heated jet in crossflow using differ-
ent turbulence models. They reported the distribution of
velocity, temperature field and mass fraction of different
constituents of the jet. They observed that the velocity field
fully controls the dilution of temperature and concentra-
tion of the jet. They also showed a better performance of
the Reynolds-stress transport model compared to two-
equation models.

Haniu and Ramaprian [35,36] experimentally studied a
turbulent plane jet injected from a narrow slot into the
crossflow in a channel. They performed the experiments
for three values of jet to crossflow velocity ratios R = 6,
9 and 10 both for isothermal and heated jets. There was
a small clearance between the slot and the sidewalls in their
experiments. They performed the measurements of mean
and turbulent flow properties in the middle of the jet slot
and observed that both the mean velocity and temperature
fields maintain two-dimensionality. Their observations did
not include the effects of sidewalls. They used a two-chan-
nel LDA and resistance thermometry to measure the
instantaneous velocity and temperature fields. They could
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not resolve the different vortical structures of the flow field.
Kalita et al. [37] numerically investigated the flow configu-
rations of Ramaprian and Haniu [35,36] using the standard
k–e model and by assuming a two-dimensional mean flow.
They observed a poor agreement between their predictions
and the experimental data.

Much of the computational works reported in the liter-
ature for the analysis of jet in crossflow are using relatively
simple turbulence model such as the k–e model [38]. In
most cases, the predictions by these simple models result
in poor agreement with the experimental results. The fail-
ure of the numerical predictions can be attributed to inac-
curate predictions of the Reynolds-stress tensor by the
simple eddy-viscosity models, which do not represent the
highly anisotropic nature of the flow appropriately. Since
the flow field of jet in crossflow is highly complex and
anisotropic, Reynolds stress transport model (RSTM),
i.e., solving transport equations for different components
of Reynolds stresses, can produce better results than those
produced by the other two equation models. Demuren [39]
has observed that RSTM reproduce peak vorticity and
CRVP strength very well and predict Reynolds stresses bet-
ter than that predicted by the k–e model. Moreover, this
model is computationally much less expensive than either
LES or DNS.

Only a few literatures report the use of RSTM for inves-
tigation of the flow field of jet in crossflow. Ince and Lesc-
hziner [40,41] used a high-Reynolds number RSTM with
wall functions to study the flow field of single and multiple
jets in a crossflow. Demuren [39] also reported predictions
with a high-Re model using a multigrid method and
obtained fairly good predictions of the mean flow field.
Jansson and Davidson [42] applied near-wall corrections
to the basic linear model and solved a low-Reynolds num-
ber RSTM to predict effusion cooling in a double-row dis-
crete-hole configuration. They reported better predictions
than that by a two-layer k–e model. Hale et al. [18] used
commercial flow solver FLUENT to study the surface heat
transfer associated with a row of short-hole jets in a cross-
flow. They used Reynolds-stress transport model with non-
equilibrium wall functions and a two-layer zonal approach
and found a better performance by two-layer zonal method
than that by RSTM. The investigation done by Hale et al.
[18] was for the multiple round jets in a crossflow. How-
ever, no work on the study of plane jet in crossflow using
Reynolds-stress transport model has been reported in the
literature.

1.1. Present work

The flow configuration for the present computations
corresponds to the experimental work of Ramaprian and
Haniu [35,36], where two-dimensional measurements were
made for a slightly heated turbulent rectangular jet dis-
charged into a crossflow. In the present work, the numeri-
cal investigations were undertaken using two different
turbulence models, namely, the standard k–e model and
Reynolds stress transport model (RSTM). The objective
of the present investigation is to obtain a better under-
standing of the flow physics than that obtained experimen-
tally by Ramaprian and Haniu [35,36]. This is achieved by
investigating the three-dimensional mean flow field and
resolving several issues related to the flow three-dimension-
ality. The formation of different types of vortices and their
effects on the mean velocity and temperature fields are dis-
cussed. The computational results are compared with the
measurements of Ramaprian and Haniu [35,36] wherever
available. The predictions of some flow properties, which
were absent in the experimental observations, are also
reported in the present work. Section 2 describes the flow
configuration, governing equations, turbulence model,
and the numerical procedure. The predictions of the mean
and turbulent quantities and their comparisons with the
measurements have been reported in Section 3 followed
by conclusions in Section 4.
2. Problem description

A schematic of the three-dimensional computational
domain used in the present work is shown in Fig. 1. It
includes the jet discharge slot, two sidewalls and the entire
three-dimensional region where an interaction between the
jet and crossflow takes place. A rectangular slot jet is used
and the jet discharge width is D, which is used as the length
scale throughout the work. The origin of the coordinate
system used was located at the center of the jet slot. The
jet channel depth was 5D and the flow domain extended
from 10D upstream of the center of the jet slot to 40D

downstream. In the vertical direction, the domain extended
30D above the channel bed. In the spanwise direction, the
distance between the two vertical sidewalls was 18D and
the jet slot length in the spanwise direction was 10D. The
jet discharge and the flow in the entire computational
domain were assumed fully turbulent and thus independent
of the value of Reynolds number. The discharged jet was at
a slightly higher temperature than that of the crossflow
with a temperature difference of 5.70 �C. The value of the

exit buoyancy Richardson number (Rbj ¼
DqjgD
qaV j

) due to heat-

ing was quite low thus ensuring a negligible buoyancy effect
with heat simply playing the role of a passive scalar. In this
condition, passive scalar such as 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 investiga-

tion of heated jet in crossflow, but since both the jets and
crossflow are of the same fluid (water), the change of den-
sity for a small temperature difference was negligible. Thus,
the momentum ratio is equivalent to velocity ratio.
2.1. Governing equations

The three-dimensional steady-state Reynolds-averaged
Navier–Stokes and energy equations form the governing



Fig. 1. Schematic diagram of the computational domain.

3918 M. Pathak et al. / International Journal of Heat and Mass Transfer 49 (2006) 3914–3928
equations. The equations may be expressed in the conser-
vative form using the Cartesian tensor notation as follows:

Continuity:

o

oxj
ðqUjÞ ¼ 0; ð1Þ

Momentum:

o

oxj
ðqUiU jÞ ¼ �

oP
oxi
þ o

oxj
l

oUi

oxj
þ oU j

oxi

� �
� qu0iu

0
j

� �
; ð2Þ

Energy equation:

oðqU jT Þ
oxj

¼ o

oxj

l
Pr
þ lt

rt

� �
oT
oxj

� �
: ð3Þ
2.2. Turbulence model

The above-mentioned governing equations (1)–(3)
require closure for the Reynolds stress tensor qu0iv

0
j. The

standard k–e model and Reynolds stress transport model
were used for the closure of the Reynolds stress tensor.
In the standard k–e model, the Reynolds stresses are mod-
eled as

�qu0iv
0
j ¼ lt

oUi

oxj
þ oU j

oxi

� �
� 2

3
kdij; ð4Þ

where the eddy-viscosity is modeled as
lt ¼ qCl
k2

e
: ð5Þ

For obtaining the k and e terms, their individual transport
equations were solved.

In RSTM, the closure is obtained by solving the time-
averaged transport equations for the Reynolds stresses,
which is given in the tensor notation as

o

oxk
ðqUku0iu

0
jÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

Cij¼Convection

¼� o

oxk
½qu0iu

0
ju
0
k þ p0ðdkju0iþ diku0jÞ�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

DT
ij¼Turbulent diffusion

þ o

oxk
l

o

oxk
ðu0iu0jÞ

� �
|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
DL

ij¼Molecular diffusion

�q u0iu
0
k

oU j

oxk
þ u0ju

0
k

oUi

oxk

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

P ij¼Stress production

þ p0
ou0i
oxj
þ

ou0j
oxi

� �
|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
/ij¼Pressure strain

� 2l
ou0i
oxk|fflffl{zfflffl}

eij¼Dissipation

ou0j
oxk

: ð6Þ

To obtain the boundary conditions for the Reynolds stres-
ses at the wall, the equation for the turbulent kinetic energy
k was solved. Moreover the equation for the dissipation
rate (e) of turbulent kinetic energy was solved to obtain
the dissipation rate (eij) of Reynolds stress tensor. In both
the equations a few minor modifications were made to
the original form of the equations and they are as follows:
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o

oxi
ðqkU iÞ ¼

o

oxj
lþ lt

re

� �
ok
oxj

� �
þ 1

2
P ii � qe; ð7Þ

o

oxi
ðqeU iÞ ¼

o

oxj
lþ lt

re

� �
oe
oxj

� �
þ 1

2
Ce1P ii

e
k
� Ce2q

e2

k
; ð8Þ

where Pii is the production of turbulent kinetic energy and
re = 1.0, Ce1 = 1.44, Ce2 = 1.92 are the model constants.

Among the various terms in Eq. (6), Cij, DL
ij, Pij do not

require any modeling. However, DT
ij, /ij, and eij need to

be modeled to close the set of governing equations. The
highly anisotropic nature of the flow due to streamline cur-
vature near the jet discharge, resulting from a strong inter-
action between the jet discharge and crossflow, suggests
that the production term and the pressure strain correla-
tion play a dominant role in the prediction of turbulent
stresses. The later process is especially important in pro-
ducing the anisotropy of normal stress components. The
quadratic pressure strain model proposed by Speziale
et al. [43], which is known to improve the accuracy of flow
field with streamline curvature, was used to model the pres-
sure-strain term of the Reynolds-stress transport equation
(Eq. (6)). Turbulent diffusive transport was modeled as sug-
gested by Lien and Leschziner [44]. Dissipation term (ei,j)
was modeled in terms of dissipation rate (e) of turbulent
kinetic energy as proposed by Sarkar and Balakrishnan
[45]. It is to be noted that a Reynolds-stress transport
model is applicable only for fully turbulent flows and not
applicable in the vicinity of a solid wall, as it affects turbu-
lent flow. In the near wall region, the molecular viscosity
affects the generation, destruction and transport of the
Reynolds stresses. Wall functions account for the short-
comings of the RST model in the near wall region. In the
present work, the non-equilibrium wall functions that take
care of the effects of strong non-equilibrium were used for
resolving the near wall turbulence for both the models. The
non-equilibrium wall functions employ the Launder and
Spalding’s log-law. However, the wall functions are also
sensitized to the pressure-gradient effects, unlike the stan-
dard log-law. The employed non-equilibrium wall func-
tions effectively relax the local equilibrium assumption of
production equal to dissipation usually adopted in the
standard wall function while computing the budget of the
turbulence kinetic energy at the wall-neighboring cells.
The values of Reynolds stresses were calculated from the
adjacent wall cells by employing the wall functions. The
Reynolds stresses at the wall adjacent cell were computed
in terms of the turbulent kinetic energy k. See FLUENT
6.2 [46] for further details of the Reynolds-stress transport
model used in the present work.

2.3. Numerical procedure

The numerical simulations were carried out using the
commercial flow solver FLUENT 6.2.16 based on the finite
volume method. The momentum and energy equations
were discretized using the second-order upwind scheme
and other transport equations were discretized using the
power law scheme. The discretised equations were solved
using the SIMPLE algorithm. Commercial package Gam-
bit 2.1.6 was used to generate the geometry and mesh for
the computational domain. Hexahedral elements were used
for meshing the geometry. Different types of boundary con-
ditions were used for different zones of the flow domain.
For the crossflow and the jet discharge, the velocity inlet
types of boundary conditions were used. At both the jet
discharge and crossflow, the values of the mean and turbu-
lent flow properties were prescribed according to the condi-
tions in the experiments [35,36]. At the outlet of the
computational domain (right boundary in Fig. 1), the out-
flow type of boundary condition was used. The no slip con-
dition was used for the bottom wall, two sidewalls and the
jet discharge channel walls. The upper boundary (y/D =
30) corresponds to a free surface with zero shear stresses.
The temperature of the jet at the inlet was at 305.7 K and
the temperature of the crossflow and all other wall temper-
atures were set at 300 K. In the computation, the mean
velocity and temperature were normalized with the velocity
and temperature of the jet, respectively. The implicit and
segregated solver was used for the solution of the system
of governing equations. All the variables were under-
relaxed at each iteration. The solution was assumed to be
converged when the normalized residual of the energy
equation was lower than 10�6 and the normalized residuals
of continuity and other variables were less than 10�3. The
computations were performed on a Pentium 4 machine
with 256 MB RAM, 1.6 GHz processor speed and it took
approximately 13 days of CPU time to achieve the con-
verged solution. For studying the sensitivity of the compu-
tations to the grid resolutions, the flow field was obtained
with three different grid resolutions (termed as the coarse,
medium and fine grids). The numbers of cells in the three
directions for the three grid resolutions are given in Table
1. The profiles of the turbulent kinetic energy at the jet cen-
ter plane (z/D = 0) at the location of x/D = 2 using three
different grid resolutions are shown in Fig. 2. The results
corresponding to the coarse mesh show some deviation
with respect to those obtained using other two resolutions
(medium and fine). However, the predictions with medium
and fine grid resolutions are close to each other. The results
reported in the present paper correspond to that using the
fine mesh. Note that a 4 · 20 · 40 grid was used in the jet
channel. The value of y+ for the wall-adjacent cells was
fixed approximately at 25. The grids at x–y and y–z planes
are shown in Fig. 3.

3. Results and discussion

3.1. Mean flow field

The present predictions of the mean and turbulent flow
properties were compared with the experimental data of
Ramaprian and Haniu [35,36] for the value of jet to cross-
flow velocity ratio R = 6. It is to be noted that Ramaprian
and Haniu [35,36] reported their experimental observations



Table 1
Number of cells for three different grid resolutions used

Mesh resolution Ni (cells in
x-direction)

Nj (cells in
y-direction)

Nk (cells in
z-direction)

Ntotal

Coarse 125 75 40 375,000
Medium 140 85 45 535,500
Fine 150 90 54 729,000

Fig. 2. Comparison of turbulent kinetic energy profiles at jet discharge
center plane (z/D = 0) using different grid resolutions.
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in the s–n co-ordinates, where s denotes the co-ordinate
along the jet trajectory and n normal to the jet trajectory
(Fig. 1). In the present work, the computations were per-
formed in the Cartesian coordinates and the computed
data was subsequently transformed to the s–n co-ordinates
for the purpose of comparison with the experimental data.
To gain an understanding of the flow physics in a clear
way, first we have presented the predictions of the mean
flow properties in the Cartesian coordinates.
Fig. 3. Numerical grid at x–y an
The prediction of the mean streamwise velocity (U/Vj) at
different downstream locations along the jet center plane
(z/D = 0) are shown in Fig. 4. A reverse flow region is
observed just downstream of the slot (x/D = 2). This
reverse flow grows vertically and its strength increases fur-
ther downstream (x/D = 16). The length of the recircula-
tion region was found to be approximately 18 times the
jet slot width. Further downstream (x/D = 30), the flow
reattaches and recirculation region disappears. At x/D =
2, the difference in the predictions by the two models is
small, whereas further downstream the predictions by the
two models show deviations.

Fig. 5 shows the mean vertical velocity profiles (V/Vj)
along the jet center plane (z/D = 0) at different downstream
locations. Vertical velocities are stronger just downstream
of the jet slot, as the jet is nearly vertical in this region.
As the jet moves further downstream the vertical velocity
reduces in magnitude and further downstream the jet
becomes almost horizontal and the values of the vertical
components are quite low. The standard k–e model over-
predicts compared to that by the RSTM.

The secondary motion in the vertical crossflow planes is
presented by ploting the predictions of mean spanwise
velocity profiles (W/Vj) in Figs. 6 and 7. The variations
of the mean spanwise velocity at various downstream loca-
tions are shown at two different planes (z/D = 3 and �3).
Let us first consider the flow at z/D = 3. At x/D = 2 the
mean spanwise velocity near the lower surface is positive,
which indicates that the flow is outward (towards side-
walls) and away from the jet center plane. Further down-
stream (x/D = 10 and 15) the velocities are negative close
to the wall, indicating that the flow is towards the jet center
plane. Just downstream of the jet slot, the jet pushes the
crossflow towards the wall but further downstream the
CRVP entrains the surrounding crossflow fluid towards
the wall resulting in negative crossflow velocity near the
wall. The velocity changes sign away from the wall repre-
senting the upper half of the CRVP, where the flow is mov-
ing away from the centerline. It is also observed that as the
d y–z plane (729,000 cells).



Fig. 4. Prediction of streamwise velocity at jet center plane (z/D = 0).

Fig. 5. Prediction of vertical velocity at jet center plane (z/D = 0).
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flow progresses downstream the CRVP structures diminish
in their strength. It is to be noted, that the trends of the
mean velocity profiles (U/Vj, V/Vj and W/Vj) predicted in
the present work resemble similar predictions for square
jets in a crossflow [21–23]. At z/D = �3, W/Vj is opposite
to that in z/D = +3 and from Figs. 6 and 7, it can be con-
cluded that the flow is symmetric about the center plane,
which is not true for the case of square jet in crossflow
[22], that was slightly skewed in the lateral direction [22].
The flow field in the present flow configuration is symmet-
ric due to the surrounding walls.

Variations of the mean spanwise velocity in the spanwise
directions at a vertical distance of y/D = 2 from the chan-
nel bed and at two downstream locations are shown in
Fig. 8. The spanwise velocity is symmetric about the center
plane (z/D = 0). At a location just downstream of the jet
discharge (x/D = 2), the velocity components show two dif-
ferent peak values in each half of vertical cross plane. It is



Fig. 6. Prediction of transverse velocity at the plane z/D = 3.

Fig. 7. Prediction of transverse velocity at the plane z/D = �3.

Fig. 8. Spanwise variation of transverse velocity at different x/D location.
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Fig. 9. Prediction of mean temperature at jet center plane (z/D = 0).
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seen that CRVP form near the two sidewalls and their sizes
are smaller than that of the two secondary vortices
(Fig. 15). As the jet moves further downstream these two
secondary vortices disappear and the CRVPs grow and
dominate the flow field.

3.2. Mean temperature field

The normalized predicted mean temperature profiles
(T/Tj) across the jet center plane at two different down-
stream locations are shown in Fig. 9. The distribution of
the mean temperature at the upper and lower halves of
the jet is different. This is due to the fact that distribution
of the temperature in the lower half of the jet is controlled
by recirculation. At the jet slot (x/D = 0), the peak of the
mean temperature is near the wall, which indicates the high
temperature of the jet stream at the jet inlet. Further,
downstream the temperature peak moves upwards along
with the jet and this spread is controlled by the CRVP. It
is also observed that though the jet is slightly heated, the
decay of the temperature with downstream distance is quite
small, due to a weak crossflow.

3.3. Comparison with measurements

A comparison of the normalized s-component profiles of
the mean velocity (Us/Vj) across the jet center plane
(z/D = 0) at two different downstream locations (s/D =
4.94 and 13.88) with the experimental data is shown in
Fig. 10. The overall agreement of the predictions by both
the models is satisfactory and the performance of RSTM
Fig. 10. Comparison of streamwise vel
is better than that of the standard k–e model. In the inner
half of the jet, the standard k–e model overpredicts the
mean velocity thus predicting a small reverse flow region
behind the jet.

Fig. 11 shows a comparison of the normalized n-compo-
nent profiles of the mean velocity (Vn/Vj) across the jet cen-
ter plane (z/D = 0) at two downstream locations (s/D =
4.94 and 13.88) with the experimental data. The predictions
agree well with the experimental data, both quantitatively
and qualitatively. The RSTM model shows a higher level
of recirculation, thus predicting a better recirculation com-
pared to the standard k–e model.

A comparison of the normalized temperature profile
(T/Tj), across the jet center plane (z/D = 0) at two down-
stream locations (s/D = 4.94 and 13.88) with the experi-
mental data is shown in Fig. 12. The recirculation and
entrainment of the jet fluid results in a nearly uniform tem-
perature distribution at the inner edge of the jet. Predic-
tions of both the models agree well with the experimental
data. However, the predictions by RSTM are superior to
that by the standard k–e model.

A comparison of the turbulent shear stress profiles
across the jet is shown in Fig. 13. The large peak values
observed in the experimental data and the present predic-
tions are due to the high oU/oy values in the jet-shear-layer
region. The k–e model overpredicts the shear stresses
especially in the inner half of the jet, where the flow faces
recirculation, whereas the RSTM agree well with the exper-
imental results. Moreover, the predictions of the positive
and negative peak values of the stresses by RSTM match
well with the experimental data.
ocity at jet center plane (z/D = 0).



Fig. 11. Comparison of velocity at jet center plane (z/D = 0).

Fig. 12. Comparison of mean temperature at jet center plane (z/D = 0).

Fig. 13. Comparison of turbulent shear stress at jet center plane (z/D = 0).
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3.4. Flow structures and their effects on the flow field

The predicted non-dimensional mean velocity vectors
and streamline plot at three different x–y planes in the
spanwise direction by the RSTM are shown in Fig. 14.
The three planes chosen are the jet discharge center plane
(z/D = 0) and planes at z/D = 3 and 5. The jet trajectory
is deflected in the streamwise direction and the direction
of the crossflow is altered as if a rigid obstacle blocks it.
However, due to the jet entrainment effects and the motion
of the jet, the flow field of jet in crossflow is different from
that over a rigid obstacle. A reverse flow or recirculation is
observed in the lower part of the jet, which indicates the
existence of flow separation. The vertical penetration of
the jet is more at the center plane (z/D = 0) than that at
two other planes. This is due to the lateral spread of the
jet near the edge of the jet discharge slot. It is also observed
that the structures and extent of the recirculation regions
downstream of the jet are different at the three planes,
thereby demonstrating the three-dimensionality of the flow.
Fig. 15 shows the mean velocity field at different y–z

planes at various x/D locations (x/D = 0, 2, 5 and 15).
Upstream of the slot, the crossflow fluid starts to react to
the upcoming jet disruption by moving upward. Due to
the presence of jet, the crossflow experiences three-dimen-
sional separation around the jet. The jet pushes the cross-
flow in the lateral direction at the edge of the discharge
slot since the strength of the jet is more than that of the
crossflow, but far downstream (at the plane x/D = 15)
the trend is reversed.

The roll-up of the crossflow fluid into streamwise vorti-
ces at the edges of the jet is seen just downstream of the dis-
charge slot (x/D = 2). At the center of the jet the inception
of a pair of vortices is seen and another two vortical struc-
tures are present at both sides of jet slot edge. Further
downstream of the jet slot (x/D = 5), the vortices produced
at the slot edge have moved away from the channel bed and
vortices formed at each side of the slot center plane
increase in size. The direction of rotation of these vortices
is opposite to that of the main vortices. These are the sec-



Fig. 14. Mean velocity vector and streamline plot at three spanwise x–y planes.

Fig. 15. Mean velocity vectors and streamline plot at different y–z planes in the direction of crossflow.
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ondary vortices as reported by several researchers [9,15–
18]. It is also observed that the secondary vortices reported
here are more prominent in their size and strength com-
pared to those reported in earlier studies [9,15–18]. The
development of the CRVP becomes full fledged at x/D =
15, which grow in size and assume the shape of a kidney.
The pressure drop in the wake region induces an inward
motion, transporting the fluid from the crossflow towards
the jet center plane.
Fig. 16. Mean velocity vector and streamline p
Fig. 16 shows the mean velocity distributions of the jet
stream into the crossflow at three different planes parallel
to the channel bed. In the first plane (y/D = 1), the fluid
at the streamwise centerline of the discharge slot is drawn
outwards towards the edge of the jet. This is due to the
entrainment process, where the jet and crossflow interact
and exchange momentum. The crossflow is deflected due
to the jet discharge. The crossflow is contracted between
the sidewall and the edge of the jet slot and after crossing
lot in x–z plane at different y/D distance.
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the slot the crossflow again expands and immediately
downstream of the jet, two vortices roll-up. These vortices
are stable wake vortices similar to that predicted by Hale
et al. [18]. Downstream of these vortices fluid is still drawn
strongly towards the jet centerline.

Continuing away from the channel bed to the plane at
y/D = 4, the pair of vortices appear to have advected down-
stream and grown in size. Still further from the channel bed
(y/D = 12), the contribution of the free-stream (crossflow) to
the in-plane velocity magnitude increases owing to the bend-
ing of the jet. Therefore, velocity at this plane is larger in
magnitude than that in the first two planes. As the jet bends
and produces no blockage, the vortices diminish and disap-
pear above this plane (not shown in Fig. 16). Iso-contours of
the mean temperature at three different spanwise locations
are presented in Fig. 17, which shows the shapes of well-
known Gaussian distribution and the effect of the transport
of the jet by the external crossflow. At the outer 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, a quite coarse and relatively high temper-
ature region is developed widely at the inner part of the jet.
This originates from a low-velocity recirculating flow with
Fig. 17. Mean temperature contour

Fig. 18. Mean temperature contour at differen
large-scale eddies, which may promote the thermal spread
process at the inner part of the jet. The spread of the mean
temperature is affected by the mean velocity field at different
spanwise locations. At the edge and outside of the slot, the
spread of temperature is less compared to that at the center,
which is similar to the case of the mean velocity field
distribution.

Fig. 18 shows the mean temperature contours at various
y–z planes at different downstream locations. In this case,
also it is observed that the velocity field controls the distri-
bution of the temperature field. The shape of the tempera-
ture distribution is more or less circular immediately
downstream of the slot and it becomes kidney shaped fur-
ther downstream. At all locations the shape is symmetric
about z/D = 0 plane. It is observed that the CRVP dynam-
ics controls the temperature distribution.

The mean temperature contours at various x–z planes at
different heights are shown in Fig. 19, which shows that as
the height (y/D) increases, temperature gets distributed over
large region. Dispersion of the temperature is controlled by
the pair of vortices, those formed in the x–z plane. The tem-
perature distribution at different planes observed in the
present work is similar to those reported in [30,34].
s at three spanwise x–y planes.

t y–z planes in the direction of crossflow.



Fig. 19. Mean temperature contour in x–z plane at different y/D distance.
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4. Conclusions

Three-dimensional mean flow field of a slightly heated
jet discharged into a crossflow has been numerically inves-
tigated using the standard k–e model and the Reynolds-
stress transport model. The different terms of the
Reynolds-stress transport model were modeled based on
the proposals in the literature that are suitable for the pres-
ent flow configuration. The predicted flow properties by
both turbulence models were compared with the experi-
mental data available in the literature. Some flow features
that have not been reported in the literature were also pre-
dicted in the present work. The following conclusions may
be drawn from the present investigation:

• Several issues of three-dimensionality of the flow field
have been resolved in the present paper. It has been
shown that the mean flow field exhibits complex interac-
tion of the jet and crossflow resulting in flow expansion,
contraction, and separation. The formations of different
types of vortices were also shown in the flow field.

• Many physical phenomena, such as, entrainment, mix-
ing are interrelated with different types of vortices
observed in the present work. These vortices govern
both the mean velocity and temperature fields.

• The overall mechanism of formation of different vortices
and their structures in the present flow configuration are
similar to the square jet in crossflow, though there is
some qualitative difference in some vortices.

• The predicted mean flow properties such as velocity pro-
files, temperature profiles and turbulent shear stress by
both the models are shown to be in good agreement with
the experimental data. However, the Reynolds stress
transport model is seen to perform better than the stan-
dard k–e model.
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