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Abstract

The flow field of a turbulent plane jet in a weak or moderate crossflow, which is characterised by mild
streamline curvature, has been investigated computationally. The values of the jet-to-crossflow velocity ratios
chosen are 6, 9 and 10. The time-averaged Navier—Stokes equations are solved on a staggered Cartesian grid
using the standard k—e model and the k—e model with streamline curvature modification. The predictions
using both the models are compared with available experimental data. It has been shown that by accounting
for the effect of streamline curvature in the k&~ model results in good prediction of this flow configuration.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The study of turbulent jets in crossflow is important both from a practical point of view (e.g.
jets used in V-STOL aircraft, film cooling of turbine blade, flow of exhaust gases in chimney
stakes, discharge of sewage or waste into river or ocean) and from the basic research point of view,
because of a variety of fluid dynamics phenomenon involved.
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Nomenclature

C constant

G, constant

¢ model constant

D nozzle width at the exit

k turbulent kinetic energy

n coordinate perpendicular to jet trajectory

p mean pressure

Py production of turbulent kinetic energy

R jet to cross-stream velocity ratio (u;/v,)

Ry flux Richardson number

s distance along the jet trajectory from the center of jet slot
u mean velocity along the jet discharge direction (x-direction)
U. s component of mean edge velocity

Un local maximum of the mean velocity

u' fluctuating velocity component in x-direction

v mean velocity along cross-stream direction (y-direction)
v’ fluctuating velocity component in y-direction

X coordinate along the direction of the jet discharge

y coordinate along the cross-stream direction

€ rate of dissipation of turbulent kinetic energy k&

Vs eddy viscosity

p density

o, model constant

Ok model constant

¢ model constant

Subscripts

a ambient condition

j jet condition at the discharge

max  maximum value

The flow field of turbulent jet in crossflow is basically three-dimensional. Owing to the pres-
ence of large coherent structures, strong pressure gradient across the jet, and the effects of side
wall the flow becomes complex and three-dimensional. However in certain regions of the flow
field the three-dimensional effects may not be significant. From the measurements of stream-wise
velocity at several span-wise locations of a turbulent plane jet in weak and moderate crossflow,
Ramaprian and Haniu [1,2] observed that the two-dimensionality of the velocity field is main-
tained within 12% of the jet slot around the central span-wise region. They measured less than
5% variation of velocity in the flow field ranging from the jet slot up to forty times of the jet slot
distance in the downstream direction. However, further downstream the flow tends to loose its
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two-dimensionality due to the side wall effects. Chen and Hwang [3] also observed that the tem-
perature and velocity fields exhibit good two-dimensionality in the span-wise direction away
from the side walls. Thus under such conditions a study of the two-dimensional flow field can
represent sufficient characteristics of the flow field. Moreover as stated by Hahn and Choi [4],
it is reasonable to explore the effect of some parameters on the computed field by investigating
a rather simple and less time consuming situation, such as a two-dimensional flow field. Due its
wide range of applications, the present flow configuration has been extensively investigated by
many researchers. Acharya et al. [5] have provided a comprehensive review on the literature
on film cooling. The flow behaviour and heat transfer analysis of jet in crossflow are found also
in Carter [6], Sarkar and Bose [7], Hwang and Chiang [8] and Shi et al. [9]. In the present work
only the flow behaviour of a plane jet in crossflow has been investigated. Some relevant works
on the present flow configuration are found in Ramaprian and Haniu [1,2], Flacks et al. [10],
McGurik and Rodi [11], Mikhail et al. [12], Hoda and Acharya [13], Keimasi et al. [14], and
Kalita et al. [15].

The flow field of turbulent jet in crossflow is affected by several factors, such as velocity ratio of
the jet and crossflow (R), injection angle, exit geometry, Reynolds numbers, jet spacing in case of
multiple jets, etc. Demuren [16] classified the whole flow field into three zones, the potential core
zone, the zone of maximum deflection and the far field zone. The potential core zone is the central
part of the jet which spans from the jet source to few times of jet slot lengths. This zone is unaf-
fected by the crossflow though its length is small in comparison to the jet in stagnant surroundings
[16]. In the far field zone, the jet axis approaches the crossflow direction asymptotically and the
flow field is nearly self similar. It is the second intermediate region, where the jet experiences max-
imum deflection. This region is complex, being characterised by mixing and interaction of both jet
and crossflow on one side and streamline curvature on other.

The effect of streamline curvature on turbulence is a well established phenomenon and
numerous literature (Bradshaw [17], Moser et al. [18], Holloway et al. [19]) are available
describing the effect of streamline curvature on turbulence for the wall bounded flows. Exper-
imental studies reviewed in Bradshaw [17] show that the magnitude of the turbulent shear stress
and the degree of anisotropy between the normal stresses are sensitive to the streamline curva-
ture. Curvature strongly influences the production as well as transport in shear layers. Due to
the streamline curvature, there evolves an extra rate of strain in the flow field besides the main
strain rate. Another important aspect of the flow field, which may have significant effect in the
turbulence, is the presence of moving stream external to the jet. For numerical predictions of
such complex flow field, either DNS, LES or full Reynolds stress transport model and anisot-
ropy-resolving non-linear eddy-viscosity model can give a satisfactory performance. However
being relatively simpler and computationally more efficient, two equation models (k—¢, k—m)
have been extensively used for the prediction of such flow fields with varying degrees of success
(Sarkar and Bose [7], Hoda and Acharya [13], Keimasi et al. [14] and Kalita et al. [15]). Kalita
et al. [15] used the standard k— model to investigate the experimental work of Ramaprian and
Haniu [1,2] and reported a moderate success and this motivated the present work, where an
effort is made to improve the numerical predictions of the flow field by considering the stream-
line curvature effect.

Numerous models have been proposed in the literature to account for the effect of streamline
curvature on turbulent flow field in the formulation of the standard k—e model. The streamline
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curvature modification to the k—e model, originally proposed by Leschziner and Rodi [20], for axi-
symmetrical flow configuration was used by Kassimatis et al. [21] to investigate the aerodynamics
of the near-slot film cooling. Kassimatis et al. [21] reported a slight improvement in the predic-
tions in the recirculation region of the flow. Since the geometry of the present work is Cartesian
and the flow field of the jet in crossflow is characterised by local curvature effect, the streamline
curvature modification to the standard k—e model proposed by Cheng and Farokhi [22] has been
used. In this modification, algebraic formulation of eddy viscosity g, is done by extracting the ex-
tra strain rate and the main strain rate for the flow field with streamline curvature. This correction
leads to a significant reduction in eddy viscosity around the separation streamline, i.e. in the
curved shear layer bordering the recirculation. Moreover the model is more simple and computa-
tionally efficient than the Reynolds stress transport model or non-linear eddy-viscosity model.
Cheng and Farokhi [22] used the model to study the backward-facing step flow and observed sig-
nificant improvement in the results compared to the standard k—e model. In the present work both
the standard k—e model and streamline curvature modification to k— model proposed by Cheng
and Farokhi [20] are employed to predict the flow field of plane jet for the values of R =6, 9 and
10 and the predictions are compared with the experimental findings of Ramaprian and Haniu
[1,2].

2. Mathematical formulation
2.1. Governing equations

The flow configuration and the associated coordinates are shown in Fig. 1. We have considered
a two-dimensional flow field where the jet is discharged normally with a uniform velocity of u;
through a slot of width D into a uniform cross-stream of velocity v,. The flow is assumed to be
incompressible and the molecular viscosity is neglected except in the near wall region. The Rey-
nolds-averaged governing equations can be written as

(i) Continuity

Ou Ov

Zi 0. 1

©x+©y 0 (1)
(ii) x-momentum

Ou Ou 1op 0 6 — 0

- - = - = (g (41 . 2

u6x+v6y p6x+6x( u)—f—ay( u'v') (2)
(ili) y-momentum

ov ov 1op 0, —— 0, —

e B S I G ] — (—v'?). 3

u6x+vay p6y+6x( uv)+6y( o) (3)

Here u and v are the mean velocities along the directions of the jet discharge (x-direction) and
crossflow (y-direction), respectively and p is the mean pressure. The primed quantities represent
fluctuations.
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Fig. 1. Schematic diagram of the flow field.

2.2. Turbulence model

In the standard version of the k—e model, the turbulent stresses are modeled as

ou v
uv =v; <a— a) s (4)
Qu 2
—? = - -
u 2v, <6x> 3 k, (5)
ov
—v? =2y (—) — =k, 6
3 (6)
where
k2
vk (7)

Here v, is the eddy viscosity, ¢, is a model constant, k is the turbulent kinetic energy and e is the
dissipation rate of turbulent kinetic energy. Both turbulent kinetic energy and dissipation are cal-
culated from the following transport equations:

%4_0%—3 ﬁ% _|_g ﬁa_k + P (8)
“ox dy Ox\ox 0x) Oy \oy Oy kT 6
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ox Oy ox\o. Ox oy \ao. 0y BT P
where Py is the rate of production of k and is given by
ou ov\’ ou\ > o\’
Pk—“[(a*a) RORE ] o
The values of the model constants used in the above equations are ¢, = 0.09, ¢; = 1.44, ¢, = 1.92,
ox = 1.0, 6. = 1.3 [23].

2.3. Curvature modification model
Cheng and Farokhi [22] derived the streamline curvature modification to the standard k—e

model from the algebraic Reynolds stress model proposed by Rodi [24]. In this modification, v,
is given as

K 2¢ Py R} +4R; + 1
=— |l —R—gp——"——— 1. 11
Ve c 3 f d’e 1—R, ( )
Here ¢ is a model constant given by
1-C

q;:izpk
Ci—1+—
€

and C, = 1.5 and C, =0.76 are the inertial and forced return-to-isotropy constants respectively.
Ry is the flux Richardson number given by
Ov/0x
Ry = du /oy (12)
The form of flux Richardson number used in this work was used by Cheng and Farokhi [22] for
predicting the backward facing step flow, where the flow is predominant in the x-direction and is
characterised by weak curvature. The present work is also characterised by weak curvature and
the flow is predominant along the x-direction (the jet discharge direction) in the mixing region.
Hence though the flux Richardson number is not frame invariant, its application to the present
flow configuration is justified as its implementation is simple and consistent with the physical nat-
ure of the flow. The flux Richardson number R; plays an important role as it dictates the effect of
streamline curvature on the turbulence structure through the amplification and diminution of the
eddy viscosity.
It easily follows from Eqgs. (7) and (11) that
2¢

=7 [l-Ri—¢

Py R} + 4R + 1

— 1
€ l_Rf (3)

When local streamline curvature effect vanishes Ry =0 and the value of ¢, becomes equal to the
standard value of 0.09 and the model reduces to the standard k—e model.
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3. Computational methodology

The governing equations involved in this problem are elliptic in nature. A computer code has
been developed to solve the equations using the SIMPLER algorithm [25]. The code employs a
non-uniform staggered grid in which the velocity components are positioned on the control vol-
ume surfaces and scalar variables (p, k and €) are positioned at the center of each control volume.
The convection and diffusion terms of the governing equations are discretised using the power-law
scheme [25]. The ADI (alternating the direction of line-by-line iteration) scheme using the tri-diag-
onal matrix algorithm is used to solve the system of linear algebraic equations. All the variables
(u, v, k, and €) are under-relaxed at each iteration.

The present code is validated by comparing the predicted centerline mean velocity decay with
the results of Seyedein et al. [26], who numerically studied the turbulent confined slot jet impinge-
ment using the standard k—e model. The agreement is found to be good with a difference of less
than 4% at any location of the flow field.

4. Computational domain and grid size

The computational domain (Fig. 1) for the present work is rectangular. The left boundary from
which the cross-stream enters the domain is positioned sufficiently far away up-stream from the jet
discharge slot as suggested by Amer et al. [27] and the right boundary is placed sufficiently away
downstream from the jet source, such that the zero gradient condition for all the variables can be
applied there [28]. The bottom boundary is the wall from which the jet emanates and the top
boundary is placed sufficiently away from the bottom so that the cross-stream velocity condition
can be applied there [8]. In the crossflow direction, the computational domain extends from 10D
(D is the width of the slot) upstream of the center of the jet to 168D downstream. The separation
between the top and bottom boundaries depends upon the value of R and is selected in such a way
so that the aforementioned boundary conditions can be applied. For example, for R = 6 a sepa-
ration of 240D is considered.

The grid independent test of the computation is checked with four different sets of grids, viz.
60 x 40 (60 along x- and 40 along y-directions), 70 x 50, 80 x 60 and 90 x 70 by comparing a sensi-
tive parameter turbulent kinetic energy for each case. The grids are non-uniform in both directions
and clustered near the wall and the jet source region. The profile of the turbulent kinetic energy for
R =6 at y/D = 25.0 using the standard k—e model is shown in Fig. 2. It has been observed that the
grid refinement in general improves the near field solution without significantly altering the far field
solution. The deviation between the predictions using four different grids decreases as the mesh is
refined and the difference between the predictions using the grid sizes 80 x 60 and 90 x 70 is small.
The results that are presented in the subsequent sections are for the grid size 80 x 60.

5. Boundary conditions

The different boundary conditions used in the present computations are inlet, outlet and wall.
The whole bottom boundary excluding the jet discharge, is considered as a solid wall where the
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30 Grid size 60 x 40 ——
Grid size 70x 50 ------
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Fig. 2. Grid sensitivity test.
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boundary conditions are applied using the standard wall functions [23]. The universal logarithmic
velocity profile is assumed to prevail in the vicinity of the bottom wall. Turbulent kinetic energy is
set to be zero at the bottom wall, and its dissipation rate in the near wall region is assumed to be
inversely proportional to the distance from the wall [29]. The boundary conditions at the left
boundary are the free stream conditions, i.e, u=0, v =1, k= 0.04v§ and € = k3/2/0.06xmax.
The same free stream conditions are applied at the top boundary. At the right boundary, normal
gradient of all variables are considered to be zero. The jet inlet velocity profile used in this work is
a uniform velocity profile as used in the experimental work of Ramaprian and Haniu [1,2]. At the
jet discharge region, the boundary conditions are u =u;, v=0, k; = 0.00Iu_f and € = k*2/0.5D.
Since the velocities at the boundaries are specified, there is no need of specifications of pressure
at the boundaries [25] and hence no boundary values for the pressure are prescribed.

6. Results and discussion

The present computational results of the mean velocity components and turbulent shear stres-
ses of turbulent plane jet in crossflow are compared with the experimental observations made by
Ramaprian and Haniu [1,2]. Ramaprian and Haniu [1,2] have reported their experimental obser-
vations in the s—n coordinate system (see Fig. 1). They reported their experimental uncertainties in
the mean velocity as 8% and in turbulent stress as 10% [1]. The flow configuration of a two-dimen-
sional turbulent plane jet in crossflow configuration can be analysed either from the point of view
that the jet is deflected due to the momentum of crossflow or the jet completely obstructs the
crossflow. The upper part of the deflected jet (n/D < 0) faces and mixes with the crossflow. This
part of the jet is referred to as the outer portion and the other part of the jet (n/D > 0) is referred
to as the inner portion of the jet.

The jet trajectory is one important parameter to be analysed for a jet in a crossflow. It is defined
as the locus of the local maximum velocity and it presents qualitative representation of the flow
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and the jet deflection. In Fig. 3, predicted jet trajectories are compared with the experimental data
for R =6, 9 and 10. Since the crossflow is relatively weak, the jet is almost unaffected by the cross-
flow in the vicinity of discharge, but further downstream as s increases, the jet gets increasingly
deflected due to a larger momentum of the crossflow. Both turbulence models compare well with
the experimental data. It is also observed that higher the value of R, higher is the depth of pen-
etration of the jet and smaller is its deflection. Therefore the jet with the value of R = 6 experi-
ences higher deflection and thus the effect of streamline curvature will be higher in this case
compared to the cases with R =9 and 10.

The local maximum mean velocity (Uy,) of the jet decreases along the jet trajectory due to the
mixing of the jet with crossflow. The normalised maximum velocity decay is shown in Fig. 4. The
prediction of the decay rate using the streamline curvature modification to the k—e model are bet-
ter compared to the predictions using the standard k—e model. This is due to the counter effect
imparted by the cross-velocity at the edge of the jet, which is captured by the streamline curvature
modification model and not by the standard k—e model.

50 T T T T T T T
e -7 -
Ve < g
40 + s cadd 1
R=10
- standard k- ¢ - n
curvaturek— ¢ — —
301 ’ experiment —g - [
a 7,
? - ~ -
{2 standard k- ¢ — —
20+ curvature k- € T
experiment +
10F standard k— € ... b
curvature k- € ——
r experiment - -6 - ]
0 i & 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40
y/D

Fig. 3. Comparison of jet trajectory for R =6, 9 and 10 with experimental data (Fig. 2 [2]).

1.2 : : x x x
P R=16
! Standard k- €& .
2\ Curvature k-€¢  ------

0.8 + Experimental Data <o —
Z06F i
=

04+ |

021 J

0 L L L 1 1
0 10 20 30 40 50 60

x/D

Fig. 4. Comparison of decay of maximum velocity for R = 6 (experimental data Fig. 3.22 [1]).
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The normalised s-component profiles of the mean velocity u are shown in Figs. 5 and 6 for val-
ues of R =6 and 9 respectively, at different s/D locations. It is observed that the jet spreads with
distance along the stream-wise direction. It is also observed that jet tends to become symmetric as
the distance from the jet source increases due to the absence of strong crossflow or decay of cross-
velocity. The curvature modification model should show the enhanced spreading rate in the outer
part (n/D < 0) and reduced spreading rate in the inner part (n/D > 0) of the jet. However due to
the moving stream of the crossflow the effects of curvature and co-flowing ambient counteract
each other. Hence the spreading rate is depressed in the outer portion of the jet. The improvement
of the curvature modification is seen in the inner part of the jet by observing the reduction of
spreading rate and more prominently at the edge of the inner portion by showing negative velocity
(for the location s/D = 9.68, 18.86 and 21.22), thereby accurately predicting mild recirculation be-
low the jet. It is also observed that the improvement in the prediction by the curvature modifica-
tion to k—e model compared to the standard k—e model is small for the case of jet with R =9,
because the flow experiences small streamline curvature.

s/D =4.94 g

u/uj

0.8 s/D =9.68
R=6 -
o 06 Standard k-¢ ---
2 Curvature k—¢€
S 04 -
Experimental --o-
02}
O |-
-0.2 |-
-15
1 T T T T T T T T
0.8 s/D=1886
0.6 - E
£ 04t 1

-15 -10 -5 0 5 10 15 20 25 30

Fig. 5. Comparison of predicted u/u; profiles for R=6 (experimental data run no. 12015, 12016 and 12018,
respectively, [1]).
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Curvature k-¢ —
Experimental --o-

0.8k : s/D =21.22

. 06F
5
04}

02

O._

-0.2 1 1 i 1 1 1 1 1
-15 -10 -5 0 5 100 15 20 25 30
n/D

Fig. 6. Comparison of predicted u/u; profiles for R=9 (experimental data run no. 12057, 12058 and 12053,
respectively, [1]).

The normalised n-component profiles of the mean velocity v are shown in Figs. 7 and 8 for val-
ues of R = 6 and 9, respectively, at different s/D locations. Here also due to the effect of finite edge
velocity the spreading rate is reduced in the outer part of the jet. Moreover the streamline curva-
ture modification shows better performance in the case of R = 6 than in the case of R =09.

The normalised turbulent shear stresses are shown in Figs. 9 and 10 respectively for the jet R=6
and 9. It is found from the literature [30] that the value of maximum normalized shear stress for
turbulent jet in a quiescent ambience is 0.022. Compared to this value, there should be an enhance-
ment of the shear stress in the outer portion and a reduction in the inner portion of the jet due to
streamline curvature in the present case. Due to the combined effect of streamline curvature and
edge velocity, the streamline curvature modification model does not show adequate increase of
shear stress in the outer part of the jet, but it shows an appreciable reduction of the shear stress
in the inner region compared to that predicted by the standard k—e model. The standard A—e model
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Fig. 8. Comparison of predicted v/u; profiles for R =9 (experimental data run no. 12057 and 12053 [1]).
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Fig. 10. Comparison of turbulent shear stress profiles for R =9 (experimental data Fig. 4.6 [1)).

over predicts the shear stress in the inner part of the jet. It is also observed that the location of zero
shear stress predicted by the two models does not coincide with the center of the jet.

7. Conclusions

The flow field of a two-dimensional turbulent plane jet in a weak crossflow is numerically inves-
tigated by employing the effect of streamline curvature in the mean and turbulent flow properties.
The important predicted flow properties such as jet trajectory, velocity decay, mean flow profiles
and turbulent stresses have been compared with the experimental data. The predictions by the
streamline curvature modification to the k—e model have been shown to be in good agreement
with the experimental data.
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