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ABSTRACT

In this study the numerical investigation for unsteady two dimensional of turbulent opposed jets is
presented. The numerical study is based on the solution of the complete Navier — Stokes equations
and turbufence models using a finite volume technique. TDMA solver is used to solve the
algebraic equations. The pressure — velocity coupling is achieved using the SIMPLE method.
Simulation is carried out for a range of Reynolds number 5000 < Re < 11700. The distance
between the exit of two nozzles is 0.4 < H/d < 1.0. The results show that the radial velocity
increases in downstream direction until maximum and then decreases. This change depends on the
distance between the nozzles exit and the flow time. The axial velocity decays in the down stream
direction on the axial direction. The turbulence kinetic energy and the normal stress in the axial
direction increase and they become a maximum at the stagnation point, which occurs in the
separation plane. The pressure coefficient at the stagnation point decays in downstream direction.
This decay decreases by increasing the distance between the nozzles. The comparison between the

numerical results and previous experimental measurements gives better agreement for vif
turbulence model than RNG model and k- & standard model.
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1. INTRODUCTION

Opposed jets with fuel and air can be used for the
investigation of laminar or turbulent combustion. The
flow preduced is two- dimensional allows analysis of
the effect of strain extinction and does not have the

complications of flows that stagnate onto a flat plate.
Some studies of the flow characteristics for opposed
jets have been published. Velocity measurements in
the isotherma] flows created by opposed nozzle
configuration indicated by Lindstedt et al[1]. Their
results showed the axial velocity decreases along the
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2. MATHMATICAL MODELS

The physical model nsed i this study is shown in
Figure 1(a) The fluid is air and the flow field is two
dimensional, incompressible and turbulent Based on
the characteristics scales of d and V, the
dimensionless variables are defined as follows.

2 i/*’— ==, y=2, & =—k:;, u=—,
d d d 7 v,
v 7 74 . £d
y=—, p= P 2.f=f £_V3’
v, 0.5pV; 14 J
=? J . V'= V
d V,d

Where the over bar represents the dimensional

guantities. According to the above assumptions and
dirnensionless variables, the dimensionless governing
equations are expressed as the following equations.

Continuity equation
1.0re Erv )= 0 )

Radial momentum equations:
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The dimensioniess equations for standard k- £ model
are written as:
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Where G is the rate of production of turbulent kinetic
energy and is given by:
25°
(6)

G=22_
Re,

and

R CORCE RCI

The values of the model constants as published in {7]
are taken as:

=144 , ¢, =192, ¢,=0.09, o=1and

o.=1.3
The Tenormalization group dissipation is given by:
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— it Y e | | — e |—
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(8)

where 77 = c: -

PE
The values of the model constants are taken as:
¢, = 0.085,¢, =144, ¢, =1.68, o, = 1.39,

o, =139, n, =438 and f=0.012
where f,is the eddy viscosity is given by the

relation

The dimensionless equation of dissipation equation
for the ¥* -f model is written as;

s, oo, 0e 101, 1 Jor
ot or dy Re o, Re, o)

ol 1 1 e| ¢, G-Cnt
+—|] =—+ —_ =
dv||Re o, Re, |oy T

The dimensionless equations for V % fare given by:
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axial ditection of the jets. Yang et al [2] studied the
turbulent flow of impinging and countercurrent jets
by Reynolds stress model (RSM). Their results are
compared with those of the k- € model and availate
data to assess the flow characteristics and turbulence
models. The vatiants of RSM tested were those of
(Gibson and Launder (GL), Graft and Launder ( GL-
CL} and speziale, Sakar and Gatski (SSG). The
comnter flow flames of air and methane, propone and
ethylene with and without periodic force studied by
Luff et al.[3].Their results showed that, the effect of
strain rate on the pature of extinction and
characteristic time scale of premixed turbulent
flames, comprising air and each of methane, propane
and ethylene. Solution of reduced forms of the
Navier-Stokes equations with numerical and
twhulence assumptions have been reported for
impinging flow, usually those impinging on fo
surfaces, by several authors including Korvsoy and
Whitelaw [4] ,Park and Sung [5] and

Chattopadhyay [6]. Salmanzadeh et al. [7] used V .
f model to study the flow and thermal fields in an
axisymmetric, fully developed, turbulent, itapinging
jet on a flat plate. The influence of disk rotation, the
distance from nozzle to disk and Reynolds number
on the flow characteristics of an impinging jet were
studied nomerically by Abdel-Fattah [8]. His resulis
showed that, when the centrifugal force increases, the
radial normal stresses and the shear stresses are
increasing. The standard k-& model was used to study
the turbulent slot jet impinging on a semicylindrical
convex surface by Hwang and Yang [9]. The
comparison of Yang- Shib and standard k- €
turbulence model was studied by El-Gabry and
Kaminski {10]. They showed that the standard k- ¢
turbulence model is better at a high Reynolds number
and it is not possible to conclude that one turbulence
model i more accurate than another. Direct
numerical simulation of turbulent heat transfer in
plane impinging jet was studied by Hattori and
Nagano [11]. Their results indicated that Nusselt
number increases with a decrease of the distance
between impingement wall and the nozzle exit. Merci
and Dick [12] used the cubic k — ¢ model to study the
heat transfer for axisymmetric turbulent jets
impinging on a flat plate. Their results showed that
Nusselt number decreases from the peak value at
stagnation point until reaching a minimwm value and
increases to & maximum value and then decreases
again with increasing the downstream distance. Also
the numerical caleulation of Nusselt number using

¥ -f turbulence model is less than the experimental
data after the stagnation region. Im addition, the
predications from two models (k-¢ and %* -f models)
approached with an increase the downstream
distance. The heat transfer from a row of turbulent
jets impinging om a stationary surface was

investipated numerically by Salamah and Kaminski

[13]. Sveningsson and Davidson [14] were used v -
f turbulence models n vane passage flow. Mancean
et al. [15] studied the turbulent heat transfer

predictions using the ¥ ? .f model on unstructured
meshes Coussirat et al. [16] studied the
computational fluid dynamics modeling of impinging
gas — jet systems. They showed the effect of the
different values of the inlet turbulence level (2.5%-
18%) on Nusselt number, Their results indicated that
the Nusuelt number increases by increasing of the
turbulence intensity. Also, at the low value of the
intensity of inlet turbulence (2.5%), the values of
Nusselt number are under predict the values from
experimental data. Baydar [17] measured the
pressure and axial velocity for the flow in two
dimensions in r-z axes of single and double
impinging jet. Beitelmal et al [18] investigated the
effect of inclination of an impinging two dimensional
air jet on the heat transfer from a uniformly heated
flat plate. Their measured data was in the range of
4000 < Re <12000, 4 <h/b <12 and 40 £ 6 <90
.They found that, for low values of inclination angle ,
the local Nusselt number on the uphill side from the
maximum heat transfer point was insensitive to jet
exit —to- plate spacing. Akansu et al [19] studied
experimentally, the effect of the inclination of an
impinging two dimensional slot jet on the heat
transfer from preheated flat plate. Their resulis
showed the effect of Reynolds number, the distance
between the nozzle and the plate on the Nusselt
number and the pressure coefficient. Their measured
data was in the range of 250 < Re <75000, 2 < H/b
<12 and 0 < @ < 45. Tzeng et al. [20] investigated
numerically the heat transfer under confined
impinging twbulent slot jeis for eight turbulence
mode] including one standard and seven low-
Reynolds number k-g models. Validation results
indicated the prediction by each turbulence model
wag found to depend on grid distribution (i-e they
used the dimensionless distance from the wall (y")
varying from 2, 3 and 6) and numerical scheme used
spatial discretization. The exist of spent fluid was set
between impinging jets to reduce the cross-flow
effect in degradation of the heat transfer of
downstream impinging jets.

The aim of this numerically siudy is to investigate the
effect of the distance between nozzles, Reymolds
number and the flow time on the characteristics of
unsteady, two dimensional and turbulent opposed
jets. These characteristics are the velocity vectors,
axial component, radial component, axial normal

stress, turbulence kinetic energy and pressure -

coefficient.
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The expression for eddy viscesity is f, =€, 0 Vi

where 7 is a time scale and L is a length scale, which
are calculated from the following relations:

’Z'* = max(fl’ﬁ KJ,

1]
o

The closure coefficient for the model as published in

[14], are given as
r=08 o =14, Cy =03, y =14, €s =19,

cfi-——SS, cﬂ=0.22 cL:0.25,0k=l.0, o‘8=1.3

and ¢*, =14]1+0.045 L2
£l 1-,2

The computational domain boundaries are shown in

Fig. 1(b).
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Fig. 1(a) Schematic diagram of opposed jet
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Fig. 1 (b) Computational domain

The boundary conditions for the above set of
governing equations are as follows:
a) Inlet boundary (b-c) and (g-f)
The uniform velocity profiles and turbulent kinetic
energy dissipation rate are

ie,v=V,  T=T; k=0.003V7,

kl.S

o=t S ok and £, =0.0
0065, 7 /
b) at the axis

The boundary conditions correspond to asymmetry
conditions at the axial and tadial planes of symmetry
so that for example, the axial velocity and all
gradients of the other variables were zero at the
stagnation plane,. In addition, the radial velocity and
all gradients of the other variables were zero at the

axial axis.
d) Exit boundary ( a-b, ¢-d, d-e e-f, g-hand h-a )

A zero gradient condition is employed for the outlet
boundary. Although this boundary condition is
strictly valid only when flow is fully developed, it is
also permissible for sufficient downstream from the

region of interest, i.e.,

(_?ﬁz..aji—_:()and $=uv,v?* kand &
ar oy

3. SOLUTION PROCEDURE

The mathematical models described above
consist of a set of differential equations subject to
appropriate boundary conditions. To provide the
algebraic form of the goveming equations, a fully
staggered grid system was adopted for the velocity
components and the scalar variables. These equations
were discretized using a control volume finite
difference method (CVFDM). The numerical
solution in the present work is accomplished by using
Semi- Implicit Method for pressure linked equation
(SIMPLE) utilized by Patankar [21]. In the time step
of duration dt, the wvelocity componenis v is
caleulated at the porth and south faces of the main
control volumes from the solution of the axial
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momentum  equation. Similarly, the velocity
component v at east and west face is calculated.
When the pressure correction equation is solved, then
the velocities and the pressure fields are corrected.
To complete iteration, the turbulent Kinetic energy
and energy dissipation rate are solved successively.
The discretization equation were solved by the line —
by~ line procedure, which is a combination of Gauss-
Seidel and tridiagonal matrix algorithm in the stream
wise direction. The ftridiagonal matrix algorithm
(TDMA) was used to solve a set of discretization
equation in the cross — equations in the cross- stream
direction, Relaxation factors were employed to
promote smooth convergence of the discretized
equations. The relaxation factors were 0.75, 0.75, 0.

5,05 01and 0.1 forv,u, p',k,zand v’
respectively . The turbulent viscosity was under
relaxed at a value of 0.1. The converged criterion in
this study was based on the successive changes in
variables. All field variables were monitored, and the
following condition was wused to declare
convergence:

¢ ¢u

4
In addition, tlie ratio of the difference between the
inlet mass flow rate and the outlet mass flow rate to
the inlet mass flow rate was alse examined
Convergence was declated if the relative mass
imbalance was Jess than 107 and Eq. (12) were
satisfied sinmltaneously. After the convergence the
flow at this time step, the entire variables are taking
the initial condition for the new time step. To verify
the algorithm, numerical tests were performed to
ensure that the solution was grid algorithm.

The grid points are distributed uniformly over the
conmputational domain.. A 128 x 100 grid points were
placed in the computational domain in Fig.1(b).
Results at a grid independent study are shown in Fig.
2. '

MAX (TR _Z6 <1074 (12)

Re =~5000
L Hidm04

2.0

w ¥

=

00F

e Grid 128 1 100
—aem Grid 128780
=== Grid128 560
*  Exp i}

=201

-4.0 -1..0 0:0 LD 40
2rid
Fig. 2 Effect of grid refinement on the radial velocity

along the separation plane using V2 - f model

4. RESULTS AND DISUSSION
4,1. The mean flow vector fields

Figures 3a-3d illustrate a vector representation of
the mean velocity fields for different values of the

time at Re= 5000 and the distance between the

nozzies (H/d=0.4). In each case the flow is apparent,
the flow issues from the two opposed nozzles at same
axis. The flow spreads in the radial direction,
combining at the separation plane and deflects in the
radial direction. Also, from this figure, it can be seen
that the deflection of the flow is low and secondary
flow in the entrainment zone is high at low time. The
secondary flow in the entrainment zone decays and
the mean flow in radial direction increases by
increasing the time. At high values of the time, the
flow becomes constant. Tn this case, the flow
becomes steady flow.

gl ,lm Ji! |i| \'ﬂl_;]\']‘

T
]im,.||.t] i
i

(a) f =o. 01 sec

IRl el &
‘ i "'“'I' e

(b) f =0.03 sec
i W

e i 2

{c) f =0.05 sec
!J hﬁ Ni; l_

y!

T

(d) £ =0.1 sec
Fig. 3 Mean velocity vector field for different values
of the flow time at the distance between the nozzles
(H/ d = 0.4) and Re= 5000 using v'* — f model

As the distance between the nozzles increases, the jet
spreading increases in the radial direction. The flow
combination of the two jets is delayed by increasing
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the distance between the nozzles, See figures 4a-4d.
Also the jet spreading after the defection increases
with the radial distance increases. This spreading
increases as the distance between the nozzles

increases.

iy Il I
| it i ‘ il

e ;éh,,,.,.,,m;um i

(a)H/d 0.4

‘“l l',plllu.w‘ [ l (

(c) H d—0.8

ke
(i

(d)H/d—lO

Fig. 4 Mean velocity vector field for different values
of the distance between the nozzles (H/ d) at the time

(f =0.2 sec) and Re=5000 using v'* — f model

4,2. Effect of the distance betweén the nozzles on
the radial velocity

Figure 5 shows the dimensionless radial velocity
(wV;) as function of the radial distance at different
values of the distance between the nozzles(H/d),
constant Re= 5000, figure 5a at the axial distance y/d
= (.06 from the nozzle exit, figure 5b and figure 5S¢
con the radial axis, From this figure, it can be seen, the
main case of asymmetry was the exit profile, which
is increased with reduction in separation for all cases
of the distance between the nozzles (H/d), see fignres
3a. The velocity decreases by increasing the distance
between the nozzles (H/d), This is caused by the jet
spread increasing. The variation of this velocity

along the radial axis is shown in figures 5b& Sc. The
general trend for each value of the distance between
the nozzles was as an increase in the radial reaching
to maximum value and it decays with the radial
distance increases. This velocity increases accuses
the combining of the two jets. The mean flow
converts from the axial direction into the radial
direction due to the flow combining. As the distance
between the nozzles increases, the velocity decreases.
This is because the intensity of flow decreases.

"2
Re = 5000 *
¥/ =046 e
l‘ .,
1 2
'_" A -
.I.l!lv"’ ’o t’,f' ‘\\
- by
DfF ™ B
N '* "Nmmerical  Exp. [1]
1 “d‘l : — Hidwl8 g
L ——= Hiiesr g
- —-—— Hia=85 A
* L. srz=nd K
2 . . .
-1 0 1
2rid
(a)
4
Re=5000  Numericd Exp.{1]
t=0.1xec —— Hil=10 @
sk —em=e Hd-0.6 DX

Re= 300 Mumerical Exp. [I]
t=01 gec Ru=1F ¢
3 - Hu-04 -1

2fd }
(©)
Fig. 5 Variation of the radial velocity with a nozzle
separation (H/d) at Re =5000 (a) at y/d= 0.06 from
the nozzle exit (b& c) along the separation plane

using ¥'* — f model
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4.3. Effect of the flow time on the radial velocity

Figure 6 represents a graph of the dimensionless
radial velocity (wV;) as function of the radial

distance at different values of the time (7), a fixed
constant Re= 5000, and the distance between the
nozzles (H/d=1). From this figure, it is noticed that,
same frend for each value of the time but the
increment of the value of the velocity decays by
increasing the time and it is finished at higher value
of the time and the flow becomes steady flow.

21
Re = 5000 el L] 5. T
Hal =10 —— = Em DB
16 —_———— =003 zec
wf "’:’. ----- iz 0.0d zac
12} cemeee- §= D05 s6c
—- u+ 12006
“‘}.
;‘::\‘s ———- i=007ex
n's_ i :‘:{‘?‘E‘i‘ — - = = (.08
W4
Y, \\{:& — - =009
p \\- .
o4l \‘\%\‘ -  i=O.lser
\Mﬁm
nu . L . =Nl
1] 2 4 i1 8

2rid
Fig. 6 Variation of the radial velocity with a time (t)
along the separation plane using v'> — f mode

The effect of the turbulence model on the radial
velocity is-shown in figure 7. The numerical results
comparing with the experimental measurement [1i]

indicate that the V- -f model is better than RNG
model and k-& model.

Re = 5000
Hid =04 -
¥/d =006
1= sec

.0

127}

S -  modd

= ——=- RNG muolel
LA - € mald
20 & Ex.
28 L0 0.6 1.0 2.0
2rid
(a)

201

74 L:}

0o}

'I'z
¥ 4 1model

— e RNG  radel
20 _n- N Eip.-[:l e
-4.0 -240 0.0 2‘.0 4.0
2rid
(b)

Fig. 7 Effect of turbulnce model on the radial
velocity (2) at y/d=0.06 from the nozzle exit (b)
along the separation plane

4.4. Effect of the distance between the nozzles on
the axial velocity

The variation of the dimensionless axial velocity
(v/V)) with the radial distance for several distance
between the nozzles (H/d), at the distance from
nozzle exit y/d=0.06 and constant Re= 5000 is given
in figure 8. From this figure, it can be seen, the
velocity increases from center of the jet and
decreases in the radial direction reaching zero value
in the both side of the jet. The value of this velocity
decreases by increasing the distance between the
nozzles. This is because the back effect for
combination of the two jets becomes strong.

20L Re=5000 Numerical Exp.[1]

H/d=
yid = 0.06 =10 8
t=0.1 sec ~== mwa-s A
—m—— H/a=06 A
LSy e Hia=o4 ¥
* *

1.0} - x * _
ff ANk A \\\
.;E‘H‘ﬂ e ﬂ\.
’ N
o5}
G0= . - L
=20 -1.0 0.0 1.0 2.0

2rid

Fig. 8 Variation of the axial velocity with & nozzle
separation (F/d) at Re =5000and y/d = 0.06 from

the nozzles exit using V'~ — f model
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4.5. Effect of the flow time on the axial velocity

Figure 9 represents a graph of the dimensionless
axial velocity (v/Vy) as function of the axial distance

at different values of the time (Z ), a fixed constant
Re= 5000, and the distance between the nozzles
(H/d=1.0). From ihis figure, it is noticed that, the
velocity is maximum at the nozzle exit and decreases
in the axial direction in the side of stagnation line,
which occurs on the radial axis. This is due to
combination of the two jets and inlet boundary
condition occurred in the axial axis. Also it can be
noticed that, the effect of the time on the axial
velocity is low. This is because the change of the
axial velocity in axial direction is faster accuses the
axial direction is major.

L5 —— i DL e
—— - 82 sec
1'0 . — i- 0403 sce
----- = 004 ser
v VJ - aem (=005 se
) [/X-7 T N =2 0.08 sec
e £ 007 560
—_ = =085t
0.0} LI T X1
s Fegdsec
OS5 Re =3000
H/d=10
-L0 . .
0.0 02 .4 0.4 0.4 1.0

vH
Fig. 9 Variation of the axial velocity with a time (t)

along the separation plane using V' ~ # model

The effect of the turbulence models on the axial
velocity is shown in figure 10. The comparison
between the experimental measurement [1] and
mmerical results obtained from different turbulence
models of k-g is given in figure 10. From this figure,
it is seen that, the results from all models are
approximately constant and are in good agreement
with the experimental

'-2
—r= Y f mgile]

LO
—amm=  RNG snedel
—=== K- € model
w iy ® Exp.l]
005

1.0 ’. Re =5080
H/d=1.0

.0 0.2 0.4 0.6 0.8 1.0
vH

Fig. 10 Effect of turbulnce model on the axial
velocity along the axis

4.6, Effect of the distance between the nozzles on
axial normal stress

The variation of the axial normal stress along the
axial direction (V'v' /¥, ) with the axial distance for

various distance between the nozzles (H/d), at
constant Re= 5000 is given in figure 11. From this
figure, it is seen that the axial normal stress along the
jet center increases in down stream direction in axial
direction reaching the maximum value at stagnation
point which occurs in the stagnation zone between
the two jets and decreases in the direction of the
other nozzle exit. This is due to combination of the
two jets accuses the increase of the turbulence
stresses. As the distance between the nozzles
increases, the axial normal stress decreases. This is
because the spreading jet increases as the distance
between the nozzles increases, accordingly the decay
of fluid flow increases due to jet spreading.

0.04
Nuaerical Exp. [] Re = 5000
Hid=10 t=10.1sec
l”?, ‘r; —-—— H/l=03 -
em—e Hid=06
----- H/d=04
0.02

{'100 ok " I N 1 i 1
0.0 0.2 0.4 0.6 0.8 1.0

y/H
Fig. 11 Variation of the axial normal stress along the
axis with a nozzle separation at Re =5000

using V' 2 - J model

4.7. Effect of the distance between the nozzles on
turbulence kinetic energy

Figures 12a &12b declare the turbulence kinetic
encrgy (k/¥?) for the various distance between the

nozzles at constant Re=5000. From this figure, it is
noticed that, the turbulence kinetic energy zlong the
jet center increases in down stream in axial direction
reaching the maximum value at stagnation line,
which occurs in the separation plane between the two
jets and decreases in the direction of the other nozzle
exit, This is due to combination of the two jets
accuses the increase in the turbulence intensity. By
increasing distance between the nozzles, the
turbulence kinetic energy decreases. This is because
the spreading jet increases as distance between the
nozzles increases, accordingly the decay of fluid flow
increases and consequently lower the distarbance of
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the flow, see figure 12a. Same conclusion for the
turbulence kinetic energy along the radial axis is
given by figure 12b.
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Fig.12 Variation of the turbulnt kinetic energy with a
nozzle separation at Re = 5000 (a) along the axial

axis (b) along the radial axis using v'* — f model

The effect of changing the turbulence model on the
turbulence kinetic energy for two values of Reymolds
nmber is shown in figures 13a &13b. It is noticed
that, the turbulence kinetic energy from the k- &
model in stagnation zone is higher than the other
models this because the production term in this
model is higher .Also, the mumerical results
comparing with the experimental measurement [1]

indicate that the V°-f model is better than RNG
model and k- model.
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Fig. 13 Effect of turbulnce model on the turblunt
kinetic energy along tha axial axis (a) at Re = 5000 &
(b) atRe = 11700

4.8. Effect of the distance between the nozzles on
the pressure
Figure 14 indicates the dependence of the pressure

coefficient (F/0.5pV}) on the radial axis for

different values of the distance between the nozzles
(H/d), at constant Re= 5000. From this figure, it can
be noticed that, the pressure coefficient is maximum
and it is constant at the stagnation point for all cases
of the distance between the nozzles. This point
occurs at centerline of the jet and decreases as the
radial distance increases. This is due to combination
of the two jets accuses the stagnation the flow. The
decay of the pressure coefficient from the stagnation
point increases as the distance between the nozzles
decreases. This is because the combining of the jets
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occurs early as the distance between the nozzles
decreases.

4
Re = 5000
t=4.1 sec H/d=Lp
sl —-——- H/d=08
———— Hid=03

2iid

Fig. 14 Variation of the static pressure along radial
axis with a nozzle separation at =Re 5000

using V' — f model

4.9. Effect of the flow time on the pressure
Figure 15 represents a graph of the pressure
coefficient ( 77 /0.5 pVJZ) as fimction of the radial

distance at different values of the time (7 ), a fixed
constant Re = 5000, and the distance between the
nozzles (H/d=1.0). From this figure, it is seen that,
the pressure coefficient increases in the combining
zone, which it is around 1.5d and reaching the
maximum and becomes constant as the time
increases. After this zone the pressure coefficient
increases and decreases again until becomes
approximately constant by increasing the time. This
is because the flow becomes steady.
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Fig. 15 Variation of the static the pressure along the
radial axis with the time (¢ ) using ¥'> — /' model

5. CONCLUSION

The behavior of unsteady incompressible trbulent
opposed jets flow field was carried out numerically.

The effect of the distance between the nozzles,
Reynolds number, the flow time and the comparison
between the turbulence models on the flow
characteristics are studied. These characteristics are
the wvelocity vectors, axial component, radial
component, axial mormal stress, turbulence kinetic
energy and pressure coefficient

The major conclusions of this research are
summarized as fallows:

» The velocity vectors fields depends on the flow
time. As the time increases, the deflection of the
flow from the axial direction into the radial
direction increases also the intensity of the
secondary flow, which occurs on the sides of the
main flaw decreases. The flow becomes steady at
higher values of the time.

® The jet spreading increases as the distance
between the nozzles increases.

o The axial velocity decreases in the down stream
direction and it reaches a zero at the stagnation
point which cccurs on the separation plane. As
the time increases, the change of the values of
this velocity is less and it is zero at higher time.

® The radial velocity increases in the down stream
direction and it reaches a maximum value and
then decreases. By increasing the distance
between the nozzles, the value of this velocity
decreases. As the timé increases, the increment of
the velocity value increases and this increment
decreases to reach a minimum at higher value of
the time.

e As the distance between the exit of the nozzles
increases, the axial normal stress along the axial
direction decreases. It becomes a maximum value
at the stagnation point on the separation plane,

® The turbulence kinetic energy decreases by
increasing the distance between the exits of the
nozzles along the axial and radial directions

® The decay of the pressure coefficient from the
stagnation point decreases by increasing the
distance between the exits of the nozzles.

» The numerical results comparing with the
experimental measurement [1] indicate that the

V° _f model is better than RNG model and k-
model.
6. NOMENCLATURE
¢;, ¢3,cs  empirical constants of k-g model
Cp pressure coefficient (P.35pV}H)
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nozzle inlet diameter —mm
dimensionless of variable related to energy
redistribution in the equation of the scalar

velocity scale v
variable related to energy redistribution in

the equation of the scalar velocity scale V z

sec !

centerline height between the exit of two
nozzles mm
dimensionless of turbulent kinetic energy

(k/V}E)

turbulent kinetic energy Jkg
dimensionless of length scale used in
the 72 -f model (L /d)

Jength scale used in the ¥ ~ -f model yam
characteristic length used in the¥~-f
model

dimensionless pressure
static pressure N/m®

Reynolds number (Re=p ¥y d /¢

turbulent Reynolds number (Re, = oV, dii,)
deformation rate tensor

dimensionless flow time

dimensionless of radial component of local

mean
radial component of local mean velocity

ny/sec, velocity (v=u/V,)
dimensjonless of axial component of local
mean  velocity (v=V/V})

axial component of local mean velocity

m/sec
average velocity at the jet injection Jocation

m/sec
dimepsionless of twbulent  velocity

scale (V> =¥ /V})

cylindrical coordinates

dimensionless of  dissipation rate of k
(g=£d/ Vf)

dissipation rate of k Jikg
kinematics viscosity

density - ke/m3

model constant

mode] constant

dimensionless of  turbulent time scale
(TV,1d)

characteristic turbulent time scale used in
the V2 -f model

n

Subscripts
j Jet
t indices for turbulent
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