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Abstract
A numerical study of three-dimensional laminar and turbulent wall jet issuing
from a rectangular orifice is presented. The numerical simulation was based
on k-g model, The Navier-Stokes, energy, and turbulence quantities are solved
using the finite difference primitive variable method with staggered grid
technique. The flow field charucteristics are studied in laminar flow for
Reynolds numbers op to 2000 and in turbulent flow for Reynolds numbers up
to 56000. The resulés show that the spreading rate of the jet is higher at low
Reynolds numbers and the decay of axial velocity is less at high Reynolds
numbers. The numerical results obtained ure compared with published
experimental results and found to be in reasonable agreement.
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Nomenclature
b : Orifice breadth m
€ Ciee €2 Constants in turbulence model -
D, : Hydraulic diameter m
e : Aspect ratio of jet=b/h -
h : Width of orifice m
k : Turbulent kinetic energy = m/s’

1{=2 —2 —

-[u +v +w ]

2
P : Mean static pressure, P N/m*
e : Reynolds number = Ef-’-'%

v
L : Mean velocity in the x-direction m/s
v : Mean velocity in the y-direction m/s
* Dept. of Mechanical Ene, LOT.
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W : Mean velocity in the z-direction m/s
4LY.Z ¢ Cartesian Coordinates m
XX.% : Dimensionless Cartesian Coordinate -
¥ : Dimensionless Coordinates -
J'I* = (.vln ';l IL.)VETE
6 . ; r-T, -
: Dimensionless temperature, —em
€ : Dissipation rate of turbulent kinetic energy  m*/sec’
o : Density of air kg/m’
Oy G : Turbulent prandil numbers for k, € -
" : Dynamie viscosity N.s/m’
v : Kinematic viscosity m’/s
Vi : Eddy or turbulent viscosity -
Ye : Effective kinematics viscosity -
T : Diffusion coefficient, '=pc N.s/m’
I, : Effective diffusion coefficient, I', =p. /o, N.s/m’
K : Von Karman's constant -
y : Wall shear stress N/m’
¢ : General dependent variable
S : Source term
Iniraduoction momentumn, energy and turbulence

A wall jet has a wide range of
applications such as gas wurbines film
cooling, aircraft blow down flap and
in heating and air conditioning
practice. The wall jet has been studied
both experimentally and theoretically
(1-11) In these studies the plane wall
jet characteristics were studied in
turbulent  flow  for  different
configurations, The preseat work is
directed towards examining the flow
field of three dimensional heated wall
jet flow on a flat surface in laminar
and turbulent flow.

The algorithm SIMPLE (12)
was used in this work to study the
problem  with the Navier-Stokes
equations written in terms of primitive
variable method. The preblem to be
considered in this study is depicted
Fig.{1). The geometry is specified by
the orifice width h, and the aspect
ratio e. The governing equations 0 be
considered are  the  continuity,
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quantities. The numerical prediction
was based on staggered grid
techniques where the vector variables
are staggered midway between the
grid intersections.

Theory

The flow field is assumed to
be three-dimensional with constant
properiies, and the buoyancy effect is
neglected. The governing equations
can be expressed in the following
conservative form as:

i) Laminar flow
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ii) Turbulent flow

In turbulent flow, the mean
flow equations can be expressed for

steady state conditions as follows:

ov  ,ou . 3U

v
AR 22 0.5
péX ax\“ax) ar{ ‘o
a( auY, af aUu
-I-EE[V#E-]-FE[VEE)-P
af avy a( aw)
) w5
; {6)
v ., ov _av
UV =+ Wl =
= o &
rop af ev\ af ar’*l
Brr-eharw L ernd sarel L e
Py a"l éx) vy " o)
a( a) af au)
Fiom | W fo | Y, —— |}
Y . E‘!L ﬂyj
a[ ay] a( aw]
— Y, e =]V
wl ") e ¥

855

A Three-dimensional Sudy of Laminar
and Turbulent Wall Jels

(8)

To solve the goveming
equations (6-8) a mathematical
expression for effective kinematic
viscosity v, and effective diffusion
coefficient I, will be required in the
consideration of turbulence,

The Standard k-c Model

The k-8 Model characterizes
the loca! state of turbulence by two
parameters: the turbulent kinetic
energy, k and the mte of its
dissipation, . The kinematic viscosity
i5 related to these parameters by
Kolmogrov-Prandt] expression [15]:

2
LI
£

where ¢, is an empirical constant. The
distribution of k and & over the flow
field is calculated from the following
semi-empirical transport equations for
kand e [16].

uf = c,er
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At the free edges (entrainment
i5 the gencration term G, & is the region):
dissipation term.
The empirical constants el -0 v 0. a 0. ar 0.P=0
appearing in the above model are N _a;'_ E* 3;-

shown in the following table.

Table (1) Empirical constants in the

Cie Oy e |

k-e {16] _
C
1.44

1.92 | 1.60 | 1.30

Cu

0.09
Boundary Conditions

The boundary conditions for

the problem under consideration can
be described for laminar and turbulent
flow as fallows:
(1) Laminar Flow

* Depl of Mechanical Eng,, UOT,

The velocity of the jet at the free edge
may reach the static surrounding

velocity (u=0}) or %g—= 0. The static

pressure within the jet is the same as
the static pressure of the surrounding

l?_,ﬁii negligible) if the surrounding
ox

at constant velocity, i.e at rest.
At the wall;

856



Eng. & Technology, Vol.2d, No.7, 2005
U'zi-’:ﬁ"‘zﬂ'-gg:ﬂiig_:lﬂ
o o

To ensure smooth transition at the last
streamy wise station of the combined
jet, the following boundary conditions
are used:

U @'V &w
= e—= =]
al xt ax?

(ii) Turbufent MNow

=0.% -0,

Gy

Wall boundary

The implementation of the
wall boundary conditions in turbulent
flow starts with evaluation of:

- *vuﬁ ru
VD

where y, is the distance of near wall
node p to the solid surface. A near
wall flow is assumed to be laminar if
y =I11.6 and turbulent if y'>11.63
[14].

Constant shear stress (1.} will be
assumed through the wall region:

Y (12)

r

7, = p~Lt
"
at the grid node near the surface.
The wall force is represented
in the discretized U-momentum

equation as follows:

where U, is the velocity

Fi=- 1 Ay (13)
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Where A,y 15 the wall area of the
control volume.

U-velocity parallel to the wall:
The wall force F. s

imiroduced in to the discretized U-
equalion as source term, so

FI

oCL Kk

3 = = e = " ff.ﬁj
S, 41.%(1';?] SJor ¥ >

(15)

Where:-
Sp = Source term for turbulent flow,
K = Von Karman's constant (0.4187),
E = logarithmic wall constant (9.79),
kp = turbulent kinetic energy for node
D.
C, = empirical constant {0.09)[ 14].
Tur ne nti
K-equation:

The source terms for the
iurbulent flow in the discretized k-
equation are represented as:

5 =-pCiiK! -‘L;I-EJ'—ler
r H » l‘k}'*. - "lﬁ}
:I“-Li’idi'
¥p

and §, =

where AV is the wall volume of
control volume.

g-equation:
The discretized e-equation is
fixed to the value:

315 grdi2
P _Cﬂ ‘R.n )

17)
"~ ) (
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in the discretized e-equation the near
wall node is fixed to the given value
in equation (17) by means of setting
the source terms S, and S, as follows

[14]-

S, ==10" and

cleég3n ) (i8)
S, =—F—%—x10*

()
Te re eguation

The wall heat flux s

introduced by the means of the
following [14] scurce terms

-,l'-i'li. -‘KII:: IE:IF

=

—_— =

F T* wedl
and (19}
1 'Jk.' J J‘C T,
‘i".u =£.'f‘._"____;."____.;lm
T"I‘
where:
i -o‘ L‘s*) Pl—-” (20)

o, @ is the turbulent and laminar
Prandt] number.

P( =t };t: cilled the Pee-function.
l.ﬂ"r /

Here, for the considered adiabatic
walls S, = §,=0.

Therefore, at ths walls the
tollowing boundaries are considered:
U=V=K=()

X a2
o

ay v
Numerical Selution

Numerical procedure called
SIMPLE (semi-implicit method for
pressure-linked equations) is used to
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solve the basic conservative
equations. This procedure of Patankar
and Spalding is found in ref.[12]. The
finite difference mesh consists of
many control volumes using a
staggered grid system. All scalar
variables (such as pressure and
temperature) are defined at ordinary
nodal points, the velocity components
are  defined on staggered grids
centered around the cell faces, see
Fig(2). Let & be any dependent
variable for which the conservation
equation is as follows:

add!' am 6!1"115
2(r80). 3(,20),
2 s

& ) o
_[r

E¢J+?

&

where Sy is the source term which has
different expressions for different
flow equations. Afier applying central
difference for the diffusion terms and
upwind difference for convective
terms the above equations are
discritized {reduced to algebraic
equations) and solved numerically.
The discretization equation connects
the values of @ for a group of grid
points, usually the grid points of the
control volume as follows:

(1)

AP, = A, B + Ay @y + A, @y +
AstD + Ag@y + 4, Dy +5,,

where cach coefficient in the above
equation includes convective and
diffusion term.

The pressure is corrected to
satisfy continuity at the end of each
leration. Te derive the pressure
coiteclion eguation we define the
following:
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P=P*+P, U=l/*+U"
= et ]’ﬂl- F=W++F"

where, the stamed wvalues (U*, V*)
represent the flow solution given by
the pressure (P*), By applying the
above in the discretized momentum
and  continuity  equations and
simplifying, a linear system can be
abtained for P' (Pressure correction)
in soiving the steady momentum
equations in  this step. Under
relaxation factors were used to the
component of the velocity, pressure,
heat, and iurbulent equations fo
prevent instability and divergence due
to nonlinearity in the Mavier-stokes
equations.

Results and Discussion

Results are obtained numerically for
incompressibie  flow  under  the
conditions illustrated in the forgoing
sections. The flow field and thermal
characteristics for different Reynolds
number and different aspect ratios are
discussed separately.

Flow Field

Effect of Reynolds number on the
flow field distribution is seen in
figs.(3-4) for laminar and turbulent
flow, It can be seen that boundary
laver growth on surface meets the
shear layer expansion on the free
boundary because the wall jet extract
some of the static surrounding fluid
that leads to form a mixing region
between the boundary laver on
surface and the static fluid, finally
creasing spreading in the down stream
direction. As fip(3) shows, the
spreading rate of the wall jet at low
Reynolds mumbers, because at the low
Reynolds number the jet extract more
static fluid leading to increase the
interaction between the wall boundary
layer growth and the free shear layer,
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Consequently it increases the
spreading rate. The figure also shows
that the decay of the axial velocity is
less at hish Reynolds number. In
turbulent flow fig.(4), the decay of
maximum axial velocity is less at high
Reynolds number also the spreading
rate of the wall jet in this flow is less
from the laminar flow because of the
kigh velocity.

Fig.(5) exhibits the effect of aspect of
aspect ratio on the axial velocity
distribution in the iateral direction
{plane parallel to the solid surface). It
can be seen that the aspect ratio has
noticeable influence on the velocity
distribution, where  non-uniform
distribution occurs with increasing of
the aspect ratio and that may be
attributed  to  the increase of
turbuience, also the values of axial
velocity is higher at larger aspect
ratio.

Thermal Characteristics

The predicted isotherm contours for
laminar flow are illustrated in fig.(6).
The results show that the decay of
axial temperature is less at high
Reynolds number because the thermal

boundary layer growth on solid
surface is faster than that with the
surrounding.

The effect of Reynolds number on
temperature distribution in turbulent
flow is seen in fig.(7). It can be seen
that the thermai layer grow with down
stream distance due to difference
between the hot stream of the wall jet
and that of the solid wall and
surrounding. There is higher values of
axial temperatures near the solid
surface because of the friction
induced between the [low and this
surface which leads to increase of
temperature. The spreading rate of
thermal layver is decreased with
increase of Reynolds number,
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The computed results are compared
with  the published experimental
results taken from [12] as shown in
fig.(8). The comparison indicates a
moderate agreement between results.

Fig.(9) exhibits the turbulent
kinetic energy (which represents the
intensity of turbulence Nuctuations)
for different aspect ratio in the lateral
direction.

The peaks of the jet region
increased in the lateral direction for
the low aspect ratio. This significant
difference between the studied aspect
ratios may be atiributed to differences
in  prodection,  transport  and
dissipation of turbulent kinetic energy
of the wall jet.

Conclusions

I. The spreading rate of the wall jet
in turbuient flow is less than of
that in faminar flow,

There is higher values of axial
temiperatures  near  the  solid
surface.

The spreading rate cf thermal
layer decrzases with increasing

-

ted

Reynolds number.
4. The aspect ratio has noticeable
effects on  flow field and

turbulence characteristics,
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Fig.(1) Configuration of the problem.

Fig.(1) Three-dimensional computational cell.
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Fig.{3) Laminar flow field (U & V velocity vectors) for
a. Re=1000, b, Re=2000, c. Re=3000 and e=3.
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{b)

Fig.(3) Turbuleni U-velocity distribution in lateral direction for different
aspect ratio, 4. €=3, b. e=6 with plane x=15.
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Fig.(6) Laminar isotherm contours for different Reynolds numbers a,
Re=1000, b. Re=2000, c. Re=3000 and e=3.
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Fig.{7) Turbulent isotherm contours for different Reynolds numbers
a.Re=20000, b, Re=40000, c. Re=57000 and e=3.
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