NUMERICAL AND EXPERIMENTAL STUDY OF
TURBULENT FLOW IN TWO DIMENSION
INCLINED WALL JET

A. Abdel- Fattah

Lecturer in Mechanical Power Engineering Department, Faculty of
Engineering, R :
Menoufia University, Shebin EI -Kom, Egypt. /

ABSTRACT

In the present study, a steady, two dimension turbulent isothermal and
incompressible flow of inclined wall jet has been studied numerically and
experimentally. The equations of momentum, continuity and the standard k-- -
¢ turbulent model are solved numerically using a finite-volume method to
indicate the effects of wall inclination and Reynolds number on the flow
characteristics of two-dimensional inclined wall jet. The Finite volume
method is formulated to suite the general grid system. The numerical results
indicate the effect of different values of wall angle (8 = 0°, 5°, 8°, 10°, 15°,
30° and 45°) together with various Reynolds number (5x10°, 10x10°,
56x10°, 86.24x10° and 108.732x10%) on the velocities (u, v), the pressure
(p), the location of maximum velocity of flow (bma/h) and the width of
reciruclation zone (bmin/h). The present experimental work shows the wall
static pressure at different values of wall angle (0°, 5°, 8°and 10°) and
different values of Re (56x10°, 86.24x10° and 108.732x10°). For the range

of 0° £6545° the results indicate that, when the wall angle increases, the
maximum velocity decays faster and its location shifts towards free stream,
while the jet spreads faster. The width of recirculation zone increases by
increasing the wall angle and Reynolds number. The pressure increases by
increasing the wall angle but this increment decays by increasing the
Reynolds number. The numerical results give good agreement with the
present experiment work and also with the experiment data of Ref. [11].
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The mean flow characteristics in the near field of an inclined wall jet
are of great practical significance engineering applicatiorias advanced
aerofoil designs, film cooling of turbine blades, gas turbine combustion
chamber walls, and deflectors used in air conditioning duct.

The modification of k- ¢ turbulence model for solving the flow field of
wall jet was studied by Ljuboja and Rodi [1]. Chiu and Wu [2] studied
numerically the turbulent in cylinder flow during motoring . utilizing a
general curvilinear coordinate system. Their results showed the effect of the
shapes of both cylinder head and grid distribution in cylinder air motion.
Parameswaran et al. [3] studied numerically the steady and transient flows
around two-dimensional bluff bodies. They indicated the surface pressure
coefficient around the car. Sockol [4] examined relaxation — based multigrid
solvers for the steady incompressible Navier-Stokes equation to determine
their computational speed and robustness. Lopes et al.[5] studied
numerically the turbulent flow and fire propagation in mountain ridges. The
study of turbulent heat transfer in reciprocating engine was studied, using an
algebraic grid generation technique, by Chiu and Kuo [6]. Their results
showed that the turbulent wall heat flux is dependent on the shape of the
cylinder head. ‘Abdel-Fattah et al. [7] and El-Mayit et al. [8], studied the
effect of single normal jet, in [7] and the effect of two symmetrical normal
jets, in [8], and their locations on the recovery coefficient and recurculation
zone size formed by a sudden enlargement are considered. Gargo and
Gongler [9] studied the effect of spanwise pitch of shower- head holes and
coolant to mainstream mass flow ratio on the adiabatic effectiveness and
heat transfer coefficient on a film cooled turbine vane. Knowles [10]
reported the numerical modeling of impinging jet flow using Rodi and
Malin correction to k-¢ turbulence model carried out using the PHOENICS
finite volume code. This study showed that Rodi and Molin correction tend
to improve the prediction of hydrodynamic field of free and impinging jet.
Loi and Lu [11] studied experimentally the effect of wall inclination on the
mean flow in two dimensional wall jet. Their results showed the x-
component velocity, pressure and the maximum velocity of x-component
velocity at Re equals to 10* and different wall angle (0°, 15°, 30°and
45°).The interaction between dispersed particles and fluid turbulence for
vertical down flow turbulent wall empedded in uniform stream studied
numerically by Salo et al. [12]. Kadja et al. [13] studied a three dimensional
transient numerical model for atmospheric wind flow and industry and/or
traffic pollutant dispersion over terrains having a complex topography.
Seyedein and Hasan [14] studied numerically coupled turbulent flow, heat
transfer and macroscopic solidification in vertical twin-roll thin-strip caster.
Their results showed the effect of the Darcy coefficient and the turbulent
eddy viscosity-damping factor on the temperature and the velocity profiles.

In the present paper a numerical and experimental study of turbulent

inclined wall jet are demonstrated to show the effects of wall inclination and
Reynolds number on the velocity components (u, v), the maximum x-

14



component velocity: and its location, pressure, the location of recirculation
zone.

2- EXPERIMENTAL SET-UP:

The experimental apparatus is shown schematically in Fig. (1).
Compressed dry air from a storage tank was passed through the control
valves and restored to a stagnation state in setting chamber, before being
accelerated to a prescribed velocity value through the nozzle. The air from
the nozzle was used to pass on the inclined plate. The exit height of the
nozzle h was 15 mm and the width was 3mm and the length of plate was
170 mm. The stagnation pressure (p,) was measured by a pressure gauge
and the wall static pressure (p) reading was taken from taps distributed
along the center of the plate. The measured values of the static pressure
were repeatable within +3 %

3- GOVERNING EQUATIONS

“For a steady incompressible turbulent flow in Cartesian co- ordinates, the

conservation equations for mass momentum and the equations of k-¢
turbulence model may be expressed in conservative form as:

Continuity equation:

6pu+6pv=0 )
ox Oy

x -Momentum Equation:
Bpu'+6uv=__8p+_8__ fy ?.3+§_'i
0x oy 0x Ox Ox Ox
0 ov du 20pk
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Here, the effective viscosity p.q is taken as the sum of the molecular and
turbulent viscosities:

Bt = B+ My @
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of k-&¢ model of turbulence. In this model, the turbulent viscosity is
determined from the turbulent kinetic energy k and its dissipation rate €
according to:

2
=pcuk

M (%)

€

The model is composed of two equations, one for k and the other for ¢, as
described below:

apumapvk=ﬁ.(ﬂé&)+ﬁ_[ﬁ_ﬂ]+a-pg ©

ox oy ox\o,0x) Oyl o, Oy
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where:
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c=144; ¢=192; ¢,=0.09; ox =1 and c,=1.22

4-TRANSFORMATION OF THE EQUATION

The original transport equations presented above transformed from
the physical domain (x, y)to the computational domain (&, 1) through the
substitution of the independent Cartesian variables by the deformed grid
variables [15, 16}, shown in Fig. (2).

In the present approach, the Cartesian components of velocity are kept
as the dependent variables, since the choice of the covariant or the
contravariant velocity components would lead to a much more complicated
set of equations. Thus, a partial transformation is used as opposed to total
transformation, which is accomplished by application of the Chain rule:

0 1 '

22— bt dumy =l v -on ve) ©
and

od 1

5%:‘1’& Sy +0qTy =}('¢é Xy + by X&) (10)

Where J the Jacobian of the co- ordinate transformation is equal:
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and;
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T; Nx =——>» gy:: > ny:'—— (12)

The partial differential equations describing continuity and momentum can
be represented by:

Continuity equation:
V . . . s s
0pU 9P Y oo , (13)
o onm '

Momentum equations:

0pU® 0pV®_ 9 |L(, 00 ,00
o& on oa&lJ\ 8 T on)
o lr,( a0 oo\ -
LG llelgl™ 2~ 4
+617L[ﬁa§+76nﬂ+5¢(§,n)t/ (14)

Where So, is a general source term. In the previous equation, the metric

coefficients o, B and y and also contravariant velocities U and V are defined
as:

a=x$+y,f; B=xx,+y .y, ; y=x52+y52 (15)
and
U=y,u~-x,v, V=xv-yu S (e)

5- NUMERICAL ALGORITHM

A finite volume method is adapted for the location of two
components of the velocity vector, which are located at the center of each
face of the control volume (contravariant positions). Other scalars, such as
turbulence quantities, are positioned at the geometric center of control
volumes. Continuity and: momentum equations are linked through pressure
following the SIMPLEC procedure, in a formulation adapted to a boundary
fitted co- ordinate system. For this purpose, two simplified momentum
equations are written in each contravariant position of the control volume.
Substitution of these equations in continuity equation yields the following
pressure correction equation:

' '- y * *k -
APy =D Ay Pip +8°+8 17

where:
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In the equations above U’ and V' are the starred contravariant
velocities, obtained from equation (16) after the solution of momentum
equations to obtain the starred velocities u” and v". The pressure correction
field obtained though the resolution of the previous equations is used to

correct two velocity components in each control volume face. Using
expressions like the one presented next for the west face:

and;

)
) oF 3P

—u + J o 18a

uw u, A,, ( 5 aé 77; 677 :l ( )
.l 5P o P

_ °f i tL 18b
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The discretized transport equations are solved using the tri-diagonal
matrix algorithm (TDMA) with sweeps in the two computational directions.

6- RESULTS AND DISCUSSIONS

6-1 x-Component Velocity Distribution

A representative selection of dimensionless x-component velocity
profiles (u/up) for different dimensioniess distance (x/h) and different value
of wall angle (8=15° and 45°) and Re = 10* are shown in Figs. (3a) and (3b).
From these figures it can be seen that the x- component (u /u ;) decreases
by increasing the distance (x / h ) for all different wall angle. As wall angle
increases the separation point occurs earlier at the upper stream. For 45°
wall angle the separation starts at the beginning. This is due to the
centrifugal force increases in the down stream direction. Also, the
comparison between the numerical results and the experimental data of Ref,
[11], are shown in these figures. The dimensionless of maximum x-
component velocities of jet (Umax /Um ) versus the distance ( x /h ) are shown
in Figs (4 and 5). From Fig. (4), it can be seen that, the maximum velocity
decreases along distance (x/h). This is because the flow area is increased
in the down stream direction. Also the velocity is decreased by increasing
the wall angle, this is because the increment of area of flow increases as the
wall angle increases. The effect of the Reynolds number on the
dimensionless of maximum x-component velocities of jet (Unax/Uly) is shown
in Fig. (5). Itis noticed that the maximum velocity increases by increasing
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the Reynolds number, but the increment of this velocity decays at higher Re.
This is due to the increase of inertia force by increasing the Reynolds
number. The effects of wall angle and the Reynolds number on the x-
component velocity profiles are shown in Figs (6 and 7). From Fig. (6) it
can be seen that the velocity value decreases by increasing of wall angle and
the peak of this velocity moves towards free stream. This is due to the area
of secondary flow, which occurs in the main flow increases by increasing
the wall angle. Also this velocity increases by increasing the Reynolds
number but at higher values of Re, the trends of this velocity are similar, see
Fig. (7). This is because the initial flow velocity was considered as the mean
value of main velocity. The variation of dimensionless position of maximum
velocity of jet flow (bmax/h) along dawn stream direction for different
values of wall angle and Reynolds number are illustrated in Fig (8 and 9).
From these figures it can be seen that the location of this velocity shifts
towards free stream along the down stream direction at any values of wall
angle and Re. The change of the location of the maximum velocity increases
by increasing the wall angle at constant values of x/h and Re, see Fig. (8).
This is because the jet spreads faster by increase the wall angle. But these
locations of the max. velocity are not quite clear by increasing the Reynolds
number. This is because the changes of spreading jet are small by increase
the Reynolds number, see Fig. (9). The influence of wall angle and
Reynolds number on the width of recirculation zone (bmin/h) is shown in
Figs. (10 and 11). The width of recirculation zone increases along down
stream direction for all values of 0, and Re. This width is increased by
increasing the wall angle at constant value of Re and x/h, see Fig. (10). This
is because the centrifugal force, which occurs in flow, increases by
increasing the wall angle. From Fig. (11), it is noticed that thlS width of
recirculation zone increases as Re increases.

6.2 .y- Component velocity distribution

The y-component velocity distributions (v/ u ) at different distance
(x/h) are shown in Fig. (12). From this figure, it can be seen that, at constant
Re and wall angle (Re =10000 and 6 = 15°) the velocity which occurs in the
flow at x/h =1 has a peak positive value and decreases in the down stream
direction. This decay of velocity is small at higher values of distance (x /h).
This velocity changes from positive value to negative value in down stream
direction. The profiles of velocity has two minimum values, one near the
wall, this is due to recirculation zone and the other in the mean flow jet.
This is because the distribution of this velocity is affected by x- component
velocity distribution, Figs (13 and 14) show the effect of wall angle and the
Reynolds number on the y-component velocity profile at x/h=7. From Fig.
(13) it can be seen that the absolute of peak value increases by increasing
the wall angle. The effect of the Reynolds number on the y- component
velocity at constant values of (8 = 15° and x/h = 7) is shown in Fig.(14).
From this figure, it can be seen that the value of this velocity increases by
increasing the Reynolds number. This is due to the fact that, this velocity
depends on the mean velocity that increases by increasing Reynolds
number.
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The results of dimensionless pressure distribution (p / (0.5 p u’) at

different values of wall angle are shown in Figs. (15a, 15b, 15¢ and 154d),
each for different values of Re. From these figures at any value of Re, It is
noticed that, the value of static pressure decreases in down stream direction

‘until minimum value and then increases along the wall surface at 0°and 5°
wall angle. But the trend of this pressure from the beginning increases in
down stream direction at other value of tested wall angle, see Figs (15b,15¢
and 15d) .This is because for case of 0° and 5° wall angle, the effect of
viscous force is larger compared with the effect of centrifugal force, but at
other value of wall angle the effect of centrifugal force ircreases more than
the effect of viscous force.

Figures (16a, 16b, 16c, and 16d), each for different value of wall angle
(0), show the results of dimensionless pressure distribution (p / (0.5 p u>)

along the down stream direction at different values of Reynolds number.
From these figures at any value of wall angle , it can be seen that static
pressure increases as the Reynolds number increases. This is because the
inertia force are larger than the viscous force for the case of increasing the
Re. This increment is less for the case of increasing the wall angle, see Figs
(16c and 16d). The comparison between the numerical and present
experimental work gives fair agreement.

7. CONCOLUSIONS

The behavior of fluid flow from turbulent jet on the inclined wall
with different distance of x-direction and with different values of wall angle
and Reynolds number were studied numerically and experimentally. The
major conclusions of this research could be summarized as follows:

1- The x- component of velocity decreases by increasing the wall angle at
constant Re and increases with Re at constant wall angle.

. 2- The max. value of x-component velocity ( main flow velocity ) decreases
by increasing the wall angle and Re, but the increment of this velocity
decays for higher value of Re.

3- The location of maximum value of main flow shifts towards free stream
in down stream direction also by increasing the wall angle at different
values of Re.

4- The point of separation was found to depend on wall angle, it moves back
in the upstream flow direction by increasing the wall angle and Re.

5- The width of recirculation zone increases in down stream direction by
increasing the values of wall angles.

6- The static. pressure on the wall surface increases by increasing the wall
angle. This pressure also increase by increasing the Reynolds number but
the increment is less at higher Re.

7- The comparison between the numerical results and experimental
measuring gives fair agreement.
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NOMENCLATURE

Bmax Position of maximum velocity of flow
buwmin ‘Width of separation zone

J Jacobian of transformation

P Pressure

P, Stagnation pressure

P Pressure correction

R.. - “Reynolds number (p X um x h) / p
S® Source term

S* | S*¥*  Source term in p equation

u,v Cartesian velocity components
U Averaged nozzle exit velocity
Umax Max. velocity of main flow

u* , v* Starred velocities

U,V Contravariant velocity

U*, Starred contravariant velocities
X,y Axis Cartesian co- ordinate system
o, B,y Contravariant metric relations
e Diffusion coefficient

u Dynamic viscosity

E.m Transformed Coordinates

p Density

¢ General variable
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Fig. (15) Waﬂ surface pressure distribution at different wall angle (0)
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