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Abstract: The Navier Stock equations coupled, firstly with the standard k-e turbulence model, secondly
with Wilcox K-w model were solved to study the phenomena of turbulent flow separation in different
aeronautical and fluid mechanical applications. The numerical simulation based on madified SIMPLE
algorithm was employed to non staggered grids which are constructed by using mid-point principle and
gradient correction in Cartesian coordinates. Also the momentum interpotation scheme postulated by Pric
was used to avoid pressure fluctuation. This numerical simufation was employed to simulate the turbulent
flow past an airfoil with trailing edge separation and flow through sudden expansion pipe. In order to
compare the results obtained by the two turbulence models, the predicted results by each model were
compared with those of available experimental results and it was found out that Wilcox K-w model is more

accurate than k-£ model.
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Introduction

The study of flow separation from the surface of a solid
body, and the determination of different changes in
flow field that develop as a result of the separation, are
among the most fundamental and difficult problems of
fluid dynamics. In fact most liquid and gas flows
encountered in engineering applications involve
separation. Separation causes a considerable limitation
on the operating characteristics of airfoils,
turbomachinery blades, jet engines, rocket nozzles,
etc., leading to significant effects on their performance.
The problem of boundary layer separation is an old but
stif it has attracted considerable interest amongst
researchers. In order to calculate fluid flows with
turbulent boundary layer separation in engineering, it
is often necessary to select the suitable turbulence
model, Bradshaw (1972) stated that "A numerical
procedure without a turbulence closure model stands in
the same relation to a complete calculation method as
an ox does to bull". Johnson and King (1985)
developed turbulence closure model for two
dimensionai, turbulent boundary layer flows subjected
to serve adverse pressure gradients. Rodi (1982)
introduced briefly the merits and demerits of different
types of turbulence models. Rhie and Chow (1983)
used finite volume numerical method to solve
incompressible, steady Navier Stock equations in
general curvilinear coordinates coupled by k-g
turbulent mode! to analyze the turbulent flow a round
the airfoil with and without trailing edge separation.
Rodrick and Chima (1995) developed two equations K-
w turbulence model and he applied these two
equations to a quasi-three-dimensional viscous
analysis code for blade-to-blade flows in
turbomachinery. Roger et al, (1981) made
experimental works which are wvery useful in
understanding the structure of separating turbulent
boundary layer, he predicted a very useful turbulence
correlations.

This work aims to develop a numerical simulation to
study and analyze the 2-D separated flow which occurs
in many aeronautical and fluid mechanical applications

and to compare the accuracy of k-g turbulence model
with that of Wilcox K-w turbulence madel.
Numerical Simulation: The numerical simulations in
this work are based on coupling the Navier stock
equations firstly with k-¢ turbulence mode! and
secondly with K-w Turbulence model. The basic
equations and relations which are used in these
simulations are illustrated as follows:-

Govern Equations and Turbulence Models: Steady,
incompressible Navier stoke equations based on the
Boussinesq approximation were employed in the
following form

Z(pu,)=0.0 (1)
Flouu)=-Z+Z(u+p)E+3)-15,pK )

In order to close the N-S equations, an approximate
turbulence model should be employed. In this paper,
two different turbulent models (k-e and K-w) were
employed separately for the purpose of comparing
between them. The govern equations of turbulence
maodel in general form are:

M, = p(z,,7,) (3)
t azlll
axii'(puizm)=axii((u+:z_m)xj+szm (4)

The different properties and empirical constants in Eq.3
and Eq.4 (Rhie and Chow, 1983 and Rodrick and
Chima, 1995} for:
(i) K-¢ model are

m=1or2 7,=K == ok
#o=pt s =c,pK?®-pe

5. =0ic, PKD —c,p%

c, =1.44 c, =192 ¢, =0.09

g, =10 a, =13 B =009
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(ii) K-> model are
m=1or2 z =K

*pK ‘oK.
#r=& s‘_:l.ﬁp___ﬁme

£
Se =}7‘[ﬂ)—ﬂpﬂ)2

y =100 =3 B =0.09
B=3% o, =20 o, =20

B, g, | Ou -
O=5(5+3) (5)

Discretization of Govern Equations: In the present
work non stagged grids were used. These grids were
constructed by using mid-point principle and gradient
correction in Cartesian coordinates. Also the
momentum interpolation scheme postulated by Peric
{1988) was used to avoid pressure fluctuations.

Fig.1: Sample of Grid Representation
Integrate (1) and {(2) for control volume (Fig.1) yields

F,~-F +F -F =R (6)

F's terms are evaluated differently for mass and
momentum conservation. In case of continuity
equation

F =m,=p,(Su, +Syuy)e {(7)

In case of momentum equation F contains two terms
which are:

[ X

F=p (5. +5°¢,)4). (8)
¢ Wt o dd (n—i

Ij = Iuese dis(PE) + #eSz (grad¢i )g (n l;) (9)

Similar expressions as these in Eq. 6 to Eq. 9 can be
written for other faces n, s, w. over bar indicates that,

finear interpolation is used and ¢ refer to velocity
components and (g), is given by Majumar (1988) as
follows

(8., =8p-f +8s(1-1) (10}
geometric  interpolation factor f is given by
f __ dis(eE)

~ dis{PE)

Discretized momentum equation can be arranged in
the following form:

A¢¢P + ZAM =5’ (11)
I=N S EW
|y~ min(m; 0) I=N,E
1~ ] .
(— s + min(m; ,0) I=S,W

A4,=- Y 4
I=NS.EW
§* =

I=N.ESW

F} —Ff' +Ft' -F¢ + P

Coupling Pressure and Velocity and Pressure
Corection Method: In order to obtain a pressure and
velocity fields that satisfy the mass and momentum
conservation laws a modified SIMPLE method is used.
In this modified method to avoid the existence of the
pressure fluctuations, the pressure correction equation
is reconstructed to supply information of pressure at

point p (Fig.1). These are dene through following
relations.
8. =6.- A0, .(F). - (5).) (12)

where
EY Fe-bp
fx e Ax

Agle = (xE _xP )Ay

Eq. 12 indicates that if the pressure is known the
velocity components can be calculated by using this
equation. In the present paper, initiai guess of the

pressure field is assumed (P™"') and Eq. 12 Is used to

1 _ (-na S8
(). = o (AL30e 4 L5

calculate the velocity components (¢'" ). The guessed

pressure is corrected (P" ) until the resulting velocity
satisfy the continuity equation. The relations used to
correct the guessed pressure and hence velocity field

(@) are:

(-a,)977'- S Al

m 1=N.5.E i m-l
$p = AP = _%g(a’;x, )p (13)
o =9 +4, (14)
P"=pP™' + P (15)
m Tm oP"
¢i,P = ¢'-,p ”ﬁ(‘ax‘. Ye (16)
ip = — Gr (7)
me = —(pAQS)e(;‘E;)e :ﬁ(-;g) (18)

In similar manner Eq. 12 and Eq. 18 can be applied to
other faces (n, m, s). Finally directerized equation for
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correction pressure (P') is derived in the following
form

APPI + ZAI P, =87 (19)
I=EW N8

Where

A, = ;_ P('%f + I:—:) ;fn here Q for pressure

A== X4 . S"= Fm

I=ns.ew I=ns.ew
Boundary Conditions: In order to apply the present
numerical simulations to internal and external flows,
the following boundary conditions are considered.
Inlet Boundary Conditions: Inlet boundary
conditions are defined as

For velocity u, =u; (x,3) j=1,2
For turbulence model

Q)
j

K = j=1,2
"7 200
— C.u Kiny
€m = 0.03L
@, = PK_M
4,

The velocity u and characteristic length L must be
defined as input data.
Outlet Boundary Conditions:

oy 0K % _dw_

=—=0.0
én on ©On On
On Solid Wall: For no slip condition u, =00
For K-w turbulence model
K=00
2
w=tg 2= R[—q"—)
y ay wall
for k-g turbulence model
3
s K¢
e=C —
o
1=0.07L
oK
—=0.0
on

If y is the coordinate di'rection normal to the solid wall
the turbulent kinematics viscosity (v,) at point y, with

(11,6 < y, <400) is given by

MY
(V, )uu” = ( 1 4

?ln y; + B)

Non dimensional boundary layer coordinate y; is given
by

+
P

11
yeCiK}
pv
Where K and B are universal constants. But
values are 0.4 and 5.49 respectively.
Free Stream Boundary Conditions; These conditions

are considered in the case of external flow which are

their

u=U_
K=c=w=00
Symmetry Boundary Conditions:
Fn=00
4

—=00 ¢=K,5,wm,y,0r P

on

Numerical Simulation Steps:

1. Modified multipfe grid method is used to generate
non-staged grid arrangement. For more
information about this method Thomposon et al.,
(1985) and Majumdar (1988).

2. The pressure field obtained from initial guess or
previous iteration (P™') is used to solve
momentum equation 11 to find the velocity
components. The descriterized equations like Eq.
11 are solved by using SIP method suggested
by Stone (1968).

3. The pressure correction Eq. 19 is solved. The
pressure, velocity and mass flow rate are
corrected by Eqs. 13-18.

4. solve the turbulence model Eqs. 3 - 4 for each of
k-g£ and K-w turbulence model.

5. The above steps (2 - 4) are repeated until these
conditions

|,,,'P . max| mp
ZT<]0 and —o

are satisfied. Summation is taken over all points
and Q is inlet flow rate.

6. According to above steps a computer program
coded “SEPA” is developed and used as a tool to
analysis in this work. This code can be applied to
internal and external flows, SEPA’s users need only
to input the geometric parameters of the selected
2D configuration, boundary conditions and initial
grid.

Results and Discussion

The present numerical simulations are appilied to
analyze the internal and external flows. For the
purpose of explanation and validation of the present
work, two cases were considered which are flow over
NACA 4412 airfoil and flow through sudden expansion
pipe.

Flow Over NACA 4412: For the purpose of applying
the present numerical simulations to external flow, the
flow past NACA 4412 airfoil at maximum lift condition

with a 13.87° angle of attack is calculated and the
predicted results are shown in Fig.2 and Fig.3.
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Fig. 5: Sudden Expansicn Pipe Velocity Profile at
Different Axial Locations

Fig. 2 shows the streamlines flow pattern which are
predicted by the present numerical simulation. It is
clearly seen from Fig.2 that, the trailing edge
separation bubble which predicted by using K@
turbulence model is more clear and more effective on
the free streamlines than predicted by the K—&
turbulence model.

As shown in Fig. 3 that, good agreement between the
surface pressure distribytion which is calculated by
using K~ @ model and experimental results. Also it is
seen from Fig. 3.a that, K—& modef fails in
predicting the pressure near the leading edge of airfail,
at this region the pressure reaches it's peak value.
Flow Through Sudden Expansion Pipe: For the
purpose of applying the present numerical simulations
to internal flow, the flow in sudden expansion circular
pipe was analyzed by using the present simulation.
The geometric constructions of it and flow properties
are shown in Fig. 4

Fig. 5 shows the sudden expansion pipe velocity profile
at different axial locations. As shown in Fig. 4 y-axis is
divided into three regions. Measurement (Peric et af.,
1988 and Menter 1992) were taken in regions Q-1 and
1-2. it can be observed from these figures that, there
is 3 good agreement between results predicted by
K— @ model and that predicted by experiments. It is
clearly seen that, flow reattaches at axial location X =
7.113h. At this axial location the resuits predicted by
K— & maodel differ from that predicted by experiments
which indicates that K— @ model is more accurate
than K— & model especially in these critical regions.
Also after reattachment there is still a good agreement
between experiment results and that calculated using
K— @ turbulence model.

Conclusion

A new numerical simulation has been developed for
two-dimensiona! turbulent boundary layers with
separated flow using two different turbulence models.
Based on comparison of the experiments for flow past
NACA 4412 airfoil and flow through sudden expansion
pipe, numerical simulations indicate that, K—@
turbulence model has following advantages over
K— & turbulence model:

(i) K— @ turbulence model behaves well numerically.
(i) K—@ turbulence model has high performance
especially in a variety of important regions such as
fully developed flow in case of sudden expansion pipe,
high pressure regions in case of leading edge of airfoil.

(iii) K— @ turbulence model has high ability to predict
most of the important phenomena which occur in
separated regions.

Nomenclature

u velocity component

P pressure

K turbulence kinetic energy

S, face e area

U, free stream velocity

n unit vector

m mass flow rate

m. corrected mass flow rate through face e
R residual of integral
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R Reynold number based on airfoll chord

ec

S*,87 areas
XY Cartesian coordinates
turbulence kinetic energy dissipation

under relaxation parameter (<1.0)

linear average value of ¢ at face e
laminar viscosity

turbulent viscosity

density
kinematics viscosity

Kronecker factor
specific dissipation rate

S SDURE RS|R S
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