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ABSTRACT

In the present work, the computational analysis of laminar, incompressible separated flow over
a backstep is introduced by solving the incompressible Navier-Stockes equations. The
technique of vorticity transport equation and Poisson equation are used to calculate the
velocity through the domain, then the Poisson equation for pressure is used to get the value of
the pressure all over the domain. Obtained data are graphically presented. Smoke wind tunnel
is used to trace the flow streak lines around a finite length flat plate with backstep. Qualitative
comparison between calculated and experimentally obtained traces showed good agreement.
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1 INTRODUCTION

Flow separation over and behind a finite body has always been an important problem for the
flying bodies. This separation creates a wake zone of high vorticity and negative pressure.
Consequently, it causes drag. Even for streamlined surfaces (wings) flow separation occurs at
high angles of attack. This reduces the left and increases the drag of these aerodynamic
surfaces. In the early forties Schilichting [1], could analytically investigate the wake problem.
Later on, Nayfeh [2], and Dyke [3] separately established the fundamentals of the perturbation
technique which could render better solution of the wake problem. In the last three decades,
due to the rapid progress of the computing machines, increased attention has been paid to the
numerical solutions of the flow separation, [4-10].

For some viscous flow problems, as in the present case of study (wake flow); the solution of
the complete set of Navier-Stockes equations becomes necessary. Unfortunately, these
equations are very complex and require a substantial amount of computer time in order to
obtain an accurate solution. However, if the flow is incompressible, the equations can be
considerably simplified. Consequently, the required computer time is decreased . The unsteady,
incompressible N.S. equations are a mixed set of elliptic-parabolic equations. In order to
explain the time step limitation , all the explicit methods solving the compressible N.S.
equations are limited to a time step; Anderson, D.A., [11]; which is less than that given by the
Courant, Friedrichs and Lewy (CFL) condition. As a result, an infinitely large amount of
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computer time would be required to compute a truly incompressible flow in this manner. On
the other hand, implicit methods permit larger At, but the maximum value; as stated by

Anderson, D.A,, [11]; is normally about 5:10 times that given by CFL otherwise truncation
errors become unacceptable.

2 THEORETICAL ANALYSIS

2.1  Primitive Equations

The incompressible Navier-Stockes equations for a constant property flow without body forces
nor external heat addition are given in the vector form as:
Continuity VeV =0

Momentum p%}[— =-Vp+ uVZV

Energy pc, % =KVT+®

Where V, ®, K, T, u, p, and c, are the velocity vector, dissipation function, coefficient of
thermal conductivity, temperature, dynamic viscosity, fluid density and specific heat at constant
volume, respectively.

These equations are a mixed set of elliptic-parabolic equations which contain the unknowns
(V, p, T). Since the temperature appears only in the energy equation, therefor it can be
uncoupled from the continuity and momentum equations. Moreover, in the present case of
study, the temperature changes are unimportant, consequently, the energy equation will not be

solved at all. The 2-D incompressible Navier-Stockes equations using the primitive-variable
form, are:

P

Continuity %4— % =0 (D)
e g B A 2 2
X Momentum %+u?—u—-+vgu:=—liz + v Gl 6_2J (2)
ot 0x dy P Ox ax oy
: - T - _ 2 2'
Y Momentum -qy-+agv—+va—v——I@ + v Q___+6 ] (3)
ot ox oy p Oy ox 8y

Where, the overbars represent the dimensional quantities of the velocity components in x and y
directions, respectively.

2.2  Stream Function and Vorticity Transport Equations

In the present work, the Vorticity-Stream function approach have been utilized by replacing

the primitive variables with stream function y and the vorticity £ , where the stream function y
is defined as:

Gw it gl Tl @)
oy ox
while, for 2-D flow, the vorticity is expressed as
- v ou '
C = = - —= (5)
ox 0Oy

The pressure is eliminated from Eq.2 and Eq.3 then, one can obtain the vortmty transport
equation expressed in the conservatlve form as
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oy
The vorticity transport Eq.6 is a parabolic equation. It consists of the unsteady term 65/ ot, the

advective terms 6(33&) / oxX + a(vE) / &, and the viscous diffusion term
~f = f =2 28 P
v(228/ax + /55" ).
Eq.5 is recasted as an elliptic Poisson equation

Vig= -¢ : Q)
2.3  Normalized System

d

R

The normalized system used, is based on the advective time scale f/ 1-1: , where L and E

are the characteristic length ( boundary layer thickness ) and the free stream velocity
respectively. The dimensionless parameters are defined as:

u= u/um,v_vum,x x/L y= y/L

¢=5/(o /D) =YL/ ). p=p/p vl ®)

Hence, the Vorticity Transport equation and thie Poisson equation take the following
dimensionless form: p

1 :
%—f——-v (v-Q)+—VC e ©®)
Viy=—(¢ (10)

where, Re, is the Reynolds number, Re = u, L/v

Thus, for any well posed boyndary condition, the flow is descnbed by a single dimensionless
parameter which is the Reynolds number.

2.4 Solution of The Vorticity-Stream Function

Since the 'case of study is a 2-D flow problems, the vorticity-stream function approach will be
used because it is easy to solve two equations rather than three equations. Also, it is possible
to separate the mixed elliptic-parabolic 2-D, incompressible Navier-Stockes equations into one
parabolic equation (Vorticity Transport equatlon) and one elliptic equation (Poisson
equation).
In the present case of study, the time-dependent behavmr is not required, but only the steady
state solution, which being obtained from the time dependent equations as the asymptotic time
limit of the unsteady equations.
The steps of solution are described as:

1- Discretize the partial differential equations into dlﬂ'erence equations.

2- Pose the boundary conditions.

3- Specify initial conditions and initial guessed values for ( and v at time t = 0.

4- Calculate new time t =t + At.

5- Find new ( by solving the vorticity transport equation for & at each interior grid point at

time t+At.
6- Iterate for new y values at all points by solving the Poisson equation using the calculated
new & at interior points.
7- Find the velocity components from Eq. 4
8- Determine values of C on the boundaries using new y and  values at interior points.
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9- If the solution is not converged to a steady state solution; Return to step 4, until
convergence occurs. _ _
During solution the velocity components are determined at each grid point. By the end of these
steps, the values of u, v, y, and ( are completely determined all over the domain. To determine
the pressure at each grid point, it is necessary to solve an additional equation which is referred
to as the Poisson equation for pressure, Roache,[12]

Ox dy Ox oy
In terms of the stream function this equation can be expressed as
2
259122
V2p=5§=2 - 12
P P [6){2] 52, \axoy (12)

3.0 NUMERICAL ANALYSIS

The finite difference technique is adapted to solve for the flow parameters behind a backstep of
finite length. ‘

3.1 Finite Difference Scheme

The domain is discretized into mesh points; Fig.1. The backstep corner has a position of I,
and J; in the x and y directions, respectively. The velocity components are obtained from the

stream function values by centered differencing of Eq.4. While the vorticity equation will be
descretized as:

8u1 : a(UC)k dVC)k 1 [62!;1: azck] P
i =CE + A - - +—| 5+ (13)
! ! { OX; j Oyij Re{ ax oy,

The diffusion terms are represented by the usual centered difference form. The advection terms
are represented by using the suggested scheme by Wirz, [13]

a(al:f) _ uRCRA—quCL (14)

where the subscript ‘R and L stands for right to and left from the mesh point of interest,
respectively, such that -

uR = 0'5(ui+l,j +ui.j) a.nd U.L = OS(UI,J +Ui__1,j) (15)
Guj for ug >0 Gy for u, >0

A ) & & =1 " " (16)
Gisnj for u, <0 Ci; for u, <

and the same for B(VC)k / 0yi,j - In this differencing method, information is advected into any

cell from those cells that are upwind of it.

The linear stability analysis suggests a critical time step above which dynamic instability will be
anticipated, Roache, [1976 ].

-1

Aty < [Riej(&l(z + A;;r) +luﬂxm +|Vi;|;" ST | (17)
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To insure stability, only a fraction of this critical time step is used, usually 85:95% of the

critical time step Atcrmcal Roache,[12], and Wirz, [13]. In the present work, a value 95% is
used.

The Poisson equation is discretized, using the Successive Over Relaxation, SOR, method,
Roache and Muller, [4], as follows:

Vi =l v v -2 B
(18)
+C, Ax7 + 7 (‘l’ﬁ_l +\l’.,+1)}

Where, o is the relaxation factor. For convergence, it is required that 1 <o < 2. The optimum

value ®,, depends on the mesh size, the shape of the domain and the type of the boundary
conditions, Roache [12].

[I—Jl—f]
o,=2 5 (19)

f{[cos (I:_J + B?cos ( J:_ID /(1'+ [3’)]z (20)

where B , L. & T, are the grid ratio (Ax/Ay), number of the grid point in x and y direction,
respectively. '

3.2  Numerical Boundary Conditions for Vorticity-Stream Function

The present case of study is a boundary value problem. Therefore, it is important to specify the
boundary conditions, giving a special care to the corner ( point of singularity).

The computational domain has six boundaries; Fig.2; Bp, By, B3, B4, Bg and Bg are the
upstream boundary, horizontal surface, vertical backstep surface, center line of the backstep,
far down stream (outlet) boundary and the far free stream boundary.

3.2.1 The upstream boundary By

The velocity profile, u(y), used at inflow boundary is the Pohlhausen fourth order polynomial
profile results from the integral solution of the boundary-layer equations, Roache and Mueller ,

(4]

T A
\1(B1)=(211—2'"n3 +’r]4)+€(1’|—31‘|2 +3n° -n*) (21)
where
. m, Ratio of the height of the point of interest to the boundary layer thickness, n=y/0.
= 2
A, Pohlhausen parameter, A = 75:—)—5—— . In the absence of pressure gradient, A = 0.
Hu

To obtain the stream function y at the inlet, in a compatible’ manner with the velocity
differencing as in u,; =05 (Wo, i \uo'j_l) / Ay, this gives

Yo, ~ 0, Wojen =05ug;,, Ay & Wo; =2 Ay Uy + Wy (22)
The subscript ¢ stands for the corner, and 0 stands for the first mesh point, at x=0.
The velocity v at inlet is calculated from the continuity equation
Ug, i~ U]’ j

B

vO,j = VO,j—l = (23)
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Since in the present work, the viscous effect is important at the input and it is desirable to fix
Up; and to let vy; develop freely. Thus, the upstream inflow boundary is partly determined by
specifying a boundary layer inflow, and partly develops as a part of the solutions.

3.2.2 The wall boundaries, By and B3

Since the line Bp-B3 represents a stream line, so any constant value of the stream function
might be used. The conventional choice is y = 0. The vorticity is obtained from the no slip

condition, using the boundary B, as an example, ; je+1 18 expanded; by a Taylor series; out
from the wall values ; j; as

62
\vi.jn-l = wi.jc +ﬂ1 Ay Ly \ll;’
ay i,je ay i, je

From the no-slip condition, u = v = 0, consequently, u ije = 0w/ 6y|

o*wy B Z(Wi,jcn = \Ui,Jc) 25)
ay2 o - Ayz

Since, v=0 along the horizontal wall, consequently, dv/ox | ijc = 0. By substituting in Eq.5,
the vorticity will be

Ay2

i mincnrs ' (24)

Uc

Hence,

du 0 o*
) | (26)
dy  Gy\dy dy
By substituting in Eq.25, the value of the vorticity is obtamed at the wall as:

C = —'2( uc+1 \v:)c)/Ay ‘ V (27)
Hence, regardless of the wall orientation or the vaIue of \ at the wall, the vorticity at the wall
will be s

s = =2V s = Vs )/ A0 .' (28)

where, An is the distance normal to the wall from the (wall ) to (wa.ll+1 ).

3.2.3 The center line boundary B4

Since the backstep geometry presents the symmetrical half of the base flow problem, then,
y = 0. So, the velocity u is determined by extrapolation from interior point

Uio = 2u4) — Uy, (29)
Since, u is symmetric about the center line; du/0y=0; thus from Eq.5,
Cv. [P =0. (30)

3.2.4 The far down stream boundary Bs

Assuming that 0C/0x=0, and dv/0x=0 at the far outlet, and since v=- dy/dx, this second
condition implies that 32y/d%4=0 which was approximated by linear extrapolation out to
1 =Imax . For constant Ax this gives

C rmax =2 G max-1 =Gl max’2 > W1 max =2 VI max-1 = VI max-2

Ut maxj = (W[ max j+1 — Wi mnx,]-l)/ZAy and vy o ; = (WI max-1j ~ W1 m,)/Ax (B1)
where, [ 55 is the farmost grid point in the x direction.

3.2.5 The far free stream boundary Bg

The most nearly free stream condition found is to use an impermeable slip wall at the lid. The
value of vy is set from the inflow boundary conditions as:

Viid = Vo max a0 G; ymax = Gi Jmax-1 (32)
Vismax =0  and Ujymax =2 U rmay—1 — Ui Jmax~2 (33)
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L.e., u is found by a linear extrapolation from interior point out to the lid.

3.2.6 The sharp corner

Since the corner is a point of singularity, therefore it requires especial careful treatment. The
stream function y at the sharp corner like the rest of the wall, which means that y.=0. The
vorticity at the corner is evaluated by using a discontinuous value for {.. Applying the wall
Eq.28 to the horizontal wall, a value of (.=, is obtained and by doing this to the downstream
wall (vertical wall) a value of (=(p, is obtained. So, when & is used in the difference
equations at node (Ic,Jc+1), just above the corner, then (. =, is used. While when using & in
the difference equations at node (Ic+1,Jc), then (. = p, is used.

3.3 Pressure Solution

Solving the Vorticity-Stream function equations, the values of u, v, v, and  all over the
domain is specified. So it is required to extract the pressure solution from the numerical
solution. The pressure equation to be used is the Poisson equation of pressure, identical to the
equation for stream function, but a major difficulty arises in the use of the SOR iteration
method because of the boundary conditions are of different types. To obtain the pressure
values, we start at an arbitrary point with an arbitrary pressure level; constant of integration;
and numerically integrate the discretized momentum equations for dp/dx and Jp/dy.

Poisson Equation of Pressure
The Poisson equation of pressure, Anderson, D. A, [11], and Roache, [12] is

-3t (250 - ()
—+—=8=2 - 4
ax2 + ay2 { ax2 ayz axay (3 )
Its finite difference form is
+ 1 + +
piy:jl = 2(1+Bz) {p:rl.j +pli‘—l{j +BZ(P::_;—]1 +ptj+l)—si,jAzz} (35)
where

S =2 [(Wm.; T Wio ‘Z‘Vi.jj (‘Vi.jn Wit _zwi.j}
£ S — Axl AYZ

_(‘Vi,,ﬂ - Wi,j-n - \Ui~l,j+l + W:-Lj—lJ
2AxAy

Eq.34 is analogous to the stream function equation; Eq.12; with the source term S analogous
to C.

According to Anderson, D.A., [11], there are two methods for the solution. The first is the
Pressure surface solution, which produces the pressure values at the solid surfaces only. The
second is the Pressure domain solution (iterative solution method), which produces the values
of the pressure at the whole investigated domain

Roache, [12], mentioned that the first method gives different answers when different paths are
used. This method is susceptible to errors especially in problems like that of the present case
of study when the path of integration is close to a sharp convex corner. So, in the present
work, the second method is used.

(36)

3.3.2 Pressure domain solution method ( Iterative Solution Method )
To get the values of the pressure, the surrounding domain is divided into two portions,
Figure 2, each of them is treated with its own equations. The first portion is the mesh points
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which are located on the boundaries. While the second portion contains all the interior points
which are located at more than one node from the boundaries.

At the first portion, the boundaries, the normal derivative for pressure is calculated and then
incorporated directly into the SOR difference scheme. For the horizontal wall, as for example

k+1
ng};l = Pi,je+l "Aygi (37)
+1 @ + k 6p
pik,jcl - pxk,Jc + 2+BZ {pik+l.jc +pik—ll.jc "(2 +B2)pi,jc—B2(pik,jc+I _AY%_J -Si_chx'z} (38)

While at the second portion, the interior points, the values of the pressure are calculated from
the SOR method directly.

Pij = p:j +-2_(isz){p:‘+l,j +pil:1,j '2(1+BZ)PEJ'+BZ(P:J‘+1 +Pt,tl1)—si_ij2} (39)

So the steps of solution for pressure is as follows .

1- Calculate dp/on  at all boundaries, then compute the values of the pressure p on the
boundaries as a function of Op/0n and the interior points. E

2- Solve the Poisson's equation; Eq.35; for the pressure at the interior points,

3- There is a fixed point in the domain, reference point, having a constant value for pressure
p=1.0. Its location is one node down from the upper boundary and one node after the
inlet, i=1; Fig. 2; then calculate AP = Prot caiuttd = Pregermes - .

4- The value of the pressure at each grid point is calculated from Pij=pi;—Ap

5- The error in pressure is calculated, €p = [ p{fj"l - pfjl at each point in the domain.
6- Store the maximum value for €p

7- Compare the calculated error; €p; with the required degree of accuracy. If not achieved,
return to step 1. In the present work, the value needed for convergence was,ep =5x10-5

3.3.3 boundary conditions

In the solution of the vorticity equation Vz\u =-(, at least some of the boundary conditions
were of the first kind, Drichlit boundary condition, where y(x,y) was specified along the
boundaries. Meanwhile, in the solution of the Poisson equation of the pressure, the boundary
conditions are of the second kind, Neumann boundary conditions, specifying dp/on (x,y) ,

where n is a direction normal to the boundary of interest. The values of the pressure gradients
are found from the momentum equation.

The upstream boundary B;
Using the x momentum equation, noting that for a steady state, &/0t=0 , hence

dp 1 [82u 5%) du Au :
*__ = | g 40
x Re\ax” "oy7) TV V% )

By assuming that the second derivative of the velocity u does not vary over the first two levels

of the grid points; &° .u,/ale, 5= 62u/ax2|‘ o then the x momentum equation will take the
1= =

finite difference form as:
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93{ oy MY (“o,m = “o,j—lj
=, S R
ox i=0,] ) Ax 0.j 2Ay

(41)
+_1__(“0,j+1 tUoj-1 ~2Uo; Uz, + o, ‘2“1,,'1
Re Ay? Ax?
So, the pressure at the boundary B will be 6_p Pl,,AxPo, X
h P -
ence, Py, =Py~ AX—- (42)
ie. pﬂ,j = pl,j = Ax-Z—E— ’ (43)
Using Gauss Sidle method; Eq.35 and Eq.36 gives -
1 dp
P:m = {P?ﬂ,' _Ax‘l +p? PMl +p Si,'sz} (44)
+J 1+ 2[32 J ax J L1 n.ﬁ-l) j
N Vai+Wo; =2Wy; ) [ Wojn * Vo =2V,
S =2 Ax? Ay? .
(45)
_[Wl.jﬂ Wi~ Vo jn +Wo.j—1)} : ‘
2AxAy
Then the SOR method is used to get the value of the pressure
i’ =pf; +o (pf‘i‘ - pk,) (46)
where ‘
pk The value from the previous iteration as adjusted by previous application of
this formula.
pK*1  The most recent value of, p, calculated from the Gauss-sidle.
pl‘i"'1 The newly adjusted or "better guessed value", for p at k+1 iteration level.
The honzonta! wall By
Using the y momentum equation; the pressure grad.tent will be:
op ='...1_... ic.. = ..1._. mc'*‘-‘ C""-J . (47)
O lciment vt K€ 0% Re 2Ax |
By substitu;ing in the Poisson equation of pressure; Eq.35 reduces to
. 1 . op
p:kjl = 2+B2 {pik+lj plk—llj +B2(ptj+l “Ay-a—y)-—si.ijz} (48)

The SOR method; Eq.46; is used to get the values of the pressure at horizontal surface

The vertical wall B3 -

Since at the vertical wall 0Ou/0y=0 , then by usmg the x momentum equation, the axial
pressure gradient will be

. S

by substituting in the Poisson equation of the pressure
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1 op
k+1 __ el +
Pi,jl = 1+2p° {pik+l,j -4Ax A +ﬁ2(p]i‘—ll,j + Ptjn) -Si,ijz} (50)
The SOR method, Eq.46, is used to get the pressure-values at the vertical surface

The Center Line B4
Since, the center line is a line of symmetry, then 3p / dy = 0, and since Py /ox* =0

= ~2(8"/x3y)’, which takes the following finite difference form

2
Wit — Wicig = Vieo T Wi-ro
NERREAETRET IR
o 2AxAy (1)
since, Op/dy =0, then  pijy =pf}’ (52)
Therefore, the Poisson equation for the pressure will be
1
K+l _ k + 2 2
Ple = 1+2p° {pi+l,j "'P?—ll.j +ﬂ p:j—rl _Si.ij } (33)

For the SOR method; Eq.46; is used to get the pressure values at the center line.

The Far Downstream Boundary ( outlet ) Bg ;
Using the X momentum equation, and by assuming that the second derivative does not vary

over the last two grids in x direction, i.e. 62u/3x2l_ = alu/ax2|_ , Then the finite
' i=] max i=] max—1
difference equation will be

% = iy 3u1‘j —4\11_1,j '+u1_2’j - _[ui,jﬂ = uILj__i]

ey 24x MU 2y 6

A _1_(111,]‘,,,1 + Uy -1~ 2uLj N u;_z,j + up; — 2u1_1.’j] -
Re Ay? Ax?
where, I is the maximum value for i, ( at the last mesh point ). .-
hence, 7?1;1,1' =pijt Axg—i . Using Gauss Sidle method, then
+ 1 . + ap +
Pl = T2 {pi‘.l‘,,- «ax g (ptsh + P - si,jmc’} (55)

The central difference form will be used to introduce the finite difference form for S. Where
8*y/ox? is applied -at I=lmax-1, while 8y /oy* and 8®y/oxdy are applied at I=Imax.
Then the SOR method, Eq.46, is used to get the vaiues of the pressure.

The far free stream boundary ( the lid ) B6
Using the y momentum equation while d*v/ox®, Ov/oy and Ov/Ox are applied at
j=Jmax while azv/ dy? is applied at j=J max-1

Op PiJmax ~PiJmax-1

— then, s =D:: 4+ AY—-
By Ay Pi,j+1 = Pi,j By
By substituting in the Poisson equation of the Pressure, Eq.39, to get the values of the pressure

+ 1 + ap
Ptjl = 2 +Bz {'p‘:-l.j + Pf.f.,- +B? (p:}-l + Ay_a;) -Si.ijz} (56)

2%

since
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Since W is constant through the lid, this implies that 92y/ox2=0, then, S = —2(62\11/6:(631)2

So, the finite difference form will be the same as Eq.51, but with j = Jp,,« , then the SOR
method is used to get the values of the pressure.

The Sharp Corner

Since the corner is a point of singularity, it will be treated as if it was two separate points with
an infinitesimal distance separating them, the same treatment as in.the y-{ solution, P, belongs
to the horizontal surface, while the other point Py, belongs to the vertical one. So, there will be
two values of pressure at the corner, Roache, [12]

Calculation of P, -
Using the x momentum equation just at the corner and at the point just leading to it

ox Re oy
@' _ -_1_(-3Clc.j +4c-'lc,j+l —C!c,jn)
oxl,  Re 2Ay
@ A _[ 3C[9—l, +4Ch:—l J¥1 Clc- Jﬂ) "“ ._
ax Ie-1
e % phicy H ‘{ J | 57

SO,. p pw—l j +Ax dx (58)

Calculation of Py,
Using the y momentum equation, at the corner and at the point just below it using the samc
procedure as in the case of P,.

3. 4 ~ Error Calculation And Convergence Criteria

At every grid point, the error is calculated as &, = (X! - X

where X stands for y, £, and p, then taking the maximum value across the whole domain, this
value must not exceed a certain value which is the solution degree of accuracy wanted. If this
value is not achieved then another iteration takes place until the required value is achieved. v is
permltted to use only a finite number of iterations; 5 iterations; not to reach a certain error. It
gives very good accuracy and a limited total iteration numbers. At the end, the solution
satisfies the error for both y and ¢ .

In the present work the value of the error for Stream Function v, is 1073, VOl‘tIClty §is 1077,
while for Pressure pis 5 x 103

4 RESULTS

In the present case of study, the presented results are obtained for the following parameters:
flow over back step with sharp corner; no axial pressure gradient, computational field with
rectangular shape of 60 grid height and 150 grid in the longitudinal direction. 20 x 20 cell
corner, grid ratio §=2.0,where Ax=0.1 and Ay=0.05, At.;=0.95At, Re=100. The inflow
boundary layer thickness 8/h=1, where h is the backstep height. The inflow condition was
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located at two base heights upstream of the corner and the free streamn was at two base
heights above the corner.
Obtained data are graphically presented as follows:

Fig. 3, represents the error course for the stream function \ , the vorticity ¢ and the sum of
stream function. The error is strongly converging without any oscillation which is the
advantage of the y-( approach. The sum of the stream function all over the domain behaves as
a constant value near convergence. The behavior of the two methods ensure convergence of
the solution

Fig. 4, represents the error course of the Poisson equation of pressure. Convergence occurs
faster than - solution. '

Fig. 5, represents the contour plots for w, £, ¢, and the stagnation pressure at Reynolds
number = 100.

Fig. S-a, is a contour plot of the stream function. The increased spacing between the
streamlines at constant Ay indicates lower volumetric flux in the lower portions of the
boundary layer, consequently lower velocity. The extrapolated separation point occurs less
than one cell below the sharp corner, and reattachment occurs at mesh point number 124 in the
x direction, i.e., at 10.4 base height downstream of the corner.

Fig. 5-b, is a contour plot of the vorticity. The heavy concentration of contour lines near the
sharp corner indicates high vorticity gradient in this region. Within the upstream boundary
layer, the constant vorticity lines generaily follow the streamline shapes. Outside the boundary
layer, no vorticity contour lines appear, indicating a region of nearly zero vorticity.

Fig. S-c, is a contour plot of the pressure coefficient, where ¢p=(P-Po)/q, and
qo =0.5(u?+v2).; is a dimensionless dynamic pressure at the reference position. The plot
shows that Cp is equal to zero at the beginning of the horizontal surface, then, it decreases and
has a negative values. When approaching the corner and in the base region, where the lowest
value of cj is located, positive pressure drag of the backstep due to the viscous pumping effect
is indicated. As advancing far from the backstep the value of Cp increases, until at =110, i.e.
at 11 base height, the value of cp reaches zero again, then it continue increasing to reach a
positive value. The pressure in the downstream region is nearly one-dimensional, as indicated
by the nearly vertical contour lines. This implies that 9p/dy=0. Also at the inflow, the departure
from the boundary-layer assumption 8p/dy=0 is small, and appears to be due to the upstream
influence of the corner. In the corner and base region, the pressure field is strongly two-
dimensional. The calculated average base pressure coefficient over the vertical surface is equal
to -0.077

Fig. 5-d, is a contour plot of the stagnation pressure, Pr=P + 0.5 (u? + v2). The gradient
regions of Pr are seen to be confined with the viscous regions, with very little variation of Py
above the boundary layer and the itee shear layer. In the boundary layer Py generally follows
the streamlines.

The obtained data showed good agreement when compared to that obtained by Roache, [4].
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5 EXPERIMENTAL VERIFICATION

A short model with a length of 12.2 cm, width of 2.3 cm, and thickness of 2.6 cmis
manufactured. The leading edge of the model is rounded to avoid flow separation. The width
of the model is obligatory small to fit the test section. The test model is qualitatively tested in a
smoke wind tunnel. The photo of the test model, presented in Fig.(6), show the phenomenon
of the flow separation at the trailing edge of the model. The smoke trace (streak line) is similar
to the steady state stream function, obtained by numerical calculation, presented in Fig.(5-a).
When the flow speed increases; consequently the Reynolds number; the flow separation starts
earlier and its length is increased, Fig.(7). This confirms the obtained numerical results.

6 CONCLUSIONS

The presented work is a contribution to the numerical analysis of the flow separation. A

versatile computer program is coded to solve for the flow field around a finite plate with
backstep.

e S
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Figure 7 Flow separation at high Reynolds number.
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