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Abstract. A numerical simulation has been carried out to study the ramflow in

a symmetric sudden expanded channel subjected to a uniftmwinig/suction speed
placed at the lower and upper porous step walls. The gowgaguations for viscous flow
have been solved using finite-difference techniques irspresvelocity formulation. The
results obtained here have been compared with the avadapkrimental and numerical
results of similar problems. It is noted that the reciraaigtregion formed near the step
walls diminishes in its length for increasing values of hilegvspeed applied at the porous
step walls. For a suitable blowing speed, the recirculatiome disappears completely.
The critical Reynolds number for the flow bifurcation (i.eovil asymmetry) is obtained
and it increases with the increase of the blowing speed. Titieat Reynolds number for
symmetry breaking of the flow decreases with the increasaiiges of suction speeds.
The primary and the secondary recirculating regions formest the channel walls are
controlled using blowing.

Keywords: sudden expansion, porous step walls, staggered grid.

1 Introduction

Laminar separated flows and the control of flow separatioorgeto one of the fun-
damental classes of flows which have attracted substamtgadt@n in fluid mechanics
over the years. Two-dimensional laminar flow of an incomgitde Newtonian fluid in

a symmetric sudden expanded channel has been studied glsavestigators. Experi-
mental and numerical studies of Durst et al. [1], Cherdrai.gR], Sobey and Drazin [3],
Fearn et al. [4], and Durst et al. [5] investigated the sudzgransion channel flows with
moderate expansion ratio. When the Reynolds number Re&svedy low, the flow

is symmetric and the recirculating regions at the two chbwadls are also symmetric.
With the increase of Reynolds number, the flow remains twoedisional but asymmetry
of the flow sets in. Additional recirculation zones appeanglthe channel walls for
further higher values of Re. Recently, Chiang et al. [6] regbthe sidewall effects in
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a symmetric sudden expansion flow via 2-D and 3-D simulati¢tesva and Rusak [7]
used an asymptotic analysis to investigate the resultiaggh in the bifurcation diagram
and stability in a slightly asymmetric channel with a suddepansion. Using asymptotic
analysis, Hawa and Rusak [8] demonstrated that when thedRisynumber is smaller
than a critical valueRe., the symmetric states have an asymptotically stable mode of
disturbance. However, whelRe > Re., the symmetric states are unstable to this mode
of asymmetric disturbance. The asymmetry of the flow dependke Reynolds number

of the flow, the expansion ratio and also on the aspect ratioif®t al. [5]).

Separation control (with active or passive methods) is afiense importence to the
performance of air, land or sea vehicles, turbomachinéfsisgéirs, and a variety of other
technologically important systems involving fluid flow (¥8ad-el-Hak and Bushnell [9]).
There are several methods which have been developed fouthege of artificial control
of the boundary layer behaviour e.g. near-wall fluid suctd blowing, cooling and
heating, surface modifications in the form of hump and dipy 8treaming by favourable
pressure gradient. According to the physical concept obthendary layer, it is possible
to delay or even prevent separation by removing the decebefluid particles caused by
the adverse pressure gradient in the region where sepaiatiikely to develop. The
much explored method of preventing separation is sucticalre it is relatively easy to
impose the various strengths of surface mass flow to pefertatninar flow separation.
The effect of suction consists in the removal of directedifparticles from the boundary
layer before they are given a chance to cause separationhéether hand, the wall
shear stress and hence friction drag is reduced by blowihgt i why blowing may be
useful in controlling the flow separation in a system invotyfluid flow. Wall blowing
and suction have been encountered in many engineering flollgms such as turbine-
blade cooling, transition delay and prevention of sepanatComprehensive summaries
of research in the area of boundary layer control by suctianjection in the flow of a
viscous fluid are to be found in Lachmann et al. [10] and Charaj.§11]. Recently,
Kaiktsis and Monkewitz [12] investigated the effects of M&lction applied at the step
wall on flow separation in backward-facing step flow.

In the present paper, we explore the effects of suction andiby speeds placed
at the porous step walls on flow separation and symmetnkhbrgifurcation in a two-
dimensional sudden expanded channel. Finite-differeppgeoaimations of the governing
equations of motion in the primitive variable formulatiole @mployed. The recirculation
regions near the step walls can be influenced by a suitablesitign of blowing and
suction speed at the porous step walls. Wall shear stresbdi®n which is a function
of suction or blowing speed has been calculated and presgrdphically. The pattern of
streamlines and the vorticity contours have been drawn aalysed physically. The crit-
ical Reynolds number for which the symmetry breaking biftian of the flow occured
is obtained.

2 Governing equations

We consider the two-dimensional flow of an incompressibkemiis fluid of constant
densityp, in a two-dimensional symmetric sudden expanded channed.(a*, y*) be
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the Cartesian coordinates of any point in the flow domain re/tieex*-axis is along the
bottom plate of the outlet channel aptlis the normal to both the plates. Let, v* be
the velocity components along th& andy* directions respectively* the pressure and
U the maximum velocity at the inlet section of the channel. Agital sketch of the
problem is given in Fig. 1. The height of the inlet channel isllet =}, =% denote the
upper wall and lower wall reattachment lengths respegtividhe channel height is taken
ass*.
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Fig. 1. Schematic diagram of the flow configuration, in thespree of (a) blowing;
(b) suction at the step walls.

Introducing the following dimensionless variables
t=tU/h, x=2z"/h, y=y*/h, u=u"/U v=0v"/U,

p=0"/pU?, w,=x;/h, W
the Navier-Stokes equations for motion are written as

St = (2)

%+%+%—jg—z+é<%+%>, (4)
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whereRe = Uh/v is the Reynolds number. The non-dimensional step heighkentas
s wheres = s*/h. The channel expansion ratio is takenlas2. The non-dimensional
length of the inlet channel is taken 4s

3 Boundary conditions

The streamwise and transverse velocity components sheuwdro at the rigid walls (no-
slip condition) except at the porous step walls where a bigvar suction of fluid with
speedu;, or ug is imposed. The suction or injection speed is kept small imgarison
with the main stream velocity/. At the inlet section of the channel the flow is assumed
to be fully developed i.e., Poiseuille flow.

The downstream length measured from the step is sufficiéomly (45 non-dimen-
sional units), so that the reattachment length is indepatmafehe length of the compu-
tational domain. The boundary condition at the outlet cisEsgtion of the channel was
taken as that of a fully developed flow, i8% = 2% = 0.

4 Numerical methods

The governing equations (2), (3) and (4) along with theahand boundary conditions are
solved by a finite difference method. Control volume-baseitefidifference discretiza-
tion of the above equations is carried out on a staggered gojoularly known as MAC
(Marker and Cell) proposed by Harlow and Welch [13]. In thipd of grid alignment,
the velocities and the pressure are evaluated at diffepeatibns of the control volume.

The time derivative terms are differenced according to tfet-firder accurate two-
level forward time-differencing formula. The convectiwrms in the momentum equa-
tions are differenced with a hybrid scheme consisting ofcétral differencing and the
second-order upwinding in order to reduce or eliminates#aiffusion”. The diffusive
terms are differenced by a second-order accurate threg-pemtral difference formula.
The source terms are centrally differenced, keeping théipo®of the respective fluxes
at the centres of the control volumes. Thus, in finite-ddfere form, witht = nAt,z =
iAz,y = jAy andp(z,y,t) = p(iAz, jAy,nAt) = pj;, where the superscript n refers
to the time directionAt is the time increment andlz, Ay are the length and width of the
(i, 7)-th control volume(z;, y;) and(z; , 1, y;, 1) are the co-ordinates of the cell centre
and the right top corner of the cell, respectively.

The discretized form of the continuity equation at thej) cell becomes

n
v
i+3,7

“ Mg Y
Az Ay
Considering the source, convective and diffusive term$iatitth time level, the
momentum equation in the-direction given by equation (3) is put in the finite-difface

form

n

) i1
—2 =0. (5)

—v

n+1 n

. . — U, . no N

i+3,] i+ 5,7 _ Pij —Piv1,5 1 Ued?. 6)
At Az hJ?

u

454



Effects of Suction and Blowing on Flow Separation in a Symin&udden Expanded Channel

where
1 P
Ucdzj = T Diffu;’; — Conu;';. @)

Here Diff u*; andCon vy ; are the diffusive and convective terms of threnomentum
equation for thenr-th time level at(7, j) cell. The diffusive terms are discretized centrally.
A central difference formula is used for the mixed derivat\¢u/dx0y in uniform grid
sizes.

The same discretization techniques are employed forttm@mentum equation and

the final form of discretized equation becomes

,Un+1 n

. — V.. n o n
i,j+3 ij+3 _ DPij —DPij1 "
= Ved? 8
At Ay Vg 8)
where
7 |, n
Vcdifj =2 Diffv;’; — Convy’;. 9)

HereDiff vj; andCon v}'; are the finite-difference representation of diffusive and-c
vective terms of the-momentum equation for theth time level at the cel(i, 5).

A Poisson equation for pressure is obtained by combiningigm@etized form of the
momentum and continuity equations. The final form of the Saisequation for pressure
is

2(A+ B)p; — Apiya,; — Api_1; — Bpi 1 — Bpi i

At Ax Ay

HereDiv}', is the finite-difference representation of the divergerfec®velocity field at

cell (4, 7). The expressions fod, B are presented below.
1 1

(Az)?’ (Ay)?
The advantage in using MAC cell is that the pressure bounctargition is not needed at
the boundaries where the velocity vector is specified, beethe domain boundaries are
chosen to fall on velocity nodes. For the cells adjacentéauhper wallly = 2), we get
from v-momentum equation

Pryea =Pl + AyVed]. (11)
Thus the Poisson equation for pressure for the cells adjgoethe upper wall
(y=2)is
(2A+ B)pi'; — Apiy1; — Apia; — Bpija
Div}, Uecd}, — Ucd} Ved, 4 (12)
d o ; ;

14

At Az Ay |
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wherep]'; is the pressure located at the cell centre inside the flow doma
The Poisson equation for pressure for the cells adjacehetimtet channel boundary
atz = 0 can be expressed as

(A+2B)pi'; — Api'yr; — Bpitj 1 — Bpiljn

Div}';  Ued};  Ved}; — Ved], (13)
, g Yed,

7,—1

At Az Ay ’

wherepy; is the pressure at the cell centre inside the flow domain.

Similarly, the Poisson equations for pressure for the egljacent to the step height
wall, inlet channel lower wall and outlet channel lower walid outlet boundary are
obtained. The Poisson equation for pressure (equatior) {§3olved iteratively by
successive over-relaxation (S.0.R.) method. The valubebver-relaxation parameter
is taken here a%.2.

In the correction stage, pressure and subsequently theitietoare corrected to get
a more accurate velocity field in the sense that it will sgtiee continuity equation more
accurately. This second stage begins with computing thergince of the velocity field
for each cell. Ifit is found to be greater thars x 10~% at any cell in absolute sense, then
the pressure is corrected for each cell in the flow field. THeoty components at the
sides of the cell are then adjusted. The pressure correfctiotula is

pij = Di; +wAp; j, (14)

wherep;; is obtained after solving the Poisson equatien(w < 0.5) is an under-
relaxation parameter and
A Divi, 15
Dij = _Ma (15)

whereDiv; ; is the value of the divergence of velocity field at the ¢gllj) obtained after
solving the Poisson equation for pressure. Theelocity correction formulae are:

At Ap; ;
n+1 _ % + p7J

i+3 " it Az (16)
At Ap;
n+l __ | % o 2
ui*%,j = ui*%;j 7A{L‘ s (17)

whereu;f+%7j, u;‘_%d, represent the updated velocity field obtained after solthiegPois-
son equation for pressure. Similarly, theelocity corrections could be obtained.

The Courant-Fredrichs-Lewy (CFL) condition and the canditvhich is related to
the viscous effects, according to Hirt's stability critari(that is, the momentum must
not diffuse farther than one cell in one time step) were usedetermine the time step
At (see Hirt [14]). The final time step was less than the minimwetednined by the
above two conditions. A typical value of the time step for inesent computation in the
Reynolds number range 100 to 500 is 0.006. For higher Regmalchber flow, the time
step (consistent with the above two conditions) had to beaed further. The details can
be found in Midya et al. [15].
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5 Results and discussion

Grid independent tests have been performed for selectafjrtal grid-size of the present
computation. The reattachment lengths on both the uppettenidwer wall have been
presented at Table 1 for different grid sizes whgnr= u; = 0 andRe = 300. The results
are compared with the experimental results of Durst et afof5the reattachment length
at Re = 300 andu; = 0.0 (at which lower and upper wall reattachment lengths are near
about5.39 and17.1 respectively) and are found to agree well in case of lowet gides
(i.e. Az = Ay = 0.04). Grid independent tests have also been performed for taesca
one foru, = 0.05 and another fots = 0.05. The primary separation lengths at the lower
and upper walls for,, = 0.05 andus = 0.05 have been shown in the Table 2 and Table 3
respectively. All the computations have been carried oatRentium 1V machine with a
speed.4 of GHz and256 MB RAM.

Table 1. Reattachment lengths at the lower and upper waldifferent grid sizes for
Re = 300 andu, = 0.0

grid lower wall  upper wall
0.04 x 0.04 5.373 16.963
0.06 x 0.06 5.782 15.824
0.08 x 0.08 6.100 15.737

Table 2. Primary separation lengths at the lower and uppkrfevalifferent grid sizes
for Re = 300 andu, = 0.05

grid lower wall  upper wall
0.04 x 0.04 3.28 6.71
0.06 x 0.06 3.34 6.67
0.08 x 0.08 3.39 6.56

Table 3. Primary separation lengths at the lower and uppkrfovalifferent grid sizes
for Re = 300 andus = 0.05

grid lower wall  upper wall
0.04 x 0.04 2.22 8.13
0.06 x 0.06 2.27 8.08
0.08 x 0.08 3.31 8.02

The verification of the present numerical algorithm is perfed against experimen-
tal and numerical results for the case of symmetric suddparesion channel. The results
obtained in this study have been compared with the expetahand numerical studies
of Durst et al. [5] and are presented in Fig. 2. In this figure, present recirculation
zone lengths, normalized by step heighfs = 1/2), versus Reynolds numbeRe.
The computational values obtained by using the present ricahascheme agree well
with the numerical and experimental findings of Durst et 8]. [The dependence of
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the details of the flow on the dimensionless parameters Reynolds numberKe) and
suction/blowing speed is investigated systematicallhafollowing sections.

30F T T A ]
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Fig. 2. Recirculation lengthy,., normalized by step height, versus Reynolds number
Re for the comparison of experimental and numerical results.

5.1 Pattern of flow

First of all we present the figures which establishes theanimage field in the flow.
Fig. 3 depicts the pattern of streamlines reflecting mimmage view for; = 0,0.05,0.1
and Re = 100. The recirculating region increases on both lower and upadis equally
when the suction velocityu() is 0.05. Its length further increases far, = 0.1.

ug= 0
5 10 15 20 25 H
ug=0.05
5 10 15 20 25 H
u.=0.1

5 10 15 20 25 g

Fig. 3. Pattern of streamlines for different values of suttspeeds for the Reynolds
numberRe = 100 (thez- andy-scales are not the same).
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Fig. 4 exhibits the vortex shedding of the flow pattern fofetint suction velocities
(us = 0,0.05,0.1) for the same Reynolds number. The same feature of vorfiiekg
(mirror-image) is viewed.

5 10 15 20 25

ug=0.05
? 1 1 1 1
5 10 15 20 25
Y —o1 5

5 10 15 20 25

Fig. 4. \Vorticity isocontours for different values of suani speeds for the Reynolds
numberRe = 100 (thez- andy-scales are not the same).

We have also drawn curves of wall shear stresses (Figs. B@a)ad) for both walls
taking same values of suction speeds and Reynolds numbersdrhe feature as cited
above is retained in the distribution of wall stresses.

Fig. 6 presents the velocity distribution at the locationcof 5 near the step wall
(the inlet channel length has been taked gise. uptox = 4). It is clear that, whem =
0, the upper and the lower parts of the velocity curves hagatine regions indicating the
presence of recirculation zones in both the channel wahe.l&ngth of recirculation zone
increases for the increased values of suction speeds. Wédld becomes asymmetric.

Fig. 7 shows the streamlines fay = 0,0.05, 0.1 for the Reynolds humber 300. It
is seen, however, that ag increases, the length of separation also gradually dimésis
along the upper wall of the channel whereas increases dhpaieng the lower wall of
the channel and the streamline pattern gradually becommesisyric asu;, increases.

Isovorticity lines have some interesting features, andstw@wvn in Fig. 8 at the
Reynolds numbeB00. In the non-manipulated:, = 0) flow, the centreline vorticity
contour is curved which starts at the junction of inlet chelrand outlet channel. This
indicates the asymmetric nature of the flow. Whgn= 0.05 is imposed, the contours
becomes more symmetric thap = 0 and centreline vorticity line also tends to a straight
line. Foru, = 0.1, the centreline becomes nearly straight line and contaersilaost
symmetric about the centreline of the channel.

Figs. 9(a) and 9(b) represent non-dimensional shear strdistribution
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(Irw = 7/(3pU?)]) along the upper and lower outlet walls respectively faivas values
of the blowing atRe = 300. With the increase in blowing speeds, it is seen from Fig. 9
that the upper wall shear stresses decrease significarathtime upper step wall. For the

-0.01F Y q

-0.02-

Shear stress on the upper outlet wall
o

-0.03 T

—0.04 I I I I

-0.01 u.=0
—002}s /! ug=005- - J
I/ ug=01 ----
L

-0.03f; /

Shear stress on the lower outlet wall
o

~0.04 L I I I I
5 10 15 20 25

X
(b)
Fig. 5. Shear stress distribution: (a) along the upper butd, for u, = 0,0.05, 0.1
andRe = 100; (b) along the lower outlet wall, foi, = 0,0.05,0.1 andRe = 100.

2 —7
ol
N
15+ T e i
ug=01 ---- TN
- - W il
y 1F ug=0.05 2
ug=00 — o=
05t = B
Ry
\\l
0 | Bl | | | |
~0.4 -0.2 0 0.2 0.4 0.6 0.8
u

Fig. 6. Velocity profiles at a statian = 5 for us = 0,0.05, 0.1 and Re = 100.
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up=0

up=0.05

up=01

Fig. 7. Pattern of streamlines for different values of blogvspeeds for the Reynolds
numberRe = 300 (the z- andy-scales are not the same).

5 10 15 20 25 ¢

——

u, =0.05 %
P | | | 1

5 10 15 20 25 ¢

Fig. 8. Vorticity isocontours for different values of blavg speeds for the Reynolds
numberRe = 300 (the z- andy-scales are not the same).
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non-manipulated flow case, the graph for the wall shearsgksews that there is a big
primary separation, near the upper step wall. With the apptin of small blowing speed,
sayu, = 0.05, this large separation zone decreases in its sizeoarde blowing speed

up = 0.1, the large separation region has been drasticallyedsed in length. Hence,
blowing can be used as an alternative method for controdigggration. Due to the appli-
cation of blowing at the porous step walls, the decelerated flarticles are accelerated,
resulting in the decrease of region of separation.

_ oot ‘
= _
g up =0 e
R p— up =005 - -—- )
5 . . up =01 -
2 0
) / 2
o / AN
g_ i TN
S o005/ e ——
< b T
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%ﬂ "
£ -0.015} )
7 i
g :
e -oo02f )
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-0.025 : ‘ ‘ ‘

5 10 15 20 E]
X
(a)

0.025
T _
H 0.02} up=00 )
Z
1]
3 oo15f Up=005 77 )
g u,=01 T
8  ooif ]
[ N ===
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c 0005 e )
5 \ N T = T
@ [N e
g 0 :
5 N
$  -0.005 )
<
B

0,01 ; ‘ ‘ ‘

5 10 15 20 25
X

Fig. 9. Shear stress distribution: (a) along the upper butddl, for u;, = 0,0.05,0.1
andRe = 300; (b) along the lower outlet wall, fot, = 0,0.05, 0.1 and Re = 300.

The velocity curve at the location af = 5 near the step wall (the inlet channel
length has been taken asi.e. uptox = 4) is shown in the Fig. 10. The velocity curves
have negative regions showing the recirculation zonestimthe channel walls fai, = 0.
The separation zones on both the walls decrease its lengthef@pplication of blowing
speedu; = 0.05. The velocity curve foti, = 0.1 has no negative region which indicates
the flow separation region is completely disappeared.
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151

up=01 -~
F up=0.05- -
up=0.0 —

0.5

0
-0.4 -0.2 0 0.2 0.4 0.6 0.8

Fig. 10. Velocity profiles at a station= 5 for u, = 0,0.05, 0.1 and Re = 300.

5.2  Asymmetric flow

Now, we measure asymmetry of the flow by the root mean squasdocity (v;.,,s) on
the centreline of the channel. Thg,, is defined as

2 2 2 2

(o B AT s i SIS o O 1 .

it3d | Titdg  Tit3 it 2n=1
vrms

n

)

j lies on the centreline of the channel,s the total number of grid points in the axial
direction. Whenv,.,,, s is close to zero, the flow becomes symmetric. Fig. 11 depjgts
versusRe for various values of, andus. Obviously, the flow remains symmetric up to a
specific Reynolds number depending upon the situation deredil. It is to be noted that
the critical Reynolds number denoted Ry, is obtained close t@25 for u, = us = 0.
With further increase in Reynolds number, the asymmetryhefftow develops which
turns up another strong recirculating region. Fig. 11 iaths that for blowing speed
up = 0.05 the flow field remains symmetric up e = 185 approximately. The critical

0.04

003  —— u,=0=y B

003 =0 . g
***** Uy =01 ’

00— — =008 : P

0.02- ug =0.1 P 4

0.015(~

0.011

0.005~

r. m. s. v-velocity on the centreline of the chann

Fig. 11. Distribution of r.m.s.v-velocity on the channel centreline agairig¢ for
different values of blowing and suction speeds.
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Reynolds number is near ab@@) when the blowing speed ig, = 0.1. On the contrary,

if we impose suction velocity at the steps, the flow is fountiéamore unstable, and an
early asymmetry occurs. When = 0.05, the flow becomes asymmetric at a Reynolds
number 0f90 approximately and for suction speed = 0.1, the critical value is found
near abou5. Therefore, imposition of blowing at the step walls ince=athe flow’s
stability to asymmetric perturbations, and can also preseparation. On the other hand,
suction can be used as an asymmetry generator.

6 Conclusions

The structure of a two-dimensional flow in a channel with rdéxpansion subject

to blowing and suction at the porous step walls has beenestudihe Navier-Stokes
equations have been solved by a finite difference methodjstaggered grid. Asym-
metric states appear whete > Re.. Shear stress distributions have been determined
for different blowing and suction speeds.The critical Rags numbers for the flow
asymmetry bifurcation have been obtained for various bigvaind suction speeds. Based
on the present results, the following observations can teema

1. Inthe region of large recirculation zone, shear strekgegadecrease significantly at
increasing blowing speed.

2. By the application of blowing, the separation point ghiftwards downstream of the
channel and the reattachment point towards the upstreattidin of the channel.

3. Thus, blowing shrinks the large recirculation zone, anthie case of suction, the
separating enhances.

4. The blowing through the channel wall makes the asymmettdare of flow to the
symmetric by diminishing the region of separation. On theohand, the symmetric
nature of flow becomes asymmetric by the application of endiiom the porous
channel wall and the region of separation enhances duerteaisiog suction speed.

5. The critical Reynolds number for flow symmetry bifurcatiacreases with the in-
crease of blowing intensity.
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