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Numerical Investigation of Wake Flow
Control by a Splitter Plate

Woe-Chul Park* and Hiroshi Higuchi**
(Received April 8, 1997)

Unsteady separated flow around a square cylinder is simulated by using vortex tracing method

to investigate the wake flow control by a splitter plate attached to the base of a bluff body. The

numerical method is evaluated with selected numerical parameters for the case without the

splitter plate. Then the method is applied to computations for different splitter plate lengths.

Instantaneous flow patterns are scrutinized to see how the splitter plate affects the vortex

formation behind the body and the downstream shedding. It is confirmed that the drag and the

frequency are significantly reduced by the splitter plate, suppressing vortex shedding in the

wake.
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Nomenclature

Cp . Drag coefficient, drag/0.5p0/)*h
C. . Lift coefficient, lift/0.500/,*h
Cp . Pressure coefficient

d . Distance from vortex to wall
D, . Merging parameter

i . Side of square cylinder

L . Length of splitter plate

n . Unit normal vector

Nr . Number of free vortices

Ny Number of vortices

Ny . Number of wall points

R, . Distance from creation point to wall

St Strouhal number, fh/ [/, (f is vortrex shed-
ding frequency)

ds . Segment length between two neighboring
wall points

t > Time

T Nondimensional time, {{J,/h

AT : Time step, iU,/ h

U . Velocity vector ({J, V)

U, : Freestream velocity
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: Merging tolerance

. Complex position (x+ 7v)
: Circulation

: Fluid density

: Radius of vortex blob

. Stream function

S*C\Q’O'ﬁNS

. Vorticity
1. Introduction

Reduction of drag and suppression of vibration
of a bluff body have been an important subject in
many areas. Drag and vibration of a bluff body
which moves in a fluid or is submerged in a flow
are closely related to the vortex formation and
shedding in the wake of the body. Among
methods to control the vortex shedding a simple
one is attaching a splitter plate to the base of the
body. Experimental studies on such a flow con-
trol by a splitter plate have been carried out by
Roshko (1954), Grove et al. (1964), Bearman
(1965), Gerrad (1966), Bearman and Trueman
(1972), Apelt et al. (1973), Mansingh and Oosth-
uizen (1990), and Hasan and Budair (1994). How-
ever, not many numerical studies have been repor-
ted up to date. Park and Higuchi(1988) comput-
ed flow around rectangular cylinders with a split-
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ter plate of length L/h=>5.0 by using a vortex
method. Cete and Unal (1992) applied a vortex
method with conformal mapping-transformation
technique to a circular cylinder for splitter plates
of L/h=0~20. Arai and Saitoh(1992) inves-
tigated effects of gap between a square cylinder
and a splitter plate of L/h=1.0 using the finite
difference method. Park (1993) simulated to see
the effect of the splitter plate length on drag
reduction for the square cylinder with L /h=0~5.
0.

For better understanding of the roles of the
splitter plate on wake flow control, it is necessary
to investigate the aerodynamic aspects such as
vortex formation and shedding and the reduction
of the drag and Strouhal number by a splitter
plate in a wide range of its length. In the present
study, flow around a square cylinder was comput-
ed to investigate the vortex formation, its growth
in the wake, and the downstream shedding for
different splitter plate lengths.

Drag of a square cylinder remains nearly con-
stant in a wide range of Reynolds number. The
vortex tracing method(Spalart and Leonard,
1982), one of the inviscid vortex methods, has
shown good results in simulations for the square
(e. g., Park and Higuchi, 1988). The method does
not require either conformal mapping or taking
care of the Kutta condition on introduction of
nascent vortices to the fluid. Because of these
advantages the vortex tracing method has been
chosen in the present study. First the vortex
method
parameters in the method were tested for rectan-

is briefly introduced, and numerical

gular cylinders without the splitter plate. The
results with selected parameters were compared
with measurements. Then the method was applied
to the calculation for different splitter plate
lengths. Flow patterns, drag and lift coefficients,
and Strouhal numbers are presented.

2. Numerical Method

Figure 1 is a square cylinder with a splitter
plate attached to the base in a uniform flow field.
There are bound vortices at the creation points, j,

j+1, -+ in the fluid around the square cylinder
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Fig. 1 A square cylinder with splitter plate.

with the circulation of [, I, ---, and free
vortices k, K+ 1, ---, with [, [,;1, --- The surface
of the cylinder and splitter plate is discretized into
NW wall points.

The flow field is expressed by the following
potential equation from the continuity equation
and the definition of vorticity,

Fo=—w (nH
The boundary condition on the body surface is,
U. n=0 (2)
and, far from the body the following is satisfied ;
U= U, 3)

Note that the computational domain is infinite
and no boundary conditions on inflow and out-
flow are required.

The stream function at a wall point is the sum
of the stream functions of all vortices, that is,

b=24; 4)

and the stream function at the i-th wall point is
written as

Gi=Im[ZwAU—1V)]
1 N
Bz,
7Z('j |Z+ 02)
| & ,
*Z;,zglfkln(Zwi*Zk !Z‘JF a%) (5)

The first term on the right hand side represents
the stream function due to freestream, and the
second and the third are due to the bound vortices
and free vortices, respectively. In this study, /=
Up. and V=0 since the angle of attack is zero. [
and I, are the circulation of the bound vortices
and the free vortices. 7Z,, Z. and Z, are the
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complex positions of the wall points, creation
points and free vortices, respectively. In this equa-
tion the only unknown is [7. The stream function
for the wall point ;41 can be written in the same
manner by replacing the subscript ; with ;j+ 1.

Since the body surface is a streamline, the
stream functions at the two neighboring wall
points i and ;41 are the same, that is,

¢)f: (,/)i+1 (6)
This yields a system of linear equations about the
unknown circulation [ of the bound vortices,

AI'=B M

where, the influence coefficient matrix A4 is Ny X
Nw. and is determined from the body configura-
tion and positions of the vortex creation points,
and the matrix B from the freestream velocity and
the circulation and positions of the free vortices.
A7!1s easily obtained by the Gauss elimination.

The vortices entered once inside the body by
numerical errors are removed from computation,
and their lost circulation are recovered by replac-
ing one of the above equations with Kelvin's
theorem,

Nus

205=0 (8)

Therefore the total circulation is conserved. Solv-
ing the equations about [, the bound vortices are
created.

Velocity of a vortex is sum of the induced
velocity and freestream velocity. The velocity of
the ;-th vortex, induced by all other vortices, is
calculated by the Biot-Savart law,

1 M

— 3 Yi T Y .

(,]1 27[211} (_Xj*%i)z”i' <y'}_”_yl_)2+o.a (9)
_—JAANU . X;— X B

M_zﬁ',gn (Xj*.’Ci)u' (y.i‘yz')erO'Z (10)

In the method this is the most time consuming
part requiring cpu time of O(N,?).

The vortices move in the fluid with their own
velocities. New position of the bound vortex is
calculated by the Euler scheme,

Zr=Z"4 U At/ N (n

and that of the free vortex by the Adams-Bashfor-
th scheme,

Zr =7 (LSU =050 At/ N (12)

Here N is an integer number, and n denotes the
computational sequence. Instead of A¢, a smaller
time step 4¢/N was used to reduce numerical
errors in convection of the vortices. These integra-
tions are accurate of O(4¢f) and O(4r?), respec-
tively.

Since N, new vortices are created at every A¢,
the total number of vortices rapidly increases. To
control the total number of vortices a vortex
merging device(Spalart and Leonard, 1982) is
used. Two vortices indexing 1 and j merge when

| [wz']wj |
| L+ T [ (Dot de) (Dot d) 18

With this ad-hoc merging device, the vortices

< I/fo ( 1 3)

merge more likely when their circulation is small
and they rotate in the same direction, and are
located close each other but far from the body.
The merging parameter [, controls the density of
the vortices near the body : a smaller D, suppres-
ses merging near the body. The merging tolerance
V, is self-adjusted to maintain the total number
of vortices. When two vortices merge, the circula-
tion and position of the new vortex are calculated
by

Ezew::n+n (]4)
and
Znew:: (11121+ 1—1121)/(1_‘1'17 n) (15)

so the circulation and linear impulse are conser-
ved.

The instantaneous drag coefficient C, and lift
coefficient (, are calculated from the circulation
and positions of the vortices as

3. Results and Discussion

[n the present study, like other vortex methods,
the time-averaged drag coefficient and pressure
coefficients, and the Strouhal number are compar-
ed with the available measurements to evaluate
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the method. The freestream velocity [/, and the
side of the square }; were taken to be 1.0, respec-
tively, for convenience. Time-averaged coeffi-
cients of drag, lift and pressure were averaged
over the final 600 steps out of the total 800 time
steps in each case. The Strouhal number was
calculated from the time-variation of the lift
coefficient during the last 512 steps.

The numerical parameters to be evaluated are
Nv, Ny (or 4s), 6, Ro D, and AT. The val-
ues of these parameters were selected through the
evaluation of the method as listed in Table 1.
While testing one parameter the others remain the
same as values given in the table.

Without splitter plate, 160(Jds/4=0.025) and

Table 1 Selected values of numerical parameters.

Ads/h 0.05
Ro/h 0.0125
a/h 0.0001
Do/h 0.05
aT 0.2%
Ny max (3N, 300)
* 0.05 for convection
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80(ds/h=0.05) of the wall points N, showed
very small differences in Cp,. The time-averaged
drag coefficient for Ny =160 was 1.8% higher
than that for N, =80. N, =80 was selected,
which corresponds to 20 wall points each side of
the square. On the surface of the splitter plate the
same segment length Js/4=0.05 was used.
Figure 2 is a part of the test results for the
numerical parameters Ny, g, Ko and D, Cp
remains nearly the same for 200< N, <1200.
Computation of induced velocity requires cpu
time of O(N,?), and hence computation cost
increases with Ny. Ny=3Ny, was selected for N,
> 300, but N, =300 for N, <300. ¢ was tested in
the range from 0.00001h to 0.001h. No significant
difference in Cp, was found and ¢//4=0.0001 was
chosen. R, was tested for 0.005h < R,< 0.15h.
Cp was overpredicted by about 10% when R, >0.
03. Rp,/h=0.0125, which is 4s/4, was selected.
The merging parameter [J, was taken to be 0.05h
as recommended in Spalart and Leonard (1982).
For AT, among 0.05, 0.1, 0.15, 0.2, 0.3, 0.4
tested, the best periodic vortex shedding was
obtained at 0.2. In convection of vortices, how-
ever, a much smaller time step 47 =0.05 was

used to reduce the numerical errors.
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Fig. 2 Variation of C, with numerical parameters.
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Fig. 4 Comparison of time-averaged pressure coefii-

cient.

The calculated C, and (, with the seclected
numerical parameters are plotted in Fig. 3. For 7°
>20 vortex sheds nearly regularly in the wake.
The Strauhal number, which is a nondimensional
vortex shedding frequency and calculated from
the C, variation, was 0.14, which agrees well with
the measured values 0.14(Nagano et al., 1982)
and 0.134 (Hasan and Budair, 1994).

The time-averaged pressure distribution 1s
compared in Fig. 4. The base pressure is in a
good agreement. The calculated time-averaged
Cp was 2.26, which also compares very well with
the measured value 2.2(Bearman& Trueman,
1972).

Vortex is formed near the base of the square by

the shear layers separated at the two front edges
of the square. The vortices shed one by one form
the Karman’s vortex street. Since the splitter plate
influences vortex shedding, control of the wake
flow can be investigated by flow patterns. Vortex
streets can be shown by streaklines, but the
sequential procedure of formation and shedding
of vortices is better expressed by streamlines.

Figures 5~8 show flow evolutions by stream-
lines for the splitter plate lengths ./5=0, 1.0, 3.
2 and 4.4. Without splitter plate(Fig. 5) the
streamlines show rolling-up of the upper shear
layer to the base, and a vortex rotating counter-
clockwise is formed near the base at 7 =42, but
a clockwise vortex is formed by the lower shear
layer at T =44. Vortex formation near the base at
T =46 and 48 is nearly opposite to that at 77 =42
and T =44. The Karman’s vortex street is clearly
shown.

Figure 6 depicts streamlines for [/},=1.0.
Comparing with [,/;=0 in Fig. 5, it can be seen
that the separated shear layers are not rolied up
close to the base of the body, but the splitter plate
forces that at the end of the plate where vortices
are formed. Blocking by the splitter plate lowers
the velocity near the base and this results in a
sharp decrease in drag of the body.

The computed drag coefficient for /=0 was
2.26. and 1.80 for [,/h=1.0, that shows about
20% reduction in drag by the splitter plate of L/
=10 as compared in Table 2. The measured
drag coefficients are not available except for L/}
=0 and 5.0. The streamlines also show much
lower vortex shedding frequency.

Separation of the separated upper and lower
shear layers by a longer splitter plate yields a

Table 2 Comparison of drag coefficients.

Drag coefficient (Cp)
L/h -
Experiment* Present study
0.0 2.20 2.26
1.0 - 1.80
20 - 1.62
5.0 1.34 1.47

* Bearman & Trueman (1972)
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Table 3 Comparison of Strouhal numbers.

Strouhal Number (St)
L/k
Experiment* Present study
0.0 0.134*> 0.140
1.0 0.116 0.080
2.0 0.071 0.053
5.0 0.10 -

* Hasan & Budair (1994)
**0.14 (Nagano et al., 1982)

larger low velocity region behind the body. but
the roles of the plate to reduces drag and vortex
shedding frequency becomes smaller. Figures 7
and 8 are the flow patterns for [//;=3.2 and 44,
respectively. The splitter plate suppress the inter-
action of the separated shear layers until vortices
reach the end of the plate. Vortices are formed
separately above and below the plate. C, were
respectively 1.33 for /=32 and [.65for L./ h=
4.4,

The Strouhal number is compared in Table 3.
The vortex shedding frequency is also significant-

T=42

Fig. 7

ly reduced by the splitter plate. The Strouhal
numbers are underpredicted except for [ /4=0. It
was difficult to calculate the Strouhal number
because of irregular C; variation and not enough
computation steps for /4 >3.0.

4. Conclusions

Flow around a square cylinder with a splitter
plate was computed using vortex tracing method
for different aplitter lengths to investigate the
wake flow control by plate. The instantaneous
flow patterns showed that the splitter plate blocks
the roll-up of the separated shear layers close to
the base of the body, and lowers the velocity near
the base, the drag of the body. and the vortex
shedding frequency. Interaction of the separated
shear layers was delayed until the end of the plate.
Because of this, shorter splitter plates were more
sensitive to wake flow control by forming smaller
low velocity regions behind the body. Both drag
and Strouhal number were significantly reduced

Instantaneous flow patterns for J./p=3.2.
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Fig. 8
by suppressing the vortex shedding in the wake.
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