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The problem of generation of self-sustained oscillations in the flow past a circular cylinder with a splitter
plate is solved numerically. At the initial moment the fluid is at rest. We investigate both the transient pro-
cess and the steady periodic vortex formation and shedding behind the cylinder. The evolution of the vortici-
ty field is shown for various length of the splitter plate. It is demonstrated that the splitter oriented along the
flow direction significantly reduces the forces applied to the cylinder. With increasing splitter length the av-
erage value of the drag force decreases monotonically but the amplitudes of oscillation of the forces applied
to the body change nonmonotonically. In this paper we offer our explanation of this phenomenon. It is shown
that when turning the splitter plate at some angle from the flow direction the process of vortex formation and
shedding behind the cylinder is no longer strictly regular and periodic at the range of Reynolds number con-

sidered in the paper.

Key Words: flow past cylinder, vortex shedding, splitter plate, vortex wake, OpenFOAM.
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Since vortex shedding in a flow behind a cylin-
der can lead to undesirable vibrations [1], it is neces-
sary to be able to control this process. A simple way
to decrease the drag and the oscillating lift force con-
sists in positioning a splitter plate in the wake. The
flow past a cylinder with a splitter plate has been the
subject of many computational and experimental
works [2-8]. In the experimental work [2] the models
with comparatively small splitters (h/d < 2, where h
is a length of the splitter plate, d is a diameter of the
cylinder) were considered at the Reynolds number in
the range 10* <Re <5x10*. It was concluded that
splitter plates reduce the drag by stabilizing the sepa-
ration points. They produce a wake narrower than
that of a plain cylinder. Even a very short splitter
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plate markedly reduce the drag coefficient C,. For
example, h/d=1/16 effects the 9% reduction and
h/d=1/8 effects the 16% reduction. C, may be re-

duced by as much as 31% with a plate of h/d=1. The
vortex shedding frequency varies by +10% within
the range h/d < 2. In [3] a discrete vortex model was
developed to investigate the unsteady flow in the
wake of a cylinder with a splitter plate. It was estab-
lished that even the short splitter plate produces a
significant change of the fluctuating lift: 80% reduc-
tion of the fluctuating lift for the plate of h/d=1/16.
In [4] the control over the vortex shedding with split-
ter plates was numerically simulated at the Reynolds
numbers of 80-160. Prediction of the vortex shed-
ding was in close agreement with the experimental
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data by Williamson [5]. The experimental results in
[6, 9, 10] were very similar to the numerical results
in [4] at Re = 120-160. The net drag was significant-
ly reduced by the splitter plate. There existed an op-
timum length of the plate for minimum drag at a giv-
en Reynolds number. In [7] an experimental study
was carried out to investigate the effect of a splitter
plate. The splitter plate length h/d varied from O to
1.5 and the Reynolds number was assumed to be
2400 and 3000. The experimental results showed that
the splitter plate had an effect on stabilization of
wake turbulences. For splitter plate length of h/d=0.5
and 0.75, the flow structure was significantly modi-
fied. The vortex shedding frequency decreased as
compared to the bare cylinder case. For higher split-
ter plate length of h/d=1, 1.25 and 1.5, the generation
of a secondary vortex was observed. It was deter-
mined that the splitter plate length of h/d=1 was op-
timal for suppression of the velocity fluctuations.
The stabilizing effect of the splitter plate was more
obvious at Re=3000. In [8] the flow around a cylin-
der with a splitter plate was numerically investigated
using the finite volume method. The problem was
considered in frames of Reynolds Averaged Navier-
Stokes approximation. It was revealed that the vortex
shedding behind a cylinder is completely suppressed
when the splitter plate length is longer than some
critical value which was proportional to the Reyn-
olds number. When the splitter plate length was
similar to the diameter of the cylinder, the vortex
frequency, drag, and oscillation of the lift coefficient
reached local minimum.

Fig. 1. Geometry of the problem

In this paper we described the hydrodynamic
feedback channel which causes the periodic process
of vortex shedding. The numerical simulation of the
steady process of vortex shedding is performed for
the splitter length in the range from h=d/2 to h=11d/2
but only for Re=200. It is shown that a splitter
plate oriented along the flow significantly reduces
the average drag force and the amplitude of oscilla-
tion of the forces applied to the body. With increas-
ing splitter length the average value of the drag de-
creases monotonically. The amplitudes of oscillation
of the forces applied to the body change nonmono-
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tonically. We give our explanation of this phenome-
non. In the present paper the problem of viscous in-
compressible fluid flow past a cylinder with a splitter
plate is solved numerically by using Direct Numeri-
cal Simulation (DNS) technique.

Statement of the problem. The algorithm for its
numerical solution

Let us consider the problem of a flow of viscous
incompressible fluid past a stationary circular cylin-
der with a flat splitter attached behind the cylinder.
The splitter is an absolutely rigid thin plate. It can be
oriented along the flow or at some angle to the flow
direction. The computational domain and the accept-
ed designations are shown in fig. 1. The computa-
tional domain occupies the rectangle 0<x<L,

0<y<L,. The fluid enters the domain through the

left side (x=0) with the constant velocity $V$.
Then the flow runs against a circular cylinder of di-
ameter d with a thin splitter plate of length h located
behind it and leaves the computational domain
through the right boundary (x=1L,).

The problem is formulated within the frame-
work of the model of viscous incompressible New-
tonian fluid. Such flow is described by the nonsta-
tionary system of Navier-Stokes equations. To bring
the governing equations to the dimensionless form,
the cylinder diameter d was taken as the length scale,
the velocity of the uniform flow V at a sufficiently
large distance from the cylinder was taken as the ve-
locity scale. Then the time scale is the magnitude
d/V, the pressure scale is the double pressure head
pV?. The key parameter of the problem which en-

ters into the governing equations is the Reynolds
number Re=Vd /v, where v is the kinematic vis-
cosity of the medium.

a b c
Fig. 2. Vorticity field during the transient process
Re=200, o =0, h=d/2: a) t=2.5, b) t=41, ¢ ) t=140

The boundary conditions for the velocity were
specified as follows: the uniform flow at the inlet
(x=0), the non-slip condition at the solid surface of
the cylinder and the splitter, the zero normal gradient
at the outlet (x=L,). For pressure, the condition of
zero normal gradient was formulated all over the
boundary except for the outlet. At the outlet a con-
stant pressure was prescribed. In this paper, we per-
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formed numerical calculations for Re=200 while
the splitter length h varied from 0.5d to 5.5d.

The algorithm for numerical solution of the for-
mulated problem is described in detail in [11]. It is
based on the finite volume method, which is the most
popular numerical approach in computational fluid
mechanics. The toolbox with open code OpenFOAM
was used for calculations. The spatial discretization
was performed on a structured O-type grid with
nodes concentrated near the solid surface of the cyl-
inder and the splitter. The length of a control vol-
ume’s side did not exceed 10 in the immediate
vicinity of the surface. The second-order schemes
were used both for spatial and temporal discretiza-
tion. In particular, the TVD scheme implemented in
OpenFOAM was used to discretize the convective
terms. For the discretization of the time derivative
we used an implicit three-point asymmetric second-
order scheme with backward steps (backward differ-
encing scheme). In order to verify the constructed
numerical algorithm, the classical problem of nonsta-
tionary flow separation behind a circular cylinder
was solved numerically [1]. The obtained results
were compared with the numerical and experimental
data of other authors. To parallelize the computa-
tions, we used MPI technology and the paralleliza-
tion method known as the solution domain decompo-
sition which is based on the geometric parallelism.
The calculations were performed on the cluster su-
percomputer of the Institute of Cybernetics of NAS
of Ukraine.

Analysis of the numerical results

First we consider the transient process for the
case that the splitter length is equal to the cylinder’s
radius h=d/2 and « =0. The flow develops in time
from rest. Once the motion begins, a pair of vortices
that have vorticity equal in absolute value but oppo-
site in sign arises behind the cylinder. In other

L= R = RN = B

a b c
Ny €5 €5
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Fig. 3. Vorticity field for the steady process of vortex
shedding (Re=200, « =0): a) h=d, b) h=3d/2, ¢)
h=5d/2, d) h=7d/2, e) h=9d/2, f) h=11d/2
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words, two symmetric vortices that rotate in opposite
directions appear at the rear. Figs. 2 demonstrate the
vorticity field at three moments of time. In fig. 2a the
vortex pair behind the cylinder has just arisen. The
horizontal size of the vortices only slightly exceeds
the diameter of the cylinder. As time goes on, the
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Fig. 4. Periodic oscillations of the force coefficients
acting on the solid body: a) for h=d/2, « =0, the
upper curve is the drag coefficient C,, the lower

curve is the lift coefficient C , b) for h=11d/2,

a =0, the curve with a small amplitude of oscilla-
tions is C,, the curve with the high amplitude is C, ,

¢) for h=11d/2, a =20°, the upper curve is C , the

lower curveis C,

extent of the vortex pair grows and reaches a certain
maximum value at the time approximately t=41. The
vorticity field at that moment of time is shown in fig.
2b. At the boundary of this stationary vortex pair the
expanding mixing layer is formed, i.e. the shear flow
layer, that is characterized by significant transverse
velocity gradients. High transverse gradients lead to
flow instability. On further increase of the vortex
pair, the symmetry of the flow is violated. At the
moment t = 57 the flow symmetry begins to collapse.
As time goes on, the flow symmetry behind the cyl-
inder completely collapses and the flow passes into
the regime of periodic vortex shedding. The upper
and lower vortices detach in turn. This regime is
demonstrated in fig. 2c for the time t = 140.

Now let us consider the steady process of
self-sustained oscillations of the flow behind the
cylinder. The vorticity fields are represented in
fig. 3 for various lengths of the splitter plate. The
splitter is positioned along the flow. It can be seen
that the vortices are formed not immediately behind
the cylinder surface, as it was in the flow past a cir-
cular cylinder without a splitter [1], but at some dis-
tance from the rear of the cylinder. It means that the
vortices interact not so much with the cylinder, but
rather with the splitter plate. For h=d the shear layers
formed on the cylinder surface separate from the cyl-
inder and move along the splitter. The formation of
large eddies in the wake occurs behind the rear point
of the splitter. Consequently, the large vortices
formed in the flow interact with the rear part of the
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splitter rather than with the cylinder surface. As the
splitter length increases, the interaction of the rear
part of the splitter with the large vortices formed in
the shear layers increases. At splitter length h=5d/2
the large eddies are formed before the rear part of the
splitter. With further splitter elongation (h=9d/2 and
h=11d/2), the large eddies in the wake are no longer
observed. The separated shear layers simply take a
wavy form. Thus, the elongation of the splitter has a
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ter length increases the drag force slightly decreases,
whereas the amplitude of the lift force variation in-
creases more than twice. Fig. 4c corresponds to the
case when the splitter is turned at the angle « = 20°
to the flow direction. In this case, the average value
of the lift force becomes nonzero due to the devia-
tion of the splitter. Moreover, the curve of the lifting
force lies higher than the curve of the drag force. So,

Taommusg 1

The periodic flow characteristics for various values of the splitter length h (Re=200, «=0). The following
denotations are used: T is the oscillation period, St is the Strouhal number, C; is the average value of the
drag coefficient, A, is the amplitude of the drag coefficient oscillation, A, is the amplitude of the lift co-

efficient oscillation, N = A / A is the ratio of the oscillation amplitudes of the coefficients C{, C;

h 0 r 2r 3r 5r r or 11r

T |5.082 5.89 6.30 5.72 5.78 7.22 9.11 11.2

St |0.197 0.170 0.159 0.175 0.173 0.139 0.110 0.089

CS | 1.343 1.146 1.044 1.039 0.997 0.927 0.875 0.840

A, | 5107 7.2.10° | 24.10° | 6.2:10° |1.1.10° | 52-10° | 44-10° | 49-10°
A, |0.686 0.518 0.333 0.416 0.949 1.150 1.241 1.249

N |73.10° | 1.39-10% | 0.72-102 | 1.49-10° | 1.16-10 | 0.45-10° | 0.35-10° | 0.39-10

generally stabilizing effect on the flow.

The periodic nature of the flow in the cylinder's
wake leads to the fact that the forces applied to the
cylinder change periodically as well. The interaction
of the vortices has practically no effect on the front
critical point, because of its remoteness from the vor-
tex separation region. Fig. 4a shows the time evolu-
tion of both the drag coefficient C, and the lift coef-

ficient C, for h=d /2, a=0. Obviously, the forc-

es change periodically. The period of drag variation
is half the period of lift force variation. In other
words, the oscillation frequency of the force acting
on the cylinder and the splitter in the horizontal di-
rection is twice as large as the oscillation frequency
of the force in the vertical direction. The same effect
occurs in the flow past a circular cylinder without a
splitter [1]. The other two fig. 4 show the time varia-
tion of the force coefficients for the splitter length
h=11d /2. Fig. 4b corresponds to the case when the
splitter is positioned along the flow direction. In this
case, due to the symmetric geometry of the problem,
the lift force oscillates around zero, and the frequen-
cy of the drag force oscillation is twice higher than
the frequency of the lift force oscillation. It worth
noting that with elongation of the splitter plate the
amplitude of lifting force variation grows so much
that its peak values exceed the drag force. At the
same time, the drag force decreases slightly. Thus,
comparing fig. 4a and 4b we can see that as the split-

even a relatively small deviation of the splitter by the

angle a=20° results in the fact that the lift force
exceeds the drag force. It should also be noted that
the time variation of the forces applied to the solid
body is no longer obviously periodic. Even a slight
deviation of the splitter plate of the length
h=11d /2 leads to violation of strict regularity of
the vortex shedding process. Figs 5 show the vortici-

ty field for & =20°. It can be seen that the boundary
layer formed at the upper part of the cylinder sepa-
rates from the cylinder surface and becomes a free
shear layer. The large vortices and reverse flow
zones may appear between the upper separated free
shear layer and the splitter surface. On the contrary,
in the lower part of the cylinder the shear layer is

/ @
a
a b c
Fig. 5. The vorticity field during the vortex shedding

period T (Re=200, « =20°, h=11d/2): a) at some
time t=t,,b)att=t,+T/4,c)att=t,+3T /4

located near the solid surface up to the splitter tip.
The separation of the lower shear layer and the for-
mation of a large vortex occur behind the splitter.
Thus, the oscillations of the upper and lower shear
layers are of different nature and differ in frequency.
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This reasoning explains the violation of strict regu-
larity and periodicity of the oscillation process of the
forces applied to the cylinder and the splitter. In oth-
er words, the process of vortex formation and shed-
ding from the body surface continues but the strict
regularity and periodicity of this process is no longer
observed.

The forces applied to the cylinder and the split-
ter can be represented as a sum of constant and oscil-
lating parts F=F°+F°. It is obvious that if the
splitter plate is positioned along the incoming flow

direction, C7 =0, if the splitter deviates by some

angle a, a nonzero mean value of the lift force arises
C; #0. Table 1 shows the values of the constant

component C;, the amplitudes of the oscillating
components C?, C; and the ratio of these ampli-

tudes for various splitter lengths. In addition, the ta-
ble shows the period of the oscillation and the corre-
sponding Strouhal number. It is evident that the split-
ter plate behind the cylinder substantially reduces the
average value of the drag coefficient. Moreover, the
drag coefficient continues to decrease as the splitter
length increases. This happens apparently because
the vortex formation behind the cylinder leads to
appearance of some reverse motion zones near the
surface of the splitter plate. The reverse flow near the
body reduces the drag. It should also be noted that
the splitter plate substantially decreases the ampli-
tude of the drag coefficient oscillation. Thus, in the
flow around a cylinder without a splitter (h=0) the
amplitude of the drag coefficient oscillation is

5.107. In the presence of even a small splitter plate,
whose length is equal to the radius of the cylinder,
the amplitude of the drag coefficient oscillation de-

creases to 0.72-1072. With further elongation of the
splitter plate, the oscillation amplitude of C? be-

haves nonmonotonically. First, it decreases as h
grows up to h=d, then it increases for h up to h=5d/2,
then it decreases again for h up to h=9d/2 and then
increases again. This apparently depends on how
many vortices detached from the cylinder surface
can be located along the splitter. It should also be
noted that in the presence of a splitter plate the oscil-
lation period, that is the time between shedding two
adjacent vortices, increases substantially. On further
elongation the splitter plate the period of vortex for-
mation increases as well. However, this process is
nonmonotonic. Thus, if the splitter plate length
changes from h=d to h=3d/2, the period sharply de-
creases. Figs. 6 show instantaneous streamline pat-
terns at various splitter plate lengths. It is easy to see
that there are large vortex structures on both sides of
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the splitter. As a consequence, some zones of reverse
flow occur at the surface of the splitter. As already
noted above, this leads to the fact that the average
drag force and the oscillation amplitude of the drag
coefficient decrease sharply in the presence of a
splitter. With a further increase in the splitter length,
not one but several large vortices can be located at
each splitter side. The fact that a different number of

Fig. 6. Instantaneous streamlines (Re=200, a=0): a)
h=5d/2, b) h=9d/2, c¢) h=11d/2

the vortices are observed along the splitters of differ-
ent length explains why the amplitude of the drag
coefficient oscillation behaves nonmonotonically
with increase in the splitter length. First, it decreases
as h increases up to h=d. With such values of the
splitter length there is one vortex near each side. The
vortices lead to the decrease in both the average val-
ue of the drag coefficient and the amplitude of drag
oscillations. Then, as the splitter length increases to
h=5d/2, these vortices grow, which leads to reduc-
tion in the flow stability. As a consequence, the am-
plitude of the drag force oscillation increases with
the splitter extension to h=5d/2. At h=5d/2 two large
vortices arise alternately near the splitter sides. As
the splitter length increases from h=5d/2 to h=9d/2,
the amplitude of oscillation of the drag coefficient
decreases. With a further elongation the splitter plate
the size of the vortices near the splitter sides increas-
es. This again leads to the instability of such a sys-
tem. Therefore, as the splitter length increases above
h=9d/2, the amplitude of oscillation of the drag force
increases again. However the average value of the
drag coefficient decreases monotonically with in-
creasing splitter length h.

Conclusion

The flow past a circular cylinder with a flat
splitter plate is numerically simulated. The self-
sustained oscillations of the flow caused by the
periodic vortex shedding are studied. The calculated
data for the main flow characteristics at various
splitter lengths are represented. The case when the
splitter is turned at some angle to the flow direction
is also considered. It is shown that a splitter plate
oriented along the flow direction reduces
significantly the average drag and the amplitude of
oscillation of the forces. With increasing splitter
length the average drag decreases monotonically.
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The amplitudes of oscillation of the forces change
nonmonotonically. If the splitter plate is turned at the
angle a =20°, the process of vortex shedding is also
observed, but such a process is no longer regular and
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