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One method to control the flow past a solid body is the placement of a flat splitter
plate behind the body. The splitter destroys the hydrodynamic feedback that initiates
self-excited oscillations of the flow past the body. In such a manner, the splitter
performs a stabilizing role, diminishing both the average drag force applied to the
body and the oscillations in the trail behind the body. In the present paper, we
numerically solve the problem of the generation of self-excited oscillations in the flow
past a circular cylinder with a flat splitter plate connected at the rear. Both the
transient process of vortex formation and separation from the cylinder’s surface and
the steady self-excited flow oscillations caused by the periodic vortex shedding behind
the cylinder are investigated. The evolution of the vorticity field and the streamline
pattern during both the transient and steady processes is described. It is shown that
the hydrodynamic feedback channel is formed through the difference in pressure on
the upper and lower surfaces of the solid body. The periodic change of its sign causes
a periodic process of vortex formation and shedding. It is shown that the splitter
oriented along the flow direction substantially reduces both the mean drag force and the
amplitude of oscillation of the forces applied to the cylinder. With increasing splitter
length, the average value of the drag force decreases monotonically, but the amplitudes
of oscillation of the forces applied to the body change non-monotonically. In this
paper, we give our explanation of this phenomenon. The calculated data for the main
flow characteristics at various splitter lengths are represented. It is also demonstrated
that when turning the splitter at a comparatively small angle, the process of vortex
shedding from the body surface persists, but the process is no longer strictly regular
and periodic.

KEY WORDS: Aeolian tones, flow past a cylinder, splitter plate, OpenFOAM

HA UEIl JOKYMEHT IOIMPIOETHCs Arst MIEH3 CC-BY-NC-ND 4.0 ©@®®E 385
DOT: https://doi.org/10.15407/jha2024.04.385



ISSN 2616-6135. I'V/IPOJIMHAMIKA I AKYCTHUKA. 2024. Tom 3(93), Ne 4. C. 385—411.

1. INTRODUCTION

The flow of viscous fluid past a solid bluff body has been the subject of many computa-
tional and experimental studies. The reason for such popularity of these problems is that
the flow around a solid bluff body occurs everywhere in nature and technology. The simplest
example of such flows is the flow of viscous fluid past a circular cylinder. In the range of
Reynolds number between 47 and 10° the repetitive formation and shedding of vortices be-
hind the cylinder is observed. This vortex shedding represents unsteady separation of flow
past the cylinder. The eddies are shed continuously from each side of the circle boundary,
forming rows of vortices behind the cylinder. This wake is called Karman vortex street,
named after Theodore von Karmén, who studied the vortex street in [1-4]. The first two
pioneering papers were recently presented in the English translation [5,6]. T. Karman’s work
on this problem intended to explain the mechanism of resistance of a solid body in motion
and its relation to the vortex wake. Double series of vortices identical in modulus but oppo-
site in sign of intensities arranged in a symmetrical or asymmetrical (staggered) order were
established. He showed that the symmetric configuration of two vortex rows is always unsta-
ble. He also established that the spacing between successive vortices in either row and the
distance between the rows has a definite ration. However the vortex street had been studied
earlier by Mallock [7,8], who concluded that the two rows of vortices behind the body can
either be arranged in a symmetric or in a staggered configuration, and Bénard [9, 10], who
observed the alternating formation of detached vortices on the two sides of a bluff obstacle.
For more detailed survey of the early works on the vortex street behind a cylinder see [11].

Later, a large number of computational [12-32] and experimental [33—-39] works on the
flow behind a cylinder were published. The pattern of the flow around a cylinder significantly
depends on the Reynolds number. It is known that the laminar flow behind the cylinder
have three modes, depending on the value of the Reynolds number: continuous stationary
flow, stationary separation and periodic separated flow. The non-separated flow occurs
at the Reynolds number that does not exceed some relatively small threshold value. With
increasing Reynolds number, under the action of the pressure gradient and the viscous forces,
the laminar boundary layer separates from the surface of the cylinder. A pair of circulating
vortices is formed behind the cylinder. Experimental works indicate the beginning of flow
separation at Re ~ 4 to 5 whereas most numerical calculations give Re ~ 5 to 7 [40], [41].
With further increase of the Reynolds number, the size of the symmetrical vortex pair formed
behind the cylinder increases and the vortices stretch along the flow direction. However the
flow remains stationary until the Reynolds number reaches a certain critical value. This
critical value is approximately 40. With further increase of the Reynolds number, the flow
becomes unstable with respect to small perturbations, the symmetry of the flow behind the
cylinder is broken and the flow becomes asymmetric. When the Reynolds number is about
50, the oscillations occur in the wake behind the cylinder, which enhance with increasing
Reynolds number. When the Reynolds number reaches about 60, the flow is characterized
by the periodic separation of vortices which are carried away by the flow. The vortices break
away alternately from one or another side of the rear point of the cylinder, drift downstream
and form the regular structure known as the Karman vortex street. The dependence of the
drag and lift coefficients, the vortex shedding frequency and the Strouhal number on the
Reynolds number were established [12-31,33-39]. It is well known that for certain Reynolds

386



ISSN 2616-6135. I'IV/IPOJIMHAMIKA I AKYCTHUKA. 2024. Tom 3(93), Ne 4. C. 385—411.

numbers flows past elongated bodies generate sounds called Aeolian tones in the literature.
The history of study of the Aeolian tones is thoroughly expounded in [42,43]. The physics
of the process of vortex shedding and sound generation is described in detail in [43].

Since the formation and shedding of the vortices behind a cylinder or any other elongated
body can lead to undesirable vibrations of the body and even to destruction of the structures,
it is necessary to be able to control the process of vortex shedding and to reduce the resistance
of the body and the amplitude of oscillation of the forces applied to it. A simple way to
decrease the drag and oscillating lift forces in the flow around a circular cylinder consists in
positioning a splitter plate in the wake parallel to the flow. Such a flow around a cylinder with
splitter plate has been the subject of many computational and experimental works [44-51].

In the experimental work [44] the models having 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 < 5 - 10*. It was concluded that splitter plates
markedly reduce the drag by stabilizing the separation points, produce a wake narrower than
that for a plain cylinder and affect the Strouhal number to a lesser degree. Even a very short
splitter plate markedly reduced the drag coefficient C,; below the plain-cylinder value. For
example, h/d = 1/16 effects a 9% reduction and h/d = 1/8 effects a 16% reduction. Cy
may be reduced by as much as 31% by an appropriate plate h/d = 1. The vortex shedding
frequency varies with h/d by £10% over the range h/d < 2. In [45] a discrete vortex model
was developed to investigate unsteady flow in a wake of a circular cylinder with a splitter
plate. It was established that even the short splitter plate produces a significant change of
the fluctuating lift: 80% reduction of the fluctuating lift for the plate of h/d = 1/16.

In [47] the vortex shedding behind a circular cylinder and its control using splitter plates
was numerically simulated at the Reynolds numbers of 80 to 160. Prediction of the natural
vortex shedding was in good agreement with the experimental data by Williamson [48].
The experimental results by [46,52, 53] were very similar to the numerical results by [47]
at Re=120 — 160. The vortex shedding behind a circular cylinder completely disappeared
when the length of the splitter plate was bigger than a critical length, and this critical length
was proportional to the Reynolds number. The Strouhal number rapidly decreased with the
increased plate length until h &~ d and showed two different behaviors at 1 < h/d < 2 for the
Reynolds numbers investigated. The net drag was significantly reduced by the splitter plate,
and there existed an optimum length of the plate for minimum drag at a given Reynolds
number. This optimum length of the plate was nearly the same as the size of the time-
averaged deformed separation bubble due to the plate.

In [49] an experimental study was carried out to investigate the effect of a splitter plate
on wake flows downstream of a circular cylinder. The splitter plate length h/d was varied
from 0 to 1.5 and the Reynolds number was considered at 2400 and 3000. The experimental
results showed that the splitter plate had an influence on stabilization of wake turbulences.
For shorter splitter plate length of h/d = 0.5 and 0.75, the flow structures were significantly
modified and the vortex shedding frequency decreased as compared with bare cylinder cases.
For longer splitter plate length of h/d = 1, 1.25 and 1.5, the generation of a secondary
vortex was observed. There was an optimal value of the splitter plate length at h/d = 1
on suppression of velocity fluctuations. Moreover, the stabilizing effect of a splitter plate
was more obvious at Re=3000 than that at Re=2400. In [50] the flow around a circular
cylinder with a detached splitter plate was studied numerically in the Reynolds number
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range between 100 and 350 corresponding to the wake transition. The flow was analysed
using DNS. It was shown that for small gaps the splitter plate causes a significant reduction
in the vortex shedding frequency.

In [51] the flow around a single circular cylinder with splitter plate was numerically
investigated using the finite volume method. The authors considered Reynolds Averaged
Navier-Stokes approximation and closure schemes such as k- or k-w to create the turbulent
energy field. They investigated the effects of varying splitter plate length and the Reynolds
numbers on flow characteristic, such as vortex shedding, drag force, lift force, separation
point, pressure, and friction coefficients of the cylinder. It was revealed that the vortex
shedding behind a cylinder is completely suppressed when the splitter plate length is longer
than the critical value, which is proportional to the Reynolds number. When the splitter
plate length was similar to the diameter of the cylinder, the vortex frequency, drag, and lift
coefficients reached local minimum depending on the Reynolds number.

The process of vorticity generation in a viscous fluid is described in detail in the mono-
graph [54]. In particular, it is said: ‘In the case of a viscous fluid B. de Saint-Venant showed
that vorticity can not arise inside the fluid when conservative external forces applied, but
necessarily diffuses inward from the boundaries’. In this paper we investigate not only the
steady self-sustained oscillations of the flow caused by the periodic shedding of the vortices
behind the cylinder, which generates the sound field, but also describe the transient process
of birth, growth, and the beginning of vortex shedding in the wake of the body. We demon-
strate how during the transient process the vorticity field is generated near the solid surface
of cylinder, forming the boundary layer. Then later this boundary layer separates from the
solid surface, forming a couple of eddies behind the cylinder. Later these eddies lose stability
and the process of vortex shedding begins. We described the hydrodynamic feedback channel
which causes a periodic process of vortex shedding. The numerical simulation of the steady
process of vortex shedding is performed for the splitter length in the wide range form h = d/2
to h = 11d/2 but only for Re = 200. It is shown that the presence of a splitter plate located
along the flow significantly reduces the average drag force and the amplitude of oscillation of
the forces applied to the body. With increasing splitter length the average value of the drag
force decreases monotonically. At the same time the amplitudes of oscillation of the forces
applied to the body change nonmonotonically. We give our explanation of this phenomenon.

By adding elongated elements, it is possible to effectively control the flow around bodies
even at higher Reynolds numbers. Thus, in the works [55,56] the characteristics of laminar
and turbulent flow around cylinders with multiple elastic splitters in the function 10* < Re <
105 were investigated. It was shown that although the attached plates allow for a reduction
in the total drag, increasing their flexibility finally leads to its increase.

In this paper, the problem of viscous incompressible fluid flow past a circular cylinder
with a flat splitter plate attached to the rear is numerically solved using the Direct Numerical
Simulation (DNS) technique. The authors have presented part of the obtained results in [57].
The new study offered to readers is a logical continuation of this discussion. It contains a more
thorough analysis of the data in an expanded range of geometric and temporal parameters.
Numerous illustrative materials accompany the text.
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2. STATEMENT OF THE PROBLEM AND THE ALGORITHM FOR ITS NU-
MERICAL SOLUTION

Let us consider the problem of the flow of a viscous incompressible fluid past a stationary
circular cylinder with a flat splitter attached behind the cylinder. The splitter is an absolutely
rigid thin plate and can be located both along the flow and at some angle to the flow
direction. The computational domain and the accepted designations are shown in Fig. 1.
The computational domain occupies the rectangle 0 < = < L1, 0 < y < Lo. The fluid come
in through the left end (z = 0), where the constant velocity V' is designated. Then the flow
runs against a circular cylinder of diameter d with a thin splitter of length h located behind
it and leaves the computational domain through the right boundary (z = L;).

The problem is formulated within the framework of the viscous incompressible Newtonian
fluid model. Such a process is described by the nonstationary 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 velocity scale. Then the time scale is the
magnitude d/V, the pressure scale is the double pressure head pV2 The key parameter
of the problem which enters the governing equations is the Reynolds number Re = Vd/v,
where v is the kinematic viscosity of the medium.

The boundary conditions for the velocity were specified as follows: the uniform flow
at the inlet of the computational domain, the non-slip condition at the solid surface of the
cylinder and the splitter, the zero normal gradient at the outlet of the computational domain.
For pressure, the condition of zero normal gradient was formulated all over the boundary
of the computational domain except for the outlet. At the outlet a constant pressure was
prescribed.

In this paper, we performed numerical calculations for Re = 200 while the splitter length
varied from 0.5d to 5.5d. The splitter could be located not only along the stream, but also
at some angle o to the flow direction.

The algorithm for the numerical solution of the formulated problem is described in detail
in the work [58]. It is based on the finite volume method, which at the present time can
be treated as the most popular numerical approach in fluid mechanics. The libraries of the
toolbox with open code OpenFOAM were used for calculations. The spatial discretization
was performed on a structured O-type grid with concentration of nodes near the solid sur-

Fig. 1. Geometry of the problem
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face of the cylinder and the splitter. The length of the side of the control volume did not
exceed 107 in the immediate vicinity of the surface. The second-order schemes were used
both for spatial and temporal discretization. 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 differencing scheme). In order to verify the constructed numerical algo-
rithm, the classical problem of nonstationary flow separation behind a circular cylinder was
solved numerically [30,31]. The obtained results were compared with the numerical and ex-
perimental data of other authors. To parallelize the computations, we used MPI technology
and the parallelization method known as the solution domain decomposition which is based
on the geometric parallelism. The calculations were performed on the cluster supercomputer
of the Institute of Cybernetics of NAS of Ukraine.

3. ANALYSIS OF THE NUMERICAL RESULTS

First we consider the transient process for the case that the splitter length is equal
to the radius of the cylinder h = d/2 and o« = 0. The flow develops in time from rest.
Once the motion began, a pair of vortices that have vorticity equal in absolute value but
opposite in sign arises behind the cylinder. In other words, two symmetric vortices that
rotate in opposite directions appear at the rear. In Fig. 2a and Fig. 3a the moment when
the vortex pair behind the cylinder just has arisen is shown. The horizontal size of the
vortices, that is the distance from the rear point of the cylinder to the point of intersection
of the instantaneous streamlines, is only slightly larger than the diameter of the cylinder.
Inside the formed vortices the local pressure minima are observed. Furthermore, as time goes
on, the extent of the vortex pair behind the cylinder continues to grow and reaches a certain
maximum value at the time approximately ¢ = 41. The vorticity field and the streamlines
pattern at this moment of time are shown in Fig. 2b and Fig. 3b. 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 (in the direction of the Oy axis) vorticity gradients.
Large transverse gradients are well known to contribute to flow instability. Because of this, on
further increase of the vortex pair behind the cylinder, the symmetry of the flow is violated.
In Fig. 2c¢ and Fig. 3¢ the moment ¢t = 57 is shown, when the flow symmetry just begins to
collapse. Furthermore, as time goes on, the flow symmetry behind the cylinder completely
collapses and the flow passes into the regime of steady periodic formation and shedding of
vortices. The upper and lower vortices detach in turn. This can be seen in Fig. 2d and
Fig. 3d, where the time ¢t = 140 is shown. At that moment steady self-sustained oscillations
of the flow behind the cylinder are already observed.

Let us consider the steady process of self-sustained oscillations of the flow behind the
cylinder. The vorticity fields and the pressure distribution over the splitter and cylinder
surface are represented in Fig. 4 for one period of oscillation with a step of quarter-period
(T'/4). When constructing the pressure distribution over the solid surface of the splitter and
the cylinder, the surface is went around clockwise starting from the splitter end. In other
words the point [ = 0 corresponds to the splitter’s rear point. The center vertical dotted
line in the figure corresponds to the front point of the cylinder. The left and right dotted
lines cut off the surface of the splitter from the surface of the cylinder. For the initial time
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moment (¢ = 0) we take the moment when the lift coefficient, which as shown below oscillates
periodically around zero, becomes zero (Cy = 0).

It can be seen that the vortices are already formed not immediately behind the cylinder
surface, as it was in the flow past a circular cylinder without a splitter [30,31], but behind
a splitter. That is the vortices interact not so much with the cylinder, but rather with the
splitter tip. It is worth noting that, just in the same manner as in the case of flow past a
cylinder where aeolian tones occur, in this flow we also see the periodic change of the pressure
distribution over the surface, which can also serve as a source of sound oscillations. Thus,
at the instant ¢ = T'/4 the pressure minimum is located at the upper part of the surface but
at the instant t = 37'/4 the pressure minimum is already located at the lower part of the
surface.

The periodic nature of the flow in the cylinder’s wake leads to the fact that the forces
applied to the cylinder change periodically in time as well. The interaction of the vortices
has practically no effect on the front critical point, because of its remoteness from the vortex
separation region. Fig. 5a shows the time evolution of both the drag coefficient C, and the
lift coefficient Cy, for h = d/2, o = 0. Obviously, the forces change periodically. Moreover,
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
direction 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 [30,31]. The other
two Fig. 5 show the time variation of the force coefficients for the splitter length h = 11d/2.
Fig. 5b 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 frequency 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 the amplitude
of the 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. 5a and Fig. bb we
can see that as the splitter length increases the drag force slightly decreases, whereas the
amplitude of the lift force variation increases more than twice. Fig. H¢ corresponds to the
case when the splitter is turned at the angle a = 20° to the flow direction. In this case, the
average value of the lift force becomes nonzero due to the deviation of the splitter. Moreover,
the curve corresponding to the lifting force lies higher than the curve corresponding to the
drag force. That is even a relatively small deviation of the splitter by the angle @ = 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. That
means that even a slight deviation of the splitter with its length h = 11d/2 leads to the
violation of strict regularity of the process. Fig. 6 show the vorticity field of the flow at four
time instants with the interval 7'/4. It can be seen that the boundary layer formed at the
upper part of the cylinder separates from the cylinder surface and becomes a free shear layer
before reaching the splitter surface. The large vortices and reverse flow zones may appear
between the upper separated free shear layer and the splitter surface. In the lower part of the
cylinder, on the contrary, the shear layer is located near the solid surface up to the splitter
tip. The separation of the shear layer and the formation of a large vortex occur behind the
rear point of the splitter. Thus, the oscillations of the upper and lower shear layers are of
different nature and differ in frequency. This explains the violation of strict regularity and

392



ISSN 2616-6135. I'T/TPOJIMHAMIKA I AKYCTHUKA. 2024. Tom 3(93), Ne 4. C. 385-411.

NZ=0¢/p=y—o20=0C/pli=y—q‘0=0g/p=y—®
100 = oY I0] Apoq pros ay) 03 porfdde sed10] JO SIUSIOYI0D dY[] JO SUOIIR[[IsO drported oy T, ¢ “S1g

b} q v

om«ow 0L 09 05 O 0 0Oc OF O S€

}

0e S¢ 02 GI 0L S 0 0e Se 0c Sl ol S

Wi

Beup

V/1€=%—P'¢/L=1—2'/L=1—q'0=1—¢®
:(Apoq a1} JO 90RJINS BY} I9AO UOTINLIISIP 2anssold d7) MOTS SoINSY Iemo[ aT[})
0= ‘¢/P =1y ‘007 = 9y I10] SUIPPoYS X91I0A JO ss9001d Apeajs oY) Jo polred e SuLmp poy AJOILI0A oY T,

P 2 q

NACIT|

393



ISSN 2616-6135. I'T/TPOJIMHAMIKA I AKYCTUKA. 2024. Tom 3(93), Ne 4. C. 385-411.

Pl

-1
02468101214 024681012114
b
» —\ P 7
0 0
-1 -

1
02468101214 024681012114

c d

Fig. 6. The vorticity field during a period of the steady process of vortex shedding for Re = 200,
h =11d/2, a = 20° (the lower figures show the pressure distribution over the surface of the body):

a—t=0b—t=T/ c—t=T/2,d—t=3T/4

periodicity of the oscillation process of the forces applied to the cylinder and the splitter. In
other words, the process of vortex formation and shedding from the body surface continues
but the strict regularity and periodicity of this process is no longer observed.

The drag and lift coefficients can be formally represented as a sum of constant and
oscillating parts

Co=Cp+Cp,  C,=C,+0Cy, (1)

where C,, C, are the constant components of the forces applied to the cylinder and the
splitter (it is obvious that if the splitter is positioned along the incoming flow direction,
C, = 0, if the splitter deviates by some angle «, a nonzero mean value of the lift force
arises), C,, C'y are the oscillating components of the forces.

Tab. 1 shows the values of the constant component C,, the amplitudes of the oscillating
components Cl, C’y, and the ratio of these amplitudes for various splitter lengths. The
following denotations are used: 7T is the oscillation period, St is the Strouhal number, C,
is the average value of the drag coefficient, A, = maX|C~’x| is the amplitude of the drag
coefficient oscillations, A, = max|C,| is the amplitude of the lift coefficient oscillations,
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Tab. 1. The calculated characteristics of the periodic flow vs. splitter length A (Re = 200, a = 0)

2h/d 1 2 3 5 7 9 11 0
T 5.89 6.30 5.72 5.78 7.22 911 | 11.2 5.082
St 0170 | 0.159 | 0.175| 0.173| 0.139| 0.110| 0.089| 0.197
C, 1.146 | 1.044 | 1.039 | 0997 | 0927| 0.875| 0840 | 1.343
A, x 108 | 7.2 2.4 6.2 11.0 5.2 4.4 49 50.0
A, 0518 | 0.333| 0416 | 0949 | 1.150| 1.241| 1.249| 0.686
Nx102 | 1.39 0.72 1.49 1.16 0.45 0.35 0.39 7.3

N = A,/A, is the ratio of the oscillation amplitudes of the coefficients C, and C,. In
addition, the table shows the values of the oscillation period and the Strouhal number. In all
the cases under consideration the splitter plate was located along the flow direction (a = 0),
and the Reynolds number was assumed to be Re = 200.

It is evident that the presence of the splitter 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 due to the fact that
vortices are formed behind the cylinder and near the splitter, which leads to the appearance
of reverse motion zones near the surface of the body. The reverse flow near the body reduces
the drag. It should also be noted that in the presence of a splitter the amplitude of the drag
coefficient oscillation decreases substantially. Thus, in the flow around a cylinder without a
splitter (h = 0) the amplitude of the drag coefficient oscillation is 5 - 1072. In the presence
of even a small splitter, whose length is equal to the radius of the cylinder, the amplitude
of the drag coefficient oscillation decreases to 0.72 - 1072, With further elongation of the
splitter, the oscillation amplitude of C, behaves nonmonotonically. First it decreases up to
h = d, then grows up to h = 5d/2, then decreases again up to h = 9d/2 and then grows
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,
the period of oscillations, that is the time between formation and shedding of two adjacent
vortices, increases substantially. On further increase in the splitter length the period of
vortex formation increases as well. However, this process is nonmonotonic. Thus, if the
splitter length changes from h = d to h = 3d/2, the period sharply reduces.

Fig. 7-12 represents the vorticity field of the flow at various splitter lengths. The splitter
is positioned along the flow. At the bottom part of the figures the pressure distribution over
the surface of the body is presented. The vertical dotted lines cut off the surface of the
cylinder from the surface of the splitter. It is seen that for h = d, the shear layers formed on
the cylinder surface separate from the cylinder 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 splitter rather than with
the cylinder surface. The interaction of the formed vortices with the rear part of the splitter
must apparently make a significant contribution to the generated sound field and can not
be neglected. As the splitter length increases, the interaction of the rear part of the splitter
with the large vortices formed in the shear layers behind the cylinder increases. So, even at
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Fig. 7. The vorticity field during a period of the steady process of vortex shedding for Re =200, h =d, a =0
(the lower figures show the pressure distribution over the surface of the body):
a—t=0,b—t=T/,c—t=T/2,d —t=3T/4

Mmhmm o‘_mwhmm

a b c

Fig. 8. The vorticity field during a period of the steady process of vortex shedding for Re = 200, h = 3d/2, a = 0
(the lower figures show the pressure distribution over the surface of the body):
a—t=0,b—t=T/,c—t=T/2,d—t=3T/4
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Fig. 11. The vorticity field during a period of the steady process of vortex shedding for Re = 200, h = 9d/2, « = 0
(the lower figures show the pressure distribution over the surface of the body):
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Fig. 12. The vorticity field during a period of the steady process of vortex shedding for Re = 200, h = 11d/2, « =0
(the lower figures show the pressure distribution over the surface of the body):
a—t=0,b—t=T/,c—t=T/2,d—t=3T/4
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splitter length equal to five radii of the cylinder h = 5d/2 it is clear that the large eddies
are formed before the rear part of the splitter rather than behind the splitter. With further
splitter elongation (see, for example, h = 9d/2 and h = 11d/2), the large eddies in the wake,
similar to the Karman vortex street, is no longer observed. The separated shear layers simply
take a wavy form. Thus, the elongation of the splitter has a generally stabilizing effect on
the flow.

Figs. 13-16 show instantaneous streamlines of the flow at time instants with the interval
T /4 at various splitter lengths. It is easy to see that there are large vortex structures on
both sides of the splitter in the region between the splitter and the detached shear layers.
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
(see, for example, Figs. 15 and 16). The different number of the vortices located along the
splitters of different length, apparently, is the reason that the oscillation amplitude of the
drag coefficient behaves nonmonotonically with an increase in the splitter length. First, it
decreases 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 value of the drag coefficient and
the amplitude of drag oscillations. Then, as the splitter length increases to h = 5d/2, the size
of these vortices increases, which leads to a decrease in the stability of such a system. As a
consequence, the oscillation amplitude of the drag force increases with the splitter extension
to h = 5d/2. It is seen in Fig. 13 that even at h = 5d/2 two large vortices arise alternately in
the vicinity of the splitter sides. As a result, as the splitter length increases from h = 5d/2 to
h = 9d/2, the oscillation amplitude of the drag coefficient decreases. With a further increase
in the splitter length the size of the vortices near the splitter sides increases. And this again
leads to the increase in instability of such a system. Therefore, as the splitter length increases
above h = 9d/2, the amplitude of oscillation of the drag force increases again. Although the
average value of the drag coefficient decreases monotonically with increasing splitter length
in the entire range of values of h.

4. CONCLUSION

The problem about the flow past a circular cylinder with a flat splitter plate attached
at the rear of the cylinder is solved numerically. The evolution of the vorticity fields and
the streamline pattern during the transient process of vortex formation and initiation of
the vortex shedding behind the cylinder is described. The process of steady self-sustained
oscillations of the flow caused by the periodic vortex shedding is also described. The hy-
drodynamic feedback channel is formed through the difference in pressure on the upper and
lower surfaces of the cylinder and the splitter plate. The periodic change of its sign causes
the periodic process of vortex formation and shedding. 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 the presence
of a splitter located along the flow significantly reduces the average drag force and the am-
plitude of oscillation of the forces applied to the body. With increasing splitter length the
average value of the drag force decreases monotonically. At the same time the amplitudes

399









ISSN 2616-6135. I'V/IPOJIMHAMIKA I AKYCTHUKA. 2024. Tom 3(93), Ne 4. C. 385—411.

of oscillation of the forces applied to the body change nonmonotonically. It is also shown
that when the splitter is turned at the relatively small angle o = 20°, the process of vortex
shedding from the body surface is also observed, but such a process is no longer strictly
regular and periodic. In conclusion it should be said that the periodic change in pressure on
the sides of the cylinder and the splitter plate is a source of sound oscillations of the dipole
type, which has been observed experimentally by many researchers.
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I. B. BoBk, B. C. MaJrora
Amnanisz ocobyimBocTeli aBTOKOJIMBaHb, FT€eHEPOBAHUX IIPUA OOTiKaHHI
KPYTOBOTO MWJIIH/APA 3 MJIACTUHOIO-CILIITEPOM

OpuH 31 c110cobiB KOHTPOJIIO MTOTOKY IIOB3 TBEP/IE T1JIO MOJISTAE Y PO3MIIIEHH] IIJIOCKOTO
posjitoBada (cruiitepa) mosary Tina. Posramy:kysad dakTudHo pyiiHye rigpoauHaMi-
YHUN 3BOPOTHI 3B’S30K, SKUiT 1HIIII0€ AaBTOKOJNBAHHS IOTOKY, 1110 00TiKae Tijo. Takmm
YUHOM CILTIT€D BHKOHYE CTabiIi3yI0qy POJIb, 3MEHIIYIOUHN K CEPeIHIO CUJIY OIOpPY, IO
NMpUKJIaJeHa 10 Tijla, TaK 1 KOJUBaHHS B CJOiAl 3a TijgoMm. ¥ JaHiil poboTi MU UHUCETHHO
PO3B’sA3yeMO 3a,/1a1y IreHepallil aBTOKOJIUBAHb, IO 30Y/XKYIOThCs Y ITOTOII IIpu 00TiKaHH]
KPYTOBOT'O IIJIIHAPA 3 IJIOCKIM PO3TaTyKyBadeM, IpUEIHAHUM 33a1y. JlociimKkeno aK
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repexijinuit mporec yTBOPEHHS 1 BIIOKpEeMJIEHHSI BUXOPIB BiJI MOBEPXHI ITWIIH/Ipa, TaK 1
ycTaJieHI aBTOKOJIMBAHHS MOTOKY, BUKJIMKAHI MEPIOJIMIHAM CKUJAHHIM BUXOPIB 3a IH-
sirgpoM. OIHCAHO €BOJIIOIII0 BUXPOBOTO TIOJIsE Ta KAPTUHY JIHIN Tedil i ac K mnepe-
XimHux, Tak i ycrasenux mporiecis. [lokasamno, mo rigpoannamMiaauii KaHaJ I 3BOPOTHOTO
3B’513Ky YTBOPIOETHCS U€pe3 PI3HUIIO0 THCKY Ha BEPXHIil 1 HUXKHIil TOBEPXHSAX TBEP/IOTO
tina. [lepionmyna 3mina 3HaKky i€l PI3HUI CIPUYUHIOE TIEPIOAMIHUN IPOIEC Y TBOPEHHS
Ta cKumaHHd BUXpiB. [lokazano, mo posramsyKyBad, Opi€eHTOBAHUI B3IOBK HAMPIMKY
IIOTOKY, ICTOTHO 3MEHIIY€E $IK CEPEJIHIO CUJIYy OIOPY, TaK 1 aMILIITy[dy KOJIMBaHb CUJI,
HNPUKJIAJEHUX J0 MUTHAPa. 31 30ibIIeHHAM JIOBXKUHUA PO3rajIyKyBada CepeJiHE 3Hade-
HH$SI CWJIM OIIOPY MOHOTOHHO 3MEHIITYEThCS, ajle aMILITYIN KOJUBaHb CUJI, ITPUKJIQICHUX
0 Tijla, 3MIHIOIOTHCST HEMOHOTOHHO. Y Iiff pobOTI MU Ja€MO HAIEe IMOSICHEHHS I[HOTO
apuma. llpencraBieno po3paxyHKOBI JiaHi 11 OCHOBHUX XapaKTEPUCTUK MOTOKY IMPU
PIBHUX JIOBKHMHAX PO3rajyKyBada. TakoxK MOKa3aHo, IO [PU HOBOPOTI PO3raslyKyBa-
Ya HA MOPIBHSIHO HEBEJUKWIl KyT IPOIeC CKUJIAHHsS BUXOPIB 3 IOBEPXHI Tija Bce IIIe
30epiraeTbes, aje mpolec BXKe He € CTPOrO PEryJIsPHUM Ta MEePIOTUIHUM.

KJIFOYOBI CJIOBA: eosoBi TOHH, OOTiKaHHS LUIIHApa, IIJIACTHHA-CILIITED,
OpenFOAM
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