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The control of vortex shedding of a circular cylinder in shallow water using a splitter plate
located in the downstream of the circular cylinder was studied by employing particle
image velocimetry (PIV) technique. Experiments were carried out in a water channel hav-
ing a test section of 8000 mm � 1000 mm � 750 mm dimensions at a Reynolds number of
6250. The length of the splitter plate (L) was varied within the range of 0.5 6 L/D 6 2 with
an increment of 0.5. The plate was submerged into water at different height ratios (hp/hw)
such as 0.25, 0.5, 0.75 and 1.0. Mean velocity vector field, corresponding vorticity contours,
streamline topologies and turbulent quantities were calculated using 300 instantaneous
velocity vector field measured by PIV. As the ratio of hp/hw increases, the effect of the split-
ter plate on the suppression of the vortex shedding increases. Flow characteristics and
examination of spectra indicate that Karman vortex shedding is attenuated pronouncedly
for the cases of L/D P 1 and hp/hw P 0.75. The transverse Reynolds normal stress is more
effective on the attenuation of turbulent kinetic energy than the streamwise Reynolds nor-
mal stress. The value of peak transverse Reynolds normal stress is reduced to 90% of that of
the bare cylinder at most.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The phenomenon of vortex shedding from a cylinder is
a challenging and an interesting problem in fluid dynamics
and engineering applications. The wake behind the cylin-
der can generate large unsteady forces which have the po-
tential to damage structures downstream of the cylinder.
Because of its practical importance, methods of attenua-
tion of vortex shedding from bluff bodies have been widely
studied numerically and experimentally. Many excellent
studies on the flow structure downstream of bluff bodies
can be found in the reviews of Choi et al. [24] and William-
son [25].

There are two main methods to control the unsteady
flow structure on the bluff bodies: active and passive con-
trol. Active control methods, apply some sorts of energy
into the flow field. Many active control techniques have
been applied to unsteady flow, such as feedback control
[1], electro-magnetic control [2], rotary oscillation of cylin-
der [3–5] and suction and blowing [6–8]. Passive control
techniques have been developed to control the vortex
shedding by modifying the shape of the bluff body or by
attaching additional devices in the flow field without any
input of external energy. The most used techniques of pas-
sive control are splitter plate [9–14], control cylinders [15],
surface protrusion [16,17] and base bleed [18].

A shallow water flow is defined as the condition that
the horizontal length scale of the flow is significantly larger
than its vertical length scale (usually the depth). Many
wake flows in nature such as in wide rivers, lakes, estuar-
ies, shallow coastal waters, or mountains can be given as
examples of shallow turbulent flows. Ingram and Chu
[19] studied on the effect of bottom friction around an is-
land. When transverse shear was large, a vortex street
wake was formed like in flows around small islands. On
the other hand, for small transverse shear, the shear layer
was stabilized by bottom friction as in the flows around
large islands. The study of Chen and Jirka [20] denoted that
flow structure downstream of bluff bodies in shallow
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Nomenclature

D cylinder diameter
L splitter plate length
hw water height
hp the plate height in the water
Ls location of saddle point
Re Reynolds number
U free-stream velocity
x streamwise coordinate

y transverse coordinate
x spanwise vorticity
u
0
v0 Reynolds shear stress correlation

v0v0 transverse Reynolds normal stress
u0u0 streamwise Reynolds normal stress
S spectra of streamwise velocity fluctuation
Sa saddle point
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water is different from that in deep water. Akilli et al. [21]
investigated the effects of the side-by-side cylinders on the
flow structure in shallow water. They obtained that jet-like
flow between the cylinders was considerable effective for
small gap ratios (G/D 6 1.5) particularly for the gap ratio
of G/D = 1.25. Akilli and Rockwell [22] studied the flow
characteristics downstream of a vertical circular cylinder
in shallow water flow using the Particle Image Velocimetry
(PIV) technique. They showed that near the bed, the time-
averaged streamline topology downstream of the base of
the cylinder resembled an owl face, which was originally
defined for a completely different exterior flow. At loca-
tions above the bed, one of the two principle saddle points
of the owl face of the first kind disappeared and the princi-
ple foci were transformed from a stable to an unstable
state. The study of Fu and Rockwell [18] showed that shal-
low flow past a cylinder gave rise to a horseshoe vortex
system about the upstream surface of the cylinder, and
large-scale vortex formation in the near wake.

The reviews mentioned so far were based on the princi-
pal of that the shallowness ensures 2D (two dimensional)
turbulence. Besides these, some researchers observed that
shallow flows exhibit complex three-dimensional (3D)
structures. The study of Akkermans et al. [26] revealed that
significant and remarkably complex 3D structures and ver-
tical motions appeared throughout the flow evolution, i.e.,
during and after the forcing face. The bottom friction and
free surface deformation were not the main mechanisms
to generate three-dimensional (3D) structure. The investi-
gation of Akkermans et al. [27] represented that the verti-
cal recirculation associated with the three-dimensional
structure was due to the vertical confinement of the flow.
Akkermans et al. [28] studied on the 3D structure of a lin-
ear array of vortices in a shallow layer. They observed that
3D flow structure led to dispersion of passive tracers that
differs from that in 2D flows. Sous et al. [29] focused on
transition from deep to shallow water layer. They defined
a number C characterizing the vertical confinement. Their
experiments indicated that the generated turbulence was
a typical three-dimensional turbulence when C < 1. For
C > 2, a particular behavior appeared where the flow was
quasi-two dimensional (Q2D). Lin et al. [30] studied on
space–time development of instantaneous flow character-
istics along planes indicating 3D vortex structure. Their
study showed that the quasi-two dimensional patterns
evolved to different forms depending on the depth of shal-
low water.
The splitter plate is one of the most successful passive
control techniques that is used to control vortex shedding
downstream of the cylinder. Cimbala and Garg [10] inves-
tigated the effect of the attached splitter plate on the flow
characteristics downstream of a fixed cylinder and a freely
rotating cylinder. The effect of fixed cylinder with an at-
tached plate was similar to the case of a freely rotating cyl-
inder, the flow field with plate of L/D > 2. However, when L/
D < 2, the flow field was similar to the case without the
splitter plate. They also showed for the case of a fixed cyl-
inder that the Strouhal number increased for 1 < L/D < 2,
but the Strouhal number decreased as the length of the
plate further increased. The study of Cardell [11] showed
that the introduction of low solidity splitter plates did
not change the basic near wake structure and that suffi-
ciently high solidity uncoupled the large scale wake insta-
bility from the body with the primary vortex formation
occurring downstream of the separation bubble due to
instability of the wake profile. The permeable splitter
plates reduced the drag and modified the primary wake
frequency. Kwon and Choi [12] studied the control of lam-
inar vortex shedding downstream of a circular cylinder
using splitter plates. They revealed that the vortex shed-
ding downstream of a circular cylinder completely disap-
peared when the length of the splitter plate was longer
than a critical length, and this critical length was propor-
tional to the Reynolds number. The Strouhal number rap-
idly decreased with the increased plate length until L/
D � 1 and showed two different behaviors at 1 < L/D < 2.
Ozono’s study [9] indicated that the vortex shedding could
be suppressed even when the splitter plates were arranged
asymmetrically downstream of the cylinder and the length
of splitter plate did not have much effect on the flow struc-
ture in the case of asymmetric arrangement. Akilli et al.
[13] investigated the thickness effect of splitter plate on
the suppression of vortex shedding in shallow water by
using the PIV Technique. Their study denoted that the
change in the splitter plate thicknesses did not have any
considerable effect on the flow structure. The splitter plate
had a substantial effect on suppression of the vortex shed-
ding for the gap ratio (the distance between the base of cyl-
inder and the leading edge of the splitter plate) between 0
and 1.75D. When the splitter plate was located at 2D loca-
tion, no effect of the splitter plate was observed. Akilli et al.
[14] researched the flow characteristics of the wakes
downstream of the circular cylinder by attaching splitter
plates. Their work indicated that the frequency of vortex
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shedding decreased until the length of L/D = 0.6 by length-
ening the used splitter plate. Because of the stabilizing ef-
fect of the shallow water, the dominant frequency of the
shedding vortices was not obtained after the case of L/
D = 0.6. After the length of L/D = 1.2, the changes in the tur-
bulent kinetic energy, Reynolds shear and normal stress
patterns were inconsiderable. Over this critical length L/
D = 1.2, the large scale vortex shedding downstream of
the cylinder was vanished.

The main objective of this experimental study is to re-
veal the interaction of vortices emanating from a circular
cylinder with a splitter plate having different lengths and
heights in the shallow water. In particular, we would like
to answer the following question: how does a submerged
attachment change the flow structure behind bluff bodies
in shallow water flows? Can dispersion of contamination
in transverse direction in shallow flows, due to Karman
vortices, be prevented by suppressing the flow oscillations
downstream of a bluff body? In line with this objective,
splitter plates having various lengths and heights were
placed downstream of the circular cylinder. The present
work reveals details of flow structure downstream of a cir-
cular cylinder in shallow flow experimentally using the
particle image velocimetry technique.
2. Experimental setup

Experiments were carried out in a closed loop shallow
water channel. The test section which is made of transpar-
ent plexiglass material has a length of 8000 mm, a width of
1000 mm and a height of 750 mm. A schematic view of
experimental setup in the plan view and side view planes
is shown in Fig. 1. A centrifugal pump with a speed control
unit drives the flow. The cylinder used during the experi-
ments was made of plexiglass material and its diameter
D was 50 mm, and the length of splitter plates were D/2,
U

Splitter plate

Cylinder

x
y

h h

Cylinder Handle
Plate

Platform

Flow Direction

w p

D L

Fig. 1. Shematic of the experimental system and definition of the
parameters: cylinder diameter D, length of plate L, plate height in water
hp, water height hw and free-stream velocity U.
D, 3D/2, 2D. Splitter plates, having a width of 4 mm, were
also made of plexiglass material. In order to understand
the effect of submerged height of the splitter plate, four
height ratios, hp/hw such as 0.25, 0.5, 0.75 and 1.0 were
used. The water level hw was maintained at the height of
25 mm and the flow characteristics were measured at
mid-depth of the water. Experiments were carried out at
a free-stream velocity of 0.125 m/s corresponding to the
Reynolds number based on the cylinder diameter of
Re = 6250. At these flow conditions, the value of Froude
number (Fr) is 0.064 which is an indication of no surface
distortion in the flow field. Trip wires were located at the
leading edge of the platform to provide fully-developed
turbulent velocity profile at the location of interest. The
cylinder and plates were located at 1750 mm from the
leading edge of the platform. The splitter plate was at-
tached on the base of the circular cylinder. In order to ob-
tain instantaneous velocity vectors and related flow
characteristics, the PIV technique was employed. The flow
field illumination was provided by two Nd:YAG pulsed la-
ser sources with a wave length of 532 nm, each with a
maximum energy output of 120 mJ/pulse. Dantec flow
map processor, that controlled the timing of the data
acquisition, was used to synchronize the image acquisition
and laser unit. The thickness of the laser sheet illuminating
the flow field was approximately 1.5 mm. The water was
seeded with the neutrally buoyant spherical particles of
12 lm in diameter and the particle density was about
1100 kg/m3. The Stokes Number of the particles which pro-
vides a measure of the ability of particles to track the flow
field is calculated about 1.83 � 10�4 [33]. Therefore, this
value indicates that the particles in these experiments fol-
low the streamlines precisely. The movement of the parti-
cles was recorded by a CCD camera with a resolution
1024 � 1024 pixels. The camera was equipped with a
55 mm focal-length lens. Dantec flow grabber digital PIV
software employing frame-to-frame adaptive correlation
technique was used to calculate the raw displacement vec-
tor field from the particle image velocity data. Cross-corre-
lation technique was employed to calculate the raw
displacement vector field from the particle image velocity
data. In the image processing, 32 � 32 pixels rectangular
effective interrogation windows were used. During the
interrogation process, an overlap of 50% was employed in
order to satisfy Nyguist criterion. In the post-processing
step, interpolation between surrounding vectors was used
in order to remove erroneous vectors and replacement.
Displacement of vector field and velocity vectors of the
flow could be measured and calculated, respectively. The
vorticity patterns of the wake flow could be calculated
from the circulation using a finite difference scheme. The
overall field of view was 160 � 160 mm2 (3.2D � 3.2D).
This type of view provided better observation of the data
for which a large domain was covered. For all experiments
300 instantaneous images were taken. Patterns of instanta-
neous particle images were taken at a rate of 15 Hz, there-
by spanning 13.4 s. Averaged patterns of the flow structure
were calculated from this total number of instantaneous
images. A software developed in-house were used to com-
plete the velocity vector field, streamline topology and
other turbulent statistics. The uncertainties for velocity
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and related turbulent statistics were estimated as 3% and
5%, respectively.

3. Results and discussion

3.1. Flow patterns: velocity vector field, spanwise vorticity and
Reynolds shear stress contours

The flow structure of the near wake behind a bare circu-
lar cylinder is displayed in Fig. 2 to compare the flow char-
acteristics with the presence of the splitter plate cases. To
explain the flow structure, the time-averaged velocity vec-
tor field hUi, patterns of spanwise vorticity contours hxi
and Reynolds shear stress hu0v0i/U2 are demonstrated in
Fig. 2. The saddle point Sa, which explicitly indicates the
location of stagnation point and the size of the wake region
is located with a distance of approximately one cylinder
diameter far from the base of the cylinder. In terms of
spanwise vorticity patterns downstream of the bare cylin-
der, the vorticity remains condensed near the cylinder.
Both negative vorticity shown by dashed lines and positive
vorticity shown by solid lines extend in streamwise direc-
tion. The minimum and incremental values of vorticity
contours are (±3 and 3 s�1, respectively for all vorticity
contours.

Reynolds stresses shown at the third column of Fig. 2
are normalized with the square root of the free-stream
velocity. In Reynolds shear stress contours, patterns of neg-
ative Reynolds stress are indicated with dashed lines, on
the other hand, patterns of positive Reynolds stress are
indicated with solid lines. Minimum and incremental val-
ues of Reynolds shear stress are ±0.01 and 0.005, respec-
tively for all hu0v0i/U2 concentrations. Pronounced
concentrations of hu0v0i/U2 occur downstream of the base
of the circular cylinder as a result of Karman Vortex shed-
ding. There is a small scale Reynolds shear stress concen-
tration downstream of the circular cylinder due to small
magnitudes of fluctuations in the near wake of the circular
cylinder. The peak concentration is approximately 0.146
and it occurs at 1.2 cylinder diameter downstream of the
base of the circular cylinder. In terms of vortex shedding
Fig. 2. Time-averaged flow structures behind a bare cylinder. (a) Velocity vec
contours. (c) Contours of normalized Reynolds stress.
frequency, as a result of the FFT analysis of instantaneous
velocity vector field obtained by the PIV, vortex shedding
occurs at a natural frequency of 0.53 Hz.

To elucidate the effect of splitter plate length and
height, experiments were carried out for four different
lengths L/D = 0.5, 1.0, 1.5, 2.0 and for three different height
ratios hp/hw = 0.25, 0.50, 0.75. Moreover, the height ratio of
hp/hw = 1.0 was also studied for L/D = 1.0 and 2.0 cases.
Flow structures for plate lengths of L/D = 0.5, 1.0, 1.5 and
2.0 are presented in Figs. 3–6, respectively. First columns
of all figures demonstrate the time-averaged velocity vec-
tor fields. The second columns (b) and third columns (c)
indicate time-averaged spanwise vorticity contours and
Reynolds shear stress concentrations, respectively. For all
cases of L/D, the effect of the splitter plate on the suppres-
sion of vortex shedding increases as the ratio of hp/hw in-
creases. As a general trend for all figures, the wake region
elongates along the streamwise direction with increasing
the ratio of hp/hw and this elongation of the wake region
is a sign of the significant attenuation of the large-scale
vortex formation downstream of the circular cylinder. As
the circulation region becomes larger, an increase occurs
in the suction base pressure which is a sign of a decrease
in the drag coefficient [23]. The distance of saddle point
from the base of the circular cylinder is also an evidence
of the degree of near wake extension. Substantial variation
of the saddle point location, Sa, shows the height effect of
the splitter plate on the flow characteristics. While the
length of wake region is approximately 1D from the base
of the cylinder for the bare cylinder case, it takes values
of 1.16D, 1.35D and 1.7D for hp/hw = 0.25, 0.5 and 0.75
cases for the length of L/D = 0.5 (Fig. 3), respectively. Since,
the prevention of the interaction of shear layers by the
splitter plate is more pronounced with increasing hp/hw,
the saddle point, Sa moves further away from the base of
the cylinder with increasing hp/hw ratio. When the lowest
height ratio hp/hw = 0.25 for L/D = 0.5 is compared to the
same height ratio of L/D = 1.0, it is seen that the saddle
point Sa moves away from a location of 1.16 D to 1.3 D.
Furthermore, it occurs at a location of 2.18 D for the case
of hp/hw = 1.0 for L/D = 1. When velocity vector fields of
tor field downstream of the cylinder. (b) Patterns of spanwise vorticity



Fig. 3. (a) The time-averaged velocity vector field for L/D = 0.5. (b) Corresponding patterns of spanwise vorticity contours. Minimum and incremental values
of vorticity are xmin = ±3 and Dx = 3 s�1. (c) Contours of normalized Reynolds stress. Minimum and incremental values of Reynolds stress are [hu0v0i/
U2]min = ±0.01 and D[hu0v0i/U2] = 0.005.
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lengths of L/D = 2.0 are observed, it is seen obviously that
the locations of saddle points for the cases of hp/hw = 0.75
and 1.0 are located outside of the vector field of view.

In terms of spanwise vorticity contours shown in the
second columns of the Figs. 3–6, with increasing hp/hw, po-
sitive and negative vorticity layers elongate in the stream-
wise direction regardless of plate length. Moreover, the
decrease of the peak value of vorticity with increasing hp/
hw indicates that the strength of the vortex shedding be-
comes weaker. Due to the effect of the splitter plate, the
interaction between the core flow and wake region re-
duces. Therefore, the magnitude of the vorticity decreases
compared to the bare cylinder case. For the height ratio
of hp/hw = 0.25 for L/D = 0.5, the positive and negative vor-
ticity layers get closer to each other after the trailing edge
of the splitter plate as all cases of hp/hw = 0.25 for all plate
lengths. The magnitude of vorticity layers for all height ra-
tios of L/D = 0.5 changes slightly in spite of the fact that the
vorticity contours get longer in streamwise direction with
the increments of the ratio of hp/hw. For the case of L/
D = 1.0, the elongation of the negative and positive vortic-
ity layers is greater than that of L/D = 0.5 as illustrated in



Fig. 4. (a) The time-averaged velocity vector field for L/D = 1. (b) Corresponding patterns of spanwise vorticity contours. Minimum and incremental values
of vorticity are xmin = ±3 and Dx = 3 s�1. (c) Contours of normalized Reynolds stress. Minimum and incremental values of Reynolds stress are [hu0v0 i/
U2]min = ±0.01 and D[hu0v0i/U2] = 0.005.
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Fig. 5. (a) The time-averaged velocity vector field for L/D = 1.5. (b) Corresponding patterns of spanwise vorticity contours. Minimum and incremental values
of vorticity are xmin = ±3 and Dx = 3 s�1. (c) Contours of normalized Reynolds stress. Minimum and incremental values of Reynolds stress are [hu0v0i/
U2]min = ±0.01 and D[hu0v0i/U2] = 0.005.
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Fig. 5. Due to the prevention of the interaction of the
opposing shear layers, vorticity contours lengthen along
the streamwise direction for the cases of L/D = 1.5 and 2.
Especially for the cases of hp/hw = 0.75, 1.0 for L/D = 2 and
the case of hp/hw = 0.75 for L/D = 1.5, the greater extension
of vorticity layers than that of all cases is obtained and the
negative and positive vorticity layers remain horizontal.
This also shows the prevention of the momentum transfer
from the free-stream flow into the wake region.

In Figs. 3–6, the third column shows the normalized
Reynolds shear stress concentrations. Here, solid lines
represent positive Reynolds shear stress contours while
dashed lines show negative contours. All Reynolds shear
stress concentrations are nearly symmetrical with two
peaks located both sides of the splitter plate. When the ra-
tio of hp/hw increases from 0.25 to 0.75, the magnitude of
maximum hu0v0i/U2 decreases from 0.12 to 0.08 for the
length of L/D = 0.5. Furthermore, small-scale Reynolds
shear stresses downstream of the splitter plate disappear
for the case of hp/hw = 0.75 and the location of peak con-
centration moves further downstream as the height ratio
hp/hw increases. It is seen for the splitter plate having the



Fig. 6. (a) The time-averaged velocity vector field for L/D = 2.0. (b) Corresponding patterns of spanwise vorticity contours. Minimum and incremental values
of vorticity are xmin = ±3 and Dx = 3 s�1. (c) Contours of normalized Reynolds stress. Minimum and incremental values of Reynolds stress are [hu0v0 i/
U2]min = ±0.01 and D[hu0v0i/U2] = 0.005.
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length of L/D = 1.0, the magnitude of peak Reynolds shear
stress diminishes considerably with increasing hp/hw.
Small-scale Reynolds shear stresses are obtained for the
length of hp/hw = 0.25 at a location of approximately 1 D
which is very close to the trailing edge of the splitter plate,
whereas these clusters disappear for other height ratios of
L/D = 1.0. The magnitude of peak hu0v0i/U2 for the case of hp/
hw = 0.25 for the length L/D = 1.0 is approximately 0.114
which is less than that of the case of hp/hw = 0.25 for L/
D = 0.5. For the height ratio of hp/hw = 1.0 for L/D = 1.0, a va-
lue of 0.025 which is nearly six times smaller than that of
the bare cylinder case is obtained. Moreover, the location
of peak Reynolds shear stress moves away from the base
of the cylinder and the location of the peak hu0v0i/U2 is ob-
served further away from the centerline with increasing
the plate height. The location of peak hu0v0i/U2 for the cases
of hp/hw = 0.75 and 1.0 for L/D = 2 is more than two cylinder
diameters away from the base of the circular cylinder. Fur-
thermore, as a result of the suppression of unsteady vorti-
ces formed in the near wake of the circular cylinder, the
magnitude of the Reynolds shear stress decreases with
increasing height ratio. The peak concentrations of hu0v0i/
U2 for hp/hw = 0.25, 0.5, 0.75 and 1.0 for L/D = 2 are attenu-
ated to the values of 0.142, 0.091, 0.020 and 0.016, respec-
tively. This considerable decrease in the Reynolds shear
stress is obtained due to the reduction in the drag force
of the circular cylinder [31].

3.2. Effect of normalized transverse and streamwise Reynolds
normal stresses

The variation of peak values of the normalized trans-
verse (hv0v0i/U2) and streamwise (hu0u0i/U2) Reynolds nor-
mal stresses based on the plate length (L/D) for all height
ratios (hp/hw) are given in Fig. 7 to demonstrate their effect
on the decay of turbulent kinetic energy.

Since peak value of the normalized transverse Reynolds
normal stress (hv0v0i/U2) for the case of hp/hw = 0.75 for L/
D = 2 occurs out of the flow domain obtained by PIV, the
peak value was estimated and indicated by dashed line in
the figure. It is apparent that increasing height ratio results
in a decrease in the peak value of both hu0u0i/U2 and hv0v0i/
Fig. 7. The variation of peak values of the normalized transverse and streamwise
(hp/hw). Estimated peak value for hp/hw = 0.75 for L/D = 2 is shown with dashed
U2. The peak values of hu0u0i/U2 and hv0v0i/U2 for the bare
cylinder case are 0.237 and 0.38, respectively. The peak va-
lue of the normalized transverse Reynolds normal stress
for L/D = 0.5 decreases to values of 0.29, 0.26 and 0.15 for
the height ratios of hp/hw = 0.25, 0.5 and 0.75, respectively.
The peak values of the normalized streamwise Reynolds
normal stress for the same plate length and height ratios
drop to 0.173, 0.171 and 0.15. When the plate length is in-
creased to L/D = 2 for the height ratio of hp/hw = 0.75, the
peak values of hu0u0i/U2 and hv0v0i/U2 decrease to the values
of 0.078 and 0.036, respectively. Fig. 7 shows that the peak
value of transverse Reynolds normal stress changes dra-
matically until L/D = 1.5. However, the peak value changes
inconsiderably from L/D = 1.5 to L/D = 2.0. Fig. 7 also indi-
cates that the variation of the peak value of hu0u0i/U2

depending on the change in L/D is small compared to the
hv0v0i/U2. These numerical values represent that the trans-
verse Reynolds normal stress has significant effect on the
alleviation of turbulent kinetic energy compared to the
streamwise Reynolds normal stress.

In Fig. 8, the normalized transverse Reynolds normal
stress contours for hp/hw = 0.75 at different plate lengths
(L/D) are addressed to display the effect of splitter plate
length on the flow characteristics. The minimum and
incremental values of the contours for normalized trans-
verse Reynolds normal stress are 0.01 and 0.005, respec-
tively. The transverse Reynolds normal stress increases
along the downstream direction starting from the base of
the circular cylinder until it reaches its peak value at a
location very close to the saddle point along the centerline
in the wake region for L/D = 0.5 and 1.0. While single peak
occurs for L/D = 0.5 and 1.0 cases, a double-peak is ob-
tained for L/D = 1.5 and 2.0 cases, as a result of the preven-
tion of the interaction of shear layers. Both shear layers do
not communicate each other and behave independently
with the presence of the plate. Therefore, the peak value
of hv0v0i/U2 does not occur along the centerline anymore.
The peak value of transverse Reynolds normal stress shows
a decrease with increasing plate length. While the peak va-
lue of transverse Reynolds normal stress for bare cylinder
case is about 0.38, it decreases to 0.15, 0.11 and 0.041for
L/D = 0.5, 1 and 1.5, respectively. In terms of L/D = 2 case,
Reynolds normal stress based on the plate length (L/D) for all plate heights
line.



Fig. 8. Normalized transverse Reynolds normal stress h v0v0i/U2 of the plate height of hp/hw = 0.75 for different plate lengths (L/D).

Fig. 9. The relationship between peak magnitude of turbulent kinetic
energy TKEmax and L/D for different plate heights hp/hw.
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the peak transverse Reynolds normal stress moves out of
field of view obtained from PIV. Therefore, the peak value
of hv0v0i/U2 for L/D = 2 was estimated from the contour
plots as 0.036. The location of peak value of hv0v0i/U2

changes slightly with the change in the splitter plate
length.

Fig. 9 presents the variation of peak turbulent kinetic
energy (TKE) as a function of L/D for different plate heights.
The peak value of TKE decreases progressively compared to
the bare cylinder case. While the peak value of TKE for the
bare cylinder case is approximately 0.38, the peak value of
TKE for the smallest plate length, that is L/D = 0.5, de-
creases to approximately 0.26 for all splitter plate height
ratios. The peak value of TKE starts to decrease with
increasing L/D ratio for all height ratios. However, this de-
crease is more pronounced for the largest height ratio, hp/
hw = 0.75. The decrease in the peak value of TKE means that
the presence of splitter plate downstream of the circular
cylinder strongly suppresses the large scale vortices, which
carry fresh fluid from free-stream region into the wake re-
gion. For the height ratios of hp/hw = 0.5 and 0.75, peak val-
ues of TKE for the length of L/D = 2 decrease to 0.14 and
0.036, respectively. The transverse Reynolds normal stress
is more effective on the attenuation of turbulent kinetic
energy than the streamwise Reynolds normal stress. The
value of peak transverse Reynolds normal stress is reduced
to 90% of that of the bare cylinder at most. However, the
variation of TKE for the height ratio of hp/hw = 0.25 shows
a small difference compared to other two height ratios
although the peak values of TKE for this height ratio are
obviously less than that of bare cylinder case.

3.3. Effect of splitter plate on the vortex shedding frequency

Spectra of streamwise velocity fluctuations displayed in
Fig. 10 are evaluated at a certain location for different plate



Fig. 10. Comparison of vortex shedding frequencies with varying splitter plate heights and lengths at a certain location. (a) Vortex shedding frequencies of
the plate length of L/D = 0.5. (b) Vortex shedding frequencies of the plate length of L/D = 1.0. (c) Vortex shedding frequencies of the plate length of L/D = 1.5.
(d) Vortex shedding frequencies of the plate length of L/D = 2.0.

Fig. 11. Variation of saddle point location as a function of splitter plate
length. Estimated location of saddle point for hp/hw = 0.75 for L/D = 2 is
indicated by dashed line.
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lengths and height ratios. The location of A at which spec-
tra is taken, is presented in the left bottom section of
Fig. 10 as x/D = 0.8 and y/D = 0.3. Natural frequency of vor-
tex shedding is 0.53 Hz for bare cylinder case as seen in
Fig. 10a. For the smallest splitter plate length (L/D = 0.5),
the vortex shedding occurs at the natural frequency of vor-
tex shedding of bare cylinder for hp/hw = 0.25 and 0.5.
However, the frequency of vortex shedding decreases to a
value of 0.47 Hz for hp/hw = 0.75. Furthermore, the magni-
tude of the spectra decreases with increasing height ratio.
It should be noted that as hp/hw increases, the dominant
peaks in the power spectra become less pronounced, con-
firming to the attenuated forces and weakened vortex
shedding [32]. For other splitter plate lengths as seen
Fig. 10b–d, no vortex shedding frequency occurs for hp/
hw = 0.75 and 1.0 cases. It can be concluded that unsteady
flow structure is considerably prevented with the presence
of splitter plates having height ratio of hp/hw = 0.75 for L/
D P 1.0.

Fig. 11 indicates the variation of the saddle point loca-
tion as a function of splitter plate length at various height
ratios. The wake region downstream of the circular cylin-
der elongates considerably along the streamwise direction
with increasing of hp/hw. Therefore, the location of saddle
point, Sa, moves downstream as hp/hw increases. Since sad-
dle point location for the case of hp/hw = 0.75 for L/D = 2 oc-
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curs out of the flow domain obtained by PIV, estimated
location of saddle point was indicated by dashed line.
When the effect of the splitter plate length is considered,
it can be seen that increasing splitter plate length results
in an increase in the vortex formation length.
4. Conclusions

The experimental study presented herein reveals the ef-
fect of the splitter plates having different heights and
lengths located in the wake region of the circular cylinder
in shallow water flow. Time-averaged patterns of velocity
vectors, spanwise vorticity and Reynolds shear stress con-
tours, obtained from PIV measurements, were used to ex-
plain the flow structure downstream of the circular
cylinder. The results obtained in this study demonstrate
that the mean flow and turbulent quantities change con-
siderably with height and length ratios of the splitter
plates in shallow flow as a result of the prevention of inter-
action of shear layers located on both sides of the cylinder.
Karman vortex shedding is attenuated pronouncedly for
the cases of L/D P 1 and hp/hw P 0.75. The most effective
case on the control of vortex shedding is the case of the
plate length of L/D = 2 compared to other cases. In terms
of height ratio, the hp/hw = 1 case is the most effective
one relative to the other height ratios. Wake region down-
stream of the cylinder elongates substantially along the
streamwise direction with increasing splitter plate length
since the splitter plate prevents the interaction of the sep-
arated shear layer on both sides of the cylinder. The Rey-
nolds stress concentrations decrease substantially with
the presence of splitter plate compared to the bare cylinder
case. Furthermore, any dominant frequency of vortex shed-
ding for all plate lengths is not observed when the plate
height is greater than the height ratio of hp/hw = 0.5. For
all plate lengths, the case of hp/hw = 0.5 has a significant ef-
fect on the suppression of vortex shedding although its
influence is less than that obtained for the cases of hp/
hw = 0.75 and 1. In addition, the transverse Reynolds nor-
mal stress has more influence on the attenuation of turbu-
lent kinetic energy than the streamwise Reynolds normal
stress for all plate heights and lengths.
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