International Journal of Recent Technology and Engineering (IJRTE)
ISSN: 2277-3878, Volume-8 Issue-4S2, December 2019

Multi-Objective Drag and Sound Optimization
of Square Cylinder Retrofitted with Splitter Plate
Ramesh Babu S., Karthik K., Jeyakumar S.

Abstract: The application of a splitter plate on square
cylinders to reduce drag in cross-flow is an active research area.
However, the associated aeroacoustic sound in the surrounding
fluid also undergoes reduction, an aspect which has received less
attention. This paper presents a numerical methodology for
coupled aerodynamic and aeroacoustic calculations for flow past
square cylinders with various splitter plate lengths.
Computations are performed at a Re of 22000 using URANS
technique and FW-H analogy. Observing that drag reduction
and sound reduction occur at different splitter plate lengths, a
two-objective optimization problem is posed to minimize the drag
and OASPL simultaneously.
Keywords: Aeroacoustics, Aerodynamics, Passive control,
Particle swarm optimization.

I. INTRODUCTION
The interaction of high-speed flow past a solid body
generates unsteady fluid dynamic loads, which in turn
produces flow-induced noise [1]. Aerodynamic loads and the
associated aeroacoustic sound emitted from the bluff bodies
are of concern for many engineering applications, such as
bullet train, aircraft landing gear, automobiles etc. [2]–[6].
As, the requirements for the environmental noise emission
levels of aircraft and automobiles, driven by societal demand
[7], are becoming more stringent, it is important to
understand and control these flow-induced problems so that
engineering design and public comfort can be improved
continuously. The aerodynamic drag force exerted on
high-speed vehicles is very much associated with the engine
power and consequently the fuel expenditure [8], [9]. So, the
aerodynamic drag force exerted on the solid body and the
sound radiated to the surroundings is of foremost concern in
many industrial applications [10]–[12]. Therefore, the
numerical computation of aerodynamic and aeroacoustic
characteristics of rigid bluff bodies have received extensive
attention [13]–[15].
The development of aerodynamics led to streamlined
structures which have decreased aerodynamic drag and
self-induced noise in comparison to bluff bodies [16], [17].
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This is attributable to the retarded separation of the boundary
layer, decreased wake region and decreased vortex
generation [18]. But most structures encountered in the
engineering applications are bluff bodies which include
bridge piers, buildings, vehicles, chimneys, cooling towers,
heat exchanger tubes, flame-holders, aircraft undercarriage
during landing, pipelines and re-entry vehicles, to mention a
few. Hence studying the aerodynamics and aeroacoustics of
bluff bodies, has been the field of interest of several
numerical and experimental investigations [19]–[27]. From
the literature survey, it is observed that most of the analysis is
concentrated on circular cylinders and a few reported
investigations are found on the study of aerodynamic drag
and flow-induced noise on flows over the square
cylinder[26], [28]–[32]. The air flow over a square cylinder
and the associated aerodynamics is significant because the
flow separation point is permanent. But, in the case of a
circular cylinder, the flow separation point alters periodically
around the aft of the cylinder. So, the case study selected for
this paper is a square cylinder.
The flow-control techniques mainly fall into two groups
namely, active and passive [33]–[35]. The active flow control
technique needs a secondary energy provider and a
monitoring method [36], but the passive flow control
techniques are easy to execute, and the method involves a
comprehensive parametric study [37]. Due to their simplicity
and no external power requirement in their mechanism,
passive control techniques are preferred over active control
techniques [38]. The flow over a circular cylinder retrofitted
with splitter plate is a popular passive flow control method
that has received much attention in recent times [39]–[48].
The literature review shows that the presence of a splitter
plate was found to lessen the aerodynamic force exerted on
the cylinder, and the aeroacoustic sound radiated to the
surroundings. A bluff body attached with a downstream flat
plate changes the behaviour of the near wake structure and
followed by the aerodynamic characteristics. Numerical
analysis carried out by [45], [47] for flow over a circular
cylinder attached with splitter plate found that there exists a
critical length of the splitter plate where the complete
suppression of aerodynamic drag is obtained.
Despite the promising previous works on the circular
cylinder attached with splitter plate, published results of the
flow-induced sound of square cylinder retrofitted with
splitter plate are scarce [32], [49]. The possibility for a
downstream flat plate to be applied in sound cancellation
mechanism
for
square
cylinder was proven by
Doolan [50]. That study
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found that the plate fundamentally changed the flow
structure of the cylinder wake, which was beneficial to a
significant reduction in the Strouhal number and total drag
coefficient of the square cylinder. However, an extended
study is needed to investigate whether similar phenomena
can be obtained splitter plate of various lengths. Ali et al. [32]
numerically investigated the sound emitted from the square
cylinder retrofitted with a splitter plate at low Reynolds
number (Re= 150) without incidence for various lengths
(0.5D – 6D). A sound pressure level decrement of 3 dB was
attained when the splitter plate length was equal to 1D.
Ogunremi and Sumner [49] studied the usefulness of the
presence of a splitter plate for the square cylinder,
experimentally, at Re = 74000. The study found that a splitter
plate of L/D ≥ 3was sufficient to reduce the drag and suppress
vortex shedding. In summary, only a few studies have been
performed for computing both the aerodynamic drag and
aeroacoustic sound of cylinders with a splitter. Hence, the
current study aims to investigate the influence of a square
cylinder with a splitter plate on the flow-induced sound and
aerodynamic drag in much more detail. Almost all studies
with splitter plates either focused on aerodynamic drag or the
aeroacoustic sound emission at low Re. In most industrial
applications, however, the aerodynamic sound becomes more
significant only for high Re flows. Hence, in this paper, a
high Re (= 22000) flow is treated. The current study has two
objectives. First, to examine how the splitter plate lengths
affect the aerodynamic drag and sound. Second, to locate the
optimal length to reduce the drag and sound simultaneously.
In this paper, a two-dimensional parametric study is
employed; where the unsteady Reynolds-averaged NavierStokes (URANS) technique has been utilized for
aerodynamic calculations and Ffowcs Williams-Hawking's
acoustic analogy [51] has been used for aeroacoustics
calculations for the considered problem. A total of 10 splitter
plate lengths have been analyzed to find the optimal splitter
plate length that could minimize the aerodynamic drag force
and flow-induced noise simultaneously. In other words, a
multi-objective unconstrained optimization problem is posed
where mean aerodynamic drag coefficient (CD, mean) and
overall sound pressure level (OASPL) are the two objective
functions to be minimized in ‘L/D’ design parameter space.
To identify these two optimal shape parameters, particle
swarm optimization (PSO) method [52], 53] has been
adopted using a radial basis neural network (RBNN) [54],
[55] with L/D as a design variable. It should be noted that the
PSO technique is extensively used in various engineering
applications, specifically, the method has also been applied
to flow-induced sound reduction [45], [55], [56].
The organization of the article is arranged as follows. The
geometry and flow specifications are briefly described in
section 2 followed by the computational methodology in
Section 3. The obtained numerical results are discussed in
Section 4, concentrating on the impact of splitter plate length
on the CD, mean and OASPL. Lastly, the conclusions drawn
from our study are provided in Section 5.
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II. GEOMETRY AND FLOW CONDITIONS
In this work, square cylinders retrofitted with 10 different
splitter plate lengths of thickness 0.02Dare considered (Fig.
1). The normalized splitter plate lengths are varied in the
range of L/D = 0.5 to 5at 0.5D intervals because these ranges
were found effective in passive flow control at subcritical
Re[49]. The normalized thickness of the rear plate is
0.02D[32]. All simulations in this paper are carried out at Re
= ρUD/μ = 22000, where ρ is the density of air (= 1.225
kg/m3), U is the incoming flow velocity (= 32 m/s), D is the
side length of cylinder (= 0.01m) and μ is the dynamic
viscosity of air (= 1.7894 × 10-5Pa.s). Figure 1 shows the
schematic of the square cylinder with a splitter plate placed at
the downstream location.

Figure 1: Definition sketch
III. COMPUTATIONAL METHODOLOGY
The turbulent air flow field over the cylinder is computed
by utilizing the two-dimensional unsteady Reynolds
averaged Navier Stokes (URANS) technique [31], where the
numerical model simultaneously solves the mass and
momentum conservation equations. Even though the flow
field in this problem is three-dimensional in nature, the
two-dimensional method can, however, obtain the significant
aerodynamic and aeroacoustic characteristics [20], [31],
[57] at a cheap computational expense and is a more
appropriate technique for a parametric study [58]. The k-ω
SST model [59], [60] is employed to provide closure to the
system of equations formed by URANS. The finite volume
method with the QUICK scheme [61] is utilized for the
spatial discretization, while a first-order implicit scheme is
used for temporal discretization. The SIMPLE algorithm is
utilised for the pressure-velocity coupling. An adaptive
time-stepping method is used in the paper, where the time
steps are adjusted automatically with respect to the
truncation error [45]. The time-step is allowed to change in
between 10-8 s and 10-4 s. When the residuals of all variables
fall just below 10-5, the solution has been regarded as
converged. To compute the aerodynamic drag coefficient and
acoustic pressure signals, the
unsteady information is
collected, once the fluid flow
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attains the statistically steady-state. The flow- induced sound
is calculated using the FW-H acoustic analogy [51] with the
two-dimensional URANS results as input by using a
“correlation length” method [20], [57].
The “correlation length” technique presumes that the
vortex shedding is completely correlated over a certain
length of the cylinder in the lengthwise direction [19]. The
correlation length that is required in this method can be
found experimentally by determining the surface static
pressure along the length of the cylinder. In this paper, a
correlation length of 4D is adopted based on the previous
experimental data [62], [63]. Detailed explanations of the
fluid governing equations, acoustic analogy and correlation
length model may be found in previous studies [19], [24],
[31]. The CFD simulations have been carried out by
implementing the cylinder models in the commercial flow
solver ANSYS Fluent, and a MATLAB code was developed
for processing the acoustic pressure data.
In this work, two-objective optimization was carried out to
simultaneously minimize the aerodynamic drag force and the
flow-induced sound of the cylinder retrofitted with a splitter
plate. The flowchart in Fig. 2 illustrates the optimization
process used in this study. The design variables and objective
functions are defined, and the design variables are randomly
chosen from the sample space. For reducing computational
expense, the RBNN model [54], [55] is employed in this
work to evaluate the objective functions from a finite set of
design variables for which the objective functions are
evaluated numerically. For searching optimal values, the
PSO algorithm is used, which is based on the work of
Kennedy and Eberhart [53], by introducing the nondominated solution concept [52]. The Multi-objective
particle swarm optimization coupled with the RBNN is
performed by an algorithm implemented in MATLAB code.

shear stress and normal velocity. The outlet boundary ‘CD’
has a zero value of gauge pressure. The no-slip (wall)
condition is assigned on the cylinder surface. The
computational domain size is chosen as 31.5D × 21D [31].

.
Figure 3: Schematic diagram of the computational
domain
Structured O-grids with circumferential clustering in the
vicinity of the square cylinder are provided and the
remaining computational domain is meshed with fine
unstructured triangular grid system (Fig. 4). A near wall
resolution of y+ = 1 has been preserved near the cylinder
surface for fully resolving the laminar sublayer. The number
of O-grids in the radial direction is 20, and the first cell
distance from the cylinder surface is 7.1 × 10-6m with a
growth ratio of1.2. Along the peripheral surface of the
cylinder, the cells are being spaced equally at 0.02D (= Δs)
apart. The accuracy of numerical results is reliant on mesh
resolution, so a mesh sensitivity test is conducted in this
study. The rms lift coefficient (CL, rms), OASPL (refer eq. 2)
and sound pressure level (SPL, refer eq. 1) spectrum of three
grid system are chosen for mesh dependency test, and are
presented in Table 1 and Fig 5. It can be observed from these
results that the computational domain with1.22 lakh cells
(Case 3) is adequate for the current study. Limited by the
computational sources, in the present work, the mesh
dependency check is conducted only for the unmodified
cylinder. Since all cylinders retrofitted with splitter plate
operate at same Re as the unmodified cylinder, it is
reasonable to accept that the grid convergence of bare
cylinder will be same for cylinders with splitter plate also
[32].
Table 1: Summarized results of the grid sensitivity test
CL,rms OASPL(dB)
Case Cells (Lakhs) Δs
1
1.16
0.04D 1.504 77.91
2
1.18
0.03D 1.503 77.76
3
1.22
0.02D 1.477 77.46

Figure 2: Design methodology.
IV. RESULTS AND DISCUSSIONS
The dimensions of the computational domain around the
two-dimensional square cylinder are shown in Fig. 3. The
uniform fluid stream is normal to the inlet boundary ‘AB’,
i.e. x-axis is parallel to the incoming velocity U. The origin
(0, 0) of the coordinate system is positioned at the midpoint
of the cylinder. The boundaries ‘BC’ and ‘AD’ have zero
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over a non-dimensional time of tU/D = 3200, which equates
to approximately 384 vortex-shedding cycles. The precision
of the SPL calculations primarily experimental results by
Iglesias et al. [29]. The SPL spectrum reported by Iglesias et
al. [29] is for Re 54,800, which is scaled to Re 22,000 by
using the acoustic scaling method proposed by Moreau and
Doolan [27]. The sound measurements were conducted in an
open jet anechoic wind tunnel on a square cylinder. The
power spectral density of the calculated sound pressure at the
receiver location has been obtained using Welch
technique[70] adopting Hann window with 50% overlap of
32 data segments [71]. The SPL (dB) is defined as relies on
the accuracy of the aerodynamic solution. To validate this
solution, the mean aerodynamic drag coefficient (CD,mean),
rms lift coefficient (CL,rms) and Strouhal number (St)
corresponding to the dominant vortex shedding frequency,
computed numerically, are compared with previous studies
(Table 2). The aerodynamic forces on the cylinder consist of
two main parts: pressure and shear force acting in directions
normal and tangential to the cylinder surface, respectively.
The pressure and shear forces exerting on the cylinder
surface are integrated, and resolved in the x- and ydirections to obtain the drag and lift forces, respectively. The
CD,mean, CL,rms and St of the cylinder obtained from
simulations are in good agreement with the previous
studies(Table 2). The St corresponding to the dominant
vortex shedding frequency is computed by fast Fourier
transform (FFT) of the lift force time history (Fig. 6).

Fig.4.(a) Computational mesh Full view

Figure 4b) Computational mesh near view.
Table 1: Summarized results of the grid sensitivity test
Case
1
2
3

Cells (Lakhs)
1.16
1.18
1.22

Δs
0.04D
0.03D
0.02D

CL,rms
1.504
1.503
1.477

OASPL(dB)
77.91
77.76
77.46

Table 2: Comparison of the numerical solution with
literature
Author
Present
Tian et al. [64]
Samion et al.
[31]
Bosch
and
Rodi [65]
Shimada and
Ishihara [66]
Murakami and
Mochida [67]
Sohankar [68]
Park [69]
Vickery [63]

Figure 5: Grid sensitivity study using SPL as a
parameter.
B. Validation of aerodynamic and aeroacoustic parameters
For numerical calculations, the turbulent airflow stream
should attain a statistically steady state and this takes place at
approximately 0.1 s. In all computations, the entire
simulation time is 1.1 s and the final 1 s (i.e. from 0.1 s to 1.1
s) of time history data is used in calculating the aerodynamic
and acoustic results. In other words, flow sampling occurred
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Method
(Author)
k-ω SST
k-ω SST

CD,mean

CL,rms

St

2.183
2.06

1.477
1.492

0.12
0.138

k-ω SST

2.1

1.43

0.126

k-ε

2.108

1.012

0.146

k-ε

2.05

1.43

0.141

LES

2.09

1.6

0.132

LES
Experiment
Experiment

2.19
2.1
2.044

1.433
1.299

0.118
0.13
0.12

Figure 7 displays the comparison of the computed SPL
spectrum with experimental data. The computed spectrum
agrees with the experimental spectrum at the principal
regions and shows an adequate match elsewhere. The most
important characteristics of this spectrum, specifically, tonal
Strouhal number (i.e. the Strouhal number associated with
the peak frequency of the spectrum, represented by StT) and
the tonal SPL at this
frequency (represented by
SPLT in dB) match precisely
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with experimental results as shown in Table 3. This means
that the URANS and FW-H method utilized in this study is
capable to predict the important features of the flow induced
sound, and also has the capability to present additional
insight through a parametric study. To make evident the
sound reduction levels at the receiver location, the OASPL,
which is an estimate of the total sound energy of the SPL
spectrum is utilized in this paper. Based on the calculation
using Eq. (2), the OASPL is found to be 77.46 dB.
To evaluate the accuracy of the far-field acoustic analysis,
the computed flow-induced sound data are validated using
experimental data. Comparing the StT(see Table 3) with the
St(see Table 2), it is clear that the peak sound frequency takes
place at the dominant vortex shedding frequency, which
means the dominant role of vortex shedding on aeroacoustic
sound generation. So,

by amending the vortical flow structures in the cylinder
wake, the sound production can be controlled [43] and this is
what a cylinder retrofitted with a splitter plate does.

StT
SPLT (dB)

Table 3: Comparison of the calculated sound
parameters with experimental results.
Acoustic parameters Exp. Num.
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0.12
59.46

In the present work, ten square cylinders attached with
splitter plate models with different L/D, also called the
'design variables' in the context of optimisation (see Fig. 2),
and are simulated numerically. The instantaneous drag force
and flow-induced sound pressure of all the models were
numerically computed. Table 4 records the values of CD,
mean and OASPL for all cases. It can be noticed that the
mean drag force (CD, mean) and flow-induced sound
(represented by OASPL) of cylinders with splitter are
significantly suppressed, with respect to the unmodified
cylinder. This is due to the increased base pressure of the
modified cylinder compared to the unmodified one [72].
Ogunremi and Sumner [49] found that a square cylinder
attached with a splitter plate of length L/D = 3 undergo
additional drag decline than that of L/D = 2 at subcritical Re.
The present findings are consistent with the results obtained
by Ogunremi and Sumner [49]. The presence of splitter plate
shows the way to a considerable decrease of the vorticity
magnitude and turbulent kinetic energy [32], [43], and in
turn, reduces flow-induced sound [57]. When the splitter
plate length of the modified cylinder L/D = 3.5, the drag and
sound emission reduce by about 22.95%and 2.1 dB,
respectively. And, when L/D = 1, the drag and sound
emission are found to reduce by about 15.54% and 5.61 dB,
respectively (Table 4). The variations of CD, mean and
OASPL for various L/D suggest an optimization problem.
Table 4: Variation of CD, mean and OASPL with
splitter plate length (L/D)
CD,mean
OASPL
L/D
CFD
Reduction (%) CFD Reduction (dB)
0D
2.1829 77.46 0.5D 1.9782 9.38
75.48 1.98
1D
1.8437 15.54
71.85 5.61
1.5D 1.8021 17.44
74.8 2.66
2D
1.8137 16.91
76.4 1.06
2.5D 1.7911 17.95
76.55 0.91
3D
1.7239 21.03
74.13 3.33
3.5D 1.6820 22.95
75.36 2.1
4D
1.7783 18.53
73.71 3.75
4.5D 1.8456 15.45
75.63 1.83
5D
1.8850 13.65
76.02 1.44

Figure 6: Power spectral density of the lift coefficient

Figure 7: Comparison of the numerical SPL spectrum
with the experimental result.

0.122
59.57

In the framework of optimization, we require to develop an
RBNN for both CD, mean and OASPL with L/Das a design
variable. Table 5 shows the predicted values of CD, mean and
OASPL using the RBNN model within the considered
parameter space, and the prediction capability was compared
regarding error ratio (= Predicted value/Numerical value)
[73]. The goodness of fit measure, correlation coefficient
(R2) for the constructed RBNN are 0.9879 for CD, mean and
0.91 for OASPL. The
statistical parameter called
root mean squared error
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(RMSE) for the constructed RBNN are 0.0143 for CD, mean
and 0.0441 for OASPL. The lower RMSE values show better
performance, whereas higher R2 values indicate precise
predictions [74]. From section 4.3, it is clear that the
minimum CD, mean and OASPL occurs at different L/D.
Thus, an optimal determination of the splitter plate length
the solution of a two-objective optimization problem that
minimizes both the objective functions (CD, mean and
OASPL) simultaneously.
Table 5: Computed CFD and predicted RBNN values
of CD, mean and OASPL
CD,mean
OASPL (dB)
Error
Error
L/D
CFD
RBNN ratio
CFD RBNN ratio
0D
2.1829 2.19
1.003 77.46 77.47
1.000
0.5D 1.9782 1.97
0.996 75.48 75.40
0.999
1D
1.8437 1.85
1.003 71.85 72.10
1.003
1.5D 1.8021 1.82
1.010 74.8
74.33
0.994
2D
1.8137 1.81
0.998 76.4
77.07
1.009
2.5D 1.7911 1.78
0.994 76.55 75.80
0.990
3D
1.7239 1.73
1.004 74.13 74.82
1.009
3.5D 1.6820 1.71
1.017 75.36 74.85
0.993
4D
1.7783 1.76
0.990 73.71 74.01
1.004
4.5D 1.8456 1.83
0.992 75.63 75.51
0.998
5D
1.8850 1.90
1.008 76.02 76.04
1.000
The objective of the multi-objective optimization is to
simultaneously minimize the drag force and sound emission
of the modified cylinder. The optimization problem can be
posed as Minimize F1 (L/D) and F2 (L/D) subject to 0≤L/D≤
5 (3) Where, F1 = CD, mean and F2 = OASPL.

Figure 9: Pareto optimal solutions
Despite the information that the Pareto set can provide the
engineer with various design solutions, a choice can be made
for the ‘most acceptable’ solution which is the so- called
‘knee point’. The 'knee point' can be found on the Pareto
front using the minimum distance method [75]. The knee
point K corresponds to minimum Kj. Using this procedure,
Eq. (4) identifies the knee point as L/D= 1.24. The CD, mean
and OASPL values for the knee point, which is the ‘most
acceptable’ solution, are given in Table 6.

Table 6: Results for optimum configuration of the
modified cylinder (L/D= 1.24) using RBNN. Values in
parenthesis are the difference with respect to the
unmodified cylinder
CD,mean
Square cylinder
OASPL(dB)
Unmodified
2.1829
77.46
Modified – optimum 1.8101
73.56
L/D = 1.24
(17.08 %) (3.9 dB)

Using the scheme depicted in Fig. 2, the near- optimal
solutions of Eq. (3) are obtained using the PSO algorithm
with an initial population of 100. The PSO algorithm yields
the Pareto front (Fig. 8) consisting of non- dominated
solutions. Fig. 9 shows the design variables of the solutions
lying on the Pareto front of Fig. 8.

Figure 8: Pareto optimal front

Retrieval Number: D10651292S219/2019©BEIESP
DOI:10.35940/ijrte.D1065.1284S219

To substantiate the reason for the reduction in CD, mean
and OASPL, a numerical simulation is done for the knee
point optimum configuration. The contours obtained from
the numerical simulation for the ‘knee point’ configuration
will now be presented, always with unmodified cylinder
comparison. Figures 10 and 11shows the contours of mean
averaged static pressure and the instantaneous turbulent
kinetic energy, respectively, for the unmodified cylinder and
the cylinder with optimal splitter plate. The pressure in the
cylinder wake (i.e. base pressure) is lower for the normal
cylinder, and as a result, it has a higher drag (Fig. 10) [72].
The values of instantaneous turbulent kinetic energy in the
near-wake (downstream) of a cylinder with optimal splitter
plate are smaller (Fig. 11) [32], [43], which is the main cause
for sound mitigation[57]. The results highlight that
considerable improvement in aerodynamic and aeroacoustic
performance
of
square
cylinder with a splitter plate
is possible as a result of
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optimization.

cylinder. Future work should address the behavior of
cylinders of various cross-sections, with the active flow and
noise control.
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