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ABSTRACT

Aerodynamic noise control is important for various engineering applications, including automobiles. To develop effective control methods
for the flow and sound of bluff bodies, flow past a cylinder is usually studied as a simplified problem. In this study, a passive control
technique using surface protrusions was developed to suppress the aeolian tone generated by a two-dimensional laminar flow past a circular
cylinder. Protrusions were created on the front and rear surfaces of the cylinder using an optimization approach based on the lattice
Boltzmann and adjoint methods, allowing the optimization of complex geometries. The computational results revealed that a pair of protru-
sions on the front surface could stabilize the separated shear layers by fixing the separation points to their tips, whereas a pair of protrusions
on the rear surface can stabilize the separated shear layers by interfering with the interaction between the top and bottom shear layers.
Consequently, these shapes effectively suppressed the vortex shedding and aeolian tone while decreasing the mean drag. A shape with sym-
metrical protrusions on the front and rear surfaces reduced the aeolian tone by 3.6 dB.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146343

I. INTRODUCTION

Controlling aerodynamic noise is required in a wide range of
engineering applications including turbomachinery and transportation
machinery. For automobiles, trains, and aircraft, aerodynamic noise is
an important factor that influences the comfort of passengers and
neighborhood residents. Particularly, aerodynamic noise is becoming
more noticeable in automobiles because of recent electrification. The
aerodynamic noise of these vehicles is often associated with bluff bod-
ies, such as the rear-view mirrors of automobiles, pantographs of high-
speed trains, and landing gears of aircraft.

To develop effective control methods for the flow and sound
of bluff bodies, flow past a cylinder has been intensively studied as
a simplified problem in fluid mechanics and aeroacoustics. The
fundamental characteristic of the flow past a cylinder is the forma-
tion of a von Karman vortex street above a critical Reynolds num-
ber. This periodic vortex shedding induces a tonal sound known as
the aeolian tone. As discussed in previous review articles,1–3 many
studies have contributed to the development of control methods
for vertex shedding of a cylinder; the control methods are further
classified into passive and active controls. The present study
focused on passive control, which can be implemented without
supplying additional energy to an existing system and at a rela-
tively low cost compared with active control.

Various passive devices, including porous covers,4,5 helical
cables,6,7 hairy flaps,8 and longitudinal grooves,9 have been proposed
to suppress the aeolian tone of a cylinder. Among these, splitter plates
have attracted the most attention. The effects of splitter plates on the
flow field around a cylinder have been investigated in many
experimental10–14 and numerical studies.15–19 These studies have
shown that inserting a splitter plate into the near wake of a cylinder
mitigates vortex shedding by disrupting the interaction of the shear
layers separated from the top and bottom surfaces.

Furthermore, several studies have investigated the flow and
sound fields around a cylinder with splitter plates. Hybrid aeroacoustic
simulations based on Lighthill’s acoustic analogy have revealed the
effects of plate length20 and plate location21 on the aeolian tone.
Moreover, direct aeroacoustic simulations based on the compressible
Navier–Stokes equations have demonstrated the sound control perfor-
mance of a new splitter configuration, which has a circular arc shape
and is concentrically located close to the top and bottom surfaces of a
cylinder.22,23

Many of these proposed devices are based on human inspiration
and experience and are limited to simple structures and shapes. On
the other hand, optimization methods can create more effective con-
trol devices with complex shapes. A study has conducted aerodynamic
shape optimization using an unsteady adjoint method based on the
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incompressible Navier–Stokes equations to minimalize the lift oscilla-
tion of a cylinder.24 Other studies have conducted aeroacoustic shape
optimizations using a hybrid approach to minimize the aeolian
tone.25,26 However, these studies have modified the entire shape of a
cylinder under a small degree of freedom, whereas no study has con-
sidered complex shapes, including localized depressions or protru-
sions, in the shape optimization of a cylinder.

The present study attempted to obtain novel shapes that can
effectively control the aeolian tone of a cylinder using aeroacoustic
shape optimization. In the optimizations, the degrees of freedom in
the shape were sufficiently large to allow the formation of localized
depressions or protrusions on the cylinder surface. Such optimizations
were realized using the lattice Boltzmann method (LBM) and adjoint
method. Furthermore, the sound reduction mechanism of the opti-
mized shapes was investigated.

The remainder of this paper is organized as follows: Section II
outlines the numerical methods for aeroacoustic shape optimization.
Section III describes the optimization problem and computational
conditions. Section IV presents the optimized shapes and simulation
results. Finally, the main findings are summarized in Sec. V.

II. NUMERICAL METHOD
A. Lattice Boltzmannmethod

The flow and acoustic fields were simulated simultaneously using
the LBM. The LBM scheme is low dissipative and low dispersive, suffi-
cient for application in direct aeroacoustic simulations.27,28 Moreover,
it is simple and suitable for parallel computing, allowing unsteady
large-scale computations cost-effectively. These features render the
LBM a promising approach for computational aeroacoustics for low-
Mach-number flows.

The LBM simulates fluid behaviors at the macroscale by comput-
ing the streaming and collision processes of a set of particles at the
mesoscale. The particle velocity is discretized into a finite number
along a regular lattice. In this study, a two-dimensional nine-velocity
model (D2Q9) was used along a square lattice. Although D2Q9 is an
athermal model, it can reasonably simulate flow-induced sounds
under low-Mach-number conditions, assuming that the temperature
change is negligible.28

The distribution function of a particle with velocity ci at position
x and time t is represented by fi x; tð Þ. The evolution of the distribution
function is calculated using the lattice Boltzmann equation (LBE) as
follows:29,30

fi x þ Dtci; t þ Dtð Þ ¼ fi x; tð Þ � 1
s

fi x; tð Þ � f eqi x; tð Þ
� �

; (1)

where f eqi is the local equilibrium distribution function, and s is the
relaxation time. The right-hand side of Eq. (1) expresses the collision
operation based on the BGK approximation, which can be computed
using only local values at position x. Moreover, the streaming opera-
tion can be completed by simply shifting the distribution function to a
neighbor node x þ Dtci at the next time step t þ Dt, where the time
increment Dt is determined such that the length of vector Dtci coin-
cides exactly with the lattice spacing.

In the D2Q9 model, the local equilibrium velocity distribution
function f eqi is given by

f eqi ¼ wiq 1þ ci � u
c2s

þ ci � uð Þ2
4c2s

� u � u
2c2s

" #
; (2)

where q and u denote the density and velocity of the fluid, respectively;
wi is the weighting factor, which is defined as w0 ¼ 4=9; w1–4

¼ 1=9; w5–8 ¼ 1=36; cs ¼ c=
ffiffiffi
3

p
is the speed of sound. The relaxation

time s is related to the fluid kinematic viscosity t as s ¼ 1=2þ t=Dtc2s .
The fluid density q and velocity u are obtained from the particle

velocity moments of the distribution functions, as follows:

q ¼
X
i

fi; qu ¼
X
i

fici: (3)

In the athermal models, the fluid pressure is related to the density as
p ¼ qc2s .

The interpolated bounce-back (IBB) scheme was used for the
wall boundary conditions of complex geometries. It considers bound-
aries located between grid nodes by interpolating the distribution func-
tion on the boundaries based on the bounce-back rule. The linear
interpolation scheme proposed by Yu et al.31 was used. The scheme is
expressed as follows:

fi xb; t þ Dtð Þ ¼ qi
1þ qi

f̂ i xb; tð Þ þ f̂ i xb; tð Þ
h i

þ 1� qi
1þ qi

f̂ i xb � Dtci; tð Þ; (4)

where i denotes the direction opposite to i, and f̂ denotes the distribu-
tion function after the collision operation; xb is the closest node to the
wall in the fluid, and qi represents the distance between node xb and
the wall (0 � qi < Dx). Equation (4) provides the wall boundary con-
dition by linear interpolation using the distribution functions at xb
and its adjacent node xb � ciDt.

B. Adjoint method

To account for complex geometries, including local protru-
sions and depressions, shape optimization was performed using
the adjoint method. This method can efficiently evaluate the gra-
dients of the objective function with respect to numerous design
variables, thereby enabling a high degree of freedom. A discrete
adjoint method was used, based on LBE with the IBB condition,
which has been proven effective for flow-induced sound problems
in the author’s previous study.32 This subsection presents an over-
view of the proposed method.

Shape optimization was used to reduce the flow-induced sounds
observed in the far field. Therefore, objective function I was defined as
the square mean of the sound pressure in a region during a time
window

I ¼ 1
Xobsj j Tobsj j

X
xk2Xobs

X
tn2Tobs

p xk; tnð Þ � p0
� �2

; (5)

where Xobs and Tobs indicate a subset of nodes and time steps in which
the observation is conducted, respectively; p0 is the reference pressure,
which was the pressure of the uniform flow in this study. Instead of
the time-averaged pressure, the constant parameter p0 was used in Eq.
(5) to simplify the calculations. This simplification is reasonable when
the observation is conducted in the far field.
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The adjoint method considers the governing equations of a fluid
as constraint conditions to minimize the objective function. The pro-
posed method is based on the discrete adjoint approach,32–34 where
the constraint condition for a particle with velocity cj j ¼ 0; 1;…; 8ð Þ
at lattice node xk k ¼ 1; 2;…;Nxð Þ and time step tn n ¼ 1; 2;…;Ntð Þ
is expressed as Rj xk; tnð Þ ¼ 0. This condition corresponds to the LBE
[Eq. (1)] for inner nodes or the IBB condition [Eq. (4)] for the wall
boundary nodes.

To solve the minimization problem with the constraint condi-
tions, Lagrangian J is introduced as follows:

J ¼ I þ
X
j

X
k

X
n

f �j xk; tnþ1ð ÞRj xk; tnð Þ; (6)

where f �j xk; tnþ1ð Þ are the adjoint states. The design variables defining
object geometries are denoted by am m ¼ 1; 2;…;Nað Þ. Using the
adjoint state f �, the gradient of objective function I with respect to
design variable am is given as follows:

dI
dam

¼ dJ
dam

¼ @I
@am

þ
X
j

X
k

X
n

f �j xk; tnþ1ð Þ @Rj xk; tnð Þ
@am

¼
X
j

X
k

X
n

f �j xk; tnþ1ð Þ @Rj xk; tnð Þ
@qj

@qj
@am

; (7)

where @I=@am ¼ 0 is used because the objective function is defined in
the far field away from the object. @qj=@am in Eq. (7) can be numeri-
cally calculated at low computational cost. @Rj xk; tnð Þ=@qj in Eq. (7)
can be obtained using Eqs. (1) and (4) as follows:

@Rj xk; tnð Þ
@qj

¼

�1
1þ qjð Þ2 f̂ j xk; tnð Þ þ f̂ j xk; tnð Þ

h i
þ 2

1þ qjð Þ2 f̂ j xk � Dtcj; tn
� �

if xk þ Dtcj 62 Xf ;

0 otherwise;

8>>>><
>>>>:

(8)

where Xf is a subset of computational nodes whose elements are
located in the fluid domain.

At the stationary points of the optimization problem, the adjoint
state f � satisfies the following equation:

@J
@fi xk0 ; tn0ð Þ ¼

@I
@fi xk0 ; tn0ð Þ
þ
X
j

X
k

X
n

f �j xk; tnþ1ð Þ Rj xk; tnð Þ
@fi xk0 ; tn0ð Þ ¼ 0: (9)

Equation (9) provides the adjoint equation, which can be numerically
solved to obtain the adjoint state f �. By substituting f � into Eq. (7), the
gradient of the objective function can be evaluated. The formulation of
the adjoint equation and its boundary conditions can be found in the
author’s previous report.32

C. Shape optimization method

An aeroacoustic shape optimization method was developed using
the LBM and adjoint method. Its flowchart is shown in Fig. 1. First,
the flow and acoustic fields were simulated using the LBM for a shape
defined by a set of design variables am. This direct aeroacoustic

simulation allows the evaluation of objective function I, which is
defined as the mean square of sound pressure in the far field during a
time window. After the forward analysis, the adjoint equation was
computed to calculate the adjoint state f �. Solving the adjoint equation
requires the velocity field data during the time window.32,33 The data
were provided by the LBM simulation via storage. The gradients of the
objective function with respect to the design variables dI=dam were
evaluated using the adjoint state f �. Finally, the design variables were
updated using the gradient data. These steps were iterated until the
objective function converged.

The design variable am was updated using the gradient descent
method as follows:

am
hþ1 ¼ am

h � g
dI
dam

; (10)

where superscript h indicates the number of iterations. The step size g
was set to g ¼ 0:03D2=I0, where I0 is the objective function calculated
for the initial shape. The optimization processes ended when the fol-
lowing condition was satisfied:

Ih � Ih�1

Ih�1

				
				 < 10�4; (11)

where Ih indicates the objective function evaluated in the h-th
iteration.

III. PROBLEM SETUP
A. Flow configuration

The optimization considered a cylinder placed in a uniform flow,
where the free-stream velocity was U1. The initial cross-sectional
shape of the cylinder was circular with a diameter D. The Reynolds
number was defined as Re ¼ U1D=�.

Although in practical applications, wake flows of bluff bodies are
often three-dimensional and turbulent, the unsteady adjoint

FIG. 1. Flowchart of the shape optimization based on the LBM and adjoint method.
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calculations are unfeasible for such simulations owing to the large stor-
age requirements. The present study adopted a two-dimensional lami-
nar flow regime to reduce the computational cost and handle the
complexity of phenomena and focused on the optimization of the
cross-sectional shape. Even at higher Reynolds numbers, the major
phenomenon associated with the aeolian tone is regular Karman vor-
tex shedding. Indeed, a tonal component has been clearly observed in
the sound spectra for the subcritical flow regime (Re < 2� 105).35

Therefore, shapes developed at a low Reynolds number are expected
to be effective at least over the subcritical regime.

In the circular cylinder, laminar vortex shedding was observed in
the range of 49 < Re < 194 .36 According to previous numerical stud-
ies,23,25,37 the condition of Re ¼ 150 was adopted, in which periodic
vortex shedding was clearly observed. The Mach number of the uni-
form flow was set to 0.2.

B. Shape parameterization

To suppress the aeolian tone, the cross-sectional shape of the cir-
cular cylinder was modified by defining the shape using several param-
eters. The top and bottom surfaces of the cylinder were constrained to
be symmetrical with respect to the streamwise direction to avoid
increasing the number of parameters. Figure 2 shows the parameter-
ized shape of the circular cylinder. The origin of the coordinate system
was set at its center. The x-axis coincided with the streamwise direc-
tion. The shape was expressed using an Akima spline curve.38 The
interpolation curve included 21 control points that were equally
spaced in the circumferential direction between the two stagnation
points in the initial shape.

In contrast to previous optimizations,24–26 this study attempted
to obtain novel shapes by locally modifying the cylinder surface near
the front and rear parts. Three optimization cases with different sets of
design variables were considered. In the first case, the first seven con-
trol points from the forward stagnation point were variable, and the
other points were fixed, as shown in Fig. 2(a). In the second case, the
first seven control points from the backward stagnation point were
variable, and the other points were fixed, as shown in Fig. 2(b). In the
last case, the first seven control points from the forward and backward
stagnation points were variable, but the shape was symmetrical with
respect to both x- and y-axes.

In these cases, both the circumferential and radial positions of
the variable points were modified, except for the control points placed
on the stagnation points. For these control points, only the radial posi-
tion was modified to maintain a symmetrical shape along the x-axis.
There were 13 degrees of freedom in all the optimization cases, which
is sufficiently large to represent localized depressions or protrusions.

C. Computational conditions

The LBM and adjoint computations were conducted in the
domain shown in Fig. 3. The size of the computational domain was
2048D� 2048D, and the cylinder was located at its center. As bound-
ary conditions for the outer boundaries, the free-stream density and
velocity were specified using the local equilibrium functions.
Additionally, to avoid sound reflection from the outer boundaries, a
sound-absorbing treatment28,32 was applied to the region defined by
r > 768D, where r is the radial coordinate.

The computational domain was discretized using a hierarchically
refined Cartesian grid. Figure 3(a) shows the outlines of the computa-
tional grid. The maximum and minimum grid spacings were specified
to generate the grid. The maximum grid spacing around the outer
boundaries was fixed to 2D, resolving the wavelength of the aeolian
tone with at least 14 grid points. This resolution was previously shown
to be sufficient for accurately simulating sound propagations.28

The present study investigated the effect of the minimum grid
spacing allocated around the cylinder. Figure 4 shows that the
mean drag coefficient CDmean and amplitude of the lift coefficient
fluctuation C0

Lmax
converged on refining the minimum grid spacing

Dxmin. The relative errors between the second-finest and finest
grids were significantly small at 0.49% and 0.98% for CDmean and
C0
Lmax

, respectively. Therefore, the second-finest grid (Dxmin

¼ 0:0154D) was adopted in the shape optimization. The total
number of grid points was 6.86 � 106.

Objective function I was evaluated along the U-shaped observa-
tion lines shown in Fig. 3(b). To evaluate the sound pressure level in
the far field, the lines were placed 20D away from the center of the cyl-
inder. Moreover, to avoid wake flow, no observation line was installed
downstream of the cylinder. The observation began after the effect of
the initial condition was sufficiently removed. Figure 5 shows the time
histories of the lift and drag coefficients in the simulation of the initial
shape. The simulation was initiated using the local equilibrium

FIG. 2. Cross-sectional shape of the circular cylinder defined using an Akima spline curve with fixed and variable control points for the (a) front and (b) rear surface optimizations.
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functions calculated from the free-stream density and velocity. After
approximately 150 000 time steps, periodic fluctuations were observed
in lift and drag. As shown in Fig. 5, the observations in the LBM simu-
lation and adjoint calculation were performed 50 000 steps after the
250 000th time step. This time window corresponds to 16 cycles of
vortex shedding and is sufficient for sound waves to propagate back-
ward from the observation points to the cylinder in the adjoint calcula-
tion. The validity of this time window has been shown in a previous
report.32 To temporarily store the unsteady velocity field during the
time window for the adjoint calculation, high-speed external storage of
5.5 TB was used in this optimization.

IV. RESULTS AND DISCUSSION
A. Validation

The simulation results for the circular cylinder were validated by
comparison with the results of other numerical studies.23,37,39 As shown
in Table I, the drag and lift coefficients and the Strouhal number in the
present study were consistent with those in the other studies.

FIG. 3. Computational domain and grid. (a) Overall view; (b) close-up view around the cylinder.

FIG. 4. Mean drag coefficient and amplitude of the lift coefficient fluctuation for differ-
ent grid spacings. The arrows indicate the grid adopted for the shape optimization.

FIG. 5. Time histories of lift and drag
coefficients in the simulation of the circular
cylinder.
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Furthermore, Fig. 6 compares the instantaneous distributions of
the pressure fluctuation along three radial directions at t0=T ¼ 0:57,
where time t0 is 0 when the lift coefficient is maximum, and T is the
period of the lift fluctuation. The azimuth angle h is defined such that
h ¼ 180� coincides with the streamwise direction. The figure shows
that the present LBM results agreed well with the simulation results by
Inoue and Hatakeyama37 based on the compressible Navier–Stokes
equations.

B. Optimized shapes

The sound reduction by the modified shape was evaluated using
the sound pressure level difference DSPL defined as follows:

DSPL ¼ 10log10
I
I0

dBð Þ; (12)

where I0 is the objective function calculated for the initial shape.
Figure 7 shows the histories of DSPL in the optimization iterations for
the three cases.

Comparing the optimizations for the front and rear surfaces, the
sound reduction rates for both were comparable in the first few itera-
tions. Subsequently, the sound reduction rate of the front surface opti-
mization slowed and converged faster than that of the rear surface
optimization. Optimizing both surfaces under symmetrical conditions
resulted in less sound and faster convergence than optimizing either

the front or the rear surface. The results show that DSPL decreased
almost monotonically when only the rear surface was modified, but
occasionally increased in the other two cases that modified the front
surface. This is because even slight modifications to the front surface
can shift the separation point and significantly alter the flow and
sound fields.

TABLE I. Comparison of the drag and lift coefficients and Strouhal number.

CDmean C0
Drms

C0
Lrms

C0
Lmax

St

Present 1.32 0.0188 0.373 0.524 0.182
Mahato et al.23 1.34 0.0182 0.372 — 0.182
Inoue and Hatakeyama37 1.34 — — 0.52 0.183
Shi et al.39 1.313 — 0.364 — 0.183

FIG. 6. Instantaneous distributions of the pressure fluctuation along three radial directions at t0=T ¼ 0:57; (a) h ¼ 50�; (b) h ¼ 78:5�; (c) h ¼ 120�.

FIG. 7. Convergence histories of the sound-pressure-level difference in the
optimizations.

TABLE II. Comparison of the mean drag coefficient, RMS of lift coefficient, and
Strouhal number between the initial and optimized shapes.

Shape CDmean C0
Lrms

St DSPL ðdBÞ
Circular cylinder 1.324 0.373 0.182 0.0
Optimum front surface 1.166 0.181 0.171 �2.6
Optimum rear surface 1.111 0.141 0.179 �3.2
Optimum front and rear surface 0.993 0.066 0.172 �3.6
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Each optimization ended when condition (11) was satisfied, and
the final shape was considered optimum. As shown in Fig. 7, the opti-
mized front surface reduced the sound pressure level by 2.6dB compared
with the initial shape. A greater sound reduction with DSPL ¼ �3:2 dB
was realized by rear surface optimization. Furthermore, optimizing both
surfaces under symmetrical conditions resulted in the largest sound
reduction of 3.6dB.

The drag and lift coefficients, and the Strouhal numbers of the ini-
tial and optimized shapes are listed in Table II. In low-Mach-number
flows, the lift dipole mainly contributes to the generation of the aeolian
tone.37 In fact, the root mean square (RMS) values of the lift coefficient
for the optimized shapes were significantly lower than those for the cir-
cular cylinder. The results indicated that the RMS of the lift fluctuation

was correlated withDSPL. Moreover, the mean drag decreased according
to sound reduction. The optimized shapes may mitigate the pressure
drop downstream of the cylinder by suppressing vortex shedding, result-
ing in drag reduction. The Strouhal number decreased slightly for the
optimized shapes.

Figure 8 shows several modified shapes including the final
shape in each optimization, wherein the dotted lines indicate the
initial shape. As shown in Fig. 8(a), in the front surface optimiza-
tion, the first three iterations deformed the front surface to square-
like. Furthermore, the corners were extended upstream, and
protrusions were observed in the 14th iteration. The protrusions
continued to grow further upstream, and their tips reached x=D
¼ �0:77 at the final 42nd iteration.

FIG. 8. Shape changes in the optimization for the (a) front surface, (b) rear surface, and (c) front and rear surfaces under symmetry condition.
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Figure 8(b) shows the shape change in the rear surface optimiza-
tion. By the third iteration, two small humps were formed on each
side of the rear surface. Further, these humps were raised and formed
protrusions by the ninth iteration. After this iteration, the protrusions
on the upstream side stopped growing. The protrusions on the down-
stream side were further elongated, finally reaching x=D ¼ 0:71.

Figure 8(c) shows the shapes obtained by optimizing the front
and rear surfaces under symmetry condition. Only ten iterations of
this optimization created long protrusions, which were comparable in
size to the protrusions finally obtained in the previous two optimiza-
tions. As iterations proceeded, these protrusions were further elon-
gated and inclined to the streamwise direction. The tip of the
protrusions reached x=D ¼ 60:92 at the final 20th iteration.

The three optimized shapes were characterized by protrusions,
which protruded from the front or rear surfaces in the upstream and

downstream directions, respectively. These geometries are different from
those of previously known passive control devices, such as splitter plates.
These results suggest that installing appropriately shaped protrusions on
bluff bodies can suppress the aeolian tone while decreasing the mean
drag.

C. Flow and acoustic fields

This subsection presents aeroacoustic simulation results to inves-
tigate the reduction mechanism of the aeolian tone by the optimized
shapes with surface protrusions. First, the time-averaged streamwise
velocity profiles along the y-axis were compared between the initial
shape and the three optimized shapes, as shown in Fig. 9. The flow
over the circular cylinder is accelerated owing to the favorable pressure
gradient, and the streamwise velocity is maximum at y=D ¼ 0:74.

FIG. 9. Time-averaged streamwise velocity profiles at x=D ¼ 0:0.
FIG. 10. RMS of the vertical velocity along y=D ¼ 0:62.

FIG. 11. Instantaneous vorticity contours
when the lift coefficient is maximum. (a)
Initial shape; (b) optimized front surface;
(c) optimized rear surface; (d) optimized
front and rear surfaces under the symme-
try condition.
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Optimizing only the rear surface did not change the velocity profile,
except that the peak velocity is slightly smaller. For the other opti-
mized shapes that modified the front surface, the flow acceleration is
mitigated compared to the initial shape, and the velocity peak moves
to approximately y=D ¼ 0:9. These results indicate that optimized
front surfaces with protrusions can moderate the velocity gradient
around the cylinder.

To compare the oscillation magnitude in the separated shear
layer, Fig. 10 shows the RMS of the vertical velocity along
y=D ¼ 0:62, which was located in the upper separated shear layer.
For the initial shape, the vertical velocity fluctuation rapidly
increased downstream at x=D ¼ 0:0. This rapid increase corre-
sponded to the oscillation of the separated shear layer involved in
vortex shedding. A similar increase, starting from x=D ¼ 0:0, was
observed on the optimized front surface. In this case, the vertical
velocity fluctuation was significantly suppressed upstream of
x=D ¼ 0:0. This may be because the separation point was fixed at
the protrusion tip. Consequently, the shear layers in the optimized
front surface did not oscillate violently as in the initial shape. The
results of the optimized rear surface show that the starting point of
the rapid increase in the vertical velocity fluctuation moved down-
stream to approximately x=D ¼ 0:71, which corresponds to the tip
location of the protrusions. These results indicate that the protru-
sions restricted the oscillation of separated shear layers and inter-
fered with the interaction between the two shear layers. For the
simultaneously optimized front and rear surfaces under symmetry
condition, the vertical velocity fluctuation profile exhibited the
above two features observed in the independently optimized front
and rear surfaces. As a result, the oscillation in the shear layer was
most suppressed by the optimized shape with symmetric
protrusions.

Figure 11 shows the instantaneous vorticity contours for the ini-
tial and optimized shapes, when the lift coefficient is maximum.
Figure 11(a) shows that a vortex was strongly formed from the upper

separated shear layer near the circular cylinder. As shown in Fig. 11(b),
the flow was separated at the projection tips, and the vorticity mag-
nitude shed from the separated shear layers was decreased for the
optimized front surface according to the moderation of the velocity
gradient shown in Fig. 9. Furthermore, the optimized front surface
delayed the vortex formation compared to the initial shape because
the oscillation of the separated shear layers was mitigated by fixing
the separation point at the protrusion tip. Figure 11(c) indicates that
the optimized rear surface shifted the location of the vortex forma-
tion more downstream than the initial shape and the optimized
front surface. In addition, the protrusions on the rear surface inter-
fered with the interaction between the shear layers separated from
the top and bottom surfaces like the conventional splitter
plates.11,15,16,20 However, these optimized protrusions directly
restricted the oscillation of the separated shear layers, unlike the
conventional splitter plates. These effects of rear surface protrusions
resulted in suppressing the oscillation of the shear layers and the
delay of the vortex formation. For the shape with symmetrical pro-
trusions on both surfaces, the vortex was formed at the most down-
stream location among the four shapes, as shown in Fig. 11(d). In
addition, this shape most decreased the vorticity magnitude shed
into the wake. These may be the result of the combined effect of the
front and rear surface protrusions.

The RMS of the pressure fluctuation in the near field is com-
pared in Fig. 12. For the circular cylinder, the highest-pressure
fluctuations were observed near x=D ¼ 1:5. These pressure fluctua-
tions were caused by the strong vortex shedding, as shown in Fig.
11(a). For the three optimized shapes with protrusions, the pres-
sure fluctuations due to vortex shedding decreased compared to the
initial shape [Figs. 12(b)–12(d)]. This is because the oscillation in the
shear layers and vorticity magnitude shed from the separated shear
layers were decreased by the optimized surface protrusions.
Furthermore, the peak locations of the pressure fluctuations shifted
downstream according to the delay of vortex formation in the optimized

FIG. 12. RMS of pressure fluctuation
around the cylinder. (a) Initial shape; (b)
optimized front surface; (c) optimized rear
surface; (d) optimized front and rear surfa-
ces under the symmetry condition.
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shapes. These flow changes contributed to the reduction of the lift
fluctuation and the aeolian tone in the optimized shapes, as shown in
Table II.

Figure 13 shows the distributions of the instantaneous pressure
fluctuation in the far field when the lift coefficient is maximum. The
figure reveals that negative and positive pressure fluctuations were
alternately radiated from the top and bottom surfaces of the cylinders.
A comparison of the acoustic field between the initial and optimized

shapes clearly indicates that these optimized shapes significantly sup-
pressed the generation of the aeolian tone.

Figure 14 shows the power spectral densities of the pressure fluctu-
ations at one of the observation points (x=D ¼ 0 and y=D ¼ 20). The
primary peak in each spectrum correlated with the Strouhal number of
the lift fluctuation shown in Table II, indicating the relationship between
vortex shedding and the aeolian tone. The results reveal a minor
decrease in the tone frequency in the optimized shapes.

FIG. 13. Instantaneous distributions of pressure fluctuation when the lift coefficient is maximum. (a) Initial shape; (b) optimized front surface; (c) optimized rear surface; (d)
optimized front and rear surfaces under the symmetry condition.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 35, 053607 (2023); doi: 10.1063/5.0146343 35, 053607-10

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0146343/17276445/053607_1_5.0146343.pdf

https://scitation.org/journal/phf


Finally, the directivity of the aeolian tone was compared between
the initial and optimized shapes. Figure 15 shows the RMS of the pres-
sure fluctuation along the circumferential direction at r=D ¼ 64. The
directivity of the initial shape showed a typical dipole nature domi-
nated by lift fluctuations, whereas the optimized shapes indicate more
complex directivity patterns, such as a clover leaf. It appears that the
quadrupole sound became recognizable by significantly reducing the
lift dipole in the optimized shapes.

V. CONCLUSIONS

New passive control techniques were explored using the aeroa-
coustic shape optimization method to suppress the aeolian tone gener-
ated from a 2D laminar flow past a circular cylinder. The Reynolds
and Mach numbers were 150 and 0.2, respectively. In this optimiza-
tion, the LBM was used for direct aeroacoustic simulations. To update
the design variables, the gradients of the objective function with
respect to these variables were evaluated using the unsteady adjoint

method. Portions of the cylindrical surface were modified to create
local depressions or protrusions.

The optimization results suggested that installing appropriately
shaped protrusions on either or both the front and rear surfaces can
suppress the aeolian tone while decreasing the mean drag. The shape
with symmetrical protrusions on both surfaces realized the greatest
reduction of 3.6 dB. The aeroacoustic simulation results revealed that
the protrusions on the front surface could stabilize the separated shear
layers by fixing the separation points to their tips, whereas the protru-
sions on the rear surface stabilized the separated shear layers by inter-
fering with the interaction between the top and bottom shear layers.

These findings suggest a new control technique that uses surface
protrusions for the flow and sound of bluff bodies. However, further
studies are needed to determine whether the proposed method could
be effective for high-Reynolds-number flows in engineering applica-
tions and whether thin protrusions cause vibrations.
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