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Abstract. The sound generated by a square cylinder placed in a uniform flow at low Mach and low Reynolds numbers
has been investigated by direct solution of the two-dimensional unsteady compressible Navier-Sokes equations. The
development of a moder digital computer now makes it possible, at least for 2D flows, to simulate a sound field by
directly solving the governing equations over the entire range from near to far fields. A computational code has been
developed in house to solve the compressible Navier-Stokes equations by using optimized high order numerical
schemes. A thirteen points stencil fourth order accurate finite difference schemes was applied for spatial derivatives
(with 11, 9 and 7 points at the boundaries). The governing equations was advanced in time by using a fourth order six
steps Runge-Kutta method. A set o numerical simulations were performed at Mach numbers 0.1, 0.2 and 0.3, and
Reynolds numbers 100, 150 and 200. The time step was At =0.01 and the total humber of grid points were 953x953.
Results show that sound waves are generated primarily by vortex shedding form the cylinder surface into its wake.
When a vortex is shed from one side of the cylinder, a negative sound wave is generated from that side whereas a
positive sound wave is generated from the other side. A dipolar nature of the generated sound is observerd with main
propagation direction towards upstream. The frequency of the pressure waves is the same as that of vortex shedding as
well as the fluctuation frequency of the lift force. The results also showed that the Mach number has little effect over
the generation mechanisms of the sound, but clearly influence the propagation of sound waves to mid and far fields.
The Doppler effects is shown to play an important role at finite Mach number. It was observed that when the Reynolds
number increase, it is possible to note that the positive and negative sound waves have clearly different propagation
angles. This effect has been attributed to significant increase in drag dipole when Reynolds number increases.
However this is not a closed explanation and a further invertigation will be necessary to bring a comprehensive
under standing for this phenomena.
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1. INTRODUCTION

The flow around a bluff body is one of the basibjscts in fluid mechanics, because it contains oy
fundamentally important problems (such as forcémgon the body, transition to turbulence, acausthission, etc.),
but also a variety of practical application (sushs&ructural design of buildings, bridges, tralasding gears, etc.). A
square cylinder is one of the typical exampleshef bluff body, and a number of studies on the famaund square
cylinders has been done both experimentally (Okaj{982), Knisely (1990), Norberg (1993)) and cotapanally
(Davis and Moore (1982), Sohankar et al (1999)uénet al (2006a and b), Inoue and Suzuki (2007)).

It is recognized that the production of the soimdonnected with the instability of the vortex stsein the cylinder
wake (Karman vortex street). It is also known it frequency of the sound is the same as the sigefteéquency of
vortices from the cylinder into its wake and theirsth emitted is called aeolian tones, Inoue and kégtanma (2002).
The aeolian tones that are radiated from the floswad a bluff body have also been researched faoe rtian 100
years. A brief review on the aeolian tone has hgigan by Inoue and Hatakeyama (2002) for the cdise @rcular
cylinder. The aeolian tone that is radiated from flow around a square cylinder has received fgs ktention than
that from the flow around a circular cylinder, amdrks from the open literature are rather scarcemFan engineering
point of view, aeolian tone that are radiate fréva tlow around a square cylinder are importanypéctal example is
the tones generated by landing gears, which hay wiezular and square cylinders as their structooahponents.

The development of a modern digital computers noakes it possible, at least for 2D flows, to sineila sound
field by directly solving the compressible Navigoes equations over the entire range from the twdar fields.
Inoue and Hatakeyama (2002) investigated the smamirated by a single circular cylinder in a umfoflow at
Reynolds number 150 by direct solution of the 2Bteady compressible Navier-Stokes equations, aarifietl the
generation and propagation mechanisms of the swmusdme detail. Inoue et al (2006a and b), andénetual (2007),
extended the work done by Inoue and Hatakeyama2)2f0 study the sound generated by a flow aroundhrsy
cylinders in different arrangements and sizes.

RMS or rms means 'Root Mean Square'.
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The main purpose of this paper is to study theeggion mechanism of the sound that is radiatethéylow past a
square cylinder by solving directly the compressiblavier-Stokes equations. As the energy of thenxdomaves
generated corresponds to a tiny fraction of thegnef the flow field, the governing equations aliecretized using
high order numerical schemes to accurately reptesernrather different time and spatial scales dyihgy the physical
problem.

The organization of this paper is as follows. ®ec2.1 is devoted to describe the flow configuatiand the
governing equations. The computational domain, grid the boundary conditions and a descriptiorhefrtumerical
procedure used in this work are presented in Se@id. Aerodynamics results with some discussiosagpeesented in
Section 3.1. The generation mechanisms of souncesvand the effects of the Reynolds and Mach numbers
presented in Section 3.2. Finally, some conclusayasdrawn in Section 4.

2. MATHEMATICAL FORMULATION AND NUMERICAL PROCEDURE
2.1 Flow model and parameters

A schematic diagram of the flow model is presentedrig.1. A square cylinder is fixed at the origemd the
coordinates parallel and normal to the free streaendenoted as andy, respectively. The Mach numbeM, of the
uniform flow is defined byM =U_ / c_ . Here,U_ denotes the velocity of the uniform flow arg denotes the speed

of sound. The lengths are made dimensionless bgitleelengthD of the cylinder. The velocity is scaled loy, and
pressure and stress are scaleddpy?, where o, is the ambient gas density. The Reynolds numbelefied as
Re=U_D/v_, where v, is the kinematic viscosity. In this study, the Rels number is prescribed to be
Re =100, 150 and 200 and the Mach number to bd =0.1,0.2 and 0.3. Since the Reynolds number are low, the flow
presumably is laminar.

. [
L]
i

Figure 1. Schematic diagram of the flow model.

The phenomena of generation and radiation of saumees is governed by compressible Navier-Stokestens,
Egs. (1) - (5). Since the Mach number is relatively, temperature dependence of the transport ptiepds not likely
to be a significant effect, Tam et al. (2008). Thenthe energy equation, Eq. (4), viscous disgypaand thermal
conduction are neglected, . The energy equationwriien in terms of pressure. This facilitates implementation of
boundary conditions in wall regions. Thus, the gairgg equations may be written as

00,00, () "
ot ox oy ox oy

%+u@+vﬁ:_i%+i %4_6& , (2)
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and y =14 is the ratio of specific heats. The dimensionlesscities inx and iny directions are represented by
and v, respectively. The variablep and p denotes the dimensionless pressure and dendite @fas, respectively. In

order to obtain the aerodynamic and sound fieldghe same simulation, the governing equations ateed
numerically using high order optimized numericdiesmes, which will be described in the next sections

2.1. Numerical schemes and computational parameters

The simulations are performed by solving the wadhfecompressible Navier-Stokes equations in reciang
coordinates, using optimized high order numerichesnes. The spatial derivatives are discretizengusiw-dispersion
and low-dissipation finite-difference schemes, Bpged Bailly (2004), and Berland et al.(2007): esetl 13 points
4"-order finite differences inside the computatiodaimain and reduced to 11, 9 and 7 poifit®rer finite difference
as the grid points approximate to the boundariesrMoundaries, optimized non-centered finite-diéffice schemes are
needed, Tam (1995). The low-storagb-otder @&-stage explicit Runge-Kutta algorithm is used tovaatte de
governing equations in time. In order to allow thieect computation of the acoustic field createdtty flow, non-
reflecting boundary conditions are prescribed ae frboundaries, Tam (1993), Bogey and Bailly (20C2)d
Bogey and Bailly (2004). This type of boundary citiod have been conceived such that the sound wieea® the
computational domain without significant spuriousflections. On all solid boundaries, the non-slipnditions
u=v=0 are imposed, wittdp/ dn =0, wheren is the direction normal to the rigid surface of gguare cylinder. To
avoid numerical spurious sound waves due to thegldgvresolution, grid stretching, boundary coratis, etc., a set of
explicit filters, which is optimized to damp theases discretized by less than four grid points auithaffecting the large
scales, were applied explicitly to the density, reamm and pressure variables, in every iteratiseguentially in the
Cartesian directions, Berland et al. (2007) andegcand Bailly (2004). A buffer zone was used in dhtflow region
to dissipate vortical disturbances before it rethehboundary. This was did by introducing an aiti dissipation term
to the right hand side of the governing equatians a

%+ (a) =0, (x)(a-a). ©®)

where q is the vector of dependent variablel’sl,(q) a possibly nonlinear operatoadp(x) is a spatially varying

damping coefficient, and_q is averaged value off, about which disturbances are defined. The dampogifficient
Ty, (x) was selected to blend smoothly between zero iphiysical domain and a positive value in the buffane.

Ty, =%,8{1+tanh[a'1(x—>§)}}{1+tanh[a'2(yi —y)}}, if y20, 7
o, :%/3{1+tanh[al(x—>g)}}{1+tanh[az(yi +y)]}. it y<o, 8)
where £=0.05, a,=0.15, a,=05, x =700, y =100 if y=20 and y =-100 if y<O0. Figure 2(b)

shows the behavior of the,, (x) along the computational domain and Fig. 2(a) tithtes the effect of the dissipation
over the vortical disturbances in the region closthe outflow boundary.
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Figure 2. Application of the buffer zone at the gudtion of the computational domain. (a) view lod dissipative
effects over the aerodynamic field and (b) smoddlribution of the damping coefficient.

RMS or rms means 'Root Mean Square'.
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In this study it was adopted an H-grid system widh-uniform meshes. In order to have a good visai@bn of the
sound field, the length of computational domain wdmsen to be-100<x<100 and -100<y<100. The

distribution of the grid points along the compuiatl domain was determined in such way that in rduege
-1.0<x<1.0 and -1.0< y<1.0 a uniform mesh grid was used with 50 points altrgside length of the square

cylinder. Outside the region of uniform mesh atsting rate of 0.1 % was used toward the bounddryhe
computational domain. This yields a total of 9%8id points with Ax,, = A4y.,, =0.02 near wall boundary of the
square cylinder andix_, = 4y, =3.0 near outer boundary of the computational domaiskétch of the distribution
of the grid points along the computational domaid around the square cylinder can be seen in Fig. 3

100 i i T i T
——+- non-uniform mesh ———+—————

50

uniform mesh

-100 {NaR A i
-100 -50

0 5 -2 -1. -
xD xD

(a) (b)
Figure 3. View of the computational mesh. (a) vieaion of each 8 points of the H-type grid and (b) close up view
of each & points around the square cylinder.

Initial flow fields were given by a uniform flownithe whole computational domain. At the initighgt of time
evolution, the wake develops symmetrically withpext to the x-axis. With increased time, the voiitexonvected
away to the buffer region with decreasing strerdytle to the viscous effect, and the dies out. Datpuiaition for
statistics was set sufficiently after of the inipe@rturbation became negligible.

3. RESULTS
3.1. Aerodynamic results - near field

A typical example of instantaneous flow field iegented in Fig. 4(a) in terms of vorticity for tbase ofM = 0.2
andRe = 200. It is important to emphasize that the essent@iufies of the vortex shedding mechanism are the s&m
those in the circular cylinder case, except thatgbparation points of the boundary layers on {tiader surface are
fixed at the upstream corners of the square cytintlee separation of the upper and lower boundaygrs from the
upstream corners of the square cylinder had besere&d in the experiment of Okajima (1982) anchenc¢omputation
of Sohankar et al. (1998) both fBe = 150. The Strouhal numbe, in the aeroadynamic field, is better defined by
S=f0OD/U,. The averaged drag coefficient and the Strouhaibrar are plotted against the Reynolds number in

Fig. 5(a) and Fig. 5(b), respectively. It can bersthat the results obtained in the present wogkiragood agreement
with the results of the literature.
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Figure 4. Instantaneous flow field for the casdof 0.2 andRe = 200. (a) vorticity and (b) streamlines pattern.
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Figure 5. Averaged drag coefficient (a) and Stroéulanber (b) vs. Reynolds number. Comparison antbag
computational results obtained in the present vamdk results from literature.

Forces acting on the cylinder are presented in & igr three different Mach numbendl & 0.1, 0.2 and 0.3), and
for three different Reynolds numbefRe(= 100, 150 and 200), in terms of lift coefficientCl and drag coefficien€d .
In the Fig. 6, time variations o€l and Cd are plotted against the reduced timaJ,, / D —t_, wheret, is the time of
a peak value. Figure 6 shows that the lift and d@fficient are not affected significantly by thlech number, except
for M = 0.3, where it is possible to note a slight modificatio the amplitude and in the phase shift@f and Cd
signals. Figures 6(a)-(c), show that the averagad doefficientCd , the RMS values of the lift and drag fluctuations,
Cl... and Cd, ., respectively, all increase as the Reynolds nunmimease. Although the aerodynamics parameters
mentioned former present an increase in its valis Reynolds number, the Strouhal number showdights
modification as the Reynolds number increase.ithjgortant to emphasize the rather difference betwbe magnitude

of the RMS values of lift and drag fluctuations,cas be seen in Fig. 6(b) and Fig. 6(c). This shihasthe lift dipole
is the main source of sound, which will be analyirethore detail in the following section.
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Figure 6. History of draf and lift coefficients fdifferent Mach and Reynolds numbers. (a) Re = (§0Re = 150 and

(c) Re = 200.
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Figure 7. Plot of aerodynamic parameters vs. Remoumber. (a) averaged drag coefficient, (b) R¥&ag
coefficient fluctuations, (¢) RMS of lift coeffiam fluctuations and (d) Strouhal number.

RMS or rms means 'Root Mean Square'.
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3.2. Acoustic results - far field

Sound waves are generated near the surface sfjttae cylinder in response to the intrinsic uristeaechanism
of vortex shedding. As commented before the angitof Cl is much larger than that afd, indicating that the
intensity of a dipole sound associated with liftci® corresponds to the main source of sound ifiadkeregime studied.
The mechanism of sound generation due lift foraetélation over the cylinder may be understand thinokigures 8a
and 8b. These figures show a superposition of ¢thestic field and flow field in two different time$¥he acoustic field
is visualized using the dilatior® = du, / dx and the flow field is visualized using the voryciFigure 8a corresponds

to the time whenCl takes a maximum valud,c, / D =426.0 as indicated in Fig. 9. The vorticity field in Fi§a

shows that a vortex is shed from the upper sidbetylinder in this time. In the same instant aifiwe sound wave is
generated from the upper side of the cylinder andgative sound wave is generated from the lovesr, $h response
to the vortex shedding. Similarly, Fig. 8b corresgg® to the time when theCl takes a minimum value,
tCc, / D =438.0 as indicated in Fig. 9. A vortex is shed from lineer side of the cylinder and a positive sound evav

is generated from the lower side and a negativagaave is generated from the upper side. Thergfdiernate vortex
shedding from the upper and lower sides of thendgi produces positive and negative sound wavemaitely from
both side of the square cylinder, resulting in aggation of acoustic waves that propagate radiallard the far field.

A time development of the first sound waves getegraue to the unsteady computational simulatiamshe seen
in Fig. 10. All time steps correspond to times aadéd in Fig. 9. It is important to note the preseof the impulsive
sound waves, which were generated due to the umiftow field used as initial condition. Althoughehmpulsive
sound is a potential source of parasite wavesjmlllations evolved to a stable solution thankthéoapplication of the
explicit filtering along the computational domain.

acoustic field

acoustic field

-20 0 20
x/D x/D

() (b)
Figure 8. Time development of a flow field and astoufield. M =0.2 and Re=150. Flow field is visualized by

vorticity (-0.2---0.2) and acoustic field is visualized by dilatatiaB,= du, / 0% (—1.0><10'5 ---1.0><10'5) .
(a) tOc, / D=426.0 and (b)tOc, / D =438.0.
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Figure 9. Time history of lift coefficien€Cl at M =0.2 and Re=150.
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tCc, /D =66.0 t0c. /D =162.0

Figure 10. Time development of the first sound vea =0.2 and Re=150. Dilatation field is visualized to the left
and vorticity field to the right.

It is now known that the frequency of the sounthiss same as the shedding frequency of vortices the cylinder
into its wake as well as the fluctuation frequené€yhe lift force, Inoue and Hatakeyama (2002)otder to verify this
statement, a sound pressure signal was taken frpnolze positioned in the computational domain. phebe was
located atx =0,y =50. In Fig. 11. time variations of the sound pressupe= p-p, where p is the time averaged

pressure) andCl are plotted against the reduced titriéc, / D-t,, wheret is the time of a peak value. It can be

seen in Fig. 11 that the sound pressure @hdfluctuation have the same period of oscillatid, [133.10, which
shows that the sound pressure has the same frggoktie vortex shedding.

RMS or rms means 'Root Mean Square'.
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Figure 11. Time history of the sound pressure #nhddefficient Cl against the reduced timél, / D~-t . M =0.2

and Re=150. Sound pressur@’' = p—p was taken from a probe locatedxat 0, y =50 . (Remembering thak and
y are dimensionless by the characteristic lerigth

In contrast to the generation mechanism of thexdan the near field, the nature of the sound mititermediate
and far field is affected by the Mach number. Tikimainly due to the Doppler effect. Owing to thefdpler effect, the

propagation velocity of the waves is dependenthef angle # and is described by, () =c, (M cosf-1), at
sufficiently small Mach numbers. Then, the soundeghave lower effective propagation velocity ugestn and higher
downstream. As the wavelength is connected to ffeetere propagation velocity of the sound waves byc,/ f,

sound waves have their wavelengths decreased apstanad increased downstream. This effect is madest/as the
Mach number increase, as can be seen in Figs.c)2(a-
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Figure 12 . Snapshot of dilation field for ReynofdsnberRe=200 and three Mach numbers: (&) =0.1, the

contour levels are from1.0x107° t01.0x10™°, (b) M =0.2, the contour levels are from1.5x10° to 1.5x10°and
(c) M =0.3, the contour levels are from5.0x10™ t0 5.0x10™.

Instantaneous distributions of the dilatigd=0u, / 0x are presented against the radial distance in Egat

=90, M =0.3 and Re=200. Due to Doppler effect, the propagation velocifytlee waves is equal to speed of
sound c, at §=90". Figure 13a shows that the acoustic signal deddly mcreasing distancey (in 2D or radial

distance in 3D). Plotted in Fig. 13b are the pealkies of the fluctuation pressure agaigsat € =90°. As can be seen

from Fig. 13b, the signal peaks tend to decay iopprtion to y™? with increasingy, in agreement with the
theoretical prediction, Inoue and Hatakeyama (2002)
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Figure 13. Propagation and decay of the acougjitatiM =0.3 and Re=200. (a) Propagation of the sound waves

shown by mean of the dilatatio® = du, / dx . (b) Decay of the dilation peaks.

In this study, it can be seen that the sound geedrby a flow past a square cylinder is domindatgdlipoles,
specially by the lift dipole, and the sound fididsi characterized by what it is known as aeol@res. In order to verify

this statement different polar plots of the roolamsquare of the acoustic pressupk, ., was obtained at = 20. The

Fig. 14 shows that the simulations reproduce thebislobe curves observed in dipole acoustic fieldsue and
Hatakeyama (2002). As commented before, the aeofiskil is strongly dependent of the Mach numbiecah be seen
also in Fig. 14 that the acoustic intensity inceeagth both Mach number and Reynolds number. Theceproduced

by the Mach number and Reynolds number over theggation angle is better shown in Table 1. It casden that the
propagation angle increases with Mach number anckdses with Reynolds number.

0
0
270
M=0.1 Re = 100
M=02 Re = 150
@ M=03 ) ————— Re=200

Figure 14. Polar sound pressure directivity a20. (a) Re=100 and different Mach numbers. (B =0.2 and
different Reynolds numbers.

Table 1. Max values of propagation angles amyd .

M=02 Re=100

Ee p:w_mm gmax M p.:w.mm: gmnx
100 2099107 10874° | 0.1 1335x107° 10367
150 1.142=107%  106.60° | 0.2 80%9x107°  108.74°

200 1.585x107  101.12° | 0.3 2.571x107 11198

RMS or rms means 'Root Mean Square'.



Proceedings of ENCIT 2010 13" Brazilian Congress of Thermal Sciences and Engineering
Copyright © 2010 by ABCM December 05-10, 2010, Uberlandia, MG, Brazil

In all simulations was observed a shift betwegmsitive sound wave and a negative one, as cafebdycseen in
Fig. 15. The straight blue line indicates the pgaiegn direction of a positive sound wave and teaight red line
indicates the propagation direction of a negatime.dt can be noted that as Reynolds number ineseti®e shift
between the positive and negative waves increétssgossible that this phenomena it is directliated to the increase
in drag dipole as Reynolds number increase. TaBleo@vs that the angle between the propagationtiireof positive

and negative sound waved &, increase as the ratiCl' /C('j decrease, i.e, the contribution of drag dipole

increase. However this is not a closed explanadiwh a further investigation will be necessary tdarstand whether
this is a physical phenomena or just an artifachefnumerical resolution of the governing equation

100

=30

-100 . i
-100

100

xD xD xD
(a) (b) (c)
Figure 15. Acoustic field at M = 0.2 and differédynolds numbers. Blue line corresponds to a pesitbund wave

and red line to a negative one. (a) Re = 8@ 4.21 , (b) Re = 150A06 =16.65 and (c) Re = 200)6 =25.79 .

Table 2. Shift angle and lift and drag coefficieraBo as functions of Reynolds number.

100 29.6 4.21
150 16.21 16.65
200 12.97 25.79

4. CONCLUSIONS

The sound generated by a square cylinder in a #dviv = 0.1, 0.2, 0.3 and Re = 100, 150, 200 hamnbe
investigated by direct solution of the two-dimemsib unsteady compressible Navier-Stokes equatians, the
generation and propagation of the sound waves haga clarified in some detail. The results haveashthat sound
pressure waves are generated primarily by vorterlding from the cylinder into its wake. When a earis shed from
one side of the cylinder, a negative pressure pislsgenerated on that side whereas a positive ymeegaulse is
generated on the other side; alternate vortex shgdtom upper and lower sides of the cylinder progs waves on
both sides. The generated sound has a dipolarenand the lift dipole dominates the sound fielde Doppler effect
has been shown to affect the propagation procdss.Reynolds number has been shown to affect therggon
mechanism of sound waves. It has been observeleaReynolds number increases the shift betweertiymsind
negative sound waves became more evident. Butlzefustudy is necessary to completely understaiscetfect.
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