2292 Journal of Mechanical Science and Technology (KSME Int. J.), Vol. 20, No. 12, pp. 2292~ 2314, 2006

Computation of Aeolian Tones from Twin-Cylinders
Using Immersed Surface Dipole Sources

Cheolung Cheong*
Professor, School of Mechanical Engineering, Pusan National University,

30, Jangjeon-dong, Geumjeong-gu, Pusan 609-745, Korea

Jewook Ryu
Ph. D, Gas Turbine Development Team, Center for Advanced Systems Development,
Corporate R&D Institute, Doosan Heavy Industries & Construction Co. Ltd.,

58-4 Hwaam-Dong, Yuseong-Gu, Daejeon 305-348, Korea

Soogab Lee
Professor, School of Mechanical and Aerospace Engineering, Seoul National University,
Shinrim-dong, Gwanak-gu, Seoul 151-742, Korea

Efficient numerical method is developed for the prediction of aerodynamic noise generation
and propagation in low Mach number flows such as aeolian tone noise. The proposed numerical
method is based on acoustic/viscous splitting techniques of which acoustic solvers use simplified
linearised Euler equations, full linearised Euler equations and nonlinear perturbation equations
as acoustic governing equations. All of acoustic equations are forced with immersed surface
dipole model which is developed for the efficient computation of aerodynamic noise generation
and propagation in low Mach number flows in which dipole source, originating from unsteady
pressure fluctuation on a solid surface, is known to be more efficient than quadrupole sources.
Multi-scale overset grid technique is also utilized to resolve the complex geometries. Initially,
aeolian tone from single cylinder is considered to examine the effects that the immersed surface
dipole models combined with the different acoustic governing equations have on the overall
accuracy of the method. Then, the current numerical method is applied to the simulation of the
aeolian tones from twin cylinders aligned perpendicularly to the mean flow and separated 3
diameters between their centers. In this configuration, symmetric vortices are shed from twin
cylinders, which leads to the anti-phase of the lift dipoles and the in-phase of the drag dipoles.
Due to these phase differences, the directivity of the fluctuating pressure from the lift dipoles
shows the comparable magnitude with that from the drag dipoles at 10 diameters apart from the
origin. However, the directivity at 100 diameters shows that the lift-dipole originated noise has
larger magnitude than, but still comparable to, that of the drag-dipole one. Comparison of the
numerical results with and without mean flow effects on the acoustic wave emphasizes the effects
of the sheared background flows around the cylinders on the propagating acoustic waves, which
is not generally considered by the classic acoustic analogy methods. Through the comparison of
the results using the immersed surface dipole models with those using point sources, it is
demonstrated that the current methods can allow for the complex interactions between the
acoustic wave and the solid wall and the effects of the mean flow on the acoustic waves.
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D ' Diameter of cylinder

e . total energy

e . e+1/2-1?% stagnation total energy
h  © Enthalpy

ho © h+1/2-0% stagnation total enthalpy
I Turbulence intensity

k . Turbulent kinetic energy

L Turbulence length scale

© . Static pressure

P

T
. p—lrlfg [Tpdt/ T, fluctuating surface

pressure
Re . u.d/v, Reynolds number
s . Entropy

S Immersed dipole source vectors

St ! Df/uw, Strouhal number

T : Period of vortex shedding

t [ Time

U . Free stream velocity

v; . Fluid velocity in a cartesian coordinate
system

x; . Cartesian coordinate system

Greek symbols

y . Ratio of specific heats, y=1.4 for air.
v . Kinetic viscosity

v: . Eddy viscosity

Verr - VT vy, effective viscosity

o . Eensity

g . Turbulence energy dissipation

Subscript

a . Denote the acoustical quantity

f : Denote the viscous flow quantity
oo [ Denote the free-stream quantity

1. Introduction

Aeolian tones from flow over cylinders are sig-
nificant with airframe and power plant noise (tu-
bular heat exchanger, power transmission lines
and chimneys). Twin cylinders immersed in a
stream are most fundamental configurations among
other cylinder configurations. Zdravkovch (1977)
classifies flow regimens in side-by-side and tan-
dem arrangements for stationary cylinders as shown
in Fig. 1. It is evident that various vortex shedding
patterns from twin cylinders lead to their corre-

sponding aeolian tone noises. There have been
many experimental (Zdravkovich, 1977 and 1985
Kiya et al., 1980) or numerical investigations
(Benhamadouche et al., 2003 ; Rollet-Miet et al.,
1999 ; Bouris et al, 1999) on fluid dynamic char-
acteristics of flows over cylinders. Some experi-
mental works (Blevins and Ressler, 1983 ; Oengoren
and Ziada, 1998), relevant to the noise from cy-
linders, have been done to understand the mech-
anism of flow-excited acoustic resonance in tu-
bular heat exchanger. However, to the author’s
knowledge, any numerical works have not been
done on the flow-induced noise from flow over
multi-cylinders. The reason for this is because
direct computation of the aerodynamic noise ra-
diated by a subsonic flow where dipole noise
sources are more effective than quadrupole types
remains difficult because of the large computing
resources, the expensive cost and physical/nu-
merical issues (Tam, 1995; Lele, 1997) inherent
in computational aeroacoustics (CAA).

The realization of these difficulties leads to the
development of alternative methods, so—called hy-
brid methods. They involve separating the com-
putation of the aerodynamic source term from
that of the sound propagation. From a method-
ological point of view, the hybrid methods can
be categorized into two types: One is semi-ana-
Iytic method and the other is hybrid numerical
method. The former utilizes integral formula de-
rived from wave equations with source terms
consisting of unsteady flow variables. Among
the wave equation-type approaches, the most
well-known is the wave equation formulated in
Lighthill’s acoustic analogy (Lighthill, 1952).
Lighthill’s acoustic analogy has been extended by
Curle (1955) and Ffowcs Williams and Hawkings
(1968) to allow for the effects of solid boundaries
and their motion, respectively. In Lighthill’s an-
alogy, however, certain terms associated with the
propagation of sound are treated as source terms.
In practice, this limits the application of the
theory to problems where mean flow effects on the
wave propagation need not to be considered. The
extended theories to account for the effects of
solid boundaries are also based on the wave
operator, similar to Lighthill’s. Integral equations
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require the Green function. In this regard, the
application area is limited to cases in simple
geometric configuration. The latter is based on
the hybrid numerical method where the flow
quantities are represented by their “base flow”
components plus their “residual” components,
which leads to two separate sets of equations
governing viscous flow field and acoustic dis-
turbance field, respectively. This approach is
based on the assumption that the wave propaga-
tion is essentially inviscid in nature and sound
perturbations are so small that their contribution
to the convection velocity of the flow is negligible
in most cases. The most significant advantage of
the hybrid numerical mothod is that the best
algorithms can be used for each solver: tradi-
tional CFD algorithms for the viscous flow and
CAA algorithms for the acoustic perturbations.
These separate solvers accommodate the disparate
length scales (i.e., acoustic and convective) as-
sociated with low Mach number aeroacoustics.
The convective length scales are resolved on a hy-
drodynamic grid, while the acoustic length scales
are resolved on a separate acoustic grid. This
merit makes the decomposition approaches cost-
effective compared with the direct computational
simulation (DNS)
(LES).

The hybrid numerical method for low-speed

and large-eddy simulation

aeroacoustics, so—called the Expansion about In-
compressible Flow (EIF), is mainly due to Hardin
and Pope (1994; 1995). Their method utilizes
information on the entire incompressible viscous
flow field, which is obtained from the incom-
pressible Navier-Stokes equations. Once a cor-
rection to the constant hydrodynamic density
is obtained, acoustic radiation can be predicted
from the compressible Euler equations in which
the dependent variables are split into hydrody-
namic terms and the acoustic terms. Shen and
Sorensen (1999 ; 2001) found inconsistency in the
previous formulation and proposed a new formu-
lation. This new formulation was applied to la-
minar flows around a circular cylinder and tur-
bulent flows past an airfoil. Recently, a set of per-
turbed compressible equations (Seo and Moon,
2005) was proposed to decouple the interaction
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effects between the incompressible vorticity and
the perturbed velocities. The unphysical vorticity
by these interactions is suppressed by introducing
the perturbed viscous stress in the momentum
equation.

In this paper, the acoustic/viscous splitting
methods of which acoustic solver based on acous-
tic governing equations such as simplified lin-
earized Euler equations, full linearized Euler
equations and nonlinear perturbation equations,
all of which are forced with immersed surface
dipole model (ISDM), are utilized with emphasis
placed on the prediction of aeolian tones from
twin cylinders in a cross flow. The ISDM consists
of point body forces immersed on each grid point
on the solid surface. Their magnitudes are set by
unsteady hydrodynamic pressure data deduced
from the unsteady flow simulation using incom-
pressible Computational Fluid Dynamics Tech-
niques. Current method is applied to the cross
flow past twin circular cylinders which are ali-
gned perpendicularly to the free stream and are
set to be 3 diameter distant between their centers.
The choice of this configuration is because sym-
metric Karman vortex streets (anti phase vortex
flow) are generated and resultant Aeolian tones
are expected to be minimum compared to other
configurations shown in Fig. 1 (Zdravkovich, 1985).
It is very difficult to construct a single body-fitted
mesh for twin cylinders which gives the proper
resolution to both the near source region and far
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Fig. 1 Side-by-side and tandem configurations of
twin cylinders and their corresponding vortex
shedding patterns (From Zdravkovch, 1985)
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acoustic field. The complex geometries and large
disparate length scales are overcome by the use
of a multi-scale overset grid technique, where
body-fitted meshes are applied only near the cy-
linders and multi-scale Cartesian background mesh
is applied elsewhere. Initially, aeolian tone from
single cylinder is considered to examine the effects
that the immersed surface dipole model, different
acoustic governing equations and the interpola-
tion between differing gird topologies have on the
overall accuracy of the method. The validity of
this hybrid approach is checked by comparing the
numerical solution of single cylinder with the
analytic solutions, which is obtained by using the
two-dimensional point dipole solutions. Then,
the characteristics of aeolian tones from twin
cylinders in near- and far- field are assessed with
a focus brought into the interactions between the
acoustic wave and the solid body and the acoustic
wave and the mean flow.

This article is composed of five sections. Sec-
tion 2 presents the fundamental equations for the
acoustic disturbance and the mathematical model
for surface dipole source terms forcing the dis-
turbance equations. The incompressible Navier-
Stokes equations with the &-& turbulence closure
model for viscous flow fields are also reviewed. In
Section 3, the numerical methods are presented
for solving the acoustic and flow fields. Discretiz-
ed model for the surface dipole source terms is
also described. In Section 4, flow noise from the
cross flow past a circular cylinder are investigated
using the proposed methods. Detailed discussion
on the numerical results is presented. In Section 5,
aeolian tone noise due to a cross—flow over twin
cylinders, aligned vertically to the mean flow and
separated at distances of 3 diameters, are investi-
gated. This result is also compared with the nu-
merical solution using symmetric point dipole
sources and other numerical results. Final section
is devoted to the concluding remarks.

2. Fundamental Equations

2.1 Decomposed equations with source terms
The wave generation process is generally be-
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lieved to be hardly affected by viscosity. We there-
fore begin with the unsteady Euler equations

909 4y=0 (1)

J

0 o9+ 0D
alc pvz+ axj pszJ+ axi (2)

%peo-l-%phgvjzo (3)

The energy conservation equation (3) can be trans-
formed to an equation for the pressure p by using
the relation (de/dp) s=p/p*c%

op, Ob
ot TVigy TP

o0v;.

o (4)

This equation (4) will be used instead of (3) be-
cause pressure is a quantity of great interest to
acoustic problems. Sound perturbations are so
small that their contribution to the convection
velocity of the flow is negligible. This fact means
that sound propagation is essentially described
by using the variable decomposition methods.
The dependent variables can be divided into their
base flow components and into their residual com-
ponents such that p=po+0’, p=po+p, vi=
Vit 7. Insertion of these decomposed variables
to the Egs. (1), (2) and (4) and subtraction of the
resultant equations from the viscous flow equa-
tions satisfied by the base flow components lead
to the governing equations for the residual com-
ponents. It is evident that the different choice
of the base flow variables leads to the different
forms of acoustic governing equations (Goldstein,
2002).

If the base flow is a steady mean flow, the 2-D
governing equations for the residual components
are written as the following form

U
ot

JE | oF
ox | oy

0En | OFn |
ox ' dy |

+ + H=S (5

where the unknown vector U, the linear flux
vectors E and F, and the nonlinear flux vectors
Ex: and Fy; are given by
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p/ p/u0+p0u/
u uoootd’ +p’
U= " | E= 000 ,D and
0oV UoOoV
o8 wod + ypov”
, (6)
0 vot povu
U /+ 4
F= Qo ,1)
VooV
vop + v’
p/u/
E _ pou/2+2plu/u0+plu/2
o ou' v+ 0 u vot 0 uov+ oo’ v’
Pu
and (7)
o'vu
F— O'u' v+ 0"t vot 0 uot + oot v’
nl—

0oV +20 v vo+ P v
p/U/

The vector H consists of mean flow gradient
terms, which are equal to zero when mean flow is
uniform :

0
(oot + 0 wo) % + (povu+ 0’ vo) %Z;O
H= Vo (8>

(oot + 0" wo) %x + (povu+ 0’ vo) %y

_ ey 47 00 s OD0
(y 1)<quo i vay>

The vector S represents possible unsteady sources
in the flow. For the efficient description of later
numerical results, some terms are defined such
that Nonlinear Perturbation Equations (NPE)
denote the full equations of (6), Full Linearized
Euler Equation (FLEE) represents Eqs. (6) with-
out F; and E,; and Simplified Linearized Euler
Equations (SLEE) is defined as the Egs. (6)
without not only F,; and E,; but also H.

2.2 Model for surface dipole sources

Assuming isentropic flows, noise generation is
provided by source terms in the momentum equa-
tion of Eq. (5). In the present method, the source
terms are modeled with the immersed surface

dipoles of magnitude equal to the hydrodynamic
unsteady pressure fluctuations on a solid surface.

First, let’s introduce a function f (x, #) where f
is negative within the control surface, positive
within the surrounding fluid and, also, f satisfies
the equations |Vf|=1. Also, introduce a Heavi-
side function H (x) defined as

1 for x >0

0 for x<0 ®)

H(x):{

Then H (f) vanishes within the control surface
and is equal to unity in the region exterior to the
surface. The gradient of the given fluctuating pres-
sure in a solid body can be recast into the fol-
lowing form,

V(p-H(f))=H(f)VP+PVH () (10)
=H (f)VP+PVf5(f)
where
P(x,t)=p(x,t) = po(x)
and

bo(x) —hm T/ p(x,t

Then, in computation domain,

V(p-H(f))=PVfs(f) (1)

Then, the vector S is written as

0 0
Si|_|p6(/)VA
Sz| | P8 (F)VSa
0 0

S= (12)

Data provided by incompressible or compressible
simulations can be used to estimate S..

2.3 Governing equations for viscous flows

Present approach is focused on low Mach number
flows where noise from dipole sources is general-
ly dominant. The 2-D incompressible Reynolds—
Averaged Navier-Stokes (RANS) equations there-
fore are used as the governing equations for vis-
cous flow :
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ou , ov
WjL@* (13)
ou 8u ou
ot T4 TGy ”
_7L@ az aZ
T o 6x+yeff< Fra 8y2>
g—?Jrug—ervgv
(15)
1 ap v Pv
T o ay”eff(a 2+6’y2>

where Vess=v+v:, and the eddy viscosity v; is
modeled using the low Reynolds number %-¢ tur-
bulence model by Chien (1982). The eddy vis-
cosity v, is given by

2

Ut:Cufuk? (16>

where fu is defined as fu=1—¢e "0M5%"% where
usx is the friction velocity and y is the normal
distance from the wall. Two equations are in-
volved in this turbulence model ; one for % and

another for & as follows :

R Al
tu(Gerge) G )
—k(fﬂcup— i—’“‘)

= (i) 5
i Coape g” +0Us) St (1)

—0.5y"

_Cesz%_ZSVT

The empirical low-Reynolds number functions f;
and f» appearing in the e-equation (18) given
by :

£i=1.0, f2:1—0.22exp[(RT/6) 2} (19)

where Rr=
stants were allocated the following standard val-
ues cited by Chien: C,=0.09, Ce1=1.35, Ceo=
1.80, 0,=1.0, and 0,=1.30.

k?/ve. The remaining empirical con-

3. Numerical Methods

3.1 Numerical methods for acoustic solvers
The Cartesian coordinate system employed in
Eq. (5) is inconvenient for solving problems which
Thus, the
spatial derivatives expressed as functions of the

include curvilinear boundary lines.

coordinates (x,y) need to be recast as functions
of the curvilinear coordinates (&,7) by a general
coordinate transformation. Accordingly, Eq. (5)
in a physical domain is expressed by the coordi-
nate variables in a computational domain. All the
variables are non-dimensionalized with the fol-
lowing scales : D (diameter of cylinder) for the
length scale, c. for the velocity scale, D/cw for
the time scale, p. for the density scale and pwcC3
for the pressure scale, where c. is the ambient
speed of sound. The 7-point stencil, Grid-Opti-
mized Dispersion-Relation-Preserving (GODRP)
of Cheong and Lee (2001) was utilized to com-
pute the spatial flux derivatives. Time integration
is performed with the low-dissipation and low-
dispersion Runge-Kutta schemes introduced by
Hu et al.(1996). The radiation and outflow bound-
ary conditions (Bayliss and Turkel, 1982), bas-
ed on the asymptotic expressions for the three
characteristic waves of Euler’s equations in the
far field, are implemented across the out-flow
boundaries. The ghost value of pressure (Tam
and Dong, 1994) was used as the extraneous hard
wall boundary condition.

3.2 Numerical model for immersed surface
dipole sources

The very act of discretization brings with it
many numerical artifacts. The modeling of a delta
function in an analytic expression for immersed
surface dipole sources in Eq. (12) is necessary for
a discrete numerical simulation. The delta func-
tion is modeled as

ﬁ
000 =(M3 Y exp(—m2x/e?)  (20)
where # (=1 or 2 or 3) denotes the dimension of
delta function. Both sides of Eq. (20) satisfy the
following space integral equation.
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[axax

=/ 1n2\z 5 (21)
Z/:m<F> eXp<*h’12'X /JZ> dx=1
Although Eq. (21) guarantees the conservation of
total energy of the delta function, i.e., the acoustic
sources, there is still some differences in the dis-
tribution of functions of Eq.(20). It is evident
that, as the value of ¢ is decreased, approximate
formula of Eq. (20) yields more accurate results
for the delta function. Combining Egs. (21) and
(12), the immersed surface dipole model in the

two-dimension can be expressed as
Si(x,t)

)12 )exp(n 2 x Vrx 1) 2

When a solid body occupies some portion of the
immersed surface dipole sources, Eq. (22) needs
to be slightly modified because Eq. (21) cannot
be satisfied in a fluid region. Therefore, the cor-
rection factor, C is incorporated to Eq.(22) as

follows
Si (X, t)

_P(x.t)-C (?>exp(—ln2-f(x,t)z/dz)vfi(X,t) (23)

where

_1/ f / 1;:0_%>exp —In2-x%/ 6% dxidx,
—/( )exp —In2-x%/6% dxla’xz>

and S denotes the area of loss region of the im-
mersed surface dipole sources due to the solid
body.

3.3 Numerical methods for viscous flow
simulations

The numerical method used for performing the
viscous flow field prediction is based on the un-
structured grid, finite volume method, presented
in detail by Kang et al.(1998). The scheme has
extended the unstructured grid Navier-Stokes
procedure of Thomadakis et al.(1996) for incom-
pressible flows to allow the collocated storage of
all variables. Since Thomadakis et al. (1996) used
a staggered-grid formulation, pressure data could

Cheolung Cheong, Jewook Ryu and Soogab Lee

be stored at the centroid of a cell while velocity
components were stored at grid points. However,
the scheme has been modified so that this proce-
dure can employ collocated storage (non-stag-
gered) to obviate the difficulties and disadvan-
tages of implementing a non-collocated (stag-
gered) mesh within the unstructured methodol-
ogy.

The algebraic equation for hydrodynamic pres-
sure was derived by substituting the discretized
momentum equations into the continuity equa-
tion (Hobson and Lakshiminarayana, 1991). The
process of deriving the pressure equation is al-
most the same as one used for a structured grid
method. To retain second order accuracy of space
and time discretization, the numerical method
uses the Quadratic Upstream Interpolation for
Convective Kinematics (QUICK) scheme for the
convective terms and the second order Euler
backward difference for time derivatives to keep
second order accuracy in terms of space and time.
All other spatial derivatives are approximated by
the central difference schemes.

4. Numerical Results for Aeolian
Tones from Single Cylinders

One of the advantages of the current approach
is that it is able to capture the disparate length
scales linked with low-Mach number flow-induc-
ed noise, where the acoustic wavelength is typi-
cally M~*
The smaller convective length scales are resolved

times longer than the flow length scale.

on an aerodynamic grid, while the acoustic length
scales are resolved on a separated acoustic grid.
Accordingly, the computed mean-flow and acous-
tic source data must be transformed from the
grid and time-steps used for the flow-simulation
into the grid and time-steps used for the acoustic
simulation.

The numerical approach described above was
applied to the prediction of aeolian tone noise
from a two-dimensional cylinder flow. The Reyn-
olds number, Re=u.D/v, is equal to 1.58 X 10*.
These conditions were chosen to meet the general
flow conditions in typical tubular heat exchangers
and to coincide with existing experimental data of



Computation of Aeolian Tones from Twin- Cylinders Using Immersed Surface Dipole Sources

the flow dynamics presented by Kiya et al.(1980)
and Cantwell et al.(1983).

4.1 Numerical results of viscous flow simu-
lations

The flow calculations were carried out on a
mesh with approximately 20,000 grid points. The
mesh with its close-up around the cylinder is
shown in Fig. 2. The mesh for performing viscous
flow simulation consists of two types grids: an
inner mesh consisting of a multiply connected
grid and an outer Cartesian grid. The inner mesh
size was increased according to the distance from
the cylinder surface, and the distance of the first
grid point from cylinder surface is chosen to be
0.04% of the cylinder diameter (of the order of
Ay*=1) to ensure adequate spatial resolution in
the laminar sub-layer.

=

=

=

(b)
Fig. 2 The computational mesh used for viscous
flow simulation; (a) Global domain grids
and (b) the grids near the cylinder surface
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Dirichlet boundary conditions are used at the
far field boundaries as well as at the cylinder sur-
face. The convective boundary conditions were
used as the outflow boundary condition in order
to smoothly pass vortices waves from the com-
putational domain. In addition to the initial flow
condition and the boundary conditions for the
velocity, the free stream inlet turbulence values
for the kinetic energy £=3/2(l,u.)? and the tur-
bulence dissipation e=10C.k*?/L, have been
imposed corresponding to a turbulence intensity
(I,) of 0.6% and a non-dimensional turbulence
length scale (L./D) of 0.02 for the k-& based
turbulence model. Initially, random disturbances
were imposed on the uniform velocity field to
ensure that vortex shedding occurs quickly. The
computational time step was fixed as Af=0.01
(D/ u) -

Lift and drag forces exerted on the cylinder sur-
face fluctuate in time due to the periodic shedding
of vortices. The frequency or period of vortex
shedding can be estimated by evaluating those of
the oscillating lift or drag coefficient. Time-de-
pendent lift and drag coefficients are presented
in Fig. 3, calculated by integrating the distribu-
tions of pressure and shear stresses on the cylin-
der surface. Although the computation begins
from an initial condition with randomly imposed

14
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Fig. 3 Time-dependent signals of lift (lower) and

drag (upper) coefficients
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disturbances, vortex shedding does not occur until
a non-dimensional time £,=180. However, once
the first shedding occurs, the flow solution passes
through a transient interval to reach steady state
where vortices are shed periodically. Lift and drag
coefficients exhibit a sinusoidal time variation
corresponding to a Strouhal number of 0.192 and
0.384, respectively. This value is in good agree-
ment with the experimental measurement (Kiya
et al., 1980). It is noted that the drags oscillate at
twice the Strouhal number corresponding to the
fluctuating lift.

Figure 4 shows a comparison between the mea-
sured and predicted time-averaged drag coeffi-
cient and vortex-shedding Strouhal number with
experimental data (Cantwell and Coles, 1983).

(%]
05 Cantwell & Coles (exp.data)
. Calculated value
| . L MRS |
0 10 10°
Reynolds No.
(a)
03
025}

$»0.15 -
o1 kb Cantwell & Coles (exp.data)
L] Calculated value
0.05 :—
ol _ |
10° 10°
Reynolds No.

(b)
Fig. 4 Comparisons of calculated Cq and S; with
experiment ; (a) C,vs. Reand (b) Stvs. Re

The upper and lower curves in represent the
variability in the experimental data collected by
Cantwell and Coles. Reasonable agreement is
observed at the Reynolds number Re=1.58 X 10*
of the simulation.

4.2 Numerical results of acoustic simula-
tions

Hydrodynamic unsteady data obtained from
the viscous flow simulation using incompressible
RANS are now used to build up the source terms
of Egs. (12) and (23). The dipole source terms of
Egs. (12) and (23) were computed at every itera-
tion within a single vortex shedding period on a
solid surface. Non-dimensional period Ty of the
vortex shedding is equal to 5.2 with At,=0.01,
which correspond to 520 data points in time.
Unsteady hydrodynamic pressure corresponding
to a surface dipole source is recorded on a cylin-
der surface consisting of 101 grid points. Physical
time is non-dimensionalized by D/ in the vis-
cous flow simulation, and by D/ ¢ in the acous-
tic simulation. The different time-scales in the
acoustic simulation and the viscous flow simu-

() (d)
Fig. 5 A sequence of simultaneous surface pres-
sure coefficients (Cp=0.5(p—pw)/pv3) at
(a) one quarter of a cycle, (b) a half cycle,
(c) three quarters of a cycle, (d) the begin-
ning of a cycle
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lations lead to the different non-dimension period
of T¢=72.25 and numerical time step of Af,=
0.02, i.e. 3614 data points to represent one period
of oscillation. Furthermore, the mesh for the ac-
oustic calculation is the O-type grid which ex-
tends to the far-field reaching to 100D in this
computation. Thus, the domain includes both the
near field and the far field.

The numerical results of the viscous flow are
transformed onto the grid and the time step for
acoustics simulation. Figures 5 and 6 show the
hydrodynamic pressure p and fluctuating pres-
sure P on the cylinder surface at approximately
0.25T%, 0.5T,, 0.75T, and Ty, respectively. Fluc-
tuating pressure data are utilized as input data for
the construction of the immersed surface dipole
sources.

Acoustic computations are carried out with the
O-type meshes consisting of the 101X998 grid
points in £- and 7-directions, respectively. Ac-
oustic calculations were first executed without
mean flow, i.e. with only the modeled source
terms. Then acoustic calculations are carried out
with three CAA solvers respectively based on the
SLEE, FLEE, and NPE forced with the ISDM.

(c) (d)
Fig. 6 A sequence of simultaneous surface fluctua-
ting pressure (P) at (a) one quarter of a
cycle, (b) a half cycle, (c) three quarters of a
cycle, (d) the beginning of a cycle

4.2.1 Acoustic results without mean flow
effects

In Fig. 7, fluctuating pressure field obtained
from the simulation using the ISDM in ambient
condition is plotted at nondimensional time in-
stant T°=250. As expected, the acoustic wave is
seen to be mainly propagated in the direction
normal to the freestream velocity. Fig. 7(b) shows

L-100 T

3E-05

2E-05

1E-05

-1E-05

-2E-05

. 1 . 1 1 L
B0 40 60 80 100
r( attheline x=0, y<0)
(b)
Fig. 7 Instantaneous fluctuating pressure distribu-

tion; (a) pressure contours with 120 levels
from —3.le-4 to 3.le-4 and (b) pressure
distribution along the y-axis (y<0): —
numerical results, ---- decay lines corre-
spond to ¢/#%° where c is the value of pres-
sure at »=>50 in the lines of 7,=170
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the pressure waveform along the y-axis (y<0)
at various time instants. The dashed line is di-
rectly proportional to y~%% and can be seen to cor-
respond to the envelope of the pressure distri-
bution along the y-axis, as is characteristic of
the cylindrical decay of two-dimensional sound
fields.

The time history of the fluctuating pressure,
predicted at a distance » =99 from the cylinder
center, is shown in Fig. 8 at the four circum-
ferential positions of §=0° 90°, 180° and 270°,
which are measured from the x-axis in a coun-
ter-clock wise direction. The time signals pass
through a transient state to arrive at a state of
steady periodicity. It is observed that the pressure
signals at #=90° and 270° are dominated by
signals oscillating at the strouhal frequency, and

4E05 ——————— T T
3E05 -
2E05 E

1E-05 |~ -

-1E-05 -

-2E-05 —

Normalized Fluctuating Pressure
o

Normalized Fluctuating Pressure
o

-3E-05 - -

_4E- | ! 1 L 1 ]
4E05 200 300 400 500
Nondimensinal Time

(a)

4E05 ——————— T T

3E-05 - —

2E-05 -

1E-05 |~ -

-1E-05 —

-2E-05 —

Normalized Fluctuating Pressure
o
Normalized Fluctuating Pressure

-3E-05 - -

= ! L 1 . 1 ]
4E0Sg 100 200 300 400 500
Nondimensinal Time

(c)

Cheolung Cheong, Jewook Ryu and Soogab Lee

the signals at 0° and 180° by signals oscillating
at twice the strouhal frequency. This is a physi-
cally plausible result because the lift dipole is
dominant at the strouhal frequency and the drag
dipole is dominant at twice the strouhal fre-
quency.

The directivity pattern of the sound field in
the current example, measured at a distance » =
99D from the cylinder center, is shown in Fig. 9.
Numerical results are compared with the analytic
solution (Blake, 1986). Numerical result shows
good agreement with analytic solution.

4.2.2 Acoustic results with the LEE

The SLEE and FLEE combined with the
ISDM are utilized for the acoustic simulations.
The SLEE is proposed to prevent the exponenti-

4E05 ———— T T
3E05 .
2605 .
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-1E-05

-2E-05 - .
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= . 1 1 L 1 1
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Nondimensinal Time
(b)
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_4E-05 L | | L | 1
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(d)

500

Fig. 8 Fluctuating pressure signal from the ISDM without mean-flow at » =99 measured at (a) §=0°,

(b) 8=90° (c) #=180°, and (d) §=270°
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al growth of instability waves by Bogey et al.
(2002).

Figure 10 shows vorticity contours around the
cylinder for each time instant. We can see that

180°,

200
Fig. 9 Directivity patterns of the RMS value of the
fluctuating pressure at »=99D :

numer-
ical results by using the ISDM without mean

flow effects, ——-- analytic results

vortices are periodically shed from the cylinder at
the strouhal frequency. These vortices are generated
by the immersed surface dipole sources and solid
boundary condition. Without mean flow, vortici-
ties cannot move downward from a cylinder
while, with mean flow, the vorticities can do at
the same speed of the mean flow. This convection,
therefore, makes it possible to continuously trans-
port the energy from acoustic wave to the vorticity
wave. This process leads to the decrease of the
amplitude in the fluctuation pressure for using the
ISDM with mean flow. Real physical noise gen-
eration mechanism on Aeolian tone from a cy-
linder can be understood as the transformation of
the energy of vorticity waves into acoustical ener-
gy on solid surface. Because the immersed surface
dipoles just model the resultant acoustic dipole
sources without describing the origin of acoustic
energy, unphysical phenomena appear in the nu-
merical simulations. However, if the main con-
cern of the acoustic simulation is the propagating
acoustic wave in the far field. The ISDM provides
sufficient information for this purpose only if the

> e

(d)

Fig. 10 Vorticity contours from the ISDM combined with the SLEE : 80 levels from —5.e-2 to 5.e-2 and ——
positive value, ——-- negative values. (a) 7=430, (b) T=450, (c) T=465 and (d) T =485



2304

270°
Fig. 11 Directivity patterns of the RMS value of
the fluctuating pressure at »=99D: —
Analytic Sol., -—-- Slightly Distant ISDM,
and : —--+--- the original ISDM

Fig. 12

Cheolung Cheong, Jewook Ryu and Soogab Lee

transferred energy is reduced. In order to suppress
the transported energy, the surface dipole sources
are immersed at the locations slightly distant from
the surface wall instead of being set on the surface
grid points. The sources slightly apart from the
solid wall decrease the amount of the transport-
ed energy from the acoustic wave to the vorticity
wave and, as a result, diminish the difference be-
tween the amplitudes in the oscillating pressures
using the ISDM with and without mean flow.
Figure 11 presents the comparison of the di-
rectivity obtained by using the modified ISDM
and the original ISDM. All of the immersed sur-
face dipole sources of the modified ISDM are
moved off the solid wall to be 0.1.D distant from
the cylinder surface. It can be found that the
solution from the slightly distant sources shows a

Instantaneous pressure contours (40 levels from —5.e-4 to 5.e-4) from the ISDM combined with the

FLEE: (a) T=185, (b) T=205, (c) T=220 and (d) 7 =240
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better agreement with the analytic solution than
that of the original ISDM. However, the more
distant the ISDM is from the solid surface, the less
accurate the CAA solver is for assessing the
interaction between the acoustic wave and solid
bodies compared with the real situation. There-
fore, there needs to be a compromise between the
two aspects. Due to the Doppler effects of mean
flow, directivity envelopes of both were slightly
inclined toward the upstream.

Figure 12 presents the pressure field from the
ISDM with the FLEE in which the acoustic waves
are seen to propagate preferably from the cylinder
along the normal direction of the flow. However,
the numerical solutions of the ISDM linked with
the FLEE seem to suffer from the unstable solu-
tions as mentioned by Bogey et al.(2002).
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Figure 13 shows the time history of the fluc-
tuating pressure, measured at a distance »=99D
from the cylinder center. It can be found that the
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Fig. 13 Fluctuating pressure signal at »=99D of the

ISDM with the FLEE (§=0°------- , 0=90°
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Fig. 14 Fluctuating pressure signal from the ISDM with the NPE measured at »=99D and (a) 6=0°,
(b) 6=90°, (c) =180°, and (d) §=270".
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acoustic waves from both are unstable at §=90°
and 270°.

4.2.3 Acoustic results with NPE

In this section, results of acoustic simulations
using the ISDM combined with the NPE are
presented.

Figure 14 shows the time history of the fluc-
tuating pressure, calculated at a distance »=99D
from the cylinder center at four circumferential
positions. Comparing this with the results of the
ISDM with the SLEE, no big difference is seen
except that the magnitude and the frequency of
the oscillating pressure are slightly increased. It is
also found that the nonlinear interaction terms
suppress the unstable waves which exist in the
previous calculation using the FLEE. Using the
NPE, however, the oscillating pressure is found to
increase in amplitude and frequency. This increase
is difficult to interpret. However, conjectures can
be proposed. Because the NPE contain non-linear
terms allowing for the energy transform between
the acoustic and vorticity waves, the generation of
noise is ensured both by the source terms issuing
from the flow simulation and by the nonlinear
perturbation equation itself. These may explain
the reason for the increase of the oscillation pres-
sure. It is also well known that nonlinearity causes
the wave profile of an acoustic pulse to steepen
up and ultimately to form a shock. It was found
that the nonlinear wave steepening process, when
viewed in the wavenumber domain, corresponded
to an energy cascade process whereby low wave-
number components are transferred to high wave-
number range (Tam, 1995). In the absence of
shocks, nonlinear effects do not change the net ac-
oustic energy associated with a pulse. They mere-
ly cause a rearrangement of the frequency distri-
bution of the energy. From this fact, it can be in-
ferred that the energy cascade process from the
nonlinear terms may be responsible for the in-
crease of the oscillating pressure frequency. In
other aspect, Seo and Moon (2005) also indicate
that excessively generated perturbed vorticity near
the wall may yield an unphysical wave. This may
be potential reason for the increase of the acoustic
pressure in the amplitude and frequency.

Cheolung Cheong, Jewook Ryu and Soogab Lee

5. Numerical Results for Aeolian
Tones from Twin Cylinders

In this part, the present numerical methods are
applied to the prediction of aeolian tones from
twin-cylinders. It is known that the streets of
regularly spaced vortices exist with laminar cores
over the range of Reynolds numbers from 65 to
approximately 400. The range of Reynolds numbers
above which vortices with turbulent cores are shed
periodically extends to approximately 2 X 10°. The
strouhal number, which is known to be almost
magically constant throughout the subcritical range
of Reynolds numbers for the single cylinder, is
strongly affected by the interference between the
two cylinders and their wakes (Zdravkvich, 1977 ;
1985 ; Kiya, 1980). The cylinder configuration
concerned in this work is the tandem cylinders
separated 3 diameters between centers as shown
in Fig. 1. The Reynolds number Re=1.58 X 10*
based on inflow velocity #~=24.5m/s and cylin-
der diameter D=0.955 cm are imposed on the com-
putation. This problem is also provided as one
of benchmark problems in 4* CAA Workshop
(Lee, 2003).

5.1 Numerical results of viscous flow simu-
lations

The viscous flow calculations are carried out

on a mesh with approximately 41,103 points in

the computational domain. The mesh, and its

close-up around the cylinder, is shown in Fig. 15.

The mesh for viscous flow simulation consists of

Fig. 15 Mesh for the viscous flow simulation
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two types of grids: Inner mesh is the multiply con-
nected grid and outer one is the Cartesian grid.
Initially, random disturbances are imposed on a
uniform velocity to quickly generate vortex shedding.
The computational time step is fixed to be At=
0.01/(D/ theo) .

Figure 16 shows the iso—contours of turbulence
kinetic energy and pressure at certain time instant.
It is evident that anti-phase lift and in-phase drag
forces exerted on the cylinder surface fluctuate in
time due to the periodic shedding of symmetric

Fig. 16 Instantaneous non-dimensional iso-contours
(a) of the turbulence kinetic energy %, 10
levels from 0.1 to 1.0 and (b) of static pres-
sure, 13 levels from —0.8 to 0.4

vortices. The frequency of vortex shedding can
be estimated by evaluating the periodicity of the
oscillating lift or drag coefficient.
Time-dependent lift and drag coefficients are
presented in Fig. 17, calculated by integrating the
distributions of pressure and shear stresses on the
cylinder surface. As the computation begins with
an initial condition that is given by the flow solu-
tions, vortex shedding does not occur for a con-
siderable time. However, after the first shedding
happens, the flow goes through a transient state to
arrive at the state of periodic shedding of vortices.
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Fig. 17 Time dependent signals of the lift coefficient,
C, and drag coefficient Cy
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Fig. 18 Comparison of the strouhal number of vor-
tex shedding. (® : present result and O :
experimental data from Kia et al., 1980)
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Lift and drag coefficients show a sinusoidal vari-
ation corresponding to a Strouhal number of 0.2
and 0.4, respectively. This value is in good agree-
ment with the experimental measurement (Kiya,
1980) as shown in Fig. 18.

5.2 Numerical results of acoustic simula-
tions

Non-dimensional period Ty of the vortex shedding
is equal to 4.9 with A#,=0.01, which correspond
to 490 data points in time. Unsteady hydrody-
namic pressure corresponding to a surface dipole
sources are recorded on twin-cylinder surface
consisting of 101 grid points, respectively. Differ-
ent time-scale of the acoustic simulation from
the viscous flow simulation leads to the different
non-dimension period 7,=68.08 and numerical

Upper Cylinder

[R—
Separated

——~ Mean Flow bygaora

_—

Lower Cylinder S

(c)

time step A#,=0.02, i.e. 3405 data points.
Figure 19 shows the fluctuating pressure, P on
the cylinder surface at approximately 0.257%,
0.57%, 0.75T, and Ty, respectively. It can also be
found that the fluctuating pressures show sym-
metric patterns. Fluctuating pressure data are uti-
lized as input data for the construction of the
immersed surface dipole model. The numerical
results of the viscous flow are transformed onto
the grid and time step for acoustic simulation.
The acoustic calculations are performed on a
multi-scale overset mesh, which is devised for the
analysis for more complex geometry problem such
as aeolian tones from twin cylinders. The body-
fitted meshes are applied only near the cylinders
and multi-scale Cartesian background meshes are
applied elsewhere in the domains, as shown in

(d)

Fig. 19 A sequence of simultaneous surface fluctuating pressure (P=p—p,) at (a) one quarter of a cycle,

(b) a half cycle, (c) three quarters of a cycle, (d) the beginning of a cycle
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Fig. 20. Full computation domain for the acoustic
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Fig. 20 A sequence of simultaneous surface fluctuat-

ing pressure (P=p—po) at (a) one quarter
of a cycle, (b) a halfcycle, (c) three quarters
of a cycle, (d) the beginning of a cycle
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simulations covers the far-field reaching to 120D,
including the far field as well as the near-field.
Interpolation algorithm of Bin et al, (2004) is
used for the information exchange between the
meshes. Based on the previous analysis results on
the single cylinder, acoustic calculations are
executed with only two approaches: One is the
method using only the ISDM in ambient condi-
tion and the other uses the ISDM combined with
the SLEE.

52.1 Acoustic results without mean flow
effects

In Fig. 21, fluctuating pressure field obtained

from the simulation using the ISDM in ambient

condition is plotted during one period. As ex-

ERTIE

(d)

Instantaneous fluctuating pressure distribution (150 levels from —2.e-4 to 2.e-4) over whole com-

putation domain (a) at 77=155 (b) at T=170, (c) at T=185, and (d) at 7°=200
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pected, the acoustic waves generated by the lift
and drag forces exerted by the cylinder on the
flow are mainly propagated in the directions nor-
mal and parallel to the mean velocity, respective-
ly.

The directivity patterns of the sound field in the
current simulation, measured at » =10D and »=
100D, are shown in Fig. 22. The results using the
ISDM show good agreements with those using
point dipole sources. However, the discrepancy is
more increased in the 10D, i.e., the near-field
than that in the 100D, i.e., the far-field. The

reason for this may be that the near-field acoustic
wave is more affected by the interactions between
the acoustic waves and the cylinder surfaces and,
the ISDM model can allow for the interactions
while the point sources cannot. The amplitudes of
the fluctuating pressures by the lift and drag
dipole sources are comparable for each other at
»=10D while acoustic waves from the lift dipoles
are stronger that those from the drag dipoles at
»=100D. Nevertheless, due to anti-phase of the
lift dipoles of twin cylinders, the RMS value of ac-
oustic wave in the direction normal to the mean—

N e
05'/0.10 0.15 0.20 0.25 (Pa)
~ R e S f

Fig. 22 Directivity patterns of the mean square value of the fluctuating pressure with out mean flow effects

(a) at »=10D and (b) at »=100D (—— ISDM and ---- point dipole sources)
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flow is five times lower than that of single cy-
linder.

In order to validate the current numerical ap-
proaches, this numerical result is compared with
the others using the different numerical tech-
niques, which is shown in Fig. 23. Guénanff et al.
(2003) solved the Navier-Stokes equations using
the nonlinear disturbance equation and Lockard
(2003) used a two-dimensional implementation
of the Ffowcs Williams-Hawkings (FW-H) equa-
tion to predict the far-field noise. It is observed
that the calculated fluctuating forces exerted on
the cylinders are somewhat different with one
another. These differences also make the variant
directivities of acoustic pressure. Therefore, only
for the comparison of acoustic computation, the
directivities are normalized by S+ C} gus to which
the mean square value of the acoustic pressure
is theoretically known to be proportional in far
field. The normalized directivities are shown in
Fig. 23(a) and (b). The result of Guénanff et al.
(2003) seems to suffer from the “hydrodynamic”
pressure fluctuations in the wake. However, the
present result shows good agreement with that of
Lockhard (2003).

5.2.2 Acoustic results with the LEE

The SLEE combined with the ISDM are uti-
lized for the acoustic simulations of aeolian tone
from twin cylinders. Based on the previous result
of single cylinder using the SLEE, the surface
dipole sources are immersed at the locations 0.1.D
apart from the cylinder surface.

Figure 24 shows the directivity patterns by the
ISDM and the point dipole sources. Fig. 24(a)
and (b) shows the directivities on the 10D. It is
found that directivity patterns of both are drasti-
cally changed especially in the downstream direc-
tions, compared with the results without mean
flow. This fact emphasizes the effects of mean
flow, especially shear layers, on the propagation
of acoustic waves. Although the number and di-
rection of the lobes in the directivities are very
similar with that using the point dipole sources,
the directivity pattern of the ISDM is very differ-
ent from that, especially in the down-stream di-
rection. This fact emphasizes the role of the dis-

180

Fig. 24 Directivity patterns of the mean square val-
ue of the fluctuating pressure by using the
SLEE (a) at »=10D, (b) zoomed plot at
r=10D and (c) at »=100D (—— ISDM
and ---- point dipole sources)
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tributed dipole sources on the cylinder surface
and its interaction with the cylinder wall in the
acoustic wave propagation from twin cylinders.
The directivity from the point dipole sources at
r=100D, shown in Fig. 24(c), shows similar
pattern with the result without mean flow effect.
However, the directivity from the ISDM with the
SLEE is somewhat different from that with am-
bient condition. Although it is now shown in this
paper, the directivity by the ISDM, shown in Fig.
24(c), is similar to that obtained by using the
finest grid in the works of Lockhard (2003).

6. Conclusions

The immersed surface dipole model (ISDM) is
developed for the efficient computation of aero-
dynamic noise in low Mach number flow. The
immersed surface dipoles are synthesized based
on hydrodynamic pressure fluctuations on solid
surfaces, which are calculated by using the incom-
pressible aerodynamic simulations. The ISDM
combined with various acoustic equations such
as simplified linearized Euler equations (SLEE),
Full linearized Euler equations (FLEE) and non-
linear perturbation equations (NPE) are applied
to the prediction of aeolian tone noise from a
circular cylinder in a cross flow. The numerical
result using the ISDM without background flow
shows a convincing agreement with the analytic
result. Based on this result, the ISDM without back-
ground flow is recommended for very small Mach
number flow, i.e., in the limit M — 0. The nu-
merical solution of the ISDM with the SLEE
shows less RMS values of the fluctuating pressure
than that of the ISDM without mean flow. This is
due to the energy transfer from the acoustic wave
to the vorticity wave on the solid surface. The
ISDM with the SLEE has an advantage, compar-
ed with that without mean flow, since the inter-
action of acoustic and mean flow can be allowed
for only by making some correction to the ISDM.
However, the correction factor, which can be uni-
versally applied to the general problems, remains
to be achieved. The result of the ISDM with the
FLEE is contaminated by the unstable wave. The
acoustic solvers using the NPE combined with the

ISDM suppress such unstable solutions while
generate the more increased pressure fluctuations
than the theoretical and previous linear numerical
results. Based on the analysis of the numerical
results of aeolian tone noise by a single cylinder,
the proposed numerical methods using the ISDM
in the ambient condition and with the SLEE
were applied to the prediction of the Aeolian tone
noise from twin cylinders aligned perpendicularly
to the mean flow and separated 3 diameters be-
tween their centers. The multi-scale overset grids
technique was also utilized to resolve the complex
geometries of twin cylinders. The symmetric vor-
tices are shed, which leads to the anti-phase of the
lift dipoles and the in-phase of the drag dipoles.
Due to these phase differences, the directivity
of the fluctuating pressure from the lift dipoles
shows the comparable magnitude with that from
the drag dipoles at 10 diameters apart from the
origin. However, the directivity at 100 diameters
shows that the lift-dipole originated noise has
bigger magnitude than that of the drag-dipole one.
Through the comparison with the other numerical
results using the different numerical methods, its
validity was ensured. Based on these results, it is
believed that the current methods can broaden the
application area of computational aeroacoustic
techniques to practical aeroacoustic phenomena,
enhancing both the speed and accuracy of the
computation.
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