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Abstract

Splitter plates attached to a cylinder looking like hair (SPCH) is one of the self-adaptive devices used
to control actual flow conditions, which in turn interact with Aeolian tones constituting a typical case of
study in engineering industries. The direct numerical simulation of the sound waves stimulated by such
devices is a complicated task due to the small levels of sound pressure and the time-consuming existing
solvers. However, the Cumulant Lattice Boltzmann Method (LBM) provides stability and robustness at
high Reynolds numbers and carries out these simulations satisfactorily. First, the fundamental acoustical
properties of the Cumulant LBM are studied in this paper. Propagation of point and planar acoustic waves
is considered including the temporal decay of a standing plane wave, the spatial decay of a planar acoustic
pulse, and the propagation of spherical waves. Then, the Cumulant LBM as a fluid flow solver is coupled
with a Finite Element structural mechanics solver to predict the effects of SPCH on the noise generated by
cylinders at high Reynolds numbers as a practical fluid structure interaction (FSI) application. The spectral
modification and possible acoustic damping impact of such flaps, plus the sound propagation from one and
two circular cylinders are studied. A comparison of the theoretical and numerical results shows a reasonable
capability of the Cumulant LBM to predict acoustical events with small errors in dissipation and dispersion.
Furthermore, the results show that SPCH alter the phase of the vortex shedding cycle and decrease the
transversal distance from the center line of the shed vortices. Flaps, thus, control the wake generated past
a cylinder and have an effective impact on decreasing sound generation.
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1. Introduction

Noise reduction is an important part of engineering design in transportation industries such as aircraft,
high speed trains, automobiles, and so on. In general, noise limits engine operation, disturbs passengers
and operators, and pollutes the environment. As a result, the understanding and controlling of noise is
fundamental.

A typical case of aerodynamic noise is the Aeolian tone, named after the god of winds Aeolus in the
Hellenic mythology. The first observations of Aeolian tones [, 2, 3] were made in sound generated from
bluff bodies like cylinders immersed in a flow [4, B]. Researchers believe that the hydrodynamic instability
of the wake behind a cylinder after a specific critical Reynolds number, results in sound with strong tonal
components based on the vortex shedding frequency. Strouhal’s studies on the existence of these vortex
shedding tones [6] lead to the non-dimensional Strouhal number, which is the relation between the frequency
of the vortex shedding tone, the characteristic length, and the free stream velocity.

Hardin et al. [[i] calculated the sound generated by an incompressible and time dependent flow over
a cylinder at low Reynolds numbers. Cox et al. [g] studied the tonal noise generated from a circular
cylinder for a wide range of Reynolds numbers, and compared with experimental studies. In addition,
Inoue et al. [9] simulated the sound generated by two squares at a Mach number equal of 0.2 using direct
solution of the 2D unsteady compressible Navier-Stokes equations. Tam [L0] and Wells et al. [11] studied
different popular numerical schemes in the the field of computational aeroacoustics (CAA). They presented
compact and non-compact optimized schemes which are mostly based on linear wave propagation, such as
the high-order compact difference schemes [12, 13] and the dispersion-relation-preserving (DRP) scheme [14].
Among these methods, the DRP scheme is the most simple thanks to the use of symmetric finite differences
on uniform Cartesian grids. To simulate curvilinear problems in aeroacoustics, grid-optimized dispersion-
relation-preserving (GODRP) schemes were developed [[15]. However, the prediction of aerodynamic noise
is burdensome because of the huge cost of CAA simulations, which resulted in developing hybrid methods.
Hybrid methods use two sets of equations, one for the flow and another one for the acoustic disturbance
field.

To control the flow and sound side effects, self-adaptive devices can be utilized. The devices for manip-
ulating vortex shedding play a critical role in many engineering problems. As an illustration, splitter plates
have been known as one of the effective ways for controlling vortex shedding [16, 17]. Recently, several
investigations have been carried out on the effect of an attached rigid splitter plate on the flow pattern
behind a cylinder [18, 19, 20]. They showed that the length of the splitter plate strongly influences the
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character of the vortex shedding for different fluid flow regimes. Mazellier et al. [21] studied flexible mem-
branes, similar to bird’s feathers, to control the flow behind a square. Brucker et al. experimentally studied
the effects of flexible flaps on the flow around a cylinder. They showed that flaps can alter the shedding
cycle [22, 23]. In addition, the motion pattern of the flaps changes to a wavy shape when the amplitude is
increased beyond some specific Reynolds. As a result, the vortices transversal distance from the center line,
structural vibrations, and sound generation decrease.

The direct numerical simulation of sound waves stimulated by controlling devices is complicated since
the sound pressure is much smaller than the whole pressure variation. In addition, the acoustic field spreads
in large regions and this is a time-consuming process. For example, the direct numerical simulation of sound
waves based on Navier-Stokes equations needs schemes of fifth-order accuracy in space and fourth-order
accuracy in time [24, 25, 26]. On the other hand, the Lattice Boltzmann method (LBM) is a new and
reliable method of computational fluid dynamics (CFD) which has been developed from the lattice gas
method and can be used as an alternative to simulate sound wave propagation. Furthermore, the coupling
of the LB method with the finite element method is relatively straightforward. Generally, the LB method,
an explicit time marching scheme, is used for a broad category of advection-diffusion problems [27].

The LBM has been widely used in many applications in the field of acoustics. Buick et al. [29] and
Dellar et al.[30] studied sound wave propagation using LBM, achieving acceptable results. Crouse et al. [31]
investigated the propagation of standing acoustic waves and showed that the LBM can yield relatively good
results on fundamental acoustic phenomena. Mari e et al. [B2] and Bres et al. [33] presented the dissipation
and dispersion of acoustic waves using the BGK-LBM. Viggen [34] proposed the sound propagation properties
of the lattice Boltzmann equation for both free and forced waves. In addition, he proposed an extended model
containing a bulk viscosity correction term with the idea that all equilibrium distributions must be identical
for the one-dimensional D1Q3 velocity set. Dhuri et al. [35] investigated linear acoustic wave propagation
in heterogeneous media with the BGK approximation and the multi-relaxation-time collision operators for
the D2Q5 model. It should be noticed that many different schemes have been used because of numerical
instabilities appearing when dealing with high Reynolds numbers [36, B7, B8] or specific characteristics of
the fluid: the Taylor expansion method [39], the dual entropy approach [40], the local/global lower bound on
the relaxation time [41]], selective viscosity filtering [42], dissipation/dispersion optimized multiple relaxation
times [43, 44, 45], augmenting hyper-viscosities in non-uniform grids [46, 47, 48], the entropy H-theorem
49, 50, b1, b2, a regularized method for the BGK-LBM [53], the recursive and regularized LBM (LBM-
rrBGK) [b4, 55], and the Cumulant LBM [b6, b7, b8, 59]. The recursively regularized LBM has been
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recently expanded and used for isothermal and weakly compressible flows at high Reynolds numbers, and
fully compressible flows [60, 61, 62]. Among these schemes, all of them having advantages and disadvantages,
here the Cumulant LBM is chosen due to the number of existing studies in the field of acoustics. Therefore,
the aim of this paper is to study the capability of the Cumulant LBM to simulate sound wave propagation
by calculating the deviation from analytical results, notably the dissipation and dispersion errors. Moreover,
it tries to assess the effects of SPCH at high velocities on the noise beyond the cylinders, particularly, the
acoustic damping effect of such flaps on sound propagation through interactions among acoustic waves, solid

walls and shear layers.

2. Methodology

To study the effects of SPCH on the fluid domain and sound wave propagation, this section presents
an explanation of the mathematics behind this complex phenomenon. First, the general description of the
Cumulant Lattice Boltzmann method as a flow field solver is provided. Second, the finite element system
of equations derived for the structural solver and the Newmark Method is explained. Then, details on the
fluid structure coupling are considered. Finally, to examine the results of the Cumulant LBM for the wave

propagation, the general form of the lossy wave equation is obtained.

2.1. Cumulant Lattice Boltzmann

The Lattice Boltzmann method (LBM), a suitable substitute for Navier-Stokes solvers, can simulate
complex fluid flow. This mesoscopic method is obtained from Ludwig Boltzmann’s kinetic theory of gases.
Although the LBM is regarded as a finite difference method for solving the Boltzmann transport equation,
it leads to the Navier-Stokes equations by using the Chapman-Enskog expansion. The basic idea is that
gas or fluid motion is modeled by a discrete momentum distribution function, to transfer momentum and
energy through particle streaming and billiard-like particle collision on a Cartesian grid, at each time step
[27]. In general, the lattice is denoted by DdQq where d and q are the number of dimension and the number

of the discrete speeds, respectively. The lattice Boltzmann equation without an external force is

fi (x + eycAty + eyicAt, t + At) - fi(x,y,0) = (1)

where f;, Q; and ¢ = Ax/At are the particle distribution function, the collision operator and the lattice speed,

respectively.
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In general, the LBM contains two key steps: collision and streaming. The most difficult part of the LBM
solving the collision term, and different choices give rise to methods like BGK, MRT, Cascade, Cumulant,
and so on. This paper considers the Cumulant method as one of the newest and most robust LB methods.

The probability density function (PDF) is [2§]

FEm =D fEnoE - €50 — ), (2)

ij
where f is the probability mass function (PMF) and ¢&,n are discrete random variables with ranges R, =
{é1,é,...}, Ry = {n1,m,...} corresponding to the microscopic velocities in x, y directions.
The moments of such PDF, without any discontinuity problems can be calculated as

m Qn

/ 0 -
Henpp = WM(E, H) s s (3)

where M(E,H) = X f(&i.n j)eEf"eH”/ is the moment generating function and H, E are the normalized wave
numbers. '

To reduce the Galilean invariant problems of the collision step, the moment generating function is shifted
into the moving frame of reference of the fluid. Then, the central moments can be calculated as

ama”

/,[étmnn = WM(E, H) (4)

E=H=0
where M(E, H) = e~=¢/"Hv/c pf(=, H) is the central moment generating function.

To use the advantage of the logarithmic form of the moment generating function, the cumulant generating
function is defined as [63]

8m al‘l

H2=H=0

Each cumulant relaxes with an individual relaxation rate

(4
C;mnn = Cgmppn + (A)Emnn(Cizn,l - Cgm,]n) (6)

where ngﬂn" are the cumulants of the equilibrium state. The equilibrium state for the cumulant generating
function is CGF® = Zu/c+Hv/c + % [64]. The sound speed and the kinematic viscosity are calculated

respectively, [65]
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4 =Af§2(a - 5)- (8)

(7)

Gy =

To itemize the algorithm: First the central moments of the distribution function are calculated using
equation (@) Second, the cumulants are obtained from the central moments. Third, the post-collision
cumulants from the collision operator are quantified based on equation (E) Fourth, post-collision central
moments from the post-collision cumulants are extracted. Fifth, the post-collision central moments are

transferred back to the distribution functions [27)].

2.2. Structural analysis

One of the numerical methods to simulate structural phenomena, is the finite element method (FEM).
The FEM, generally, describes a set of algebraic equations for a domain subdivided into small-interconnected
parts called finite elements. The elements are linked together by common interfaces, containing nodes,
boundary lines, and surfaces. In this study the Euler-Bernoulli beam is used as structure. The transverse

deflection w of the beam is governed by
d d*w
dxz( ) Ff, O<x<L 9)

where b = b(x), f = f(x), and f is the transversely distributed load. The function b = EI where E is
the elasticity modulus and / is the moment of inertia. Equation (B) needs four boundary conditions. The
structural domain is divided into a set of N line elements. To derive the element equations [66], a typical

element Q° = (x,, x,41) is isolated and the weak form of equation (H) over this element is constructed as

Xe+1

a [ dw
0= fv[ﬁ(bﬁ)_f}dx

dv d d ( d*w\]™"
= —vf|d b
f[ dxdx( de) e ( de)}e
d*>v d*w d ( dw\ dv dw]*"
= | [b=—==— -vf]|d — (b —b— 10
f( dx? dx? f) TV ( dxz) dx  dx? L (10)

Xe



148 where v(x) is a weight function. Due to the two integrations by parts, an examination of the boundary
149 terms makes it clear that the essential boundary conditions involve the deflection w and its derivative
150 dw/dx, whereas the natural boundary conditions involve the bending moment bd’>w/d? and the shear force

11 (d/dx)(bd?w/dx?) at the endpoint of the element. Using the following notation,

s

Xe

d { d*w d?w
=|—|b—| , D=|b—
NG B G

d (,d*w d*w
Q= —|—|b— , O =—-|b— s 11
3 [dx ( dx? )Lm 4 ( dx? ) o (11)
152 equation (@) results in
0=B(v,w) - L) (12)
o d*v d*w
B(V,W) = fbﬁﬁ dx,

Xe

KXe+1

L(v)=fvfdx+v(xg)(l)f+(—@)
dx

Xe

e e dv (4
+ @F + v (xe41) D5 + (_E) @,

Xe+1

Xe

153 which is a statement of the principle of virtual displacements, known as total potential energy of the beam
152 element. Equation (@) requires interpolation functions (¢) for the element, which are continuous with
155 nonzero derivatives up to order two. By satisfying the interpolation properties the functions are calculated

156 aS

4
we(x)zufqﬁf+u§¢§+u§¢§+uj¢ﬁ=2u§¢;, (13)
=1
up = wixe), uy =0, u5=wxe), ug=0l,,
x—x\ x-x\ x—x\
¢=1- £ 2 - 5 =—(x— 1- .
i o B oy B
x—x\ x-x\ x-x\ x-x
$=3l—| —2l—=)., ¢#=-(-x -] -1
O o I e BCRRU R
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The finite element model is calculated by substituting w from (@) and v = ¢; into equation (@),

d2ge d*¢
i — dx,

Xe+1
K{fwl
dx? dx?

=fb
)

Xe

f¢ffdx+(l)f,

Xe

Xe+l
Fiel =

Kfjuj -F{=0.

~.
I &~
—_

To obtain the time-dependent form of the equation of motion, the mass matrix is calculated as [67)

2 =6 -2

h? h h?

-6 6

A I

K=—

hl-n 6 12

h? h h2

-6 6

h 2 h

f me; ¢S dx.

Xe

e _
M, =

And with the same b = EI, the matrix elements of M, K, and F are

6 (D' » hat 70

L _h+‘b2’ M = mh hao  his ha
26| o s n b

h] 14 B

The governing equation for the linear dynamic response of the finite element system is

Mx +Cx+ Kx =F,

(14)

(15)

(16)

(17)
—h%

| (18)
—h%
Ix

(19)

where M, C, K are the mass, damping, and stiffness matrices. F is the external force vector and x is the

displacement vector [6§].

The discrete equation system (E) is solved using the Newmark method, which is a direct integration

method [68]. In this paper, the standard Newmark method is used as follows. It is first assumed that

Xiear = X + (ADX, + (A [(0.5 = B)%, + BEriad] s

Xeear = X0+ (AD) [(1 = VX + yXiad] s

(20a)

(20b)
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where 8 and y are constant. Substituting equations (@) and (@) into the system equation (@) and

solving for ¥ results in

KiZia = Fpopp (21a)
K; = [KB(AD? + CyAr + M|, (21Db)
Fl g = Frane = K {x, + (A%, + (ADX(0.5 = B)i,| - C &, + (A1 — )i} (21c)

Thus, the accelerations ¥4, can be calculated by solving the matrix equation system () The velocities
and displacements can be obtained by means of equations (@) and (@) The Newmark method is

unconditionally stable provided that y = 0.5 and g8 > (2y + 1)*/16.

2.3. Coupling scheme

Fluid-structure interaction (FSI) is the coupling between the laws of fluid dynamics and those of struc-
tural mechanics. Forces exerted on the object lead to deformations depending on the pressure and velocity
of the flow and the material properties of the structure. Therefore, the velocity and pressure fields have
effects on the structural deformations, and vice versa.

In general, partitioned and monolithic solution procedures have been developed for the numerical simu-
lation of FSI problems [69]. In this paper, as in reference [69] the partitioned method is used which means
that separate solvers are chosen: The Cumulant LBM for the fluid solver and the finite element method for
the structural solver.

Two possibilities exist to obtain forces on boundaries in LBM calculations: Momentum exchange and
Stress integration [7(]. Even though the Momentum exchange scheme predicts well integral forces on large
structural elements, when it comes to consider the resolution order of the fluid mesh this scheme is not
reliable due to the considerable reduction of matching links. Therefore, to evaluate the forces on boundaries
with the LBM, here the Pressure/stress integration scheme is chosen. Such scheme benefits from the locally

available stress tensor in LBM calculated as

S]‘/Z—C?p5”+0']] (22)

where § is the Kronecker-Delta. The stresses on the boundary node can be extrapolated from neighboring

9



156 cells through the matching squares algorithm [@] by generating isolines on fixed Cartesian grids. In general,
187 there are 16 possibilities of intersection of a structure boundary node and a fluid cell, as discussed in
188 reference [@] Figure ﬂ shows two possibilities for the position of the structure inside the fluid domain and
189 the extrapolation of the stresses on the boundary node from neighboring cells. The extrapolation of the

100 stresses for Structure 1 reads

. . Fluid nodes

Solid nodes

Structure interface points

Figure 1: Two possibilities for the position of the structure inside the fluid domain.

Ssw =2SNE — SNENE, (23)

101 and the extrapolation for Structure 2,

Ssw = 258w — Snuw,

SE = ZSNE - SNNE- (24)
192 The next step after extrapolation is a bilinear interpolation for the stresses
S=>0-w) @ =w)Ssw+wi (1 =w2)Sse +wiwaSye + (1 —wi)waSnw (25)

193 where wy and w, are normalized weight factors.

194 By integrating along the boundary I" the scalar product of the stress tensor times the unit normal vector,

10



105 the load vector is calculated,

szs-ndr. (26)

196 Considering the fact that the stress components are linear (figure E), the load vector at point BB using

197 equation @ equals to

Fgp = (OZSSAA +0.758 BB) nAABBO.SlAABB + (075SBB + OSScc) nBBCCo.Slggcc. (27)

AA CC

Figure 2: Force calculation from stress.

198 Owing to the two different grids for structure and fluid, an interface mesh is used to couple both meshes.
199 This mesh is made of a polyline at which physical quantities are required to be stored. The interface mesh
200 can be adapted by the FEM and LBM solvers. Due to the effect of the fluid and the structure on each other
201 there is the possibility that after some structure movement a node in the fluid domain relocates to the solid
202 domain and vice versa. Therefore, the algorithm must activate and deactivate the nodes inside the domains
205 (Fig E) In addition, the local velocity at the new fluid node is obtained from linear interior extrapolation.
200 The pressure and the higher order moments are calculated based on a local Poisson type of iteration [72].
205 The distribution functions of the new active node (fluid) are constructed or initialized as the summation of
206 the equilibrium functions, calculated by extrapolating the velocity and the density, plus the non-equilibrium
207 parts, obtained by the previously determined pressure and higher order moments [69, 70, [72].

208 The FSI algorithm is depicted in Fig H The FSI algorithm is depicted in Fig H: First the fluid solver

200 calculates the load vector on the interface mesh points. Second, the loads are transferred through the

11
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Figure 3: Active (fluid) and inactive (structural) nodes in the LBM grid.

210 interface mesh. Third, the structural solver calculates the new displacements. Fourth, the new displacements
211 are transferred through the interface mesh. Fifth, the position of the interface surface geometry is calculated

212 by the fluid solver. Sixth, the previous steps are repeated in a sequence.

LB-Fluid-Solver FEM-Structure-Solver

Force
=
Fluid Ste
Fluid Step ( Structure Step =1
Displacement

Figure 4: Coupling algorithm.

nAtg,g

[ — N — N — Iy — )

0
0
0

Atstmctnre

A1)5w035) dELINS MIN

(1:‘:

213 2.4. The wave equation

214 Acoustic waves constitute one kind of pressure fluctuations that cause the propagation of energy through
215 a medium: gas, liquid, and solid. Even though there are different ways to obtain the lossy wave equation

216 [@], here it is derived based on references [@, @]

12
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The general form of the nonlinear Navier-Stokes equation, without external body forces, is

p((z—l: +(u.V)u) = —Vp+(;—171+773)V(V.u)—77V><V><u, (28)

where 7 is the coefficient of shear viscosity, ng is the coefficient of bulk viscosity, and nV X V X u is the
dissipation of acoustic energy, which has few effects on linear acoustics.

In general, a quantity called condensation is defined in linear acoustics, s = (0 — pg) /po Wwhich is the ratio
between the deviation from the equilibrium density and the equilibrium density itself, and must be small.
In addition, the total pressure equation is written as p = pg + p’ where pq is the atmospheric pressure and
p’ is the acoustic pressure.

Using the linearized form of equation (@) and the linearized continuity equation V-u = —ds/dt, plus the

equation of state p’ = ppc’s, leads to a lossy wave equation,

d 1 8%p’
l+7,—|V?p = = 29
( T 61‘) p G2 o (29)

where

el
Ty = = .
s po(;% 377 T]B

3. Results and Discussion

In this section, the Cumulant LBM is used first to calculate acoustic dissipation and dispersion for
benchmark cases, and the results are compared with theoretical values. Second, spherical wave propagation
at a very low viscosity is studied by means of different LB methods and the results are compared with
the theoretical solution. Finally, the Cumulant LBM is coupled with a finite element method to study the
effect on the flow and sound propagation around one single and two twin cylinders due to SPCH at high Re

numbers, as a real engineering FSI case of study.

3.1. Acoustic properties of the Cumulant Lattice Boltzmann Method

The LBM has been used to model the aerodynamic and hydrodynamic characteristics of different phe-
nomena, moreover, it has the capability to directly obtain the acoustic field without additional computational
cost. In this section, the aim is to study the accuracy of the Cumulant LBM in predicting acoustic properties
for benchmark cases before extending it to fluid-structure interaction applications in the following sections.

Initially, the dispersion and dissipation relations of the propagation of a plane wave are presented based on

13
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the temporal and spatial analyses from equation (@) as in Bres et al’s work [33]. Then, the propagation of
a standing plane wave and a planar acoustic pulse of Gaussian shape is implemented using the Cumulant

LBM. Numerical errors, finally, for the dissipation and dispersion parameters are computed for these cases.

3.1.1. Planar standing wave
A standing plane acoustic wave is considered for a temporal analysis as a first configuration. The

calculated dissipation and dispersion relations based on the temporal analysis of equation (@) [33] lead to

er =l - (_) (300)

ar = k%, (30b)

where k is the wave-number. The assumptions for this set-up are listed in table m For a linear acoustic
problem, the perturbation amplitude p’ is chosen small compared to the average pressure py. Periodic
boundary conditions are applied in both directions. The time step is chosen so that we have dispersion and
dissipation effects, but not boundary side effects.

Table 1: Parameters for the planar standing wave

Variables ‘ p'(x,y,0) ‘ o ‘ u ‘ 4 ‘ A
2ﬂx r r -3
Description ‘ A sm ‘ = ‘ s 0 ‘ 10~ po
The acoustic pressure at time ¢ is [33]
p'(x,y,1) = Aexp - (ar + o) t]sin [k (x — (c7 + cF™) 1)], (31)

where the superscript "num” denotes the deviation between the numerical and theoretical values. Therefore,

num

num
Cr

and o} are the deviation phase speed and temporal dissipation rate, respectively. These coefficients
can be derived, for any location, from the plot of the perturbation versus time using nonlinear least-squares
fitting and equations (@) and (@) In addition, the results can be presented either as a function of the
number of the points per wavelength N, = 4/Ax or the non dimensional wave-number kAx = 27/N .

To study the accuracy of the propagation of waves using the Cumulant LBM, various viscosities and

different resolutions (i.e. number of points per wavelength) are considered. One of the most important

properties for characterizing fluid flow which has a vital effect on the accuracy of acoustics simulations is

14
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the bulk viscosity [B&, 27, 64]. Figure g shows the comparison between numerical results for two different
choices of the bulk viscosity against the analytical solution. The subfigures show the results for values
y=15x% 10’3m2/s and v = 1.5 x 107'm? /s of the kinematic viscosity and Nppw = 18 point per wavelength.
Case 1: the relaxation time for the bulk viscosity is chosen based on equation (E) Case 2: the value of the
relaxation time for the bulk viscosity is chosen as 1. Therefore, a wrong selection of the bulk viscosity leads
to inaccurate results.

Figure B presents the acoustic pressure time-history for v = 1.5 X 10‘2m2/s with N,,, = 12 points per
wavelength. The relative numerical error of the phase speed and temporal dissipation rate are presented
as functions of the non dimensional wave-number in table E The table shows that the deviations from the
theoretical values are small, even for a relatively low resolution with 12 points per wavelength: about 0.77
percent in the phase speed and 0.018 percent in the dissipation rate. It should be noted that by reducing the
viscosity, the phase speed and dissipation errors are almost constant. Thus the results are only a function
of Ny, and are independent of viscosity in the range of interest. It can be concluded that the results of the
Cumulant LBM show a good agreement with the theoretical values and behave similarly to the numerical
values of reference [33].

Table 2: Relative numerical error of the specified acoustic properties as a function of the non-dimensional wave-number (kAx)
for the planar standing wave.

kAx ‘ /12 ‘ /6 ‘ /4 ‘ /3 ‘ /2
mer | -1.8%107 | =7.7x1077 | =1.7x 107 | =3.1x 107 | -7.2x 1072

armjar | =7.5x107" | -1.8x 107 | —12x 107 | =43 x 107 | -2.5%x 107

3.1.2. Planar pulse wave
A planar pulse wave is studied for a spatial analysis where acoustic waves of fixed frequencies propagate
through the domain. The dissipation and dispersion relations derived, based on the spatial analysis from

equation (@) B3] are

{ 2
-2 ) 1+ (wty) ’ 29
“ ¢ 1+ (a)‘z's)2 +1 (322)

w V1+ (wts)? =1

= . 32b
s \/Egs 1+ (a)‘rs)2 ( )

With the assumptions presented in table E, a planar pulse of Gaussian shape initially propagates from
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Figure 5: Non-dimensional acoustic pressure p’/A vs. time history [s] at (0,0) for the planar standing wave considering two

different choices for the bulk viscosity: Case 1 where the relaxation time for the bulk viscosity is chosen based on equation (§))
and Case 2 where the value of the relaxation time for the bulk viscosity is chosen as 1.

278 the origin through the domain where periodic boundary conditions are imposed. The time step is chosen in
279 a way that the pulse passes without interfering with the boundaries.
Table 3: Parameters for the planar pulse wave
Variables ‘ p'(x,y,0) ‘ o ‘ u ‘ v ‘ A ‘ o
Description ‘ Aexp (— In(2) ;—22) ‘ éié ‘ l% ‘ 0 ‘ 107 py ‘ 0.03
280

The Fourier transform of the pressure time history of the passing wave gives the Fourier coefficient of
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Figure 6: Non-dimensional acoustic pressure p’/A vs. time history [s] at (0,0) for the planar standing wave.

2

23

1 pressure p’ (x,w)

1/9\’ (x,w) = ? (x,0)exp [— (a/s + ag”'") x] exp [iwﬁ] (33)

2s2  which is similar to the solution of equation (@) [@], where ¢ and o’y are the deviation phase speed and

spatial dissipation rate, respectively. The coefficients are calculated as a function of the frequency using

284 the phase and amplitude of the ratio ;7\’ (x, w) /;7\’ (x,0) and the dissipation and dispersion relations given in

equations () and ()

08

02f N \ .
, \
\
\ L7 \
0 1 ol 1 L
0 1 2 3 4 5 6 7
Time Step x107*
Figure 7: Non-dimensional acoustic pressure p’/A vs. time history [s] at origin (——— ), 0.056m ( — — —) and 0.128m
(————- ) from the reference position, for the planar pulse wave.

285

286 Figure ﬂ presents the acoustic pressure time-history of the propagation of the planar Gaussian pulse for

27 v =236x1072m? /s with a resolution Ax = 0.004m. It shows the planar wave as it moves toward the positions
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(b) Dissipation rate [Np/m].

Figure 8: Numerical error of the specified acoustic properties for the planar pulse wave as functions of the angular frequency
[Hz] (v = 2.36 x 1072m? /s and different resolution).

0.056m and 0.128m from the reference position. In addition, the amplitude of the wave changes with the
propagation distance from the reference point. The relative numerical error of the phase speed c§"/cs and
the dissipation rate ag"" (in Np/m, where Np is a dimensionless unit called neper) are depicted in figures @
and @ as functions of the angular frequency, for resolutions Ax = 0.004m (Case 1), Ax = 0.002m (Case 2),
and Ax = 0.00lm (Case 3). Errors are small as in the planar standing wave example, even for the relatively
low resolution Ax = 0.004m. Various viscosities, as in the first set-up, are used to study the predictive
accuracy of the Cumulant LBM in a traveling planar pulse. Figure E presents the relative numerical error of
the dissipation rates for v = 2.35 x 10™*m?/s and resolution Ax = 0.004m. It shows the same behavior as in

the planar standing wave case regarding the reduction of viscosity. To conclude, the results of the Cumulant

LBM show a good agreement with the theoretical values for the dissipation rate.
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Figure 9: Numerical error of the dissipation rate [Np/m] for the planar pulse wave as a function of angular frequency [Hz| (for
v =2.35x 107" m? /s and resolution Ax = 0.004m).

3.2. Spherical wave

Unlike section @ where the wave propagates in a straight line, in most real cases, sources generate a
wave which expands in a set of spherical wave fronts. The analytic solution for an outgoing cylindrical wave

obtained from equation (@) in cylindrical coordinates is

o (x,y,1) = AH? (kr) exp (iwt) , (34)

where H(()z) is the zeroth-order Hankel function of the second kind [@] In the following section, spherical

wave propagation is studied using the Cumulant LBM for a low value of the viscosity v = 1.5 x 10 m?/s.

3.2.1. Acoustic pulse

A pseudo-2D acoustic pulse is investigated as a first configuration of spherical wave propagation, where
the pulse assumes a Gaussian shape. This is the most standard aeroacoustic 2D benchmark case [@] Table
H shows the assumptions of this setup. Periodic boundary conditions are chosen. However, the time step as
well as the total simulation time are set to avoid any boundary effects.

For very low viscosities and small amplitudes of the acoustic perturbation, equation (@) results in the
density fluctuation p’ (x,y,1) [ﬁ]

_2

A (o)

o (x,y,0)=— fexp L P (¢,ts) Jo (rs) sds, (35)

2a 4a
0

where Jj is the zeroth-order Bessel function of the first kind.
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In this set-up, an acoustic pulse is generated by an initial Gaussian pressure distribution from the center
of the computational domain, then the wave front of the pulse expands rapidly throughout the domain.

Table 4: Parameters for the pseudo-2D acoustic pulse

Variables ‘ o ‘u"v" € ‘ 1% ‘ b ‘ r
Description ‘ eexp(—arz) ‘ 0 ‘ 0 ‘ 1073 ‘ mb(% ‘ 107! ‘ VX2 +y?

Figure @ draws a comparison between the numerical and analytical solutions for the density function of
the acoustic pulse propagation. There is a good agreement between the Cumulant LBM and the analytical
solution at time steps 10 (figure @) and 100 (figure @) The results show that the Cumulant LBM

faithfully reproduces the spherical acoustic pulse wave at a very low viscosity.

%1074

7 T T T T T T T T T

O Numerical result
Analytical result | |

’ 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-4
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O Numerical result
Analytical result
1 1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(b) Time step=100.

Figure 10: The comparison of the analytical and numerical values of the perturbation p’[kg/m3].
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(c) Time step 160.

Figure 11: Comparison of the stationary analytical and numerical values of the perturbation p’ [kg/m?3] for the Cumulant LBM.
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Figure 12: Comparison of the analytical and numerical values of the perturbation p’ [kg/m?3] for the BGK LBM.

a1 3.2.2. Acoustic point source
319 In the preceding section, finite acoustic waves propagate throughout the domain from an initial wave

320 distribution. It is time to study infinite waves suck2as those produced by a point source which emits a
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sinusoidal signal. The assumptions for this set-up are presented in table g

Table 5: Parameters for the acoustic point source

Variables ‘ o ‘ w ‘ B ‘ r ‘ T
Description ‘ B sin(wr) ‘ 27" ‘ 102 ‘ VX2 +y? ‘ 20

To simulate this point source, a sinusoidal density function is fixed to the LBM lattice located in the
center of the domain as in references [78] and [75]. Furthermore, the velocity can be chosen as a constant
(u = 0) or based on the particles streaming into the source node to guarantee conservation inside the domain.
In addition, periodic boundary conditions are imposed.

In order to make a meaningful assessment of the results of different LB methods regarding the stationary
analytic solution for the point source cylindrical waves given by equation (@), we used the same method
as Viggen [75] and Sagaut et al. [r9]. Figures @ and @ show the comparison between the numerical
result and the stationary analytical solution for the propagation of the density function of the acoustic point
source wave. The comparison shows a good match between the Cumulant LBM result and the stationary
analytical solution at time steps 60 (figure ), 120 (figure ), and 160 (figure ) It should be noted
that the reason why the numerical density is 0 beyond a certain point is that the spherical waves spreading
from the source have not yet reached those points at that time. The plots for different time steps show
that the unsteady spherical waves follow the stationary analytical solution by overlapping it over time. In
addition, as Viggen [75] and Sagaut et al. [79] have shown, the stationary analytical graph can give a
mature and understandable prediction of the wave motion throughout the whole domain. On the contrary,
the comparison does not draw a good match between the BGK LBM and the analytical solution at time
steps 60 (figure ), 120 (figure ), and 160 (figure ) Even though, the numerical results follow the
analytic solution, they display noisy behavior, as the method is unstable at low viscosities. In a nutshell,
the acoustic point source example can illustrate the power of the Cumulant Lattice Boltzmann method to

naturally simulate acoustic behavior even at a very low viscosity.

3.3. Splitter plates attached to a cylinder looking like hair (SPCH)

There is a growing need for the SPCH to control flow and Aeolian tones in many industries. Aeolian
tones, i.e. sound generated by flow over objects, is relevant to airframes at high Reynolds numbers. To
have a good assessment of such devices, the finite element method as a structural solver is coupled with the

Cumulant LBM as a fluid solver. Thus, this section will challenge the Cumulant LBM in a real engineering
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FSI modeling problem, by focusing on the influence of the SPCH on the dynamics of a cylinder wake flow.

Six cases are examined in this section, presented in table B and figure @ These cases consist of a
single cylinder and two twin cylinders aligned perpendicularly to the free stream and whose centers are
3 diameters apart. The origin of coordinates is the mid-point between the two cylinder centers. Case 1
and Case 4 should be considered as references for Cases 2 and 3, and Cases 5 and 6, respectively, when
describing figures @, E, and @ Table H shows the assumptions for the fluid and the domain in these
setups. The Reynolds number is chosen based on the cylinder diameter and the free stream velocity. The
fluid characteristics are set based on air. The flexible flaps are distributed homogeneously along the aft
part of the segments facing the downstream direction at 60 degrees from the center. In addition, the Young
modulus is 12.525 x 106kg/ms2 and the structural density is pspiq = 1000kg/m3. The boundary conditions
include velocity inlet (Up), non-reflecting [64] and pressure outlet boundary conditions, plus the bounce back
scheme [69]. It should be noted that we used the modified bounce back scheme developed in [80, B1] for the
velocity, which is second order accurate for arbitrarily shaped boundaries.

Table 6: Cases studied for the SPCH

Cases | Figures | Cylinders | Flaps | Length of flaps | Width of flaps | State of flaps

I 134 | 1 0| X | X | X

2 ‘ E ‘ 1 ‘ 3 ‘ r ‘ 0.001 m ‘ Stationary
3] 3 |1 | 2 | 2r | 000lm | Moving
4 | 13H | 2 0| X | X | X

5 ‘ m ‘ 2 ‘ 3 ‘ r ‘ 0.001 m ‘ Stationary
6 | mf | 2 | 2 | 2r | 000lm |  Moving

where 1 is the radius of the cylinder.
To validate the results, the Cumulant LBM results for Cases 1 and 4 are compared with experimental
and several previous numerical studies.

Table 7: Parameters for the SPCH study

Variables | Us \ D | fluid | Domain length | Domain width
Values | 24.5m/s & 73.5m/s | 0.00955m | air | 60 D | 30D

Table E presents the comparison between experimental [82, 83] and Cumulant LBM results on the

Strouhal number, a dimensionless number describing oscillating flow mechanisms. It is defined as St =
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Figure 13: Computational domain of the cases studied for the SPCH problem.

2r/(UsT) = 2rf)/Us, where T and f are the period and the frequency of the vortex shedding, respectively.
The results in table E are for Case 1 of figure @ at Re = 1.58 x 10*. The results are presented for three grid
resolutions. The Strouhal number for grid resolutions 2 and 3 shows less than 1 percent deviation from the
reference data.

Table H shows a similar comparison for Case 4 and Re = 1.58 x 10*. It shows that the results for
grid resolutions 2 and 3 are between the results of Guenanff and Lockard [@] Therefore, to reduce the
computational cost, the grid resolution 2 is used.

The generation of vorticity past the cylinders under consideration can give a good estimation of the

effects of SPCH. Figure @ shows the spread of the vorticity in the wake past the cylinder for Cases 1-3 and
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Table 8: The Strouhal number for Case 1

| St
Experimental result [@, @] ‘ 0.201
Cumulant LBM result for grid resolution 1 (nodes=525056) | 0.185 +0.001
Cumulant LBM result for grid resolution 2 (nodes=1050112) | 0.203 + 0.005
Cumulant LBM result for grid resolution 3 (nodes=2100225) | 0.202 +0.011

Table 9: The Strouhal number for Case 4

| St
Kia et al. [83)] | 0.205
Cheong et al. [@] | 0.204
Guénanff et al [34] | 0212
Lockard [@] | 0.222
Loh et al. [34] | 0239

Cumulant LBM result for grid resolution 1 (nodes=525056) | 0.194 +0.001
Cumulant LBM result for grid resolution 2 (nodes=1050112) | 0.218 + 0.004
Cumulant LBM result for grid resolution 3 (nodes=2100225) | 0.215 + 0.009

Re = 4.7 x 10*. Figure shows a wavy layer of discrete vorticity moving downstream in the wake of the
cylinder for Case 1. Near the cylinder the wave pattern is sharper than in the far downstream, because of
transport of momentum within the system caused by random and chaotic time dependent motion occurring
in the region. In addition, the figure shows that the spatial formation of vorticity is asymmetrical. The
position of the vortices changes in time; in fact, the vorticity oscillates and radiates sound waves into the
flow. Figure depicts the spread of vorticity created by three flaps which are not allowed to move. It
shows that the use of a sparse set of such flaps can passively manipulate the vortex shedding generated in
the wake of bluff bodies. The transverse distance of the vorticity from the center-line reduces. Figure
depicts the spread of the vorticity caused by two flaps with length L = 2r allowed to move. The mobility of
flaps is one of the major elements having great effects on the vorticity. It is clear that the presence of flaps
alters the phase within the vortex shedding cycle such that the transversal dislocation of the shed vorticity
is reduced. Accordingly, the vorticity is not arranged in the same manner as in Case 1, instead it is shed in
a row along the center-line. Figure @ illustrates the flap displacement vs. time for Case 3. The black and
red lines show the upper and lower flaps. In addition, the '*’ symbols indicate the times chosen to depict
the states of the flaps in figure @
26



(a) Case 1.

(b) Case 2.

(c) Case 3.

| Vorticity |
0.0e+00 05 1 1.5e+00

- |

Figure 14: Spread of the vorticity [1/Af] in the wake behind a cylinder for Cases 1-3.

389 Figure @ illustrates the spread of the vorticity in the street behind two twin cylinders (Cases 4-6) and
a0 Re = 4.7x10* In Figure 7 the contour plots show that the noise source for Case 4 is of dipolar nature.

so1  Far from the twin cylinders, however, the pattern of the vorticity changes. The use of three flaps limits their
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motion. The size and location of the vorticity change, especially when moving away from the twin cylinders
as depicted in Figure . By using the length L = 2r for flaps and letting them fluctuate as in Case 6, the
arrangement of the vorticity in the wake changes considerably. Figure demonstrates that the vorticity
is broken into smaller pieces and its strength reduces. Therefore, there is a significant effect of such moving
flaps on the flow over twin cylinders.

The point located at (0D, 0.63D) from the center of the single cylinder (or the upper cylinder in the
twin-cylinder configurations) is selected for recording data to depict the sound pressure level (SPL), where
D is the cylinder diameter. Figure @ shows the SPL vs. frequency, computed by Fast Fourier transform, for
Re = 4.7x 10*. The SPL in dB is relative to the level of 20mPa. The figure shows that the cylinder without
flaps has higher frequency, however, its SPL is lower than cylinders with 3 flaps. In addition, it shows that for
twin cylinders, L = 2r and moving flaps, the frequency and the SPL reduce. It means that flaps with special
characteristics can modify the shedding cycle past the cylinder, having an effect on the generated sound,
and can reduce the wake deficit. Young’s modulus has a great effect on the flexibility and the mobility
of the flaps, resulting in changes in sound and flow patterns. Figure @ shows the SPL vs. frequency
for one cylinder with two flaps of length 3r for two different Young’s modulus (E; = 36.21 x 10°kg/ms?,
E> = 36.23 X 10%kg/ms?) and Re = 4.7 x 10*. It should be noted that the Young’s modulus is chosen to let

flaps move but not touch each other. The less the Young’s modulus, the higher the SPL and the frequency.
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(g) Time 0.005 s. (h) Time 0.0056 s.

Figure 16: State of the flaps for eight selected times.
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(a) Case 4.

(b) Case 5.

(c) Case 6.
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Figure 17: Spread of the vorticity [1/Af] in the wake behind twin cylinders for Cases 4-6.
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Figure 18: Sound pressure level [dB] as a function of frequency [Hz].

4. Conclusion

In this paper a theoretical and numerical study of different types of sound wave propagation, their
dissipation and dispersion rates, was carried out using the Cumulant LBM. In addition, the Cumulant LBM
was coupled to a finite element method creating a FSI platform to model the effects of simpler splitter plates
attached to the cylinder which look like hair on the flow and sound pattern in cylinder wakes.

The temporal and spatial analyses of the acoustic properties for the standing plane wave and the Gaussian
planar pulse show that the Cumulant LBM reproduces the dissipation and dispersion rates of the theoretical
solutions. In general, the phase speed and dissipation errors are almost constant, even for a relatively low

resolution mesh, and they are independent of viscosity and fluid regime, but a function of the number of
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Figure 19: Sound pressure level [dB] as a function of frequency [Hz| for single cylinder case

points per wavelength.

The comparison with analytical solutions shows that the Cumulant LBM correctly reproduces the spher-
ical acoustic pulse wave propagation, as well as the infinite spherical wave emitted from a point source.
However, the BGK LBM has difficulties reproducing infinite spherical wave propagation. The solution
displays chaotic behavior due to a numerical instability at low viscosities.

The FSI study of the effect of flaps on the vorticity and the frequency of the flow pattern using the
Cumulant LBM ends up with the idea that the mobility of such flaps is one of the major factors altering
the phase within the vortex shedding cycle. They reduce the transversal dislocation of the shed vorticity,
causing the vortices being shed in a row along the center-line of the flow over a single cylinder.

As a final conclusion, the Cumulant LBM correctly predicts the aerodynamic, hydrodynamic, and acous-
tic characteristics of different phenomena at high Re and different flow regimes in a simple way without

additional computational cost.
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