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Abstract. This paper presents a lattice Boltzmann (LB) method based study aimed
at numerical simulation of aeroacoustic phenomenon in flows around a symmetric
obstacle. To simulate the compressible flow accurately, a potential energy double-
distribution-function (DDF) lattice Boltzmann method is used over the entire compu-
tational domain from the near to far fields. The buffer zone and absorbing boundary
condition is employed to eliminate the non-physical reflecting. Through the direct nu-
merical simulation, the flow around a circular cylinder at Re =150, M =0.2 and the
flow around a NACAQ012 airfoil at Re =10000, M =0.8, « =0° are investigated. The
generation and propagation of the sound produced by the vortex shedding are reap-
peared clearly. The obtained results increase our understanding of the characteristic
features of the aeroacoustic sound.
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1 Introduction

Computational aeroacoustics (CAA) is a very useful way to predict the generation of
noise through numerical methods. At present, there are two major categories of CAA [1,
2]. The first one is the hybrid method in which the flow field is simulated first to find the
acoustic source strength of the flow and then the acoustic field is calculated in the sur-
rounding domain. The hybrid method had a weakness that the feedback effects of sound
to flow is not considered. The direct method in which the acoustic field is a natural part
of the flow field has no such problem. Compared with the hybrid method, computational
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cost of the direct method is high to provide the details of sound generating mechanisms.
With the development of the computer technology, the direct method has become popu-
lar [3-5].

Lattice Boltzmann (LB) method is now a very powerful tool of computational flu-
id dynamics (CFD). Different with the traditional Navier-Stokes equations based CFD
methods, LB method is a mesoscopic approach based on kinetic theory of fluids and
can bring more information of complex flow behavior [6,7]. After the introduction of
the Bhatnagar-Gross-Krook (BGK) model [8], LB method also has simpler mathematical
expressions. Through the Chapman-Enskog expansion, Navier-Stokes equations can be
derived from LB model [9]. Thus many scholars consider LB model as an alternative nu-
merical scheme to solve Navier-Stokes equations. Over the past twenty years, LB method
has emerged as a competitive scheme for simulating nearly incompressible flows [10]. In
order to expend LB method to the simulation of compressible flow, various of compress-
ible LB models have been proposed. In 1993, Alexander et al. [11] and Qian [12] pro-
posed multi-speed (MS) model respectively. Yan et al. [13, 14] constructed a multi-speed
and multi-energy-level model. Sun [15, 16], Shi et al. [17], Kataoka et al. [18,19], and
Watari [20] devised several models that introduced an extra energy into the definition of
total internal energy. He et al. [21] proposed the first double-distribution-function (DDF)
model in 1998. On this basis, Guo et al. [22] and Li et al. [23] developed a total energy
DDF model and potential energy DDF model respectively.

LB method was first used to study the wave propagation by Buick et al. [24,25]. In
2001, Haydock and Yeomans [26] investigated sound-boundary of acoustic streaming for
different geometries. Since then, the studies on the application of LB method to acous-
tics are becoming more and more popular. The accuracy and low-dissipative capability
of LB model for acoustic computations were indicated by Marié et al. [27,28]. Xu and
Sagaut [29] proposed a dispersion-relation-preserving LB model to reduce the dispersion
and dissipation errors in CAA simulations. Kang et al. [30], Tsutahara et al. [31], Laffite
and Pérot [32] simulated the acoustic sounds generated by uniform flow around a cir-
cular cylinder. Tamura and Tsutahara [33] calculated the noises caused by blade-vortex
interaction using a finite difference LB method. A LB model with a very large eddy
simulation approach was used to investigate the noise generated during the interactions
between the flow and the rod-airfoil structure [34]. Kusano et al. [5] simulated airfoil
self-noise using a multi-scale LB model. So far, most of the applications of LB method
to CAA are low Mach number cases. For the higher Mach number flows, the ordinary
LB model, which can only handle weakly compressible flows, is not available. In this
paper, the potential energy DDF LB model [23] is applied to computationally investigate
the aeroacoustic behavior of the transonic flow around a NACAQ0012 airfoil directly.

The rest of the paper is organized as follows. The compressible LB model and nu-
merical methods are described in Section 2 and Section 3, respectively. Section 4 presents
selected numerical simulations including the simulations of the low speed flow around
a circular cylinder and the higher speed flows around a NACAQ012 airfoil. Finally, some
remarks concluded from this study are grouped in Section 5.
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2 Compressible LB model

In the potential energy DDF LB model, an extra potential energy distribution function
corresponding to the internal freedoms [23] is introduced to overcome the weakness that
the adjustable specific-heat ratio and Prandtl number can not be get from a Boltzmann
BGK equation. As a result, the governing equations become

dfa _ 1 eq
j‘i‘(ea'v)fa—_,r_f(fa_ a)s (2.1a)
ag“ Zoc

(e V)ga = — (5 - &) + 22 (fu— £27), (2.1b)

ot Tq Tof

where the subscripts a denote directions of discrete particle velocity and e, is the discrete
particle velocity vector. f, is a density distribution function and f,' is the corresponding
equilibrium distribution function. Similarly, g, is a potential energy distribution function
and g, is the corresponding equilibrium distribution function. Relaxation times of the
density distribution function and potential energy distribution function are defined as
Tf =/ p and T = 77/ Pr respectively, where p = pRT is the pressure. T,s and Z, can be
obtained by

(2.2)

Generally, the dynamic viscosity y has a relationship with the temperature T and can be
estimated from the Sutherland law [35]

1+CT3/2

where ji, is the freestream dynamic viscosity.
The macroscopic quantities (density, momentums, and total energy) are calculated by

b 1
p=Y fu, pu=)_fuea, pE= SRT+ Epu2 =Y (fu€d/2+ga) (2.4)

4

The D2Q17 (two-dimension-seventeen-velocity, see Fig. 1) lattice based circular distri-
bution function which is proposed by Qu et al. [36] is used as the density distribution
function and its specific form can be seen in Appendix B of [23]. The potential energy
equilibrium distribution function can be simply obtained from the density distribution

function

g1 = b_TD RTf4, (2.5)

where b is the number of degrees of freedom (DOF) and D is the space dimension.
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Figure 1: D2Q17 discrete velocity model.

Through the Chapman-Enskog expansion, the compressible Navier-Stokes equations
can be recovered

9ip+V - (pu)=0, (2.6a)
oi(pu)+V - (puu)=—Vp+V.t, (2.6b)
0t (pE)+V - [(p+pE)u|=V-(AVT)+V -(t-u), (2.6¢)

where T = u[S—(2/b)(V-u)I] (Sup = datip+9piy) is the viscous stress tensor, and A =
[(b42)/2]RTyp=cpTyp is the thermal conductivity. The specific heat ratio y = (b+2)/b.

3 Numerical methods

In compressible LB models, the finite difference (FD) or finite volume (FV) schemes are
often used [23,31,37,38]. There are many mature numerical schemes which can be bor-
rowed from the traditional Navier-Stokes equations based methods. In the present study,
the convective term is evaluated by the third order Monotone Upwind Scheme for Scalar
Conservation Laws (MUSCL) finite volume scheme [39,40] and the second order implicit-
explicit (IMEX) Runge-Kutta scheme is applied for the time advancement [37,41].

Eq. (2.1a) and Eq. (2.1b) can be written as the finite volume form [9,42]

ofu 1 1 eq
§+Z?§Padr_—r—f(fa— o), (3.1a)
o5 -I—Zeradr— T—g(ga 8a)+@(fa x ) (3.1b)
where A is the area of the cell, I' is the corresponding cell-boundary, and
Fy=(exn)fy, Gu=(ey n)ga, (3.2)
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n is the outward-directed unit normal vector.
To advance distribution functions from time ¢ to t+At, the following computations
are conducted

m71~ X (n) m—1 eq(n) _ p(n) ealm
(m) fom O ,El fhmn <% %F“dr) Al ngj fimn fﬁrTfa + %ammﬁ"ﬂ >
S = = A ! - , (3.3a)
1+ Ty Amm
T
1 s (m) eq(m) f<m>
t+At t « a
—ft At Z Dm ( - f} Fadl“) +Atmzlwm O (3.3b)
m—1 X n m—1 eq(n) __(n) " (n)  ceqn)
) g,i —At nzl Amn (% %Gadr)< >+At Zl Amn 8 _L_é”)glx + T?,i) ammgiq< ' +At Z amHZle T{) i
am _ = n= ‘ n=1 q , (3.3
s 1+ ﬁumm (3.3¢)
i ) i eq(m) _ _(m) (m) _ ceq(m)
g =gl —ArY" wm( ]4 Gadl") +AEY wy (3“ <m>g“ 170 - ) (3.3d)
m=1 m=1 T, T
8 sf
where
0 0 0 1/2 0 0
dwm=10 0 0 |, aun | —=1/2 1/2 0 , (3.4a)
010 0 1/2 1/2
:[0 1/2 1/2], wm:[o 1/2 1/2]. (3.4b)

It is noted that f§q<m>, g2q<m>, and T}m> which related to density, momentums and total

energy at m step is unknown. Fortunately, density, momentums and total energy are
conservative and can be obtained by

ot =p' AtZ Ayny fF dF , (3.5a)
14
l

(pu)< = pu Z amn ?{F dI’ea , (3.5b)
n=1

(0E)(m) = 2 D> f Fdr® i L f Gudrl) |. (3.5¢)

For two dimensional structured grids, the convective terms can be written as

%Hdl"

:A(Hacz+1/2]ll+l/2]+Ha1 l/2]lz 1/2]+H041]+1/211]+1/2+Hac1] 1/211] 1/2) (36)
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where H, ;112 and H, ;1,2 are numerical fluxes on the interfaces of a cell (i,]), li+1/2,
and /; j+1 /7 are lengths of the corresponding interface. And

. L .
(eq n)ha,i+l/2,j’ e n=>0, (37)

7 /] R
(ea‘n)h ¥ l/2,j’ e(x‘n<0,

here h denotes both f and g. In MUSCL, the distribution functions on the left and right

sides of the interface (i+1/2,j), hoLc,i+1/2,j' and halc{,iJrl/Z,j’ are determined as
L s
Mg i1/, ="Naij+ { 1 [(1—xs)A_+(1+xs)A4] }i, (3.8a)
s
W1 =i { [(A=k)Aet(1rs)A} (3.8b)
where xk =1/3 and s is the Van Albada limiter [43]
2ALA_+€?
=" (Ay)i=haivtj—haij,  (D-)i=hgij—hai1 (3.9)

S= g,
A%+ A2 +e

¢ is a small number to prevent possible division by zero in regions of zero gradient.

On the boundaries of the computational domain, the nonequilibrium extrapolation
boundary condition [44] and absorbing boundary condition [45] are used.

The nonequilibrium extrapolation boundary condition is used for the non-slip bound-
ary condition at the wall. This method is of second-order accuracy. Assume that x; is a
boundary node, and xy is the nearest neighboring fluid node of x;. Then, the distribution
function at xj, is set to be

ha () = &7 () + [ ()~ ) ) (310

The absorbing boundary condition consists in using a buffer between the fluid region
and the open boundary to create an asymptotic transition towards a target flow defined in
terms of target distribution functions. This is done by adding an extra term to governing
equations. Take the density distribution function for example, Eq. (2.1a) becomes

of, 1 . ‘
W‘F(Ea'v)ftx—_r_f(ftx_ txq)_a( aq_fg)' (311)

where ¢ =0,,(6/d)? is the absorption coefficient, 0y, is a constant, J is the distance mea-
sured from the beginning of the buffer zone and d is the width of the buffer. f[ is the
target density distribution function and keeps as initial value all the time.

4 Numerical simulations

For the flows around a circular cylinder, the simulations are characterized by the Reynold-
s number Re = pooliooL/ Yoo and the Mach number M =, /cs, where ¢; = 1/yRT is the
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sound speed. For the flows around a airfoil, there is another parameter, the angle of at-
tack a. In this section, the flow around a circular cylinder at Re=150, M=0.2 is simulated
firstly. Then flows around a NACAQ012 airfoil at Re=5000, M=0.5, «=0° and Re=10000,
M =0.8, a =0° are simulated respectively. Throughout this section, the reference quan-
tities (0ref, Uref, and Tie) are all set to 1.0. The specific-heat ratio is 1.4, and the Prandtl
number is 0.71.

4.1 Flow around a circular cylinder

The flow around a circular cylinder at low Mach number is an important benchmark
of aeroacoustic simulation to study the generation and propagation mechanisms of
sound [32, 46, 47]. Here laminar vortex shedding from a circular cylinder at Re = 150
and M =0.2 is considered. The diameter is chosen as characteristic length L and viewed
as 1. An O-grid (see Fig. 2) is applied and the grid size is 503 x 871 in wall-azimuthal and
normal directions. The height of the first layer grid is 5x 10~3. The outer ten nodes in
wall-normal direction are buffer nodes. The outermost nodes keep the equilibria of initial
state. At the body surface, no-slip boundary condition are imposed. In this case, the time
step is At=2x1073.

(a) Far field (b) Near field

Figure 2: O-type grid.

Fig. 3 and Fig. 4 show the instantaneous pressure field and the vortex field in the
vicinity of the circular cylinder respectively. It is clearly seen that vortexes shed from
the circular cylinder to the wake. As a result of the vortex shedding, the circular
cylinder experiences oscillating drag coefficient Cp = F;/(3p3 L) and lift coefficien-
tCo=F/ (%pmugoL) (see Fig. 5). Fig. 6 shows the time-averaged pressure coefficient
CPave = (Pave — Peo) / (%pmuéL) distribution on the surface of the circular cylinder, where
Pave is time-averaged pressure. The pressure coefficient obtained in this study looks in
very good agreement with the simulation result as reported in [46]. Fig. 7 shows the
instantaneous distribution of the acoustic pressure Ap = p— pave. The white part is high
pressure region and the black part is low pressure region. Due to the Doppler effect, the
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Figure 3: Instantaneous pressure field in the vicinity of the circular cylinder.
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Figure 5: Lift coefficient and drag coefficient of flow around the circular cylinder. The circles are for present
results and solid lines are for Inoue's results.

pressure fluctuation on the upstream side is more dense than that on the downstream
side.
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Figure 6: Time-averaged pressure coefficient around the circular cylinder.
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Figure 7: Acoustic pressure field of flow around the circular cylinder.

4.2 Flows around a NACAOQ0012 airfoil

To simulate the flows around a NACAO0012 airfoil, a C-type grid (see Fig. 8) with grid res-
olution of 1501 x 401 is used. There are 301 points on the surface of airfoil and the height
of the first layer grid is 2.5x 10~%. The time step is At=1.25x10"%. The chord is chosen
as characteristic length L and viewed as 1. At the body surface, no-slip condition for
velocity and adiabatic wall condition for temperature are imposed. A periodic boundary
condition is applied at the grid-cut in the wake. Similar with the previous subsection,
the outermost nodes keep the equilibria of initial state and the next ten nodes are buffer
nodes.

In order to validate the code of compressible LB model, we first simulated a steady
state at Re=5000, M =0.5, x=0°. Fig. 9 groups pressure field in the vicinity of the airfoil.
The lift coefficient is almost zero 4 x 10~ 1% and the drag coefficient is equal to 0.0565 which
is very close to the value 0.0561 in [48]. The wall pressure coefficients are presented in
Fig. 10. It is seen that our results are nearly coincide with the results of Bassi [49].

For the direct simulation of flow around the NACAQ012 airfoil at Re=10000, M =0.8,
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(a) Far field (b) Near field

Figure 8: C-type grid.
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Figure 9: Pressure field in the vicinity of the airfoil (Re=>5000, M=0.5, a=0°).
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Figure 10: Pressure coefficient around the airfoil (Re=5000, M=0.5, a=0°).

«=0°, Bouhadji [50] and Jones [35] had investigated the fluctuating flow field. But their
results are totally different. Bouhadji found that the flow fluctuated with two frequencies.
In Jones’s results, there was only one frequency. At present, Fig. 11 and Fig. 12 are the
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Figure 11: Instantaneous pressure field in the vicinity of the airfoil (Re=10000, M =0.8, «=0°).
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Figure 12: Instantaneous vortex field in the vicinity of the airfoil (Re=10000, M =0.8, a =0°).
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Figure 13: Lift coefficient and drag coefficient of flow around the airfoil (Re=10000, M =0.8, a=0°).

instantaneous pressure field and vortex field respectively. In Fig. 11, there are obviously
fluctuations not only in the wake but also above and below the airfoil. The time histories
of lift coefficient and drag coefficient are illustrated in Fig. 13. It can be seen that there
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Figure 15: Acoustic pressure field of flow around the airfoil (Re=10000, M=0.8, a =0°).

is only one frequency in our result. Fig. 14 shows the time-averaged pressure coefficient
distribution on the surface of the airfoil. Our curve has the same trend with that of Jones
but our result is higher. The instantaneous sound pressure field is plotted in Fig. 15.
Because of the existence of the supersonic flow region, the forward propagation pressure
fluctuation decays very fast and is suppressed to the middle part of the airfoil. But the
forward propagation pressure fluctuation is so large that it can affect the pressure field
as shown in Fig. 11. By contrast, the backward propagation pressure fluctuation is a little
weaker. But its propagation is far more and has obvious directivity.

5 Conclusions

In this paper, direct numerical simulations of two-dimension laminar flows around a cir-
cular cylinder at Re=150, M=0.2 and around a NACAOQ012 airfoil at Re=10000, M=0.8,
a = (0° are performed based on the potential energy double-distribution-function lattice
Boltzmann method. Meanwhile, the aeroacoustic characteristics of the whole domain are
also obtained. For computational method, the MUSCL finite volume scheme and IMEX
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Runge-Kutta scheme are used on body-fitted grids. Through the comparison, the results
of flow around a circular cylinder agree well with the reference results. To validate our
code for the simulation of compressible flow, a steady flow around a NACAQ012 airfoil
at Re=5000, M =0.5, x =0° is tested and a good agreement is obtained. For the unsteady
flow around a NACAOQ012 airfoil, a one frequency fluctuated flow which is similar with
the result of Jones is obtained. It is found that the forward propagation pressure fluc-
tuation is strong but decays fast and the backward propagation pressure fluctuation is
weak but decays slowly. Moreover, the backward propagation pressure fluctuation has
obvious directivity.
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