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Abstract. In the present work an approach for the simulation of aeroacoustic ef-
fects induced by the interaction of a turbulent flow with moving structures is presented.
The aeroacoustic sound field computation is based on an acoustic/viscous splitting ap-
proach. Acoustic radiation is computed based on the linearized Euler equations (LEE)
and acoustic sources are derived from the incompressible flow field solution. An arbitrary
Lagrangian-Eulerian (ALE) method is applied for coupling the fluid and acoustic fields
with the mechanical field. The validity of this approach for acoustic simulations is shown
using two classical acoustic test cases, which are extended to moving grids. Finally, the
aerodynamic and acoustic effects induced by an oscillating cylinder in a turbulent flow
are presented.

1 INTRODUCTION

The turbulent flow around blunt bodies induces aeroacoustic sources. This flow induced
noise is one of the major contributors to transportation noise and has therefore a signif-
icant impact on our quality of life. The progress made in computational aeroacoustics
(CAA) during the last few years has increased the use of simulations for acoustic research.
While the majority of this research is focused on stationary geometries, surface deforma-
tions or low-frequency structural movements induced by fluid-structure interaction (FSI)
are rarely considered. However, understanding the interaction between fluids and solids
and its influence on aeroacoustic source mechanisms remains a crucial step towards un-
derstanding noise generation of real-world applications, such as wind turbines or aircraft
wings.
Numerous hybrid methods exist for sound field computation which are based on the
acoustic/viscous splitting approach. These methods are considered to be an efficient
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way for computing aeroacoustic sound generated in turbulent flows at low Mach numbers
(Ma ≤ 0.3). The original idea, introduced by Hardin and Pope [1], is based on a decompo-
sition of the flow field into incompressible and perturbed compressible variables. Further
formulations were for example proposed by Seo and Moon [2] or Ewert and Schröder [3].
In this work a modification of the original acoustic/viscous splitting approach is used,
which was proposed by Kornhaas et al. [4]. Acoustic sources are derived from the incom-
pressible flow field solution and acoustic radiation is computed based on the LEE.
The efficient computation of FSI is still a demanding task. This is due to the coupling of
two problems with different foundations, the Lagrangian structural field with the Eulerian
fluid field. A widely used approach is the ALE method, introduced by Hirt et al. [5].
The boundary-fitted fluid grid is deformed in every time step depending on the structural
displacement. The application of the ALE method to acoustic radiation can be found in
Flitz [6]. An approach for modelling fluid-solid-acoustics interactions is presented by Link
et al. [7] in the context of human phonation. A strong coupling between the fluid and solid
was considered in this work. Schäfer et al. [8] studied the acoustic field induced by a thin
and flexible structure in a turbulent wake. The influence of structural deformation on the
flow field was not considered in this work. Both works based their aeroacoustic approach
on a finite-element discretization of Lighthill’s equation [9]. In contrast, the present work
investigates the application of a finite-volume discretization of the acoustic equations de-
rived from an acoustic/viscous splitting approach. Using the same discretization method
for the acoustic field and for the incompressible flow field reduces communication costs
and allows the influence of background flow on the acoustic field to be accounted for more
easily.
The goal of the present work is to investigate an application of the ALE method to hybrid
methods in CAA. Therefore, acoustic radiation and source term calculation on moving
grids are investigated. Finally, the forced oscillation of a cylinder in a turbulent flow
and the induced aeroacoustic effects are presented. This is considered an essential step
towards computing aeroacoustic effects induced by a fully coupled FSI.

2 GOVERNING EQUATIONS

The acoustic/viscous splitting approach used is introduced in the following section and
the governing equations for fluid mechanics and acoustics are described. Both fields are
computed in the in-house finite-volume solver FASTEST [10]. Further emphasis is placed
on the field interactions considered: solid-fluid and fluid-acoustics. The acoustic/viscous
splitting approach is based on a decomposition of the total flow variables density ρ,
pressure p and velocity �v into

ρ = ρI + ρa , (1)

�v = �v I + �v a ,

p = pI + pa ,
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where the incompressible variables are denoted by (I) and the acoustic fluctuations are
denoted by (a).

2.1 Fluid mechanical setup

The fluid field is determined by the incompressible Navier-Stokes equations in ALE
formulation

∇ · �v I = 0 , (2)

ρI
∂�v I

∂t
+ ρI

(
�v I − �v g

)
· ∇�v I +∇pI − µI∆�v I = 0 ,

where µI is the dynamic viscosity. The ALE approach includes the velocity of the reference
system �v g into the Navier-Stokes equations (2) in order to account for moving boundaries.
In the present work structural movements are prescribed. At the interface of solid and
fluid kinematic continuity has to be ensured with

�v I = �v S , (3)

where �v S is the structural velocity.

2.2 Aeroacoustic setup

Inserting the acoustic/viscous splitting approach (1) into the compressible Navier-
Stokes equations after simplifications, results in a set of partial differential equations
describing the acoustic field [4]

∂ρa

∂t
+
(
�v I − �v g

)
· ∇ρa + ρI (∇ · �v a) = 0 , (4)

ρI
∂�v a

∂t
+ ρI

(
�v I − �v g

)
· ∇�v a +∇pa = 0 ,

∂pa

∂t
+ ρIc2 (∇ · �v a) +

(
�v I − �v g

)
· ∇pa = −∂pI

∂t
+ �v g · ∇pI ,

where c is the speed of sound. The left hand side of this set of acoustic equations are the
LEE, which describe acoustic wave propagation. An ALE approach is used analogously
to the fluid mechanical setup. The equations return to the Eulerian formulation if the
system is not moved (�v g = 0). The acoustic sources on the right hand side are derived
from the incompressible flow field and provide a coupling mechanism between both fields.
The ALE approach is also applied here.

3 NUMERICAL METHODS FOR ACOUSTICS

The set of acoustic equations (4) can be reduced to a one-dimensional problem at each
cell interface. This is achieved by transforming the state of both neighbouring cells into
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a local coordinate system {�eξ, �eη, �eζ}, which is normal to the cell interface. The matrix
form of the set of acoustic equations (4) becomes

∂�q

∂t
+ A

∂�q

∂ξ
= �s (5)

with the variable vector

�q =
[
ρa vaξ vaη vaζ pa

]T
, (6)

the coefficient matrix

A =




vIξ − vgξ ρI 0 0 0

0 vIξ − vgξ 0 0
1

ρI

0 0 vIξ − vgξ 0 0

0 0 0 vIξ − vgξ 0

0 ρIc2 0 0 vIξ − vgξ




(7)

and the source vector

�s =

[
0 0 0 0 −∂pI

∂t
+ �v g · ∇pI

]T
. (8)

A fractional step method is applied in order to split the matrix form (5) into the homoge-
nous LEE and an ordinary differential equation describing acoustic source terms. The
solution of this first sub-problem is obtained by solving a Riemann problem normal to
the cell interface. The resulting waves are then rotated back into the original coordinate
system and the neighbouring cell states are updated. A high-resolution scheme is applied
for the acoustic fluxes using the first-order Godunov method in combination with the
second-order Lax-Wendroff method and a van Leer limiter [11] if not stated otherwise. A
forward Euler method is applied to solve the ordinary differential equation. The acoustic
source term described in equation (8) is computed from the incompressible flow field using
a first-order backward scheme

∂pI,n

∂t
=

pI,n − pI,n−1

∆t
, (9)

where ∆t is the time step size and n indicates the time step.

4 ACOUSTIC ON MOVING GRIDS

The application of an ALE approach to the set of acoustic equations (4) has been
assessed by a number of test cases. Two test cases are presented as follows. The first case is
a Gaussian pulse and the second a monopole source. Dimensionless variables with respect
to the following scales are used: The speed of sound c and the ambient density ρI are used
as the velocity and density scales, respectively. The pressure is nondimensionalized by
ρIc2. The length and time scales are case-dependant. Both test cases have been extended
to moving grids.
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4.1 Gaussian pulse

In order to verify the ALE approach with respect to acoustic wave propagation, a 2D
Gaussian pulse is considered. The length scale is given by 0.05L, where L is the domain
width and time is scaled with 0.05L/c. The Gaussian pulse is emitted with the initial
values

pat=0 = exp
(
−4α

(
x2 + y2

))
, (10)

vax,t=0 = βy exp
(
−α

(
(x− 6.7)2 + y2

))
,

vay,t=0 = −β (x− 6.7) exp
(
−α

(
(x− 6.7)2 + y2

))
,

ρat=0 = exp
(
−4α

(
x2 + y2

))
+ 0.1 exp

(
−α

(
(x− 6.7)2 + y2

))

with α = ln(2)/4 and β = 0.04. The analytical solution to this setup can be found in [12].
The computational domain has an extension of (x, y) ∈ [−10, 10]×[−10, 10] with 513×513
grid points and a regular grid spacing at initialization (t = 0). After the initialization a
time-dependent displacement ∆x and ∆y is prescribed at each grid point with

∆x (t) =

(
L
exp (x0/L+ 0.5)− 1

exp (1)− 1
−

(
x0 −

L

2

))
t

T
, (11)

∆y (t) =

(
L
exp (y0/L+ 0.5)− 1

exp (1)− 1
−

(
y0 −

L

2

))
t

T
,

where (x0, y0) is the corresponding starting position and T = 5 is the final time of eval-
uation. Figure 1 shows the final grid point distribution and the corresponding acoustic

Figure 1: Instantaneous acoustic pressure pa (every 8th grid line shown)
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pressure field. The instantaneous acoustic pressure fields along the line y = 0 computed
by the ALE approach and the Eulerian description (�vg = 0) are compared in Figure 2.
The acoustic pressure distribution computed with an Eulerian formulation results in a
shift of the pulse due to the grid movement while the ALE approach agrees well with the
exact solution.
The convergency of the acoustic scheme is investigated by varying the grid spacing h while
keeping a constant CFL number (c∆t/h) of 0.2 at initialization. Even though the CFL
number changes during the simulation due to the grid movement, it is consistent between
the different grid resolutions. Figure 3 presents L1 and L2 pressure errors calculated with
the exact solution. The expected behaviour of a first-order Upwind and a second-order
Lax-Wendroff scheme is maintained on moving grids. The Van Leer limiter reproduces a
second order for this relatively smooth test case. The results show that the ALE approach
is well suited for computing acoustic radiation on moving grids.
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Figure 2: Comparison of acoustic
pressure pa along the line at y = 0
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Figure 3: L1, L2 error for Upwind, Van
Leer (VL) and Lax-Wendroff (LW)

4.2 Monopole source

In order to assess the acoustic source term calculation on moving grids, a two-dimensional
monopole source is considered. The length scale is given by 0.01L, where L is the do-
main width and time is scaled with 0.01L/c. A sinusoidal sequence of the incompressible
pressure is prescribed by

pI (x, y, t) = −Aω sin(ωt) exp

(
− ln (2)

(x2 + y2)

w2

)
(12)
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with an amplitude of A = 0.01, an angular frequency of ω = π/5 and the pulse half width
w = 25/8. The analytical solution to this setup can be found in [12]. The computational
domain has an extension of (x, y) ∈ [−50, 50]× [−50, 50] with 513× 513 grid points and
a regular grid spacing at initialization (t = 0). After the initialization a time-dependent
displacement ∆x and ∆y is prescribed at each grid point with

∆x (t) =

(
L
exp (x0/L+ 0.5)− 1

exp (1)− 1
−

(
x0 −

L

2

))
sin (2πωgt) , (13)

∆y (t) =

(
L
exp (y0/L+ 0.5)− 1

exp (1)− 1
−

(
y0 −

L

2

))
sin (2πωgt) ,

where (x0, y0) is the corresponding starting position and ωg = 2π/100 is the circular
oscillation frequency of the grid. The locations of the control volume centres, where flow
field variables are stored, change from one time step to the next due to the grid movement
as illustrated in Figure 4 exemplary for one location Q.

Qn−1

Qn

x1 x2 x

y

y1

y2

Figure 4: Schematic of the bilinear interpolation method

As an alternative to the ALE approach described in equation (4), an Eulerian descrip-
tion of the acoustic source term (�v g = 0) is investigated in combination with a bilinear
interpolation of the incompressible pressure field from one time step to the next. For
Cartesian grids the pressure from the old time step pI,n−1 but at the new location Qn,
which is required in equation (9), can be approximated with

pI,n−1 (x, y) =
1

(x2 − x1) (y2 − y1)

[
x2 − x

x− x1

]T [
pI,n−1 (x1, y1) pI,n−1 (x1, y2)

pI,n−1 (x2, y1) pI,n−1 (x2, y2)

][
y2 − y

y − y1

]
(14)

As an example of the results, Figure 5 presents the final acoustic pressure field (t = 100)
computed with the ALE description of the acoustic source term. Figure 6 compares the
final acoustic pressure fields along a section of the line y = 0 for both investigated methods.
The Eulerian formulation without interpolation induces erroneous acoustic sources due
to the grid adaptation. The ALE approach and the bilinear interpolation method reduce
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Figure 5: Instantaneous acoustic pres-
sure pa at t = 100
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Figure 6: Comparison of acoustic pres-
sure pa along the line at y = 0

these errors significantly and show a good agreement with the analytical solution. The
results show that the ALE approach is well suited for computing acoustic source terms
on moving grids.

5 OSCILLATING CYLINDER IN TURBULENT FLOW

The aerodynamic and aeroacoustic effects induced by the flow past a cylinder undergo-
ing forced oscillation at Reynolds number ReD = 10000 and Mach numberMa = 0.044 are
investigated. This Reynolds number was chosen due to the availability of reference data
for aerodynamic quantities [13, 14]. It should be noted that the experiments were con-
ducted in a water channel, while air is used in the present work with the fluid properties
given in Table 1.

Table 1: Fluid properties

Fluid density ρI 1.205 kg/m3

Dynamic viscosity µI 18.232 · 10−6 kg/(m s)

Speed of sound c 343 m/s

5.1 Aerodynamic results

The unsteady incompressible flow field is computed via Large Eddy Simulation (LES),
using a Smagorinsky subgrid-scale model with the dynamic approach of Germano [15].
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Convective and diffusive fluxes are approximated with a second-order central difference
scheme. A fully implicit first-order scheme is applied for time discretization. The flow
computation is performed on an O-grid with a radial extension of Lr = 225D and a
spanwise extension of Lz = πD. The domain consists of 580 × 480 × 32 grid points
in the circumferential, radial, and spanwise directions, respectively. Periodic boundary
conditions are applied in the z-direction and no slip walls are applied at the cylinder
surface. The boundary layer is resolved with a dimensionless wall distance of y+ ≈ 1. The
time step for the LES is ∆t = 2.0 · 10−6 s, which results in a CFL number below unity.
A comparison of the computed aerodynamic coefficients for the flow past a stationary
cylinder with experimental data and DNS results is presented in Table 2. The computed

Table 2: Comparison of aerodynamic coefficients

Stationary Oscillating

CDm CL,rms St CDm CL,V0 Φ0

Exp., Gopalkrishnan [13] 1.186 0.384 0.193 [1.2, 1.3] [0.3, 0.5] [1.5, 2.1]

DNS, Dong [14] 1.143 0.448 0.203 - - -

LES, Present 1.170 0.439 0.196 1.246 0.295 2.194

Strouhal number St , the mean drag coefficient CDm and the root mean square value of
the lift coefficient CL,rms are found to be in good agreement with reference data. In the
case of forced oscillation the rigid cylinder is moved with

y = Y0 sin (2πf0t) , (15)

where Y0 = 0.15D is the maximum displacement of the cylinder and f0 = 0.165U0/D
is the oscillation frequency. The grid adaptation is limited to a radius of r = 20D
around the cylinder and is performed with transfinite interpolation [16]. The experiments
conducted by Gopalkrishnan [13] showed that this oscillation frequency falls into the
range of a quasi-periodic non-lock-in region. The lift force measured in these experiments
shows an irregular time response with random fluctuations between the natural Strouhal
frequency and the oscillation frequency and the same behaviour is also observed for the
present LES results. Table 2 compares the computed aerodynamic coefficients for the
flow past an oscillating cylinder with experimental reference data. The phase angle Φ0,
which describes the phase difference between the lift component oscillating with the same
frequency as the body motion and the imposed displacement, is at the higher end of
the range of measured values. The resulting lift coefficient in phase with the oscillation
velocity CL,V0 is therefore at the lower end of the range of measured values. A possible
reason for this is that the oscillation frequency lies in a range where a small difference in
oscillation frequency results in a large change in aerodynamic coefficients.
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5.2 Acoustic results

Applying periodic boundary conditions to the spanwise width used for the incompress-
ible flow field results in an un-physically correlated acoustic field. In order to avoid this,
the approach introduced by Oberai et al. [17] is followed. A two-dimensional acoustic
field is calculated on the mid-span plane (z = 0) with acoustic sources integrated in the
spanwise direction:

�s2D (x, y, t) =

∫ Lz/2

−Lz/2

�s3D (x, y, z, t) dz . (16)

The three-dimensionally radiated acoustic pressure in the far field pa3D is approximated
from the two-dimensional acoustic pressure pa2D in the frequency domain with

pa3D (x, y, 0, ω) ≈ pa2D (x, y, ω)
1 + i

2

√
ω

cπr
, (17)

where r is the distance from the source to the observer. The acoustic time step is set to
∆ta = ∆t/150, which results in an acoustic CFL number of 0.41. The acoustic pressure
field is evaluated in the mid-span plane at a distance r = 50D from the cylinder centre
and at 90o to the flow direction. Overall 40 cycles of the natural shedding frequency
are analysed after a quasi-periodic stage of the flow is established. The acoustic power
spectral density PSD is calculated by segmenting the obtained time signal into seven
blocks with an overlap of 50% and averaging the results. Figure 7 presents the PSD for
a stationary and an oscillating cylinder. The main peak in PSD occurs for both cases at
the natural vortex shedding frequency. In the case of forced oscillation a second peak is
observed at oscillation frequency. This coincides with the lift coefficient, which also has
components at both the natural Strouhal and oscillation frequency.
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Figure 7: Power spectral density of acoustic pressure at r = 50D
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6 CONCLUSIONS

A hybrid method for the numerical simulation of aeroacoustic phenomena associated
with rigid body motion has been investigated. The outlined method is based on an
acoustic/viscous splitting approach in combination with an ALE approach. The validity
of the equations describing acoustic radiation and acoustic source terms on moving grids
has been shown using two classical acoustic test cases. The results show a very good
agreement with the analytic solutions. The approach has been used to study aeroacoustic
effects induced by a cylinder undergoing forced oscillation.
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