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Clemens Junger1, Andreas Hüppe1, Manfred Kaltenbacher1

1 Vienna University of Technology, 1040 Wien, Austria, Email: clemens.junger@tuwien.ac.at

Abstract

Computing the flow induced sound in rotating systems
such as in ventilators and compressors yields additional
challenges compared to setups without moving parts. In
our contribution we apply a newly developed, hybrid com-
putational scheme to a two-dimensional geometry, con-
sisting of two infinitely long cylinders rotating around a
common axis in a quiescent medium. The dominant sound
producing phenomenon in this setup is the vortex shed-
ding at the individual cylinders as well as the interaction
between them.

The flow is computed by solving the incompressible
Navier- Stokes (NS) equations using the open source soft-
ware OpenFOAM, which provides the Arbitrary Mesh In-
terface (AMI) to handle rotating systems. Due to an en-
ergy conserving interpolation scheme, it is possible to use
a much coarser computational grid for the acoustic calcu-
lation to increase computational efficiency. The propagat-
ing sound is computed by solving the acoustic wave equa-
tion by the Finite-Element (FE) solver CFS++, which
uses a Nitsche type mortaring to couple rotating and sta-
tionary mesh. To account for the free radiation condi-
tion at the domain boundary, the perfectly matched layer
(PML) technique is applied.

Introduction

Sound generated by rotating systems range from heli-
copters over compressors to fans. Numerical simulations
can help to understand the sound producing mechanisms
but the computation yields additional challanges for ro-
tating systems [1]. To take into account moving parts in a
volume discretization scheme, the domain is decomposed
in a rotating and a steady region sharing a common in-
terface. A main problem with rotating grids is the grid
interface. There should be neither non-physical energy
loss over the interface nor refraction and reflection in the
computed flow and acoustic fields. Hence special treat-
ments for the interface between rotating and nonrotating
grids are needed [4].

In the following, we briefly introduce Lighthill’s aeroa-
coustic analogy and their utilization in the method of
Ffowcs-Williams and Hawkings (FWH) which is com-
monly applied for sound generation by moving obstacles.
The FWH method requires a Green’s function to describe
the wave propagation, which limitates its applicability. To
overcome this, we utilize a volume discrtization approach
based on the finite element method to solve for the acous-
tic wave propagation in arbitrary domains.

Aeroacoustic Analogy

The bases of the following part are the Navier-Stokes
equations that describe the flow of a Newtonian fluid.
They are well known as the conservation equation of mass

∂ρ

∂t
+∇ · (ρu) = 0 (1)

and the conservation of momentum

ρ
∂u
∂t

+ (ρu · ∇)u = −∇p+∇τ (2)

with the density ρ, the velocity u, the pressure p and the
viscous stress tensor τ .

The hybrid aeroacoustic approach was first introduced
by Lighthill [6] who described an analogy for free stream
sound. By combining the momentum conservation equa-
tions in Reynolds form and the mass conservation equa-
tion he derived a wave equation for the fluctuation of the
density ρ′ = ρ−ρ0 with a constant speed of sound c0 and
the second spacial derivative of the Lighthill tensor T as
a source term.(

1
c20

∂2

∂t2
−∆

)
(c20(ρ− ρ0)) = ∆T . (3)

The Lighthill tensor is defined as

T = ρ(u⊗ u) + ((p− p0)− c20(ρ− ρ0))I− τ (4)

with p′ = p− p0 the pressure fluctuaction and I the uni-
tiy tensor. The left hand side describes the wave prop-
agation and the right hand side describes the acoustic
source terms. With known T, e.g. as a result of a CFD-
calculation, the wave equation can be solved. For any
observation point x, the fluctuating density computes by

c20(ρ−ρ0)(x, t) =
1

4π
∆
∫ ∞
−∞

T(y, t− |x− y|/c0)
|x− y|

dy . (5)

The problem is that this formulation is only applicable for
observation points outside the flow field and just for free
radiation. Furthermore the integral gives just the result
in one specific point. If the results are needed in many
points the integral has to be solved several times.

Lighthills analogy was improved by Curle and Ffowcs
Williams-Hawkings [1] for solid bodies in the flow field.
Therefore, in the whole region Ω, a region that surrounds
the body Ωs is described by Γs (Fig. 1). The equation is



now given in the formulation(
1
c20

∂2

∂t2
−∆

)
(c20(ρ− ρ0)H(Γs)) = ∆TH(Γs)

−∇ ((ρ(u⊗ u) + (p− p0)I− τ )∇H(Γs))

+
∂

∂t
(ρu∇H(Γs)) , (6)

where H(Γs) is the heavyside function. This equation
looks very similar to (3) but the second and third term
on the right hand side are additional source terms that
result from the body.

Figure 1: Solid body with volume Ωs and surface Γs in the
total domain Ω.

For an incompressible flow without loss terms (1) and (2)
reduce to

∇ · u = 0 (7)

and
ρ
∂u
∂t

+ ρ(u · ∇)u +∇p = 0 . (8)

These equations are solved with a Finite-Volume (FV)
scheme that is mainly used to solve conservation equa-
tions. The basic idea of the FV is to approximate the
conservation of a physical quantity q

∂q

∂t
+∇ · f(q) = 0 (9)

in an integral form applying Gauss’ integral theorem

d

dt

∫
Ω

qdΩ +
∫

Γ

f(q) · ndΓ = 0 . (10)

By replacing the integral over the boundary by the sum of
the flux over all surfaces of a cell, the semi-discrete formu-
lation is obtained. For the fully discretized formulation
also the time has to be discretized. The main difficulty
is to approximate the numerical flux over the faces of the
cells. For detail we refere to [11].

The main idea of the FE method is to solve a partial
differential equation (PDE) in the weak formulation by
multiplying (3) with a test function ϕ

ϕ

(
1
c20

∂2

∂t2
−∆

)
c20ρ
′ = ϕ∆T , (11)

integrating over the whole domain and performing inte-
gration by parts [7]∫

Ω

ϕ
1
c20

∂2

∂t2
ρ′dΩ +

∫
Ω

∇ϕ · ∇ρ′dΩ−
∫

Γ

ϕ
∂

∂n
ρ′dΓ

=
∫

Ω

ϕ∆TdΩ . (12)

With the approximation for a continuous variable by dis-
crete values multiplied with basis functions ϕk

ρ′ ≈ ρ′h =
N∑

k=1

ρ′kϕk , (13)

we obtain the semi discrete Galerkin formulation. For
a constant c20 (12) can also be derived in the pressure
formulation.

In our approach we compute the source terms from incom-
pressible CFD simulations. To solve the wave equation,
we apply our in house research program CFS++ which is
based on an FE method. With this approach it is possi-
ble to describe the propagation of sound directly in the
flow field. Furthermore, the acoustic region can be larger
than the flow region to account for the propagation do-
main. To prohibit unphysical reflections at the border
of the mesh we use the damping method of the perfectly
matched layers (PML) [7]. For the investigations in this
paper we used the assumption that for low Mach numbers
the flow is completely incompressible. Hence the source
term can be written as

∆T = −∆pic . (14)

with the incompressible pressure pic.

Moving Meshes / Nonconforming grids

A main problem with rotating grids is the interface be-
tween the moving and the stationary part. To solve (10)
the flux over the cell boundary needs a special treatment
at the interface. To give a short overview the used al-
gorithms are explained. For detailed description it is re-
ferred to [3].

CFD

For the CFD calculation in OpenFOAM, there is a special
interface type available which is called the Arbitrary Mesh
Interface (AMI). For a curved interface the linear elements
on the interface have to be small enough to describe the
curvature. On the AMI the data transfer from one surface
to another is done by a local Galerkin projection accord-
ing to [3]. This method of projecting a quantity q from
the donor surface with index D to the target surface with
index T is based on the minimization of the L2-Norm of
the difference qD−qT. The quantity q is defined discretely
with the basis functions ϕ as q =

∑N
i=1 q

(i)ϕ(i). For a two-
dimensional interface the discrete values of ϕ are shown
in Fig. 2. The quantity of the donor region qD refers to

Figure 2: Interpolation of a quantity from a donor face to a
target face in 2D.



the quantity in the target region qT by

MTqT = MTDqD . (15)

In (15) the matrices compute as

(MT)ij =
∫

Γ

ϕ
(i)
T ϕ

(j)
T dV, i, j ∈ {1, · · · , NT} (16)

(MTD)ij =
∫

Γ

ϕ
(i)
T ϕ

(j)
D dV, i ∈ {1, · · · , NT},

j ∈ {1, · · · , ND} . (17)

The main challenge is the creation of the matrix MTD

as it contains basis functions of both sides of the inter-
face. The proposed way is to project the basis functions
of both areas on a common super-mesh and perform the
integration there.

CAA

The method in CFS++ is also based on non-conforming
meshes on the surfaces of the interface according to [12]
(for the implementation see also [4]). For a grid consisting
of two domains, (12) has to be fulfilled for both domains
on the common interface ΓI . Since the normal vectors are
orientated in different directions a unique normal vector
nI is introduced. Setting the right hand side for simplicity
to zero, the equations for both domains can be written as∫

Ω1

ϕ1
1
c20

∂2p′1
∂t2

dΩ +
∫

Ω1

∇ϕ1 · ∇p′1dΩ

−
∫

Γ1

ϕ1
∂p′1
∂nI

dΓ = 0 (18)

and ∫
Ω2

ϕ2
1
c20

∂2p′2
∂t2

dΩ +
∫

Ω2

∇ϕ2 · ∇p′2dΩ

+
∫

Γ2

ϕ2
∂p′2
∂nI

dΓ = 0 . (19)

A physical requirement is the equality of the normal
derivative of p′ at the interface

∂p′1
∂nI

=
∂p′2
∂nI

. (20)

By adding (18) and (19) and taking into account (20) the
integral over ΓI reads as follows∫

ΓI

(ϕ2 − ϕ1)
∂p′1
∂nI

dΓ . (21)

Equation (21) is asymmetric and therefor an additional
term is added to restore the symmetry in the equation
system ∫

ΓI

∂ϕ1

∂nI
(p′1 − p′2)dΓ = 0 . (22)

Furthermore an additional penalty term is added to sta-
blize the numerical scheme containing a constant β, hE

a constant depending on the size of the intersecting ele-
ments and EI the surface of the intersecting elements

β
∑
EI

1
hE

∫
EI

(ϕ1 − ϕ2)(p′1 − p′2)dΓ = 0 . (23)

This semi discrete formulation can now be written in ma-
trix form

M p̈′ +Kp′ = 0 . (24)

On the rotating part of the mesh, the wave equation has to
be modified. The rotation of the grid requires an adaption
of the time derivative in the wave equation to prevent
refractions of acoustic waves crossing the interface. Hence
the substantial derivative is used on the left hand side of
the wave equation leading to

D2

Dt2
p′ −∆p′ (25)

with the differential operator

D2

Dt2
=
(
∂

∂t
+ urot∇

)2

(26)

and urot as the rotating speed on the disc. The spacial
derivative of the wave equation is not effected because the
grid is just rotating and not deforming.

Application

The setup consists of two infinitely long cylinders rotating
around a common axis in a quiescent medium (Fig. 3).
The diameter of the cylinders is d = 2 mm, the radius to
the axis is r = 95 mm and the rotation velocity of the
cylinders urot = 20 m/s. The Reynolds number of the
cylinders computes to Re = urot · d/ν = 2666.6 and the
flow will be considered as laminar. The shaft is modeled
in the rotation axis with a radius of 12.5 mm and the
interface of the rotating grid has a radius of 150 mm. This
setup is used refering to an experimental work with similar
setups [5].

Figure 3: Sketch of the rotating geometry in a square sur-
rounded by a PML.

The cylinders rotate and generate a vortex street behind
them but also induce a rotation of the fluid. Due to the
movement of the fluid, the relative velocity of the cylin-
ders and thereby the Reynolds number is decreased. The
vortices of the wake dissipate but they also interact with



the passing cylinders. Since there is no flow that trans-
ports the vortices away, a high number of rotations need
to be computed until the flow reaches a steady state and
a meanful acoustic computation can be carried out. For
the presented compuations, 10 rotations of the cylinders
are simulated before the acoustic computation starts.

Under ideal conditions it can be estimated that a steady
state is reached when the whole fluid in the region is cir-
culating since there is no counter acting force. To re-
duce computational effort and with the knowledge that
the main source terms are at the cylinder and in its wake,
the flow field is considered to be steady state when the
flow near the cylinder is not changing anymore. This is
evaluated by the fluid forces on the cylinders.

The shedding frequency of the vortex street can be esti-
mated in analogy to a normal cylinder in cross flow [8]
with the Strouhal number St = f · d/urot where f is
the frequency. For low Reynolds numbers the Strouhal
number is approximately 0.2 and a shedding frequency of
f = 2 kHz can be estimated. Due to the rotation of the
flow the relative velocity is supposed to be smaller and the
shedding frequency decreases. Furthermore, the vortices
of the incoming flow and the different peripheral speed
from the inside to the outside of the rotation cylinder
lead to a broadening of the main frequency.

The vortex shedding is the main tonal acoustic source.
However due to the aerodynamic irregularities a sharp
peak cannot be expected. An observer can also see the
cylinder passing frequency, which is for this setup with
two cylinders at f = 67 Hz.

For the CFD calculations, the computational mesh with a
refinement near the cylinder results in 209000 cells. The
used CFD solver of OpenFOAM uses a combination of the
PISO and SIMPLE algorithm and is also able to handle
dynamic meshes. Because of the low Reynolds number
no turbulence model was used. The time step was dy-
namically adapted according to the Courant-Friedrichs-
Lewy number and for the export time step a value of
∆t = 2 · 10−5 s was used. The real time of the calculation
was 0.3 s.

The calculation of the source terms from the CFD data
is performed directly on the CFD grid by CFS++. The
interpolation is performed with the node results in a con-
servative way [10]. Anyhow, in this work the CAA grid is
just slightly coarser than the CFD grid in order to com-
pute acoustic waves up to 5 kHz.

For the CAA calculations a mesh with an uniform cell
size in the whole domain and a refinement just around the
cylinders with about 95000 elements was used. Beyoned
this freqeuncy, the numerical error of the computation
increases. The square acoustic domain has a PML region
to prevent reflections of outgoing waves.

The different grid spacing is shown for the region of one
cylinder in Fig. 4. The black grid is used for CFD, where
the red is used for CAA. It can be seen that the CAA has
no boundary layers and the grid size increases rapidly.

The fine cells in the CAA grid are just needed to resolve
the curvature of the cylinder.

Figure 4: Comparison of CFD mesh (black) and CAA mesh
(red) around the cylinder.

Results

The flow field develops as the cylinders rotate through air
and the vortex street arises behind the cylinders. Figure
5 shows the pressure field around one cylinder, moving
from the left side of the picture to the right. At the right
side of the cylinder a constant area of high pressure is
seen which results from the stagnation point of the flow.
The vortices have a lower pressure in the vortex center
as can be seen at the left side of the picture. The vortex
shedding is, obviously, a transient phenomenon and the
picture shows the shedding of a vortex at the bottom.
The flow field is assumed to reach a steady state after ten
revolutions. The results of the CFD calculation give an
average coefficient of drag of cD = 1.14, which is close
to the common value of 1.2 in literature for infinit long
cylinders and Re < 9 · 104.

Figure 5: Kinematic pressure distribution around one cylin-
der due to the vortex street.

After the computation of the source terms the main sound
producing frequencies are already detectable in the field.
The highest values are at the cylinders and in the wake
of them. Figure 6 shows the FFT (Fast Fourier Transfor-
mation) of a monitoring point in the wake. A sharp peak



can be seen at the cylinder passing frequency of 67 Hz.
Also at 33 Hz and higher harmonics, tonal components
are visible, as expected. At about 200 Hz the amplitude
of the source term is decreasing until two broad peaks can
be seen. The first has it’s maximum at about 1800 Hz,
which corresponds to the vortex shedding frequency and
the second at the double frequency. The double frequency
occures, because the vortex sheddings of both sides com-
bine behind the cylinder.

Figure 6: FFT of the source term ∆pic in the wake of a
cylinder.

The CAA calculations provides the acoustic fields. In
Fig. 7, the fluctuating pressure distribution is displayed.
The main acoustic sources are as expected directly at the
cylinder and in the vortex street. From there, the waves
propagate over the interface through the stationary mesh,
to the PML surrounding the domain to absorb the outgo-
ing waves without reflection. Outside the rotating region,
larger vortices can be seen in the pressure field that move
very slowly. They disturb the sound propagation, but
seem to be just minor acoustic sources.

Figure 8 shows the sound pressure level (SPL) at an obser-
vation point close to the left boundary outside the original
flow region. At the cylinder passing frequency of 67 Hz the
spectrum shows a significant peak but compared to the
source term the rise in the double frequency cannot be
seen at all. At about 300 Hz the SPL rises slowly until
a significant peak between 1450 Hz and 2200 Hz, which
result from the vortex shedding as it is described in [5].
The rise in the source terms at the double frequency is
just slightly visible in the fluctuating pressure far from
the source region. Over 5 kHz the noise in the signal in-
creases and the amplitude drops as the spacial resolution
of the grid gets worse.

Conclusion

The newly developed scheme was successfully applied to
a rotating two-dimensional system. In this configuration
the main sound is generated in the rotating part. The
tonal components of the sound could already be investited
in the spectrum of the acoustic source terms located in the
inner region. From there, waves propagate over the inter-

Figure 7: Wave propagation computed with the sourceterm

∆pic.

Figure 8: SPL computed with the source term ∆pic.

face until it is damped in the PML-region. No significant
unphysical influence of the rotating grid interface can be
observed in the acoustic or in the flow results. The acous-
tic results encourage to do further investigations with an
improved three-dimensional mesh.
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