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Introduction
One possible way of reducing CO2 emissions while still
using internal combustion engines is by applying a
turbocharger. Turbochargers may increase the specific
power output of a combustion engine and therefore
allows downsizing while keeping the engine power
constant [1, 2]. Since further law and regulations were
passed in the European Union limiting the noise from
cars driven by a combustion engine [3], turbocharger
acoustics shifted into focus.

Following, turbocharger compressor is investigated as
studies have shown that it is the main source of tur-
bocharger noise [2]. Acoustics of turbocharger compres-
sor have already been investigated in detail using com-
pressible, transient flow simulations [4, 5, 6, 7, 8, 9]. In
contrast, we focus on Lighthill’s aeroacoustic analogy for
computing pressure propagation based on the Finite El-
ement (FE) method. Using Lighthill’s analogy brings up
the advantage that the flow and pressure propagation can
be computed on different grids, both designed for their
specific purpose. Furthermore, the flow computation can
be limited to a small area in which significant turbu-
lent eddies and therefore aeroacoustic source terms are
expected. In addition, computing pressure fluctuation
using a linear wave operator in combination with the FE
method is less influenced by numerical dissipation effects,
like flow solvers based on Finite Volumes (FV).

For applying Lighthill’s analogy the hybrid aeroacoustic
workflow, [10, 11, 12, 13], is applied (see Fig. 1) [14].
Following it’s four main steps are discussed:

1. A transient, compressible CFD simulation is per-
formed. In parallel Lighthill’s source terms are com-
puted.

2. The computed source terms are interpolated from
the CFD to the propagation grid.

3. The mean value of the source terms is eliminated
by applying a Fast Fourier Transformation (FFT),
neglecting the mean value, and applying an Inverse
Fast Fourier Transformation (iFFT).

4. Finally, the propagation simulation is performed.

For evaluation purposes, measurements established on
a cold gas test rig (CGTR) for two different evaluation
points in the compressor inlet (see Fig. 2) are used. The
cold gas test rig is located inside of an acoustic chamber
and is specially designed for measuring in-duct pressure
fluctuations and acoustic pressure fluctuations outside of
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Figure 1: Main steps of the hybrid aeroacoustic workflow
used for computing pressure propagation in the turbocharger
compressor.
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Figure 2: Propagation domain with the two evaluation
points.

the turbocharger compressor. For more details, we refer
to [15]. For both of those two evaluations points, CFD
and propagation simulation results are compared with
measurements.

Finite Element Formulation of Lighthill’s
Equation
Lighthill’s aeroacoustic analogy was presented in 1952
and 1954 by M.J. Lighthill [16, 17]. For the following
finite element formulation we consider Lighthill’s inho-
mogeneous wave equation(

1

c20

∂2

∂t2
−∆

)
c20(ρ− ρ0) = ∇ · ∇ · [T ] , (1)

with c0 as the ambient speed of sound, ∆ as Laplace
operator, ρ as density, and [T ] as Lighthill’s stress
tensor. Lighthill’s equation is a direct reformulation of
the compressible flow equations without any simplifica-
tions. As a result, solving Lighthill’s equation requires
corresponding boundary conditions for the propagation
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simulation, which represent the boundary conditions
used in the CFD simulation. The expected ideal prop-
agation results using Lighthill’s analogy in combination
with the FE method are equal to the CFD simulation
results. However, if CFD and propagation domains do
not fully align, there will be differences between the
two results. Consequently, if the propagation simulation
is performed for a very different propagation domain,
the source terms represent a flow from the original flow
domain, and the computed results will differ.

In the next step, the FE method is applied to Lighthill’s
inhomogeneous wave equation (1). Therefore, we multi-
ply the partial differential equation with a test function
ϕ and integrate over the computational propagation do-
main Ω∫

Ω

(
1

c20

∂2

∂t2
+ ∆

)
(c20(ρ− ρ0))ϕ− (∇ · ∇ · [T ])ϕdΩ = 0 .

(2)
Now, integration by parts is applied to the Laplace term
of the differential operator and to the right-hand side,
bringing up

1

c20

∫
Ω

ϕ
∂2

∂t2
c20(ρ− ρ0)dΩ +

∫
Ω

∇c20(ρ− ρ0) · ∇ϕdΩ

−
∫

Γ

∇c20(ρ− ρ0) · nϕΓ =

−
∫

Ω

∇ · [T ] · ∇ϕdΩ +

∫
Γ

∇ · [T ] · nϕdΓ .

(3)

Finally, corresponding boundary conditions as presented
in [18] are applied, bringing up the following final weak
formulation

1

c20

∫
Ω

ϕ
∂2

∂t2
c20(ρ− ρ0)dΩ +

∫
Ω

∇c20(ρ− ρ0) · ∇ϕdΩ =

−
∫

Ω

∇ · [T ] · ∇ϕdΩ +

∫
ΓI

(∇ · [T ] +∇c20(ρ− ρ0)) · nϕdΓ .

(4)

Results
For modeling the transient, and turbulent flow inside
of the compressor an Improved Delayed Detached Eddy
Simulation (IDDES) with an underlying k-ω SST turbu-
lence model implemented in StarCCM+ [19] was used.
Further, a segregated flow solver with a hybrid second-
order upwind/bounded-central scheme for convection
was used. For rotating the impeller region, a rigid body
rotation was applied. Furthermore, a mass flow inlet
and a pressure outlet boundary condition were used. For
mesh generation, polyhedral cells, with refinements at
regions with high-velocity gradients, were used. A base
grid size of 1.6 mm in the inlet and outlet region, as
well as 1.3 mm in the impeller region, was used. In the
inlet and outlet region, 10 prism layers with an overall
thickness of 0.8 mm and a growing ratio of 1.05 were
applied. In the wheel region, 10 to 18 prism layers were
used, with the highest number of prism layers located at
the blade surfaces. This leads to the number of 30 cells

in the blade tip gap. Finally, the CFD mesh consists of
22 446 702 cells. Furthermore, a time step corresponding
to 1◦ of rotation of the impeller was considered and a
second-order, implicit time-stepping scheme was applied.

For the propagation simulation, the source terms are in-
terpolated from the CFD mesh onto the propagation grid
using the Least Square mapping algorithm implemented
into StarCCM+ [19]. For generating the propagation
grid, tetrahedral elements with a base size of 1.7 mm are
used. The element size of the propagation grid orientates
on the highest frequency that has to be resolved, which
in this case is 20 kHz. Thereby, the corresponding wave-
length has to be approximated by at least ten elements.
Due to the established weak formulation (see. (4)) it
is possible to limit the propagation domain, cutting out
any region (see Fig. 3). Thereby, the neglected regions
are incorporated by applying an interface boundary con-
dition, as shown in the last term of (4). Consequently,
in this paper, we limit the simulation to the compressor
inlet. This allows us to cancel out the rotating impeller
and enables us to perform the propagation simulations
using much smaller propagation domains, hence making
the simulation faster. Furthermore, a Perfectly Matched
Layer (PML) is applied for simulating the open end of
the pipe (see Fig. 3). Ultimately this leads to 2 911
950 cells in the inlet propagation domain. By solving the
presented weak formulation density fluctuations

ρ‘ = ρ− ρ0 , (5)

are computed. To convert the density in a pressure fluc-
tuation local speed of sound is considered

p′ = c2ρ′ . (6)

For the propagation simulation our in-house openSource
multi-physics Finite Element Solver openCFS [20] was
used.

Propagation domain
No Source Terms

PML

Interface Boundary 

Figure 3: Propagation domain of the inlet with interface
boundary condition. In the green part of the domain source
terms are considered. At the open duct end a PML is applied.

First, an evaluation point located inside of the source
term domain (see Fig. 2 & 3), is investigated. Since
this evaluation point is located very close to the im-
peller (about 0.005 mm away from the impeller hub), no
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measurements could be performed for this point. How-
ever, comparing the CFD and pressure propagation re-
sults (see Fig. 4) shows good agreement, validating the
general functionality of the approach. The difference be-
tween the two simulation results can be connected with
differences in the flow and propagation domains Finally,

Figure 4: Simulation results of the validation point (see Fig.
2) of the CFD and the Lighthill propagation simulation of
10 turns with n=88740 rpm. For both signals a hamming
window function was applied.

comparing measurements with CFD and pressure prop-
agation results (see Fig. 5 & 6) at the two evaluation
points shows respectively good agreement. Differences
between both simulation and measurements results are
because measurement signals with 30 s of data, and sim-
ulations with 0.00676 s of data (which corresponds to 10
turns) were used. In addition, comparing the results of
the CFD and the pressure propagation simulation shows
that the CFD simulation results are affected by numeric
dissipation, especially at Inlet Kulite 2.

Figure 5: Simulation results and measurements of Inlet
Kulite 1. For post-processing, the 30s of the measurement
were split into 500 blocks with 0.2 overlap. The spectrum of
every single block of the measurement is depicted in grey. The
CFD and Lighthill propagation simulation result of 10 turns
with n=88740 rpm were split into 3 blocks with 0.2 overlap.
For all simulation results, a hamming window function was
applied.

Conclusion
We could show that Lighthill’s inhomogeneous wave
equation used in combination with the Finite Element

Figure 6: Simulation results and measurements of Inlet
Kulite 2. For post-processing, the 30s of the measurement
were split into 500 blocks with 0.2 overlap. The spectrum of
every single block of the measurement is depicted in grey. The
CFD and Lighthill propagation simulation result of 10 turns
with n=88740 rpm were split into 3 blocks with 0.2 overlap.
For all simulation results, a hamming window function was
applied.

Method is able of computing pressure fluctuations based
on a compressible CFD simulation. Furthermore, it could
be shown that CFD simulation results are affected by nu-
meric dissipation, whereas the pressure propagation does
not show up numeric dissipation.
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in rotierenden bauteilen zur entwicklung von
antriebskonzepten der autos der zukunft. e & i Elek-
trotechnik und Informationstechnik, pages 1–7, 2021.

[15] Johannes Klaus Müller. Zur Schallabstrahlung des
Abgasturboladers in Abhängigkeit der Verdichter-
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