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SUMMARY

The purpose of this work is to evaluate a Computer Aided Engineering (CAE) method in which
computational aero acoustics (CAA) techniques are used to predict the noise level from
automotive fans. In this paper the extended version of the variational formulation of Lighthill's
analogy is used. This formulation is ideally suited to the finite element method (FEM). It
accounts for aerodynamic sources through two source terms. The first term accounts for volume
sources; the second term accounts for sources defined on control surfaces, i.e., surfaces where
the normal flow velocity does not vanish.
In the first section of this paper, the methodology is presented for applications without a fan.
The second section presents the extension for rotating machines. In the third section, the
coupling strategy with the CFD code is presented. The fourth section presents a validation on
the problem of a production HVAC blower.

INTRODUCTION

One new challenge in the automotive industry is to ensure that the noise level in an automotive
cooling system or an air handling system is sufficiently low for all operating conditions. Thanks to
the considerable progress made over the last decade on the motor noise, for most operating
conditions, the blower has now become the major noise contributor for the cabin noise level. For
this reason, automobile manufacturers are placing increased emphasis on the reduction of cabin
noise level. This has resulted in more stringent noise requirements for the design of air handling
systems and other cooling systems. The objective of this contribution is to give a methodology
which allows the suppliers, at a design stage, to check whether a technological choice will fit the
needs of the OEM.

A computational aero-acoustics (CAA) approach based on a variational formulation of Lighthill's
analogy is presented and then validated for a blower application. The CAA methodology is
designed to be used on real world industrial applications where efficient evaluation of design
proposals is critical. The approach is based on the Lighthill’s analogy, also called hybrid approach,
which means in practice that the sources are computed in a first step, and the propagation is
performed in a second step. All current methodologies rely on this strategy today, because a direct
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computation of both the sources and the resulting acoustic waves would be unaffordable, for several
reasons widely detailed in the literature.

The general strategy is sketched on Figure 1. The control volumes used in the simulations are
directly derived from the CAD models used in the product development process. A transient
computational fluid dynamics (CFD) simulation with moving geometry is performed to compute
acoustic noise sources. The noise sources are used in an acoustic wave propagation simulation to
compute the acoustic field, which predicts the sound pressure level in the near field and the far
field. The simulation process has two branches, one branch to compute the transient flow solution,
and one branch to compute the acoustic response in and around the source region. Note that the
CFD branch uses the mesh developed for the acoustic propagation in addition to the CFD mesh.
The acoustic source terms computed in the CFD simulation are integrated on the acoustic mesh; this
approach minimizes the numerical error associated with developing the acoustic sources from the
flow computation. In the next sections, details are given on all the steps of this process.

Figure 1. Schematic of the computation aeroacoustics implementation applied for this work. The
simulation model is defined by the CAD models with its associated physical attributes and
boundary conditions. The computed sound pressure level (SPL) is used in the validation.
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ACOUSTIC FORMULATION

THE COMPUTATIONAL AERO-ACOUSTICS FORMULATION

This section presents the derivation of the acoustic model and a theoretical comparison with the
Curle’s analogy.

The flow acoustic problem is defined on a geometrical domain which can be bounded or
unbounded. For a compressible fluid, the mass conservation (continuity) equation can be written,
using index notation, as:

where r  is the fluid density and v is the fluid velocity vector. The momentum conservation (Navier-
Stokes) equation can be written:

where p is the compressive stress tensor. By introducing a new tensor definition, a constant a0 and
by manipulating these two equations, Lighthill finally found this last expression with no further
approximation:

where r ’= r a is the acoustic density and Tij the Lighthill’s tensor, often presented in its simplified
form for low Mach numbers and high Reynolds numbers:

with r 0 the local mean flow density. This Lighhill’s tensor is intended to be computed by an
external CFD code, whereas the resolution of the propagation equation above is performed
afterwards.

The oldest strategy proposed to solve this propagation equation relies on the use of Green functions;
this is what is proposed in [Lighthill] but also in [Curle], [FWH] and lots of others. The drawback
of all these integral explicit formulations is that the use of these free field Green functions for
solving the propagation equation makes the resolution valid only for external propagation problems,
where the free field assumption is acceptable. In most industrial problems, thought, this assumption
is not valid: the presence of ducts, casings, walls etc perturbs a lot the acoustic waves.

A discrete version of these formulations can easily be implemented in a classical Boundary Element
Method code (BEM). In that case, it is possible to deal with open interior problems, like HVAC
systems for example, but the wall pressure fluctuations on the entirety of the surfaces is needed as
an input. Unfortunately, in most practical applications, the quality of the CFD is sufficient to give a
good enough input only on some of these walls. Besides, the performance limitations intrinsic to
BEM formulations (dense matrix, irregular frequencies etc) bounds the size of addressable
problems. For these reasons the practical use of BEM techniques is limited to academic studies.

Another alternative consists in the variational formulation of Lighthill's analogy implemented in a
Finite Element Method code, initially proposed in [Oberai1] and [Oberai2]. As explained in
[Caro04], the technique is very similar to what is suggested in the Curle paper:
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Step In Actran/LA In Curle
Write the strong variational form of (L) Integration of (L) over a volume;

 
Write the weak variational form This leads to a volume integral plus a surface

integral
 Use Green's theorem once Use the Green's theorem twice
 Use the definition of Tij in surface integrals Use the definition of Tij in surface integrals

 
Assume a normal acoustic velocity at solid boundaries Assume a normal acoustic velocity at solid

boundaries

Final
formula

Volume
source j

ij

x

T

¶

¶
ijT

Surface
source

None Pi

As it is visible in the table above, most steps are very similar, except that the column on the left
naturally leads to FEM implementation whereas the column on the right naturally leads to integral
explicit methods like Curle. In principle both techniques should then have comparable advantages
and drawbacks; the really interesting difference is subtle and resides in the source interpretation.
With Curle, there are two source terms; the volume source term (quadrupole) is dropped off at low
Mach numbers and only the dipole terms (Pi) are kept. This is why the wall pressure fluctuations
must be known prior to the acoustic computation, and this is what makes the use of such techniques
very unpractical. With the FEM implementation, the so-called dipoles are just boundary conditions
of the FEM problem: it is not needed to know anything on what happens at the walls, only the
knowledge of Tij in the regions of the most intense sources is useful. This subtle difference gives in
practice a considerable advantage to the FEM technique.

This approach is well suited to treat flow noise problems with volumetric sources only, but the
sources must be known a priori only in the regions where the Lighthill’s tensor amplitude is high
enough: this is the main advantage of the method. Indeed, as explained by [Howe] for example, the
regions where the Lighthill’s tensor amplitude is high correspond to the regions where the vortex
structures are large and powerful. The method has been subsequently implemented in the Actran
acoustic software package and is already used in an industrial context by several OEMs and
suppliers.

To finish explaining the similarities and differences, a simple example is presented hereafter. It
corresponds to a toy model of a simple Eppler profile (Figure 2) and a single quadrupole in the
vicinity of its trailing edge. Following a strategy further detailed in [Caro04], the results obtained
using a Matlab Curle implementation (ie: a direct BEM technique) and those obtained using the
FEM implementation of Actran are compared.
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Figure 2: Problem definition: shape of the EPPLER387 profile and definition of the source

The main result is presented on Figure 3. The results obtained with Actran perfectly match the
results obtained using a Curle technique when keeping the quadrupole term. If the quadrupole
contribution is neglected (like would be done by using a BEM technique), on that example, the
results do not match anymore; the reason is that the frequency is relatively high, thus the diffraction
effects cannot be neglected anymore. Again, it is also important to note that when using the Actran
FEM technique the source to take into account are localized at the regions where the vortex
structures contain energy, whereas when using the Curle (or BEM) approaches, the pressure
fluctuations must be known prior to the computation with enough accuracy.

Figure 3: Comparison of the Actran FEM approach with the Curle approach
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EXTENSION TO ROTATING MACHINES

In the preceding part a technique has been presented which allows its users to post-process unsteady
LES- or DES-type data in a CAA code based on the variational formulation of the Lighthill’s
analogy. The ability to treat problems with sources on control surfaces was added in [Caro]. This
addition makes it possible to solve problems with moving geometry, such as a mower or fan rotor,
where the control surfaces enclose the moving parts. The CAA formulation is given below.

The main strategy for the formulation is similar to what has been presented above, except that
instead of saying that all the walls enclosing the computational domain are rigid, no specific
assumption is made. This leads to the following weak formulation:

where

and .

In this formulation there are now two type of sources: volume sources are exported in the regions
where the vortex structures contain energy, and surface sources are exported on the control
boundaries that end the computational domain. In theory this control boundary is arbitrarily chosen,
but in practice, in order to have the most accurate source description, it is best to choose a surface
close to the rotor. An example is shown on Figure 4. More details are available in [Caro].

Figure 4: A typical computational domain for the CAA code Actran for blower applications:
the rotor blades are not in the computational domain, their effects are seen

by the "porous" boundary condition

The surface source term is zero for stationary walls and walls vibrating in-plane: in that case the
formulation reduces to the previous one. The surface term is non-zero for control surfaces
associated with moving geometry or surfaces that vibrate normal to their planes: this corresponds to
the extension. Another possibility to explain this “porous” boundary condition is that everything
which happens inside the control surface (blade side) has an effect outside through this boundary
condition.
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COUPLING WITH THE CFD CODE

The computational methods are constructed from certain variational formulations. The CFD method
is a Galerkin least squares finite element method, which is standard practice today for many
applications. The coupling between the two codes takes benefit of the fact that both are finite
element codes; the information coming from the CFD code is interpolated on Gauss points of the
Finite Elements, which ensures a much more conservative exchange of data than with more
traditional techniques. See e.g. [Caro] or [Sandboge] for more details and references therein.

APPLICATION AND VALIDATION

Previously, an idealized automotive HVAC blower was analyzed, and showed reasonable
comparisons with experiment, see [Sandboge]. The agreement was not quite as good as the test with
an axial fan, again from [Sandboge], and other validations such as [Sandboge07].A reason for this is
the geometrical complexity of a blower and the resulting complex fluid dynamics and acoustic wave
interactions, which demands a mesh that can resolve the scales of the physical phenomena.

In this paper a production HVAC blower is analyzed at a operating point similar to what is used in a
vehicle. The number of elements is larger than what was used in [Sandboge] and this leads to an
improved comparison with experimental data, which was provided by Visteon Climate Control in
Plymouth USA. It is just an illustration of the technique; with some more efforts on the CFD
mainly, a better accuracy can be achieved, see for example [Sandboge07].

The impeller was driven by an electrical motor which produced minimal noise levels. The test was
performed in a hemi-anechoic chamber with a hard floor. The floor was assumed to reflect all
acoustic waves without loss in the simulations.

A snapshot of iso-surfaces of the divergence of the Lighthill's tensor is shown in Figure 5,
indicating that noise is generated around and behind the blades.

Figure 5: Isosurfaces of constant divergence of Lighthill’s tensor
(proportional to acoustic source strength).
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There are two important aspects in the design of a device in the computational aero acoustics
analysis: The generation of noise and the propagation of noise. The computational fluid dynamics
simulation can provide valuable information by studying animations of important flow quantities.
For instance, by directly looking at the quantities present in the source terms in the variation
formulation of Lighthill's analogy, it's possible to get a very good idea where the regions of the
most serious noise generation are located. It's important to not just look at snaphots of randomly
selected time steps in the fluid dynamics solution, but to include the solution over a time interval,
large enough to capture the overall dynamics of the course of events. For instance, when a rotor
blade moves across a protrusion or an edge, it's possible to observe the change in the Lighthill's
tensor, and determine the severity of the source by studying an animation of the scenario.

While it is valuable to study the cause of noise generation, it's equally important to assess the effect
of the noise sources. The quantified effect (for instance measured using the sound pressure level)
caused by the noise sources depend on many factors, such as interactions between waves, wall
reflections, resonance, and distance. By studying the acoustic field in a 3D visualizer, it is possible
to get a thorough understanding of the behavior of the acoustic wave propagation for specific
frequencies or a range of frequencies.

 
Figure 6: Cut planes of the acoustic pressure field obtained after the Actran computation, in dB:

such information are not easily available using tests

Figure 7: SPL result for the two front microphones, in fine and third octave bands.
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The sound pressure level for the acoustic field is shown on Figure 7 for two microphones in the
front, both in fine bandwidth and in third octave bands. Improving the quality of the CFD would
lead to a better accuracy, see for example [Sandboge07]; however the purpose of the present work
was mainly to demonstrate the usability of the method and to show that reasonably accurate input
data can lead to the correct trends in the far field (± 3dB in third octave bandwidth).

CONCLUSION

The CAA technique uses an extended version of the variational formulation of Lighthill's analogy.
This formulation is ideally suited to the finite element method (FEM). It accounts for aerodynamic
sources through two source terms. The first term accounts for volume sources; the second term
accounts for sources defined on control surfaces where the normal flow velocity does not vanish.

The comparison of the presented CAA simulation methodology with physical experiments shows
good agreement for frequencies up to roughly 2 kHz, which is the most important range for these
applications. Better agreement could be achieved with more accurate input data.

The CAA simulations predict actual sound levels for rotating aeroacoustic sources, as well as
provide valuable nearfield information that can be easily visualized. The simulation gives easily
access to valuable information that would not be easily available by tests.
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