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Introduction

Accurate prediction of fluid machinery noise is still a
complex issue. Various methods exist, where flow phe-
nomena are interpreted as specific noise sources and thus,
noise levels of fluid machinery can be predicted. Any of
these methods requires deep and fairly accurate knowl-
edge of the flow. Empirical methods have been devel-
oped, identifying mono-, di- and multipole sources in the
flow. These lead to fairly good estimations of the sound
pressure or sound power levels of such machinery. In
recent times empirical estimations were improved by us-
ing numerical methods for the determination of the flow
characteristics, such as steady or unsteady flow calcula-
tions.

However, fully numerical prediction methods, i.e. nu-
merical methods for the flow and the noise prediction,
are under development for the last decade. Since the
so-called direct numerical simulations (DNS), which con-
tain all scales of flow and acoustical movements, are still
far too consumptive in terms of computing time and re-
sources to be applied to realistic flows with reasonable
Reynolds numbers (Re ≥ 10, 000) and geometries, hy-
brid methods where introduced. These consist of a flow
calculation (Computational Fluid Dynamics/CFD) and
an acoustical calculation, specifically adapted to the re-
quirements of acoustical waves. However, the acoustical
calculation methods differ, depending on the case and
complexity of the intended application. Since the CFD
methods can also vary, no standardized way of noise pre-
diction for fluid machinery, aerodynamic and hydraulic,
including casings and pipeline, has been developed so far.

This contribution aims to point out the specific require-
ments, possibilities and limitations of hybrid methods.
Differences in the numerical treatment of inside/outside
wave propagation, liquid and gas flows, the numerical
accuracy and the required computing resources will be
pointed out in general and shall be discussed in the con-
text of fluid machinery.

Overview of Hybrid Methods

Fig. 2 on the left shows an overview on typical hybrid
acoustical methods. They have been developed to au-
tomize the recognition of source information in a flow
system, interpret the sources’ strengths and conclude on
the generated sound waves, pressure levels and intensi-
ties. They have been developed for aero-acoustical appli-
cations rather than hydro-acoustical ones. The overview
suggests that there exist several approaches in parallel,
each adapted to a specific application.
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Figure 1: Generic rotor test case, 45◦ blade inclination
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Figure 2: CAA schemes (left) and 1/12 octave spectrum
of numerically computed and experimentally measured sound
pressure level of rotor at observer (right)

The investigation of rotating machinery noise originates
from helicopter rotors [2]. The approach here is the de-
termination of sound sources on a predefined surface,
enclosing the source region. The noise impact at an
observer position is calculated by acoustic analogy [3].
This method is able to capture the shocks generated at
the transsonic blade tip regions. But the position of the
source surface, which essentially has to be closed to sup-
port the theory, is of major importance for the accu-
racy of the prediction. It strongly limits the

”
amount“

of sources to be taken into account. It must be outside
the non-linear source region and as far away as possible,
but close enough to capture significant sources.

Different types of CFD calculations can be used as the
left and middle column of fig. 2 (left) show. The source
information and the noise impact at the observer point
are calculated as a postprocessing after the CFD cal-
culation, i.e. in the case of unsteady CFD (unsteady
Reynolds averaged Navier-Stokes/URANS, Large Eddy
Simulation/LES) after each suitable time step. Each grid
element of the CFD calculation is used as potential source
element. The better resolved a CFD calculation is - spa-
cially and temporally - the more accurate the the acous-
tic information can be. Out of the variants of acous-
tic analogy approaches, the Ffowcs Williams-Hawkings
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[1] approach is the one taking into account moving sur-
faces, consequently providing correct prediction of load-
ing sound (dipole sound). For subsonic rotors the ap-
proach is similar [4]. Fig. 1(a) shows an experimental
setup of a calculation of a generic rotor, where exper-
imental data could be obtained. Fig. 1(b) shows the
stream lines of the flow information, fig. 2 (right) the
obtained spectrum at the observer.

Concerning calculation resources, the acoustical evalua-
tion is a quick postprocessing after the CFD calculation.
It does not prolongate the CFD calculation significantly,
when integrated in the used code. The time and memory
consumption depends on the CFD grid resolution and the
calculation method. A complete 3D grid is required for
the rotor, when all dominant structures shall be taken
into account, such as the turbulent volume sources de-
termining broadband noise. LES resolves more turbulent
scales but requires a finer mesh than URANS. Unsteady
calculations last longer, since the solution has to develop.

Closed Systems

Figure 3: Cube grid geometry (left) and wave initiated by
a pulse in the cube center and travelling to the cube walls
(right, cut through cube center along x-z-plane)

With closed or half-open systems, i.e. a fan or pump
in a casing, eventually connected to a pipeline system,
several problems appear. The original acoustic analogy
according to Lighthill [3] does not account for the effects
of walls on acoustic waves. The effect of moving walls
- dipole noise of rotors - are taken into account by the
variant of Ffowcs Williams-Hawkings [1], whereas steady
walls producing reflection, resonances or steady waves,
are still not included. This introduced the idea of using
a field method like CFD also for acoustics.

As a first, linear approach linearized Euler equations
where used for the sound wave calculation, now not any-
more on descrete observer points, that do not exchange
information, but on a computation grid. As in CFD, the
grid boundaries can be defined numerically, e.g. as fully
reflective walls. Wave propagation can be investigated
in detail by initiating certain, e.g. predefined acoustic
sources. An example is given in fig. 3 [5].

This type of methods - using a set of equations for field-
wise acoustical wave calculation - is called Computational
Aero-Acoustics (CAA). These methods were developed
mainly for calculation of wave generation and propaga-
tion from jet streams and aircraft wing noise. In prin-
ciple, they work with predefined sources. For the men-
tioned flow systems, a CFD calculation is necessary, the

CAA calculation is a postprocessing as above. The grids
for acoustics and CFD are not necessarily identical, and
in most cases are not, but overlap. The required source
information is interpolated in the overlap region.

Also the combined CFD/acoustics methods are originally
developed for open air flow problems. The application of
these methods to rotating machinery seems straight for-
ward. However, two problems arise: with internal flows,
both grids are identical in their bounds (though not nec-
essarily in their cell distribution), so that the source in-
terpolation at the bounds (CFD boundary conditions dif-
fer from acoustical ones) is not straight forward. Second,
both grids span eventually a source region which is highly
non-linear, so non-linearized equations for acoustics have
to be chosen. A third problem arises, when the flow
medium is a liquid. Due to their often lower Mach num-
bers, liquids require either incompressible CFD - which
does not predict shocks, or require special treatment with
compressible CFD, since those equations tend to get stiff
for low Mach numbers and the results degenerate. Us-
ing a preconditioning instead, however, works only with
implicit time advance schemes.

Conclusion

For closed rotor systems as appearing in most of the
fluid machinery applications, acoustical field calculations
would be the most adequate method of investigating and
predicting sound waves and subsequently analyse the
noise impact in regions of interest. However, the hy-
brid CAA methods where developed for open flow prob-
lems, work with highly accurate unsteady flow simulation
and typically two meshes, adapted to the requirements of
acoustics and CFD. For internal flows several problems
arise, which still have to be solved and are under inves-
tigation. As long as they are not solved to guarantee a
certain accuracy, calculations of such effort are not eco-
nomic and typical semi-empiric methods might lead to
more reliable results.
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