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1. Introduction

Experimental and analytical studies have been conducted to understand the characteristics of
centrifugal compressor noise and to examine the influence of design parameters on the noise level
[1,2]. The results reveal that BPF noise in relation to the impeller rotation plays an important role,
which is found in the aeroacoustic study of noise generation through blade–tongue interaction
and the effects of modifying the tongue and impeller geometries [3,4].
It is widely known that BPF noise components come from the circumferential flow distortions

upstream and downstream of the impeller [5]. Present study focuses on the numerical investigation
of this discrete noise. BEM solver coupled with Euler equations is introduced. The indirect
variational BEM in the frequency domain is used to predict the inner and the outer noise
propagation of the centrifugal compressor impeller.
The method of flow analysis will be discussed in the next section, followed by discussions on

boundary element method (BEM), calculation results, and conclusions.

2. Flow solver

The unsteady, compressible, and three-dimensional Euler equations including impeller moving
grid and patched grid are solved to analyze the flow unsteadiness due to circumferential inlet and
outlet pressure distortions of the centrifugal compressor impeller. The system of equations
consists of a local time derivative term and three convective flux vectors. In physical co-ordinates,
the governing equation is
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The convective terms are discretized using Roe’s flux difference splitting [6]. The primitive-
variable extrapolation of the MUSCL approach with a Koren limiter is employed for higher order
spatial accuracy [7]. AF-ADI time marching method is adopted to perform time accurate
numerical integration [8].

3. BEM

BEM is based on expressing the acoustic pressure at a point within the acoustic medium as an
integral over the boundary defining the acoustic domain, which is known as the Helmholtz/
Kirchhoff integral equation [9]
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where SY is the surface of the boundary element model, Y indicates a source point on the
boundary element surface, ~rr is the position vector for the data recovery point, ~rrY is the position
vector of a source point on the surface of the model, #nY is the unit normal at the location of the
source point, Cð~rrÞ is the integration constant resulting from the integration of Dirac’s function
originating from the fundamental solution to the governing differential wave equation, and
Gð~rr;~rrY Þ denotes the Green function as follows:

Gð~rr;~rrY Þ ¼
1

4pj~rr �~rrY j
e�jj~rr�~rrY j: ð3Þ

In order to derive the integral equation for indirect formulation, the standard approach used in
indirect boundary element formulations is applied [10,11]. The integral equations for the two
acoustic spaces are added together. Within the integral, the terms which include the Green
function are factored out and the opposite direction of the unit normal between the two equations
is taken into account in generating the new primary variables. The equations for the primary
variables and the acoustic pressure at a data recovery point are
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where dpð~rrY Þ is the difference in pressure between the two sides of the boundary, and d dpð~rrY Þ is
the difference in the normal gradient of the pressure.
In order to evaluate the primary variables on the surface of the boundary element model, it is

necessary to take the boundary conditions into account. In the areas of boundary with pressure
boundary condition, d dp becomes the unknown variable, while in areas of the boundary with
velocity or impedance boundary condition, dp comprises the unknown variable. The pressure
boundary condition is applied to represent the noise source
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where~rrX is the position vector on the surface of the boundary element model where the acoustic
pressure is evaluated. Eq. (6) relates the values of the prescribed pressure, %pð~rrX Þ to the distribution
of the primary variables, ðd dpð~rrY Þ; dpð~rrY ÞÞ over the surface of the boundary element model. The
velocity boundary condition is used to consider the openings, which are expressed as the free edges
in the BEM
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Eq. (7) relates the values of the known surface velocities, %vð~rrX Þ to the distribution of the primary
variables, ðd dpð~rrY Þ; dpð~rrY ÞÞ over the surface of the boundary element model.
The numerical system of equations for the indirect BEM is derived by a variational principle

from the integral equations that originate from the boundary conditions. Unlike the collocation
approach that produces non-symmetric matrices, the variational approach results in symmetric
system matrices. The variational formulation is based on the principle that the solution to Eq. (8)
will also minimize the functional presented in Eq. (9) [12–14]

f ¼ RðfÞ; ð8Þ

F ðfÞ ¼
Z

S
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where RðfÞ is the operator on the unknown function. Here, f is a known function, and FðfÞ is a
quadratic functional. The left-hand terms of Eqs. (6) and (7) correspond to f of Eq. (8), and the
integrals in Eqs. (6) and (7) correspond to the operator, RðfÞ of Eq. (8).

4. Results and discussion

A small-sized centrifugal compressor impeller is used to demonstrate the noise prediction
capability. It consists of 12 impeller blades and 12 splitters, and is designed to operate in the
counterclockwise rotation at a speed of 70 000 r.p.m. The fundamental BPF values in the inlet and
the outlet of the impeller are 14 000 and 28 000Hz, respectively. Fig. 1 shows the impeller model
for performing flowfield analysis and noise prediction.
The impeller design is performed by Samsung Techwin Co., Ltd. using commercial softwares

such as COMPAL and DENTON [15]. The flow field of the optimized impeller shows no
separation phenomenon in the design point. This justifies the use of an unsteady three-
dimensional Euler solver instead of a full three-dimensional Navier–Stokes solver. The
simplification results in an affordable computer time while maintaining the useful information
on the dynamics of the flow.
As can be seen in Fig. 2, the pressure distribution result obtained using the Euler solver shows

pressure fluctuations as well as favorable static pressure increase. The time-dependent pressure
data are calculated and are Fourier transformed to examine the effects of the unsteady flow
variations in detail. The pressure history in Fig. 3 shows the periodicity due to the rotating
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impeller. The complicated shape in the outlet of the impeller is caused by the mixing flow of the
impeller exit and the interaction between the blade and the splitter [16]. The first BPF and its
harmonics are dominant in the frequency domain and the sub-harmonic component of 14 000Hz
resulting from the influence of the impeller blade is found in the outlet (Fig. 4).
FW-H equation of the point dipole assumption is used to define the noise source of the

centrifugal compressor impeller [17]

pð~xx; tÞ ¼
cos yf
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In Eq. (10) pð~xx; tÞ is the acoustic pressure, cos y is the directivity factor, f is the source strength,
o is the radiated frequency, r is the distance between the source and the observer point, and c is
the speed of sound. The near- and farfield components are seen explicitly as 1=r2 and 1=r terms,
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Fig. 1. Impeller model geometry.
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Fig. 2. Static pressure contour by Euler solver.
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respectively. The acoustic pressure boundary conditions, which are the input data of BEM
analysis are obtained from the combination of FW-H formulation and computed pressure
spectrum.
The noise measurements are performed to comprehend the aerodynamic noise features of the

centrifugal compressor and to present the research direction for developing the noise prediction
technique. In Fig. 5a, the noise spectrum is measured at a distance of 1.5m from the centrifugal
compressor center. The position in front of the inlet duct end is chosen to minimize the influence
of other noise components on the centrifugal compressor system.
From the measured noise spectrum, the discrete peak of 14 000Hz (indicated by the arrow, -

in Fig. 5b) and the sub-harmonic component of 7000Hz (indicated by the arrow, - in Fig. 5b)
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Fig. 3. Pressure fluctuations in the time domain: (a) Impeller inlet part and (b) impeller outlet part.
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are found. The low- and medium-frequency noise caused by other components of the centrifugal
compressor and broadband noise are not considered here because this work is focused on the
aerodynamic BPF noise of the impeller.
The noise level at the dominant frequency of 14 000Hz is calculated to validate the prediction

method incorporating Euler equations, noise source definition method, and BEM solver. Because
of the computation time, the assumptions that the inlet and the volute outlet are open at the fixed
positions have been incorporated in the calculation, which is not the actual case. The BEM
mesh consists of inlet duct, diffuser, and volute as shown in Fig. 6a. From the directivity pattern
of Fig. 6b, it is observed that the impeller noise is propagated through the duct and is diffracted in
the free field. The noise distribution from the volute outlet seems to be random because of the
complex geometries including the diffuser and the volute.
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Fig. 4. FFT distributions in the frequency domain: (a) Impeller inlet part and (b) impeller outlet part.
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For the validation of the numerical method, the SPL values are computed at the fundamental
BPF and the sub-harmonic frequencies. As can be seen in Fig. 7, the numerical results at the
discrete frequencies are predicted with sufficient accuracy.

5. Concluding remarks

In the present study, numerical prediction method of centrifugal compressor noise is
introduced. Euler solver is used to analyze the flow field around the impeller and the unsteady
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Fig. 5. (a) Experimental set-up for noise measurement and (b) measured noise spectrum.
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pressure fluctuations from the inlet and the outlet of the impeller. FW-H formulation is applied to
estimate the noise source and indirect variational BEM is employed to take the noise propagation
into account. The spectrum analysis of the measured noise shows that the aerodynamic BPF noise
of the impeller is dominant. The calculation results are compared with the experimental data. The
comparison of the measured and calculated result shows good agreement.
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Fig. 6. (a) BEM mesh of centrifugal compressor and (b) directivity pattern of noise propagation.
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