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ABSTRACT

The objective of this research is to suggest an efficient and robust optimization method for
low-noise centrifugal compressor impeller design. Euler solver is used to simulate the flow-
field of the centrifugal compressor and time-dependant pressure data are calculated to perform
the near-field noise prediction by Ffowcs Williams-Hawkings formulation. Indirect Boundary
Element Method is applied to consider the noise propagation effect. The optimization system
consists of two categories; Response Surface Method to construct the response surface model
based on D-optimal 3-level factorial design, and Genetic Algorithm to obtain the optimum
solution of a defined objective function including penalty terms of constraints. The influence

of design variables and their interactions on the aerodynamic noise is examined through the

optimization process.

KEYWORDS: Centrifugal compressor impeller, Ffowcs Williams-Hawkings formulation,

Indirect Boundary Element Method, Response Surface Method, Genetic Algorithm

INTRODUCTION
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The experimental and analytical works have been conducted to understand the characteristics
of the centrifugal compressor noise and to examine the influence of design parameters on the
noise level [1-2]. From the results of them, it is observed that the Blade Passage Frequency
(hereafter, BPF) noise in relation to the impeller rotation plays an important role [3].
Boundary Element Method (hereafter, BEM) solver coupled with Euler equations is
developed to compute the BPF noise, and the optimization technique including Response
Surface Method (hereafter, RSM) and Genetic Algorithm (hereafter, GA) is used to perform
the low-noise design of the centrifugal compressor impeller.

The indirect variational BEM in the frequency domain is used to predict the inner and the
outer noise propagation of the centrifugal compressor. The primary variables including the
difference in the pressure and the difference in the normal gradient of the pressure contain
information from the interior and the exterior acoustic space. The indirect formulation can be
combined with a variational approach in deriving the primary system of equations [4].

RSM is the collection of statistical and mathematical techniques including design of
experiment, regression analysis, and analysis of variance [5]. It has drawn much attention
because of its efficiency and advantages; it smoothes out the high frequency noise to find the
global optimum solution, and various objective functions and constraints can be attempted
without additional calculations. The response surface model is constructed using flow analysis,

and then GA method is adopted to find an optimum value [6].
NUMERICAL METHODS

Flow Analysis
The three-dimensional compressible Euler equations with the impeller moving grid and the
patched grid are solved to analyze the flow unsteadiness due to circumferential inlet and
outlet pressure distortions of the centrifugal compressor impeller. In the generalized
coordinate system, the governing equation is
la_Q+a_E+a_F+a_G:() (1)
J ot 9 on 9¢
The convective terms are discretized using Roe’s flux difference splitting [7]. The primitive-
variable extrapolation of the MUSCL approach is employed for higher-order spatial accuracy
[8]. AF-ADI time marching method is adopted to calculate the unsteady flow-field of the

rotating impeller [9].

Noise Prediction
Ffowcs Williams-Hawkings (hereafter, FW-H) equation of the point dipole assumption is used
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to define the noise source of the centrifugal compressor impeller [10].
- cosff [iw 1 v
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In Eq. (2), p()?,t) is the acoustic pressure, cos@ is the directivity, f 1is the source
strength, ¢ 1is the radiated frequency, 7 is the distance, and ¢ is the speed of sound.
The boundary element method 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 integral equation [11].

)= [ ol7.7,) 20 - 2R ) s o

where 7 is the point vector on the surface of the boundary element model, G denotes

Green’s function, 7, is the vector specifying the location of the data recovery point, and C
is the integration constant resulting from the integration of Dirac’s function originating from
the fundamental solution to the governing differential wave equation.

In order to derive the integral equation for the indirect formulation, the standard approach
used in indirect boundary element formulations is applied [12]. The integral equations for the
two acoustic spaces are added together. Within the integral the terms which include Green’s
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

X =p—p,,%p= (ZZJ (g’;j (4)
ple)=1,| 912207 ot ) s ®

where Jp is the difference in pressure between the two sides of the boundary and ddp is

the difference in the normal gradient of the pressure.

Response Surface Method (RSM)

The response surface model is usually assumed as a second-order polynomial, which can be
written for n, design variables as follows.

+Zc,xl + ch X, p=L-,n (6)

I<i<j<n,

The regression model of Eq. (6) is expressed in terms of an overdetermined matrix problem.
y=Xc
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In Eq. (7), b, (x) are basis functionsand X isa n Xn_ matrix.

The regression coefficient matrix, ¢ can be obtained to minimize the total statistical error
using the least-squares fitting, which results in ¢ = (X X )_IX "y . The number of regression
coefficients, n,. 1s (nv +1)(nv +2)/2.

According to design of experiment, 3-level factorial design with the D-optimal condition is

rc

used as data-points selection technique. D-optimal criterion states that the data-points chosen

are those that maximize the determinant,

XTX\ :

Analysis of variance and regression analysis are the statistical techniques to estimate
regression coefficients in the quadratic polynomial model and yield the measure of
uncertainty. One of important statistical parameters is the coefficient of determination, R’
which measures how well the regression equation fits the data by flow analysis.
R = SSR _q- SSE
SSTO SSTO
In Eq. (8), SSTO is the total sum of squares, SSR is the regression sum of squares, and SSE is

®)

the error sum of squares. However, the adjusted-R* statistic parameter is more important

because a large value of R? does not necessarily imply that the regression model is good one.

SSE/(n —n,) n,—1
R, =1- e rel =] — 1-R’
“ SSTO /(n, —1) (n —nj( ) )

s rc

For the accuracy of the response surface model, the significance testing of the individual

regression coefficient is needed, which is provided by the t-statistic defined as

tzm,iﬂ,--- n (10)

In Eq. (10), & is the estimation of variance. The coefficients with low value for the t-
statistic are not accurately predicted.

RESULTS AND DISCUSSION
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The centrifugal compressor model is used to demonstrate the noise prediction method and to
perform the low-noise design of the impeller. Figure 1 shows the geometry of the centrifugal
compressor impeller and the pressure contour by Euler analysis. Pressure fluctuations of the

inlet and the outlet in the centrifugal compressor impeller resulting from the blade rotation are
observed.

P
151872
1.4558
1.39289
1.32997
1.26706
1.20415
1.14123
1.07832
1.01541
0.952492
0.889578
0.826664
0.76375
0.700837
0.637923

Figure 1: Centrifugal compressor impeller geometry and pressure contour computation

The estimation of regression coefficients and confidence level is accomplished by regression
analysis and analysis of variance respectively to obtain the low-noise impeller geometry. The
t-statistic computation gives the information about the relative importance of design variables.
After building the response surface model, the objective function and constraint about the
centrifugal compressor impeller performance and noise are applied to the GA method. The

advancing impeller blade is obtained through the application of developed design technique.
CONCLUDING REMARKS

In the present study, the numerical prediction method of the centrifugal compressor noise and
a new design procedure including RSM and GA are introduced. Euler solver is used to
express the impeller flow-field and FW-H formulation is applied to estimate the noise source.
Indirect variational BEM is employed to take the noise propagation into account. Although
RSM has a limitation on the number of design variables due to computational cost, it is a

viable optimization tool for low-noise centrifugal compressor impeller design.
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