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10 Abstract: An inverse aeroacoustic problem for a helicopter rotor combined with aerodynamic
11 constraint is proposed based on Ffowcs Williams and Hawkings equation in subsonic. The rotor
12 noise includes thickness noise and loading noise when quadrupole noise is neglected. Thickness
13 noise is related to geometry and motion conditions. Loading noise is related to the pressure on the
14 wall. Therefore, the equation between pressure on the wall and far-field noise can be established,
15 thus the pressure on the wall can be obtained by solving this equation. Since this equation is an
16 ill-posed, the singular value decomposition combined with the regulation method is applied and
17 the aerodynamic constraint is taken into account. The direct noise prediction is verify firstly and
18 then the inverse problem is solved. The reconstruction pressure is compared to the input data. The
19 result is in good agreement with the input value. At the same time, the influence of interference
20 noise is also considered. Under low signal-to-noise ratio, the reconstruction result is also
21 reasonable.

22 Keywords: inverse acoustic problem; helicopter rotor; Ffowcs Williams and Hawkings equation;
23 aerodynamic constraint; Thikhonov method

24

25 1. Introduction

26 High speed rotating blades have many applications in industry, including rotor, propeller,
27  compressor, and turbine et al[1-5]. This kind of rotating blade has a high speed in the tip region, its
28  loading is larger but its thickness is thinner. The traditional measurement method includes
29  embedded pressure sensor or open pressure hole. The embedded pressure sensor method requires
30 higher installation accuracy of the test instrument. This can produce a large error especially in
31  high-speed rotation. The rotor interior space is limited; it is difficult to install sensors. The open
32 pressure hole is also a traditional measurement method, it is also difficult to arrange the plastic tube.
33 Non-contact measurement technology can overcome these limitations, especially suitable for the tip
34 region of rotor.

35 There have been many advances on the inverse aeroacoustic problem during past two decades.
36  For example, Li and Zhou[6] proposed an inverse model for the reconstruction of steady pressure
37  distribution on propeller based on three-dimension Ffowcs Williams and Hawkings (FW-H)
38  equation. Grace and Atassi[7-8] solved an inverse aeroacoustic problem associated with a flat-plate
39  airfoil in unsteady compressible flow. They also tested the sensitivity to errors in both the far-field
40  input data and the mean-flow input parameters. The results of the sensitivity analysis for the input
41  data show that the magnification of input error due to ill-posed can be controlled by optimal
42 choices of the regularization parameter and the measurement locations. Nelson and Yoon [9]
43  examined the conditioning of this inverse problem, particularly with regard to the geometry and
44 number of sources and measurement positions and the non-dimensional frequency. Wood and
45  Grace[10] developed an optimally determining the near-field pressure method without relying on a
46  user-specified regularization parameter. Yu and Zhuang[11] developed an acoustic intensity-based
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inverse method for predicting the radiated field of a stationary sound source, the method is more
stable and the acoustic reconstruction is less dependable on the locations of the input. Trabelsi et
al[12] investigated an inverse method to evaluate the unsteady rotating forces acting on the fluid by
the fan's blade. The reconstruction reveals the conditioning of the inverse problem depends on the
aeroacoustic source and the sensors number as well as on the studied frequency. Zhang et al[13]
also proposed a time-domain inverse technique for the localization and quantification of rotating
sound sources, the results was more accurate compared with the time-domain rotating
beamforming. Madoliat et al[14] studied the acoustic model order reduction for the lowest
condition number in inverse method.

Thickness noise is related to geometry and motion conditions. Loading noise is related to the
pressure on the wall. Therefore, the relationship between pressure on the wall and far-field noise
can be established, thus the pressure on the wall can be obtained by solving this equation. The basic
aim of this paper is to reconstruct the pressure distribution on the rotor by using acoustic signals.
The difficulty of solving the inverse problem is the equation is ill-posed. The singular value
decomposition method combined with the regulation method is applied and the aerodynamic
constraint is taken into account. The structure of the paper is as follows. Section 2 presents
mathematical formulation. Section 3 gives the numerical results. Some conclusions are finally
drawn in Section 4.

2. Mathematical Formulation

Helicopter radiation noise can be divided into three categories noise, thickness noise, loading
noise and quadrupole noise[18]. The thickness noise is generated by the displacement of fluid as the
blade rotates. The loading noise is generated by distributed aerodynamic forces on the blade
surface. The quadrupole noise is only important when the rotor tip Mach number is transonic or
supersonic and so can be neglected for a subsonic moving surface. So in this paper only the
thickness noise and loading noise of the FW-H equation are utilized.

.0 0
0= Lo VIS V5] M

Farassat[19-21] had given several integral solutions to Eq.(1), the equation is as follows

P (X,t) = p(X,t)+ pr(X.t) )

The thickness noise is the sum of term (3) and term (4)
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The loading noise is the sum of term (5), term (6) and term (7)
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The thickness noise term is only related to the geometry and motion, so it can be predicted
directly. Instead, the loading noise term is related to the pressure on the surface, which can be
predicted when the pressure is known.

2.1. Solution of Matrix Equation

The noise items are rearranged, one term is related to geometry and motion, and another term
is related to pressure on the wall. It can be written as Eq.(8)

[47p 1=[AI[p]+[B][V,] ®)
Then, the relationship between pressure on the wall and far-field noise can be expressed as
[AILP]=[47p ]~ [BIIV,] ©)

The simplified form of this equation can be written as
Ax=D (10)

Where A is the model matrix with an over determined dimension, X corresponds to the
pressure on the wall, D stands for the sound pressure of observing points after subtracting the
thickness noise. Singular value decomposition (SVD) is used to decomposed the ill-posed matrix,
which can be represented in the following form.

Z| T
A=U| IV (11)

where U =(u,,..,u,) and V =(v,..,v,) are matrices with orthogonal columns, U'U =1_,
V'V =1, T denotes transposition. ¥ =diag[c,,...,0,] are singular values. The result of direct

solution is

x=Vdiag(L)UTb 12)

Oj

Generally, this kind of equation is ill-posed. The so-called ill-posed problem means that the
existence, uniqueness or stability of the solution is not satisfied. The stability of the solution is not
satisfied means that the small disturbance on the right side of the equation will lead to the infinite
change of the solution. The general method for solving ill-posed problems is using the
regularization method[15-17]. The Tikhonov regularization method is based on variation principle,
which is widely used in all kinds of inverse problem research, and the solution of equation can be
expressed as

min(|[Ax - b, + 4]|Lx],) (13)
The regulation value A weights the solution norm and the residual norm, which can be
chosen by L curve method.

Oj

=Vdiag(

Xreq =W b (14)

ol +

2.2. Solution with Aeroacoustic Constraints

Generally, there is no exact solution to ill-posed equations. However, By using prior
knowledge, the result of a close solution can be obtained. In this paper, the pressure on the wall is
the variable. The variable need to comply with certain physical laws, which is also known as
aerodynamic restraint. Figure 1 shows the aerodynamic constraint. The leading edge is the
aerodynamic stagnation point, the pressure is the maximum. The flow velocity increases and
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105  reaches the maximum speed and the pressure reached a minimum at the same time. Then the
106  pressure increase to trailing edge gradually. The detailed content is given below

P < P, 0<x<X (15)
Pj = Pj, X SX<1
A5
\ Decr?ase | } Incr‘ease |
K i
-1 =
I ~
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107 xe
108 Figure 1. The pressure distribution on the rotor surface
109 3. Direct Problem Validation Case
110 Firstly, the accuracy of noise prediction method is verified based on the FW-H equation. A

111 hovering rotor acoustic experiment was carried out at French-German Research Institute of Saint
112 Louis in 1985[22-23]. The model is called ISL model. Its geometry information is given in Table 1.

113 Table 1. Rotor geometry parameters
Parameter Value
Rotor diameter 2.00 m
Root radius 0.28 m
Profile kind NACAQ012
Profile chord 110.15 m
Linear twist 226.945 degree
Blade mass 331.4 kg
Blade number 2
114
115 The experiment environment is shown in Figure 2, which is cited from reference[23]. The rotor

116  tip Mach number is 0.65 in this experiment. In Figure 2, M01 stands for the first microphone one
117  span away from rotational axis in the rotation plane, M02 stands for the second microphone, which
118 is 20 degrees below the first microphone. The time-domain signals obtained by the two
119 microphones are used to verify the noise prediction method.
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120

121

122 Figure 2. Aeroacoustic experiment of ISL rotor [23]

123 Noise prediction needs to base on pressure information on the wall, and the pressure on the

124 wall is obtained by Computational Fluid Dynamics(CFD) simulation firstly. In hover case due to
125 the symmetry of the flow in rotational coordinate system, the flow can be treated as a steady state.
126 Once the pressure on the rotor is obtained, the radiation noise can be predicted. The Figure 3(a) is
127 the comparison between the predicted result and the experimental data of MO1 microphone, it can
128  be seen that the two agree very well. The Figure 3(b) is the comparison between the predicted result
129 and the experimental data of M02 microphone. M02 microphone measurement signal has some
130 oscillatic:ons, and the agreement is quite well.
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133 Figure 3. Validation of sound prediction method
134 4.1Inverse Problem Solutions
135 The difference from solving direct problem is that to solve the inverse problem, more

136 microphones are generally needed. Therefore, a virtual experiment is carried out, and the diagram
137 is shown in Figure 4. The rotor model is ISL rotor, which rotates in clockwise direction. The
138  microphones are arranged in an array of 2 meters in diameter. The black circle on the left side
139 represents the microphone. The microphone array center is 3 meters away from the rotational axis,
140  which includes 35 microphones.

141
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143 Figure 4. Test arrangement of rotor and microphones
144 A series of data collected through this virtual experiment is shown in Figure 5. The data on the

145  same curve represents the experiment data obtained by same microphone at different times. The
146  dashed line in the Figure 5 means the experimental data are obtained by different microphones at
147  the same time. There are 35 microphones, each microphone obtain 180 experiment data within half
148  period. The over-determined equation of 35x180=6300 is built. There are 400 grid element on the
149 rotor surfaces, 40 grid in the chord direction and 10 grid in the span direction. So the 6300x 400
150  coefficient matrix is built.

[Experiment data

| Thesame time
| different microphones

ol
tn

Pressure(Pa)

o
T T

G

I The same mltmphone-
0.5 dilferent time

,

0.012 0.014 0.016 ooise 0.02
1 5 1 time(s)
152 Figure 5. Time domain signals of different microphones
153 The process of solving the inverse problem is as follows:

154 e  Thickness noise is obtained with known geometric information and motion condition;
155 e Loading noise is obtained by subtracting the thickness noise from the total noise;

156 o  The over-determined equations between wall pressure and far-field noise are established;
157 e  Regularization parameter is obtained by L curve method;

158 e  To Solve the optimization problem with aerodynamic constraint.

159  4.1. Inverse problem case under ideal conditions

160 First, the inverse problem under ideal condition is solved, which means that there is no

161  interference noise. Figure 6 shows the pressure contour lines of the rotor surface with aerodynamic
162 constraint is taken into account. The Figure 6(a) is the reconstructed contour lines of the upper

163 surface and Figure 6(b) is the reconstructed contour lines of the lower surface. The solid line is the
164 pressure obtained by the CFD simulation, and the term is also used as the source of noise radiation.
165  The dashed line is the reconstructed pressure distribution. It can be seen that the reconstructed

166  pressure distribution more accurately identifies the low pressure zone of the tip, and the result is
167  more smoother.
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170 Figure 6. The pressure contour of lower surface and upper surface

171 Figure 7 shows the pressure distributions of the four span locations, 0.94,0.8,0.64 and 0.4

172 respectively. The 7 =0.94 represents the rotor tip position and 7 =04 represents the rotor root

173 position. The solid line is the pressure obtained by CFD simulation. The dashed line is the inverse
174  method solution without aerodynamic constraint. The dotted line is the inverse method solution
175  with aerodynamic constraint. It can be seen that approximate pressure distribution can be
176  reconstructed by solving the inverse problem. There is a significant numerical oscillation when the
177  aerodynamic constraint is not taken into account. As aerodynamic constraint is considered, a
178  smoother solution can be obtained.
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181 Figure 7. Comparison of Cp between inverse method solution and the CFD input data
182 4.2. Inverse problem case with noise
183 To simulate the measurement errors as in real physical cases, interference noise is added to

184  exact sound signal. The interference noise includes wind tunnel background noise, measurement
185  noise of microphones and et al.
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[pl., =[pPl, +e (16)

186 where [p], is the simulated sound pressure, [p]; is the exact sound pressure and € is the

187  interference noise, which has zero mean and covariance matrix 0, - The signal-to-noise ratio is

188  defined as follows

, V2
S 1
s _[1lm] -
N |m o,
189 Figure 8 shows the pressure contour lines of the rotor surface with interference noise. It can be

190  seen that under a certain signal-to-noise ratio, it is still possible to reconstruct a similar results.
191  Although the contours are different, the trend distribution is the same basically. The result on the
192 lower surface is better than the result on the upper surface.

Upper Surface CFD Input Lower Surface CFD Input

----------- Inverse Method -+-------- Inverse Method

193

194 (a) (b)

195 Figure 8. The pressure contour of lower surface and upper surface

196 Figure 9 shows the reconstructed results considering interference noise, and the span locations

197  and the legend are as same as in Figure 7. It can be seen that the reconstruction results will be worse
198  when considering interference noise. When the aerodynamic constraint is not taken into account,
199  the numerical oscillations decrease, but the pressure peaks shift back and the overall result
200  deteriorates. When the aerodynamic constraint is taken into account, the reconstructed pressure
201  peak position is more accurate, and the result is close to CFD Input.
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Figure 9. Comparison of Cp between inverse method solution and the CFD input data

5. Conclusions

Pressure reconstruction method is developed based on acoustic measurement. Singular value
decomposition compiled with regulation method is applied to obtain the stable solution. The
aerodynamic constraint is taken into accounted to ensure the numerical solution comply with the
physics laws. ISL rotor model was performed to test the algorithm, the reconstructed pressure
contour is reasonable and smooth. The pressure distribution of several different cross section
positions are compared. The solutions of inverse method are very close to the input data. The
influence of interference noise is also been considered, at low signal noise ratio condition, the closer
results can also be obtained. It is shown that the aerodynamic constraints can eliminate
non-physical oscillations and yield reasonably good results even at low signal noise ratio condition.
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