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Abstract: In order to understand the effects of the unsteady aerodynamic excitations in complex flow field on 
blades, on the basis of the data obtained from the single-stage axial flow compressor, three kinds of exciting 
forms in the compressor had been studied, including the correlation between excitations and responses in the 
upstream blade row wake, inlet distortion and rotating stall. Results showed that the response characteristics of 
the unsteady aerodynamic excitation could be extracted by adopting cross-relation method to distinguish effects 
of different exciting forms on blades. When many kinds of unsteady aerodynamic excitations co-existed, various 
exciting factors could be extracted from the mixed excitations through the cross-correlation analysis of 
excitation and response signals and by comparing with the characteristics of single aerodynamic excitation. 
Simulation data showed that the trail excitation energy on blades focused mainly on high frequency domains, 
the dynamic excitation of rotating stall centered on low frequency domains the excitation of the inlet distortion 
on blades existed in both high and low frequencies and amplitude at low frequency was larger than that at high 
frequency. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

As the aeroengine structural design continuously 
develops towards light weight and high speed, the 
aerodynamic pressure on the fans and compressor of 
engines becomes obviously complex which proposes 
much higher demands for the working reliability and 
safety of engines especially when compressor blades 
are at work. When working, they usually suffer from 
forced excitations of various kinds of unsteady 
aerodynamic, such as the upstream blade row wakes, 
the inlet distortion and the forced excitation of 
rotating rotors. 

Researchers have conducted several studies on 
this [1-4], most of which aimed at the aerodynamic 
exciting forms mainly from perspective of dynamic 
characteristics. Ludwing analyzed the rotating stall 
phenomenon and proposed the application of the 
small disturbance to analyze the occurrence of the 
rotating stall [5]. Layachi analyzed the distributing 
rule of the guide trailed pressure imposed on the 
static sub-blades at downstream [6]. Qun Chen et al. 
analyzed the vibrating stresses in blades under the 
excitation of inlet distortion and also the changing 
tendency of the vibrating stresses in blades caused by 
the change of distortion level [7]. 
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Weatherrill studied the effects of rotary airflow in 
the inhomogeneous circular flow field on the periodic 
excitation of blades [8-9]. Hall established the 
response predicting model for the trailed wind in 
blade rows [10]. Lecht et al. simplified the 
calculation [11] by simplifying the aerodynamic 
exciting forces at surfaces of rotating blades into 
periodic unsteady aerodynamic forces, which 
imposed on the compressor blades. Jun Hu et al. 
studied the effect of the inlet distortion on the 
performance of compressor [12]. Ning Ge et al. had 
done much in the research of the rotation stall of 
blades [13, 14]. Huabing Jiang et al. studied the 
effects of the inlet distorted flow field of compressor 
on the characteristics of rotation stall [15]. Weiyang 
Qiao et al. had done profound studies about the 
excitation loading forms of the inlet distortion [16].  

Although some research had been previously 
done on the characteristics of dynamic flow field in 
compressor, due to the complexity of the research 
contents, the correlation between various unsteady 
dynamic exciting forms and the corresponding 
responses needed to be considered when  
analyzing the forcing response problems of blades, 
especially when many kinds of unsteady 
aerodynamic excitations co-existed, It was necessary 
to extract the response characteristics of various 
excitations especially. 

 

 

2. Correlation Analysis 
 

Correlation analysis is used to study and describe 
the co-relationship in projects by statistical methods 
and the commonly used statistical variables include 
correlation coefficients, autocorrelation function and 
cross-correlation functions etc [17]. 

Expression of correlation coefficient is 
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The expressing formula of correlation coefficients 
is shown in equation (2). 
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In the equation, ρxy is the correlation coefficient.  
The autocorrelation function Rx(τ) of the signal 

x(t) describes the dependencies of the value at  
some time and that at previous time, as shown in 
equation (3). 
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The cross-correlation function of signals x(t) and 
y(t) was defined as. 
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where ‘*’ is the conjugate symbol.  

Corresponding cross-spectral (density function) 
and selfspectrum (density function) were written as: 
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In the equation, Sxx(f) was called the self spectral 

density function of x (t) or the self spectrum. 

 

 

3. Analysis of Typical Single Unsteady 
Aerodynamic Excitation and Response 

 
3.1. Test Data Acquisition 
 

Calculating data used in this article were obtained 
from the test of single-stage low-speed axial-flow 
compressor. In the test, the hub ratio of rotor to stator 
was 0.6, the number of stator vanes was 30 and the 
rotary speed was 1200 r/min. The dynamic pressure 
measuring sensor was set at the aerodynamic 
interface near the compressor inlet, which could 
measure the dynamic pressure situations of the wake 
flow excitation, the inlet distortion and rotary stall 
and record the obtained experimental data. 

 

 
3.2. Test Data Analysis 
 

Apply the obtained flow field pressure data in 
above tests to vane surface respectively as a 
boundary condition of forces, calculate the vane 
vibration and carry out the cross-correlation analysis 
of the excitation and response data. 

The cross-correlation coefficient diagram and the 
cross-spectrum diagram obtained through cross-
correlation analysis of data from wake flow 
excitation and response were shown in Fig. 1. Seen 
from Fig. 1(a), the correlation coefficient between the 
wake flow excitation and response was up to 0.7, 
presenting an evident correlation. In addition, seen 
from the cross-spectrum, the amplitudes concentrated 
upon above 1000 MHz with frequency of 1196 Hz, 
1420 Hz and 1592 Hz and with more significant 
magnitude projections, implying that the vane 
excitation by wake flow oscillation concentrated on 
high frequency domains. 
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Fig. 2 shows the cross-correlation coefficient 
spectrum and cross-spectrum of the inlet distortion 
excitation and response. Seen from Fig. 2(a), the 
cross-correlation coefficient between the inlet 
distortion and response was 0.65, and presents an 
evident characteristic of correlation. However, seen 
from the cross-spectrum, the response of vane to the 
inlet distortion existed not only in the high frequency 
range above 1000 MHz, but also in low frequency 
range with significant peaks at 4 Hz, 12 Hz and 
16 Hz, higher than that in high frequency range, 
which implied that significant response 
characteristics existed in both high and low frequency 
ranges for the inlet distortion excitation to the vane.  

 
 

 
 

(a) The cross-correlation 
coefficient diagram  

(Time series) 
 

 
(b) The cross-correlation 

spectrum diagram  
(spectrum) 

 
Fig. 1. Time series and spectrum of cross-correlation  

of wake flow excitation and response. 

 

 

 

 
(a) The cross-correlation 

coefficient diagram  
(Time series) 

 

 
(b) The cross-correlation 

spectrum diagram  
(spectrum) 

Fig. 2. Time series and spectrum of cross-correlation of 
inlet distortion and response. 

 

 
Fig. 3 shows the cross-correlation coefficient 

spectrum and cross-spectrum of the rotary stall 
excitation and response. Seen from Fig. 3(a), the 
cross-correlation coefficient between the rotary stall 
and response was 0.6, implying a significant 
correlation between the both. However, seen from the 
cross-spectrum, the response of vane to the rotary 
stall existed only in the low frequency range with 
peaks at 4 Hz, 16 Hz and 27 Hz whose intensity 
decreased in sequence presenting a stepwise 
characteristic. While no peak existed in high 
frequency range implying that significant response 
characteristics existed only in low frequency range 
for the excitation of rotating stall to vane.  

 
 

(a) The cross-correlation 
coefficient diagram  

(Time series) 
 

 
(b) The cross-correlation 

spectrum diagram  
(spectrum) 

Fig. 3. Time series and spectrum of cross-correlation  
of rotating stall excitation and response. 

 
 
4. Cross-correlation Analysis of Mixed 

Unsteady Aerodynamic Excitation  
and Response 

 
The mixed excitation was obtained through the 

weighted summation of various unsteady 
aerodynamic excitations. For simplicity, the weight 
was valued 50 % for each excitation when two 
excitations were mixed.  

Calculate the vane response under the co-
existence of two unsteady aerodynamic excitation, 
including rotating stall and the inlet distortion, then 
do the cross-correlation calculation between the 
response signal and the single rotating stall signal 
according to the definition formula (equation (4)) of 
cross-correlation function in section 1, and draw the 
cross-correlation coefficient diagram and cross-
spectrum diagram as shown in Fig. 4. 
 
 

 
 

(a) The cross-correlation 
coefficient diagram  

(Time series) 

 
 

(b) The cross-correlation 
spectrum diagram  

(spectrum) 
 

Fig. 4. Cross-correlation coefficient and cross-correlation 
spectrum of rotating stall excitation and response with the 
coexistence of rotating stall and inlet distortion. 
 
 

Seen from the cross-correlation diagram in Fig. 4, 
a significant correlation existed between the vane 
response and the rotating stall excitation (the 
correlation coefficient was 0.65) when both 
excitation signals co-existed. In addition, as the 
cross-spectrum shown, the vane response for rotating 
stall existed only in low frequency range presenting a 
stepwise characteristic and had no amplitude existed 
at high frequency, which was consistent with the 
cross-spectrum between rotating stall excitation and 
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response compared with Fig. 3, implying that rotating 
stall existed in the excitation.  

Then did the cross-correlation calculation 
between response signals of various excitations and 
the previous single inlet distortion excitation and 
drew the cross-correlation coefficient diagram and 
cross-spectrum, as shown in Fig. 5. 
 
 

 
(a) The cross-

correlation coefficient 
diagram (Time series) 

 

 
 

(b) The cross-correlation 
spectrum diagram (spectrum) 

Fig. 5. Cross-correlation coefficient and cross-
correlation spectrum of inlet distortion excitation and 
response with the coexistence of rotating stall and inlet 
distortion. 
 
 

Seen from the cross-correlation diagram in Fig. 5, 
a significant correlation existed between the vane 
response and the inlet distortion excitation (the 
correlation coefficient was 0.71) when both 
excitation signals co-existed. In addition, as the 
cross-spectrum shown, peaks existed in both high and 
low frequency ranges. The vane response for inlet 
distortion existed in both high and low frequency 
ranges and the amplitude at high frequency was 
smaller than that at low frequency, which was 
consistent with the cross-spectrum between inlet 
distortion excitation and response compared with 
Fig. 2, implying that inlet distortion existed in the 
excitation. 

When calculating the frequency spectrum under 
various excitations, it was found that vane response 
dominated at high frequencies 600 Hz and 788 Hz, 
both of which were the inherent frequencies of vane 
leading to the largest response at both frequencies 
and no evident peaks existing in various cross-spectra 
then do the cross-correlation calculation between the 
response signal and the previous single wake 
excitation and draw the cross-correlation coefficient 
diagram shown in Fig. 6. 

Seen from the cross-correlation diagram in Fig. 6, 
no correlation existed between the vane response and 
the wake signal with a very small correlation 
coefficient vibrating around zero in mini-amplitude, 
and thus there was no wake excitation in these 
various excitation signals. 

By adopting the same method, calculate the vane 
response under the co-existence of two unsteady 
aerodynamic excitation, including inlet distortion and 
wake excitation, then do the cross-correlation 
calculation between the response signal and the 
previous single excitation signal and draw the cross-

correlation coefficient diagram and cross-spectrum 
diagram, as shown in Fig. 7, Fig. 8 and Fig. 9. 
 
 

 
(a) Frequency spectrum 

of response (spectrum) 
 

(b) The cross-correlation 
diagram of wake excitation 
and response (Time series) 

 
Fig. 6. Frequency spectrum of response and cross-
correlation diagram of wake excitation and response were 
shown in Fig. 5 when rotating stall and inlet distortion co-
existed. 

 

 

 
 

(a) Cross-correlation 
diagram (Time series) 

 
(b) The cross-correlation 

spectrum diagram 
(spectrum) 

 
Fig. 7. Cross-correlation diagram and cross-correlation 
spectrum of inlet distortion excitation and response 
with the coexistence of inlet distortion and wake 
excitation. 

 

 

 
(a) Cross-correlation 

diagram  
(Time series) 

 

 
(b) The cross-

correlation spectrum 
diagram (spectrum) 

Fig. 8. Cross-correlation diagram and cross-correlation 
spectrum of wake excitation and response when inlet 
distortion and wake excitation co-existed. 

 
 

Based on the above analysis, as can be seen from 
Fig. 7 and Fig. 8, inlet distortion and wake existed in 
the complex excitations. Fig. 9 showed that the 
rotating stall was not presented in the complex 
excitation signals. 
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(a) Frequency spectrum 

of response (spectrum) 

 
(b) The cross-

correlation diagram of 
rotating stall excitation 

and response (Time series) 
 

Fig. 9. Frequency spectrum of response and cross-
correlation diagram of rotating stall and response with the 
co-existence of inlet distortion and wake excitation. 

 

 
Calculate the vane response under the co-

existence of two unsteady aerodynamic excitation: 
the rotating stall and the wake excitation; then do the 
cross-correlation calculation between the response 
signal and the previous single excitation signal and 
draw the cross-correlation coefficient diagram and 
cross-spectrum diagram shown in Fig. 10, Fig. 11  
and Fig. 12. 

 

 

 
 

(a) Cross-correlation 
coefficient diagram  

(Time series) 
 

 
(b) The cross-correlation 

spectrum diagram 
(spectrum) 

Fig. 10. Cross-correlation coefficient diagram and cross-
correlation spectrum of wake excitation and response 
with the coexistence of rotating stall and wake excitation. 

 

 

 
(a) Cross-correlation 

coefficient diagram (Time 
series) 

 

 
(b) The cross-

correlation spectrum 
diagram (spectrum) 

Fig. 11. Cross-correlation coefficient diagram and cross-
correlation spectrum of rotating stall and response with 
the coexistence of rotating stall and wake excitation. 

Comparing the analysis of Fig. 1 and Fig. 3, it can 
be seen from Fig. 10 and Fig. 11 that, rotating stall 
and wake co-existed in the complex various 
excitations. While the inlet distortion did not exist in 
a variety of excitation signals which could be seen 
from Fig. 12. 
 
 

 
(a) Frequency spectrum of 

response (spectrum) 

 
 

(b) The cross-correlation 
coefficient diagram of inlet 

distortion excitation and 
response (Time series) 

 
Fig. 12. Response spectrum and cross-correlation 
diagram of inlet distortion and response with the 
coexistence of rotating stall and wake excitation. 

 
 

According to the above analysis, in the response 
for a variety of unsteady aerodynamic composite 
stimulus, the existence of various stimulus 
components in response can be analyzed using the 
cross-correlation method with satisfactory results. 
 
 

5. Conclusions 
 

Through the experimental data of excitation force 
on compressor vane, the vane response and the cross-
correlation were analyzed and calculated when 
various unsteady aerodynamic excitations co-existed 
and conclusions were drawn as follows.  

1) The characteristics of the excitation source 
could be recognized in the response for the unsteady 
aerodynamic excitations by the cross-correlation 
method and meanwhile the effects of different 
excitation forms on vanes could be distinguished by 
frequency ranges. 

2) Simulation results showed that the excitation of 
wake excitation to vane dominated in a higher 
frequency range (above 1 KHz) and the amplitude at 
low frequency was small while the excitation of the 
rotating stall to vane dominated in a low frequency 
range and was relatively smooth in the high 
frequency range. The excitation of the inlet distortion 
to vane existed in both high and low frequency 
ranges, and amplitude at low frequency was larger 
than that at higher frequency. 

3) When a variety of unsteady aerodynamic 
excitations co-existed, the cross-correlation analysis 
between the excitation and response signals could be 
used to extract each excitation among a variety of 
unsteady aerodynamic complex excitations when 
comparing the characteristics of various unsteady 
aerodynamic excitation signals. 
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