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ABSTRACT 
In this research, FEM analysis and experiment are 

performed to determine natural frequency by mistuning 
blade. The deviations of each blade in natural frequency are 
taken a mistuned rate and mistuned blade number from the 
mean peak value. This mistuning pattern is shown by based 
on the experiment. The maximum variations of frequency in 
each blade mode are following such as first blade mode 
0.14%, second blade mode 1.26% and third blade mode 
0.76%. Frequency shift phenomenon is not found by 
increasing blade mode within first to third mode. 
Considering with blade band, the resonance rates of blade 
mode are reset by first blade mode 1.77%, second blade 
mode 7.32% and third blade mode 2.71%. This research is 
shown how mistuned blade effects on impeller’s resonance. 

INTRODUCTION 
The centrifugal compressor impeller is one of the most 

important components for compressor’s efficiency, 
performance, and stability. The impeller which is applied by 
centrifugal load during operating should be designed to reach 
the goal of life time. For achieving a goal in the efficiency, 
performance, and life time, the impeller should be proved by 
its strength and resonance analysis.[1-3] Especially, the 
impeller can have a significant impact on the performance 
and flow rate in the centrifugal compressor.[4-6] Therefore, 
the resonance avoidance is most appropriate method for the 
impeller design. 

The general approach is resonance analysis with finite 
element model (FEM) for resonance avoidance of impeller. 

However, there are some geometry differences between FEM 
and manufactured model because of machining tolerance. [7-
8] 

The impeller blades have generally high aspect ratio 
with thin thickness and high height, and the shape has large 
three-dimensional curvature such as wave. Because of the 
geometrical features and manufacturing tolerance, the 
manufactured impeller cannot have exactly same blade shape 
and mass distribution on each other. 

The mistuned shape’s impeller gives different resonance 
frequency results between FEM analysis and ping test. The 
stable impeller blade design requires resonance avoidance 
with company’s required margin standard. However, if the 
manufactured impeller has mistuned shape, it cannot have 
required resonance margin.  

Nobody knows the mistuned shape can help gaining 
more margins or not. When the resonance margin is not that 
enough because of mistuned blades, unexpected vibrations 
may occur in the operating compressor. The unexpected 
vibrations might be one of the reasons that rotor systems’ 
failure, then the whole compressor system will not work 
anymore. 

The ping test should be performed to make sure how 
difference between the FEM analysis result and 
manufactured impeller with mistuned blades.[9-13] Based on 
the frequency results, the result data should be modified by 
mathematical correction. In the mathematical correction, the 
FEM analysis result and ping test result are compared with 
maximum peak points generally. However, if the maximum 
peak points which are found in FEM result and experiment 
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result are compared each other, it is hard to find its mistuning 
blade’s causes.  

In this study, the maximum frequency and blade band of 
each blade modes are divided by FEM analysis result and 
ping test result. Also, the mistuned blade phenomenon can be 
found by the ping test result. The deviations for each blade 
are obtained from mistuned blades. The FEM resonance 
analysis is repeated with changing stiffness of the blade and 
modified the blade shape like mistuned shape. The mistuning 
blade’s causes can be found and what the mistuned blades 
are. 

RESONANCE TEST FOR IMPELLER 
The impeller is manufactured by 17-4PH which is 

normally used in the centrifugal compressor, because it has a 
characteristic of being easy to have high mechanical strength 
and hardness through an aging process. Also 17-4PH has a 
good corrosion resistance and price is reasonable with 
comparing to other materials. Table 1 summarizes the 
chemical composition of 17-4PH used in this study. 

 
Table 1. Chemical Composition of the 17-4PH 

Element Unit STD Result 
C 

wt% 

Max. 07 0.5 
Si Max. 1.0 0.36 

Mn Max.1.0 0.02 
P Max.0.04 0.02 
S Max.0.03 0.001 
Ni 3.0 ~5.0 4.1 
Cr 15~17.0 15.61 
Cu 3.0~5.0 3.2 
Nb 0.15~0.45 0.28 

 
Fig. 1 (a) is a 3D model which is produced by CATIA 

V5, and Fig. 1 (b) is manufactured model which is machined 
by forging material. Briefly describe about the impeller, the 
impeller has 15 blades, outer diameter is 706mm, and final 
mass of the impeller is about 170 kg.  

The impeller ping test is performed by Laser Scanning 
Vibrometer (LSV) which is called Polytec PSV-400 in Fig 2. 

LSV is a device that measures the amplitude and 
frequency using the principle that the laser frequency 
reflected from a vibrating object is shifted from the natural 
frequency which is called the Doppler Effect.  

The advantage of this test equipment is that it can 
measure displacement and amplitude without attaching the 
sensor on the samples. Therefore, it is possible to reduce 
errors that may occur in the ping test depending on the 
sensor’s position, weight, and bonding method or condition.  

The ping test is repeated three times over the entire 
blades, and the results of the test are summarized by the 
mean value of the responses. 
 

 

(a) CATIA V5 Impeller Model 
 

 

(b) Manufactured Impeller 
Fig. 1 (a) CATIA V5 Impeller Model and (b) 

Manufactured Impeller 
 

 

Fig. 2 Laser Scanning Vibrometer (PSV-400) 
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RESULT 
 
1) Finite element method and ping test 
Fig. 3 shows the result of FEM analysis, numerical 

interpolation, and measurement which is ping test result. The 
ping test is repeated three times each of 15 blades. Then, the 
first to third blade modes and peak frequencies is selected 
based on the results. Fig. 3 shows the first to third blade 
modes from the results of the ping test.  

The ping test result’s peak frequency is interpolated by 
operating condition. The reason of why the ping test’s result 
is interpolated that the ping test is performed in different 
environment condition. The ping test could not proceed in 
operating condition, so the test results are interpolated 
considering by the operating temperature and the effect of 
RPM (spin softening).  

Fig. 4 shows the ping test results by each blade. For 
more detail review, the ping test results are separated by 
blade modes which are from first to third to observe that 
which blades are mistuned. Fig. 5 (a)~(c) shows from first to 
third blade modes. 

Figure 5 shows following: 
1. The maximum peak frequency and blade band of each 

blade 
2. Each blade has a different peak. It means there are 

mistuned blades. 
3. From the results of the test analysis, the blade and 

disk coupling mode is shown across the first to third blade 
modes. 

Based on the result of blade modes, the verification test 
of the frequency shift phenomenon is proved by repeated test 
because the phenomenon is simply an error during the ping 
test or not. The frequency shift phenomenon is not depending 
on the blade order and blade mode. Also, there is no trend by 
blade order and number of ping test. 

 
2) Blade mistuned phenomenon and root cause analysis 
The frequency deviation is obtained by first to third 

blade modes to find each blade’s mistuning phenomenon. 
The deviation is shown in Fig. 6. The FEM analysis results 
are assumed as tuned blades to determine the frequency 
deviation. The frequency deviation is more affected at 
second and third blade mode than first blade mode. The 
blade mode does not show a tendency by increasing blade 
order, and the deviation appears to be independent for each 
blade number. 

The frequency deviation is 0.14% which is about 1.5 Hz 
in the first blade mode, 1.26% which is about 22.0 Hz in the 
second blade mode, and 0.76% which is about 17.1 Hz in the 
third blade mode. The results are shown in Table 2. If the 
results are organized so far by each blade, number 1 to 3 and 
15 blades have greater frequency deviation than the other 
blades. It means that number 1 to 3 and 15 blades are greater 
mistuned state with frequency shift than the others. To find 
this kind of mistuned phenomenon, FEM analysis is 
simulated by changing blade geometry.  

 

Fig. 3 Results of FEM Analysis, Numerical 
Interpolation, and Measurement 

 

Fig. 4 Results of Resonance Experiment by Blade 
Number 

 

 

(a) 1st Blade Mode 
 

 

(b) 2nd Blade Mode 
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(c) 3rd Blade Mode 
Fig. 5 (a) ~ (c) Experimental Results of the Impeller 

Resonance by Blade Mode 

 

Fig. 6 Deviation of Peak Frequency by Blade Mode 
 
Table 2 Deviation of Peak Frequency by Blade Mode. 

Blade mode Dev. frequency(Hz) Dev. rate (%) 

1st  1.5 0.14 

2nd  22.0 1.26 

3rd  17.1 0.76 

 

Fig. 7 The Distribution of Effect Area for Blade Mode 
 

There is several ways to recognize the frequency change 
to modify of blade shape, so the following modifications are 
set. The area which is directly affecting the frequency change 
can be found by modal analysis. The area (A), (B), and (C) in 

Fig. 7 represent the parts that mainly affect the frequency 
change. 

From first to third blade modes are considered in this 
study because the modes are barely affected by disk mode. 
Therefore, three blade modes are chosen to investigate the 
effect of blade mistuning in this study. The blade geometry is 
set following to find the relationship between frequency 
change and blade geometry. The “+” range means increased 
frequency, and “-” range means decreased frequency.  

FEM analysis is carried out by changing the stiffness 
and mass at area (A) to (C) as already mentioned in Fig. 7 to 
verify the appearance of the frequency deviation. 

If the mass is increased or stiffness is reduced at area 
(A), the result is similar as first blade mode of Fig. 6. It 
means the blade number 1 to 3 and 15 are affected by “-” 
range in first blade mode deviation. Also, to get similar result 
as second blade mode deviation, the mass is increased at area 
(A) and (B) to change frequency to “-” range in the blade 
number 1 to 3. Furthermore, the blade number 15 is in “+” 
range if the stiffness is increased at area (C). At the same 
way, the deviation for third blade mode is shown as mass 
increasing area (A) that frequency is turned to “-“range of the 
blade number 1 to 3. When the area (C) becomes thick, 
blades 9 to 10 and 12 are tended to change in “+” range 
frequency. In case of blade number 15, the area (A) thickness 
is increased that frequency trend is changed to “-” due to the 
effect of mass increasing in third blade mode. The blade 
number 1 to 3 and 15 showed relatively low stiffness for area 
(A) compared to other blades by the FEM results. Also, the 
increasing thickness and mass is found to have the effect of 
reducing the stiffness.  

3) Resonance range 
The blade frequency range is defined by considered with 

blade mistuning phenomenon. The minimum & maximum 
frequency range which is considered by frequency shift is set 
up. Each blade mode’s maximum peak is taken as the 
reference frequency. The first and last peak frequency for 
each modes are subtracted from reference frequency. The 
differences are selected as band of blade. Based on the result, 
the frequency difference as following; first blade mode’s 
difference is 18Hz, second blade mode’s difference is 
129.4Hz, and third blade mode’s difference is 61Hz. If the 
result is represented by ratio, the first to third blade modes 
are 1.77%, 7.32%, and 2.71%.  

Two ranges are divided by tuned frequency for setting 
the blade band. The frequency differences are separated with 
two ranges which are based on the tuned frequency for use in 
setting the blade band. 

In the Table 3, the first blade mode has “-” range 
direction about 1.73% and “+” range about 0.04%. Also, the 
second blade mode has “-” range direction about 3.07% and 
“+” range about 4.25%. Finally, the third blade mode has “-” 
range direction about 1.38% and “+” range about 1.33%. 
Based on the results, the new frequency band can be set by 
each blade mode. The mistuned effect and tuned frequency 
are expressed simultaneously in Fig. 8. 

The tuned frequency from FEM analysis is displayed by 
black line. The extended blade band is indicated by red line 
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as first blade mode, blue line as second blade mode, and 
green line as third blade mode. Those are considered with 
blade mistuning effect.  

 
Table 3 Total Range of Resonance by Blade Mode Band 
Blade mode Range(-) Range(+) Total range 

1st 1.73% 0.04% 1.77% 

2nd 4.25% 3.07% 7.32% 
3rd 1.38% 1.33% 2.71% 

 

 

Fig. 8 Campbell Diagram with Modified Blade Band 
 

CONCLUSION 
This study investigated the mistuning phenomenon of 

blades for safe operating and stable impeller design in 
centrifugal compressor. The mistuned phenomenon is found 
through the ping test and the FEM analysis results. 

1) The deviations of each blade are obtained by 
comparing ping test with FEM analysis. Bases on these 
results, the blade mistuning phenomenon is found. 

2) The mistuning phenomenon is found by changing 
stiffness of blade area which is already mentioned before and 
by modified the blade shape. 

FEM analysis is performed to identify the cause of 
mistuning, and mistuning phenomenon is implemented 
through FEM analysis. The blade mistuning phenomenon in 
the impeller is confirmed by a numerical method and it make 
possible to set the resonance range considering the mistuning 
effect in the blade band for the impeller design. 
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