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Abstract:  In order to solve the problem of excessive vibration during the operation of the refrigeration unit 
in nuclear power plant, taking the double motor refrigeration unit in operation as the research object, we 
studied the effective measures to reduce the vibration and improve the stiffness of the double motors in the 
near resonance region. On the basis of theoretical calculation, the weaknesses of the equipment stiffness were 
reinforced and reconstructed, and the secondary analysis and calculation of the stiffness and seismic 
performance of the reformed refrigeration unit were carried out to determine the feasibility of the optimization 
scheme. Based on the analysis, we optimized the equipment. After that, there was a significant decrease in the 
vibration of the refrigeration unit. The vibration measurement results indicated that the vibration value of the 
unit has dropped to the qualified range, effectively avoiding the equipment damage caused by excessive 
vibration. We provided a complete set of analysis ideas for the research and solution of vibration problems of 
rotating equipment in nuclear power plant.  

1 Preface 

Problems such as high vibration, large fluctuation and 
bearing failure frequently occur in the refrigeration unit of 
chilled water system in electrical building of CPR1000 
Nuclear Power Plant during daily operation and 
commissioning. During the operation of the chiller, 
excessive vibration often occurs, giving rise to such 
threats as components wear, loose bolts and bearing 
supports, and fatigue damage of components, which will 
produce great safety risks. 

Modal analysis is a method to study the dynamic 
characteristics of structures, which is generally used in 
engineering vibration. Among them, mode represents the 
natural vibration characteristics of mechanical structure, 
and each mode has a specific natural frequency, damping 
ratio and mode shape [1]. Harmonic response analysis is 
applied to determining the steady-state response of a linear 
structure under sinusoidal (simple harmonic) load varying 
with time. During the analysis, only the stable forced 
vibration of the structure is calculated, and the transient 
vibration at the beginning of excitation is not considered. 
The purpose of harmonic response analysis is to calculate 
the response value (usually displacement) versus 
frequency curve of structure at several frequencies. In this 
analysis, the purpose of modal analysis and harmonic 
response analysis is to find out the resonance frequency of 
the equipment, and their calculation conclusions should be 
qualitatively corresponding 

The safety level of the cold water unit is RCC-M3, and 

the seismic category is class 1. The seismic grade of 
passive equipment such as evaporator, condenser and 
support frame belong to 1F; the seismic grade of active 
equipment such as compressor, motor and coupling of 
chiller is 1A [2]. In this paper, we analyze the anti-seismic 
performance of evaporator, condenser, oil separator and 
bracket, adopt RCC-M code C3300 to evaluate the stress 
of the equipment, which proves that the strength of the 
equipment meets the requirements of the code. 

2Modal analysis of refrigeration unit 

2.1 Computational modal analysis theory 

Modal analysis, as an analysis method, is widely used in 
the vibration engineering. The natural frequencies and 
modes obtained by modal analysis are the key parameters 
to analyze the vibration and dynamic characteristics of 
mechanical structures [3]. It also serves as the key basis for 
mechanical dynamic optimization, fault diagnosis and 
noise control, so modal analysis has a wide range of 
applications in practical engineering problems, and plays 
an irreplaceable important role [4,5]. 

The basic principle of computational modal analysis: 
firstly, establish the differential equations of motion of 
linear time invariant system, and then replace the physical 
coordinates in the equations with modal coordinates, so 
that the independent equations described by N modal 
coordinate parameters can be obtained. After that, we can 

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0

(http://creativecommons.org/licenses/by/4.0/). 

E3S Web of Conferences 257, 01080 (2021) https://doi.org/10.1051/e3sconf/202125701080
AESEE 2021



 

obtain the modal parameters of the system by solving the 
N equations by mathematical method. [6]. 

According to the theory of vibration analysis, the 
vibration differential equation of an N DOF linear system 
is: 

𝑀𝑋 𝑡 𝐶𝑋 𝑡 𝐾𝑋 𝑡 𝐹 𝑡                (1) 
Where, M represents the mass matrix of the system, K 

represents the stiffness matrix of the system, X (T) is the 
displacement response matrix of each point of the system, 
and F(t) is the excitation vector of the system. In general, 
equation (1) is a coupled system of equations. When there 
are more degrees of freedom in the system, it will be very 
complicated or even impossible to solve the equations.   

The actual structure can be regarded as undamped free 
vibration in many cases, and its motion differential 
equation can be simplified as: 

𝑀𝑋 𝑡 𝐾𝑋 𝑡 0                        (2) 
The solution of equation (2) is in the form: 
𝑥 𝑡 𝑋𝑠𝑖𝑛 𝜔𝑡 𝜓                        (3) 
Take equation (3) into equation (2): 
𝐾 𝜔 𝑀 𝑋 0                          (4) 

When the system is in the state of free vibration, the 
amplitude response of each node in the structure is not all 
zero, so equation (4) must have a non-zero solution, so: 

|𝐾 𝜔 𝑀| 0                            (5) 
After solving equation (5), we can get N 

eigenvalues 𝜔 𝑟 1,2, … 𝑁  , then arrange 𝜔   from 
small to large, we can obtain that 𝜔 𝜔 ⋯ 𝜔
𝜔 . The value of  𝜔  represents the natural frequency of 
the stage i, and the eigenvector 𝑈  corresponding to the 
eigenvalue 𝜔  is the mode shape of stage i in the system.  

2.2 Establishment of modal analysis model 

2.2.1 Geometric configuration 

The water chiller is mainly composed of condenser, 
evaporator, oil separation tank, compressor, motor, 
coupling, control cabinet and other components.  

2.2.2 Finite element model 

The external structure is mainly simulated by unit 
SOLSH190, and the geometric discontinuous area is 
mainly simulated by unit SOLD185 element. The finite 
element model is shown in figure1. 

2.2.3 Model loads and boundary conditions 

According to the analysis requirements, the loads to be 
considered in the strength analysis of water chillers 
include: dead weight, pressure, design temperature, 
seismic load and other loads. The equipment is installed 
on the base through bolts, and the displacement is imposed 
on the bolt to constrain the displacement in X, y and Z 
directions, and the vertical constraint has to be put on the 
contact surface between the equipment support floor and 
the base.  

 

Figure 1 Overall finite element model 

2.3 Modal analysis 

The modal analysis of the chiller is carried out, and a total 
of 20 modes are calculated. This analysis mainly focuses 
on the resonance of the equipment caused by the motor. 
The modal analysis centers on the modal conditions of the 
components related to the oil separation tank. The modal 
conditions related to the oil separation tank and its 
components are shown in figure 2 to figure 3 

 

Figure 2 the first-order mode 
 

 

Figure 3 the nineteenth-order mode 

2.4 Modal analysis verification 

According to the modal analysis results of simulation 
calculation, the lower order modes are mainly 
concentrated in the oil separation tank, compressor, motor 
and unit support parts. Therefore, the modal measurement 
points are mainly set in the above areas. After the modal 
test, the natural frequency of the equipment is measured, 
and the experimental results are shown in table 1. By 
comparing the analysis results with the experimental 
results, we can see that they are basically the same. The 
field knocking test MBND-1 corresponds to the first mode 
of modal analysis, the experimental data of MBND-2 
corresponds to the fifth mode, and the experimental data 
of MBND-3 corresponds to the third mode. 
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Table 1 Knocking test results 

Equipment MBND-1 MBND-2 MBND-1 
MBND-

2 
MBND-

3 

Refrigerator 
motor 1 32.8Hz 116.9Hz 33.1Hz 146.8Hz 68.8Hz 

Refrigerator 
motor 2 32.5Hz 117Hz 34.4Hz 93.8Hz 68.1Hz 

Refrigerator 
motor 3  35.7Hz 125.7Hz 35.8Hz 148.7Hz  

Refrigerator 
motor 4  33.2Hz 123.1Hz 33.1Hz 146.8Hz  

3 Harmonic response analysis 

3.1 Load application 

The load generated by motor, compressor and other 
rotating equipment is usually sinusoidal (simple harmonic) 
with time. In order to find out the resonance frequency 
band of the water chiller and analyze the influence of 
simple harmonic vibration on the equipment, the harmonic 
response of the equipment is also analyzed. Unit loads 
(1000N) in X, Y and Z directions are applied to the center 
of the four bolt holes of the motor.  

3.2 Analysis of harmonic response results 

The working frequency of the motor is about 50Hz (30Hz 
to 70Hz). After analyzing the harmonic response of the 
chiller ranges from 0Hz to 120Hz, we can extract the 
displacement response results of the motor mounting 
support, as shown in figure 3-1 to figure 3-3. 

3.3 Harmonic response analysis results 

The possible causes of vibration of diagnostic equipment 
can be seen from figure 3-2 to figure 3-4: 

(1) The results of harmonic response analysis are 
basically consistent with those of spectrum analysis, and 
the maximum frequency band of harmonic response is 
located in the corresponding frequency band of each mode 
of the equipment.  

(2) When the harmonic load of 1000N is added to the 
direction X, the displacement response of the motor base 
(36HzX) reaches the maximum value of 0.56 mm. 

(3) When the harmonic load of 1000N is applied in 
direction Y, the displacement response of motor base has 
a peak at 36Hz, and the response displacement is 0.004 
mm. When the harmonic load reaches 100Hz, the response 
displacement increases gradually. 

(4) When the harmonic load of 1000N is applied in 
direction Z, the displacement response of motor base 
(48Hz) reaches 0.03 mm. 

(5) Under the same load, direction X shows the largest 
response displacement, which indicates that the overall 
stiffness of the equipment in direction X is the smallest, 
followed by direction Z, and the largest one is in direction 
Y. 

4 Equipment stiffness analysis 

According to the harmonic response analysis in Chapter 3, 
the overall stiffness of the equipment in direction X is 
small, while the displacement response is large. Now the 
overall stiffness of the equipment is analyzed 
quantitatively. The static load of 1000N in directions X, Y 
and Z is applied to the center of the four bolt holes of the 
motor.  

4.1 Deformation results 

After calculating the overall deformation of the equipment, 
we can extract the deformation results of the motor base 
in the direction of load, as shown in figure 4 to Figure 6. 

 

Figure 4 X-direction deformation 
 

 

Figure5 Y-direction deformation 
 

 

Figure 6 Z-direction deformation 

4.2 Stiffness calculation 

The calculation of the stiffness of equipment in each 
direction, as shown in table 2. 

Figure 2 The stiffness of equipment 

Direction 
Load 
(N) 

Maximum displacement 
(mm) 

Stiffness 
(KN/mm) 
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X 1000 0.016 62.50  

Y 1000 0.003 333.33  

Z 1000 0.004 250.00  

 
According to the results of stiffness analysis, the 

stiffness in direction X is the smallest, which is consistent 
with the harmonic response analysis. Therefore, it is 
necessary to reinforce the equipment in direction X. 

5 Improvement scheme and analysis 

According to the modal analysis, harmonic response 
analysis and stiffness analysis of the equipment, the 
transverse fundamental frequency of the equipment is 
about 35Hz, which is close to the working frequency of 
the motor, and there is a risk of resonance. And the whole 
equipment reaches about 62 KN/ mm in the transverse 
direction, carries low stiffness and large deformation 
under the transverse load; the longitudinal fundamental 
frequency of the equipment is 48Hz, which is very close 
to the working frequency, causing great risk of resonance.  

Based on the experiment and the installation space of 
the equipment, the following modifications are 
recommended, as shown in figure 7 represents the 
condition after another meshing.  

 

Figure7 Improved finite element model 

5.1 Modal analysis after transformation 

The modal analysis of the improved chiller shows that the 
first natural frequency is about 39Hz, the second one 62Hz, 
the third one 72Hz, the fourth one88Hz, the fifth one 
123Hz. The overall stiffness of the equipment has been 
improved, and the lateral stiffness of the equipment has 
remarkable enhancement.  

5.2 Harmonic response analysis after 
transformation 

We analyze the harmonic response of the chiller in the 
range of 0Hz to 120Hz. After applying the same load as 
before, the harmonic response analysis results are 
basically consistent with the spectrum analysis results. 
The maximum frequency band of displacement response 
is located in the corresponding frequency band of each 
order mode of the equipment. The maximum response 
displacement in all directions has reduced to a certain 

extent, and the maximum response displacement of the 
transverse (direction X) of the equipment at the 
fundamental frequency is reduced from 0.56 mm to 0.056 
mm before the transformation, which is decreased by 90%, 
and shows the largest reduction. It can be qualitatively 
judged that the transformation is effective for the vibration 
reduction of the equipment.  

5.3. Stiffness analysis of the transformed 
equipment 

The same static load is applied at the center of the four bolt 
holes of the motor installation as before. Before 
transformation, the transverse (direction X) stiffness of the 
equipment stays at 62.5 KN/ mm, increased by 23%; the 
vertical (direction Y) stiffness is 333.33 KN/ mm, 
increased by 54%; the longitudinal (direction Z) stiffness 
stays at 250KN/ mm before the transformation, and the 
stiffness increased by 29%. After the transformation, the 
stiffness has been significantly enhanced. Because of the 
addition of four vertical supports on one side, the vertical 
increase represents the most evident one.  

5.4 Seismic analysis of equipment after 
transformation 

According to the spectrum analysis, the fundamental 
frequency of the equipment is 39Hz, which is basically the 
same as the cut-off frequency of the floor response 
spectrum. And adopting the 1.5 times of zero period 
acceleration for seismic analysis. According to the 
numerical simulation, the maximum stress of the 
equipment is mainly concentrated in the nozzle, corner, 
reinforcement and other positions. This position belongs 
to the geometric discontinuity area, which is mainly 
manifested as the peak stress. After removing the 
discontinuity area within the scope of √𝑅 𝑡 , the 
evaluation results of each component are shown in table 3.  

Table 3 Stress intensity assessment 

Equipm
ent 

Compon
ent 

Evaluation 
criteria 

Stress 
type 

Calculated 
value 
(MPa) 

Evaluation 
limits 
(MPa) 

Stress 
ratio 

evaporat
or 

tanker 

class O 
criteria 

σm 69.99 127.5 0.55  

σm+σb 91.51 191.25 0.48  

sealing 
head 

σm 70.94 127.5 0.56  

σm+σb 77.23 191.25 0.40  

flange 
σm 80.40  127.5 0.63  

σm+σb 83.44 191.25 0.44  

supporti
ng part 

σm 46.27 92.25 0.50  

σm+σb 55.08 138.38 0.40  

condens
er 

tanker class O 
criteria 

σm 51.65 127.5 0.41  

σm+σb 87.34 191.25 0.46  

sealing σm 48.67 127.5 0.38  
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head σm+σb 56.05 191.25 0.29  

flange 
σm 27.22 127.5 0.21  

σm+σb 27.49 191.25 0.14  

supporti
ng part 

σm 23.15 92.25 0.25  

σm+σb 28.46 138.38 0.21  

oil 
separati
on tank 

tanker 

class O 
criteria 

σm 109.26  127.50  0.86  

σm+σb 167.76  191.25  0.88  

sealing 
head 

σm 53.83  127.50  0.42  

σm+σb 59.99  191.25  0.31  

supporti
ng part 

σm 83.71  92.25  0.91  

σm+σb 97.71  138.38  0.71  

6 Optimization results and analysis 

According to the analysis, the overall transverse and 
longitudinal stiffness of the chiller is relatively low. There 
is a resonance risk in the range of the operating frequency 
of the basic frequency displacement motor (30Hz to 70Hz) 
of the two directions. We should select the unit with high 
vibration in operation and strengthen the equipment 
foundation for the weak points. 

After the improvement, the vibration test of the 
equipment is carried out, and the test results are shown in 
Table 4. 

Table 4 Vibration test comparison of refrigeration unit before 
and after transformation 

Equipm
ent 

Measurem
ent 

MBN
D-1 

MBN
D-2 

MB
D-1 

MB
D-2 

MB
D-3 

motor 1 
of 

refrigera
tor 

before 
transforma

tion 

2.94 3.22 3.06 0.93 3.96 

after 
transforma

tion 

2.04 1.25 2.17 0.74 0.75 

vibratio
n 

standard 

alarm value: 4.5 mm/s; shutdown value: 7.1 mm/s 

 
The test results show that the improved scheme has 

obvious improvement effect on the vibration of the 
equipment. 

7 Conclusion 

In this paper, through modal analysis, harmonic response 
analysis, stiffness analysis and strength analysis of chillers, 
a complete analysis process of vibration analysis and 

scheme formulation of chillers in nuclear power plant was 
established. ANSYS Workbench software was used to 
simulate the frequency of the equipment under different 
modal orders, calculate and analyze the harmonic 
response and stiffness weak points of the equipment, and 
study the stress of the equipment under different loads. In 
the process of theoretical calculation, we added the 
knocking test of equipment fixed frequency analysis to 
accurately verify the validity of the model. According to 
the results of stiffness calculation, the weak points of the 
equipment were precisely found out, and then the 
foundation reinforcement measures were carried out based 
on the position. Finally, we calculated and analyzed the 
effectiveness of the reinforcement measures in enhancing 
the stiffness. In addition, the seismic analysis and 
evaluation of the equipment were carried out again, and 
the seismic grade of the equipment was not reduced due to 
the optimization scheme. The scheme was convenient for 
efficient, accurate and economic evaluation of vibration 
problems of similar rotating equipment in power plant, 
and provided accurate reference and complete analysis 
system for equipment vibration improvement scheme. The 
modal analysis method can be used to evaluate the 
vibration problems caused by the operation of similar 
units in the nuclear power plant.   
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