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Abstract: High-pressure air compressor is one of the most important pieces of equipment for ships,
which is one of the main sources of vibration on board. There are a lot of welded plate structures in
the installation base of the compressor, which have weak stiffness and low damping and are prone
to vibration radiation due to excitation. In this paper, a section of the base is taken as the test object.
Through the analysis of the working principle, the vibration characteristics of the air compressor and
the corresponding transmission path are mastered. In addition, it is tested and screened by filling
different kinds of damping materials. Finally, it is concluded that the super-damping rubber has
a better damping effect on the specimen of the base. According to the vibration characteristics of
the plate structure, the sandwich structure, which is fixed by a restraint layer with super-damping
rubber, is bonded to the plate. When the base is excited, the restraint layer moves in relative slippage,
and the damping rubber can consume part of the vibration energy so that the vibration of the plate
structure is reduced. Moreover, the technology has the characteristics of small additional mass and
a good damping effect. It has been proved that the feet acceleration is reduced by 6 dB or above
through experiments.

Keywords: high-pressure air compressor; vibration reduction technology; welded plate structure;
super damping rubber

1. Introduction

With the continuous development of China’s shipping industry, the performance
requirements of equipment are increasing day by day [1]. Noise and vibration are one of
the most important indexes to evaluate the safety and reliability of equipment. A high-
pressure air compressor is one of the main sources of vibration in the equipment on board.
In the working process of an air compressor, there is an unbalanced reciprocating inertia
force and reciprocating inertia moment, which leads to greater vibration [2]. There are strict
vibration requirements for the connection between the compressor and the hull. At the
same time, there is also a strict limit on the total weight of the compressor. In this way, the
vibration cannot be reduced by increasing the stable foundation of the base. The welded
plate structure is mostly used in the installation base of the compressor, which mainly plays
the role of load-bearing. It serves as one of the routes for vibration to be transmitted out of
the ship.

Because of its lightweight, simple structure, excellent heat dissipation, and other
characteristics, plate structure has a lot of applications in equipment on board. However,
due to its low damping structure characteristics, it is easy to become the main path of noise
and vibration radiation [3]. Thus, the stability and safety of the equipment are adversely
affected. At present, there is no appropriate method to reduce the vibration of this kind of
plate structure, so it is urgent to find a new vibration-reduction technology.
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2. Analysis of Vibration Principle of Air Compressor
2.1. Vibration Source of Air Compressor

In this paper, a high-pressure air compressor is a reciprocating motion. The working
principle of the compressor is that the motor drives the crankshaft to rotate through the
coupling. The crankshaft is equipped with two connecting rods to drive the reciprocating
movement of two pistons, respectively. So, the gas is compressed step by step. The mechan-
ical energy of rotation is converted into the pressure energy of air. Due to the periodicity
of suction and exhaust, the body of the compressor bears the effect of periodic alternating
loads [4]. It is the main incentive to induce the vibration of the compressor. Strong vibration
brings serious harm to the unit, causing fatigue damage to the structure and accessories. In
particular, the connection parts with other parts are easy to loosen and break, which makes
the parts damaged prematurely, such as the valve plate of the compressor.

Electromagnetic vibration mainly presents as high-frequency amplitude caused by
the motor. On the one hand, these electromagnetic forces produce torque to rotate the
motor. On the other hand, they could cause deformation of the stator and vibration of
the rotor. This type of noise and vibration is a parasitic effect of the motor. Furthermore,
if the motor is rotated, the generated torque will bring related electromagnetic noise and
vibration, which is closely related to the electromagnetic parameters and control mode of
the motor. In addition, machining errors of the rotor cause mechanical unbalance, including
static and dynamic unbalance. It would generate more components in high-frequency
response functions.

2.2. Vibration Transfer Path of Air Compressor

Figure 1 shows the three-dimensional diagram of air compressor. In the operating
condition of the air compressor, the vibration is inevitably transmitted to the hull through
the base structure. Therefore, it is necessary to conduct the vibration test or theoretical
analysis of the base to determine the vibration transfer path so as to achieve the goal of
vibration reduction of the compressor. Based on the results of the spectrum analysis of the
measured data, it can be concluded that there are two transfer paths in the compressor to
the base structure, which are as follows:

1. The transfer path of mechanical vibration caused by reciprocating inertia force and the
unbalanced moment, which is: shaft—connecting rod—piston—body—support—base
structure;

2. The transfer path of electromagnetic vibration led by the air compressor, which is:
motor—support—base structure.

Figure 1. Three-dimensional diagram of air compressor.

3. Analysis of the Vibration Reduction Principle Based on Composite Damping Base
3.1. Application Research Status of Constrained Damping

Constrained damping is composed of the viscoelastic damping layer and the con-
strained layer, which can be pasted on different structures. In order to reduce the structural
vibration response, the phase difference between the internal stress and strain of such a
viscoelastic damping material is often considered to dissipate the structural energy be-
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cause such a damping material undergoes periodic shear deformation when it comes to
vibration energy.

The study of damping material or structure can be traced back to 1959. Kerwin used
the complex bending stiffness method to carry out the theoretical analysis and prediction
of sandwich beam structures [5]. On this basis, Kerwin et al. carried out the relevant
research on the damping principle of constrained damping material [6]. A simple the-
ory for calculating the loss factor is put forward, which lays a foundation for scholars
to study different damping structures. Based on Kerwin’s work, Ditaranto and Mead
studied the motion law of constrained damping structures under arbitrary boundary con-
ditions [7,8]. Considering the tensile deformation of the damping material, the sixth-order
partial differential equation of the transverse displacement of the sandwich beam is pro-
posed. Douglas and Yang studied the deformation of passive and semi-active constrained
damping beams [9]. They pointed out that the shear deformation energy dissipation of the
damping layer accounts for a large proportion of the total energy dissipation. Since then,
most theories about constrained damping material or structure have been developed based
on the above literature.

3.2. Vibration Reduction Principle of Composite Damping Base

According to the different composite ways of damping material and matrix, there
are usually two forms of damping arrangement for plate structure [10]. One is the free-
damping layer arrangement. The other is the constrained damping layer arrangement. If
the free damping layer is selected, the damping layer will fall off after a long time of use.
Moreover, it is not easy to maintain and other problems. Therefore, as shown in Figure 2,
the constrained damping layer layout in this project is chosen. According to the vibration
characteristics of the plate structure, the damping material is stuck on the plate, and the
metal sheet constraint layer is used to fasten it. When the plate vibrates, the restraint layer
produces relative sliding motion, and the super-damping rubber can consume a lot of
vibration energy [11]. Thus, the vibration of the plate structure can be reduced.

Constraint layer
N

aimdnns joaoeprisay)’

Damping layer

Figure 2. Schematic diagram of different layers of composite damping base.

According to relevant literature, the governing differential equation of structural vibra-
tion of composite damping base under external excitation can be obtained as follows [12]:
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Among them, u and v are the displacements in the horizontal plane, w is bending
vibration displacement, E is the composite Young’s modulus of composite damping base,
Ey is young’s modulus, 7 is the loss factor, pp is the density, v is Poisson’s ratio, t is the mass
density per unit area of composite damping base, p; and p; are the material densities of the
constraint and damping layers, G is the complex shear modulus, Gy is the shear modulus,
B is the loss factor, D; is the bending stiffness, V2 and V* are the Laplace operator, and Q;
is the external excitation force. The vibration transmissibility can be obtained by applying
the numerical method to solve Equations (1)—(4). As a result, the appropriate parameters of
constraint damping structure can be obtained.

Subsequently, the vibration equation of the composite damping base studied subjected
to base excitation load when it is treated as a single-degree-of-freedom system can be

defined as [13]:
2
dx n C(dx dy

(G - ) k- =0 ®

y = Ysin(wt) (6)

m

In Equations (5) and (6), m is the mass of the overall structure of the system; C is
the damping, k is the spring stiffness, y is the base excitation load, and Y is the excitation
amplitude of y.

The solution of such a structure can be assumed with x = Bsin(wt — «). Here, B is
system amplitude, which has the following expression:

Y+/1+4D?y?
VA=) + 4D

In Formula (7), D is the damping ratio. If # = 1, the system reaches to resonate state.
At this time, the damping ratio is D # 0. Then, B can be obtained as:

2
B YV 12—[}—)4D (®)

B =

@)

As D becomes large, p will be decreased, and the system amplitude B will also be
reduced. In practical engineering, the damping ratio of steel is D = 0.002, B = 250. And
the damping ratio of steel structure system D = 0.01~0.02, = 25~50. In the absence of
external damping, it can be found that the resonance amplitude caused by the excitation of
the vibration source is very large.

4. Influence of Different Materials on Vibration of Composite Damping Base

The different damping material was added to the same part for dynamic testing
respectively. No damping material is added to sample 1, EPDM (Ethylene-Propylene-Diene
Monomer) is added to sample 2, IIR (Isobutylene Isoprene Rubber) is added to sample 3,
and super damping rubber is added to sample 4. Figure 3 gives the test site diagram of the
components of the composite damping base using the shaker table. The effects of filling
different damping materials were tested on natural frequency, dynamic response, damping
performance and dynamic transfer rate of such a base structure. The damping capacity of
the structure after filling the material is evaluated objectively. It should be noted that the
influence of the operation mode of the compressor, the thermodynamic and gas dynamics
on the vibration properties of the composite damping base is neglected.
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Figure 3. Test site diagram of the components of composite damping base using the shaker table.

4.1. Test Method

(1) Preliminary test of the natural frequency of specimens based on the hammer method

Firstly, the modal test of base parts filled with different damping materials is carried
out by the hammer method. Pulse excitation is applied to the test point by force hammer,
and a vibration response signal is obtained by the acceleration sensor. The peak of FRF (fre-
quency response function) can be obtained by identification. Each order natural frequency
of the component is preliminarily identified.

(2) Measurement of natural frequency and loss factor coefficient of specimens based on
the method of the sinusoidal frequency sweep

The natural frequencies are obtained by the hammering method. Moreover, sinusoidal
frequency sweep test is carried out near each order’s natural frequency. After setting
the frequency sweep rate, the shaker is used to carry out the frequency sweep test under
excitation. After obtaining the three-dimensional waterfall diagram of the response data,
the natural frequencies and loss factor coefficients of the samples with different filling
materials are accurately obtained by using the peak value method and the half-power
bandwidth method.

(3) Dynamic response test of the specimen under resonant excitation

The accurate natural frequencies of each order are obtained according to the frequency
sweep mode. Moreover, the shaker is used to excitability each natural frequency at a certain
amplitude so that the specimen reaches the resonance state of natural frequency. After the
vibration is stabilized, the response data of the specimen in a resonant state are recorded
and extracted.

(4) Dynamic response test of the specimen under random excitation

According to the given acceleration power spectrum of random excitation, the FRF
curve of the specimen is obtained by the shaker table test. The damping performance of
samples filled with different damping materials is evaluated by comparison.

4.2. Test Process

For the basic specimens filled with different damping materials, the following test
procedures are carried out. In this way, the natural frequency, dynamic response, loss
coefficient, and other parameters are obtained.

(1) According to experimental requirements, the specimen is installed, and measuring
points are arranged.

The base parts are fixed on the shaker table, the specimen is clamped, and the measur-
ing points are arranged.
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(2) The specimen is tested by hammer method.

When conducting a modal hammer test, the key test parameters are set as follows: (1)
Sampling frequency: 6400 Hz; (2) Frequency resolution: 0.25 Hz; (3) Window function: the
exponential window of force.

(38) Sweep frequency test is carried out on the specimen.

Based on the modal test results of the hammer method, the first three natural frequen-
cies are obtained. The shaker is used by the frequency sweep method of excitation. Set the
following parameters at the beginning of the test: (1) Frequency range: 15~1000 Hz; (2)
Frequency resolution: 0.1 Hz; (3) Window function: Hanning window; (4) Basic incentive
range: 1g; (5) Sweep speed: 1 Hz/s.

(4) Constant frequency test is carried out on the specimen.

The first three natural frequencies are selected as fixed excitation frequencies. Under
the excitation amplitude of 1g and 3g, the specimens reached the first three order resonance
states, respectively. After the structure reaches a steady state, the response data is collected.
Moreover, the response test time is set to 30 s.

(5) Random excitation test is carried out on the specimen.

Random excitation is carried out by a given power spectral density of acceleration.
Random excitation test is carried out by shaker table. The response curve of the specimen
is obtained in the frequency domain.

4.3. Test Results

(1) Natural frequency of specimen obtained from modal test by hammering method

The frequency sweep experiments of undamped materials, EPDM, IIR, and super-
damping rubber were carried out. The first three order natural frequencies and loss factor
coefficients of specimens can be identified and recorded in Table 1.

Table 1. The first three order natural frequencies and loss factor coefficients of four type specimens.

Frequency (Hz) Loss Factor
Damping Materials
1st 2nd 3rd 1st 2nd 3rd
Sample 1 276 384 871 0.011 0.029 0.012
Sample 2 236 338 786 0.021 0.054 0.023
Sample 3 234 338 740 0.024 0.060 0.022
Sample 4 224 332 746 0.054 0.068 0.024

(2) Test results of the dynamic response of specimen under resonant excitation

The response results of the first three orders of the specimen under the excitation
amplitude of 1g and 3g are shown in Table 2. Moreover, the vibration isolation effect is
shown in Table 3.

Table 2. First three order resonance responses of specimens under different excitation amplitudes.

1g (dB) 3g (dB)
Damping Materials
1st 2nd 3rd 1st 2nd 3rd
Sample 1 14.87 13.73 2.14 21.44 18.55 11.41
Sample 2 10.29 8.63 1.44 18.93 13.33 9.94
Sample 3 6.53 8.56 6.94 19.23 15.03 11.91

Sample 4 571 1.59 7.98 17.18 10.73 341
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Table 3. First three orders of vibration isolation of specimens under different excitation amplitudes.

1g (dB) 3g (dB)
Damping Materials
st 2nd 3rd 1st 2nd 3rd
Sample 1 - - - - - -
Sample 2 4.58 5.10 0.70 2.51 522 1.47
Sample 3 8.34 5.17 9.08 2.21 3.52 6.5
Sample 4 9.16 12.14 10.12 426 7.82 8.00

(3) The shaker table is used to test the dynamic response of four types of specimens with
different damping materials under random excitation.

The vibration response spectrum obtained by random excitation is shown in Figure 4.
Under random excitation, the response results of the first three peaks are identified for the
four specimens, as shown in Table 4.

Undamped material

s |IR

e SUper damping

Amplitude (g*Hz)

100 200 300 400 500 600 700 800 900 1000
Frequency/Hz

Figure 4. Frequency domain responses of four specimens under random excitation.

Table 4. Results of the peak responses under random excitation.

Peak (Hz) Response (g2/Hz)
Damping Materials
1st 2nd 3rd 1st 2nd 3rd
Sample 1 374 465 805 0.33 0.47 0.65
Sample 2 227 438 799 0.04 0.34 0.22
Sample 3 286 523 709 0.06 0.43 0.18
Sample 4 226 504 724 0.05 0.27 0.05

4.4. Comparison of Different Damping Materials in Composite Damping Base

(1) The test results of different specimens are compared and sorted according to the
loss factor coefficients. The loss factor coefficient of the specimen filled with supper
damping rubber is the highest. IIR is next, and EPDM is poor.

(2) Through comparative analysis of resonance response test results of specimens filled
with different damping materials, the following conclusions can be drawn. The
specimen filled with supper damping rubber has a better vibration suppression effect.

(3) By analyzing the response data of the first three peaks of the four specimens un-
der random excitation, the following conclusions can be drawn. In most cases, the
specimen filled with supper damping rubber has the best damping effect.

5. Vibration Reduction Mechanism of Super Damping Rubber

The method of vibration reduction here is to use super damping rubber to absorb the
vibration energy of the composite damping base of the air compressor because the super
damping element in this damping rubber has larger side chain groups in its molecular
formula. The frictional resistance is generated between them as chain macromolecules
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moving. Therefore, the deformation will change more slowly than the external stress when
the super damping element is subjected to external vibration. The deformation lags the
strain. This kind of lag is obvious at certain temperatures and frequencies.

The super damping element has a good damping effect. Because viscoelastic materials
convert vibrational energy into thermal energy consumption. The damping principle is
related to the mechanical relaxation of materials. The polymer material has the characteris-
tics of high molecular weight, long molecular chain, easy to curl, and intertwining with
each other. When it stretches, the external force does work on the viscous material. One
part is used to change the conformation of the molecular segment. The other part is used to
overcome the friction of the moving segment. When it retracts, the chain of molecules that
stretches out before curls up. The system does work outward, and the molecular chain still
must overcome frictional resistance as it curls.

Super damping unit is the product of copolymer modification which mixed isobutene
and a small amount of isoprene. Its basic structure is shown in Figures 5 and 6.

e T s
—(—‘c— CHgl{CHz C=CH—CH) C-CHay
CH, CH,

Figure 5. The basic structural formula of the super damping element.

| Relative
——| motion

Figure 6. Molecular and relative motion models of the super damping element.

The molecular chain structure of super damped element contains many methyl groups.
The steric hindrance effect of these methyl groups makes their molecular chain segments
have great elastic hysteresis, energy dissipation, and damping effects. Macroscopic perfor-
mance is high damping. Its advantages are as follows:

1.  The molecular chain structure is close. And the air tightness is very good;

2. The unsaturated degree is very low, and the structure is stable. It has good heat
resistance and aging resistance;

3. Itisdifficult to crystallize at low temperatures, so the cold resistance is very good.

The lateral wall of the base body with composite damping element could attenuate
the transmitted vibration rapidly. It could reduce the influence of unbalanced reciprocating
inertia force and reciprocating inertia moment on the base during the operation of the
air compressor. This method can effectively reduce the vibration transmission of the air
compressor to the installed foundation. Meanwhile, the service life of vulnerable parts of
the air compressor is prolonged, and the reliability is improved.

Compared with the existing technology, the new composite damping base can quickly
attenuate the vibration effect during the operation of the air compressor. The main advan-
tages are very light additional mass, simple structure, and easy installation. This method
will be widely used in the field of noise and vibration reduction of the air compressor.

In order to reduce the vibration of the base, supper damping is added in the engi-
neering to increase the damping ratio D of the system. Supper damping is mainly used
in thin-walled structures, which can greatly improve the damping of the whole structure.
Moreover, the vibration waveform attenuation does not oscillate. There is no delay in
response to vibration in all degrees of freedom, which can reduce vibration in all directions.
This method does not need to change the original base structure, so the construction time is
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reduced. The vibration energy of the base body is converted into the heat dissipation of the
damping patch. Figure 7 shows the structure diagram of composite damping base.

A-A(Local Zoom)

Composite
mping material

mping mat

Figure 7. Structure diagram of composite damping base.

6. Harmonic Response Analysis and Vibration Test Verification
6.1. Comparison and Analysis of Harmonic Response of Composite Damping Base

Harmonic response analysis is used for the steady-state response that a structure is
subjected to a sinusoidal variation of load over time.

In the process of analysis, the steady-state forced vibration of the structure is calculated
without considering the transient vibration at the beginning of excitation [14]. The purpose
of harmonic response analysis is to obtain a curve of response value relative to frequency. It
can predict the dynamic characteristics of the structure and verify whether the design can
overcome resonance, fatigue, and other harmful effects caused by forced vibration [15,16].

The input of harmonic response analysis is as follows.

e Harmonic loads of magnitude and frequency such as force, pressure, or forced dis-
placement;
e  Multiple loads at the same frequency may be in one phase or in different phases.

The output of harmonic response analysis is as follows.

e  The harmonic displacement on each degree of freedom is usually in a different phase
from the applied load;
e  Various other derived quantities, such as stress and strain, etc.

A reciprocating air compressor is a mechanical device composed of a crank connecting
rod mechanism. The role of the periodic alternating load is the main excitation to induce the
vibration of the air compressor unit. Therefore, the base body is mainly subjected to cyclic
alternating loads. The harmonic response analysis can accurately simulate the vibration
response of the base under actual working conditions. Points 1-4 in Figure 2 are response
output monitoring points. Moreover, the response of force transfer (Z direction) is shown

(=]

in Figure 8.
30_..... ............................... PRIt L L L L
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Figure 8. Frequency response at feet of the base.
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The Z-direction frequency response of monitoring points on the base before and
after improvement is compared and analyzed. It shows that the vibration response of the
improved base body is significantly lower than that of the original base body under the
same load and constraint conditions in Figure 9. Therefore, the improvement scheme is

effective.
Comparison of responses at point 1 Comparison of responses at point 2 o Comparison of responses at point 3 o Comparison of responses at point 4
7 4 8 1 ;
—— Before improvement i n i —— Before improvement [ ——s8eforeimprovement ; 1 ) — Before mpravement
6[{=== Afterimprovement ; 35y g i | === afterimprovement 071 === atter | £ men
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Figure 9. Comparison of frequency response at monitoring points of the base after improvement.

6.2. Vibration Test Verification

In order to verify the feasibility of the improvement scheme of the base, the vibration
test of the air compressor before and after the improvement was carried out. The accelera-
tion level of environmental vibration on the feet of the unit is less than 10 dB compared
with the measured value of the working condition. Moreover, the data of the vibration test
need not be modified.

e  The measurement results of the acceleration level of the initial base feet are shown in
Figure 10. The average vibration acceleration level is 137.3 dB;

Autospectrum(Signal 4) - Input (Real) \ FFT | cursor values
[d8/1um/s? ] ] X: 5.896k Hz
160 : Y: 80.038 d&/1u m/s*
1404 : Delta Cursor

Start: 6.000 Hz

Stop: 10.002k Hz

Center: 5.004k Hz

! Width: 9.996k Hz

80+ Delta: 137.347 d8f1u m/s’
Total: 137.347 d8/1u m/s*

601 | = ‘-'.%,-.'mm ” ; “ Delta/Total: ~17.56%u d8
1

40 T T T T
0 2k 4k 6k 8k 10k 12k

120
100

Figure 10. Vibration acceleration level of feet in the initial state.

e  The measurement results of the acceleration level of the improved base are shown in
Figure 11. The average vibration acceleration level is 130.4 dB.

Autospectrum(Signal 5) - Input (Real) \ FFT | Cursor values
[d8/lum/s? ] ) X: 1.922k Hz
Y: 81.735 dB/1u m/s’
1204 Delta Cursor
Start: 9.000 Hz
Stop: 10.001k Hz
A Center: 5.005k Hz
Width: 9.992k Hz
s0d Delta: 130,442 dB/1u m/s’
Total: 130.477 dB/1u m/s’
Delta/Total: -34.502m dB
604
0 2k 4k 6k 8k 10k 12k
[Hz]

Figure 11. Vibration acceleration level of feet on improved base.

According to the design requirements of the air compressor unit, the overall vibration
acceleration level of the improved base is lower than 131 dB, which meets the design
requirements of the air compressor. Therefore, the improvement scheme is effective.
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7. Conclusions

In this paper, the feasibility of applying the composite damping base is proven to
reduce the vibration of a high-pressure air compressor. To achieve the vibration reduction
effect of such a structure, the following conclusions are highlighted:

1.  The vibration sources of the air compressor are described. The vibration transfer
path from the air compressor to the base structure is analyzed. The vibration energy
composition of the base is as follows: the low-frequency vibration is caused by the
rotating parts, and the high-frequency vibration is caused by the electromagnetism of
the motor.

2. For the base structure, the constrained damping material can be used to absorb
its vibration, and the vibration energy can be converted into heat energy by such
damping material.

3. Compared to EPDM and IIR, the composite base filled with super-damping rubber
possesses the best damping performance since the structure of the molecular formula
of such damping rubber has a strong ability to reduce vibration.

4.  Finally, vibration test verification data indicates that the application of super damping
rubber to the base structure is feasible since the overall vibration acceleration level of
the improved base is lower than 131 dB, which meets the design requirements of the
air compressor.
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