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With the rapid development of a high-power scroll compressor (HSC), the dynamic performance of a scroll compressor has an
important impact on the vibration and noise of the whole compressor. So, the dynamic characteristics and structural acoustic
radiation characteristics of HSC under dynamic excitation are studied by simulation and experiment in this paper. Firstly, the
dynamic simulation model of HSC is established to analyze the time-domain and frequency-domain characteristics of bearing
excitation and upper support excitation. At the same time, the finite element models of housing, upper support, and lower support
are constructed to analyze the transient dynamic response of housing under the excitation source. Based on the vibration
displacement of the housing surface, the prediction model of the housing radiated noise is also established, and then the radiated
noise of the housing surface and the noise spectrum of the standardized test points are analyzed. Finally, the accuracy of the
prediction model is verified by acoustic experiments. +e experimental results show that the vibration and radiation noise of the
housing can be accurately predicted by reasonable modeling to calculate the gas force and approximate the actual gas load. +e
vibration of the housing coupling system is the main source of the vibration characteristics of the HSC. +e conclusions of the
study can provide a reference for the low noise design of the HSC.

1. Introduction

+e scroll compressor is a kind of volumetric fluid machine
with the characteristics of energy saving, high efficiency, and
compactness. It is widely used in air conditioning, refrig-
erator, and other refrigeration equipment, which puts for-
ward gradually to the high power [1]. Compared with other
traditional compressors, HSC has its special structural
characteristics [2]. Driven by eccentric crankshaft, the
moving and static scroll teeth of the HSC mesh with each
other, through which a closed area is formed to compress the
gas. Under the working condition of the HSC, the pressure
pulsation, unbalanced dynamic load, and various assembly
errors at the time of suction and discharge will endow rich
and complex dynamic excitation to the vibration and noise
of HSC [3]. +erefore, it is increasingly important to study
the vibration and noise of HSC.

For the vibration and noise characteristics of the com-
pressor, researchers have carried out a lot of dynamic
characteristics experiment. For example, Morishita [4] had
established the dynamic model of the scroll compressor and
studied the characteristics of radial gas force, tangential gas
force, and axial gas force. Ishii et al. [5, 6] further analyzed
the dynamic model of the scroll compressor. Kim et al. [7]
reduced the force of the bearing system by adjusting the
phase and weight of the balance weight to generate different
inertial forces. Lee et al. [8] studied the vibration of the
pipeline system of the compressor and found that the vi-
bration of the pipeline system is the result of the joint action
of mechanical force and fluid force. Morini et al. [9] de-
veloped an innovative DM calculation strategy and realized
the application of RE/CFD combination method in real
world scroll machine. Ye et al. [10] developed a semiactive
control method of pressure. An additional valve to adjust the
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pressure change rate is used in the modulation chamber,
which could greatly reduce the noise level.

At present, the research on scroll compressor mainly
involves noise control, scroll profile design, vibration, and
noise of some structures. However, there are few research
studies on dynamic characteristics and vibration and noise
mechanism of the scroll compressor. In this study, experi-
mental analysis, multibody dynamics analysis, transient
response analysis, acoustic simulation analysis, and exper-
imental verification are applied to study the vibration and
radiated noise of HSC.

+e construction of the HSC multibody dynamic model
is introduced in Section 2.While the accuracy of themodel is
ensured by experimental modal analysis in Section 2.2, the
power transfer model of HSC is discussed in Section 3. In
Section 3.1, the gas load characteristics and its approximate
calculation are discussed, and then the gas force whose
amplitude and phase change with rotation angle is intro-
duced into the dynamic model. +e dynamic simulation
results and further verification of the model are introduced
in detail in Section 3.2 and Section 3.3. +e transient re-
sponse of the dynamic coupling model is discussed in
Section 4. +e sound radiation of the housing structure and
the spectrum characteristics of the standardized measuring
points are studied in Section 5. Finally, based on the acoustic
experiment, the accuracy of the whole simulation system is
verified, and the error source is analyzed in Section 6.

2. Results and Discussion

2.1. Multibody Dynamic Model of HSC

2.1.1. Structure and Power Topology of HSC. HSC is a kind of
volumetric fluid machine, which is mainly composed of
moving scroll, static scroll, cruciform ring, upper cover plate,
upper support, crankshaft, stator sleeve, and lower support,
as shown in Figure 1. +e teeth of the two scroll plates are
exactly the same. +ey are installed with 180°and stagger a
certain distance to realize the multipoint meshing between
the scroll teeth, forming three pairs of conjugate meshing
points. From outside to inside, they are the suction cavity,
the compression cavity, and the exhaust cavity in turn. +e
eccentric crankshaft drives the moving scroll to revolve
around the static scroll.

Analyzing the power transmission route of HSC is greatly
significant for further understanding the power transmission
and vibration and noise analysis of it [11], which can also
provide a reference for subsequent TPA analysis. HSC is a
closed metal structure, and all the dynamic excitation is ulti-
mately transmitted to the housing, causing the vibration of the
housing system [12]. +e power transmission route is mainly
divided into three parts. +e first part is the upper support,
which is also the most complex part of dynamic excitation and
power transmission.+e second part is the stator sleeve, where
the dynamic excitation is mainly the countertorque of the
motor. +e third part is the lower support. +e excitation is
mainly transmitted from the crankshaft to the housing through
the bearing and the lower support.+e topological relationship
details of power transfer are shown in Figure 2.

+is picture shows the connection relationship and
power transmission path between the parts of the scroll
compressor.

2.2. Model Construction and Accuracy Verification. Due to
the complexity of internal components in the HSC, it is very
inefficient to obtain the natural frequency and modal shape
only through the test, so the combination of experiment and
simulation is used in this section to establish an accurate
simulation model. First of all, the global characteristics of
natural frequency and the convenient switching of scanning
points of Polytec laser vibration meter are used to carry out
multipoint test. By observing the frequency response
function at different positions, the natural frequencies of
components are determined. Combined with the test results,
the simulation models are modified, and then the vibration
modes are determined by using the simulation software.
Finally, the natural frequencies and modal vibration modes
of components are obtained. +e experimental equipment is
shown in Figure 3.

In order to reduce the workload of calculation, it is
necessary to simplify the model properly. Firstly, based on
the actual model of HSC, the components are simplified.
Some local components that have little influence on the
calculation results, such as chamfer, fillet, and thread
structure, are ignored. +e model file is imported into
ANSYSWorkbench to solve.+ematerials and properties of
the components are displayed in Table 1.

+e simulation model is modified by means of experi-
mental modal analysis and mass calibration, and the sim-
ulation results of the adjusted model are consistent with the
test results after many modifications. +e test results, sim-
ulation results, and errors of some components are listed in
Table 2.

2.3. Construction of Multibody Dynamics Model. +rough
the above model verification, the accuracy of the model is
verified. +e components are assembled according to the
actual prototype. +e interference is checked in Solidworks,
and then the assembly is saved as a general format file [3].
+e assembly is imported into ADAMS software, and the
material properties are added to the model according to
Table 1. To solve the dynamic model of the scroll compressor
in ADAMS, it is necessary to add constraints reasonably
according to the actual motion relationship and gas load
combined with the gas force. +e detailed constraint rela-
tionships among the components are shown in Figure 4.

3. Simulation Analysis of the Power
Transmission System

3.1. Determination of Simulation Condition. +e magnitude,
direction, and action surface of gas force in each com-
pression chamber of the compressor change with the
crankshaft angle. +ey are too complex to measure the gas
pressure [13]. +erefore, according to the special modeling
environment of ADAMS, the gas force in the compression
chamber should be appropriately simplified. +e general
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Table 1: Material properties of the scroll compressor.

Component Material Density (Kg/m3) Elastic modulus (Pa) Poisson’s ratio
Moving scroll HT350 7300 1.45E11 0.27
Static scroll HT350 7300 1.45E11 0.27
Upper cover plate HT300 7300 1.43E11 0.27
Upper support HT250 7280 1.38E11 0.156
Housing Q195 7690 2.12E11 0.286
Cruciform ring ADC12 2670 7.2E10 0.33
Lower support HT250 7280 1.38E11 0.156
Crankshaft 20Cr 7830 2.07E11 0.254
Bearing pedestal HT250 7280 138E11 0.156

Table 2: Comparison of simulation results and experimental results.

Model Order Test (Hz) Simulation (Hz) Mean error (%)

Upper support

1 859.25 890.4

1.8

2 1923.50 2002.6
3 2560.25 2550.4
4 3083.50 3085.2
5 3182.25 3255.6
6 4705.75 4720.2

Lower support

1 779.75 748.93

5.4

2 1233.50 1172.6
3 2070.00 1889.3
4 2208.50 2027.2
5 2400.50 2365.5
6 2653.50 2508.3

Moving scroll

1 1670.31 1708.7

1.9

2 1783.13 1778.7
3 2364.38 2422.5
4 2897.19 2976.0
5 3381.88 3435.4
6 3571.56 3644.1

Static scroll

1 1365.94 1380.3

2.1

2 1742.81 1786.2
3 2727.19 2651.3
4 3009.38 2935.5
5 3522.81 3518.4
6 3864.06 3782.6

Cruciform ring

1 799.75 764.4

2.7

2 1044.75 1019.3
3 1273.50 1249.6
4 1343.00 1337.3
5 2198.50 2129.1
6 2727.00 2626.5

Upper cover plate

1 1229.50 1240.5

1.8

2 2090.25 2147.3
3 3161.00 3177.1
4 3372.25 3433.6
5 3642.00 3746.2
6 3752.00 3821.4

Crankshaft

1 1353.50 1334.6

1.2

2 1407.00 1388.4
3 3449.25 3404.3
4 3554.50 3508.0
5 4270.50 4284.0
6 6009.25 6097.2
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process is as follows: firstly, the gas load is calculated in steps
of 1° in a complete cycle of [0, 360°] by using Excel and then
imported into ADAMS. +e discrete points are interpolated
and linearly extrapolated by using the spline function
AKISPL. +e gas load obtained is shown in Figure 5, and
Figure 5(a) shows the gas force on the moving scroll and
Figure 5(b) shows the gas force on the static scroll. When the
crankshaft angle reaches about 220 degrees in this figure,
there is an obvious sudden change in tangential force and
axial force. Because the connection between the compression
chamber and the exhaust chamber will cause the pressure of
the compression chamber to rise suddenly (the pressure in
the compression chamber is lower than that in the exhaust
chamber), the transition from the compression chamber to
the exhaust chamber is the reason for this phenomenon.

In the process of the HSC compressing the refrigerant,
the size and direction of the gas load change with the ro-
tation of the crankshaft [14]. Combined with the charac-
teristics of the compressor gas load, the function embedded
in ADAMS is used to realize the periodic load. Partial main
function codes are as follows.

3.2. Verification of Simulation Model. In this section, the
ADAMS simulation model established above is verified by
kinematics theory, and the simulation results are verified by
theoretical analysis of cruciform ring. As shown in Figure 6,
in the Y direction, the cruciform ring is matched with the
corresponding key sliding fit of the static scroll through a
pair of keyways A and B. In the X direction, it is matched
with the key sliding fit of the moving scroll through a pair of

keys C and D. In this way, the translational motion of the
moving scroll relative to the static scroll is realized.

It is pointed out in the paper [15] that when the center of
the base circle of the moving scroll rotates around the center
of the base circle of the static scroll, the displacement ex-
pression of the cruciform ring relative to the static scroll is as
follows:

Sy � −r sin θ

� −r sin(ωt).
(1)

+e displacement expression of the moving scroll rela-
tive to the cruciform ring is as follows:

Sx � r cos θ

� r cos(ωt).
(2)

+e velocity and acceleration of the cruciform ring
relative to the static scroll can be further calculated by
equation (1):

Vy �
dSy

dt

� −ωr cos(ωt)

� −ωSx,

ay �
d
2
Sy

dt

� ω2
r sin(ωt)

� ω2
Sy.

(3)
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It can be seen from the above formula that the dis-
placement and acceleration of the cruciform ring are si-
nusoidal and cosine, respectively. +e peak displacement is
the same, but the phase is opposite. +e simulation curves of
displacement and acceleration of cruciform ring are shown
in Figure 7. +e simulation results are consistent with the
theoretical results, so the simulation model is reasonable.

3.3. Dynamic Simulation and Analysis. +e closed position
of the suction chamber is selected as the initial position of
the simulation, and then the gas force load and gravity load
are added to the model [16]. +e simulation steps are set to
5000 load steps. +e crankshaft speed is set to 3000 rpm, and
the simulation time is 0.1 s.

3.3.1. Force Analysis of the Cruciform Ring. When the HSC
operates, the moving scroll moves parallel to the static scroll
[17].+e cruciform ring plays an important role.+e force of
the cruciform ring is shown in Figure 8. Figure 8(a) shows
the force of the static scroll and the cruciform ring at the two
key matching points. It can be seen from the figure that the
force at the two key matching points is the same, but the
direction is opposite, which is in line with the actual op-
eration state of the scroll compressor. Figure 8(b) shows the
force acting on the moving scroll and cruciform ring at the
two key points. +e force is in a stable state in the second
cycle of operation. Compared with Figure 8(a), there is a
certain phase difference, and the force peak value is also
different. +e reason for the difference between the two
figures is that the moving scroll not only slides relative to the
cruciform ring but also moves around the static scroll.
Combined with the results of the two figures, the rotation
torque can be estimated, and the detailed analysis and
demonstration will be demonstrated in the following works.

3.3.2. Results of Multibody Dynamic Analysis. +e HSC has
the function of automatic compensation, which can be re-
alized by using eccentric sleeve [18]. It is mainly used to
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Figure 6: Simplified motion diagram of the cruciform ring.
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eliminate the abnormal operation and even damage the
scroll plate caused by processing, operation wear, and
magazine intervention in the compression process [19].
+erefore, the stress analysis of eccentric sleeve and
crankshaft is also very important. +e IMPACT function
built in ADAMS is used to simulate the contact state.
Figure 9 shows the simulation results of the contact force
between crankshaft and eccentric sleeve. It can be seen from
the figure that the contact force tends to be stable after the
second simulation cycle.

Figure 10(a) shows the time-domain and frequency-
domain curves of the bearing force. From the time-domain
curve, its peak value appears near 115°, which is relatively
stable, but the pressure suddenly changes around 216°. In
combination with the above gas excitation curves, it can be
found that the sudden change here is caused by the pressure
fluctuation at the exhaust moment. On the spectrum dia-
gram, the excitation frequency of bearing is mainly rotation
frequency and its frequency multiplication. +e above re-
sults further verify the accuracy of the simulation results.

Figure 10(b) shows the time-domain and frequency-
domain curves of the upper brace stress. From the time-
domain curve, the upper support force is about 7 times than
that of the bearing. +e force curve fluctuates more severely,
peaking at 120° and 270°. As with the bearing force, the force
curve also changes abruptly around 216°. On the spectrum,
the excitation frequency of the upper support is mainly twice
than the rotation frequency.

+e forces in Figure 10(a) and 10(b) can be decomposed
into the component forces in X, Y, and Z directions. X and Y
directions refer to the radial direction of the bearing and the
upper support, and the Z direction refers to the axial di-
rection of the bearing and the upper support. Figure 10(c)
and Figure 10(d) show the force components of bearing and
upper support, respectively.

4. Transient Response Analysis of the Housing
Coupling System

4.1. Finite Element Model of Coupling System. +e model is
simplified and imported into ANSYS Workbench for model

preprocessing. +e bearing load and upper support load are
applied, and the calculation step is 1° in a rotation cycle [20].
+e upper support, stator sleeve, and lower support are
directly bonded with the shell by binding contact. +e bolt
holes of the shell base are fixed with the ground. In order to
obtain more accurate calculation results, the second-order
tetrahedral mesh is adopted for the finite element model.+e
global mesh size is set to 5mm, and an adaptive mesh size
algorithm is carried out for the mesh, including 1096826
nodes and 677725 elements. +e processed model is shown
in Figure 11.

4.2. Transient Response Analysis of the Housing Coupling
System. +e displacement response, velocity response, and
acceleration response are shown in Figures 12(a)–12(c) in
turn. Due to fixed constraints, parts with large vibration
displacement and velocity are concentrated in the upper
cover plate. +e maximum vibration acceleration is located
at the upper support and the lower support, and the dis-
tribution is relatively scattered. In view of this kind of vi-
bration phenomenon, we must pay attention to two kinds of
situations in the design process. First, referring to Figures 1
and 2, it can be found that the upper half of the scroll
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compressor has a relatively complex structure, and the upper
half of the upper compressor is not directly fixed, so it is easy
to cause large vibration. In addition, there is pressure dis-
continuity during gas suction and exhaust in the upper part,
which needs to be paid enough attention by designers.
Because the pressure discontinuity often excites a wide
excitation frequency band, the moving scroll and static scroll
should be reasonably designed to reduce the pressure dis-
continuity caused by the closure of the suction chamber.
Similarly, enough attention should be paid to the pressure
discontinuity during exhaust. Second, from the simulation
results of vibration, it can be seen that there is large vibration
acceleration at the upper support and lower support. +ese
two parts will transmit the vibration directly to the housing,
resulting in radiated noise, so it is necessary to avoid res-
onance between these two parts.

5. Simulation and Analysis of Housing
Noise Radiation

5.1. Acoustic Boundary Element Model of the Scroll
Compressor. +e vibration displacement response of the
housing is taken as the boundary condition of noise pre-
diction. Due to the small finite element size of the structure,
it will greatly increase the calculation amount to directly use
the finite element surface mesh as acoustic mesh [21]. +e
acoustic boundary element mesh is obtained by enveloping
the vibration analysis finite element mesh, in which the size
of the boundary element mesh is determined by the highest
analysis frequency. Finally, the vibration boundary condi-
tions are mapped to the boundary element mesh for noise
prediction. According to the wavelength corresponding to
the maximum effective analysis frequency is greater than or
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equal to 6 times of the acoustic grid, and the acoustic grid
size is determined [22]. +e equation is shown as follows:

L≤
C0

N × Fmax
, (4)

Where C0 � 340m/s, N� 6, and Fmax is the highest analysis
frequency, which is set as 4000Hz.

In order to ensure the accuracy of solving the frequency
range, the final element size is 10mm.+e boundary element
model of the housing is shown in Figure 13.

5.2. Analysis of Acoustic Simulation. In software LMS Vir-
tual.Lab, the air density is 1.225kg/m3, and the sound ve-
locity is 340m/s. Firstly, the vibration data of the structural
grid are transmitted to the acoustic grid [23]. +e effective
analysis frequency is calculated by (4), and the calculation
results are shown in Table 3. +e spectrum of sound power
radiated from the housing surface is shown in Figure 14.
Furthermore, a field point model is established at a distance
of 1m from the compressor. Figure 15 shows the sound
pressure distribution at the peak frequency. In the low
frequency band, the distribution of sound field is relatively
uniform and has certain symmetry. In contrast, the distri-
bution of sound field has obvious local characteristics in the
high frequency band, and location with high noise radiation
is concentrated in the middle of the housing. If it is necessary
to reduce the radiated noise, the sound absorption treatment
can be carried out in the middle of the housing.

5.3. Sound Spectrum Analysis of Measuring Points.
According to the standard of scroll compressor noise test,
the radiated noise level of the prototype is measured at a
distance of 1m from the welding point on the housing
surface. According to the noise test standard required by
Panasonic, the simulation test position is determined. +e

specific position is shown in Figure 16. Figure 17(a) illus-
trates the sound pressure level at 12 measuring points. It can
be seen from the diagram that the peak value of sound
pressure level is concentrated at 700Hz and 1600–3000Hz.
Each measuring point has similar spectral characteristics,
and the sound pressure level is the highest at 1650Hz and
lower at high frequency after 3000Hz. +erefore, it can be
found that the noise of this series of scroll compressors is
mainly concentrated in the low frequency band and has
obvious spectral characteristics.

Furthermore, points 1, 4, 7, and 10 near the upper
support are selected for detailed spectrum analysis, as shown
in Figure 17(b)–17(e). It can be seen from the figure that the
sound pressure has obvious frequency domain character-
istics, and the peak frequency is around 1650Hz and
2200Hz, and the fourmeasuring points have good frequency
consistency. According to the conclusion of reference [24],
there is a strong correlation between surface structure
acoustic radiation and structure vibration of the scroll
compressor. It is found that the peak frequency at 1650Hz is
close to the second natural frequency of the upper support,
and the peak frequency at 2200Hz is close to the third
natural frequency of the upper support. Combined with the
second and third mode shapes of the upper support, as
shown in Figure 18, it is preliminarily determined that the
structural sound pressure at the corresponding frequency is
abnormal due to the first-order bending resonance of the
upper support.

6. Experimental Verification of the
Simulation Model

6.1. Experimental Test and Results. In order to ensure the
accuracy of the noise test, the test site is a full anechoic room,
and the test method adopts Panasonic test standard. +e test
equipment is 4189 microphone made by BK company of
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Figure 12: Transient dynamic response of housing.
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Figure 13: Boundary element model of the housing system.

Table 3: Maximum effective calculation frequency.

Max frequency (Hz) Effective rate (%)
3026.8 100
3752.4 80
3753.2 60
3762.4 40
3795.0 20
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Denmark, equipped with a amplifier, and the acquisition
device is BK3560cmultichannel data acquisition instrument.
+e device is connected to a computer for noise data ac-
quisition. +e experimental equipment is shown in
Figure 19.

Under the stable operating condition of the HSC, sound
pressure data of 4 measuring points of the housing are
collected, and each point is collected for 10 s. +e acquired
time-domain data are transformed into corresponding
spectrum data by fast Fourier transform. +e time and

frequency domains of the measuring points are shown in
Figure 20.

It can be seen that the main frequency band of the
measured noise is in the low frequency range (below
3000Hz), which is consistent with the simulation results.
+e frequency spectrum has obvious frequency distribution
characteristics and mainly concentrated in the range of
1600Hz–2000Hz, which is highly consistent with the
simulation results. Combined with the analysis results, it can
be found that the vibration coupling system which is
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Figure 15: Sound pressure distribution at peak frequency.
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Figure 17: (a) Sound pressure level of 12 measuring points. (b) Point 1. (c) Point 4. (d) Point 7. (e) Point 10.
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Figure 19: Experimental equipment.
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Figure 20: Continued.
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Figure 20: Time-domain and frequency-domain data for experimental tests. (a) Point 1. (b) Point 4. (c) Point 7. (d) Point 10.
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Figure 21: Time-domain and frequency-domain data for experimental test.
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composed of housing, upper support, stator sleeve, and
lower support, contributes to most of the structural noise,
while the peak sound pressure near 1650Hz is mainly caused
by the first-order bending resonance of the upper support.

6.2. Experimental Comparison and Error Analysis. Points 1,
4, 7, and 10 near the upper support are selected as the re-
search objects, and the spectral characteristics of experiment
and simulation are compared. As shown in Figure 21, the
main peak points of the spectrum are extracted by signal
processing. +e comparison shows that the simulation re-
sults are consistent with the experimental results, especially
at the maximum peak frequency, which ensures the credi-
bility of the simulation results.

+e simulation error analysis is demonstrated as follows:

(1) Due to the existence of load and other factors, the
working frequency of scroll compressor is often
slightly lower than 50Hz in the actual working
process.

(2) +e upper support, stator sleeve, and lower support
are coupled with the housing through binding
constraints. In practice, interference fit and spot
welding are used to realize the connection.

(3) In the multibody dynamics analysis of HSC, the
crankshaft, the moving scroll, and the static scroll are
all rigid bodies, and the additional load caused by the
deformation of the components is ignored.

(4) +e calculated gas force is used to replace the actual
gas load, and the gas excitation model is simplified.

7. Conclusions

In this paper, the dynamic characteristics, vibration re-
sponse, and housing radiated noise of the HSC are analyzed
and discussed in detail. +e rationality and accuracy of the
model are verified by experiments.+emain conclusions are
as follows:

(1) +e experimental results show that the vibration and
radiation noise of the housing can be accurately
predicted by reasonable modeling to calculate the gas
force and approximate the actual gas load.

(2) Compared with the gas force and noise spectrum
characteristics, the vibration of the housing coupling
system is the main source of the vibration charac-
teristics of the HSC, and the first-order bending
resonance of the upper support is the main reason
for the high sound pressure at 1650Hz.

(3) +e upper support, lower support, and housing are
the main sources of vibration and radiation noise of
the scroll compressor. +eir maximum peaks are the
same. Special attention should be paid to the rea-
sonable design of these components.

(4) +e relevant research methods and analysis process
used in this paper can provide reference for dynamic
analysis, vibration response, and radiated noise
prediction.
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