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The complex mechanical system consists of elastic elements such as vibration isolators and
flexible joints and rigid components such as mechanical equipment and support pipelines. In the
steady operation state of complex mechanical systems, the multi-system impedance of elastic
elements and rigid elements is the main factor that affects the system vibration isolation and
transmission loss. In this article, a double-layer vibration isolation mechanical system was
developed, and two kinds of system impedance mathematical models were established by the
test method of hammer excitation to obtain the initial impedance of complex mechanical system
which was used as a reference. By adjusting the structural strength of the mechanical system
base and the supporting stiffness of the piping system, the relationship between the system
impedance of the two types and the vibration isolation effect of the mechanical system and the
transmission loss of the pipeline system were studied. The quantitative relation between the
vibration isolation system of double-layer vibration isolation mechanical system and the
transmission loss of pipeline and the system impedance of two types was obtained. The
experimental results showed that the appropriate increase of the system impedance of the base
was beneficial to the vibration isolation effect of the vibration isolation device. Concerning the
system with weak base impedance, if the vibration isolation effect of vibration isolation system
fails to meet the design requirement, the appropriate increase of the impedance of test base is an
effective solution to satisfy the vibration isolation effect. By changing the properties and
installation layout of the flexible components of the piping system, the transmission loss the
vibration energy of the flexible piping system can be increased, reducing the base level of
vibration isolation system effectively and increasing the vibration isolation effect of the system.
Keywords: double-layer vibration isolation system,transmission loss, impedance

1. Introduction

Complex mechanical system is generally composed of four parts including two or more
auxiliary equipment, vibration isolation device, installation base and system piping. The vibration
isolation effect generally refers to the difference between the total energy levels of the excitation
source of auxiliary equipment and the installation base. As the vibration source, the auxiliary
machine generates excitation, which will be transmitted to vibration isolation device through the
elastic contact of the equipment foot and the vibration isolator. After the excitation source is
transmitted through the vibration isolation device, it will be transmitted to installation base through
the elastic contact surface between the vibration isolation device and installation base. Apart from
being transmitted to the installation base through the vibration isolation device, the equipment
excitation source can also be transmitted to the installation base through system pipeline. The
equipment excitation will first be transmitted to the system pipeline from the flexible pipe and then
transmitted by the pipe to the installation base through the support foot and the outlet valve. The
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whole mechanical vibration isolation system can be divided into four independent subsystems, and
the impedance characteristics of each subsystem structure are the main factors influencing the
energy level transmitted from equipment excitation source to installation base. By selecting
objective parameters to describe the characteristics of each substructure, the expression method
which describes mechanical vibration isolation system can be formed. The sub-structure method
based on frequency response function (FRF) is an effective method to analyze complex composite
structure. Its basic principle is to use a single uncoupled component FRF to form the total system
response through impedance or admittance equation. This method can directly calculate the higher
frequency bands by using the FRF from actual test without building accurate models for complex
structural models. Therefore, this method is particularly suitable for the situations in which
resolution or numerical models cannot be established or the actual structures are relatively complex.
Besides, the method can also use the experimental data directly to avoid the additional loss caused
by modal decomposition. It will be possible to use the multiple analysis methods such as theoretical
analysis, finite element analysis and experimental data. While in the practical engineering
application, concerning the examination of the vibration isolation effect of the complex mechanical
vibration isolation system, the impedance between independent sub-system structures has very
strong coupling. Carrying out the research on the impedance relation of the sub-structure of
complex mechanical vibration isolation system is of great importance for the study on the optimal
acoustic performance of the vibration isolation system.

2. The foot transmission theory of excitation source

As shown in Fig. 1, the equations of 7, , the transmission loss of the single-layer vibration
isolator installed on non-rigid test base, L, , the difference of vibration grades and ¥, , the vibration

speed of the base are:
Vi Zg

e ——— 1
Yvoz,+7, (1)
1 Z +Z
L, =20log —=20lpg =L ——K 2
v gVR g Z (2)
VZZZ# (3)
(1+7M)ZL+Zn1

k

Wherein: F is the input acting force; Z, is the input impedance of the isolator; Z, is the input
impedance of the device, Z, is the input impedance of the non-rigid test base, ¥, is the vibration
speed of device foot after the isolator is installed.

It can be seen from Eq. (2) and Eq. (3), the influence of the impedance of installation base for
vibration isolation effect and the vibration speed of the base is: when F;, ¥, and Z, are constant, if
Z, 1s reduced, V, will increase, L, will reduce and 7, will increase. This means when the impedance
of the base is reduced, the vibration speed of the installation base increases.

It can be found from Eq. (2) and Eq. (3), the influence of test installation impedance for
vibration isolation effect and the vibration speed of the base is: when F;, 7, and Z, are constant, if
Z, 1s reduced, V, will increase, L, will reduce and ¥, will increase. This means when the impedance
of the base is reduced, the vibration speed of the installation base will increase.

Assume that Z,, and L, are the vibration grades of different installation bases, and Z,, and Z,,

are the impedance of different installation bases, then:
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Usually, when Z,, and Z,, are much greater than Z, , then:

Z, +Z Z
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In the frequency domain, the following can be concluded at a certain frequency point f :

LVI (f):LVz (f)+AL7r(f) (6)

When the same vibration isolator is tested on two types of bases, the structural vibration of the
bases are similar; if the impedance of the two bases are different, the structural vibration of the two
bases are different, and the difference can be estimated based on equation (6).

According to the expression method of the single-layer vibration isolator, as shown in Fig. 2,
the equation for the vibration effect of the double-layer vibration isolator installed on the non-rigid
base can is:

Transmission loss 7,

1 217L + EZZK

In the equation, ¥, is the vibration speed of the foot after the vibration isolator is installed, 7,
is the vibration speed of the base after the vibration device is installed, and Z, is the input
impedance of the non-rigid test base.

T,, =HK,f, + B, + HK, (HK, B, + f3,,) (8)
T, =HK B, + By,

HK, is the input transducer admittance of upper-layer isolator; HK, is the input transducer
admittance of lower-layer isolator; g, £,, 5., B, are respectively the four-way parameters of the
middle vibration isolation device.

In general, |T,,|>|T,,|, and |Z,|>1, if |Z,| is reduced, the basic installation ratio of ¥, will

R

increase, and the installation ratio of vibration isolation effect will reduce.
The difference of vibration grade L,

LV:2010g%=2010g{,u%’J +Hﬂ%ﬂ —(,u+2)}Q—l} 9)

u is the ratio of the quality of the middle isolator and the device f, is the dominant frequency
of the device set. f, is the inherent frequency of the upper-layer vibration isolator in the vertical
direction. And Q is the ratio of impedance of the base and the lower-layer isolator.

It can be seen from Eq. (8) and Eq. (9) that when x, f,, f, and Z, (the impedance of lower-
layer vibration isolator is a certain value), when Z, (the impedance of the base) is reduced, the
transmission loss, ¥, increases, and the difference of vibration level, L, reduces. For the
corresponding device set with constant vibration speed, the vibration speed of the bases increases.

*'F()’ Vil ;Fo’ Vg

a. Single-layer vibration isolation b. Double-layer vibration isolation

Fig. 1: Foot transmission loss of excitation source equipment.
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3. The transmission theory of the flexible pipeline of excitation source

As shown in Fig. 2, assume face S1 is the installation surface of the flexible pipeline of the
auxiliary equipment, and face S2 is the installation service of the flexible pipeline and rigid
pipeline; face S3 is the support surface of rigid pipe and the base. The relationship between the
transmission loss and mechanical impedance of the flexible pipeline is deduced based on the
unidirectional movement along the coordinate direction of axis y. Without considering the mutual
influence of the movement of other coordinate directions, the mechanical impedance and the

transmission loss of energy of the three faces can be expressed as:
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The relationship between the transmission loss of face 1 and face 3 is:
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Wherein, F”, F; and F; are the dynamic forces of face 1, face 2 and face 3; v, v; and vy
are the vibration speeds of face 1, face 2 and face 3; Z” , 7z , Z;7 and Z;;, are the mechanical
impedance from face 1 to face 2; Z,, Z5,, Z}}, and Z3}, are the mechanical impedance from face

2 to face 3. It can be seen from the equation, that transmission loss of the flexible pipeline of
excitation source is not only relevant to the mechanical impedance of the flexible pipeline but also
the mechanical impedance of the metal path connecting the flexible pipeline. For a given vibration

isolation system, the F” and v, of the excitation source of the auxiliary pipeline are constant, and
the speed transmitted to the support base of flexible pipeline, v; , is directly related to the impedance
of pipeline system.

Fig. 2: Transmission loss of the flexible pipeline of excitation source.

4. Verification for the impedance and vibration isolation effect of the
base

As shown in Fig. 3, the double-layer vibration isolation system was resiliently mounted on the
T-base structure by four mounting surfaces, and base impedance of 4 installation faces were z, z

29
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z, and z, . I was the original state of the installation base, which was a channel-type structure. II
was the installation base after changes: 4 transverse ribs were added to the channel-type structure.
Based on the test, the comparison of impedance characteristics of the base in two status is shown in
Fig. 4~Fig. 7. Abscissa f was the center band corresponding to 1/30Oct, and ordinate Z was the
impedance amplitude of corresponding center band. The RMS value of effective frequency within
the bandwidth of 1/30ct was drawn, and the reference of impedance was z, . The vibration
characteristics of the base is shown in Fig. 8~Fig. 11. Abscissa f was the center band vale
corresponding to 1/30ct, and ordinate ALV was the acceleration amplitude corresponding to the

center band. The RMS value of effective frequency within the bandwidth of 1/30ct was drawn, and
the reference of acceleration level wasa, .
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Fig. 3: Schematic of impedance of the mounting base. Fig. 4: Comparison of impedance of Z1.
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Fig. 5: Comparison of impedance of Z2. Fig. 6: Comparison of impedance of Z3.
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Fig. 7: Comparison of impedance of Z4. Fig. 8: Comparison of acceleration level of Z1.
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Fig. 9: Comparison of acceleration level of Z2.
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Fig. 11: Comparison of acceleration level of Z4. Fig.12: Schematic of impedance of piping system.

The experimental results show that within the center bandwidth of 50Hz~200Hz corresponding
to 1/30ct, the impedance amplitude of the four faces of Base II was larger than that of Base I, and
the increase range was 5dB~20dB. When the excitation input of the device and the vibration
isolation system were the same, the vibration energy of device foot was constant, while the
vibration isolation effect was inversely proportional to the vibration acceleration level of the base.
Based on Eq. (8) and Eq. (9), the vibration acceleration speeds of the four installation faces of Base
I were smaller than those of Base I, and the bandwidth range of reduced frequency was within
80Hz~200Hz. At 160Hz, the amplitude of center band was reduced by 8dB~16dB, which was the
most obvious. Therefore, for the structure with relatively weak base impedance, if the vibration
isolation effect of the vibration isolation system cannot meet the design requirements, the
appropriate increase of test base impedance is one of the effective ways to meet the requirements.

5. \Verification for impedance and transmission loss of the flexible
pipeline system

As shown in Fig. 12, the inlet and outlet flexible piping system were elastically mounted on the
base through two support points, and the base impedance of the two support points were
respectively expressed as z and z, . I was the initial installation status of the flexible pipeline
system, and II referred to the changed flexible pipeline system. The changes were mainly for the
properties and installation layout of the elastic components. According to the test, the comparison of
impedance characteristics of the two support points in two status is shown in Fig. 13 ~ Fig. 14.
Abscissa f was the center band corresponding to 1/30ct, and ordinate Z was the impedance
amplitude of corresponding center band. The RMS value of effective frequency within the
bandwidth of 1/30ct was drawn, and the reference of impedance was z, . The vibration

characteristics of the support points is shown in Fig. 15 ~ Fig. 16. Abscissa f was the center band
vale corresponding to 1/30ct, and ordinate ALV was the acceleration amplitude corresponding to
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the center band. The RMS value of effective frequency within the bandwidth of 1/30ct was drawn,
and the reference of acceleration level was a, .
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Fig. 13: Comparison of impedance of the Z1. Fig. 14: Comparison of impedance of the Z2 point.
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Fig. 15: Comparison of acceleration level of Z1. Fig. 16: Comparison of acceleration level of Z2 .

The experimental results show that within the center bandwidth of 40Hz~80Hz and 100Hz~
315Hz corresponding to 1/30ct, the impedance amplitude of support point II was larger than that of
support point I, and the increase range was within 25dB. The increase was very obvious at the
center bandwidth of 50Hz and 200 Hz. When the excitation input of the device and pipeline
interface system were the same, the input vibration energy of the pipeline system was constant,
while the transmission loss was inversely proportional to the vibration acceleration level of the
pipeline support points. Based on Eq. (12), the vibration acceleration speeds of pipeline system 11
were smaller than those of pipeline system II. The bandwidth range of reduced frequency was
within 10Hz ~ 315Hz, and the reduced amplitude was within 20dB. Therefore, in order to increase
the transmission loss of the vibration energy of the flexible pipeline system, changing the properties
and layout of the elastic element of the pipeline system can effectively increase the impedance of
the system and realize the expected transmission loss effect.

6. Conclusions

The complex mechanical system consists of elastic elements such as vibration isolators and
flexible joints and rigid components such as mechanical equipment and support pipelines. In the
steady operation state of complex mechanical systems, the multi-system impedance of elastic
elements and rigid elements is the main factor that affects the system vibration isolation and
transmission loss. In this article, a double-layer vibration isolation mechanical system was
developed, and two kinds of system impedance mathematical models were established by the test
method of hammer excitation to obtain the initial impedance of complex mechanical system which
was used as a reference. By adjusting the structural strength of the mechanical system base and the
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supporting stiffness of the piping system, the relationship between the system impedance of the two
types and the vibration isolation effect of the mechanical system and the transmission loss of the
pipeline system were studied. The quantitative relation between the vibration isolation system of
double-layer vibration isolation mechanical system and the transmission loss of pipeline and the
system impedance of two types was obtained. The experimental results showed that:

The appropriate increase of the system impedance of the base was beneficial to the vibration
isolation effect of the vibration isolation device. Concerning the system with weak base impedance,
if the vibration isolation effect of vibration isolation system fails to meet the design requirement, the
appropriate increase of the impedance of test base is an effective solution to satisfy the vibration
isolation effect.

By changing the properties and installation layout of the flexible components of the piping
system, the transmission loss the vibration energy of the flexible piping system can be increased,
reducing the base level of vibration isolation system effectively and increasing the vibration
isolation effect of the system.
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