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Abstract: To reduce the vibration of a ship’s high-temperature pipeline, a long coated damping
structure (LCDS) with entangled metallic wire material (EMWM) is proposed in this paper. The
structural analysis of the long coated damping structure for pipelines is carried out. The theoretical
analysis indicates that increasing the thickness of the damping layer in a particular range can improve
the vibration attenuation effect of an LCDS. Additionally, experimental verification confirms this
analysis after an experimental system for pipelines. From the results, it is observed that increasing the
thickness of the coated layer can effectively improve the damping property of LCDS to a certain extent.
The change of the coated length and the temperature has little effect on the vibration attenuation
effect of an LCDS, indicating that the LCDS can work well in a high-temperature environment.

Keywords: high-temperature pipeline; entangled metallic wire materials; damping; vibration reduc-
tion; long coated damping structure

1. Introduction

As an essential part for transporting fuel and other fluids in ships, pipelines often
vibrate due to mechanical structure excitation and internal fluid excitation. It affects the
accuracy and service life of precision instruments in ships and jeopardizes workers’ health.

It has been found that applying damping materials can reduce the vibration and
maximize the stability of the machine. Fang et al. [1] found that coating a layer of damping
material on the surface of the liquid-filled pipeline can effectively reduce the vibration and
noise radiation of pipelines. Kung et al. [2] explored the relationship between the position
and magnitude of constrained layer damping. Hamdaoui et al. [3] optimized the viscoelas-
tic layer and constraint layer based on the finite element model of the constrained layer
damping beam. Pilipenko et al. [4] proposed a vibration and acoustic control system for
monitoring pipeline vibration. It took less time and had a low error rate. Vestrum et al. [5]
studied the polymer coating pipeline by FEM (Finite Element Method), and established a
constitutive model to explain the characteristics of pipeline coating material. Santi et al. [6]
solved the fluid mechanics of the liquid-causing pipeline vibration in pipeline transporta-
tion by using FEM from the aspect of hydrodynamics. Kiryukhin et al. [7] studied the
vibration transmission of the liquid pipeline compensator and proposed a method to reduce
the vibration transmission through the joint action of structure and medium pulsation.

Researchers have found that ordinary damping materials have poor environmental
adaptability and cannot be used for a long time in a high-temperature environment, which
is above 200 °C. As a new type of metallic damping material, entangled metallic wire
material (EMWM) has the advantages of a good corrosion resistance, long service life, and
strong environmental adaptability [8,9]. EMWM is a damping material constructed of
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metal wire through a series of special processes. When EMWM is subjected to an external
excitation load, the internal metallic wire helixes of EMWM in contact will have dry friction
and dissipate energy.

In recent decades, entangled metallic wire material has been successfully applied
in various fields. The researchers [10] of Texas A&M University used entangled metallic
wire material to reduce the vibration of a rotor system under high-temperature and low-
temperature operation and developed a metal mesh foil bearing (MMFB) shock absorber
with good environmental adaptability. Lazutkin et al. [11,12] created different entangled
metallic wire material specimens with the characteristics of high damping and low stiffness,
which were applied to the vibration reduction in the engine pipeline system. Jiang et al. [13]
studied the energy dissipation characteristics of entangled metallic wire material symmet-
rically coated damping structures at different temperatures and established a nonlinear
energy dissipation model with temperature parameters. The model satisfactorily explains
the energy dissipation characteristics of entangled metallic wire material at a high tem-
perature of 300 °C. However, the test only verifies the low-frequency energy dissipation
characteristics of the entangled metallic wire material-coated damping structure, which is
still far from the vibration frequency band of the actual warship pipeline. Xiao et al. [14]
designed a new type of the hanger-coated damping structure of the entangled metallic wire
material for pipelines. The effects of different steam temperature, density, and the number
of coated layers on the coated damping structure of the pipeline are studied. However, in
his study, there is still a gap between the thermal environment simulated by steam heating
and the high-temperature environment of the internal ship pipeline.

It is necessary to explore the vibration attenuation effect of entangled metallic wire
material-coated damping structure at a higher temperature. The hanger-coated damping
structure had small, coated areas, which could not make full use of the entangled metallic
wire material’ damping and energy dissipation properties. Therefore, the aim of this paper
is to solve the vibration reduction problem of the high-temperature pipeline, a scheme
of the long coated damping structure with entangled metallic wire material is proposed.
The mechanical model is established by the method of a complex stiffness analysis. The
vibration attenuation effect of the long coated damping structure is tested and verified.
The effects of coated layers, coated length, and temperature on the damping property of
the long coated damping structure are investigated by single factor control tests.

2. Modeling of the Long Coated Damping Structure
2.1. Long Coated Damping Structure

Figure 1 presents the scheme of the long coated damping structure (LCDS). The LCDS
includes multilayer entangled metallic wire material, the pipeline, the hose clamps, and the
constraining layer. A constrained damping structure is composed of the entangled metallic
wire material and the constraining layer coated outside the pipeline. The traditional
constrained damping structure usually uses adhesive to fix the damping layer with the
base and the constrained layer. However, for entangled metallic wire material, the adhesive
will make the entangled metallic wire materials unable to slide relative to the base layer
and the constraining layer, which will reduce the friction energy dissipation and weaken
the damping properties. Moreover, the ordinary polymer adhesive is prone to failure at
high-temperature. Therefore, the scheme adopted mechanical fixation, with a thin stainless
steel plate as the constraining layer and a stainless steel hose clamp as a locking device.
Thus, the pipeline, the stainless steel constraining layer, and the entangled metallic wire
material damping layer constitute the long coated damping structure.

Considering the length of the pipeline, to reduce the manufacturing cost, the LCDS
was divided into several sections along the axial direction of the pipeline, as shown in
Figure 2. Each section was coated independently according to the same preload, which the
hose clamp could adjust.
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Figure 1. Scheme of the long coated damping structure. (a) schematic diagram; (b) physical picture.

Long coated damping structure

Figure 2. Scheme of segmented long coated damping structure.

2.2. Mechanical Analysis

The main theoretical analysis methods of constrained damping structures include the
complex stiffness method [15], deformation energy method, fractional calculus method [16],
finite element method [17], etc. The complex stiffness method is the most widely used,
which derives the complex stiffness of damping structures by using the methods of material
mechanics and elasticity [18,19].

According to Cravero’s research [20], to save computational resources, simple models
were used to analyze the flow dynamic behavior of in turbomachinery to predict the insta-
bility operating range; these models are accurate and they can be used for the optimization
strategy and to detect the vibration fluid structure. In this paper, simple pipeline models
could also have been used to analyze the loss factor of LCDS to predict the damping perfor-
mance. Figure 3 shows the mechanical model of the LCDS. The thickness of a thin stainless
steel plate is far less than that of the entangled metallic wire material coating, which can be
ignored in the analysis. Under external excitation, the LCDS produces a bending deforma-
tion. It was assumed that the pipeline had precisely the same lateral displacement as the
damping layer and constraining layer, and its bending modes were also exactly the same.
The ratio of the length and diameter of the pipeline was large (>10); it could be treated
as a beam model. According to the Bernoulli hypothesis, the shear deformation and the
moment of inertia of the section were ignored. It was assumed that the unit remained plane
after the bending deformation.

-~

Figure 3. Mechanical model of the long coated damping structure.

As the pipeline was symmetrically arranged and the excitation point was located in
the center of the pipeline, the neutral layer of the composite pipe remained unchanged.
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Still, it coincided with the pipe axis during bending vibration. However, the longitudinal
displacement occurred at the distance y from the neutral layer due to the rotation angle
8 of the section around the neutral axis. D1, Dy, D3, respectively, indicate the pipeline’s
inner diameter, the pipeline’s outer diameter, and outer diameter of the pipeline with the
damping layer.

By intercepting the micro-segment dx on the pipeline with a long coated damping
structure for analysis, w is the lateral displacement, and the rotation angle 6 of the section
can be expressed as:

ow
0=—-— 1
o )
The longitudinal displacement can be expressed as:
ow
uy =yo = % (2)
The strain can be expressed as:
ouy  dw
&= 5y Va2 ®)

where E; is the elastic modulus of the rigid pipeline and E, is the elastic modulus of the
damping layer.

According to Hooke’s law, the stress of the rigid pipe layer and damping layer can be
expressed as:

2w

oy1 = Ergy = ElyTXZ 4)
2w

oy2 = Exey = Ezyﬁ &)

According to the stress distribution on the section, the bending moment on the section
can be expressed as:

M = Jj UylydAl + J:[ O'yzydAz 6)
A A,
From Equations (4)—(6), the bending moment on the section can be given by:
?w
M= (E1Ly + Ezfz)ﬁ @)
T
h = (D; =Dy ®)
T
= (D5—Dj) ©)

where I; represents the moment of inertia of the pipeline, and I, represents the inertia of
the damping layer.

From the fundamental relationship of the bending deformation, the moment M can be
seen as: 2

w
M= Bﬁ (10)

where B is the bending stiffness of the long coated damping structure.

Setting B; as the bending stiffness of the pipeline, by substituting the above formula,
the bending stiffness B is obtained as follows:

D: — DA
A= =222 11
(D%—D%) (1)
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where e is the elastic modulus ratio e = E» /E;.
Therefore, a complex expression of bending stiffness B; of the i (i = 1, 2) layer can be
expressed as:
B = (Eil;)" = (Eily)/ (1 + jup;) (14)

where (E;I;)" is the imaginary part of the bending stiffness. #; is the cross-section loss factor
of the i layer.

If the pipeline layer and constraining layer damping are ignored, the loss factor # of
the long coated damping structure of the pipeline is:

e
="M (15)

where 775 is the loss factor of the damping layer.

Set h as the thickness of the coated layer, which is h = D3 — D.

In the formula above, D; = 96 mm, D; = 108 mm, E; = 193 Gpa, E; = 0.66 Mpa,
12 = 0.25. The value of 57 with the change of & was calculated by MATLAB. Figure 4 shows
the relationship between the loss factor 77 and thickness h.

0.3f
n2

~ 0.2f

0.1r

0.0 . . . .
5 10 15 20
h/mm

Figure 4. Relationship between 1 and h.

It can be seen from Figure 4 that the loss factor of the pipeline with the long coated
damping structure increased with the increase in the coating thickness and gradually ap-
proached the loss factor of the damping material. It is indicated that adequately increasing
the thickness of the damping layer in a particular range can increase the damping proper-
ties of the pipeline. Kartik’s research [21] found that the frequency dependency hypothesis
was not shown for the EMWM loss factor results, indicating that EMWM was independent
of frequency. Therefore, frequency dependence of the loss factor was not discussed here.

3. Specimen and Test Design
3.1. EMWM Specimen

In this work, a plate-like entangled metallic wire material specimen was constructed
of 304 (06Cr19Nil0) austenitic stainless steel wires. For the pipeline with an outer diam-
eter 108 mm and length 5600 mm, considering the process complexity of manufacture
and installation, the entangled metallic wire material parameters were determined as
344 x 250 x 5 mm. The EMWM used in LCDS was performed by CNC automatic blank
winding equipment. Previous studies [22] mentioned that the influence of the winding
angle on the static loss coefficient can be ignored. According to the research [22,23], the
metal wire in a 45° angle with the best hook condition was generally used to prepare
EMWM. Therefore, the specimen was created by the methods of previous research. The
mass of the specimen was 1075 g, the density was 2.5 g/cm?, and the forming pressure was
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1300 kN. A manufactured plate-like entangled metallic wire material specimen is shown in
Figure 5.

Figure 5. Plate-like entangled metallic wire material specimen.

3.2. Test System

To verify the damping performance of the pipeline with the long coated damping
structure under different temperatures, a thermal-vibration joint test system for the ship
pipeline was set up, as shown in Figure 6.

@ Signal
Force sensor

Data
Signal
— —_—
D
o e C d
Pipeline omman
Control computer
-
Exciter Power amplifier Keysight function
generator
@)
NicolcagEend Temperature transmitter Temperature sensors

Commam:lI Q Signal Signal e
—_— —_—
-
Data \

Solid state relay Quartz lamp heater Long coated damping
structure

(b)

Figure 6. Block diagram of the thermal-vibration joint test system: (a) vibration excitation test system; (b) thermal
environment simulation test system.

As shown in Figure 6, the vibration excitation and acquisition system was composed
of two acceleration sensors, a force sensor, a multichannel data acquisition system, control
computer, a power amplifier, and an electromagnetic exciter. The multichannel data acqui-
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sition system was the dynamic signal acquisition system (DH5922N, Jiangsu, China). The
function generator output the sine sweep signal to the power amplifier to generate an exter-
nal stimulus load on the pipeline. The external stimulus load was monitored by the force
sensor, which was mounted between the exciter output and the excitation rod by means of
a threaded connection. The vibration signals were measured by acceleration sensors. These
vibration response signals were collected in real time by DH5922N, and then they were
sent to the control computer for storage and a subsequent analysis after processing.

In the thermal environment simulation test system, the pipeline was heated by quartz
lamp arrays simultaneously, and the temperature was collected in real time through the
temperature sensor and a high-speed data acquisition card. A host computer controlled
the quartz lamp arrays based on the signal collected through the NI acquisition card and
the solid-state relay. The quartz lamp arrays were controlled to turn on and off to keep the
temperature of the pipeline.

Figure 7 shows the thermal—vibration joint test device for the high-temperature
pipeline. The electromagnetic exciter with an elastic rope suspension was used to ex-
ert external excitation in the middle of the pipe. The vibration response of the pipeline was
measured by an acceleration sensor at one hanger of the pipeline. The heat source of the
thermal environment simulation test subsystem was provided by several quartz lamps. As
the left and right ends of the pipeline system were centrally symmetrical, considering the
cost and test convenience, the quartz lamps were installed at one end of the pipeline. After
each piece of equipment was assembled, the tightening force of the electromagnetic exciter
was adjusted by changing the suspension height of the exciter to ensure that the tightening
force of the exciter was consistent in each test.

Acceleration sensors |g#® ey | - I Long cladding

damplng Htructure

"'

Exciter

l ’

| sy

Quartz lamp
heater

Figure 7. The thermal—vibration joint test system.

To test the temperature control performance of the heating system, a heating experi-
ment was carried out, and the target temperature was set to 100 °C, 200 °C, and 300 °C.
After reaching the target temperature, heat preservation was carried out for a period of
time to ensure that the pipeline reached the target temperature [24]. Figure 8 shows the test
result. Additionally, the temperature could be controlled according to the method shown
in Figure 8 in the experiments.
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Figure 8. Relationship between heating temperature and time of pipeline.

The excitation point was located in the center of the pipeline, and the measuring point
was arranged on the rigid transfer plate connected with the gantry on one side of the
pipeline. The arrangement of the measuring point and the excitation point is shown in
Figure 9.

Excitation
point

Gantry frame

T-shaped
platform

Figure 9. Arrangement of measuring points and excitation point.

4. Performance Characterization

The force transmission rate, insertion loss and vibration level difference are commonly
used to evaluate the damping effect. The force transmission rate is generally used to
predict the vibration isolation effect in theory, but it is not easy to measure in the experi-
ment. Additionally, the insertion loss and the vibration level difference can be measured
by the experiment. In this study, the vibration attenuation effect was evaluated by com-
paring the vibration response of the rigid pipeline and the pipeline with the LCDS, so
the insertion loss was selected as the evaluation index of the pipeline system vibration
reduction performance.

The acceleration response signal of the measuring point was collected, and the FFT
transform was carried out to obtain the acceleration frequency domain response. Then,
the data were processed in the following way to obtain the insertion loss of the pipeline
with/without the LCDS.

Suppose there are N measuring points in a certain part of the equipment, and the
acceleration response in frequency domain is a1 (w), ax(w), . . . ay(w). Then, the mean square
response acceleration is as follows:

(01(@)? +a(@)* + -+ an(w)?)
N2

Agper (W) = (16)
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The vibration acceleration level can be expressed as:

Laver (@) = 201g“””fa’0(“’) (17)

where ay is the reference acceleration, ay = 10~ m/s2.

Suppose L; is the vibration acceleration level at the f; frequency point in the frequency
band, and # is the total number of frequency bands for obtaining the acceleration response
level in a certain frequency band. In that case the acceleration vibration level in the
frequency band can be calculated by using the formula of the total vibration level octave
of acceleration.

14 . L
L, = 10lg E.Z% 1010 (18)
1=

Based on the above formulas, the vibration levels of each frequency band can be
obtained and then we can obtain the total acceleration vibration levels of each frequency
band. If the whole acceleration vibration level of the rigid pipeline is L4, and the entire
acceleration vibration level of the long coated damping structure is L41, the insertion loss
IL of the pipeline with the LCDS can be expressed as follows:

IL = Lpo — La1 (19)

5. Results and Discussion

Before measuring the vibration attenuation effect of the long cladding damping struc-
ture, it was necessary to perform a modal analysis of the rigid pipeline for the subsequent
discussion of the coating position and the analysis of the test results. The rigid pipeline,
which is the pipeline without a long coated damping structure, was installed on the test
system at room temperature. An electromagnetic exciter carried out the sinusoidal fre-
quency sweep excitation from 5 Hz to 300 Hz. The vibration acceleration response curve of
the rigid pipeline could be obtained by data processing of the vibration response signal
monitored by the accelerometer at the measuring point. As the energy of the low-frequency
resonance is more significant than that of the high-frequency resonance, the low-frequency
vibration has a more substantial influence on the structure. Therefore, more attention was
paid to the vibration response of the low-frequency band in the engineering. Figure 10
shows the acceleration frequency response curve of the rigid tube in 5-300 Hz, where L
represents the vibration acceleration level at the measuring point. In order to obtain the
modal shape of the pipeline, the finite element modal analysis (FEMA) was conducted by
the finite element analysis software Abaqus®. Additionally, each mode shape of the rigid
pipeline was obtained, as shown in Figure 11. It can be seen that the deformation in the
middle of the pipeline was large, so it was necessary to concentrate on the middle position
of the pipeline when applying the LCDS. The comparison of the natural frequency between
the finite element modal analysis results and the experimental results is given to prove the
accuracy of the finite element modal analysis, as shown in Table 1.

Table 1. Comparison of natural frequency between experiments and finite element model analy-

sis (FEMA).
Experiments FEMA Error
First-order 15.31 Hz 15.36 Hz 0.33%
Second-order 55.00 Hz 45.27 Hz 17.7%
Third-order 93.28 Hz 95.31 Hz 2.18%

Fourth-order 145.6 Hz 161.9 Hz 11.2%
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Figure 10. Vibration response of rigid pipeline.
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Figure 11. Modal shape of the rigid pipeline: (a) first-order modal shape; (b) second-order modal shape; (c) third-order
modal shape; (d) fourth-order modal shape.

It can be seen from Table 1, the error between the test values of the second-order
and fourth-order natural frequencies of the pipeline and the FEMA results was not more
than 20%. The error rate between the test values of the first-order and third-order natural
frequencies and the FEMA results was less than 5%. In conclusion, the natural frequencies
of each order measured by the test were close to the values of FEMA, indicating that the
results of the finite element modal analysis can be used for reference.

To explore the optimal position for the coating on the pipeline, eleven accelerometers
were arranged on one side of the pipeline at intervals of 180 mm, starting from the center
of the pipeline, as shown in Figure 12.

According to the pipeline vibration response collected by each accelerometer, the
position with the maximum vibration response of the pipeline was obtained. Combined
with the FEMA modal shape obtained in Figure 11 it was decided to apply the LCDS from
the middle to the end of the pipeline. Additionally, the influence of the cladding position
was verified by changing the cladding length in the test.
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Figure 12. Vibration response of rigid pipeline.

In order to explore the influence of different ambient temperatures, different coated
layers and different coated length on the vibration attenuation effect of the LCDS, the
experiment was divided into three groups, as shown in Table 2.

Table 2. Three groups of parameters of long coated damping structure.

Layers Length (mm) Temperature (°C)
@ 1/2/3 1000 25
@) 2 250/500/750/1000 25
® 2 1000 25/100/200/300

5.1. Effect of the Number of Coated Layers

An electromagnetic exciter carried out the sinusoidal frequency sweep excitation from
5 Hz to 2000 Hz. With the same ambient temperature and coated length, the experiment
was carried out by changing the number of coated layers. The insertion loss value was
obtained by comparing with the rigid pipeline. Additionally, the vibration attenuation
effect of the LCDS was analyzed based on the insertion loss. The insertion loss of the
pipeline was calculated according to Formulas (16)—(19). The test results are shown in
Figures 13 and 14. It was mainly observed that the vibration attenuation effect at the first
four natural frequencies formed Figure 13. As the first four natural frequencies were in
the frequency band of 5-300 Hz, only the vibration response diagram of the 5-300 Hz
band is given in Figure 13. Next figures of vibration response curve are based on the same
principle, which will not be repeated in detail. Figure 14 shows the full-band insertion loss
octave curve of 5-2000 Hz.

As shown in Figure 13, with the increase in the number of cladding layers, the total
mass of the pipeline increased, but the stiffness of the pipeline changed little, while the
influence on the pipeline relative to the total mass of the pipeline was negligible. The
natural frequency of the object was inversely proportional to its mass so, on the whole, the
natural frequency of the pipeline decreased. As shown in Table 3, with the increase in the
number of EMWM layers of the LCDS, the average insertion loss of the pipeline with the
LCDS in the full-band gradually increased. However, the vibration attenuation effect of the
three layers was a little different from that of the double layers. With the number of coated
layers increasing, the number of the internal wire helixes in the contact state increased, the
number of effective contact units increased, and the friction energy dissipation increased.
It can be seen from Figure 14 that the insertion loss near 2000 Hz was greater than that near
5 Hz in the full band, which indicates that the vibration attenuation of the LCDS worked
better in high frequencies.

To clarify the physical phenomena of the results, Figures 14 and 15 present the radial
profile of the LCDS. The EMWM close to the pipeline wall had friction energy dissipation
between the adjacent wire helixes in the contact state and between the wire helixes and
the pipeline wall. The energy dissipation of the outer EMWM layer was smaller than
that of the first layer. Therefore, with the increase in the number of the coated layers, the
energy dissipation effect of the LCDS also increases but gradually approached the peak
value. Therefore, the insertion loss of the double-layer-clad structure was greater than that
of the single-layer-coated structure. However, the damping property of the LCDS with
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double-layers was little different from that of the three-layers, which was consistent with
the conclusion of Figure 4.

140 T ——— 140
1204 1207 {
3 ‘ g
= 1004 3 100+
801 801
60 T T 60 T :
0 100 200 300 0 100 200 300
f/Hz f/Hz
(a) (b)

140

120+

L/dB

100+

801

60 T .
0 100 200 300

Figure 13. Vibration response curve of pipeline with different coated layers: (a) one coated layer; (b)
two coated layers; (c) three coated layers.

15 T T

—=—one layer
{—*—two layers ]
—— three layers A

10

IL/dB

75 10 100 "2000
f/Hz

Figure 14. Insertion loss octave curves of pipeline with different coated layers.
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Figure 15. Profile of long coated damping structure.

Table 3. Insertion loss (IL) of pipeline with different EMWM layers (unit: dB).

Number of EMWM Layer One Two Three
First-order 0.877 1.928 1.126
Second-order 6.151 5.957 5.593
Third-order 1.705 5.511 5.538
Fourth-order 0.587 11.304 7.663
Frequency range 5-2 kHz 1.719 2.559 2.970

5.2. Effect of the Temperature

An electromagnetic exciter carried out the sinusoidal frequency sweep excitation
from 5 Hz to 2000 Hz. With the same coated layers and coated length, the experiment
was carried out by changing the ambient temperature. The law of the change of ambient
temperature in the experiment is shown in Figure 8. The insertion loss value was obtained
by comparing with the rigid pipeline. Additionally, the vibration attenuation effect of the
LCDS was analyzed based on the insertion loss. The insertion loss of the pipeline was
calculated according to Formulas (16)—(19). The test results are shown in Figures 16 and 17.
Figure 16 shows the vibration response curve in the low frequency band. Figure 17 shows
the full-band insertion loss octave curve of 5-2000 Hz.

It can be seen from Figures 16 and 17 that there was little difference in the vibration
response and insertion loss at different ambient temperatures, which indicates that the
ambient temperature had little effect on the long coated damping structure of the pipeline.
The long coated damping structure of the pipeline could still effectively reduce the vibration
of the pipeline under a high-temperature environment. There was a difference in the main
frequency range of energy dissipation. As shown in Table 4, the insertion loss increased at
first and then decreased with the increase in ambient temperature. The maximum insertion
loss value was 2.888 dB at 200 °C, and the smallest insertion loss value was 2.559 dB at
room temperature. The difference between them was less than 0.5 dB, which indicates that
temperature had little effect on the damping property of the LCDS.

Table 4. Insertion loss (IL) of pipeline with LCDS at different ambient temperatures (unit: dB).

Temperature 25°C 100 °C 200 °C 300 °C
First-order 1.928 1.881 1.391 1.007

Second-order 5.957 5.975 5.318 4.614
Third-order 5.511 1.080 0.547 1.034
Fourthorder 11.31 7.787 8.285 2.524

Entire frequency range 5-2 kHz 2.559 2.600 2.889 2.563
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Figure 16. Vibration response curve of pipeline at different ambient temperatures: (a) 25 °C;
(b) 100 °C; (c) 200 °C; (d) 300 °C.
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Figure 17. Insertion loss octave curves of pipeline at different ambient temperatures.

It is shown in Table 4 and Figure 17 that there was still a little difference in the insertion
loss values at the corresponding modes at different temperatures. The reason why the
insertion loss was lightly different at different temperatures was that the internal wire
helixes of the EMWM expanded thermally with the increase in temperature. Some wire
helixes transformed from the non-contact state into the slip contact state, which improved
the friction energy dissipation and led to the increase in the loss factor of EMWM. When
the temperature was higher than 200 °C, a dense oxide film was formed on the surface
of the spiral coil, which increased the friction coefficient on the surface of the spiral coil.
Additionally, the friction effect was more obvious in the high frequency, so the insertion
loss at 200 °C was greater in the high frequency. However, with the increase in the ambient
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temperature to 300 °C, the thermal expansion of the wire gradually increased, and the
contact state of some internal wires changed from slip contact to extrusion contact, and
the energy consumption slightly reduced. Overall, the temperature had little effect on the
vibration attenuation effect of the LCDS.

5.3. Effect of the Length of Coated Structure

An electromagnetic exciter carried out the sinusoidal frequency sweep excitation from
5 Hz to 2000 Hz. With the same ambient temperature and coated layers, the experiment
was carried out by changing the coated length. The change of the coated length meant that
the LCDS was 250 mm, 500 mm, 750 mm, and 1000 mm away from the middle position of
the pipeline. The insertion loss value was obtained by comparing with the rigid pipeline.
Additionally, the vibration attenuation effect of the LCDS was analyzed based on the
insertion loss. The insertion loss of the pipeline was calculated according to Formulas
(16)—(19). The test results are shown in Figures 18 and 19. Figure 18 shows the vibration
response curve in the low-frequency band. Figure 18 shows the full-band insertion loss
octave curve of 5-2000 Hz.

As shown in Figures 18 and 19, the change of coated length had little influence on the
pipeline system’s vibration response. The vibration attenuation effect of the smaller coated
length in the low-frequency band was even better, which showed that it was unnecessary
to cover the whole length of the pipeline. The location and length of damping should be
determined according to the vibration distribution on the pipeline.
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Figure 18. Vibration response curve of pipeline with different coated length: (a) 200 mm; (b) 500 mm;
(c) 750 mm; (d) 1000 mm.
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Figure 19. Insertion loss octave curves of pipeline with different coated length.

As shown in Table 5, the corresponding insertion losses of different modes under
different coating lengths were various. As it can be seen from Figure 11, the mode shapes of
different natural frequencies were different, and the vibration attenuation effect of different-
coated length was different at different natural frequencies. It is considered that different
coating lengths can give full play to their damping effect in specific modal frequencies.
With the increase in the coated length of the pipeline, the insertion loss of the pipeline also
increased. The increase in insertion loss meant the improvement of vibration attenuation
effect of the LCDS. Compared with only coating the middle of the pipeline with EMWM
and the longer length, the vibration attenuation effect was not significantly improved. From
the analysis results of Figures 11 and 12, it can be seen that there was a large deformation
area on both sides of the 450 mm from the center of the pipeline, and a better vibration
attenuation effect could be obtained by coating this area.

Table 5. Insertion loss (IL) of pipeline with different coated length (unit: dB).

Coated Length 250 mm 500 mm 750 mm 1000 mm
First-order 1.616 1.233 1.248 1.928
Second-order 5.229 5.041 5.555 5.957
Third-order 1.023 2.564 3.176 5.511
Fourth-order 7.302 7.773 7.065 11.304
Entire frequency range 5-2 kHz 2.519 5.757 2.863 2.559

6. Conclusions

In this paper, the structural analysis for the long coated damping structure of the
pipeline was carried out. It was concluded that properly increasing the thickness of the
damping layer in a particular range can increase the damping effect of the long coated
damping structure of the pipeline. Additionally, the rationality and accuracy of the analysis
were verified by experiments.

Based on the research on the vibration reduction in the long coated damping structure
of the high-temperature pipeline, according to the size of the pipeline and the existing
equipment in the laboratory, the thermal-vibration joint test system was designed. The
evaluation index of the insertion loss verified the vibration attenuation effect of the long
coated damping structure of the pipeline. The effects of coated layers, the temperature,
and coted length of the pipeline were studied. The main conclusions of experiments are
as follows:

(1) When other conditions were consistent, with the increase in the number of coated
layers, the insertion loss of the pipeline increased, which improved the vibration
attenuation effect of the pipeline.
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(2) With the change of temperatures, the variation of the insertion loss was less than 0.5
dB, indicating that the damping property of the LCDS could work well at high tem-
perature.

(3)  With the increase in the coated length of the pipeline, the increase in the insertion loss
was not obvious.

(4) The loss factor of the LCDS was related to the loss factor of EMWM and the number
of damping layers. Changing the number of damping layers could affect the loss
factor of the LCDS.

Overall, the design of the EMWM-based LCDS can provide an effective reference for
the design of the damping structure on ship pipelines working in a harsh environment.
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