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Abstract: LNG (Liquefied Natural Gas) vaporizing stations are usually built in the cities and towns,
and the BOG (Boiled Off Gas) pressurizing system is a very important element. In the pressurizing
system, the severe vibration of the low-temperature reciprocating compressor may lead to a failure
of the pipeline system and the equipment. Therefore, this paper analyzes the stress and pressure
pulsation of the BOG compressor piping system in the LNG vaporizing station. The beam model was
used to establish the pipe model. The static, harmonic and modal analysis were carried out based
on the plane-wave theory and the pressure-fluctuation theory, and the influence factors of support
spacing, the settlement of the fulcrum foundation, pipe pressure and elbow angle were analyzed.
The main conclusions are as follows: (1) the unbalanced excited force caused by pressure pulsation
greatly affects the stress of the exhaust pipe and compressor outlet pipe, and has less influence on
the stress of the suction pipe and compressor inlet pipe; (2) although unbalanced excited force is
generated in the elbow, it also has an impact on the straight pipe stress; (3) adding an expansion joint
to the pipe of the BOG compressor can effectively reduce the stress of the pipe its the displacement,
and can increase the flexibility of the pipe.

Keywords: LNG vaporizing station; low temperature compressor; piping system; stress analysis;
modal analysis; pressure pulsation

1. Introduction

LNG (Liquefied Natural Gas) is a type of cryogenic liquid that cools gaseous natural
gas to —162 °C under atmospheric pressure. The LNG pipeline may experience destructive
stress because of cold shrinkage, and there is a great safety hazard in the process of
operation. Especially in the LNG vaporizing station with BOG (Boiled Off Gas) compression
process, the operation of the compressor causes pipe vibration and increase the stress of
the pipe [1-5]. If the equipment or pipe ruptures, the LNG will leak and then rapidly
volatilize and disperse. It can easily cause fires, explosions and other accidents, causing
huge economic losses and casualties. Therefore, according to the regulation of GB/T 20801
“Pressure piping code Industrial piping Part 1: General” [6], a pipe-stress analysis should
be carried out for pipes running at temperatures not less than 400 °C or not greater than
—70°C.

Chilton and Handley [7] discussed the installation position of two kinds of buffer
(single-volume buffer and filter buffer) in the piping system. It was concluded that the
control effect of the filter buffer on pressure pulsation is better in cases with the same
volume. Sun Siying et al. [8] studied the installation position of the buffer, and found that
the closer the buffer to the cylinder, the more obvious the effect of vibration elimination.
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Josef and Zhang Heli [9] designed an attenuator with a perforated tube, and proved
that it could effectively attenuate the pulsation of the air flow. Shin et al. [10,11] carried
out a theoretical analysis and experimental verification on the problem of attenuator-
reducing pressure pulsation. The device is equivalent to the spring damping system, which
can effectively control the pressure pulsation. Chen Lingli et al. [12,13] put forward a
mathematical model for the optimization of the supporting stiffness of the piping structure
of the compressor, and deduced the sensitivity analysis formula of the steady-state response
amplitude with design variables under the exciting force. Cheng Mugen [14] analyzed the
vibration causes of the inlet pipe of the water-injection pump, and put forward damping
measures such as adding the accumulator and reducing the number of elbows. Xing
Keli et al. [15] analyzed the conventional parallel capsule accumulator and a new type of
tandem bladder accumulator, and discussed the effect of the installation position of the
accumulator on the pressure-pulsation attenuation of the pump. Zhang Hongjuan [16]
analyzed the vibration causes of the reciprocating pump pipe and proposed the addition
of an air chamber to reduce the pressure pulsation. Xie Poan [17] used the transfer matrix
method to establish the acoustic model of the accumulator, analyzed the attenuation effect
of accumulator on the fluid pulsation in the pipeline, and verified it by experiment. Wang
Qiang [18] put forward a structure for a pipeline vibration elimination device, which
can reduce the vibration of the pipe and attenuate the pressure pulsation of the fluid.
Xue Weifei [19] used the ANSYS software to analyze the vibration of the reciprocating
compressor outlet pipe and to reduce the vibration by reforming the layout of the pipe.
Xiao Gaomian [20] calculated the pressure pulsation of a complex piping system based on
plane-wave theory by using the stiffness matrix method, and made use of Matlab software
to compile the calculation program of gas pulsation. Yu Chenglong et al. [21] analyzed
vibration and vibration-reduction measures for the reciprocating compressor pipe, and
put forward measures to increase the buffer tank, namely by reducing the diameter. Chen
Haifeng [22] analyzed the vibration characteristics of reciprocating compressor piping by
the method of acoustic and electric simulation. This method equates the pipe unit to the
circuit, which is convenient and fast, but it can only calculate the frequency of the pipe. Sui
Kai and Wang Jie [23] analyzed the pressure pulsation of the water supply pipeline. The
expression of the pressure pulsation was derived by the separation of variables, and the
expression of the exciting force was deduced. Lu Hongfang [24] analyzed the stress and
vibration of the reciprocating pump piping system using CAESAR II software, and put
forward the measure of stress reduction.

Su Peng et al. [25] studied the effect of thermal stress on the LNG pipeline. Liu
Huafeng et al. [26] carried out the stress calculation for a company’s LNG storage tank’s
cryogenic inlet pipeline, studied the stress concentration and the large displacement posi-
tion of the pipeline, and studied the influence of the spring hanger on the stress of the piping
system. Yu Guopeng et al. [27] conducted a stress analysis of LNG cryogenic pipelines,
and analyzed the influence of wind load, earthquake load and other factors on pipe stress.
Qiang Xu et al. [28,29] conducted research on two-phase flow regimes of a long-distance
pipeline-riser system and found that differential pressure signals at different pipe positions
can have a significant impact on the recognition rate. Se-Yun Hwang et al. [30] studied
pipe stresses of piping system installed on LNG carriers under various conditions using
CAESAR-II software based on beam elements and conducted an evaluation of analytical
results of piping arrangement of LNG.

According to the literature survey, there are few studies on the vibration of low
temperature pipes, and the stress analysis of the BOG compressor piping system has not
been studied yet. Based on the theory of pressure pulsation, this paper calculates the
unbalanced exciting force of the pipeline. The stress and a harmonic and modal analysis of
pipelines are studied by CAESAR II software, the influence factors of stress are analyzed
and the corresponding stress-reduction measures are presented.
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2. Basic Theories

The system only vibrates when the system is disturbed by the initial disturbance (ex-
ternal force or displacement), and it is easy to cause resonance when the natural frequency
of pipeline is close to the excitation frequency. In the BOG compressor piping system, the
effect of pressure pulsation on pipeline stress is primarily studied.

2.1. Plan Wave Theory

The plane-wave theory uses linear equation to simplify the initial equation, so the
linear vibration theory can be used to directly facilitate the calculation. As shown in
Figure 1, at moment ¢, the physical parameter pressure, velocity and density are p, u and p,
respectively. When the fluid is a one-dimensional flow, p, u, p are all functions related to x
and ¢.

1 2
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, X
X dx
Figure 1. Fluid micromass of control volume in the pipe.
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2.2. Pressure Pulsation and Unbalanced Exciting Force

Pressure pulsation refers to the maximum amplitude deviating from the average
pressure p. Without the pressure data of the pipeline in the scene, it is difficult to adopt the
shock-wave theory calculation. In order to be able to carry out the analysis more accurately,
the calculation is made by the method of separation of variables.

The expression of pressure pulsation is as follows [23]:

pa(x, t) = _n—ip(cos nrl — 1) cos wyt + ﬁzzucl(cos nrl — 1) sinwyt | sin ?x 4)
where pa(x,t) = pressure pulsation at x position and f moment, Pa; n = order number;
¢ = sound velocity, m/s; | = total pipe length, m; x = distance from the starting point, m;
wy = excitation circular frequency, rad/s; p = initial pressure, Pa; u = initial velocity, m/s.

The pressure inhomogeneity is the symbol used to measure the pressure pulsation,
and the pressure inhomogeneity can be calculated as:

5zfﬁﬁﬁ}ﬂﬂ9x1m%, 5)
0

where pamax = the maximum value of pressure pulsation; pamin = the minimum value of
pressure pulsation; py = the average pressure, pg = %

According to the requirements of API 618 “Reciprocating Compressors for Petroleum,
Chemical, and Gas Industry Services” [31], the unfiltered gas pressure inhomogeneity at
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the cylinder flange of the compressor should be within the range of Equation (6), and if the
calculated value is greater than 7%, it should be taken as 7%.

df = 3R, (6)

where J¢ = allowable value of pressure inhomogeneity, %; R = the ratio of the absolute
pressure of the compressor outlet to the absolute pressure of the inlet.

In the BOG compressor piping system, the BOG gas becomes periodically excited
by the compressor due to the reciprocating motion of the BOG compressor, creating a
pressure pulsation. The pressure pulsation is transmitted through the BOG as a pressure
wave. At different locations, the pressure pulsation reaches a peak at different times. The
pressure pulsation produces the exciting force at the elbow, tee or other components, and
the exciting force varies with time, which affects the stress of the pipes. As it shown in
Figure 2, assuming that d represents the inner diameter of the pipe,  stands for the angle
of elbow, the inlet and outlet pressures are p, and the resultant force of elbow can be

calculated as:
— A (BN — o (PP in( B
R = 2F; sin < 5= 2F, sin = 2 1 sin{ 5 ), ?)

Figure 2. Elbow force diagram.

According to the above formula, R is constant if p is constant while the bend deforma-
tion and stress are static. In the case where the pressure is pulsating, p = po + Ap. Hence,
the resultant force of elbow should be:

R = 2(7-[:[12) (po +Ap) sin(i) = 2(72112)!’0 sin(i) +2<HZ’2>APSin(‘[23> 8)

In the above formula, pg represents average pressure, Pa; Ap represents amplitude of
pressure pulsation, Pa.

In Equation (8), the two terms represent the force generated by the static pressure on
the elbow and the exciting force AR generated by the pressure pulsation, respectively.

AR —2<ﬂflz>Apsin<‘§) —25Apsin<‘§), )

In Equation (9), Ap is pressure pulsation, the unit is Pa; S is cross sectional area of pipe,

the unit is m2.
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2.3. Model of Pipe and Constraints

Due to the complexity of the BOG compressor piping system, the stress calculation
using the beam model is relatively simple. The pipeline model includes the straight
pipe model, elbow model and tee model. Constraint models include compressor nozzle
constraints, valve seat constraints, and guidance constraints. The relevant details were
explained in another article by one of the authors in reference [24].

2.4. Stress Analysis Method

This study applied the finite element method to analyze the stress of the BOG compres-
sor piping system. Since large deformation and nonlinearity problems are not involved in
the stress of BOG compressor piping, the advantages and disadvantages of ANSYS (ANSYS
2019 R3, ANSYS, Inc., Canonsburg, PA, USA), ABAQUS (ABAQUS 2020, ABUQUS Inc.,
Palo Alto, CA, USA) and CAESAR IT (CAESAR II 2019 v11.00, COADE, Inc., Houston, TX,
USA) software were compared, and CAESAR II software was judged to be more appropri-
ate. Through engineering verification, the software can meet the accuracy of calculation,
and we found that the CAESAR II software is superior in the case of a complicated piping
system for its fast calculation speed and easy modeling processes.

1.  Assumed condition

CAESAR II software performs the stress analysis on the assumption that [30]:

(@) The assumption of small deformation: in the cross section, the local deformation of
the element under load is negligible;

(b) The plastic deformation and large deformation are not considered in the elastic range
of the pipe material, which means the nonlinear problem of the pipe structure is not
taken into account;

(c) Inthe process of loading the aircraft remains flat;

(d) Considering only the elastic changes and loads of the pipe, and Hooke’s law applies
to the full load range of the tubular section;

(e) Assuming that the points, the forces and moments acting on the structure are on their
central axes;

(f)  The rotational deformation of the system is small;

(g) The force is not affected by structural deformation.

2. Grid precision

For all pipes supported by the ground, whether the soil is covered or not, the distance
between the nodes of the pipe with diameter greater than 304.8 mm should be less than
or equal to 20 times the diameter of the pipe, and for a pipe diameter smaller than or
equal to 304.8 mm, the distance between the nodes should not be greater than 30 times the
diameter of the pipe [32]. For pipes with support constraints, the nodes must be distributed
at the pipe support, otherwise the nodes between the pipe supports produce the wrong
longitudinal displacement because of the unbearable weight.

3. Mass matrix of piping system

The element mass matrix is:

1B 1 9 -13
15 210 70 42|
w2 13l ol
[Me] =pst| 20 3% W M| (10)
70 420 15 210
-3 - _1u 2
420 140 210 105

The total mass matrix of the piping system is [26]:

M) = Y [6)T[M)[G), a1
e=1
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2.5. Natural Frequency and Excitation Frequency

The natural frequency of piping system is expressed as [33-36]:

_»n |k
WO - 27_[ m/ (12)

where 1, = order of natural frequency, y» =1, 2, 3 ... ; k = stiffness of piping system;
m = mass of piping system.
Excitation frequency refers to the number of vibrations of the vibrating object within a

unit of time, its expression is:

nmA
Wy = —— 1
1 0" (13)

where n = compressor speed in RPM, r/min; m = number of cylinders; A = action mode,
A =1 for single-action, A = 2 for dual-action.

2.6. Pipe Stress and Model Calibration
1.  Stress calibration

The main loads acting on the LNG pipe system are as follows: self-weight, pressure
temperature, restraints force at piping support, forced displacement. Primary stress and
secondary stress of the pipe stress can be divided by the destruction forms of the pipe.
ASME B31.3 “Process Piping” standard should be followed for the stress calibration of the
LNG vaporizing station piping [37].

Primary stress is caused by external loads such as pressure and gravity, and should
meet the following condition:

Sy < Sp, (14)

While secondary stress is generated by temperature difference and should satisfy the
following condition:

Sp = (Sp + 451" <S4 = fr(1.255 +0.255},), (15)

In Equations (14) and (15),

Sp, the sum of longitudinal stresses due to gravity and other continuous loads in
the pipe;

Sy, allowable stress in the thermal state;

S, the calculated displacement stress range due to thermal expansion and end
point displacement;

Sa, the allowable displacement stress range;

S., allowable stress in the cold state;

fr, stress range factor;

Sp, the stress due to composite bending moment of pipe under thermal expansion,
cold shrinkage and endpoint displacement;

St, the stress due to the torque of the pipe under the action of thermal expansion, cold
shrinkage, and endpoint displacement.

2. Model calibration
As shown in Figure 3, in order to avoid resonance between the pipe and the equipment,

the following is required [38-42]:
Wo

Wo
0 p80r 20 5 12, (16)
1 Wi
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3. Case Study
3.1. Project Overview

As shown in Figure 4, the direct compression process was used to pressurize the
BOG generated in the LNG storage tank and unloading system using a compressor. The
pressurized BOG and the natural gas vaporized in the aero-thermal vaporizer were mixed
in the main pipe, and after confluence, it was transported to a water-bath vaporizer and
then warmed to above —5 °C.

e Bl

BOG BOG compressor

Water-bath
vaporizer

City gas network

T,

Air-heated vaporizer

LNG storage tank

Figure 4. Schematic diagram of the process flow of LNG vaporizing station.

According to the maximum amount of BOG, two BOG compressors (RC1—Reciprocating
compressor 1, RC2—Reciprocating compressor 2) were set up with the same displacement
(3000 Nm3/h). As shown in Figure 5, the main elements of the BOG compressor pip-
ing system include the main suction pipe, main exhaust pipe, compressor inlet pipe and
compressor outlet pipe. All the pipes are built above the ground.

RC1

Main exhaust pipe

Main suction pipe
Figure 5. Sketch map of pipe distribution.

The operating condition (0~50~100%) of the BOG compressor is regulated by the
pressure of the LNG tank. If the BOG flow exceeds the compressor capacity, the pressures
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of the LNG storage tank and the main BOG pipe increase. If the pressure exceeds the
set point of the control valve, the control valve will turn on, and the extra BOG will be
delivered to the torch and burned. In the case of normal operation (no unloading operation),
only one BOG compressor is needed. During the unloading operation, the amount of BOG
is several times that of the normal condition, and two compressors are required to work at
the same time. The parameter of the pipes can be seen in Table 1.

Table 1. Parameters of pipes.

Pipe Type Main Main Exhaust Compressor =~ Compressor
Suction Pipe Pipe Inlet Pipe Outlet Pipe
Material 06Cr19Nil0 06Cr19Nil0 06Cr19Nil0  06Cr19Nil0
Diameter (mm) 219 219 219 219
Thickness (mm) 6.0 6.0 6.0 6.0
Insulation thickness (mm) 30 30 30 30
Fluid density (kg/m?) 0.75 0.75 0.75 0.75
Installation temperature (°C) 20 20 20 20
Operation temperature (°C) —152 —68 —152 —68
Operation pressure (MPa) 0.115 0.6 0.115 0.6

3.2. Numerical Simulation

According to the actual data of the LNG vaporizing station, the corresponding pipe
model was established and the constraints were set. The main constraints of the pipeline
are: compressor nozzle, valve seat constraints and guidance constraints.

The nozzle of the BOG compressor and the equipment were connected through the
flange. In general, the compressor nozzle flange was simulated as a fixed point (Anchor),
indicating that the line displacements and angular displacements in the direction of X, Y
and Z are constrained, as shown in Figure 6. Considering the effect of cold shrinkage, the
initial displacement at the nozzle was set to 0.174 mm.

Compressor
nozzles

Figure 6. The model of compressor nozzle.

The function of valve seat is the same as the load-bearing bracket and could hold
back the downward displacement of the pipe. In CAESAR II software, the valve seat is
represented by a unidirectional upward constraint (+Y), which means that the restraining
force acts in the +Y direction of the pipe. As the pipe slides relative to the valve seat, a
friction model should be built and the friction coefficient between the valve seat and the
pipe need to be defined. Figure 7 shows the valve seat model.
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Valve seat

Figure 7. The model of valve seat.

In the LNG vaporizing station, four-directional guide are usually used to constrain the
displacement of the pipeline. The four-directional guide can better control the resonance,
and it also needs to define the friction coefficient. In addition, the size of the gap can be
defined. When the installation is completed, there is no contact between the pipe and the
support, which is a passive constraint. However, when the pipe is thermally displaced, the
gap between the two can be closed to become an active constraint. The gap between the
pipe and the support was 3 mm in this study. The four-directional guide model is shown in

r 4 P T
/ Four-directional \'

guide

Figure 8. The model of four-directional guide.

The established model of overall piping system can be seen in Figure 9.

RC1
compressor

Compressor inlet pipe

RC2

compressor |,

RC2-B4

- RC2-BS

Main suction pipe

A Main exhaust pipe
X

Figure 9. The model of overall piping system.

Z
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4. Results
4.1. Static Stress Analysis Result

In the case of RC1 and RC2 running together, the stress and displacement distribution
of the pipes were as follows.

1. Stress analysis result

The primary stress, secondary stress, comprehensive stress of main suction pipe, main
exhaust pipe, compressor inlet pipe and compressor outlet pipe are shown in Figure 10,
and representative pipe elbow and tee locations are marked. As fluid passed through pipe
elbow and tee, the flow rate and the pressure in the pipe increased, which resulted in an
increase in stress at these locations.

40

—e— Primary stress —e— Primary stress
—=&— Secondary stress RCl'Bl —e— Secondary stress
—e— Comprehensive stress 0 —e— Comprehensive stress
| RC1-B4
RC1-B3
<
a 5
€ 0 RC1-B6
s
7]
10
T 0 ' .
10 15 0 5 10 15
Pipe length (m) Pipe length (m)
(a) (b)
40,
—e— Primary stress RCZ-Bl —e— Primary stress
—@— Secondary stress —@— Secondary stress
—e— Comprehensive stress 10 —a— Comprehensive stress
RC2-B4
RC2-B3
g RC2-B6
= 20
@
4
7]
10
T 0 ; .
10 1S 0 S 10 15
Pipe length (m) Pipe length (m)
(c) (d)
T1 —@— Primary stress 100+ T4
—e— Secondary stress .
—e— Comprehensive stress Frimaty stress
80 —&— Sccondary stress
—e— Comprehensive stress
E(y() g
T3 =
@
540
7]
20
0 7.—.—"./.‘/0—.\.‘——.
20 30 0 - 20 30
Pipe length (m) Pipe length (m)
(e) ()

Figure 10. Stress distribution: (a) Compressor (RC1) inlet pipe; (b) Compressor (RC1) outlet pipe;
(c) Compressor (RC2) inlet pipe; (d) Compressor (RC2) outlet pipe; (e) Main suction pipe; (f) Main
exhaust pipe.
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The following conclusions can be drawn from Figure 10:

The stress distribution of the same type of pipe is basically the same, and the larger
stress is produced at the tee or the elbow.

The comprehensive stress of each pipe is the largest, the secondary stress is slightly
less than the comprehensive stress, and the primary stress is the smallest. It shows
that the temperature difference (Secondary stress) had the greatest influence on the
pipe stress for the low-temperature pipeline in the LNG vaporizing station.

The stress of compressor inlet pipe is slightly greater than the compressor outlet pipe,
the stress of main suction pipe is slightly larger than the main exhaust pipe (The
temperature of BOG in the compressor inlet pipe and main suction pipe is lower than
the compressor inlet pipe and main exhaust pipe, but the pressure of compressor
outlet pipe and main exhaust pipe is larger), indicating that the impact of temperature
difference on the stress is greater than the impact of pressure.

Displacement analysis

In the BOG compressor piping system, the pipes have axial, horizontal and longitudi-

nal displacements. Axial displacement and longitudinal displacement are mainly caused
by the expansion and contraction of the pipe, and the horizontal displacement is mainly
caused by gravity. The displacement of each pipe can be seen in Figure 11.

10

<

Displacement (mm)
|

=20

Displacement (mm)

Wb
S

L
Y
=3

Displacement (mm)

&
3

30+

RC1-B1

—e— Axial RC1-B6
—e— Horizonial
—e— Longinudinal

5]

>

RC1-B4

£

Displacement (mm)

|

—eo— Axial
—e— Horizontal
—e— Longitudinal

=
w

6 9 12
Pipe length (m)

5 Pipe length (m) 10 15

(@) (b)

RC2-B1

—e— Axial

—&— Horizontal
—e— Longitudinal

0 RC2-B6
RC2-B4

Displacement (mm)
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—e— Longitudinal

|
s

i 9 0 3 6 9 12
5 10 15 Pipe length (m)
Pipe length (m)

(0) (d)

40-

—— Axial
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—e— Longitudinal

30
20-

10

T

Displacement (mm)

—o— Axial
—=e— Horizontal
—e— Longitudinal

10 2 30 0 10 20 30
Pipe length (m) Pipe length (m)

(e) ()

Figure 11. Displacement distribution: (a) Compressor (RC1) inlet pipe; (b) Compressor (RC1) outlet
pipe; (c) Compressor (RC2) inlet pipe; (d) Compressor (RC2) outlet pipe; (e) Main suction pipe;
(f) Main exhaust pipe.
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The following conclusions can be drawn from Figure 11:

a.  The horizontal displacement of the pipe was restricted by the bracket and support, so
the horizontal displacement of the pipe was the smallest.

b.  Compressor inlet pipe and main suction pipe experienced larger negative axial dis-
placements and longitudinal displacements, and the displacement was recorded to be
as high as 70 mm because the low temperature of BOG in the pipe, which caused the
cold contraction of the pipe.

4.2. Harmonic Analysis Result

A harmonic analysis of the pipe was performed using the dynamic analysis module
in CAESAR II software, which loads the unbalanced exciting force on the piping system.
The compressor speed in RPM is 480 r/min, characteristic of a single cylinder single-action
equipment, and the sound velocity is 374 m/s.

1. RC1 runs separately

The calculation results of unbalanced exciting force caused by RC1 compressor in
piping system can be seen in Table 2, while the stress distribution of pipes under static
action and pressure pulsation action are shown in Figure 12.

40 60
—e— Static —e— Static
—e— Pressure pulsation —=@— Pressure pulsation
30 45 |
= =
z :
= Y
§ 20 § 30+
= 7]
A
10 15
0 - T 0 T T T
0 5 10 IS 0 3 6 9 12
Pipe length (m) Pipe length (m)
(a) (b)
120 120+
—e— Static —e&— Static
100 —e— Pressure pulsation 100 —&— Pressure pulsation
~ 80+ =
S S
< 2
% 60 é
=3 7]
73
40
20
0 0+ T
0 10 20 30 0 10 20 30
Pipe length (m) Pipe length (m)
() (d)

Figure 12. Stress distribution of pipes under static action and pressure pulsation action: (a) Compres-
sor (RC1) inlet pipe; (b) Compressor (RC1) outlet pipe; (c) Main suction pipe; (d) Main exhaust pipe.
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Table 2. Calculation results of unbalanced exciting force caused by RC1 compressor.

Pressure Unbalanced Phase
Pipe Type Location Pulsation Exciting Direction Angle
(Pa) Force (N) (Degree)
Combressor RC1-B1 67,394.59 320753 X 0
inleﬁ’ o RC1-B2 117,453.19 —2046.08 z 321
PP RC1-B3 402,706.47 19,166.12 Y 15.42
Combressor RC1-B4 46,248.18 2201.10 X 0
outl(le:)t o RC1-B5 80,599.89 ~1404.08 z 221
PP RC1-B6 247,275.66 11,768.66 Y 10.89
Main suction pipe T1 415,325.64 ~19,766.71 z 16.04
Main exhaust pipe ™ 250,621.06 ~11,927.87 z 11.73

2. RC1 and RC2 run together

The calculation results of unbalanced exciting force caused by RC2 compressor can be
seen in Table 3, and the summary of maximum stress and location can be seen in Table 4.

Table 3. Calculation results of unbalanced exciting force caused by RC2 compressor.

Pressure Unbalanced Phase
Pipe Type Location Pulsation Exciting Direction Angle
(Pa) Force (N) (Degree)
Compressor RC1-B1 67,391.59 —3207.53 X 0
inle}t) ipe RC1-B2 117,453.19 —2046.07 Z 3.21
pip RC1-B3 402,706.47 19,166.12 Y 15.42
Compressor RC1-B4 46,248.18 2201.10 X 0
ou tlst ipe RC1-B5 80,599.89 —1404.08 Z 2.21
pip RC1-B6 247,275.69 11,768.66 Y 10.89
Main suction pipe T3 415,325.64 —19,766.71 Z 16.04
Main exhaust pipe T4 254,731.38 —12,123.50 Z 11.73

Table 4. Summary of maximum stress and location.

Pipe Type Maximum Stress Location Allowable Stress
(MPa) (MPa)

RC1 compressor inlet pipe 31.76 RC1-B1
RC1 compressor outlet pipe 31.85 RC1-B4
RC2 compressor inlet pipe 34.14 RC2-B1 205.5
RC2 compressor outlet pipe 4491 RC2-B4 ’

Main suction pipe 105.99 T1

Main exhaust pipe 108.50 T4

It can be seen from Figure 12 that the unbalanced exciting force has great influence on
the stress of the compressor outlet pipe and the main exhaust pipe, and has little influence
on the stress of the compressor inlet pipe and the main suction pipe. Moreover, although
the unbalanced exciting forces are produced at the elbows and the tees, the stresses of the
elbows and the tees are greatly influenced, and it has a certain impact on the straight pipes.

It can be seen from Table 4 that in the case of double-compressor operation, the
maximum stress of the RC1 compressor outlet pipe and main exhaust pipe would be lower
than those of the case of RC1 single compressor operation. However, this has little effect on
the stress of the RC1 compressor inlet pipe and the main suction pipe.

4.3. Modal Analysis Result

The speed of the compressor is 480 r/min and the number of cylinders is 1, so the
excitation frequency is 8 Hz. Therefore, the resonance region of the piping system is



Energies 2022, 15, 1874

14 of 21

6.4~9.6 Hz. Because the natural frequency of the pipe is positively correlated with the
order, the first-order natural frequency of the pipe should be of no less than 9.6 Hz if the
resonance region is avoided. The modal analysis module of CAESAR II software was used
to perform a modal analysis, for which the analysis parameters are shown in Table 5, and
the results are shown in Figure 13.

Table 5. Parameters of modal analysis.

Parameter Content
Cut-off frequency 200 HZ
Mass model Lumped mass model
Estimated value of the effective number of the eigenvalues 8
Jacobi scanning tolerance 1012
Decomposition singular tolerance 1010
Frequency array space 100
—e— Compressor inlet pipe

ey —e— Compressor outlet pipe
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Figure 13. Natural frequency of compressor inlet pipe and outlet pipe.

It can be seen from Figure 13 that the natural frequency of the compressor inlet pipe
is higher than that of the outlet pipe. The first-order natural frequency of the compressor
inlet pipe is 16.81 Hz, while the first order natural frequency of the compressor outlet
pipe is 11.53 Hz, both of which are larger than 9.6 Hz, meeting the requirement of modal
calibration. Because the lowest natural frequency of the BOG compressor piping system
is 11.53 Hz, the condition that the pipe does not have structural resonance is that the
compressor speed is less than 541 r/min.

5. Discussion

In this paper, several factors influencing the stress of the pipe are analyzed: pipe
support spacing, pressure and elbow angle, and the measures of stress reduction are
put forward.

5.1. Influence of Pipe Support Spacing

In piping design, the setting of the support has a great influence on the stress of the
pipe. This paper used the RC1 compressor outlet pipe as an example, assumed the distance
between the elbow and the support 1 to be x mm, and the distance between the support 1
and the support 2 to be y mm, as shown in Figure 14. Pipe stress under different support
spacing can be seen in Table 6.
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Support 1 RC1-B5

Support 2

Support 1

Figure 14. Layout of the pipe support of the compressor outlet pipe.

Table 6. Pipe stress under different support spacing.

Variable Spacing (mm) Stress (MPa)
400 39.76
600 37.6
x 800 36.04
1000 38.13
1200 40.52
1000 37.53
1500 37.75
y 2000 38.13
2500 38.24
3000 39.49

As shown in Table 6, with the increase in x (the distance between the elbow and the
support 1), the pipe stress tends to decrease firstly and then increase. This is because the
support limits the deformation of the elbow so that it cannot reduce the stress through
its own flexible deformation when the distance is small. When the spacing increases, the
elbow can offset part of the stress through its own flexible deformation. When the spacing
continues to increase, the stress of pipe increases as the suspension section of the pipe is
too long.

For this paper, the pipe stress is the smallest when x is 800 mm. On the other hand,
the pipe stress increases with the increase in y (the distance between the support 1 and the
support 2), but the increase is not significant.

5.2. Influence of Pressure

The operation pressure of the compressor outlet pipe is 0.6 MPa, and the design
pressure of the pipe is 1 MPa. The pressure of pipeline in actual operation is lower than the
design pressure, and the pressure is regulated by frequency-conversion control. This paper
used the RC1 compressor outlet pipe as an example, nd the stress of a pipe with a pressure
of 0.1-1.0 MPa was discussed. Because the maximum stress is produced at RC1-B4, it was
used as the research object. The unbalanced exciting force and stress of RC1-B4 under
different pressures are shown in Figure 15.
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Figure 15. Unbalanced exciting force and stress of RC1-B4 under different pressures (a) Unbalanced
exciting force; (b) Stress.

It can be seen from Figure 15 that the unbalanced exciting force increases with the
increase in pressure, and the higher the pressure, the greater the amplitude of the increase I
the unbalanced exciting force. Moreover, the stress of the pipe increases with the increase
in pressure.

5.3. Influence of Elbow Angle

As shown in Figure 16, the design value of the bend angle « is 30°, and the angle «
(30°-90°) between the compressor inlet (outlet) pipe and the ground was changed in order
to study the influence of the bend angle on the pipe stress. Furthermore, RC1-B4 was still
used as an analysis object, and the stresses at RC1-B4 with different elbow angles are shown
in Table 7.

It can be seen from Table 7 that with the increase in the elbow angle, the unbalanced
exciting force also increases. However, the stress at RC1-B4 decreases first and then increases
with the increase in angle «. This indicates that the pipe stress is not only influenced by the
unbalanced exciting force, but is also related to the structure of pipe itself. When the angle
of the bend is 60°, the stress at RC1-B4 is the least.

Figure 16. The angle o between the compressor inlet (outlet) pipe and ground.
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Table 7. Pipe stress under different support spacing.

Elbow Angle Pressure Pulsation Unbalanced Exciting Stress of RC1-B4
(Degree) (Pa) at RC1-B5 Force at RC1-B5 (N) (MPa)
30 80,599.89 —1404.08 38.13
35 80,599.89 —1631.31 39.49
40 80,599.89 —1855.44 39.16
45 80,599.89 —2076.04 40.51
50 80,599.89 —2292.68 42.73
55 80,599.89 —2504.96 39.04
60 80,599.89 —2712.47 34.92
65 80,599.89 —2914.82 39.71
70 80,599.89 —3111.62 42.43
75 80,599.89 —3302.49 45.07
80 80,599.89 —3487.08 4791
85 80,599.89 —3665.04 48.30
90 80,599.89 —3836.01 49.46

5.4. Stress Reduction Measures

According to the analysis of influence of elbow angle on pipe stress, the stress can
be reduced by optimizing the elbow angle in the design stage. However, for pipes that
are already running, pipe stress can be reduced by adding constraints and setting expan-
sion joints.

In order to show the effect of stress reduction measures more intuitively, in 2016,
Hongfang Lu first proposed the concept of the stress-reduction factor, which can be defined
as follows: In pipeline engineering, the ratio of the change of stress caused by the stress
reduction measures and the stress before the retrofit. Its expression is [43]:

-0 Ao

Kgp=—=2—"1—

17
o o (17)

where Ky = stress reduction factor; 01 = the stress before the retrofit; o, = the stress after
the retrofit; Ac = the difference between the stress before the retrofit and the stress after
the retrofit.

When Ky is in the range of (—1, 0], the greater the value is, the worse the stress
reduction effect is, when Ky, is in the range of [0, +o0), the stress reduction measure is invalid.

1. Add constraint

In this paper, the T1 in the compressor piping system was taken as an example, and a
constraint was added near T1. The constraint positions are shown in Figure 17. The stress
reduction effects are shown in Table 8.

Figure 17. Constraint positions near T1.
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Table 8. Pipe stress after adding constraints.

Stress before Stress after

Positionof  Constraint  Constraint Adding Adding R Stress
. . . : eduction
Constraint Type Expression Constraint Constraint Factor Kg
(MPa) (MPa)
R1 +Y 126.21 0.19
R2 e +Y 103.96 —0.02
R3 Unidirectional +Y 105.68 91.63 —0.13
R4 constraint +Y 96.75 ~0.08
R5 +Y 102.80 —0.03
R1 +Y, +Z, —Z 133.48 0.26
R2 Three- +Y, +Z, —Z 101.47 —0.04
R3 direction +Y, +Z, -Z 105.68 86.32 —-0.18
R4 constraint +Y, +7, -7 97.05 —0.08
R5 +Y, +Z, —Z 100.52 —0.05

It can be seen from Table 8 that regardless of what kind of restraint is added at R1,
the stress cannot be reduced, but the stress will be increased. The stress can be reduced
by adding any constraint at R2, R3, R4 and R5. Among them, the stress-reduction effect
of adding three-direction constraint is better than that of a unidirectional constraint, and
adding a constraint at R3 is the best way to reduce stress. Therefore, a three-direction
constrained steel bracket can be added at R3 to reduce the stress in the actual project.

2. Setexpansion joint

In the flexible design of compressor piping, it is not suitable to use a natural com-
pensator with elbow. Generally, expansion joints are used to reduce pipeline stress and
increase pipeline flexibility. Bellows’ expansion joint mainly depends on the deformation of
bellows that absorbs displacement, and can set a larger diameter and bear higher pressure.
Therefore, the bellows” expansion joint should be considered in the compressor nozzle.
Considering that the stiffness of bellows is small, the pressure that it can bear is limited.
Therefore, it is necessary to set up support (Fixed point) at the two ends of expansion joint
to withstand the pressure and thrust, as shown in Figure 18.

Expansion joint

Figure 18. Schematic diagram of the expansion joint model.

The material used to construct the expansion joint was 06Cr19Nil0, the length L
was 500 mm, the axial stiffness A was 200 N/mm, 300 N/mm, 400 N/mm, 500 N/mm,
600 N/mm, and the horizontal stiffness T was:

2 D2

T=3x(7) x4, (18)

where D = diameter of bellows, mm; L = length of bellows, mm; A = axial stiffness, N/mm.
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The stresses of RC1-B4 after adding different kinds of expansion joints are shown
in Table 9. It can be seen from Table 9 that the stiffness of the expansion joint greatly
influences the compensation effect. The smaller the stiffness of expansion joint, the better
the compensation effect. However, the smaller the stiffness, the more difficult the design
of the expansion joint will be. Hence, the performance and cost of the expansion joint
should be considered synthetically. Therefore, the expansion joint with an axial stiffness of
300 N/mm is more suitable. In addition to reducing the pipe stress, the expansion joint can
also reduce the displacement of the pipe. Taking the axial displacement of the inlet pipe
and outlet pipe of the RC1 compressor as an example, the displacement comparison before
and after adding the expansion joint is shown in Figure 19. It can be seen from Figure 19
that after the expansion joint is added, the displacements of the compressor inlet and outlet
pipes become markedly reduced, and the displacement can be reduced by up to 14 mm.

Table 9. The stresses of RC1-B4 after adding different kinds of expansion joints.

Axial Stiffness St.ress before‘ Stress aft.e r Adfhng Stress Reduction
(N/mm) Adding Expansion Expansion Joint Factor K
Joint (MPa) (MPa) R
200 25.93 —0.32
300 30.89 —-0.19
400 38.13 35.08 —0.08
500 36.60 —0.04
600 36.61 —0.04
10+
—e— Before adding expansion joint 30+
—— After adding expansion joint —e— Before adding expansion joint
- —e— After adding expansion joint
§ 0+ 'é 20
zF % 10
2 104 &
0
-20
0 5 10 15 0 ’ 3 6 9 ’ 12
Pipe length (m) Pipe length (m)
(a) (b)

Figure 19. Displacement comparison before and after adding the expansion joint (a) RC1 compressor
inlet pipe; (b) RC1 compressor outlet pipe.

6. Conclusions

In this paper, the pressure pulsation and the unbalanced exciting force in the recipro-
cating pump piping system were calculated by the separation variable method. Based on
the beam model, the stress, harmonic and modal analysis of the BOG compressor piping
system in the LNG vaporizing station were carried out using CAESAR II software. In
addition, the influence factors of stress and the measures of stress reduction were discussed
in this paper. The following conclusions were obtained:

1.  For a BOG compressor piping system which belongs to low-temperature piping
system, the secondary stress is much larger than the primary stress, indicating that
the temperature difference plays a leading role in the stress of low-temperature pipes.

2. The unbalanced exciting force has great influence on the stress of the compressor
outlet pipe and the main exhaust pipe, and has little influence on the stress of the
compressor inlet pipe and the main suction pipe.
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3. Although unbalanced exciting forces are produced at the elbows and the tees, the
stresses of the elbows and the tees are greatly influenced, which also has a certain
impact on the straight pipes.

4. The pipe stress is not only influenced by the unbalanced exciting force, but by the
structure of pipe itself.

5. Adding constraints or expansion joints can effectively reduce the pipe stress.
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