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Abstract

Under the combined action of structure-process -load, the stiffness and stress distribution
at the sealing interface of the ultra-high pressure diaphragm compressor cylinder head
exhibit significant nonlinear and uncertain characteristics, resulting in damage to the
sealing interface, diaphragm and sealing ring. This paper first establishes a finite element
numerical model considering assembly process parameters based on sudden impact load
conditions, and analyzes the dynamic characteristics under different assembly process DOL:

parameters. It is found that some modal frequencies transition with bolt loosening. Then, 10.23967/j.rimni.2023.11.002
the mechanical characteristics of the assembly interface of the compressor sealing system
under sudden impact load were studied. The maximum equivalent stress at the assembly
interface was 298.9 MPa, and the maximum deformation at the top of the air chamber was
0.167mm. Finally, the nonlinear effects of sealing ring compression rate, sealing ring
diameter, and sealing groove structure on contact stress and sealing performance were
obtained. The results show that as the compression ratio increases by 20% and 25%, the
contact pressure at the sealing interface increases by 42.0% and 77.5%, respectively; When
the compression rate is 25%, the width of the sealing groove increases by 0.5mm, and the
maximum contact pressure decreases by 8.1%. The research on the dynamic characteristics
and sealing performance of diaphragm compressors provides technical support for the
structural optimization design of diaphragm compressors cylinder head.
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1. Introduction

The high-pressure diaphragm compressor is a core component
in the hydrogen refueling station system, and its performance
has a significant impact on the performance and cost of the
hydrogen refueling station [1]. The sealing performance and
manufacturing economy of the sealing device of a diaphragm
compressor  directly determine the operating cost,
performance, and safety of the diaphragm compressor. With
the increasing demand for high hydrogen storage density in
hydrogen refueling stations, higher technical requirements
have been put forward for the working pressure and
temperature of hydrogen refueling station compressors, posing
higher challenges to the sealing and stability of compressors in
service [2-4]. Key components of diaphragm compressors, such
as sealing rings and diaphragms, often undergo premature
damage (Figure 1), leading to seal failure. Therefore, ensuring
the reliability of key components of the sealing system of the
ultra-high pressure(=100MPa) diaphragm compressor in the

Figure 1. Failure modes of key components for diaphragm compressors

hydrogen refueling station has become a key problem that
needs to be urgently solved.

Researchers have carried out a lot of work on the sealing
performance, dynamic  characteristics, and structural
optimization design of the diaphragm compressor. Wang et al.
[5,6] and Jia et al. [7] studied the mechanical characteristics
analysis, structural optimization, and fatigue life prediction of
key components such as exhaust holes in diaphragm

compressor cylinder heads under high-temperature and high-
pressure conditions through a combination of experiments and
numerical simulations. Ren et al. prosed a mathematical model
of volumetric efficiency for the diaphragm compressor
considering the effects of clearance volume, suction gas
overheating and pressure loss, and focused on the influence
mechanism of hydraulic oil compressibility [8]. Some scholars
focus on studying the cavity type of diaphragm compressors to
increase the volume of the cavity, reduce the radial stress of the
diaphragm, and improve the service life and reliability of the
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diaphragm [9-10]. Some scholars mainly study the motion law,
contact stress, and fatigue damage of membranes to improve
their service life [11-13]. What's more, some scholars aim to
improve the working efficiency of diaphragm compressors by
improving the distribution of airways, the structural form and
molding manufacturing techniques of diaphragms [14-15].

In order to improve the operational
compressors,

safety of diaphragm
scholars have conducted research on non-
destructive  testing and fault diagnosis of diaphragm
compressors. Bayrak proposed a distributed hydrogen
generator fault detection method based on wavelet transform
[16], and the non-destructive fault diagnosis method for
diaphragm compressors in hydrogen refueling stations based
on acoustic emission technology has achieved good
engineering results [17]. Ren et al. proposed a detection
method for diaphragm motion status based on dynamic
changes in hydraulic oil pressure [18]. On this basis, Scholars
have proposed using feature event signals to identify typical
abnormal situations such as high oil pressure, slight insufficient
oil pressure, and severe insufficient oil pressure, in order to
reduce unplanned compressor shutdowns [19-20].

In summary, scholars have achieved a series of achievements in
the mechanical characteristics, fatigue damage of the
diaphragm, system fault diagnosis, and compression efficiency
of the diaphragm compressor under thermal coupling
conditions. At present, scholars mainly focus on the mechanical
properties and fatigue reliability of a single key component
under adverse conditions, while the sealing performance of
diaphragm compressor needs to comprehensively consider the
external excitation, sealing structure and assembly process.
Single objective optimization and improvement cannot meet the
sealing reliability and long life requirements of ultra-high
pressure diaphragm compression.

Therefore, the purpose of this paper is to propose an
optimization design method for the sealing structure of high
pressure diaphragm compressors that comprehensively
considers nonlinear coupling factors such as service conditions,
sealing structure, and assembly process of diaphragm
compressors.  Firstly, a finite element numerical model
considering assembly process parameters is established based
on actual service conditions to analyze the dynamic
characteristics under different assembly process parameters.
Then, the mechanical characteristics of the assembly interface
of the compressor sealing system under sudden impact loads
are studied to provide boundary conditions for the design of the
sealing structure. Finally, based on the characteristics of the
sealing structure and the nonlinear constitutive relationship of
the rubber ring, a numerical simulation contact model is
established to reveal the relationship between the sealing ring
compression rate, sealing ring diameter, sealing groove width
and depth on contact stress and sealing performance.

2. Model and method
2.1 Structure and working conditions

The diaphragm compressor of the hydrogenation station is
mainly composed of cylinder head, cylinder block, metal
diaphragm and sealing system, as shown in Figure 2. The air
cavity consists of a cylinder head with a dome inner surface and
a metal diaphragm. The oil cavity consists of a cylinder block
with a dome inner surface and a metal diaphragm. The cylinder
head, the cylinder block and the diaphragm are fastened
together by the bolt assembly.

The cylinder head is equipped with an exhaust valve in the
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Figure 2. Diaphragm compressor structure of hydrogen station

center and an inlet valve on both sides. The pressure change in
the air cavity of the diaphragm compressor during hydrogen
inlet/outlet process is shown in Figure 3. In A-stage, the air
pressure in the cavity rises rapidly from 1.4MPa to 39.5MPa
within 1 second; in B-stage, the air pressure rises slowly from
34.2MPa to 42.3MPa; in C-stage, the maximum value reaches
45.2MPa from 42.3MPa, and then suddenly drops to 9.9MPa. It
can be seen from the pressure variation diagram of the air
cavity that the pressure of the air cavity is a typical sudden
impact load, especially the air pressure change in Phase A is the
most violent, and the whole inlet/outlet working process
presents the pulsation cycle characteristics.
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Figure 3. Pressure variation history of compressor air cavity

2.2 Simulation model setup

In order to study the mechanical properties of diaphragm
compressor in service, numerical simulation models of modal
analysis and transient dynamic analysis for diaphragm
compressor are established based on finite element software
(ANSYS 19.0), as shown in Figure 4(a). The material performance
parameters of diaphragm compressor membrane head
components are shown in Table 1. Three-dimensional solid
element Solid95 is adopted for cylinder head, cylinder body,
diaphragm and bolt group in numerical simulation model;
Friction contact is adopted between cylinder head, cylinder body
and diaphragm; Beam Connection is used to simulate the
application of bolt preload. For convenience, the bolt group (No.
1-20) is divided into four zones (No. 1-5, No. 6-10, No. 11-15 and
No. 16-20) in Figure 4(b). The rated pre-tightening force of bolts
is 130N‘m (Tightening normal force: 46.4kN).

The mating dimensions of the seal ring and the groove (Figure 4
(c)) are determined by analyzing the strain, internal stress and
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contact stress of the seal ring at different compression rates, so
as to achieve better sealing performance. The structure and
load distribution of diaphragm compressor are completely
symmetrical. To improve the calculation efficiency and simplify
the model reasonably, 2D finite element contact simulation
model is adopted, as shown in Figure 4(d).

[CYR

©
Sealing ring

Air chamber
surface

Oil chamber
surface

Figure 4. Pressure variation history of compressor air cavity

Table 1. Material properties of key components

Part E (GPa)| u |} (MPa)|, (Kg,m3)
Cylinder head | 206 0.3 740 7900
Cylinder body | 209 |[0.27 600 7900
Diaphragm 193 ]0.31 207 7900
Bolt group 211 0.3 950 7900
Sealing ring 14 10.49 3.9 1000

3. Results and discussions

3.1 Prestress modal

In order to study the influence of bolt preload distribution on
the mode of compressor sealing system, the working condition
is defined by the distribution state of bolt preload on the joint
surface, as shown in Table 2. F; is the rated preload of single
bolt. The marks 1~20 represent the pre-tightening force of each
bolt. The definition of the operating condition reflects the
process of the bolt group from degradation to loosening during
operation. Case-1 is the normal working condition and the rated
pre-tightening force. Case-2 and Case-3 mainly reflect the
overall deterioration of the pre-tightening force of the bolt
group. Case-4 and Case-5 mainly reflect the partial loosening
and damage of the bolt group.

Table 2. Working conditions

Case |Pretensioning force distribution
Case-1 Fy (1~20)

Case-2 0.8 FO (1~20)

Case-3 O.SFO (1~20)

Case-4 0(1~5), 0.5 F(y (6~20)
Case-5 0(1~10), 0.5 Fy (11~20)

Based on different working conditions, the influence of joint
preload distribution on natural frequency of diaphragm
compressor sealing system is analyzed. The modal analysis
results of diaphragm compressor sealing system are shown in
Figure 5. Fourier transform is carried out for sudden impact
load. Modal analysis results of diaphragm compressors under
different operating conditions is shown in Figure 6.

As shown in Figure 5, the prestress mode of diaphragm
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Figure 5. Modal analysis results of diaphragm compressors under different
operating conditions

compressor declines with the decrease of preload on Case-1~3,
and the form keeps consistent. Partial modal frequency of Case-
2 and Case-3, for example, the 36th and 45th order modes jump
over the mode frequency of Case-1. These higher-order mode
jumps reflect the phenomenon of bolt preload degradation. A
sharp decrease in the modal frequency can be obtained from
the loosening or fatigue fracture of some of the bolts simulated
in Cases 4 and 5. The modal frequency of Cases 4 and 5 are
approximately 16.5% and 39.2% lower than rated Case 1,
respectively. The bolt loosening in partial areas has a significant
impact on the modal frequency of diaphragm compressor,
which can be used as a failure diagnosis method of bolt
loosening for the diaphragm compressor bolted sealing system.

As shown in Figure 6, the frequency domain analysis of the
abrupt impact load history in the actual working process of the
diaphragm compressor shows that the load excitation is
basically concentrated on the ultra-low frequency order, which
is far lower than the first natural frequency of the rated working
condition, and the risk of system resonance will not occur. So
the damage of the compressor diaphragm is mainly fatigue
damage under high additional stress.
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Figure 6. Frequency domain analysis of the air cavity pressure

3.2 Transient dynamic analysis

Based on working conditions of diaphragm compressor, the
pressure of diaphragm compressor cavity is divided into three
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stages: rapid rise stage (A-stage), stable rise stage (B-stage) and
rapid drop stage (C-stage) in Figure 3. The sealing interface
contact stress and the deformation of the cylinder head at each
stage are shown in Figure 7.

From Figure 7, it can be obtained that the maximum stress of
bolted sealing interface in stages-A, B and C is 291.6 MPa, 298.9
MPa and 207.3 MPa respectively, and the maximum
deformation of diaphragm compressor cylinder head is 0.147
mm, 0.157 mm and 0.167 mm, respectively. The interface
pressure of A-stage and B-stage is basically the same, while the
interface pressure of C-stage assembly is 30.6% lower than that
of B-stage. The pressure at the diaphragm compressor
assembly interface mainly depends on the combined action of
bolt preload and cavity working pressure. With the increase of
the cavity pressure of the diaphragm compressor, the
comprehensive pressure of the interface is reduced, resulting in
the most obvious reduction of the maximum pressure of the
interface in the C-stage, which provides the design basis for the
analysis of the interface seal of the diaphragm compressor.

() A-stage: Stress (MPa)

(¢) B-stage: Stress (MPa) tage : Stress (MPa)

(b) A-stage: Deformation(mm) (d) B-stage: Deformation(mm)

(1) C-stage: Deformation(mm)

Figure 7. Stress and deformation of key components of diaphragm compressors

The maximum deformation of the diaphragm compressor cavity
gradually increases in A-stages, B-stages to C-stages. The
deformation of the cavity mainly depends on the pressure of
the cavity. With the change of the maximum pressure of the
cavity, the maximum deformation of the cavity increases
accordingly. C-stage cavity pressure peaks and deformation
reaches a maximum of 12.0% more than A-stage. The
determination of the maximum deformation of the cavity
provides boundary conditions for the design of the cavity curve.

3.3 Sealing performance analysis

Based on the rated pressure (P.) of diaphragm compressor and
the diameter of sealing ring (d), the matching dimension (width
b, depth h) of sealing groove is determined by analyzing the
deformation, equivalent stress and contact stress of sealing
interface under different compression rates. In order to study
the relationship between compression ratio (c) of the sealing
ring, diameter of the sealing ring, structure dimensions the
sealing groove and sealing performance, the combination types
of the parameters are in Table 3.

Table 3. Parameters of sealing structure

Case|c (%)|d (mm)|b (mm)|h (mm)
1 15 5.3 5.8 3.9

13 5.3 6.3 3.9
15 7 J/25) 5.2
15 7 8 52

20 58 5.8 39
20 53 6.3 319
20 7 /5] 5%,

N|jo|u|r|lw|N
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8 20 7 8 5%
9 25 53 5.8 3.9
10 | 25 53 6.3 3.9
11 25 7 /5] 5.2
12 | 25 7 8 5.2

The contact stress distribution of sealing ring and groove under
different working conditions is shown in Figure 8, and the
corresponding maximum contact stress under different working
conditions is shown in Figure 9.

(a) Casel: Contact stress (MPa)

(b) Case2: Contact stress (MPa)

(c) Case3: Contact stress (MPa)

(d) Cased: Contact stress (MPa) (e) CaseS: Contact stress (MPa) (f) Case6: Contact stress (MPa)

sc7: Contact stress (MPa) (h) Casc8: Contact stress (MPa) : Contact stress (MPa)

(j) Casel0: Contact stress (MPa) (k) Casell: Contact siress (MPa)

Figure 8. Stress distribution diagram of sealing system under different working
condition

From Figure 8, it can be obtained that the sealing ring
compression rate, sealing ring diameter, sealing groove width
and depth have a sensitive nonlinear relationship on the contact
stress, especially the sealing ring compression rate has a
significant impact on the sealing performance of diaphragm
compressor. With the same sealing ring and groove structure,
the contact pressure between the sealing ring and groove
increases significantly with the increasing compression rate.
With the increase of compression ratio by 20% and 25%, the
contact pressure increased by 42.0% and 77.5%, respectively.
From Figure 9, it can be concluded that for the sealing ring with
diameter of 5.3mm, the contact pressure changes slightly when
the seal groove width is appropriately increased without
changing the seal groove depth. However, for the sealing ring
with diameter of 7.0 mm, the contact pressure decreases
significantly when the sealing groove width is increased,
especially at high compression rate. At ¢ = 25%, d = 7.0mm, the
maximum contact pressure is reduced by 8.1% by increasing
the groove width by 0.5 mm. Therefore, at the same
compression rate of the sealing ring, the contact pressure at the
sealing interface increases with the increase of the diameter of
the seal ring, and the structural size of the sealing groove has a
significant nonlinear impact on the contact pressure of the
large-diameter sealing ring.
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Figure 9. Stress distribution diagram of sealing system under different working
condition

4. Conclusions

Based on the typical bolted seal structure of diaphragm
compressor in hydrogen refueling station, the numerical
simulation model of diaphragm compressor sealing system
dynamics and seal contact was established by considering the
sudden impact load, assembly process parameters and sealing
system structure size. The dynamic mechanical characteristics
and sealing performance of diaphragm compressor were
obtained, which provided theoretical support for the improved
design and selection of diaphragm compressor sealing system.
The main conclusions are as follows:

(1) The numerical simulation model of the dynamics and sealing
performance of the compressor sealing system considering the
structural dimensions and assembly process parameters was
established. The modal frequencies of the system under
different bolted states were studied, and the typical
characteristics of modal changes were obtained, which provided
the basis for the bolted state detection and fault diagnosis of
the sealing system.

(2) Based on the numerical simulation model of diaphragm
compressor sealing performance, the influence of sealing ring
compression rate, sealing ring diameter, and sealing groove
structure on the sealing performance of diaphragm compressor
was obtained. The compression rate of the sealing ring has a
significant impact on the sealing performance of the diaphragm
compressor. As the compression rate increases by 20% and
25%, the contact pressure increases by 42.0% and 77.5%,
respectively. When the compression rate is 25%, for a sealing
ring with the diameter of 7.0mm, an increase of 0.5mm in
groove width results in a decrease of 8.1% in maximum contact
pressure. For the selection of large-diameter sealing rings and
the design of sealing groove structures, itis necessary to
comprehensively analyze the significant effects of sealing ring
compression rate and sealing groove width on the contact
pressure of the sealing interface, providing a design basis for
improving sealing performance.
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