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ABSTRACT

Diaphragm fatigue fracture stands as one of the primary failure modes
in hydrogen refueling station diaphragm compressors, urgently requiring
systematic investigation into the mechanical properties and fatigue reli-
ability of diaphragms under actual service conditions. However, due to
the complex contact state between the diaphragm and the gas cavity cover
plate (gas passage, gas hole)/oil cavity support plate and oil distribution
plate (oil passage, oil hole), it is difficult to accurately obtain the stress
distribution state of the diaphragm. In this study, we conducted material
property experiments on the diaphragm to characterize its constitutive
parameters. A refined numerical simulation model of the cover plate-
diaphragm-support plate was established to analyze the mechanical prop-
erties of the diaphragm group under different conditions. The influence
of diaphragm thickness on stress distribution and fatigue life was also
explored. The results indicated that high stress distribution areas were
mainly concentrated in the cavity transition zone and in the overlapping
area of the diaphragm and gas passage/oil passage. The temperature inside
the diaphragm compressor cavity had a significant impact on the stress
level of the diaphragm. When the cavity temperature reached 300°C, the
maximum von Mises stress reached 1286 MPa. The optimization results
of diaphragm thickness indicated that when the diaphragm thickness was
within the range of [0.3, 0.5 mm], the diaphragm was at a low stress
service level; considering both the fatigue life and deflection performance
of the diaphragm, the diaphragm thickness should be selected as thick
as possible within the range of [0.3, 0.5 mm]. The numerical simulation
model of the diaphragm compressor and the structural optimization
design method of the diaphragm proposed in this article have significant
engineering implications for improving the fatigue life of diaphragm
compressor diaphragms.
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1 Introduction

As a core component of hydrogen refueling stations, diaphragm compressors account for more
than 30% of the total cost [1,2]. The lifespan and efficiency of high-pressure diaphragm compressors
directly determine the operating costs, performance, and safety of hydrogen refueling stations [3,4].
During the service process of diaphragm compressors, the diaphragm undergoes periodic deformation
under the action of alternating cyclic loads, moving between the top dead center (closely adhering to
the cavity surface of the cover plate) and the bottom dead center (closely adhering to the cavity surface
of the support plate and the oil distribution plate) (Fig. 1a–c). This deformation is constrained by
the cavity surface of the gas cavity cover plate and the cavity surface of the oil cavity support plate,
resulting in high local stress at the gas hole, gas passage, oil hole, and oil passage, leading to fatigue
failure of the diaphragm [5,6]. Numerous engineering examples of hydrogen refueling stations indicate
that cracks and fractures in diaphragms (as shown in Fig. 1d–f) frequently lead to premature failure,
seriously affecting the operational efficiency and equipment safety of hydrogen refueling stations [7].
Therefore, there is an urgent need to explore the mechanical characteristics of diaphragm compressors’
diaphragms under real service conditions and develop structural optimization design methods to
enhance the fatigue life of diaphragms, reduce the probability of diaphragm failure, and ultimately
improve the efficiency and service life of diaphragm compressors.

Figure 1: Typical failure forms of diaphragm compressors diaphragm: (a) gas cavity cover plate;
(b) diaphragm group; (c) oil cavity support plate; (d) diaphragm splits; (e) copper sheet crack; (f)
diaphragm crack and crumbling pointing

Currently, scholars both domestically and internationally have primarily conducted research on
the mechanical properties of diaphragms, volumetric efficiency, optimization of diaphragm cavity
structure, and fault diagnosis of diaphragm compressors, utilizing theoretical and experimental
methods. Jia et al. proposed a theoretical analysis method for diaphragm stress that combines the
theory of large deflection of thin plates with the theory of small deflection of thin plates, subsequently
studying the motion patterns of the diaphragm during service [8,9]. Lee et al. improved the durability
of hydrogen compressor diaphragms by applying a Teflon coating to stainless steel 301, and verified
through finite element analysis that it outperforms Inconel 718 in terms of hardness, strength, and
frictional resistance [10]. Li et al. simulated and analyzed the von Mises stress and axial deformation
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patterns of the diaphragm under varying oil-gas pressure differences [11]. Ren et al. investigated the
compressibility of hydraulic oil and the impact mechanism of temperature on the volumetric efficiency
of diaphragm compressors through a combination of theoretical analysis and experiments, proposing
corresponding optimization strategies [12,13]. Some scholars have optimized the gas cavity profile of
diaphragm compressors to enhance their operational efficiency and maximum output pressure [14,15].
Significant achievements have been made in the fault diagnosis of diaphragm compressors, such as
non-destructive diagnosis methods based on acoustic emission [16,17], and detection methods for
diaphragm motion status based on hydraulic oil pressure [18]. Additionally, scholars have proposed
methods based on characteristic event signals to identify typical abnormal conditions such as excessive
oil pressure, slight oil pressure deficiency, and severe oil pressure deficiency, thereby improving the
compressor’s operational efficiency [19,20].

Due to the presence of numerous wear parts in diaphragm compressors, such as oil/gas valve seals,
piston rings, and diaphragms [21], failures often occur due to fatigue, including issues with pipelines or
valves [22], decreased oil pressure [23], and diaphragm rupture [24]. Users are particularly concerned
about diaphragm rupture, as it not only endangers the safety of the entire system but also leads to
extensive maintenance work and requires a long time for repair. Over the past few decades, researchers
have made numerous efforts to enhance the fatigue life of diaphragms. Wang et al. found that during
compressor operation, the exhaust port experiences the highest temperature, which not only induces
plastic deformation but also causes significant stress concentration. The high-temperature stress can
reach the material’s strength limit [25]. To improve the lifespan of the diaphragm, some scholars
have investigated the impact of the contours of the gas and oil cavities on the diaphragm’s lifespan
and designed new cavity types to enhance the diaphragm’s contact state and stress distribution.
However, the improvements remain limited, with the principal stress of diaphragms reduced by only
approximately 10% [26].

However, in the current actual service process, the rupture of the diaphragm has become the main
failure of the diaphragm compressor. The main reason is the premature fatigue fracture caused by
excessive additional stress generated at the contact points between the diaphragm and the baffle
plate, such as gas holes and oil passages [27]. Wear of the piston ring, stalling of the oil pressure
limiter, and drastic changes in ambient temperature can all lead to high additional stress caused by
the collision between the diaphragm and the baffle plate. At the same time, due to the particularity
of the hydrogen medium, strict sealing requirements are imposed on the oil cavity and gas cavity,
making it difficult to accurately monitor the pressure inside the cavity and the movement pattern of
the diaphragm using built-in sensors. Therefore, it is urgent to establish an accurate contact mechanics
model of the diaphragm compressor diaphragm to explore the motion state and stress distribution of
the diaphragm.

To address the high failure rate of diaphragm rupture in diaphragm compressors, this study
establishes a high-fidelity numerical simulation model of the gas cavity-diaphragm-oil cavity system
based on actual service conditions, fully considering the influence of additional stresses caused by
grooves and holes in the gas/oil cavities. Utilizing the sequential coupling method, computational
complexity in the individual physical analyses is kept to minimal and thermal and structural analysis
are coupled through unidirectional data transfer, enabling stepwise solution of the two physical
fields [28] to investigate the mechanical properties and stress distribution patterns of the diaphragm.
Furthermore, by analyzing stress levels and fatigue life of diaphragms with varying thicknesses, an
optimized diaphragm structural design method [29] is proposed, balancing compressor efficiency and
fatigue life. This approach holds significant engineering implications for enhancing diaphragm service
life and reducing maintenance costs in hydrogen refueling stations.
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2 Models and Methods
2.1 Diaphragm Structure and Load

The diaphragm compressor is primarily composed of the gas cavity cover plate, oil cavity support
plate, oil distribution plate, diaphragm, and other components, exhibiting an upper-lower structure.
The flange connects the upper and lower parts through bolts, with the intermediate structure being the
diaphragm, typically consisting of three thin layers: the upper and lower layers are made of stainless
steel, and the middle layer is made of copper. The diaphragm is positioned in the middle, dividing the
diaphragm cavity into a gas cavity and an oil cavity, as shown in Fig. 2. During the intake phase, the
diaphragm moves to the bottom dead center and comes into contact with the oil distribution plate;
during the exhaust phase, the diaphragm moves to the top dead center under the action of hydraulic
oil. Stress concentration and high additional stress are generated during the contact process of the
diaphragm with the gas cavity and oil distribution plate, which in turn leads to fatigue damage and
failure of the diaphragm.

Figure 2: Structure of diaphragm compressors

The working load borne by the diaphragm primarily arises from the pressure difference between
the gas and oil sides. During the exhaust phase, given that the exhaust pressure ranges from approxi-
mately 20 to 45 MPa, the maximum oil pressure when the diaphragm moves to the top dead center can
reach 55 MPa, with a maximum oil-gas pressure difference of up to 35 MPa. In the intake phase, the
minimum oil pressure after the diaphragm reaches the bottom dead center remains unaffected by the
suction pressure. Therefore, when the maximum suction pressure is 20 MPa, the minimum oil pressure
during this phase is 4.5 MPa, and the gas-oil pressure difference is 15.5 MPa.

2.2 Experimental Methods
To accurately obtain the mechanical performance parameters of the diaphragm, a static mechan-

ical performance experiment was conducted on the diaphragm of the diaphragm compressor. The
experimental setup is illustrated in Fig. 3. The test results provide the mechanical property parameters
of the diaphragm, as summarized in Table 1.
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Figure 3: Mechanical property test of diaphragm

Table 1: Mechanical performance parameters of compressor diaphragms

Gas/Oil side diaphragm Gas/Oil side diaphragm

Material Inconel718 (GH4169) Brass
Density (kg/m3) 8190 8267
Young’s modulus (MPa) 200,000 99,950
Poisson’s ratio 0.300 0.345
Tensile strength (MPa) 1518 372
Yield strength (MPa) 1315 367

2.3 Numerical Simulation Model
To investigate the motion patterns and mechanical characteristics of the diaphragm in a

diaphragm compressor under service conditions, a refined contact numerical simulation model of
the diaphragm compressor’s gas cavity cover plate—diaphragm group—oil cavity support plate and
oil distribution plate was established based on the finite element software Abaqus, as shown in Fig. 4.
The material performance parameters of key components of the diaphragm compressor were set
according to Table 1.

Structural analysis of the diaphragm is conducted using a General Static step, while the coupled
thermal-structural analysis employs a Temperature-Displacement Coupled step for sequential cou-
pling analysis. The cover plates, support plates, oil distribution plate, and the edges of the diaphragm
were set as fully fixed constraints. The upper and lower surfaces of the diaphragm within the chamber
were subjected to gas pressure and oil pressure, respectively. Surface-to-surface contact was defined
between the diaphragm and components including the cover plates, support plates, and oil distribution
plate.
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Figure 4: Numerical simulation model of gas cavity-diaphragm-oil cavity for the diaphragm compres-
sor (a–d)

To verify the mesh independence of the finite element analysis results, an initial mesh containing
394,322 elements was used. When the mesh density was reduced to 355,406 elements, the stress field
variation rate reached 5.1%, indicating poor convergence. Subsequent refinement of the mesh to
432,509 and 453,345 elements revealed stress field variation rates below 1%, demonstrating sufficient
convergence. Based on these findings, the mesh configuration with 432,509 elements (corresponding
to 667,939 nodes) was selected as the optimal choice for subsequent analyses. In the numerical
simulation model, the cover plate, support plate, and oil distribution plate are meshed with unstruc-
tured tetrahedral elements (10-node quadratic tetrahedrons), while the diaphragm employs structured
hexahedral elements (8-node reduced integration hexahedrons). Through Analysis Checks (including
mesh integrity issues, element type compatibility, model completeness, boundary condition validity,
and contact pair settings), the mesh quality was validated, showing a 0% error/warning rate for the
three-layer diaphragms and a 0% error rate with a warning rate below 3% for components including
cover plates, support plates, and oil distribution plates, indicating satisfactory compliance with
computational requirements. The contact type between the cover plate, support plate, oil distribution
plate, and diaphragm is surface-to-surface contact.

The load time history of the diaphragm compressor is shown in Fig. 5. The extreme service load
conditions when the diaphragm moves to the upper and lower dead centers are analyzed, and the two
working conditions are listed in Table 2. The numerical simulation model of the diaphragm compressor
cavity-diaphragm contact is illustrated.
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Figure 5: Diaphragm compressor load time history diagram

Table 2: Extreme load condition of diaphragm compressor

Condition 1 (Suction phase) 2 (Discharge phase)

Pressure difference (MPa) −15.5 35.0

2.4 Finite Element Discretization and Sequential Coupling Method
This section presents the finite element discrete form of the governing equations for heat transfer

and structural mechanics and describes the steps to implement the sequential coupling method.

2.4.1 Discretization of the Thermal Model

The transient heat transfer equation is:

ρcp

∂T
∂t

= ∇ · (k∇T) + Q (1)

where ρ is the material density, cp is the specific heat capacity, k is the thermal conductivity, T is the
temperature field, and Q is the internal heat source term. Temperature field approximation using shape
functions:

T (x, t) ≈
n∑

i=1

Ni (x) Ti (t) = NTT (t) (2)

where Ni (x) is the shape function, Ti (t) is the node temperature, N is the shape function vector, and
T is the node temperature vector. The Galerkin method is applied to obtain the matrix equation:

CT

dT
dt

+ KTT = FT (3)
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wherein CT , KT and FT are heat capacity matrix, heat conduction matrix and heat load vector,
respectively. The specific form of matrix is as follows:

CT =
∫

�

ρcpNNTd� (4)

KT =
∫

Ω

k∇N (∇N)
T dΩ (5)

FT =
∫

Ω

NQdΩ +
∫

ΓN

NqdΓ (6)

where ΓN is the Neumann boundary and q is the boundary heat flux. The implicit Euler method is
used to discretize the transient term:(

CT

�t
+ KT

)
Tn+1 = CT

�t
Tn + Fn+1

T (7)

where �t is the time step size, and Tn, Tn+1 are the temperature vectors at the n-th and (n + 1)-th time
steps.

2.4.2 Discretization of the Structural Model

The static balance equation and thermal stress constitutive relation are as follows:

∇ · σ + f = 0, σ = C (ε − α�TI ) (8)

where σ is Cauchy stress tensor, f is volume force, C is elastic stiffness matrix, ε is total strain tensor, α is
coefficient of thermal expansion and �T is temperature variation. The displacement field is discretized
in space, approximately as follows:

u (x) ≈
n∑

i=1

Ni (x) ui = NTu (9)

where ui is the displacement vector of node. The strain-displacement relation is:

ε = Bu, B = ∇N (10)

where B is the strain-displacement matrix. The discrete balance equation is:

Ksu = Fmesh
S + Fthermal

S (11)

where Ks, Fmesh
S and Fthermal

S are structural stiffness matrix, mechanical load vector and thermal load
vector, respectively, which are specifically expressed as follows:

KS =
∫

Ω

BTCBdΩ (12)

Fthermal
S =

∫
Ω

BTCα�TI dΩ (13)

Fmesh
S =

∫
Ω

NTfdΩ +
∫

Γt

NTtdΓ (14)

where Γt is the boundary of applied surface force and t is the surface traction force.
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2.4.3 Sequential Coupling Method

Sequential coupling is divided into two steps to realize the thermal-structure interaction. First, the
thermal analysis is performed to solve the discrete Eq. (7) to obtain the transient temperature field T.
Then, the structural analysis is performed to calculate the thermal strain from the temperature field:

εthermal = α
(
T − Tref

)
I (15)

where Tref is the initial temperature without thermal strain. Finally, the thermal strain is input into the
structural model as the initial strain, and the displacement field u is obtained by solving Eq. (11).

3 Result
3.1 Structural Analysis

Based on the numerical simulation model of the diaphragm compressor’s gas cavity-diaphragm-
oil cavity contact (with three diaphragms each having a thickness of 0.4 mm), structural mechanics
analysis was conducted to obtain the von Mises stress and the first principal stress of the diaphragm
on the gas side/oil side of the diaphragm compressor under different operating conditions, as shown
in Figs. 6 and 7.

Figure 6: Von Mises stress (MPa) distribution of diaphragms under different working conditions (a,b)

As can be seen from Figs. 6 and 7, under condition 1 (gas-oil pressure difference of 15.5 MPa,
with the diaphragm group attached to the oil cavity): the maximum von Mises stress of the oil-side
diaphragm is 334.6 MPa, and the first principal stress is 345.9 MPa. The maximum von Mises stress of
the hydrogen-side diaphragm is 404.7 MPa, and the first principal stress is 432.7 MPa. Under condition
2 (oil-gas pressure difference of 35 MPa, with the diaphragm group attached to the inlet cavity): the
maximum von Mises stress of the oil-side diaphragm is 400.3 MPa, and the first principal stress is
392.4 MPa. The maximum von Mises stress of the hydrogen-side diaphragm is 267.6 MPa, and the
first principal stress is 255.1 MPa. Under both conditions, the first principal stress of the diaphragms
on both the gas and oil sides is in the radial direction.
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Figure 7: First principal stress (MPa) distribution of diaphragms under different working
conditions (a,b)

3.2 Thermal-Structure Analysis
During operation, the diaphragm compressor in the hydrogen refueling station repeatedly pres-

surizes hydrogen, generating a large amount of heat. Under the coupled thermal-structural effect, the
diaphragm moves up and down reciprocally. To accurately obtain the mechanical characteristics of the
diaphragm compressor’s diaphragm under extreme service conditions, a numerical model for coupled
thermal-structural analysis of the diaphragm was established. The mechanical characteristics of the
diaphragm under different temperature fields were explored.

The temperature-displacement coupled analysis step was utilized. Surface convection conditions
with a film coefficient of 0.1 mW/(mm2·K) were applied to all internal cavity surfaces to define the
thermal boundary conditions. Additionally, radiation boundary conditions of the “To Ambient” type
with an emissivity of 0.6 were imposed on all external surfaces of the numerical model. The related
thermal parameters of the diaphragm are shown in Table 3. The stress contour plot of the diaphragm
is shown in Fig. 8, and the maximum von Mises stress under different conditions is shown in Table 4.

Table 3: Diaphragm thermal parameters [30]

Parameters 100°C 200°C 300°C

Young’s modulus (MPa) 196,500 193,000 181,000
Poisson’s ratio 0.300 0.303 0.307
Expansion coefficient (K−1) 1.89E−05 1.91E−05 1.93E−05
Specific heat (mJ/(t·K)) 4.52E8 4.73E8 4.89E8
Thermal conductivity (mW/(mm·K)) 14.5 16.0 17.2
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Figure 8: Von Mises stress (MPa) distribution of diaphragms under various coupled thermal-structural
conditions (a–f)
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Table 4: Von Mises stress (SEQV) of diaphragm under two working conditions under thermal-
mechanical coupling

Cavity temperature (°C) Oil side diaphragm SEQV
(MPa)

Gas side diaphragm SEQV
(MPa)

Condition 1 Condition 2 Condition 1 Condition 2

20 (Normal temperature) 334.6 400.3 404.7 267.6
100 399.7 462.5 494.6 348.6
200 747.8 897.5 831.1 772.2
300 1121.0 1268.0 1219.0 1181.0

3.3 Contact Analysis
As shown in Sections 3.2 and 3.3, the maximum stress in the diaphragm is typically concentrated

at the groove areas due to additional stresses induced by contact interactions. To further investigate the
mechanisms affecting the diaphragm’s lifespan, its contact pressure distribution and sliding behavior
(which governs wear evolution) were analyzed based on observed stress distribution patterns. Since
the spatial distributions of contact pressure and sliding wear under various operating conditions are
similar, the coupled thermal-structural conditions at 100°C was selected as a representative case. The
corresponding contact pressure distribution, tangential slip distribution, and contact status diagrams
are illustrated in Figs. 9–11, respectively.

Figure 9: Contact pressure (N) distribution of the diaphragms under coupled thermal-structural
conditions at 100°C (a,b)
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Figure 10: Tangential slip (mm) of diaphragms contact surface under coupled thermal-structural
conditions at 100°C (a,b)

Figure 11: Diaphragms contact state diagram under coupled thermal-structural conditions at
100°C (a,b)

3.4 Structural Parameter Optimization
The diaphragm group consists of three layers of diaphragms made of different materials, with the

upper and lower layers being made of stainless steel and the middle layer being made of copper. Under
the same oil-gas pressure difference, as the thickness of the diaphragm decreases, the deflection of the
diaphragm also decreases, reducing the bonding points and friction points caused by interlayer impact
in the central area. Consequently, thinning the diaphragm helps lower its stress levels and enhances
its fatigue life. However, excessively thin diaphragms exhibit low elasticity, are prone to fracture, and
pose significant manufacturing challenges, while overly thick diaphragms suffer from poor flexural
deformation performance. Therefore, by comprehensively considering the operating conditions of the
compressor, optimizing the diaphragm thickness can effectively enhance its service life.
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Establish numerical models of gas cavity-diaphragm group-oil cavity with different diaphragm
thicknesses (the structural dimensions of the diaphragm group are shown in Table 5), then divide the
diaphragm groups with different thicknesses into the same number and type of grids, and set the same
material properties, loads, constraints, and boundary conditions. Conduct finite element analysis to
obtain the stress variation patterns of the diaphragm groups under two extreme operating conditions
(Condition 1, Condition 2), as shown in Fig. 12.

Table 5: Structural dimensions of diaphragm group (mm)

Sample Gas side diaphragm Intermediate diaphragm Oil side diaphragm

1 0.30 0.30 0.30
2 0.30 0.40 0.30
3 0.35 0.35 0.35
4 0.35 0.40 0.35
5 0.40 0.40 0.40
6 0.45 0.40 0.45
7 0.45 0.45 0.45
8 0.50 0.40 0.50
9 0.50 0.50 0.50
10 0.60 0.60 0.60
11 0.80 0.80 0.80
12 0.90 0.90 0.90
13 1.00 1.00 1.00
14 1.05 1.05 1.05
15 1.10 1.10 1.10
16 1.15 1.15 1.15
17 1.20 1.20 1.20

Figure 12: Von Mises stress variation diagram of different diaphragm structure
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To further investigate the influence of diaphragm thickness on fatigue life, fatigue life simulation
was performed on the diaphragm using fe-safe software based on the analytical results presented in
Fig. 12. Taking Samples 1, 9, and 10 as examples (with three-layer diaphragm thicknesses of 0.30, 0.50,
and 0.60 mm, respectively), the fatigue life of gas-side diaphragms under Condition 1 was calculated
(as shown in Fig. 12, the gas-side diaphragm exhibits the maximum stress under Condition 1).

The finite element calculation result files from Abaqus were imported into fe-safe. Material
properties were defined as Inconel 718 for the diaphragm with a correction factor of 1. Select the
von Mises stress-based Goodman correction algorithm applicable to high-cycle fatigue, along with
the load history illustrated in Fig. 5. The resulting fatigue life contour plots are presented in Fig. 13.
The fatigue life values are presented in Table 6.

Figure 13: Fatigue life contour (a–c)

Table 6: Fatigue life (cycles) of samples 1, 9, and 10

Sample Fatigue life (Cycles)

1 (The membrane thickness is 0.3 mm) 107.70

9 (The membrane thickness is 0.5 mm) 106.87

10 (The membrane thickness is 0.6 mm) 105.79

4 Discusses

Under two extreme service conditions (when the diaphragm moves to the top and bottom dead
centers), the diaphragm group exhibits varying degrees of high stress concentration. On the gas side,
this is mainly manifested in the transition area of the gas cavity and the distribution area of the
gas passage, while on the oil side, it is mainly concentrated at the oil distribution groove of the oil
distribution plate. When the diaphragm of the diaphragm compressor moves to the top and bottom
dead centers, the maximum von Mises stress of the diaphragm is 400.3 and 404.7 MPa, respectively,
and the maximum first principal stress is 392.4 and 432.7 MPa, respectively. The values of von Mises
stress and maximum principal stress under the two extreme conditions are close, which meets the design
requirements for equal lifespan of the gas-side diaphragm and oil-side diaphragm. The direction of the
first principal stress is along the radial direction, which leads to the formation of circular or elliptical
cracks from crack initiation to cracking in the diaphragm. The stress concentration of the diaphragm
is located at the transition edge of the cavity, which is consistent with the frequent cracking locations
observed in the current service process of the diaphragm (Fig. 1d), greatly reducing the service life of
the diaphragm and the operational stability of the diaphragm compressor. In addition, Condition 1
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and Condition 2 are used as key load points for designing the load spectrum when checking the fatigue
strength or predicting the fatigue life of the compressor diaphragm.

The thermal-mechanical coupling analysis results of the diaphragm compressor diaphragm
indicate that the temperature inside the diaphragm compressor cavity has a significant impact on
the stress distribution of the diaphragm. As the cavity temperature increases, the stress level of the
diaphragm increases nonlinearly. Taking the oil-side diaphragm under condition 2 as an example,
when the cavity temperature stabilizes at 100°C, the stress of the gas-side diaphragm increases by
15.5% compared to the normal temperature state (20°C). When the cavity temperature increases to
200°C and 300°C, the stress of the diaphragm increases by 124.2% and 216.8% respectively compared
to the normal temperature state. When the cavity temperature reaches 300°C, the maximum von Mises
stress of the diaphragm reaches 1286 MPa, which is close to the yield strength of the diaphragm,
easily cause diaphragm fracture and compromise the normal operation of the diaphragm compressor.
Therefore, in the design process of the diaphragm head of ultra-high pressure diaphragm compressors,
it is necessary to optimize the hydrogen cooling channel and high temperature warning system to
prevent the diaphragm cavity temperature from being too high, which can cause high stress operation
of the diaphragm and further lead to premature fatigue damage of the diaphragm.

As demonstrated in Figs. 9–11, the maximum contact pressure on the diaphragm is concentrated
at its edge clamping surface; sliding predominantly occurs in regions of elevated stress where the
diaphragm contacts the cavity wall; and extensive areas of the contact surface remain detached from
the cavity wall, resulting in suboptimal contact conditions. Simulation results demonstrate that the
numerical predictions of diaphragm contact and wear states align with experimental observations,
providing critical insights into the wear failure mechanisms of diaphragms.

The optimization analysis of the diaphragm thickness for the diaphragm compressor (Fig. 12)
indicates that the diaphragm thickness has a significant impact on the stress state of both the oil-
side diaphragm and the gas-side diaphragm, exhibiting strong nonlinearity. The thickness of the
intermediate copper sheet has a relatively weak impact on its stress, which remains basically stable.
The analysis results from 17 sample groups show that as the diaphragm thickness increases, the von
Mises stress of both the oil-side diaphragm and the gas-side diaphragm continuously increases. When
the diaphragm thickness exceeds 0.5 mm, the diaphragm stress increases sharply. When the diaphragm
thickness reaches 1 mm, the diaphragm stress remains basically unchanged, forming a stable range.
When the diaphragm thickness is within the range of [0.3, 0.5 mm], the diaphragm stress maintains a
slow increasing trend as the diaphragm thickness increases, with the maximum increase in stress for
the upper and lower diaphragms being less than 20%. Diaphragm failure in diaphragm compressors
is a typical high-cycle fatigue failure mode, requiring a cyclic fatigue life generally exceeding 107

cycles. According to the stress variation patterns across diaphragm thicknesses and the fatigue life
analysis results of Samples 1, 9, and 10 (Fig. 13), the diaphragm thickness must be less than 0.5 mm to
meet fatigue life requirements. However, excessively thin diaphragms exhibit reduced elasticity (prone
to fracture) and are more susceptible to corrosion, oxidation, or temperature effects during actual
operation, accelerating fatigue crack propagation, while excessively thick diaphragms demonstrate
poor deflection performance and a sharp stress increase. Therefore, considering both the fatigue life
and flexural performance of the diaphragm, a thicker diaphragm should be selected in the low stress
distribution range ([0.3, 0.5 mm]) for diaphragm thickness design.
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5 Conclusions

The primary research conducted in this study involves developing a high-fidelity numerical simu-
lation model under extreme operating conditions of the diaphragm, based on the service requirements
of ultra-high-pressure diaphragm compressors in hydrogen refueling stations and integrated with
mechanical property testing of the diaphragm. This model investigates stress distribution patterns,
sliding behavior under coupled thermal-structural, and the influence of diaphragm thickness on stress
states, providing critical guidance and boundary conditions for the structural design and fatigue life
prediction of diaphragms and their cavities in hydrogen refueling stations. The important conclusions
are as follows:

(1) Under the normal temperature limit operating condition, the maximum von Mises stress and the
first principal stress of the diaphragm of the compressor are 404.7 and 432.7 MPa, respectively,
with the direction of the first principal stress being along the radial direction. The high stress of
the diaphragm on the gas side and oil side is mainly distributed in the transition area between
the diaphragm cavity flange and the gas cavity, which is basically consistent with the location of
most ruptures during actual service. Therefore, in the design process of the diaphragm cavity, it is
necessary to optimize the transition radius of the starting arc of the diaphragm cavity profile to
reduce stress concentration.

(2) The temperature inside the diaphragm compressor’s membrane cavity has a significant impact on
the stress distribution of the diaphragm. As the temperature of the membrane cavity increases, the
stress level of the diaphragm increases nonlinearly. When the cavity temperature reaches 300°C, the
maximum von Mises stress of the diaphragm reaches 1286 MPa, which is close to the yield strength
of the diaphragm, easily cause diaphragm fracture and compromise the normal operation of the
diaphragm compressor. Therefore, it is imperative to optimize the hydrogen cooling channels
and implement a high-temperature early warning system to prevent excessive temperature in
the diaphragm cavity, which would result in high-stress operation of the diaphragm and lead to
premature fatigue damage.

(3) The maximum contact pressure on the diaphragm is concentrated at its edge clamping surface;
sliding predominantly occurs in regions of elevated stress where the diaphragm contacts the cavity
wall; and extensive areas of the contact surface remain detached from the cavity wall, resulting
in suboptimal contact conditions. Simulation results demonstrate that the numerical predictions
of diaphragm contact and wear states align with experimental observations, providing critical
insights into the wear failure mechanisms of diaphragms.

(4) The thickness of the diaphragm significantly affects the stress state and fatigue life of both the oil-
side diaphragm and gas-side diaphragm, exhibiting strong nonlinearity. In contrast, the thickness
of the intermediate copper layer has a relatively weak influence on its stress, remaining largely
stable. Considering the fatigue life and deflection performance of the diaphragm, the diaphragm
thickness design should be chosen as thick as possible within the range of [0.3, 0.5 mm].
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