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Abstract: The charge valve is an important element in the charging port of a high-pressure hydrogen storage cylinder (HP-HSC). It is
normally closed after the HP-HSC is filled with hydrogen. If the seal of the charge valve is damaged, it will seriously affect the
stable operation of the hydrogen supply system and may even cause safety problems. Therefore, the seal performance of the
charge valve is important. In this paper, finite element analysis (FEA) is carried out to analyze the seal contact performance of
hydrogenated nitrile rubber (HNBR) gaskets in the seal pair of a charge valve. The effects of different pre-compressions, seal
widths, and hydrogen pressures on the seal contact performance of the charge valve are analyzed. The contact pressure on the
seal surface increases with the increase of pre-compression. With a pre-compression of 2.5 mm, the maximum contact pressure
without and with hydrogen pressure are 68.51 and 107.38 MPa, respectively. A contact gap appears in the inner ring of the seal
surface with pre-compression below 0.15 mm. The contact gap occurs between the entire seal surface with a seal width of
1 mm. The contact pressure on the seal surface and the width of the separation area between the seal surfaces increase with the
increase of the seal width. The contact gap between the seal surfaces is zero with a width of 2.5 mm. The width of the separation
area between the seal surfaces decreases with the decrease of the hydrogen pressure. The width of the separation area is reduced
from 0.5 mm at 35 MPa to 0.17 mm at 15 MPa. This work can be useful for improvement of the seal performance and of the
design of the charge valve used in the HP-HSC.

Key words: Charge valve; Seal contact performance; High-pressure hydrogen storage cylinder (HP-HSC); Finite element
analysis (FEA)

1 Introduction

With the rapid development of global industrial‐
ization, fossil fuel consumption is intensified. It is ex‐
pected to increase by 56% by 2040 all over the world
(Shet et al., 2021). Because fossil fuels produce large
amounts of greenhouse gases during energy conver‐
sion, including carbon dioxide (CO2) and other by-
products that are harmful to the environment, the
world’s climate and environment have been severely
damaged (Kovač et al., 2021). Therefore, to reduce
the consumption of non-renewable resources such as
fossil fuels and reduce the damage to the environment,

it is very important to find renewable clean energy.
Hydrogen gas, burning as a fuel to generate water
vapor as a substance that is safe and non-toxic, is a
form of renewable clean energy, which has the advan‐
tages of abundant resources, high combustion value,
cleanness, and renewability, etc. Hydrogen has received
extensive attention in the energy transition at the
beginning of the 21st century and the hydrogen fuel
cell has been widely applied (Staffell et al., 2019;
Özbek et al., 2020; Peláez-Peláez et al., 2021). A major
commercial application is fuel cell vehicles (Staffell
et al., 2019), which benefit from refueling times of only
a few minutes and ranges that are similar to those of
fossil-fueled vehicles (Hong and Kim, 2018; Bai et al.,
2021).

The hydrogen supply system (HSY) of a hydrogen
fuel cell (HFC) vehicle is the internal energy supply sys‑
tem that is responsible for the storage, transportation,
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and use of hydrogen. It consists of a hydrogen storage
device, a hydrogen supply combination valve (HSCV),
and an HFC, as shown in Fig. 1. Among the hydrogen
storage techniques available, high-pressure hydrogen
storage cylinders (HP-HSCs) are currently widely used
(Zheng et al., 2013; Li et al., 2020). They store high-
pressure gaseous hydrogen at a temperature above the
critical temperature. They have the advantages of low
storage energy consumption, low cost, fast hydrogen
charging and discharging speeds, and a wide operat‐
ing temperature range. One of the important technolo‐
gies for extending the range of HFC vehicles is to in‐
crease the hydrogen storage pressure and so increase
the quantity of stored hydrogen. In a HFC vehicle,
the hydrogen is usually reserved in an HP-HSC at
35 or 70 MPa (Cheng et al., 2017). However, the hy‐
drogen fed into the fuel cell must be a low-pressure
gas at 0.1–0.3 MPa (Abderezzak et al., 2017; Lin
et al., 2018). Therefore, an HSCV is required to de‐
compress the high-pressure hydrogen in the HP-HSC
and then stably release it into the fuel cell. In the
working conditions of high temperature, large pres‐
sure difference, and high purity hydrogen, the require‐
ments for the performance of the HSCV in terms of
sealing, decompression, and safety are increasing. An
HSCV is mainly composed of three parts: the pres‐
sure and temperature sensors, the multi-function com‐
bined valve (MFCV) (Chen et al., 2019; Qian et al.,
2019), and the charge valve. The hydrogen in the hy‐
drogen fueling station (HFS) is stored in an HP-HSC
through the charge valve. The high-pressure hydrogen
achieves flow restriction and pressure reduction
through the MFCV. After the HP-HSC has discharged
hydrogen, the charge valve will be closed for a long
time and will not be opened until the next charging.
Therefore, the seal performance of the charge valve is
particularly important in HSY.

In recent years, with the rapid development of
computer-aided engineering, finite element analysis
(FEA) shows high efficiency and cost savings. Thus,
it is widely adopted for studying the seal performance
of seal pairs in engineering. Romanik et al. (2019)
studied the contact stress of the seal contact surface
between ball and seat by FEA. The accuracy of the
FEA results was verified by experiments. Dev et al.
(2016) verified the stress-strain states in the seal pair
of the gas lift valve under different pressures and pre‐
dicted the seal contact pressure. Gorash et al. (2016)

conducted a numerical study on the deformation of
the metal seal contact surface of the relief valve with
different geometric shapes. Wu et al. (2010) carried
out an FEA on the contact stress of the contact sur‐
face between the valve poppet and the seat with two
seal models of high-pressure cone valve, and the FEA
results agreed well with experimental results. Kan and
Ding (2016) analyzed the influence of changes in bias
parameters on seal performance of a double offset but‐
terfly valve. Kwak et al. (2019) conducted an FEA on
the effect of laminated seal shape on contact pressure
of a seal pair in a butterfly valve. In general, with the
help of FEA software, research on the seal perfor‐
mance of the seal pair has been widely used for valves.

Compared with metal hard seals, non-metallic
soft seals are easier to process and require less seal
force. At the same time, with the continuous develop‐
ment of new technologies and non-metallic materials,
non-metallic soft seals are increasingly widely used as
seals in various mechanical fields. Modified polytetra‐
fluoroethylene (PTFE) was used in the soft seal be‐
tween the core and seat of the ball valve (Ben Jemaa
et al., 2012; Romanik et al., 2019). Modified poly‐
etheretherketone (PEEK) was adopted to seal the gas
in the valve or compressor in a deep-sea environment
(Wu et al., 2010; Nie et al., 2021). In the FEA, the
non-metallic materials used in the soft seal are hyper‐
plastic, and their complex material nonlinearity and
geometric nonlinearity need to be considered. Song
et al. (2009) numerically calculated the contact per‐
formance of the ball valve seal pair with nitrile rubber
(NBR) based on the Mooney-Rivlin method. Lin et al.

HP-HSC

HFS 

MFCV (including filtering, current 
limiting, decompression, and other
functions)

Charge valve

Pressure and 
temperature sensor

HSCV

HFC

HSY

H2

H2

H2

Fig. 1 Hydrogen supply process for hydrogen fuel cell
vehicles

248



J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(4):247-256 |

(2020) studied the deformation of a polydimethylsi‐
loxane (PDMS) membrane in a microfluidic passive
valve via fluid-structure interaction. Jayanath et al.
(2016) studied the contact stress of the NBR seal ring
on a valve by FEA, and the experimental results were
consistent with the FEA results.

In this paper, a non-metallic soft seal structure of
a charge valve of the HP-HSC is designed. FEA is
carried out to analyze the contact performance of
hydrogenated nitrile rubber (HNBR) gaskets in the
seal pair of charge valves. The influence of different
pre-compressions, seal widths, and hydrogen pressures
on the contact performance is compared. This work
can be useful for the improvement of the seal and the
design of the charge valve used in the HP-HSC.

2 FEA model

2.1 Geometry model

The structure of the charge valve as shown in
Fig. 2, mainly consists of bonnet, stem, plug, seal gas‐
ket, and body. In Fig. 2, F is the pre-tightening force;
p1 is the hydrogen pressure; Di and Do are the inner
and outer diameters of the contact surface between
the plug and body, respectively; b is the width of the
seal surface. When HP-HSC is full of hydrogen, the
hydrogen filling is stopped. The research focuses on
the seal behavior such as leakage prevention in the
contact area between the gasket and the seal surface of
the valve body, so the charge valve is greatly simpli‐
fied. Only the plug, gasket, and body remain.

2.2 Boundary conditions and grid independence

The model of the charge valve is simplified be‐
fore the FEA, as shown in Fig. 3. The parts that have

little effect on the seal analysis of the seal pair are
ignored, only the plug, gasket, and body remain. Due
to the symmetry of the charge valve structure, half of
the model is analyzed. The plug and body are made of
stainless steel, which is set as rigid in the FEA. The
body is set as fixed. The symmetry plane of the model
is set as frictionless support. The pre-compression is
loaded on the upper end surface of the plug in a remote
displacement manner along the negative direction of
the y-axis. The pre-compression (s) range is 0.05–
0.25 mm. The surface of the seal gasket in contact
with hydrogen is constrained by the inner pressure.
The pressure (p1) range is 15–35 MPa. The nonlinear
connection analysis model is used to calculate the con‐
tact problem. The contact between the plug and seal
gasket is set as bonded, and the contact between the
seal gasket and the body uses frictional behavior with
a friction coefficient of 0.01. In the FEA, two steps of
loading are carried out. The first step is to load the
pre-compression and the second step is to load the
hydrogen pressure.

The seal gasket is made of HNBR. This kind of
material exhibits complex material and geometric non‐
linearity. It is usually assumed that the rubber material
is hyperplastic and that the volume remains unchanged
after deformation. The Mooney-Rivlin method is widely
used in FEA to describe the strain energy function of
rubber materials (Zhou et al., 2018). In this paper, Pois‐
son’s ratio of HNBR is 0.499, and the two-parameter
method is used in the material performance setting
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(Marckmann and Verron, 2006). The strain energy
density function is expressed as

W =C10( I1 - 3) +C01( I2 - 3), (1)

where W refers to the strain energy density, I1 and I2

are the first and second strain tensor invariants, respec‐
tively, and C10 and C01 are the Mooney-Rivlin coeffi‐
cients. Material properties of HNBR are 2.77 MPa
(C10) and 1.44 MPa (C01), respectively. The fitting
curves are shown in Fig. 4.

The quality of the grid has an important influ‐
ence on the accuracy of the numerical model. The
ANSYS Workbench Mesh platform is used for grid
generation. The seal gasket adopts structural grid divi‐
sion (Solid 186), as shown in Fig. 3. To eliminate the
influence of the number of grid elements on the calcu‐
lation results, it is necessary to verify the indepen‐
dence of the grids before performing the finite ele‐
ment calculations. The numbers of grid elements are
5537, 10271, 21013, 40457, and 62853, respectively,
which are getting from changing the element size. The
average and maximum contact pressures of the con‐
tact surface between plug and body are selected as the
investigated parameters, as shown in Fig. 5. It is indi‐
cated that when the number of grid elements is greater
than 21013, the deviations are within 3.0% and 6.5%,
respectively. Therefore, the grid independence has
been verified within the scope of the survey. More
grids mean more accurate simulation results, but more
resources are consumed. Therefore, to obtain the opti‐
mal mesh quality and computational efficiency, a
mesh method of about 21013 elements is selected.

2.3 Method validation

To validate the accuracy of numerical methods
and simulation results, a comparison with theoretical
calculation and similar simulation is conducted.

A comparison with the results of theoretical cal‐
culation is conducted first. According to the force di‐
agram in Fig. 2, the theoretical average stress PT on
the contact surface between the plug and body can
be obtained:

PT =
F -

p1πD2
i

4
π ( )D2

o -D2
i

4

. (2)

In the method validation process, assuming that
no hydrogen pressure is applied, the other boundary
conditions are the same as those in Section 3.1.
Pre-tightening forces of 1000, 2000, and 3000 N are
selected. The average stress PF on the contact surface
between the plug and body is extracted in FEA. Theo‐
retical calculation results and FEA results of average
stress are shown in Table 1. It can be seen from Table 1
that the maximum deviation is 2.9%. Therefore, the
deviation between the theoretical calculation results
and the FEA results is very small, which verifies that
the FEA results are reliable.

Then a comparison with similar simulations is
conducted. Cao et al. (2019) studied the dynamic and

Fig. 4 Fitting curves of the HNBR material property in
FEA
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Table 1 Theoretical and FEA results of average stress

F (N)
1000
2000
3000

PT (MPa)
15.92
31.85
47.77

PF (MPa)
15.98
31.88
49.16

Deviation (%)
<1
<1
2.9
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static seal performance of the elastic check valve spool
by FEA. In the main parts of their paper, the valve
spool was made of rubber material, the Mooney-Rivlin
two-parameter method was selected as the constitu‐
tive model, and the plug was modeled with a displace‐
ment boundary condition. Similarly, the same method
is adopted in this paper. Although this paper pays
attention to the seal contact performance of a seal gasket
and not a valve spool, Cao et al. (2019)’s study can in‐
directly validate the accuracy of the simulation results.

3 Results and discussion

3.1 Effects of pre-compression on contact
performance

To analyze the effect of different pre-compressions
on the contact performance of the charge valve, five
pre-compressions (s=0.05, 0.10, 0.15, 0.20, and
0.25 mm, with compression percentages relative to
the thickness of the gasket of 1.25%, 2.50%, 3.75%,
5.00%, and 6.25%, respectively) are selected to study
the contact pressure and gap of the seal surface be‐
tween plug and body. The width of the seal surface
(b) used in this section is 2.0 mm. The contact pres‐
sure of the seal surface without hydrogen pressure is
studied first. It can be seen from Figs. 6a and 6e that
the contact pressure on the seal surface is uniformly
distributed along the circumferential direction
while, along the radial direction, it shows a trend of
low in the middle and high on both sides. The curve
distribution of contact pressure is U-shaped. Under the
pre-compression, the seal gasket in contact with the
body is squeezed inward, while the other part that is
not in contact with the body moves in the negative
direction of the y-axis. Therefore, a structural discon‐
tinuity is formed on the contact surface of the seal
gasket at the contact and non-contact interfaces, that
is, the locations of the diameter Rx=4 and 6 mm. It can
be seen from Fig. 6e that the contact pressure on
the seal surface increases with the increase of pre-
compression, showing a linear increase trend at the
same position. When the pre-compression reaches
0.25 mm, the maximum contact pressure on the seal
surface is 68.51 MPa and it appears at Rx=6 mm.

After the HP-HSC is filled with hydrogen, the
pressure reaches 35 MPa. Therefore, the seal perfor‐
mance of the seal pair of the charge valve under the
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Fig. 6 Contact performance on seal surface: (a) contact
pressure with p1=0, s=0.10 mm, and b=2.0 mm; (b) contact
pressure with p1=35 MPa, s=0.10 mm, and b=2.0 mm;
(c) contact gap with p1=35 MPa, s=0.10 mm, and b=2.0 mm;
(d) schematic diagram of data extraction on seal surface;
(e) curves of contact pressure along x-axis with different
pre-compressions at p1=0 and b=2.0 mm; (f) curves of contact
pressure and gap along x-axis with different pre-compressions
at p1=35 MPa and b=2.0 mm
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action of high-pressure hydrogen is particularly im‐
portant. It can be seen from Fig. 6b that the contact
pressure on the seal surface is uniformly distributed
along the circumferential direction, while it increases
with the increase of the radius of Rx along the radial
direction. Compared with the case of no hydrogen
pressure, the contact pressure at Rx=4 mm is signifi‐
cantly lower than that at Rx=6 mm with a hydrogen
pressure of 35 MPa. This is because the inner ring
area of the seal surface is compressed in the positive
direction of the y-axis under the action of hydrogen
pressure. The contact gap represents the change in the
gap between the two pairs of contact surfaces. A gap
value less than zero indicates that the two pairs of
contact surfaces are separated. The gap value of zero
means that the two pairs of contact surfaces do not
separate. When the pre-compression is less than the
compression of the hydrogen pressure, the separation
phenomenon of the seal surface between the plug and
body occurs, as shown in Fig. 6c where the contact
gap occurs. At the same time, the contact pressure in
these areas is zero, as shown in Fig. 6f. When the pre-
compression is 0.1 mm, the absolute value of the max‐
imum contact gap reaches 0.12 mm. As the Rx increases,
the contact gap gradually approaches zero and the end
of the separation of the seal surface is at Rx=4.67 mm.
This is because the area remote from the hydrogen
pressure is less affected by that high pressure but is
more affected by the pre-compression. However, with
the increase of the pre-compression, the contact pres‐
sure on the seal surface increases. When the pre-
compression reaches 0.25 mm, the maximum contact
pressure on the seal surface is 107.38 MPa, and it ap‐
pears where Rx=6 mm. When the pre-compression is
greater than 0.15 mm, the contact pressure at Rx=4 mm
is greater than zero. If the contact gap is less than zero
the seal surface is separated; if it is equal to zero then
the seal surface is not separated. In summary, although
increasing the pre-compression can effectively inhibit
the separation between the seal surfaces, excessive pre-
compression brings greater contact pressure, which may
lead to failure of the seal surfaces. Therefore, it is nec‐
essary to determine the appropriate pre-compression.

To explore the seal process of the seal gasket
under the combined action of pre-compression and
hydrogen pressure, the variation of contact pressure
with loading time was analyzed. The pre-compression
is loaded at 0–1 s, and the hydrogen pressure is loaded

at 1–2 s. The analysis result is shown in Fig. 7. The
curve in Fig. 7 has an inflection point at 1 s, and the
trend of the contact pressure changes after 1 s. For the
inner ring of the seal surface, the contact pressure
gradually increases with time under the action of pre-
compression, and then the contact pressure gradually
decreases until it reaches a stable value after the load‐
ing of hydrogen pressure is added, as shown in Fig. 7b.
This is because the downward compression by the pre-
compression and the upward compression by the
hydrogen pressure work synergistically after 1 s. The
stable contact pressure on the inner ring of the seal sur‐
face is lower than the hydrogen pressure, which indi‐
cates the seal stress is less than the hydrogen pressure,
and the location has not reached the precondition for
seal. For the outer inner ring of the seal surface, the
contact pressure gradually increases throughout the
loading process. This is because the area far away from
the hydrogen pressure is less affected by the hydrogen
pressure. However, the contact pressure continues to
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increase after 1 s, because the non-metallic seal gasket
is squeezed and expanded to the outer ring. The
contact pressure curve is above the hydrogen pressure
loading curve, which indicates that the seal stress is
greater than the hydrogen pressure and the location
has reached the precondition for the seal.

3.2 Effects of seal width on contact performance

To analyze the effect of different seal widths on
the contact performance of the charge valve, four seal
widths (b=1.0, 1.5, 2.0, and 2.5 mm) are selected for
studying the contact pressure and the gap of seal sur‐
face between plug and body. The pre-compression is
0.10 mm and the hydrogen pressure is 35 MPa. The
contact pressure and gap distribution along the x-axis
with the four seal widths are shown in Fig. 8. When
the seal width is 1.0 mm, the maximum contact pres‐
sure appears in the middle area of the seal surface,
and the inner and outer rings of seal surface are both
zero. The maximum contact pressure is 13.97 MPa.
However, due to the small seal width, the hydrogen
pressure has a greater impact on the contact pressure
distribution, which leads to a separation between the
seal surfaces. The maximum absolute value of the
contact gap is 0.297 mm, which appears at Rx=4 mm.
The minimum absolute value of the contact gap is
0.016 mm, which appears at Rx=4.67 mm. Therefore,
the seal width is too small to achieve the conditions
for a seal. However, with the increase of the seal
width, the contact pressure on the seal surface in‐
creases, especially, the contact pressure on the outer
ring is more obvious. At the same time, it can be
found from Fig. 8a that, as the seal width increases,
the separation location between the seal surfaces de‐
creases. When the seal width reaches 2.5 mm, the con‐
tact gap between the seal surfaces disappears. How‐
ever, the contact pressure is small at Rx=4 mm, and
the conditions for forming a seal cannot be achieved.
When the seal width is greater than 1.5 mm, the con‐
tact pressure on the seal surface along the radial di‐
rection tends to increase. Therefore, a reasonable in‐
crease in the seal width is beneficial for improving the
seal performance of the charge valve.

The variation of contact pressure with loading
time is shown in Fig. 9. Under the action of the pre-
compression alone, the contact pressure on the inner
and outer rings of the seal surface increases with the
increase of the loading time, and its growth rate also

increases. However, under the synergistic effect of
both pre-compression and hydrogen pressure, the con‐
tact pressure of the inner ring gradually decreases to a
stable value. When the seal width is less than 2.5 mm,
the contact pressure is zero. Combined with Fig. 8b,
the area where the contact pressure on the seal surface
does not increase as the seal width decreases can be
found. The stable value on the inner ring of the seal
surface is lower than the hydrogen pressure and, there‐
fore, this location has not reached the precondition for
sealing. For the outer ring of the seal surface, after the
hydrogen pressure is loaded, the contact stress still
increases with the increase of the loading time, except
for the case where the seal width is 1.0 mm. Therefore,
it can be seen from Fig. 9a that, when the width is
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greater than 1.5 mm, the outer ring has reached the
precondition for sealing.

3.3 Effects of hydrogen pressure on contact
performance

As the hydrogen in the HP-HSC is slowly con‐
sumed to provide energy for the vehicle, the pressure
in the HP-HSC gradually decreases. Five hydrogen
pressures (p1=15, 20, 25, 30, and 35 MPa) are, there‐
fore, selected to study the contact pressure and gap
of the seal surface between plug and body. The pre-
compression is 0.10 mm and the seal width is 2.0 mm.
The von Mises stress with time, at five hydrogen pres‐
sures, is shown in Fig. 10. It can be seen from Fig. 10
that, when the loading hydrogen pressures are 15, 20,
25, 30, and 35 MPa, the maximum von Mises stresses
are 6.72, 9.86, 12.74, 15.64, and 18.62 MPa, respec‐
tively. With the increase of hydrogen pressure, the in‐
crement of von Mises stresses decreases. The contact

pressure and gap distribution along the x-axis with the
five hydrogen pressures are shown in Fig. 11. It can
be seen from Fig. 11 that the contact pressure on the
seal surface under the five hydrogen pressures shows
an increasing trend along the positive direction of the
x-axis. Similarly, the contact gap on the seal surface
increases to zero along the positive x-axis. With the
decrease of the hydrogen pressure, the contact pressure
on the seal surface decreases. Similarly, as the hydro‐
gen pressure decreases, the contact gap at Rx=4 mm
decreases. When the hydrogen pressure is 35 MPa,
the width of the separation area between the seal sur‐
faces is 0.5 mm. When the hydrogen pressure is re‐
duced to 15 MPa, the width of the separation area be‐
tween the seal surfaces is 0.17 mm. Therefore, it can
be seen that as the hydrogen in the HP-HSC decreases,
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the impact on the seal surface of the charge valve
decreases.

4 Conclusions

In this paper, a non-metallic soft seal structure
of a charge valve for the HP-HSC is designed. FEA
is carried out to analyze the contact performance of
HNBR gaskets in the seal pair of charge valves.
Firstly, the effect of different pre-compressions on
the contact performance of the charge valve is ana‐
lyzed. The contact pressure on the seal surface in‐
creases with the increase of pre-compression. When
the pre-compression is 2.5 mm, the maximum contact
pressures without and with a hydrogen pressure of
35 MPa are 68.51 and 107.38 MPa, respectively. When
the pre-compression is less than 0.15 mm, the contact
gap appears in the inner ring of the seal surface. Sec‐
ondly, the effect of different seal widths on the con‐
tact performance of the charge valve is analyzed.
When the seal width is 1.0 mm, a contact gap occurs
between the entire seal surface. As the seal width in‐
creases, the contact pressure on the seal surface and
the width of the separation area between the seal
surfaces also increase. When the width is 2.5 mm, the
contact gap between the seal surfaces is zero. Finally,
the effect of different hydrogen pressures on the con‐
tact performance of the charge valve is analyzed. The
width of the separation area between the seal surfaces
decreases with the decrease in the hydrogen pressure.
When the hydrogen pressure is 35 MPa, the width of
the separation area between the seal surfaces is 0.5 mm.
When the hydrogen pressure is reduced to 15 MPa,
the width of the separation area between the seal sur‐
faces is 0.17 mm.
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