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Abstract: The inadequate ability to dissipate heat of the gas head cover of the diaphragm compressor
will result in its excessive temperature, which will put the operation of the hydrogen filling station at
risk for safety issues and raise operating costs. This paper analyzed the structure and the heat transfer
characteristics of the gas head cover, along with the relevant heat transfer boundaries, based on which
a finite element simulation model of the temperature distribution was established. A test rig for the
temperature test of a 22 MPa diaphragm compressor was built to validate this simulation model.
The results indicated that the simulated temperatures agree well with the measured values, and the
deviation is within 9.1%. Further, this paper proposed two head cover structures for enhancing the
heat transfer according to the temperature field distribution characteristics, and the simulation and
experimental verification were carried out, respectively. The findings demonstrate that the method of
enhancing heat transfer around the centre area is more effective, reducing the highest temperature by
14.1 °C, because it greatly lowers thermal conduction resistance, which is the principal impediment
to the heat dissipation of the gas head cover.

Keywords: diaphragm compressor; temperature distribution; simulation model; heat transfer

enhancement

1. Introduction

Fossil energy consumption, including coal, 0il, and natural gas, is the basis for sup-
porting the progress of modern civilization, which leads to excessive global carbon dioxide
emissions [1,2]. Hydrogen can be converted into electricity via hydrogen fuel cells, with
only water as a by-product, making it an attractive green alternative to fossil energy, es-
pecially in transportation field [3-7]. Hydrogen is a never-ending renewable source of
energy and thus can be the ideal solution to environmental and energy issues. However,
hydrogen’s extremely low molecular weight makes it the lowest volumetric energy density
of any commonly used fuel [8], which prevents the use of hydrogen as an efficient energy
source. The most commonly used method is to pressurize hydrogen to 35 MPa or 70 MPa
and store it in a storage tank to increase the energy density and enable the car to have
a higher cruising range [9,10]. This makes the hydrogen refueling station an important
infrastructure to promote the development of the hydrogen energy industry [11]. The
hydrogen compressor is the core equipment in the hydrogen refueling station and domi-
nates the cost [12,13]. The technological development of the hydrogen compressor directly
determines the construction process of the refueling infrastructure.

The hydrogen-pressurized equipment mainly includes mechanical compression and
non-mechanical compression [14]. The mechanical compressor is the most commonly used
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type, including the diaphragm compressor, piston compressor, liquid piston compressor,
and ionic liquid compressor [14-16]. Diaphragm compressors are the most widely applied
in refueling stations due to their unique advantages of no pollution and no leakage [17].
Even so, the technology of diaphragm compressors now is still unlikely to satisfy the targets
of large-scale hydrogen refueling station construction.

The low efficiency and short life of the diaphragm are the most concerning issues of
diaphragm compressors. The low flow and efficiency of diaphragm compressors result in
high energy consumption of hydrogen refueling stations. Altukhov et al. [18] studied the
thermodynamic characteristics of diaphragm compressors and researched the effect of the
compressibility of the hydraulic fluid and dead volume in the gas cavity on the efficiency.
Lei et al. [19] discussed the factors affecting the flow rate of diaphragm compressors and
proposed solutions to these issues. Hyun et al. [20] analyzed the influence of oil density,
deflection of diaphragm, gas, and oil pressure on the flow rate during a certain period
of the compression process. Jia et al. [21] researched the effect of clearance volume on
the flow rate of diaphragm compressors through experiments and proposed a method
to increase the flow rate by reducing the dead volume of the cavity. Author [22] focused
on the influence of hydraulic 0il compressibility on volumetric efficiency and proposed a
mathematical formula for the calculation of volumetric efficiency.

The short life of the diaphragm compressor, especially the easy fracture of the di-
aphragm, is a major problem in the application of the diaphragm compressor. To solve
this problem, many efforts have been made to improve the stability and life of diaphragm
compressors. Li et al. [23] studied the acoustic emission signal of diaphragm compressors in
the working process and proposed a test method that can monitor the operating conditions
and evaluate the reliability of the compressor. Altukhov et al. [24] found that the size of
the exhaust orifice and the oil-gas pressure relationship are the main factors affecting the
diaphragm life, and proposed a method to evaluate the design reliability of diaphragm
compressors. Lu et al. [25] analyzed the factors affecting the diaphragm life of diaphragm
compressors and found that the main factor is the cavity profile. Jia et al. [26] proposed an
analysis method of diaphragm stress which is combined with the small deflection and thin-
plate large deflection theories and investigated some influence factors of the diaphragm
fracture. Hu et al. [27] proposed a new generatrix for cavity profile, which can eliminate
the dead volume in the cavity and reduce the maximal and the centric redial stress of
the diaphragm by 8.2% and 13.9%, respectively. Li et al. [28] studied the characteristics
of diaphragm stress distribution during the working process of diaphragm compressors.
Furthermore, Li et al. [29-32] presented two new generatrices of the cavity profile, which
can change the stress distribution characteristics of the diaphragm, and verified the de-
sign theory through experimental and numerical methods. The new cavity profiles can
somewhat improve the stress of the diaphragm, but they do not quite address the problem.

The phenomenon of low flow and high failure of diaphragm compressors has received
the majority of research attention, while its fundamental performance, particularly thermal
management, has received less attention. The gas head cover of the hydrogen compres-
sor needs to use a hydrogen embrittlement-resistant material, which has poor thermal
conductivity, not conducive to the export of compression heat, causing the temperature
of the head cover to rise abnormally. A significant failure rate is also brought on by the
thermal stress brought on by the gas head cover’s abnormally high temperature. The high
temperature of the gas head cover can also exacerbate suction gas heating and reduces
the volumetric efficiency. Nevertheless, little research has been done on this issue. Only
Wang et al. [33,34] discussed that the thermal deformation of the gas head cover had a great
influence on the diaphragm fatigue life through the thermal-structure coupled analysis,
and proposed a method to improve the structure of the gas headcover. However, they
calculated a temperature field result by given parameters and then studied the influence of
the temperature field on the structural strength, but did not propose a universal simulation
method for the temperature field of the head cover. Analyzing the heat transfer process
and researching ways to improve it are both crucial [35-37].
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The above research mainly focused on cavity profiles and diaphragm stress. However,
the issue of poor heat dissipation of the gas head cover, which has a great impact on the life
and efficiency of the compressor, has not been well studied. The purpose of this paper is to
analyze the heat transfer process related to the gas head cover, establish a simulation model
of the temperature field, and then explore ways to enhance heat dissipation. Analysis and
experimental methods were applied to investigate and verify the method to calculate the
temperature field of the gas headcover.

2. Analysis of the Heat Transfer Related to the Gas Head Cover

The structure of the diaphragm compressor is shown in Figure 1. Three diaphragms
are fixed between the oil head support and the gas head cover. The volume enclosed
by the surface of the diaphragm and the gas head cover is the gas cavity, and the other
side of the diaphragm and the oil head support enclose the oil cavity. The oil piston is
driven by the crank connecting rod mechanism to reciprocate in the oil head support. Then,
the oil piston forces diaphragm deformation through hydraulic oil. Further, the volume
of the gas cavity is changed as diaphragms move, and the gas can be compressed and
discharged. The mechanical energy is converted into the internal energy of the gas during
the compression process, and the temperature of the gas will increase. The compression
process in the gas cavity of a diaphragm compressor is generally considered to be a
nearly isothermal process in the past because the gas head cover of traditional diaphragm
compressors is approximately a thin plate and is made of alloy steel with good thermal
conductivity. However, for diaphragm compressors used in hydrogen refueling stations,
the material of the gas head cover is generally made of stainless steel to prevent hydrogen
embrittlement, which has poor thermal conductivity. The pressure of the compressor used
in the hydrogen refueling station is relatively high, resulting in a thick gas head cover,
which is further not conducive to heat dissipation. The aforementioned factors cause the
thermal resistance of the gas head cover to be relatively high and the compression heat
released to the environment through the gas head cover to be comparatively low, leading
to a higher discharge temperature. The compression process in the gas cavity of hydrogen
diaphragm compressors is nearly an adiabatic process. These problems are subjected to
the high temperature of the discharge gas, as well as the gas head cover. High gas head
cover temperature can lead to large thermal deformation, high thermal stress, and terrible
intake heating, which affect the efficiency and life of the compressor. Therefore, it is of great
significance to study the heat transfer process and temperature distribution related to the
gas head cover to improve the performance of the diaphragm compressor.
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Figure 1. Structure of the diaphragm compressor.

— Oil cavity

This study focused on the temperature distribution characteristics of the gas head
cover. The heat transfer processes related to the gas head cover are shown in Figure 2. The
main heat transfer processes and characteristics are as follows:
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Figure 2. Heat transfer processes of the gas head cover.

2.1. Heat Transfer from Compressed Gas to the Surface of the Gas Cavity

The temperature of the gas in the gas cavity increases as compressed, and the high-
temperature gas undergoes forced convection heat transfer with the surface of the gas
cavity. It has been analyzed that the compression process in the gas cavity of the hydrogen
diaphragm compressor used in refueling stations is nearly an adiabatic process. The
temperature of the compressed gas can be calculated as:

Kp-1

T, = n(ﬂ) KT M)

Ps

where, T; and T; denote the temperature of compressed gas and suction gas, respectively;
K; ps and ps represent the discharge pressure and suction pressure, respectively, MPa; Kt
is the temperature adiabatic index, which is 1.41 for hydrogen.

The cycle process of the compressor includes the expansion process, the suction
process, the compression process, and the discharge process. The temperature of the gas
in the gas cavity is not always maintained at the highest temperature. The fresh gas with
a lower temperature enters the gas cavity during the suction process, and the heat will
be transferred from the surface of the gas cavity to the fresh gas. The actual average
temperature of the gas in the gas cavity is affected by many factors, such as compressor
power, operating conditions, and structural parameters. The average temperature of the
gas in the gas chamber of a reciprocating compressor is usually calculated by an empirical
formula. The authors verified that the empirical formula is also applicable in diaphragm
compressors through experiments. The average temperature can be expressed as:

Kr-1

_ 20 (pa) T
T, = Ts 1+3 <Ps> 1 ()

where, T; is the average temperature in the gas cavity.

The convection heat transfer between the gas and the cavity surface is a complex
dynamic process. In a cycle process, the convective heat transfer coefficient is constantly
changing, but it is not necessary to calculate the heat transfer coefficient at each moment.
The equivalent convective heat transfer coefficient of the entire working process can de-
scribe the heat transfer between the gas and the cavity surface more intuitively. Because
the gas cavity is flat and the discharge holes are in the centre, the closer to the centre, the
more heat exchange between the gas and the cavity surface. The equivalent convective
heat transfer coefficient can be expressed as:

r

h (1’) = hlmux(l - kE) 3)
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where h1(r) denotes the convective heat transfer coefficient at radius 7, fi1, is the convec-
tive heat transfer coefficient at the centre, R is the radius of the gas cavity, and k represents
the rate of decrease of heat transfer coefficient with radius which is the distance from the
gas cavity’s centre. The uncertainty around the deformation pattern of the diaphragm
results in the shape change pattern of the gas cavity being unclear, which makes the theo-
retical calculation of h1,,,, and k impossible now. In this study, the simulation model was
corrected by the experimental results, and k1, and k are empirical values summarized
through experimental measurements [33].

2.2. Heat Transfer from the Outer Surface of the Gas Head Cover to the Environment

The temperature of the outer surface of the gas head cover without cooling can
generally reach 80 °C-100 °C when the discharge temperature is greater than 150 °C.
Therefore, not only the convective heat transfer but also the heat radiation should be
considered when calculating the heat transfer between the outer surface of the gas head
cover and the environment. The gas head cover is generally not air-cooled in the design of
diaphragm compressors. The form of the convective heat transfer between the outer surface
and the environment is air-natural convective heat transfer. The heat transfer coefficient of
air natural convective is 5-25 W-m~2.K~!. The heat transfer coefficient of heat radiation
can be calculated as: [38]

h, = ea(Tw3 + To?To + T To2 + Tﬁ) 4)

where ¢ is the blackness of the surface of the gas head cover, ¢ is the Stefan-Boltzmann
constant, Ty, and T, represent the temperature of the outer surface of the gas head cover
and the environment, respectively, K. Thus, the total heat transfer coefficient between the
surface of the gas head cover and the environment is the sum of the convective heat transfer
coefficient and the radiation heat transfer coefficient, and is given by:

hz - hc + hr (5)

where h; denotes the total heat transfer coefficient, and k. and /, are the convective heat
transfer coefficient and the radiation heat transfer coefficient, respectively.

2.3. Heat Transfer between the Gas and the Surface of Suction and Discharge Holes

There are some small holes under the suction and discharge valve for gas to enter and
exit the gas cavity. As shown in Figure 3, there is forced convective heat transfer between
the suction and discharge gas flow and the surfaces of the holes. The convective heat
transfer coefficient is associated with the flow velocity and working conditions of the gases.

The flow velocities of the gases flowing through the suction and discharge holes are
calculated as follows:

QopoTsZs
1 = <oPols%s 6
s DTy As (6)
QopoTyZ,;
Uy = ——— 7
; paToAq @)

where u; and u; express the flow velocities through the suction and discharge holes;
Qo, Po, and Ty represent the volume flow rate, pressure, and temperature in standard
conditions, respectively; ps, Ts, pg, and T, are the pressures and temperatures of suction
and discharge gas, respectively; Z; and Z; are the compressibility factors in suction and
discharge conditions, respectively; and As and A; represent the total sectional areas of
suction holes and discharge holes, respectively. Thus, the Reynolds numbers can be
calculated as follows:

ud
Re = o (8)
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where u and v are the flow velocity and kinematic viscosity of suction or discharge gas,
respectively, and d is the diameter of the small holes. Further, the Nusselt number can be
calculated by the Dittus-Boelter equation as follows [38]:

Nu = 0.023Re%8pr" ©9)
Therefore, the heat transfer coefficient can be expressed as:

NuA  0.023u08pr"A
hs = 4~ 08402 (10)

where h3 represents the heat transfer coefficient between the suction gas with the suction
holes or between the discharge gas with the discharge holes, # and v are the flow velocity
and kinematic viscosity of suction or discharge gas, respectively, d is the diameter of the
small holes, Pr, and A are the Prandtl number and thermal conductivity in suction or dis-
charge conditions, respectively, which can be gained with physical property software, and
n is exponent of the Prandtl number, which is 0.3 for discharge gas and 0.4 for suction gas.

] ]
0 125 25 37.5 50 (mm) 0 125 25 375 50 (mm)

(@) (b)

Figure 3. Heat transfers between the gas and the surfaces of the holes. (a) Discharge holes.
(b) Suction holes.

2.4. Heat Transfer between the Suction/Discharge Nozzles and the Gas Head Cover

The temperature of the discharge nozzle is relatively high due to the continuous
discharge airflow through it. Similarly, the intake air temperature is relatively low, and
thus the temperature of the intake manifold will also be relatively low. The calculation
method of heat transfer between the gas and the suction and discharge nozzles is the
same as that of the gas and the suction and discharge holes. There is generally a gap of
about 1 mm between the suction and discharge holes and the gas head cover. However,
as shown in Figure 4, the discharge nozzle still transfers heat to the cylinder head, but the
thermal resistance will be larger. Certainly, the gas head cover also transfers heat to the
suction nozzle. There are two forms of heat transfer here: thermal radiation and conduction
through a thin layer of air. The heat transfer capacity through these two methods can be
calculated by the following equations, respectively:
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D, = €2C0A1

T \* T, \*
(i) ‘(m” o
_ 27N, (T — To)

< In(ry/71) (12)

where @, and @, represent the heat transfer capacity of thermal radiation and heat conduc-
tion, respectively, €, is the blackness of the surface of the hole in the gas head cover, Cj is
the black body radiation constant, A; is the area of the outer surface of the nozzle, T7 and
T, represent the temperature of the nozzle and the surface of the hole in the gas head cover,
respectively, r| and r; represent the diameter of the nozzle and the surface of the hole in
the gas head cover, respectively, | represents the length of the nozzle, and A,;, expresses
the thermal conductivity of air. Then, the total heat transfer capacity can be expressed
as follows:

b=, +P. = h4(T1 — Tz)Al (13)

where hy4 indicates the equivalent heat transfer coefficient between the nozzle and the gas
head cover, and can be calculated as follows:

7, \* o \*| | 2nir (Ti-T
: SZCOAl[(ﬁ) - (%) |+ TR
4 — (T] _ TZ)A] (14)

I
0 50 100 150 200 (mm)

Figure 4. Heat transfers between the surfaces of nozzles and the gas head cover.

The simulation analysis of the temperature field of the gas head cover can be carried
out after calculating the heat transfer coefficient of each heat transfer path.

3. Finite Element Analysis of the Temperature Field
3.1. Geometric Model of the Gas Head Cover

The research objects in this study are the gas head cover, the nozzles, and the valves of
a diaphragm compressor used in a 22 MPa mother hydrogen refueling station. The gas head
cover assembly model was built by 3D modeling software, as shown in Figure 5. There is a
stepped hole in the centre of the cylinder for installing the discharge valve. The discharge
nozzle presses the discharge valve against the step of the hole, and under the valve, there
are some small holes for discharge. The suction step hole is set next to the discharge step
hole, and the structure of suction is similar to that of discharge. The structural parameters
of this model are shown in Table 1.
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Figure 5. Model of the gas head cover assembly.

Table 1. Main parameters of the gas head cover.

Parameters Values/mm
Diameter of the gas head cover 615
Thickness of the gas head cover 160
Diameter of the nozzles 54
Diameter of the hole in the gas head cover 56
Diameter of the suction and discharge small holes 4

The effect of hydrogen embrittlement must be considered when selecting the material
for the gas head cover assembly [39]. The material of the parts in contact with hydrogen
should be made of hydrogen embrittlement-resistant materials, generally stainless steel [40].
The materials of the gas head cover and the nozzles of this model were 1.4418 duplex stain-
less steel, and the valves were made of 17-4PH martensite stainless steel. Both 1.4418 and
17-4PH have excellent resistance to hydrogen embrittlement, but their thermal conductivi-
ties are extremely low, 15 W-(m-K) ! and 16 W-(m-K)~!, respectively. This is also one of
the reasons for the poor heat dissipation of the hydrogen diaphragm compressor.

3.2. Mesh Generation

The dimensions of the different structural features of the gas head cover differ by two
orders of magnitude. The diameter of the gas head cover is 615 mm, while the diameter
of the suction and discharge small holes is only 4 mm, and it can be predicted that the
area around the discharge holes is the hottest part. The temperature of the area around
the discharge holes requires special attention. Therefore, the region of the small holes was
divided from the gas head cover for a finer mesh as shown in Figure 6. The grid length
of the mesh near the small holes was not more than 1 mm, and the other area of the gas
head cover adopted a tetrahedral mesh with a size of 2-5 mm. The suction and discharge
nozzles and valves adopted tetrahedral meshes with grid lengths of 1-2 mm.

Figure 6. Mesh around the discharge holes.
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3.3. Thermal Loads

A steady-state thermal analysis of the gas head cover requires thermal loads to be
applied to each boundary. The simulation calculation was carried out in the Steady-State
thermal module of ANSYS 2021R2 software. The simulation example in this study is the
temperature field of the gas head cover of the hydrogen diaphragm compressor used in the
22 MPa hydrogen filling station. The simulated working conditions are that the suction
pressure is 5 Mpa, the suction temperature is 20 °C, the exhaust pressure is 22 Mpa, and the
ambient temperature is 20 °C. According to the analysis of the heat transfer of the gas head
cover in the previous chapter, the heat transfer coefficient of each heat transfer boundary of
the gas head cover can be calculated.

3.4. Mesh Independence Verification

Three meshes were generated with different numbers of elements by adjusting the
mesh grid length of the gas head cover, as well as the suction and discharge nozzles and
valves, and the number of elements is 2,200,498, 3,421,824, and 4,483,582, respectively.
The three models with different mesh numbers were calculated separately. The highest
temperature and the temperature of three feature points were taken as the comparison
values, and the calculation results under different mesh densities were compared. The
positions of the three feature points are shown in Figure 7. Point 1 was located in the
middle of the suction and discharge stepped holes, 140 mm deep from the top surface of
the gas head cover. Point 2 was located on the other side of the exhaust hole, which is
symmetrical with point 1 about the discharge stepped hole. Point 3 was located on the
inner wall surface of the discharge stepped hole, on the side away from the suction hole,
and is 115 mm deep from the top surface of the gas head cover. The calculation results are
shown in Figure 8. The highest temperature and the temperature of the three feature points
calculated with three meshes of different densities had no difference, which proved that
the mesh density did not affect the calculation results. To save computing resources, this
study adopted the mesh density corresponding to the simulation number of 3.42 million.

Figure 7. Positions of feature points.

—=a— Highest Temperature —e— Point 1
170 —— Point 2 —v— Point 3
| L u
160
o
<
g
E] 150
=
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g 140 ‘ * ‘
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2.0 25 3.0 35 4.0 45

Elements (<10°%

Figure 8. Results of mesh independence verification.
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4. Experimental Validation

To verify the correctness of the simulation analysis method of the temperature field,
a test rig for the temperature test of the gas head cover of the diaphragm compressor
was built, as shown in Figure 9. The experimental equipment is a two-stage horizontal
hydrogen diaphragm compressor with a rotational speed of 420 rpm used in a 22 MPa
mother hydrogen refueling station. Taking the secondary gas head cover as the research
object, the structure size of the gas head cover is the same as that of the simulation analysis
model. The second stage of the compressor was kept in the operation conditions, of
which the suction pressure and temperature were 5 MPa and 20 °C, and the discharge
pressure was 22 MPa. A vortex volume flowmeter was used to measure the actual flow
rate, and six K-type thermocouples were installed in the gas head cover to measure the
temperature at several special points. The uncertainty of the K-type thermocouple is
£1.5 °C. To measure the temperature of the internal temperature of the gas head cover,
deep holes with a diameter of 5 mm and a depth of 140 mm were machined on it, and the
thermocouple temperature measuring heads were inserted into the bottom of the holes
and filled with thermal conductive silicone grease. The thermal conductivity of the silicone
grease is larger than 6 W-(m~1.K~1). Several very fine K-type thermocouple wires were
bonded at the surface of the discharge stepped holes and the discharge small holes by
high-temperature-resistant glue.

Figure 9. Temperature test rig.

The temperature measuring points on the gas head cover are shown in Figure 10.
Point 1 was located on the central wall of the discharge small holes. Point 2 was located in
the middle of the suction and discharge stepped holes, 140 mm deep from the top surface
of the gas head cover. Point 3 was located on the other side of the exhaust hole, which is
symmetrical with point 1 about the discharge stepped hole. Point 4 was located on the
inner wall surface of the discharge stepped hole, on the side away from the suction hole,
and is 115 mm deep from the top surface of the gas head cover. Point 5 was also located on
the inner wall surface of the discharge stepped hole, 60 mm deep. Point 6 was located at
the same depth as points 2 and 3, and was 150 mm away from the central.

Test
point 5
Test
point 4

point 6 Test

point 3

Figure 10. Positions of the temperature measurement points.
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Temperature [°C]

162.18 Max

E 147.77
133.36
118.95
104.54
90.124
75.713
61.301
46.889
32.477 Min

5. Results and Discussion
5.1. Finite Element Analysis Results and Comparison with Experimental Values

Figure 11 illustrates the temperature distribution in the cross-section along the cen-
terline of the suction and discharge holes and the surface of the gas head cover. The
comparison between the measured temperature and the simulated temperature of each
measuring point is shown in Table 2. There are many reasons for experiment and sim-
ulation analysis to cause the deviation between the measured value and the simulated
value. When measuring the surface temperature, e.g., Point 1, Point 4, and Point 5, one
side of the temperature measuring element is attached to the surface of the gas head cover,
and the other side is in contact with the high-temperature gas so that there is an error
between the measured temperature and the actual surface temperature. The measured
temperature values are higher than the actual surface temperature values. Especially, Point
1 is located in the centre of the discharge holes, where the surface temperature is close
to the discharge temperature. Thus, the error due to the influence of high-temperature
gas on the temperature-measuring element is smaller, and the deviation at this point is
smaller. When measuring the internal temperature, e.g., Point 2, Point 3, and Point 6, the
thermal conductivity of the filled silicone grease is smaller than that of the gas head cover
itself, and the contact surface between the two will also have contact thermal resistance, so
the measured values are slightly lower than the actual values there. In addition, the gas
cavity of the diaphragm compressor is a flat flexing space, and the thickness and diameter
of the space are also constantly changing during operation. The heat transfer coefficient
between the gas and the surface of the gas cavity is also dynamic and non-uniform. The
heat transfer coefficient between the gas and the gas cavity surface is simplified to be
uniform to calculate in this study, which also brings errors to the simulation results. But,
in general, the deviation between the measured temperature and the simulated value of
each measuring point is less than 9.1%, which is within a reasonable range. The simulation
results can reflect the actual temperature distribution characteristics of the compressor well.
This indicates that this simulation analysis method is feasible and can be used to study the
effect of different methods of optimizing heat transfer.

Temperature [°C]

162.18 Max
147.77
133.36
118.95
104.54
90.124
75.713
61.301
46.889
32.477 Min

Figure 11. Temperature distribution of the gas head cover.

Table 2. Comparison of measured temperature and simulation results.

Positions Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
Measured temperature (°C) 165.2 123.5 132.3 146.3 134.2 124.6
Simulated temperature (°C) 162 134.8 142.5 138.3 125.1 135.4

Deviation 1.8% 9.1% 7.7% 5.5% 6.8% 8.7%

The temperature distribution graph declares that the maximum temperature of the
gas head cover is 162 °C, which is located in the centre of the discharge small holes. The
high-temperature gas continues to flow to the discharge nozzle through the small holes,
transferring a large amount of heat to the surface of the holes. However, the thermal
conductivity of the gas head cover is very low, and the heat around the discharge holes
is too late to conduct to the surroundings, resulting in heat accumulation in the region
of the discharge holes. This makes the temperature around the exhaust hole too high
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and the thermal deformation too large, which further aggravates the local stress of the
diaphragm and reduces the life of the compressor. The temperature distribution graph
also displays that the region of the discharge holes is the core high-temperature zone of
the diaphragm compressor, and the temperature exceeds 150 °C. From the discharge holes
to the surroundings, the temperature gradient decreases. The temperature of the part
of the outer surface of the gas head cover near the discharge stepped hole also exceeds
100 °C. These revelations demonstrate that the problem of the high temperature of the
gas head cover can be improved by two methods: augmented heat transfer of the core
high-temperature zone around the discharge holes and augmented heat transfer of the
outer surface of the gas head cover. But, it can be predicted that the former effect will
be better.

5.2. Influence of the Outer Surface Heat Transfer Coefficient on the Temperature Field of the Gas
Head Cover

The heat transfer on the outer surface was simplified in this study, and the convective
heat transfer coefficient was considered to be a constant value, which would bring certain
errors to the simulation results. To verify the influence of this error on the results, the
sensitivity analysis of the natural convection heat transfer coefficient of the outer surface
was conducted. The temperatures at several special points when the natural convection
heat transfer coefficients are 5, 10, 15, 20, and 25, are shown in Figure 12. It declares that the
highest temperature hardly changes with the change of the natural convection conversion
coefficient, and point 1 is located in the core high-temperature zone; the temperature at
point 1 is approximately equal to the maximum temperature. Point 2 and Point 3 are 55 mm
away from the centre of the discharge holes, and the temperature is slightly reduced, but the
reduction value is within 5 °C. The results indicate that the error of the natural convection
heat transfer coefficient has little effect on the simulation results, which is acceptable. The
heat inside the gas head cover can only be released to the environment through heat
conduction and convective heat transfer on the surface. The thermal conductivity of
stainless steel is low, and the thermal resistance of natural convection on the surface is
smaller than that of thermal conduction, so the change of natural convection heat transfer
coefficient has no significant effect on heat dissipation. The heat conduction resistance
increases with distance from the outer surface of the gas head cover, whereas the impact of
the surface convective heat transfer coefficient decreases.

175 4 —=—Highest T —e— Point 1
170 ] —4— Point 2 —v— Point 3
165

L L ¥ ]

160
155
150

145

140 4 v\\'\v\,
135 A\A\‘\‘\‘

130 4

Temperature (°C)

125 ; . . . ; . ; . ;
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Natural convection heat transfer coefficient (W-m~-K™)
Figure 12. Temperature with different natural convection heat transfer coefficients.

5.3. Effect of Augmented Heat Transfer of the Outer Surface and Core High-Temperature Zone

To study the effect of augmented heat transfer of the outer surface and the core high-
temperature zone, simulation analysis and experimental verification of the two methods
were carried out. Two gas head covers were fabricated, one with water grooves machined



Processes 2023, 11, 2274

13 of 17

on the outer surface and the other with an annular water groove machined along the
discharge stepped hole, as shown in Figures 13 and 14.

Figure 14. Structure of augmented heat transfer of the core high-temperature zone.

Figure 15 illustrates the temperature distribution of the gas head cover with augmented
heat transfer of the outer surface. The temperature in the area close to the water grooves
significantly reduces, and the temperature of the upper part of the gas head cover is lower
than 100 °C. However, the highest temperature at the discharge holes still reaches 160.4 °C,
which is only 1.9 °C lower than the temperature without heat transfer enhancement.
Although the internal temperature at most parts reduces significantly, the method of
augmented surface heat transfer has a limited effect on reducing the highest temperature.

Temperature [°C]
160.42 Max
148.92
13743
125.93
114.43
102.94
91.441
79.945
68.448
56.951
45.454
33.958
22.461 Min

Figure 15. Temperature distribution with augmented heat transfer of outer surface.

Figure 16 illustrates the temperature distribution of the gas head cover with augmented
heat transfer of the core high-temperature zone. The highest temperature is reduced to
148.2 °C, which is 14.1 °C lower than that without heat transfer enhancement, and the
area of the core high-temperature zone is also greatly reduced. The method of augmented
heat transfer with cooling water around the discharge holes can effectively reduce the
temperature of the gas head cover and solve the problem of the local excessive temperature
of diaphragm compressors.



Processes 2023, 11, 2274

14 of 17

Temperature [°C]

148.15 Max
141.98
130.19
11841
106.62
94.832
83.045
71.258
59.471
47.684
35.896
24.109 Min

Figure 16. Temperature distribution with augmented heat transfer of the core high-temperature zone.

Table 3 lists the measured discharge temperature, as well as simulated and measured
temperatures of several special test points under different gas head cover structures. It
can be seen that the discharge temperature is also distinctly reduced with augmented
heat transfer of the core high-temperature zone, and the temperature of each point is
greatly reduced, which is of great significance for reducing thermal deformation of the gas
head cover and improving the life of diaphragm compressors. The results also show that
the simulated and measured temperatures are in good agreement for different structures
of the head cover. This means that this temperature field simulation method can be
used to evaluate the heat dissipation effect of the head cover structure when designing a
diaphragm compressor.

Table 3. Temperatures under different gas head cover structures.

Structures No Heat Transfer Augmented Heat Augmented Heat Transfer of
Enhancement Transfer of Outer Surface = Core High-Temperature Zone
Measured discharge temperature (°C) 171.5 169.2 155.4
Simulated highest temperature (°C) 162.2 160.4 148.2
Point 1
Simulated /Measured (°C) 162/165.2 160.1/164.7 147.9/147.2
Point 2
Simulated /Measured (°C) 134.8/123.5 121.9/112.5 88.6/82.6
Point 3
Simulated /Measured (°C) 142.5/132.3 127.4/121.8 93.9/89.6
Point 4
Simulated /Measured (°C) 138.3/146.3 122.2/131.1 46.8/50.2
Point 5
Simulated /Measured (°C) 125.1/134.2 72.7/75.1 37.9/40.3
Point 6 135.4/124.6 117.7/105.5 119.6/111.9

Simulated /Measured (°C)

This study also demonstrates that the thermal resistance of the gas head cover is the
primary factor influencing the heat dissipation. Only through the heat conduction of the
gas head cover can the heat inside the gas head cover exchange heat with the cooling
water when the water is on the outer surface. The primary part of thermal resistance, heat
conduction via the gas head cover, has not been much addressed. When the cooling water
is close to the middle high-temperature area, the thermal resistance of the heat transfer
process is greatly reduced, and the heat transfer effect is greatly improved.

6. Conclusions

This paper analyzed the heat transfer boundary of the gas head cover of hydrogen di-
aphragm compressors, based on which the simulation analysis was carried out to obtain the
temperature distribution of the gas head cover, and a temperature test rig of a diaphragm
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compressor was built to measure the temperature of the gas head cover and verify the
accuracy of the simulation calculation model. The main conclusions are as follows.

e  The temperature field simulation analysis model established in this paper can calculate
and has high accuracy to analyze the temperature distribution characteristics of the
diaphragm compressor gas head cover of hydrogen refueling stations. The deviation
between the measured temperature and the simulated value of each special measuring
point is less than 9.1%.

e  Theregion of the discharge holes is the core high-temperature zone of the diaphragm
compressor, and the temperature exceeds 150 °C under the mother hydrogen refueling
station conditions with suction pressure of 5 MPa and discharge pressure of 22 Mpa.
From the discharge holes to the surroundings, the temperature gradient decreases.
This is so because the central part has the maximum thermal resistance to the outside
air and the highest temperature of the gas in contact with it.

e  The temperature field simulation results of the two enhanced heat exchange head
cover structures with different enhancing heat transfer methods are in good agreement
with the measured values. This simulation method can be used to evaluate the heat
dissipation effect of the head cover structure.

e  The highest temperature and discharge are reduced by 14.1 °C and 16.1 °C with
colling water around the discharge holes, respectively. This method successfully
lowers the thermal resistance of heat dissipation in the middle high-temperature area,
and significantly lowers the temperature, which can effectively solve the problem of
the local excessive temperature of diaphragm compressors and enhance the reliability
of diaphragm compressors for hydrogen refueling stations.
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Nomenclature

T;  Discharge temperature, K

Ts Suction temperature, K

ps  Discharge pressure, MPa

Suction pressure, MPa

Temperature adiabatic index

Average temperature, K

Convective heat transfer coefficient, W-m—2-K~!

Rate of decrease of heat transfer coefficient

Radius of the gas cavity

Radius

Blackness

Stefan-Boltzmann constant

Ty  Temperature of the outer surface, K

T Temperature of the environment, K

h, Heat transfer coefficient of heat radiation, W-m—2-K~1

h.  Heat transfer coefficient of air natural convective, W-m2-K~1
us  Flow velocity of the gas flowing through the suction holes, m/s
uy;  Flow velocity of the gas flowing through the discharge holes, m/s

QAC R AT ART
Q,‘](n
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Qo Volume flow rate in standard conditions, m3/h
Po Pressure in standard conditions, MPa

Tp  Temperature in standard conditions, K

Zs Compressibility factors in suction conditions
Z;  Compressibility factors in discharge conditions
As Total sectional areas of suction holes, m?
A;  Total sectional areas of discharge holes, m
Re  Reynolds numbers

v Kinematic viscosity

d Diameter of the small holes, m
Nu  Nusselt number

Pr  Prandtl number

A Thermal conductivity

n Exponent of the Prandtl number

@,  Heat transfer capacity of thermal radiation
@,  Heat transfer capacity of heat conduction
®;  Total heat transfer capacity

I Length of the nozzle, m

Agir  Thermal conductivity of air

2

2
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