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Abstract: As a subdivision of the hydrogen energy application field, ship-borne hydrogen fuel
cell systems have certain differences from vehicle or other application scenarios in terms of their
structural type, safety, environmental adaptability, and test verification. The connection method
of the ship-borne hydrogen storage cylinder (SHSC) is very important for the hydrogen fuel cell
ship, and the structural parameters of the SHSC are particularly important in the hydrogen refueling
process. To ensure the safe and reliable operation of the hydrogen-powered ship, research on the
filling of the SHSC under different connection modes was carried out during refueling. In our study, a
thermal flow physical model of the SHSC was established to research the hydrogen refueling process
of the series and parallel SHSCs. The influence of series and parallel modes of the SHSCs on the
hydrogen refueling process was explored, and the evolution law of the internal flow field, pressure,
and temperature of series and parallel SHSCs under different filling parameters was analyzed by
numerical simulation. Our results confirmed the superiority of the parallel modular approach in
terms of thermal safety during refueling. The results can supply a technical basis for the future
development of hydrogen refueling stations and ship-board hydrogenation control algorithms.

Keywords: ship-borne hydrogen storage cylinder; thermal effect; series connection; parallel connection;
hydrogen refueling; hydrogen safety

1. Introduction

In the primitive period, the energy used by people came from the sun, which produces
light and heat through radiation. Nowadays, many energy sources, including coal, oil,
and natural gas, are also indirectly or directly converted by the sun’s energy. In 1854,
with the first oil well in the world, the world entered the “0il age”. Human beings have
invented internal combustion engines fueled by gasoline and diesel, and petroleum re-
sources are widely used in automobiles, aviation, navigation, and heavy machinery [1].
With the development of society and the improvement of the economy, human beings
have an increasing demand for petroleum, but it is difficult for petroleum products to
degrade naturally after being abandoned, polluting land resources; additionally, petroleum
combustion reacts with oxygen in the air to produce carbon dioxide. A large amount of
carbon dioxide accumulation causes the greenhouse effect and therefore causes global
warming. Cargo exchanged between countries is mainly transported by sea. Data released
by the International Maritime Organization (IMO) show that the annual carbon emissions
of the shipping industry are approximately 1.076 billion tons, accounting for 2.89% of the
world’s total carbon dioxide emissions and contributing to increasing global warming [2].
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Therefore, there is an urgent need for clean energy to replace the current energy used
in shipping.

As a result, hydrogen energy, ammonia, methanol, and other clean energy forms have
been developed. Methanol is considered a possible alternative to conventional fuels for use
in engines [3]. The International Energy Agency (IEA) report that ammonia is the primary
low-emission fuel used to decarbonize shipping, with the contributions from biofuels and
hydrogen limited in large part by their relatively high costs. Large prototypes of ammonia-
fueled ships are being built, methanol-powered container ships are being delivered, and
small-scale hydrogen fuel cell ferries are starting operations [4]. Methanol has a high
octane number and good explosion resistance, which can appropriately increase the engine
compression ratio and improve the combustion efficiency of mixed fuel [5]. Methanol is
liquid at room temperature and pressure and can be made from any carbon-containing
material by thermochemical methods. The preparation cost is low, the existing fuel storage
and transportation equipment can meet the basic requirements, and the transformation
cost is low [6,7]. However, the latent heat of vaporization is high, so it is difficult to start
at low temperatures when it is used in compression ignition engines [8]. Volumetric Hj
density is the most important factor to consider in transportation. Ammonia has a higher
volumetric hydrogen density, which means that more hydrogen can be transported in
ammonia in a carrier of the same size. Ammonia has the advantage of requiring relatively
little energy to liquefy and is relatively easy to handle. However, ammonia requires energy
to crack, and additional energy is needed to increase ammonia’s purity [9]. However, the
low combustion rate and high spontaneous combustion temperature of ammonia lead to a
poor combustion effect of pure ammonia. Additionally, ammonia easily produces harmful
NOx under lean combustion conditions [10-12].

Hydrogen, as a major carrier of energy, has the characteristics of a high caloric value, a
high energy conversion rate, zero emissions, low vibration and noise, etc. In the case of
increasingly stringent requirements for ship emission pollution control, hydrogen energy
is gradually becoming a direction of new energy development [13]. Renewable hydrogen
plays a critical role in the current energy transition and can facilitate the decarbonization and
defossilization of hard-to-abate sectors, such as the industrial, power, transportation, and
building sectors. Governments worldwide are implementing ambitious policies to support
the establishment of hydrogen technologies, while numerous projects and investments are
dedicated to this field. This momentum is accelerating cost and efficiency improvements
across the complete renewable hydrogen value chain. However, significant research and
advancements in hydrogen production, storage, and utilization infrastructure are still
necessary for the widespread adoption of hydrogen technologies. Hydrogen energy is a
key technology in addressing fuel pollutants and greenhouse gas emissions, and hydrogen
storage tanks are key facilities in insuring hydrogen fuel storage and transportation.

Hydrogen energy is an important method for facilitating carbon reduction in the
transport sector. Hydrogen storage tanks (HSTs) are the primary infrastructure for the
plant-scale development of hydrogen energy and the core of the fuel cell hyperbaric
hydrogen storage system. The efficiency and safety of their charging process have always
attracted attention [14]. Li et al. [15] conducted an experimental study on the aging of a
thermoplastic gasket of a Type IV composite HST in order to ensure the safety performance
of the HST. Zhao et al. [16] carried out a cold compression method for hydrogen storage and
performed theoretical and simulation research on the winding of multi-layer carbon fiber in
HSTs. Oh et al. [17] simulated the thermal characteristics of the HST, verified the exactitude
of the simulation with empirical data, and confirmed the relationship between the Reynolds
number and Nusselt number. Hu et al. [18] established a carbon fiber composite HST model
to study its failure behaviors. Park et al. [19] established a hydrogen temperature prediction
model at the outlet of the pipeline to imitate the transient temperature change in hydrogen
from the pre-cooler to the on-board HST during refueling. Zhao et al. [20] built a 2D model
of a Type III HST to investigate the temperature distribution and evolution of hydrogen
during refueling. Wei et al. [21] established a liquid HST model and investigated the
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refueling hydrogen under different shaking conditions. Sapre et al. [22] studied the effect
of refueling parameters on the storage density of the tank and analyzed the parameters
of the hydrogen refueling station and the on-board HST to improve the storage density of
the tank. Taichi et al. [23] built a thermodynamic model for hydrogen refueling stations
to simulate the real refueling procedure of supplying hydrogen from high pressure tanks
at hydrogen refueling stations to on-board HSTs. Sapre et al. [24] studied the mechanical
and thermal reaction of HSTs under different fueling conditions, and the results suggested
that the simulated data of tank explosion pressure were in good consistency with the
experimental data. Li et al. [25] set up a 3D model of an HST, studied its heat transfer
characteristics, and explored the influence of the mass flow rate and heat transfer coefficient
on temperature rise during refueling. Zheng et al. [26] established a thermodynamic model
to study the thermal insulation scheme of a liquid HST, and the simulation results matched
the experimental data well. Li et al. [27] established a new refueling approach based
on deep reinforcement learning and proposed a new variable mass flow filling strategy.
Xiao et al. [28] established a physical model of an HST to simulate the temperature of
hydrogen during refueling. However, this model ignored the heat transfer between the
lining and the winding layer, which made the final temperature acquired by the simulation
higher than the experimental data. Qiu et al. [29] studied the effect of pressure and power on
the mass flow rate and heat transfer characteristics. Wu et al. [30,31] simulated the layered
filling process under different conditions which could reach the maximum temperature
limit, but the layered filling increased the refueling time. Li et al. [32] determined several
effective filling control strategies by studying the temperature rise changes in hydrogen,
but they did not conduct a thorough analysis of the top-fit filling strategy. Rothuizen and
Rokni [33] studied the effect of the number of stages involved in filling a high-pressure
HST on the energy consumption of hydrogen fueling stations, and the results expressed
that the energy consumption decreased as the number of stages increased. At present,
most hydrogen refueling stations use three-stage high-pressure HSTs. Xiao et al. [34]
investigated the pressure configuration of the three-stage HST, and the results showed that
the total energy consumption grew approximately linearly with the increase in the hydrogen
pressure, while showing a concave curve with the increase in the low and medium pressure
stages. Ramasamy et al. [35] researched the hydrogen refueling procedure of HSCs with
different length—diameter ratios. Vladimir et al. [36] provided a new method based on
entrainment theory to calculate the internal gas temperature change in the HSC during
refueling and verified the effectiveness of this method through filling experiments. Deymi-
Dashtebayaz et al. [37] studied the hydrogen filling process based on the thermodynamic
analysis method. Zhao et al. [38] analyzed the thermal effect of the high-pressure tank
pressure relief process through the established thermodynamic model and contrasted the
experimental results with the analytical results, verifying the effectiveness of the established
model. Bai et al. [39] simulated the rapid compression and filling of hydrogen through
the mathematical model of the hydrogen station storage system established and proposed
an optimized filling algorithm. The use of other turbulence models for hydrogen fueling
simulations is reviewed and summarized by Bourgeois et al. [40], such as Spalart and
Allmaras [41], standard k-¢ [42], high Reynolds number k-¢ [43], realizable k-¢ [44], RNG
k-¢ [45,46], and Reynolds stress (RSM) models [47].

Although many studies have established physical models of the refueling process,
these have some shortcomings. Some models used an oversimplified hydrogen equation
of state, which led to a certain deviation under high pressure [48]. Some models only
considered compressor energy consumption and precooling energy consumption before
hydrogenation and did not consider the cooling energy consumption of the compression
process. Some models only considered a single hydrogenation and did not consider the
change in energy consumption after multiple hydrogenations. In the case of complex flow
regimes like transitional flows and stratified temperature fields, the more advanced the tur-
bulence models (e.g., scale-adaptive simulation (SAS) [49] or even LES when possible) used,
the more accurate the results obtained. The fatigue damage law of hydrogen cylinders can



Processes 2024, 12, 366

40f17

be mastered by the experimental study of filling and discharging at different temperatures.
However, considering certain risks in charging and discharging experiments, the numerical
calculation approach can also be used to predict the temperature changes in the cylinder
on the basis of the experiment to provide a basis for its safety evaluation. However, there
are still few relevant studies. The marine hydrogen storage system mainly uses a Type III
hydrogen storage cylinder lined with aluminum alloy; its hydrogenation temperature rise
characteristics have been studied, but the safety boundary conditions for hydrogenation are
lacking [50]. Due to the differences in the design of the cylinder structure, even if the same
type of hydrogen storage cylinder was used, the thickness and physical characteristics
of the lining or winding layer material also led to different hydrogenation temperature
rise characteristics. With the rapid growth of the hydrogen energy industry in China, the
differences in the structural designs and materials of fuel cell marine hydrogen storage
system poses new challenges for the temperature rise management and safety guarantees
in hydrogenation operation.

In brief, previous research has focused on the influence of hydrogen cylinder linings
and fiber materials on the temperature rise in cylinders. Nevertheless, studies on the
structural optimization of HSTs have been limited. In view of the problems of large
internal temperature fluctuation and the long adjustment times of the hydrogen tank
during the operation of the current hydrogen fuel ship system, it is indispensable to study
the thermal effects of the SHSC. The SHSC will produce a significant temperature effect
during the fast filling process, which has a significant influence on the strength, fatigue,
and effective hydrogen supply of the compound material hydrogen cylinder. In this study,
the determining factors and influencing factors of the charging temperature effect were
obtained through the analysis of the simplified theoretical model. It is of great necessity to
research the influence of SHSC filling processes on the temperature rise in hydrogenation
and guide the establishment of a safe hydrogenation method based on the hydrogenation
process in HSTs.

2. Hydrogen Refueling Process Modeling
2.1. Hydrogen Refueling Protocol 4

The hydrogen refueling process must be regulated through standardized hydrogen
refueling protocols. Currently, the automotive industry uses the American Society of
Automotive Engineers SAE]J2601 hydrogenation protocol [51,52], and the latest version
is the 2020 revision. The scope of the SAE]J2601 protocol includes on-board HSTs with a
volume of 49.7-248.6 L and pressure classes of 35 MPa and 70 MPa, as well as on-board
HSTs larger than 248.6 L and 70 MPa. This paper studies a Marine HST with a pressure
of 70 MPa. Since there is no hydrogenation protocol for Marine HSTs, the on-board filling
protocol is implemented.

2.2. Computational Fluid Dynamics Simulations
2.2.1. Hardware and Software Tools

When building the model, the hardware adopts workstation and is configured as such:
the operating system is Windows 10, the CPU is an AMD Ryzen 9 7945HX with Radeon
Graphics 5.40 GHz, the RAM size is 32.0 GB, and the ROM size is 2 TB. The graphics card
uses NVIDIA GeForce RTXTM4080 and the software uses Fluent 2019R3.

2.2.2. Model Assumption

Considering the complexity of the refueling, in order to simplify the resolution process
of the physical model, the following assumptions are made:
(1) The mechanical performance of the SHSC is stable, and the flow channel in the SHSC
does not produce structural deformation with the change in pressure and temperature.
(2) The temperature and pressure parameters of the air source upstream of the SHSC are
stable, and there is no change in temperature and pressure in the refueling process.



Processes 2024, 12, 366

50f17

(3) Heat exchange between the SHSC and the surroundings can take place during the
refueling, and the heat transfer coefficient is assumed to be a constant, 10 W/ m2K [32].

(4) During the refueling, there is only pure high-pressure hydrogen in the hydrogen
refueling system and no other gas impurities, ignoring the influence of gravity.

(5) The inner surface of the HST is smooth enough that the friction effect with hydrogen
is ignored and the temperature change is only caused by the throttling, compression,
and conversion of the kinetic energy into thermal energy.

2.2.3. The Governing Equations

In this paper, flow analysis used the Navier-Stokes equations, which are based on three
equations: the continuous equation, the momentum equation, and the energy equation.
Since the fluid flow inside the hydrogen storage container applied in this analysis is
turbulent, the flow analysis mainly simulated and interpreted the turbulent flow. In order
to predict the turbulent flow, the Fabre averaged butterfly Stokes equation was used, and
the time-averaging effect of the flow turbulence on the flow parameters was taken into
account in order to solve simultaneous equations involving the turbulent kinetic energy
dissipation rate (k-¢ models) for the transport equation.

For the heat and flow analysis of the solenoid valve for hydrogen supply, the con-
tinuous equation, the momentum equation, and the energy equation were applied as the
governing equations, respectively, as shown in Equations (1)—(3).

Continuity equation:
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The k and ¢ of the model were used in Equations (4) and (5). The two terms on the

left side and the first term on the right side of the two expressions denote the time term,
convective term, and diffusion term, respectively, and consist of the total extinction rate

change amount (Y)) and custom source term (Sy) in compressible turbulence. The Eddy
viscosity in the k-¢ model was defined as 1, = pC,.k?*/ .

2.2.4. Geometric and Grid Independence Verification

In Figure 1, (a) is a 2D model of a hydrogen storage cylinder in series mode and (c) is
a 2D model of a hydrogen storage cylinder in parallel mode, while (b) is a 3D model of the
hydrogen storage cylinder in series mode and (d) is a 3D model of the hydrogen storage
cylinder in parallel mode. In order to distinguish different hydrogen storage cylinders,
serial numbers from 1-6 are set for each cylinder in series—parallel mode. The 2D model
size of a hydrogen storage cylinder in series and parallel mode are shown in Table 1.
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(a) (b)

(o) (d)

Figure 1. The model for the SHSCs: (a) Series: 2D specification; (b) Series: 3D; (c) Parallel: 2D
specification; (d) Parallel: 3D.

Table 1. 2D model size of a hydrogen storage cylinder in series and parallel mode.

Size (mm)
Item
Series Parallel
Diameter of hydrogen storage tank 338 338
Length of hydrogen storage tank 1528 1528
Distance between center lines of hydrogen storage tanks 1 and 6 1900 2190
Hydrogen storage tanks mouth diameter 50 50
Distance between of two adjacent hydrogen storage tanks 380 438
Internal diameter of pipe 50 50
Length of connecting horizontal tubes 100 175

The temperature of hydrogen in the first 30 s of refueling was regarded as the criterion
for the grid independence verification, as listed in Table 1. The temperature rise difference
based on the number of 452,874 grids is large, the number of grids increased constantly
when the number of grids increased to 981,456, and the average temperature inside the
cylinder effectively did not change with time. Therefore, the number of grids is 981,456 for
the numerical simulation calculation.

The grid independence of the numerical model was tested. Table 2 shows the tempera-
ture and maximum error for different mesh numbers.
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Table 2. Mesh size for the grid dependency test.

Mesh Number Temperature (K) Max. Error (%)
158,326 339.7 0.65
452,874 336.2 0.50
981,456 332.3 0.30

1,512,345 331.1 0.25

2.2.5. Turbulence Model

The standard k-¢ turbulence model, which is widely used to calculate the compressible
fluid of valves, was adopted. For the standard k-¢ turbulence model, it is necessary to
set the Prandtl number to describe the ratio of heat exchange and momentum exchange
in the fluid flow process. For the standard k-¢ turbulence model, the Prandtl number of
the turbulent kinetic energy term was 1.3, the Prandtl number of the turbulent diffusion
term was 1 (these two terms were empirical values obtained by experiments based on semi-
empirical equations), and the energy Prandtl number and wall Prandtl number were both
0.68 (these two terms were calculated according to the NIST database and the calculation
formula for Prandtl numbers).

Table 3 shows the flow rates and miscalculations by different turbulence models. It
can be seen that the flow rates calculated by different turbulence models differ little, and,
compared with the RNG k-¢ turbulence model and realizable k-¢ turbulence model, the
standard k-e turbulence model has better convergence. Therefore, the k-¢ turbulence model
was adopted.

Table 3. Comparison of the calculation results of three turbulence models.

Turbulence Model Temperature (K) Max. Error (%)
Standard k-¢ 337.9 0.35
RNG k-¢ 338.3 0.58
Realizable k-¢ 338.5 0.65

2.2.6. Boundary and Initial Condition

Hydrogen is mainly decompressed at the gap, so the geometric parameters in this
area will have a great impact on the decompression performance of the pressure reducing
valve. Transient numerical simulation of the flow field was carried out. The pressure inlet
and outlet boundary conditions were adopted for the inlet and outlet, respectively, and the
inlet temperature was set at 293 K. The wall adopted no slip boundary conditions. In order
to improve the calculation accuracy, the second-order upwind scheme was adopted for
the spatial discretization of pressure, density, momentum, and energy, and the first-order
upwind scheme was adopted for the turbulent kinetic energy and turbulent dissipation
rate. The time step was 0.001 s.

2.2.7. SHSC Model Validation

The results of numerical simulation of the rapid charging process of the SHSC model
need to be verified accurately; therefore, a few sets of experimental data were chosen for
validation from references [53,54]. The comparison between the numerical analysis and
the experiment is shown in Figure 2. The results indicated that the final temperature of the
numerical simulation was slightly different from the experimental value, but the trend was
consistent. The temperature error between the numerical simulation results and the data in
the references was 2.6%. The numerical simulation results of this paper were correct to a
certain extent. The reason for the error may be related to the above assumptions, the error
of the model operation, and the limitation of the experimental conditions.
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Figure 2. Comparison of the hydrogen temperatures in the experiments and simulations.

3. Results and Discussion

In the actual process of the refueling of the SHSC, the temperature distribution inside
the cylinder is affected under different working conditions. Therefore, the refueling process
of the SHSC is analyzed, and the objective law of the rapid filling temperature rise in the
SHSC is analyzed based on the calculation results.

In order that the numerical simulation results correspond well to the actual back-
ground, this paper will study the effects of inflow temperature, initial pressure, and initial
temperature on the temperature rise in the SHSC during the refueling by focusing on the
series and parallel connection of the SHSCs.

3.1. Thermal Behavior of the SHSC

The inlet temperature of the SHSC during the charging process was set at 263.15 K, the
initial pressure in the tank was set at 5 MPa, and the initial temperature of the SHSC was
283.15 K. Hydrogen was charged in a linear pressurization mode, and the settled pressure
was 70 MPa.

Figure 3 shows the temperature cloud map inside the SHSC when the charging time,
t=55,10s,205s,30s,50s, 70 s, and 90 s in parallel state. When hydrogen only filled
the SHSC, there was a cyclotron flow at the entrance. With the progress of charging, the
cyclotron area gradually expanded until it spread to the entire gas domain. The subsequent
charging process tended to be stable, and the duration of this process was relatively short.
Because the inlet temperature was low, the inlet hydrogen flow had an obvious temperature
gradient, and the hydrogen flow extended along the axis to the middle of the tank. With
the progress of charging, the pressure increased gradually, the inlet velocity of hydrogen
decreased gradually, and the temperature distribution in the combined hydrogen storage
tank was uniform.

Figure 4 displays the velocity distribution in the SHSC with filling times of 0.5 s, 1s,
55,10s, 20 s, and 50 s in parallel mode. At the initial time of 0.5 s, relatively obvious
hydrogen velocity first appeared in the gas inlet area at the top of the SHSC, while the
velocity of hydrogen in the rest of the interior was not obvious and tended to zero. With
the passage of time to about 5 s, the speed at the entrance was the highest, and there was
a large hydrogen speed at the axis and wall area of the SHSC. After 20 s of fast charging,
the velocity distribution inside the cylinder tended to be stable, the hydrogen velocity was
the highest at the inlet of the cylinder, and the gas velocity distribution in the SHSC was
relatively uniform. It can be seen that the speed of inlet hydrogen was the maximum at
different times. With the passage of fast charging time, the speed of inlet hydrogen began to
decline, the speed of internal hydrogen also gradually decreased, and the rate of decrease in
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hydrogen speed slowly decreased. This is because when the SHSC was quickly charged, the
pressure inside the cylinder was increasing, preventing hydrogen from entering the SHSC.

] p——
p| —— ——
—@ p——ap——=4 ]
i p—-dp——

y - AL\ y &

(a) 5s (b) 10s (c) 20s (d) 30s

temperature [K]

286.04
283.50
280.96
278.41
275.87
273.32
270.78
268.24
265.69
263.15

(e) 50s (f) 70s (g) 90s

Figure 3. The hydrogen temperature after (a) 5s, (b) 10s, (c) 20s, (d) 30 s, (e) 50's, (f) 70 s, and (g) 90 s
of hydrogen refueling for a parallel-type connection module.

(a) 0.5s (b) 1s (c) 58
velocity [m/s]
H H 2180
1.938
H H 1.696
1.454
H H = 1.211
0.969
H H 0.727
0.485
H H 0.242
0
h / 1N y 1
(d) 10s (e) 20s (f) 508

Figure 4. The velocity distributions in hydrogen charging for a parallel-type model at different times.

Figure 5 illustrates the temperature variation over time in the SHSC unloaded in series
mode. Due to the low precooling temperature, the overall trend of maximum temperature
change over time was not obvious. During the first 5 s period of the fast charging process,
the hydrogen in the SHSC decreased first and then increased. After 5 s of fast charging, it
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can be observed that the rise rate of the thermal peak constantly changed with the passage
of time, and eventually the rise in the maximum temperature tended to be flat. However,
before the end of the fast charge, the temperature of the first SHSC under the series mode
was the highest. This is because the recirculation flow formed in the SHSC stayed at the
top of the inlet of the cylinder along with the incoming jet during the fast charging process,
meaning that the heat carried by the hydrogen circulation flow gradually converged at the
top area of the cylinder. In the fast-charging mode of the series mode, the high temperature
zone easily to appeared, and the temperature distribution of each SHSC was uneven.

(a) 5s (b) 10s (c) 20s (d) 30s

temperature [K]

300.00
295.91
291.81
287.72
283.62
279.53
275.43
271.34
267.24
263.15

(e) 50s (f) 70s (g) 90s

Figure 5. Temperature distributions according to different times for a serial-type SHSC.

The simulation conditions in series mode are the same as those in parallel mode.
Figure 6 shows the velocity distribution inside the SHSC in series mode. The results show
that there was a relatively obvious hydrogen velocity gradient in the top gas inlet area
of the SHSC, and the velocity changed obviously in the inlet area of the SHSC. The inlet
speed was the highest, and there was a high hydrogen speed in the axis and wall area of
the SHSC while the hydrogen speed was very insignificant in other areas. With the passage
of time, the velocity of the first hydrogen storage tank in series mode became larger, and
the velocity distribution inside other cylinders was similar as a whole. While the larger
velocity region was relatively reduced, the velocity also increased slightly, but this increase
was not obvious.

3.2. Effects of Refueling Parameters on the Hydrogen Temperature
3.2.1. Initial Temperature

In order to research the influence of initial temperature on the temperature rise in
the SHSC under the series and parallel connection, the volume of the hydrogen storage
cylinder was 150 L, the length of the pipeline was 0 mm, the filling began from 5 MPa,
and the pressure rose linearly to 70 MPa. The initial temperature and environmental
temperature of the fast-charging system are 275 K, 285 K, 295 K, 305 K, and 315 K. In the
actual situation, when the hydrogen storage cylinder was rapidly charged, the hydrogen
in the hydrogenation system needed to be pre-cooled, so the system imported hydrogen
for pre-cooling, and the temperature was 255.15 K. In this paper, it is considered that the
ambient temperature in the hydrogen refueling system is the same as the initial temperature
of the hydrogen storage tank full of hydrogen.
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(a) 0.5 (b) 1s (d) 10s

velocity [m/s]
2.35
2.33

R 2.30
2.27
2.25
2.22
219
217
214
211

(e) 20s (f) 30s (g) 50s

Figure 6. The velocity distributions after (a) 0.5, (b) 1s,(c) 55, (d) 10, (e) 20 s, (f) 30 s, and (g) 50 s
of hydrogen refueling for a serial-type SHSC.

Figure 7 shows the variation in the temperature on the inner axis of hydrogen storage
cylinders with the distance between the cylinders at different initial temperatures. When
hydrogen storage cylinders are in parallel mode, the temperature difference between the
hydrogen storage cylinders is relatively small, and the temperature inside the hydrogen
storage cylinders increases with the distance from the cylinder mouth. At the distance of
0-0.2 m from the bottle mouth, the temperature is lower than the surrounding temperature
because hydrogen is pre-cooled. As shown in Figure 3, the temperature at the bottle
mouth is approximately 275 K. When the hydrogen storage cylinder is in series mode, the
temperature difference between the hydrogen storage cylinders is relatively large, which is
because hydrogen storage cylinder No. 6 is preferentially filled during the hydrogen filling
process. As the other cylinders are filled, the temperature of the cylinder at the bottom
accumulates and increases, meaning there is a temperature difference between the bottom
cylinder and the top cylinder. It can be seen that when the initial pressure of the hydrogen
storage flask is 2 MPa and the pressure is quickly charged to 70 MPa, the temperature rise
in the hydrogen in the hydrogen storage flask presents a linear increase with the rise in
initial temperature, and the growth is relatively slow. The higher the initial temperature,
the higher the temperature rise in the hydrogen inside the hydrogen storage flask when
the fast charging is completed. When the initial temperature is 275 K, 285 K, or 295 K, the
temperature at the completion of filling does not surpass the 358.15 K specified in the code.
When the initial temperature is 305 K or 315 K, the temperature at the completion of the
filling exceeds the specification of 358.15 K. Obviously, when the initial temperature is
305 K or 315 K, the pre-cooling temperature of hydrogen is 255 K, meaning when the initial
temperature exceeds 295 K, the pre-cooling temperature of hydrogen should be less than
255 K. The hydrogen temperature in SHSCs in the parallel mode is 20 K lower than that in
the series mode. In the case of high initial temperature, the pre-cooling temperature can be
reduced, which can greatly reduce the temperature rise in hydrogen at the conclusion of
the fast charge.
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Figure 7. The temperature change in SHSCs under different initial temperatures: (a) parallel mode;
(b) series mode.

3.2.2. Initial Pressure

In an effort to study the influence of initial pressure on the temperature rise in the
hydrogen storage cylinder under the series and parallel connection, the simulation con-
ditions were similar to the initial temperature research conditions. The initial pressure of
the hydrogen storage cylinder in the fast-charging system was, respectively, 2 MPa, 5 MPa,
10 MPa, 15 MPa, and 20 MPa to start the filling. The linear pressure increased to 70 MPa.
In actual conditions, the hydrogen in the hydrogen refueling system needs to be pre-cooled
for rapid charging, so the system imports hydrogen for pre-cooling, and the temperature is
255.15 K. In actual conditions, the initial temperature and the ambient temperature are the
same for fast charging the hydrogen storage cylinder, so the initial temperature is 283.15 K.

The different initial pressure values in the hydrogen storage cylinder have a certain
influence on the temperature, the filling quality, and the filling speed to the target pressure
during the hydrogen filling process. When the difference between the initial pressure value
in the cylinder and the target pressure value was smaller, the temperature increase during
the charging process and the mass of hydrogen injected into the cylinder were smaller, the
speed of charging to the target pressure value was accelerated, and the charging time was
reduced. In contrast, when the difference between the initial pressure value in the cylinder
and the target pressure value was larger, the temperature rise in the charging process and
the mass of hydrogen injected into the cylinder were larger, the speed of charging to the
target pressure value was slower, and the charging time was longer. Figure 8 shows the
maximum temperature variation with time under different initial pressures and the curve
of rapid charging temperature with the initial pressure of the hydrogen storage cylinder.
It can be noted that when the initial pressure of hydrogen storage cylinder was 2 MPa,
5 MPa, 10 MPa, 15 MPa, and 20 MPa, the pressure quickly charged and increased to 70 MPa.
With the rise in initial pressure, the temperature rise in hydrogen in the hydrogen storage
cylinder presented a linear downward trend, and the decline speed was rapid. The higher
the initial pressure was, the lower the temperature rise in hydrogen in the hydrogen storage
cylinder was when the filling was finished. As the initial pressure in the hydrogen storage
cylinder increased, the filling completion time became lower and lower. The maximum
temperature of hydrogen at the initial pressure of 20 MPa was 21 K lower than that at the
initial pressure of 2 MPa.
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3.2.3. Pre-Cooled Temperature

In order to study the effect of pre-cooling temperature on the temperature rise in
hydrogen storage cylinders under series parallel operation, the simulation conditions were
similar to the initial temperature research conditions. The pre-cooling temperatures of the
hydrogen storage cylinders in the rapid charging system were 235 K, 245 K, 255 K, 265 K,
and 275 K, respectively, and the pre-cooling increased from 5 MPa to 70 MPa. In practice,
the initial temperature and ambient temperature of the hydrogen storage cylinder are the
same, so the initial temperature was 283.15 K.

Figure 9 indicates the variation in hydrogen temperature with time under different
precooling temperatures. Because the filling temperature was lower than the initial temper-
ature in the hydrogen storage cylinder, the temperature in the hydrogen storage cylinder
initially dropped; then, with the increase in time, the temperature in the bottle changed
from falling to rising. Compared with the series mode, the temperature difference between
the hydrogen storage cylinders in the parallel mode was smaller because the charging into
the six hydrogen storage cylinders in the parallel mode was more uniform than that in the
series mode. The hydrogen charging process in series mode was similar to the accumulation
process from the bottom to the top of the hydrogen storage cylinder, so the temperature
of hydrogen storage cylinder No. 6 in the series mode was significantly higher than that
of other hydrogen storage cylinders; ultimately, the temperature difference, temperature
rise, and maximum temperature in series mode were higher than those in parallel mode.
When the pre-cooling temperature was 235 K, 245 K, or 255 K, the maximum temperature
at the completion of filling did not exceed the specification of 358.15 K. When the inflow
temperature was 265 K or 275 K, the temperature in series mode exceeded the 358.15 K
specified in the code. The temperature of hydrogen at the pre-cooling temperature of 275 K
in series mode was approximately 19 K higher than that at the pre-cooling temperature of
275 K in parallel mode. Under different precooling temperatures, the maximum tempera-
ture increased with the rise in the precooling temperature, and the higher the precooling
temperature, the more drastic the trend of hydrogen temperature increases. Therefore,
parallel connection has more advantages in terms of temperature control.
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Figure 9. Temperature variations in the SHSCs according to different inflow temperatures. (a) parallel
mode; (b) series mode.

4. Conclusions

As the most promising form of renewable energy, hydrogen energy is used more and
more widely, and application of hydrogen energy in ships is of great significance in the
development of ships. However, the high-pressure hydrogen provided by the SHSC is very
important for hydrogen fuel cell ships. Therefore, the problems encountered in the filling
process of the SHSCs are particularly important. In our study, thermal analysis of an SHSC
was carried out during refueling. The effect of connection modes on the fast charging of
SHSCs was revealed. The effect of refueling parameters on the temperature rise in SHSCs
was also analyzed. The major conclusions were as follows:

1. The pressure distribution of the SHSCs under the series method was uneven, and the
pressure difference was large during the refueling. The internal pressure difference of
series mode was 2.55% higher than that of parallel mode.

2. The temperature distribution of SHSCs in parallel mode was relatively uniform, and
the temperature rise was low in the process of refueling. The temperature distribution
in SHSCs in series was not uniform, which was easily caused local high temperatures.
The temperature rise in parallel mode was 5.85% lower than that in series mode.

3. According to the simulation analysis of the refueling of the series parallel SHSCs
under different charging parameters, the superiority of the parallel connection method
in terms of thermal safety was verified.

4. The temperature of pre-cooled hydrogen could greatly reduce the temperature rise
during the refueling. Controlling the pre-cooling temperature was the most effective
and direct strategy to reduce the temperature rise.

The research results provide the following suggestions for the future development
of fuel cell hydrogen supply systems: At present, high-pressure gaseous hydrogen stor-
age is the main hydrogen storage method because it is the most practical and effective
method. In the process of filling gaseous hydrogen into the hydrogen storage cylinder, it
is recommended to pre-cool the hydrogen in the hydrogen storage cylinder to reduce the
temperature rise during the hydrogenation process. If there are multiple hydrogen storage
cylinders connected to each other, it is recommended to use hydrogen storage cylinders
in parallel connection with each other; this can make the pressure rise in the hydrogen
storage cylinder relatively uniform while keeping the temperature rise change between the
hydrogen storage cylinders relatively small, which has certain advantages for the material
protection of the cylinders, can prolong their service life, and improve the safety of the
hydrogen filling and the use processes.
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