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Abstract: This paper presents the results of numerical simulations examining the thermodynamic
processes during hydraulic hydrogen compression, using COMSOL Multiphysics® 6.0. These simula-
tions focus on the application of hydrogen compression systems, particularly in hydrogen refueling
stations. The computational models employ the CFD and heat transfer modules, along with deform-
ing mesh technology, to simulate gas compression and heat transfer dynamics. The superposition
method was applied to simplify the analysis of hydrogen and liquid piston interactions within a
stainless-steel chamber, accounting for heat exchange between the hydrogen, the oil (working fluid),
and the cylinder walls. The study investigates the effects of varying compression stroke durations
and initial hydrogen pressures, providing detailed insights into temperature distributions and energy
consumption under different conditions. The results reveal that the upper region of the chamber
experiences significant heating, highlighting the need for efficient cooling systems. Additionally,
the simulations show that longer compression strokes reduce the power requirement for the liquid
pump, offering potential for optimizing system design and reducing equipment costs. This study
offers crucial data for enhancing the efficiency of hydraulic hydrogen compression systems, paving
the way for improved energy consumption and thermal management in high-pressure applications.

Keywords: hydrogen; refueling stations; hydraulic compressors; numerical simulations; COMSOL;
heat transfer; CFD modeling; energy efficiency

1. Introduction

Hydrogen is one of the most abundant elements on Earth [1], and it has recently gained
significant attention as a key element in addressing climate change and transitioning to
clean energy. Its potential to decarbonize sectors that are hard to electrify, such as industry
and transportation, makes it a promising energy source for the future [2]. Hydrogen can also
be used for energy storage from renewable sources, helping to address the intermittency
of these sources [3]. At the same time, the European Union has set an ambitious goal to
become the first climate-neutral continent by 2050, which is in line with the guidelines of
the European Commission, further emphasizing the importance of hydrogen in achieving
these sustainability targets [4].

The growing role of hydrogen energy in a sustainable future highlights the importance
of addressing safety concerns for both the scientific community and industry [5–7]. Analysis
of the current state of research reveals the main key challenges and future directions. Over
the past decades, interest in the issues of hydrogen storage, combustion, and spontaneous
ignition has grown significantly, indicating their increasing importance [8–13]. Nevertheless,
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the use of hydrogen is associated with high costs, as well as challenges in production, storage,
and transportation. The lack of infrastructure also limits its widespread adoption [14].

Transitioning to a hydrogen-centric energy landscape requires integrating knowledge
from various fields, such as geochemistry, biology, and engineering, paving the way for
a sustainable and environmentally friendly future [3]. Compressed, liquid, and cryo-
compressed hydrogen provide high efficiency due to their high volumetric and gravimetric
density, making them attractive for compact storage [15]. The development of new storage
systems, improved infrastructure, and integration technologies is crucial for realizing
the full potential of hydrogen as a clean energy source [16,17]. Among compression
technologies, liquid piston compression systems stand out for their unique advantages.

Hydrogen is poised to play a central role not only in energy generation but also in
various applications, such as electric mobility and industrial processes. Electric mobility
is anticipated to be a key aspect of the energy system’s decarbonization, with hydrogen-
powered fuel cell electric vehicles (FCEVs) emerging as strong candidates [18,19]. FCEVs
offer specific advantages over battery electric vehicles (BEVs), such as longer range and
significantly lower refueling times, which make them highly suitable for long-distance
travel and commercial applications. These benefits are facilitated by high-pressure hy-
drogen tanks that can be filled in less than five minutes at dedicated compression stor-
age dispensing (CSD) stations [20]. For hydrogen refueling, establishing the necessary
infrastructure is critical [21]. Because of this, hydrogen refueling stations (HRSs) are
created. In a hydrogen refueling station, hydrogen is compressed from low pressure
(0.1–3.0 MPa) to a high pressure in the range of 35.0 bar to 70.0 MPa and is stored in
high-pressure cylinders [22].

Two primary methods for supplying hydrogen to refueling stations include on-site
production and transportation-based delivery [23]. When transported via truck, hydro-
gen is typically stored and transported at high-pressure levels of 25–30 MPa or between
storage nodes at 50–54 MPa [24]. However, hydrogen’s high diffusivity imposes pressure
limitations, leading to potential losses over extended periods at high pressures [25].

Figure 1 illustrates a schematic of a hydrogen refueling station using hydrogen at inlet
pressures ranging from 0.6 to 25.0 MPa, delivered either by trailer or generated on-site
through electrolysis [26]. This approach is particularly appealing when coupled with green
hydrogen production powered by wind turbines, solar panels, or nuclear energy. Using a
booster compressor, low-pressure hydrogen is raised to 70 MPa for cars and 35 MPa for
trucks before being stored in high-pressure tanks. From there, hydrogen is dispensed into
vehicle fuel tanks via a dispenser.
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Depending on the production method, hydrogen is conventionally labeled green, blue,
pink, and grey, and specialized terms like safe, sustainable, low carbon, and pure are also
used [27]. The utilization of renewable energy sources, which are practically inexhaustible,
for hydrogen generation allows one to establish a continuous, sustainable, and ecologically
clean energy production cycle. Thus, “green” hydrogen is one of the most promising
approaches for future energy storage infrastructure development projects [28,29].

In green hydrogen production, the focus is on utilizing wind and solar energy [30,31].
Modern technological advancements allow for hydrogen production via water electrol-
ysis without carbon dioxide emissions, ensuring the process remains carbon-free when
powered by renewable or nuclear electricity [32]. Thus, the entire process of water elec-
trolysis and hydrogen generation can potentially be carbon-free if renewable or nuclear
electricity is used.

Deploying hydrogen infrastructure for vehicle refueling requires simple and cost-
effective solutions for hydrogen compression. Recent studies [32] have reviewed existing
hydrogen compression technologies, highlighting their operating principles, advantages,
and limitations. Among these, liquid piston compressors are particularly notable for their
ability to achieve quasi-isothermal compression with minimal energy consumption [33].

This efficiency is driven by the rapid heat exchange between the liquid piston and
the gas during compression, promoting near-isothermal operation. Numerical modeling
studies confirm their advantages, demonstrating hydraulic compression from 1.5 MPa to
45 MPa in a 31.72 L chamber [34]. These systems also address challenges like gas leakage
and mechanical wear, enhancing their potential for advancing hydrogen infrastructure.

The liquid piston compression concept uses a column of liquid to directly compress
gas in a fixed-volume chamber [35]. After the compression stroke, the heated liquid is
directed to a heat exchanger for cooling, eliminating the need for external heat exchangers
on the chamber [36]. Studies have shown that liquid piston compressors can improve
efficiency from 70% to over 84–86% [37], but challenges in optimizing heat transfer and
thermodynamic processes remain.

The efficiency of liquid piston compressors depends heavily on effective heat transfer.
Inadequate heat dissipation can lead to increased energy consumption, mechanical stress,
and reduced system longevity [38]. Research highlights the need for improved modeling
of heat transfer processes, particularly under dynamic compression conditions involving
temperature and pressure fluctuations [39–43].

Heat transfer processes within the compressor cylinder are critical for determining
system efficiency and performance. These processes influence the thermodynamic cycle by
affecting compression temperature and energy consumption. Inadequate heat dissipation
or improper modeling can lead to higher temperatures, increasing the energy required for
compression and reducing efficiency. Excess heat can also cause mechanical stress and
component wear, leading to higher maintenance costs and shorter equipment lifespans.

Increasing heat transfer coefficients at interfaces and within walls, along with ex-
tended compression time, reduces hydrogen temperatures by enhancing thermal energy
dissipation. An accurate modeling of these processes under dynamic conditions, including
temperature and pressure fluctuations, is vital for optimizing cooling systems and mini-
mizing energy losses. While these principles are well established, numerical simulations
quantify their impact, validating the model’s practical applicability and guiding the design
of efficient, cost-effective compression systems.

The authors in [44] noted the complexity of heat transfer processes within liquid piston
compressors, especially under transient and turbulent regimes. Numerical modeling has
been used to simulate single compression strokes and study heat transfer phenomena in
compression chambers [45]. Thermal analyses of liquid piston compressors have focused
on systems with small pressure ratios, while studies involving high-pressure ratios remain
limited [46]. Further exploration of these processes through advanced computational
models will provide deeper insights into improving system performance.
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Numerical and experimental studies have provided valuable insights into these chal-
lenges. Computational Fluid Dynamics (CFD) tools, such as COMSOL Multiphysics® [47],
have been used to validate thermodynamic models and enhance the understanding of
compression dynamics [48]. Innovations, such as incorporating porous media within the
chamber, have demonstrated significant improvements in heat dissipation and compression
efficiency [49,50].

The interplay between chamber geometry and hermodynamicc processes has driven
recent advancements in compressor design [36,51–53]. These developments have led to
a new generation of hydraulic compressors optimized for hydrogen production chains
involving electrolysis, storage, and dispensing at fueling stations. However, gaps remain
in understanding long-term thermal effects in multi-cycle operations, such as heat accu-
mulation in chamber walls and working fluid. Addressing these issues through advanced
numerical models and experimental validation will enable the development of robust
hydrogen compression systems suitable for practical applications.

The paper Is organized as follows. Section 2 describes the numerical modeling ap-
proach used to analyze hydrogen compression in a closed cylindrical chamber. Section 3
focuses on the hydrogen compression process, evaluated using COMSOL 6.0 to study
the effects of chamber dimensions and compression rates on thermodynamic processes.
Section 4 presents simulation results, including energy costs, power consumption, and
temperature increases in the gas, oil, and chamber walls. Section 5 provides the conclusions.

2. Modeling of Hydraulic Hydrogen Compression

The modeling of hydrogen hydraulic compression is a crucial aspect of understanding
and optimizing the thermodynamic processes involved in the compression of hydrogen,
particularly within a hydraulic compression system [54,55]. Modeling provides valuable
insights into the behavior of hydrogen under high-pressure conditions, which is especially
important for designing efficient and safe hydrogen storage and transport systems. Hy-
draulic compression systems are often used to compress hydrogen due to their ability to
achieve high pressures while maintaining control over the thermodynamic states of the
gas. The accurate modeling of these processes helps engineers and researchers predict how
hydrogen will behave during compression, including temperature and pressure changes,
heat generation, and heat transfer to the surrounding materials.

One of the key benefits of numerical modeling is that it allows for the simulation of
various scenarios, such as different compression speeds, chamber geometries, and fluid
properties, without the need for costly and time-consuming physical experiments. This
provides a deeper understanding of how the system will respond to changes, enabling
a better optimization of the compression process. For example, modeling can help to
determine how much heat is generated during compression and how effectively that heat
can be dissipated by the oil and cylinder walls. This knowledge is essential for preventing
overheating, improving energy efficiency, and ensuring the longevity of the equipment.

Moreover, the ability to simulate the interaction between the gas, the oil, and the
compression chamber walls gives the ability to evaluate how heat transfer affects the
final pressure and temperature of the compressed hydrogen. This is particularly impor-
tant in non-adiabatic processes where heat is lost to the environment or absorbed by the
surrounding materials. By understanding these effects, the system can be fine-tuned to
minimize energy losses and reduce the amount of work required to achieve a specific
compression ratio.

This section outlines the numerical modeling approach employed to analyze hydrogen
compression within a closed compression chamber.

The base model is a closed cylindrical chamber with a height (h) of 145.0 mm and an
inner diameter (d) of 100.0 mm, resulting in a total volume (V) of 1.14 L (Figure 2). The
chamber is made of stainless steel, with a wall thickness (dwall) of 5.0 mm, and is divided
into an upper section filled with hydrogen and a lower section filled with an oil. During the
compression process, the oil level rises, compressing the hydrogen above it. The numerical
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model implemented considers heat exchange between the hydrogen gas, the oil, and the
cylinder walls, as well as convective heat transfer to the surrounding environment.
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Figure 2. A model of a steel cylinder shaped chamber where hydrogen is compressed by the oil
(working fluid) coming from the bottom in the direction of the arrow.

The purpose of the simulation was to examine the temperature variations of hydrogen,
the cylinder walls, and the oil, as well as to estimate the actual pressure inside the chamber
during the compression process. The pressure increase in the cylinder was modeled as
a result of discrete volume changes, achieved by incremental rises in the oil level. The
model assumed that properties of the gas and oil are uniformly distributed throughout the
compression process, with the time step for discrete volume changes set to ∆ts = 0.01 s.

The physical properties of hydrogen, oil, and the stainless-steel cylinder used in the
model are summarized in Table 1. The properties of hydrogen, including molar mass
and heat capacity, are taken from [56]. The material properties of stainless steel and oil
were obtained from the COMSOL Multiphysics® Material Library [57]. Additionally, the
simulation accounts for the compressibility of the liquid to ensure an accurate modeling of
the thermodynamic processes.

Table 1. Initial parameters and physical properties of hydrogen, liquid piston, and cylinder used in
the model.

Initial parameters used in the
simulation.

Initial gas temperature, oil (working fluid), cylinder, and surrounding air: Ti = 300.0 K
Initial pressure: P1 = 3.0, 10.0, 15.0, and 20.0 MPa
Volume: V = 1.14 L
Gas mass in the cylinder: mgas = 2.74 g (at 3.0 MPa); mgas = 9.24 g (at 10.0 MPa); mgas = 13.86 g (at
15.0 MPa); mgas = 18.48 g (at 20.0 MPa)
Heat transfer coefficient (cylinder–air): h = 30.0 W/(K·m2)
Cylinder mass: mcylinder = 2400 g
Cylinder wall thickness: dwall = 5 mm

Property and its variable
used in COMSOL Value Unit

Properties of hydrogen.

Molar mass (M) 2.016 g/mol
Degrees of freedom (f ) 5.0
Ratio of specific heat (γ) 1.4
Heat capacity at constant
volume (Cv) 10,307.5 J/kg·K

Heat capacity at constant
pressure (Cp) 14,429.6 J/kg·K
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Table 1. Cont.

Properties of the liquid
piston (oil).

Thermal conductivity 0.4 W/(m·K)
Density 918.0 kg/m3

Heat capacity at constant
pressure 2060.0 J/(kg·K)

Dynamic viscosity 130.6 Pa·s
Ratio of specific heats 1.0

Properties of the
stainless-steel cylinder.

Thermal conductivity 45.0 W/(m·K)
Density 7700.0 kg/m3

Heat capacity at constant
pressure 800.0 J/(kg·K)

The volume of oil VFj in the compression chamber after each step was determined by
the expression:

VFj = ∆VF j (1)

∆VF =
V
(

1 − 1
Kc

)
ts

∆ts (2)

where V—the total volume of the compression chamber.
∆VF—discrete increment in the volume of the oil.
j = 1, 2, 3 . . . n—step number for the discrete increase in the oil volume.
n = ts/∆ts—the total number of steps in one compression stroke.
It should be understood that the gas compression process is accompanied by high heat

generation, and the high temperature of the compressed gas has an immediate effect on the
oil. In fact, the fluid and the gas are compressed together, but since the fluid has a higher
density and a higher heat capacity, the heat generated during compression is effectively
absorbed by the fluid and the surrounding walls of the compression chamber.

The gas was compressed at constant velocity from volume V1 to volume V2 using the
compression ratio KC = V1/V2 = 5.0.

In the adiabatic case, the ideal gas equation is as follows:

PV = nRT (3)

For an adiabatic process,
PVγ = const, (4)

where γ can be calculated as follows:

γ =
cp

cV
=

f + 2
f

, (5)

where
P—pressure.
V—the volume of chamber.
n—gas quantity (mol).
R = 8.31 J/(mol·K)—universal gas constant.
T—absolute temperature (K).
γ—the ratio of the heat capacity at constant pressure (Cp) to heat capacity at constant

volume (Cv).
f —degrees of freedom of ideal gas (f = 3 for monoatomic gas, f = 5 for diatomic gas).
t—compression time (s).
v—compression velocity.
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In the adiabatic case, if compression is performed from the initial parameters V1, P1
and T1, the final parameters can be calculated using the ideal gas law and the conditions
for an adiabatic process:

P1V1 = nRT1, (6)

P2V2 = nRT2, (7)

P1Vγ
1 = P2Vγ

2 , (8)

When heat exchange with the steel cylinder and oil piston is considered, part of the
heat is transferred to the oil and steel. Consequently, the final pressure and temperature
are lower than in the adiabatic case. The total energy required for compression is also
lower than in the adiabatic case due to the reduced final temperature and pressure. Thus,
pressure and temperature do not follow the adiabatic law:

PVγ = const (9)

This process is implemented in the numerical model as follows:

1. The compression is divided into 20 to 100 time steps.
2. Within each time step, the process is assumed to be adiabatic.
3. The energy added to the gas is introduced as a volumetric heat source.

The instantaneous power density heating the gas is given by the following:

Pw =
dA
dt
V

= P0

(
V0

V

)γ

πR2 υ

V
, (10)

where
Pw—the power.
dA
dt —the rate of work, interpreted here as the instantaneous power.

V—the current volume.
P0 and V0—initial pressure and volume, respectively.
γ—the adiabatic index (the ratio of heat capacities).
πR2—the cross-sectional area of the piston.
υ—the compression velocity.

3. Numerical Modeling of Hydraulic Compression of Hydrogen in COMSOL

In the context of hydrogen compression, numerical modeling in COMSOL offers
several key advantages. It allows for detailed simulations of thermal and fluid behavior,
providing valuable insights into the interaction between different materials and physical
processes [58,59]. By leveraging its robust numerical solvers and customizable physics
modules, COMSOL can accurately model the compression of hydrogen, including heat
transfer, pressure distribution, and flow characteristics [60].

The hydrogen compression modeling was carried out using COMSOL Multiphysics®

6.0 software, utilizing the CFD and heat transfer modules to accurately simulate the
thermodynamic behavior.

This study uses COMSOL to address critical tasks in hydraulic hydrogen compression,
such as predicting temperature distribution, evaluating heat exchange between the gas,
fluid, and compression chamber, and estimating energy requirements for various compres-
sion ratios. Such simulations are essential for optimizing the design of compression systems,
ensuring efficient energy consumption, and improving overall system performance.

The numerical model was constructed under the assumptions that the thermal conduc-
tivity of the oil is significantly lower than that of hydrogen and that, during the filling of
the compression chamber with the oil, no turbulence or mixing occurs between the media.
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The transient heat transfer equation was used in the model to calculate the heat transfer
processes:

y = ρCp
∂T
∂t︸ ︷︷ ︸

internal energy

+ ρCp
→
u ·∇T︸ ︷︷ ︸

convection

+∇·(−k∇T)︸ ︷︷ ︸
conduction

(11)

where
k—thermal conductivity.
Cp—the specific heat capacity.
→
u —the velocity vector.
T—the temperature.
∂T
∂t —the rate of change of temperature over time.
In the numerical model, the initial height of the liquid column is set as a constant

value of 100 mm in the base model to establish the initial conditions and simplify the
setup (Figure 3). However, during the compression process, the liquid column height
incrementally increases as the liquid piston rises and compresses the gas. This dynamic
change in the liquid column height is accounted for in the simulation through discrete
volume changes over time.
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The Deformed Geometry module was used for the gas domain. The mass of the gas
was conserved in this domain, and heating, due to the compression of the gas, is introduced
as the volumetric heat source, which goes into temperature equation. This model was used
prescribed liquid piston motion with constant velocity. To save time in calculating, remesh
was not used after every time step; instead, deforming mesh was used, which means that
though the same number of cells was conserved, the aspect ratio of the cells changed during
the compression process.
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An axisymmetric numerical model using a triangular mesh was employed. For accu-
rate calculations of the gas, a relatively coarse mesh is acceptable; however, the boundary
layers in the liquid and steel domains require refinement. In the steel cylinder chamber,
a maximum mesh element size of 2 mm was used, with a maximum growth rate of 1.2.
Boundary refinement consists of 25 layers, applied with a growth rate of 1.005, to ensure an
accurate calculation of heat exchange in the contact regions between the oil, hydrogen, and
stainless steel.

The boundary condition imposed on the axisymmetric axis includes a no-slip boundary
condition for fluid dynamics and a thermal insulation condition for heat transfer. The
no-slip condition ensures that the velocity of the fluid along the axis is zero, maintaining
no relative motion between the fluid and the axis. The thermal insulation condition sets the
heat flux across the axis to zero, consistent with the symmetry assumption that there is no
heat transfer through the axis.

The complete mesh comprises 20,909 domain elements and 694 boundary elements.
The position of the liquid piston column in the compression chamber filled with

hydrogen, during its upward movement over the stroke time of 0, 10, and 20 s, is shown
in Figure 4. As seen in the figure, the volume occupied by hydrogen in the compression
chamber decreases, causing a deformation of the mesh cells in this region. Although the
number of domain elements remains constant, their density increases. The qualitative
changes in the mesh cells of the numerical model at the interface between the media within
the compression chamber, as the hydrogen volume decreases to a compression ratio Kc = 5
during a single stroke of 20 s, can be seen in Figure 5.
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Figure 5. The structure of the mesh cells in the numerical model during hydrogen compression in the
chamber to a compression ratio Kc = 5.0 for time intervals of (a) 0 s and (b) 20 s.

In the numerical model, the compression process was divided into multiple small
time-steps (0.01 s). The choice of 0.01 s as the time step was based on a balance between
computational efficiency and numerical accuracy. Within each discrete time step, the
pressure in the gas domain was assumed to remain constant while the temperature was
calculated. This simplification facilitates the computational process by focusing on incre-
mental changes. However, over the entire compression stroke, the pressure increases as the
gas volume decreases in accordance with thermodynamic principles.

The model provides the temperature distribution in each domain, which can then be
averaged by calculating the mean temperature for each domain and the total amount of
heat transferred to each domain.

The analysis of the numerical modeling results allows for the investigation of the
temperature distribution in the gas medium, oil, and the walls of the compression cham-
ber. Consequently, this enables the estimation of the energy consumption required to
achieve a given pressure increase at a specific compression ratio Kc, depending on the
compression speed.

To simplify the calculations, the pressure increase within the cylinder chamber was
modeled as a result of discrete volume changes, considering both hydrogen and oil, along
with the associated rise in gas temperature.

The time step for each discrete change in the oil volume was constant and set at
∆ts = 0.01 s. Each discrete step increases the fluid height by a specific amount, as described
by Equation (2), determined by the stroke time ts. In this model, it is assumed that, at each
time step during the hydraulic compression of hydrogen, the properties of both the oil
and the gas are uniformly distributed, and their volumes remain unmixed. Heat transfer
between the hydrogen, oil, and the walls of the stainless-steel cylinder occurs solely through
thermal conductivity of the materials involved.

4. Simulation Results of Hydrogen Hydraulic Compression

Based on the model presented in Section 3, the processes occurring during a single
compression stroke, with stroke times ts ranging from 0.5 to 20.0 s, were simulated. The
initial temperature of both the hydrogen and the oil was set to 300 K, with a compression
ratio Kc = 5.0. Calculations were performed for two scenarios: one at an initial gas pressure
P1 = 3.0 and another at P1 = 20.0 MPa.

Figure 6 illustrates the temperature field distributions obtained from the numerical
simulations for hydrogen confined within the cylindrical chamber. The figure depicts the
temperature evolution of the gas over a 20 s stroke at time intervals of 0, 10, 15, and 20 s. The
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color scale corresponds to temperature values ranging from 300 K to 550 K, showing how
the gas temperature changes due to compression. These results highlight the significant
heating effects within the gas as compression progresses, particularly at higher pressures.
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Figure 6. Distribution of the temperature of hydrogen in the compression chamber during a single
20 s compression stroke: (a) the initial pressure 3.0 MPa, (b) the initial pressure 20.0 MPa.

Figure 7 presents examples of temperature field distributions obtained from numerical
simulations for the cylinder walls. The figure illustrates the changes in wall temperature
during a 20 s compression stroke, shown at time intervals of 0, 10, 15, and 20 s. The
color scale corresponds to temperature values between 300 K and 310 K, demonstrat-
ing the relatively minor temperature increase in the cylinder walls compared to the gas,
which highlights the effective heat transfer between the gas and the surrounding material
during compression.
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Figure 7. Temperature distribution in the compression chamber wall during a single 20 s compression
stroke: (a) initial pressure of 3.0 MPa, and (b) initial pressure of 20.0 MPa.

The temperature field distribution in the compression chamber, calculated using the
superposition method, is crucial for identifying areas where the thermodynamic processes
of hydrogen compression generate maximum heat. Understanding the temperature distri-
bution in the cylinder body is particularly important as it directly informs the design of an
efficient cooling system to dissipate heat during the compression process.
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In this study, the “superposition method” is employed as a numerical approach to
simplify the analysis of thermodynamic processes during hydraulic hydrogen compression.
This method involves dividing the compression cycle into discrete, incremental steps, with
each step representing a small volume change. For each step, the temperature and energy
distributions are calculated separately for the gas, the working fluid, and the chamber
walls. The results from these discrete steps are then aggregated to provide a comprehensive
understanding of the system’s behavior over the entire compression process.

The superposition method is particularly advantageous as it enables the efficient
modeling of complex, coupled heat transfer and compression dynamics without signifi-
cantly increasing computational demands. By breaking down the process into manageable
increments, this approach ensures accuracy and clarity in representing the thermodynamic
interactions within the system.

Figures 6 and 7 reveal that the upper part of the chamber undergoes the most intense
heating during compression. Therefore, to optimize the cooling of hydrogen, it is recom-
mended to design the cylinder body with a closed top, maximizing the surface area exposed
to external cooling mechanisms, such as air or liquid cooling. This design approach would
enhance the heat removal process and ensure the stability of the compression system.

The results of the compression process simulation allow for estimating the tempera-
ture rise in the gas and oil and, consequently, determining the energy expended during
the hydraulic compression process. In this context, it is important to examine how the
compression process is affected by variations in the duration of the compression stroke ts
and the initial hydrogen pressures P1. Figures 8–10 show how the average temperatures of
hydrogen ∆TH, oil ∆TF, and steel cylinder ∆TC change during a single compression stroke,
with stroke times ts ranging from 0.5 to 20.0 s, depending on initial pressure P1 = 3.0, 10.0,
15.0, and 20.0 MPa.
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ts at initial pressures P1 = 3.0, 10.0, 15.0, and 20.0 MPa and compression ratio Kc = 5.0.
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Figure 10. Average temperature increases in the cylinder body ∆TC for different durations of
the compression stroke ts at initial pressures P1 = 3.0, 10.0, 15.0, and 20.0 MPa and compression
ratio Kc = 5.0.

The increase in temperature values, previously determined in the model, corresponds
to the energy involved in the process of the hydraulic compression of hydrogen and
accumulated in the hydrogen volume, oil, and cylinder body. The amount of energy
stored in the compressed hydrogen, the oil, and the stainless-steel walls of the cylinder is
determined using an equation based on the laws of thermodynamics:

Q = m c ∆T (12)

where
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m—mass, kg.
c—specific heat capacity, J/(kg·K).
∆T—the total temperature increase in the medium at the end of the compression

stroke, K.
The heat capacity values for hydrogen, the oil, and the stainless-steel cylinder were

provided in Table 1. The model accounts for the change in hydrogen mass as the initial
pressure increases.

The distribution of total energy QT between the oil, hydrogen, and stainless-steel
cylinder body is shown for different durations of the compression stroke ts. The ini-
tial hydrogen pressures are P1 = 3.0 and 20.0 MPa, with the compression ratio set to
Kc = 5.0. It can be noted that with raising inlet pressure up to 20.0 MPa most of the energy
is concentrated in hydrogen as its mass increases with increasing pressure.

The modeling of the compression process with the use of a superposition method
allows us to represent temperature and volumes of energy separately for each medium.
Thus, the distribution of the amount of energy QT that is spent for the compression process
without taking into account losses on convection, between the oil, hydrogen, and steel of
the cylinder body depending on the duration of compression cycle ts, can be presented in
the form of a graph shown in Figures 11 and 12. The structure of the energy distribution
for initial pressures P1 = 3.0 and 20.0 MPa and the compression ratio Kc = 5.0 shows that
most of the energy is concentrated in hydrogen.
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initial pressures P1 = 3.0 MPa and compression ratio Kc = 5.0.
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Technologies 2024, 12, 266 15 of 20

Figure 12 illustrates the distribution of the thermal energy among the hydrogen gas,
liquid piston, and metal walls during the compression process. As expected, the metal
walls absorb more heat than the liquid piston, given the geometry of the chamber, where
three walls are metal and only one is in direct contact with the liquid. This result aligns
with the physical arrangement of the system and supports the conclusions by providing a
quantitative comparison of heat distribution.

The figure reinforces the significant role of the metal walls in dissipating heat dur-
ing compression, underscoring the importance of their thermal properties in optimizing
the system’s cooling efficiency. While these findings are consistent with expectations,
they highlight the need to focus on improving the heat dissipation capacity of the metal
walls, which could involve enhancing their surface area or using materials with higher
thermal conductivity.

In real conditions, hydrogen and oil inside the cylinder are constantly being mixed and
exchanging energy. In this case, it is fair to assume that once hydrogen and oil are mixed,
the temperature of the medium inside the compression chamber averages out, cooling the
gas and increasing the temperature of the oil.

To compare different compression scenarios, including stroke duration, initial pressure,
and cylinder geometry, the overall temperature of the system ∆TO, equivalent to the energy
consumed for hydrogen compression, is employed. The overall temperature ∆TO is defined
as follows:

∆TO = (QF + QH + QC)/(mFcF + mHcH + mC cC) (13)

where QF, mF, cF; QH, mH, cH; QC, mC, cC represent the energy, mass, and heat capacity of
the work fluid, compressed hydrogen, and cylinder steel, respectively.

The changes of the ∆TO for the different durations of compression stroke ts at initial
pressures P1 = 3.0, 10.0, 15.0, and 20.0 MPa and compression ratio Kc = 5.0 are shown
in Figure 13. As the pressure in the compression chamber increases, the ∆TO increases
proportionally, as can be seen by comparing the curves for an initial pressure from 3.0 MPa
to 20.0 MPa. The temperature ∆TO inside the compression chamber slightly increases with
increasing compression stroke duration and mainly depends on the initial pressure.
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However, for the considered compression pressures, the overall temperature value
is within the range of less than 15.0 K. This means that the temperature conditions in-
side the compression chamber should not exceed the temperature limits defined as rated
values for the oil.
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It is reasonable to assume that the actual hydrogen pressure will be 5 to 10% higher than
obtained by Equation (2). This estimate is based on practical observations and findings from
similar systems reported in the literature. It accounts for factors such as the potential mixing
of liquid and gas inside the compression chamber, which can lead to localized pressure
variations beyond those predicted by the idealized numerical model. Additionally, transient
pressure spikes during the compression process, which were not explicitly modeled in this
study, are known to occur in operational systems [61,62].

To manage the compression process effectively and control the pressure rise, intensive
cooling is required at the top of the cylinder, as this region experiences the most significant
rise in hydrogen temperature, as shown in Figure 6.

The analysis of the energy required to perform a hydrogen compression stroke with a
given compression ratio makes it possible to estimate the power of the liquid pump drive
motor required to perform this work in a given time. As a first approximation, the value of
this power can be determined from the following:

W = QT/ts (14)

The curves of total power W for the examined models are presented in Figure 14,
where power is calculated as a function of the duration of compression stroke ts, at initial
pressures P1 = 3.0, 10.0, 15.0, and 20.0 MPa and the compression ratio Kc = 5.0.
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Figure 14 illustrates the relationship between the power required for compression and
the duration of the compression stroke for four different initial hydrogen pressures. As the
duration of the compression stroke increases, the power required for compression decreases
significantly across all pressure levels. This indicates that longer compression strokes
distribute the work over a longer period, resulting in a reduction in the instantaneous
power demand. At any given duration, the power required is higher for higher initial
hydrogen pressures. For example, at the shortest duration, 20.0 MPa requires significantly
more power than 3.0 MPa, highlighting the increased energy demand at higher pressures.
However, it is important to note that these power values correspond to different flow rates.
Longer compression strokes handle a lower hydrogen flow rate, while shorter strokes
allow for higher flow rates. To match the flow rate of shorter cycle times with longer
strokes, additional pumps or compression units may be required, potentially increasing
system complexity and cost. This trade-off must be considered when designing systems for
high-throughput applications.
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The power drop is most notable in the shorter stroke durations, after which the
reduction in power becomes more gradual. While extending the compression stroke
duration can be a viable strategy to minimize the power rating of individual pumps, the
overall system efficiency must account for the number of pumps required to maintain the
equivalent throughput.

5. Conclusions

This study provides an in-depth analysis of the thermodynamic processes involved
in hydraulic hydrogen compression using numerical simulations developed in COMSOL
Multiphysics®. The findings reveal important insights that can be leveraged to optimize the
design, efficiency, and energy consumption of hydraulic hydrogen compression systems,
particularly in high-pressure applications such as refueling stations.

One significant finding is the temperature distribution within the compression cham-
ber. The numerical model demonstrates that while initial heat generation occurs near the
molecules compressed by the liquid piston, the upper part of the chamber retains the most
heat as the compression progresses. This is attributed to the gas in this region being farther
from the immediate cooling effect of the liquid piston, leading to less efficient heat dissipa-
tion. Effective thermal management in this region, particularly through optimized cooling
systems, such as a closed-top chamber design and enhanced external cooling mechanisms,
is essential to prevent overheating and ensure stable operation.

The study highlights the interplay between the liquid piston and the chamber design
in managing heat. The liquid piston facilitates rapid heat transfer by absorbing heat from
the compressed gas and transferring it to the chamber walls, while the closed-top design
enhances external heat dissipation. This synergy underscores the importance of integrating
these design elements to optimize system performance.

For practical applications, longer stroke durations of 15–20 s are recommended due
to their lower instantaneous power requirements, enabling the use of smaller, less expen-
sive pumps. These durations are ideal for systems where throughput is not the primary
constraint. Initial hydrogen pressures around 10 MPa offer a balance between manageable
temperature increases and reasonable energy requirements during compression, reducing
the risk of excessive heating while maintaining efficiency in hydrogen refueling scenarios.

The integration of the calculations with simulations strengthens the study’s findings
by ensuring the numerical model’s reliability through well-defined initial parameters
and boundary conditions aligned with physical principles. Additionally, the calculations
provide quantitative insights into energy distribution and the impact of compression stroke
duration on power consumption, enhancing the understanding of system performance.

The use of the superposition method in the numerical model proved effective for
simplifying the calculations while maintaining precision in predicting the temperature and
energy distributions. This approach offers valuable insights into the thermodynamic inter-
actions between hydrogen, oil, and cylinder walls, enabling further system optimization.

The simulations revealed that increasing the initial hydrogen pressure leads to higher
chamber temperatures and greater energy requirements. Understanding the energy dis-
tribution among hydrogen, oil, and chamber walls allows for more accurate performance
predictions and informs strategies for optimizing cooling and improving system efficiency.

This study focuses on a single compression stroke and does not account for the
thermal effects of repeated cycles, such as heat accumulation in the walls and liquid over
time. Future research should address multi-cycle simulations to capture these cumulative
effects and develop a more comprehensive understanding of operational performance.
Additionally, exploring alternative oils with improved thermal properties and enhancing
cooling mechanisms could further improve system performance and reliability.

These findings contribute to the development of more efficient hydraulic hydrogen
compression systems, particularly for refueling station applications where energy con-
sumption, thermal management, and system scalability are critical.
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