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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 simulations 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 deforming 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 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 modelling; energy efficiency

1. Introduction

Hydrogen is one of the most abundant elements on Earth [1], and recently it has gained
increasing attention as a key element in addressing climate change and transitioning to clean energy.
Its ability to decarbonize hard to electrify sectors, 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].

Hydrogen energy is becoming an essential component of a sustainable energy future,
highlighting the importance of safety issues for the scientific community and industry [5,6,7].
Analysis of the current state of research reveals 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 the increasing importance of these aspects [8-13]. Nevertheless, the
use of hydrogen is associated with high costs, as well as challenges in production, storage, and
transportation. The limited infrastructure for its application also poses a barrier to its widespread
adoption [14].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The transition to a hydrogen-centric energy landscape requires the integration of 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].

However, 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. In particular, electric mobility
is expected to be a key aspect of the decarbonization of the energy system, with hydrogen-powered
fuel cell electric vehicles (FCEVs) being strong candidates [18,19]. FCEVs offer specific advantages
over battery electric vehicles (BEV), 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 hydrogen tanks that can be filled in less than five minutes at
dedicated compression storage dispensing (CSD) stations [20]. For refueling vehicles with hydrogen,
the infrastructure necessary for this process is required [21]. Because of this hydrogen refueling
station (HRS) 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].

When deploying hydrogen refueling infrastructure, two main options for supplying hydrogen
to refueling stations are considered: on-site hydrogen production and transportation-based delivery
[23]. For the transport via truck, hydrogen will be pre-dominantly transported and stored between
the storage nodes and the distribution hubs at a high-pressure level of 50 and 54 MPa whilst it will
be mainly transported at 25 and 30 MPa [24]. The limitation of the pressure level in the storage system
is due to hydrogen's high diffusivity, which can result in significant losses over extended periods at
high pressure [25].

A schematic diagram of a refuelling station using hydrogen at inlet pressure from 0.6 up to 25.0
MPa, either brought by trailer or generated by electrolysis at the station itself, is shown in Figure 1
[26]. The proposed concept is especially attractive when combined with the use of green hydrogen
produced by electrolysis, fed from wind turbines, solar panels or the electricity grid from the nuclear
power plant. Using the booster compressor, the low-pressure hydrogen is raised to the required 70
MPa for cars and 35 MPa for trucks and pumped into the storage tanks. The high-pressure hydrogen
is then filled into the vehicle's fuel tanks via a dispenser.
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Figure 1. Schematic diagram of the delivery, storage and preparation of compressed high-pressure
hydrogen for use at refuelling stations.

Depending on the production method, hydrogen is conventionally labelled green, blue, pink
and grey, and specialised terms like — safe, sustainable, low-carbon and pure — are also used [27].


https://doi.org/10.20944/preprints202410.2276.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 October 2024 d0i:10.20944/preprints202410.2276.v1

Utilisation of renewable energy sources, which are practically inexhaustible, for hydrogen generation
allows to establish continuous, sustainable, 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 the production of green hydrogen, the main emphasis is on the use of wind and solar energy
[30,31]. Current level of technological processes ensures the production of hydrogen by electrolysis
of water without emission of carbon dioxide into the atmosphere [32]. Thus, the entire process of
water electrolysis and hydrogen generation can potentially be carbon free if renewable or nuclear
electricity is used.

Nowadays, when deploying hydrogen infrastructure for vehicle refuelling, it is essential to take
advantage of simple and affordable devices for hydrogen compression tasks. In articles [32] currently
existing technologies of hydrogen compression, their working principles, advantages and limitations
are reviewed and discussed. It should be noted, that from a wide variety of compressors, the
compressors with a liquid piston have the lowest energy consumption, as only this technology is able
to provide a quasiisothermal compression process [33].

This is achieved as a result of the fact that during hydraulic compression there is intense mixing
of liquid and gas, between which heat transfer occurs at high speed. This involves a process of
compression with near isothermal operation, leading to efficient compression with minimal energy
consumption, which helps reduce the weight of the compressor and the overall system cost. Similar
conclusions can be drawn from the results of numerical modeling of the hydraulic compression of
hydrogen from 1.5 MPa to 45 MPa in a compression chamber with a volume of 31.72 L, as presented
in [34].

The liquid piston gas compression concept uses a column of liquid to directly compress gas in a
fixed volume chamber [35]. Once the compression stroke is complete, the heated fluid is channelled
from the compression chamber into the heat exchanger, where it is cooled. As a result, hydraulic
compressors have an advantage over reciprocating compressors in terms of cooling, as there is no
need for external heat exchangers on the compression chambers [36].

The use of a liquid piston eliminates gas leakage from the compression chamber and eliminates
the friction of the mechanical sliding seals present in the cylinders of mechanical compressors and
allows to increase efficiency of gas compression. Using a simplified model, it has been demonstrated
that this concept can increase the com-pression efficiency from 70% to over 84-86% [37].

Research and development efforts continue to improve the efficiency and economics of
hydrogen compression technologies. All new innovations aim to address challenges such as heat
management during compression to enhance overall performance, reducing energy loss, and
enhancing system longevity to ensure sustainable performance improvements, etc. [38].

A review of heat transfer in liquid compressors shows that issues related to modeling of heat
transfer and assessing its impact are significant but understudied [39-43]. This is partly due to
disagreements regarding the severity and complexity of its effects under dynamic conditions in the
compressor chamber. However, there is broad consensus in the literature that heat transfer within
the cylinder is one of the key factors affecting the efficiency of reciprocating compressors.

The importance of understanding heat transfer in liquid compressors, particularly in relation to
reciprocating compressors, lies in its direct impact on system efficiency and performance. Heat
transfer processes within the compressor cylinder affect the thermodynamic cycle, influencing the
compression temperature and overall energy consumption. When heat dissipation is inadequate or
improperly modeled, it can lead to higher temperatures, which increase the energy required for
compression and reduce overall efficiency. Additionally, excess heat can cause mechanical stress and
wear on components, leading to increased maintenance and reduced equipment lifespan.

Research shows that while heat transfer is universally recognized as critical, the effects of
dynamic conditions during compression—such as fluctuating temperatures and pressure—
complicate accurate modeling. Addressing these gaps in understanding can help optimize cooling
systems, reduce energy losses, and improve the overall design of liquid compressors. By refining heat
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transfer models, engineers can develop more efficient compressors, ultimately lowering operational
costs and contributing to the effective use of energy in hydrogen compression systems.

The authors in [44] noted that heat transfer processes within liquid pistons during compression
are quite complex and difficult to describe, especially for transient and turbulent regimes. The
authors of [45] used numerical modeling to simulate a single compression stroke to study the heat
transfer phenomena inside the compression chamber. Their research results confirm that increasing
the heat transfer coefficients at the interfaces and within the walls, along with increasing compression
time, plays a key role in reducing the temperature of hydrogen.

A thermal analysis of a liquid piston compressor was performed by authors in [46] but it
concerned small pressure ratios below 2.5. In [47], the authors performed calculations using a
developed CFD model in the COMSOL 6.0 environment [48] to validate the thermodynamic analysis.
Thermodynamic analysis is an important method for under-standing the pressure and temperature
that arise when filling a hydrogen storage tank with gas, providing the necessary information for
determining the boundary conditions for modeling.

One effective method for reducing temperature is the use of porous media different materials.
For example, in [49], the experimental effect of porous media in a high-pressure (0.7 to 21.0 MPa)
liquid piston air compressor was studied, which corresponds to the expected pressures for the ICAES
system. The experiments showed that placing the porous medium at the top of the chamber proved
to be more effective than placing it at the bottom. In [50], a porous medium with intermittent plates
was also used to enhance heat dissipation during compression, significantly improving the efficiency
of compression in an ionic liquid piston compressor. Systematic studies on the effect of porous media
under various fluid flow regimes were conducted using ANSYS Fluent for CFD analysis.

The article [36] and patents [51, 52, 53] present research findings and innovations that are pivotal
for designing the compression chamber geometry and the associated thermodynamic processes in a
hydraulic hydrogen compression system. These results also contribute to the calculation of the drive
power required for the liquid compressor. Such conception was previously developed a concept for
a hydraulic compressor that can serve as a critical component in the hydrogen production and
utilization process chain, beginning with hydrogen production via water electrolysis and culminating
in fuel dispensing at a filling station.

The paper is organized as follows. Section 2 details the numerical modeling approach used to
analyze hydrogen compression in a closed cylindrical compression chamber. Section 3 covers the
numerical modeling of the hydrogen compression process in a closed volume. This was conducted
with the COMSOL 6.0 software package to evaluate the effects of chamber dimensions and
compression rate on the associated thermo-dynamic processes. Section 4 presents the simulation
results, focusing on evaluating the energy costs and power consumption required for driving the
liquid pump, as well as assessing the increase in the average temperature of the gas, working fluid,
and the walls of the compression chamber. Sections 5 and 6 — Discussions and 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. Hydraulic 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. 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 better optimization of the compression process.
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For example, modeling can help determine how much heat is generated during compression and
how effectively that heat can be dissipated by the working fluid 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 working fluid, 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 important 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 (k) of 145.0 mm and an inner
diameter (d) of 100.0 mm, resulting in a total volume (V) of 1.14 liters (Figure 2). The chamber is made
of stainless steel, with a wall thickness (dwar) of 5.0 mm, and is divided into an upper section filled
with hydrogen and a lower section filled with a working fluid. During the compression process, the
working fluid level rises, compressing the hydrogen above it. The numerical model implemented
considers heat exchange between the hydrogen gas, the working fluid, and the cylinder walls, as well
as convective heat transfer to the surrounding environment.

d
i ooz ooi o ° o || A stainless-steel cylinder
° 4 'oo °
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© oo © Hydrogen
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o - ° Oo
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Figure 2. A model of a steel cylinder shaped chamber where hydrogen is compressed by the working
fluid coming from 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 working fluid, 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 working fluid level. The model
assumed that properties of the gas and fluid are uniformly distributed throughout the compression
process, with the time step for discrete volume changes set to Ats=0.01 s.

The physical properties of hydrogen, the working fluid, and the stainless-steel cylinder used in
the model are shown in Table 1, including properties such as molar mass, heat capacity, thermal
conductivity, and density. The simulation also accounts for the compressibility of the liquid.
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Table 1. Initial parameters and physical properties of hydrogen, liquid piston and cylinder used in

the model.
Initial gas temperature, working fluid, cylinder, and surrounding air: Ti = 300.0 K
Initial pressure: P1 = 3.0, 10.0, 15.0 and 20.0 MPa
Initial parameters | Volume: V=1.14 L
used in the Gas mass in the cylinder: mygs = 2.74 g (at 3.0 MPa); mges = 9.24 g (at 10.0 MPa); mgs =
simulation. 13,86 g (at 15.0 MPa), mgs = 18.48 g (at 20.0 MPa)
Heat transfer coefficient (cylinder-air): # = 30.0 W/(K-m2)
Cylinder mass: eyiinder = 2400 g
Cylinder wall thickness: dwai= 5 mm
Property and its variable used in Value Unit
COMSOL
Molar mass (M) 2.016 g/mol
. Degrees of freedom (f) 5.0
Properties of i »
Ratio of specific heat (y) 1.4
hydrogen. )
Heat capacity at constant volume (Co) 10307.5 J/kg'K
Heat capacity at constant pressure (Cp) 14429.6 J/kg'K
Thermal conductivity 0.4 Wi(m-K)
. Density 918.0 kg/m3
Properties of the .
o Heat capacity at constant pressure 2060.0 J/(kg'K)
liquid piston. S )
Dynamic viscosity 130.6 Pa-s
Ratio of specific heats 1.0
Properties of the | Thermal conductivity 45.0 W/(m-K)
stainless-steel Density 7700.0 kg/ms3
cylinder. Heat capacity at constant pressure 800.0 J/(kg'K)

The volume of working fluid Vr in the compression chamber after each step was determined by
the expression:

Vej = AVp j M
1 2
v(1- E) )

AVp = ———— At

S
where: V — total volume of the compression chamber;

AVF — discrete increment in the volume of the working fluid;

j=1,2,3 ... n—step number for the discrete increase in the working fluid volume;

n = ts / 4t — 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 working
fluid. 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 Vi to volume V2 using compression
ratio Ke=V1/V2=5.0.
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In the adiabatic case, the ideal gas equation is:

PV = nRT ©)
For an adiabatic process:
PVy = const, 4)
where v can be calculated as:
R 5
V= v f’ ( )

where

P - pressure,

V - volume of chamber,

n - gas quantity (mol),

R =8.31 J/(mol-K) - universal gas constant,

T - absolute temperature (K),

y - ratio of the heat capacity at constant pressure (Cy) to heat capacity at constant volume (C),

f- degrees of freedom of ideal gas (f= 3 for monoatomic gas, f=>5 for diatomic gas),

t - compression time (s),

v - compression velocity.

In the adiabatic case, if compression is performed from the initial parameters Vi, P1 and Ti, the
final parameters can be calculated using the ideal gas law and the conditions for an adiabatic process:

P]_Vl = nRTl, (6)
P,V, = nRT,, )
PV =PV, 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:

PVY = const )

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:
dA
— dt _ %\ p2v
By =--=P (7") mR* 2, (10)
where:
B, -is the power,

% - represents the rate of work, interpreted here as the instantaneous power,

V -is the current volume,

Py and V, - are initial pressure and volume, respectively,
y - is the adiabatic index (ratio of heat capacities),

TR? - represents the cross-sectional area of the piston,

v - is 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 [56,57]. By leveraging
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its robust numerical solvers and customizable physics modules, COMSOL can accurately model the
compression of hydrogen, including heat transfer, pressure distribution, and flow characteristics [58].

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 compression 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 conductivity of
the working fluid is significantly lower than that of hydrogen and that during the filling of the
compression chamber with the working fluid, no turbulence or mixing occurs between the media.

The transient heat transfer equation was used in the model to calculate heat transfer processes:

aT
y = pCh—=- +pCpii- VT + V- (=kVT) 1
convection conduction

internal energy
where:

k - is thermal conductivity,

Cp, - is the specific heat capacity,
U - is the velocity vector,

T -is the temperature,

2 .
a—: - represents the rate of change of temperature over time.

In the numerical model, it is assumed that the compression chamber has an open inlet at the
bottom of the steel cylinder, through which the liquid piston rises into the chamber as a column
(Figure 3). In the calculations, the height of the liquid column is set as a constant and is equal to 100
mm in the base model.

The form geometry module was used for the gas domain. Mass of the gas was conserved in this
domain and heating due to the compression of the gas is introduced as volumetric heat source, which
goes into temperature equation. In this model was used prescribed liquid piston motion with
constant velocity. To save time of calculation it was not used remesh after every time step but instead
was used deforming mesh which means that the same number of cells is conserved but the aspect
ratio of the cells changes during the compression process.
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Figure 3. Model of a stainless-steel cylinder chamber for hydrogen compression via fluid injection.
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An axisymmetric numerical model using a triangular mesh was employed. For accurate
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 accurate calculation of heat exchange in the contact
regions between the oil, hydrogen, and stainless-steel. 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
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 K=5 during a single stroke of 20 seconds, can be seen in Figure 5.

Time=20 5 Mesh
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Figure 4. Mesh cell distribution in the numerical model during the change in hydrogen volume within
the compression chamber, and the position of the liquid piston column as it moves upward at times
0, 10, and 20 seconds over a single stroke period.
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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 seconds and (b) 20 seconds.

The pressure in the gas domain was considered constant, while the temperature was calculated.
A heat source was present throughout the entire volume of the gas due to compression. This heat
contributes to both the heating of the gas and the heat exchange between the gas, the steel cylinder,
and the working fluid.

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, working fluid, and the walls of the compression chamber.
Consequently, this enables the estimation of the energy consumption required to achieve a given
pressure increase at a specific compression ratio K., depending on the compression speed.

To simplify the calculations, the superposition method was used to describe the processes
occurring in the compression chamber. The increase in pressure within the cylinder chamber was
modeled as a result of discrete volume changes, accounting for both hydrogen and the working fluid,
as well as the corresponding rise in gas temperature.

The time step for each discrete change in the working fluid volume was constant and set at At =
0.01 second. Each discrete step increases the fluid height by a specific amount, as described by Eq. 2,
determined by the stroke time #s. In this model, it is assumed that, at each time step during the
hydraulic compression of hydrogen, the properties of both the working fluid and the gas are
uniformly distributed, and their volumes remain unmixed. Heat transfer between the hydrogen,
working fluid, 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 fs ranging from 0.5 to 20.0 seconds, were simulated. The initial temperature
of both the hydrogen and the working fluid was set to 300 K, with a compression ratio K. = 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 5 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-second stroke, at time intervals of 0, 10, 15, and 20 seconds. The color scale
corresponds to temperature values ranging from 300 K to 550 K, showing how the gas temperature
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changes due to compression. These results highlight the significant heating effects within the gas as
compression progresses, particularly at higher pressures.

0s 10s 155 20s 0s 10s 15s 20s

. C—
300 350 400 450 500 550 T,K
(a) (b)

Figure 5. Distribution of the temperature of hydrogen in the compression chamber during a single
20-second compression stroke. a) the initial pressure 3.0 MPa b) the initial pressure 20.0 MPa.

Figure 6 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-
second compression stroke, shown at time intervals of 0, 10, 15, and 20 seconds. The color scale
corresponds to temperature values between 300 K and 310 K, demonstrating 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.

10s 15s 20s

E——— |
304 306 308 310 T.K
(a) (b)

Figure 6. Temperature distribution in the compression chamber wall during a single 20-second
compression stroke: (a) initial pressure of 3.0 MPa, and (b) initial pressure of 20.0 MPa.

The use of temperature field distribution in the compression chamber, calculated using the
superposition method, is crucial for identifying areas where the thermodynamic processes of
hydrogen compression result in maximum heat generation. Understanding the temperature
distribution 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.

Figures 5 and 6 reveal that the upper part of the chamber undergoes the most intense heating
during compression. Therefore, to optimize the cooling of hydrogen, it is recommended 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 temperature rise in
the gas and working fluid, 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
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Pi1. Figures 7-9 shows how average temperatures of hydrogen ATH, working fluid ATr and steel
cylinder ATc change during a single compression stroke, with stroke times ts ranging from 0.5 to 20.0
seconds, depending on initial pressure P: = 3.0, 10.0, 15.0 and 20.0 MPa.
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g 160
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140
0 2 4 6 8 10 12 14 16 18 20

Duration of the compression stroke t,, s

Figure 7. Average temperature increases in hydrogen AT for different durations of the compression
stroke #;, at initial pressures P1= 3.0, 10.0, 15.0 and 20.0 MPa and compression ratio K = 5.
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Figure 8. Average temperature increases in working fluid ATr for different durations of the
compression stroke fs, at initial pressures P1= 3.0, 10.0, 15.0 and 20.0 MPa and compression ratio Kc =
5.
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Figure 9. Average temperature increases in the cylinder body ATc for different durations of the
compression stroke fs, at initial pressures P:= 3.0, 10.0, 15.0 and 20.0 MPa and compression ratio Kc =
5.

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

Q=mcAT (12)
where:

m —-mass, kg;

c — specific heat capacity, J/(Kg*K);

AT - the total temperature increase in the medium at the end of the compression stroke, K.

The heat capacity values for hydrogen, the working fluid, 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 Qr between working fluid, hydrogen and stainless-steel cylinder
body is shown for different durations of the compression stroke #. The initial hydrogen pressures are
P1=3.0 and 20.0 MPa, compression ratio set to K= >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 modelling of the compression process with the use of a superposition method allows to
represent temperature and volumes of energy separately for each medium. Thus, the distribution of
the amount of energy Qr, which is spent for compression process without taking into account losses
on convection, between working fluid, hydrogen and steel of cylinder body depending on duration
of compression cycle ts can be presented in the form of a graph shown in Figures 10 and 11. The
structure of energy distribution for initial pressures P: = 3.0 and 20.0 MPa and the compression ratio
K=>5.0 shows that most of the energy is concentrated in hydrogen.

In real conditions, hydrogen and working fluid inside the cylinder are constantly being mixed
and exchanging energy. In this case, it is fair to assume that once hydrogen and working fluid are
mixed, the temperature of the medium inside the compression chamber averages out, cooling the gas
and increasing the temperature of the working fluid.
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Figure 10. Diagrams of thermal energy distribution Qr between energies accumulated in hydrogen

Qnu, working fluid Qr and compression cylinder body Qc for different durations of the compression
stroke ts at initial pressures P1 = 3.0 MPa and compression ratio Kc=5.0.
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Figure 11. Diagrams of thermal energy distribution Qr between energies accumulated in hydrogen
Qs, working fluid Qr and compression cylinder body Qc for different durations of the compression
stroke ts at initial pressures P1 =20.0 MPa and compression ratio Kc = 5.0.

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

ATy = (Qr + Qu + Qc)/(Mpcp + mycy + me cc) (13)
where Qr, mr, cr; Qu, mu, cu; Qc, mc, cc — the energy, mass, and heat capacity of the work fluid,
compressed hydrogen and cylinder steel respectively.

The changes of the ATo for the different durations of compression stroke ts at initial pressures P:
=3.0,10.0, 15.0 and 20.0 MPa and compression ratio K¢ = 5.0 are shown in Figure 12. As the pressure
in the compression chamber increases, the ATo increases proportionally, as can be seen by comparing
the curves for an initial pressure from 3.0 MPa to 20.0 MPa. The temperature ATo 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 overall temperature value is within the
range of less than 15.0 K. This means that the temperature conditions inside the compression chamber
should not exceed the temperature limits defined as a rated values for the working fluid.

It is reasonable to assume that the actual hydrogen pressure will be 5 to 10 % higher than
obtained by Eq.2. Bearing in mind the uncertainty of the mixing of liquid and gas inside the
compression chamber, the instantaneous temperature of hydrogen and the corresponding pressure
can have much higher values at the moment of the compression. Therefore, in order to handle the
compression process and control the pressure rise, intensive cooling is required at the top of the
cylinder, as this is where the maximum rise in hydrogen temperature is observed, as can be seen from

Figure 6.
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Figure 12. Increase of overall system temperature ATo for different durations of the compression
stroke ts, at initial pressures P: = 3.0, 10.0, 15.0 and 20.0 MPa and compression ratio K¢ =5.0.

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:

W = Qq/ts (15)

The curves of total power W for the examined models are presented in Figure 13, where power
is calculated as a function of duration of compression stroke t;, at initial pressures P: = 3.0, 10.0, 15.0
and 20.0 MPa and the compression ratio Kc = 5.0.

The Figure 13 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. The power drop is most notable in the shorter stroke durations, after which the
reduction in power becomes more gradual. Extending the compression stroke duration can be a
viable strategy to minimize power consumption, especially at higher pressures, although excessive
stroke lengths may reduce system efficiency in certain operational scenarios.
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Figure 13. The power W required for hydrogen compression 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.

5. Discussion

The numerical simulations of hydraulic hydrogen compression presented in this study have
provided valuable insights into the thermodynamic processes occurring during compression. The
results highlight key areas where optimization can be achieved, particularly concerning temperature
management, energy consumption, and system efficiency.

One of the most significant findings is the temperature distribution within the compression
chamber, particularly in the upper part, where the most intense heating occurs. The numerical model
demonstrates that this region requires efficient cooling to prevent overheating of the hydrogen and
cylinder walls. By designing the chamber with a closed top and enhancing the surface area exposed
to external cooling mechanisms, such as air or liquid cooling, the thermal management of the system
can be significantly improved. This design consideration is crucial, as elevated temperatures can
adversely affect system performance, leading to increased energy consumption and wear on
components.

The temperature variation in the hydrogen gas during compression highlights the importance
of considering both heat transfer to the surrounding materials and the specific heat capacity of the
working fluid. The working fluid's higher heat capacity and density allow it to absorb a significant
portion of the heat generated during compression, moderating the temperature rise within the gas.
This behavior is essential for maintaining stable operation under high-pressure conditions and
optimizing energy efficiency.

The simulation results also demonstrate that increasing the initial pressure of hydrogen leads to
a higher temperature within the chamber and a greater amount of energy required for compression.
This is particularly evident when comparing the compression scenarios at 3.0 MPa and 20.0 MPa. As
the pressure increases, a larger fraction of the energy is stored in the hydrogen gas, which directly
affects the overall energy consumption of the system.

In terms of system design, the study suggests that the duration of the compression stroke plays
a significant role in determining both the energy requirements and the power needed for the liquid
pump drive motor. Longer stroke durations result in slightly lower instantaneous power demands,
though total energy consumption remains similar or may increase slightly due to extended
operational time. This finding indicates that increasing the compression stroke duration could lead
to a more efficient system by reducing the rated power of the pump, ultimately minimizing both the
size and cost of the equipment.
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The use of the superposition method in the modeling process proved to be an effective way of
simplifying the calculations while maintaining accuracy in predicting temperature and energy
distributions within the system. This approach provides a clear understanding of how the different
components—the hydrogen gas, working fluid, and cylinder walls—interact thermodynamically
during compression. By fine-tuning these interactions, it is possible to further enhance the overall
efficiency of the hydrogen compression system.

This study provides a comprehensive analysis of hydraulic hydrogen compression using
numerical simulations. The insights gained from these simulations will contribute to the
development of more efficient hydrogen compression systems, particularly in refueling station
applications where energy consumption and thermal management are critical factors. Future
research should focus on further optimizing cooling mechanisms and exploring alternative working
fluids with improved thermal properties to enhance the overall system performance.

6. 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.

The simulations demonstrate that temperature distribution is a critical factor in system
performance, with the upper part of the compression chamber experiencing the most significant
heating. Effective thermal management in this region, especially through optimized cooling systems,
is essential to prevent overheating and ensure stable operation. By designing the compression
chamber with a closed top and increasing the surface area for external cooling, the thermal loads on
the system can be efficiently managed, improving the overall performance of the compression
process.

The study also highlights the role of compression stroke duration in determining both energy
consumption and power requirements. Longer compression strokes result in lower power demands
for the liquid pump drive motor, even though total energy consumption may remain similar or rise
slightly. This finding suggests that by increasing the stroke duration, the size and cost of the pump
motor can be reduced, making the system more energy-efficient and cost-effective. The trade-off
between energy consumption and power requirements is crucial for optimizing the system for real-
world applications.

Additionally, the results show how total energy is distributed between the compressed
hydrogen, the working fluid, and the cylinder walls. At higher initial pressures, a larger portion of
energy is stored within the hydrogen, which has important implications for both system design and
energy management. Understanding how this energy is distributed allows for more accurate
predictions of the system's performance and provides the necessary information for optimizing
cooling strategies and improving overall efficiency.

The use of the superposition method in the numerical model enabled the simulation of heat
transfer and thermodynamic interactions between the hydrogen, working fluid, and cylinder walls
with greater simplicity and precision. This approach is particularly valuable for evaluating the effects
of different compression chamber geometries, fluid properties, and compression rates on the system's
thermodynamic behavior.

This study offers valuable insights into the design and optimization of hydraulic hydrogen
compression systems. The numerical simulations provide a clear understanding of temperature
dynamics, energy distribution, and power requirements, which are essential for improving the
efficiency and reliability of these systems.
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