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Abstract

Metal hydride hydrogen energy storage system is one of the solid storage technologies for hydrogen
storage. This storage has been recently used worldwide because of its advantages, which provide a large
hydrogen storage capacity and high safety. However, the main disadvantage of this storage is the metal
hydride material, which generally has a low thermal conductivity. This negatively affects the hydrogen
kinetic reactions, resulting in slow hydrogen absorption and desorption reactions. This problem
significantly influences the overall storage system performance. For these purposes, several techniques
have been applied to enhance the overall storage system performance under the improvement of
hydrogen kinetic reaction. These techniques include the improvement of heat transfer performance of
the storage system by using heat exchangers, the selection of the metal hydride materials/heat transfer
fluid, and the appropriate selection of operating conditions for the metal hydride storage system.
Therefore, the aim of this study is to enhance the overall storage system performance. The objective is
divided into several main points to achieve the study’s aim based on heat transfer enhancement and
appropriate operating condition selection. The new internal heat exchanger, namely a semi-cylindrical
coil heat exchanger, is proposed to improve the heat transfer performance. This heat exchanger is then
further developed to enhance its performance by combining itself with a central return tube. Moreover,
the other existing heat exchangers are combined as the external heat exchangers to further enhance the
hydrogen kinetic reaction. These external heat exchangers include the cooling jacket and phase change
material. Under the phase change material configuration, the new configuration, namely the phase
change material capsule, is first proposed instead of the existing configurations. In addition, the new
internal fin heat exchanger, namely the triple-branched fin is designed to be combined with an internal
straight tube for heat transfer enhancement purposes, which is mainly considered the effect of the
pressure losses during the heat transfer fluid circulating inside the storage. The various heat exchanger
parameters are analysed for the new heat exchanger design to optimise their performance under the
effect of these parameters on the average metal hydride bed temperature and hydrogen kinetic reaction
during absorption/desorption. Finally, the initial operating conditions of the storage system and heat
transfer fluid are investigated to obtain the appropriate operating condition value for the new storage
system configurations. The key findings of the present study will provide a better understanding of the
heat transfer enhancement for hydrogen kinetic reaction during the absorption and desorption processes
under the new heat exchanger designs, which can be useful for hydrogen storage applications, especially
in mobile applications. Moreover, the modelling principle, as well as the fundamental analysis of the
heat exchanger designs and their performance, can be useful for several engineering applications.
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Nomenclature

CFD Computational fluid dynamics

ETC Effective thermal conductivity

HCHE Helical coil heat exchanger

HSC Hydrogen storage capacity

HTC Heat transfer coefficient

HTF Heat transfer fluid

MH Metal hydride

MHHS Metal hydride hydrogen storage system

ML Machine learning

PCM Phase change material

SCHE Semi-cylindrical coil heat exchanger

SCHE-CR Semi-cylindrical coil heat exchanger with central return tube

A Velocity of mushy zone, kg m3 s™!

Cq Absorption rate constant, s

Cq Desorption rate constant, s

Cp Specific heat, J kg K!
X o .

?3_t Hydrogen kinetic reaction

E, Activation energy for absorption, J mol™!

E, Activation energy for desorption, J mol’!

Gy, Generation of turbulent kinetic energy due to mean velocity gradients

G Generation of turbulent kinetic energy due to mean velocity gradients
b buoyancy

hg Heat transfer coefficient, W m? K-!

I Turbulent intensity

K Permeability, m?

k, Turbulent kinetic energy

Lpcy Latent heat capacity, J kg™

M Molecular weight, g mol™!

Nu Nusselt number

n Normal vector
P Pressure, Pa

Pr Prandtl number

R Universal gas constant, J K mol!

Re Reynolds number

T Temperature, K

t time, s

U Time-averaged velocity, m s™!

u; Fluctuating velocity, m s™

X Absorbed hydrogen amount, wt%

Xf Maximum absorbed hydrogen amount

v Contribution of the fluctuating dilatation in compressible turbulence to the
M overall dissipation rate

wt Maximum mass content of hydrogen in the metal, wt%

AH Enthalpy of reaction, J mol!

AS Entropy of reaction, J mol™! K!
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Greek Symbols

Greek Symbols

B Thermal expansion coefficient, K™!

€ Porosity

& Turbulent dissipation rate

g, Turbulent Prandtl number for &,

Ok, Turbulent Prandtl number for k,

A Thermal conductivity, W m™ K-!

Aemu Effective thermal conductivity of metal hydride, W m™ K™!

U Dynamic viscosity, Pa s

v Kinematic viscosity, m? s™!

p Density, kg m™

PMH Hydride density, kg m™

Pss,MH Density of saturated metal hydride, kg m™
Subscript

0 Initial or exerting condition

a Ambient or absorption

e Effective

eq Equilibrium

f Fluid or liquid fraction

H, Hydrogen

i Inner or Cartesian coordinate

] Cartesian coordinate

in Inlet

l Liquid

M Metal

ref Reference

s Static or solid
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Chapter 1 — Introduction

1.1 Background

Hydrogen has been proposed as the most promising energy carrier to store renewable energy for both
stationary and mobile applications. Thermal energy storage techniques store hydrogen for the purpose
of producing electricity. The main advantages of hydrogen for energy storage are its characteristics,
portability and its ability to offer high energy capacity per unit mass, which is even higher than fossil
fuels. To meet the demand, large amounts of hydrogen have to be safely stored at a low cost. Refer to
hydrogen storage in stationary applications; these include stationary power generation, on-site storage
for utilisation, and on-site production. Regarding hydrogen storage in mobile applications, these include
hydrogen transportation and vehicle fuel, such as automotive, aerospace, and maritime industries.

Basically, hydrogen energy storage can be classified into three main types, which are compressed gas,
liquid storage, and solid storage/material based. For the first technique, hydrogen is stored by being
compressed into a selected container, such as steel and carbon fibre cylinders. However, the technique
suffers from either low capacity or high cost of the containers. Another point is the heat transfer issue
during the compressing process, which can degrade the composite materials. Liquid storage is also
another type of hydrogen storage. The hydrogen can be stored in a liquid state at ambient temperature.
This technique allows the hydrogen to be stored in a small volume with a volumetric density of
approximately 70.8 kg/m>. In contrast, solid storage can store hydrogen with approximately 70.6 kg/m?
of a volumetric density. Although the amount of hydrogen that can be stored in liquid storage is similar
to that in solid storage, the liquid storage technique usually requires high energy consumption and
operating time for the liquefaction process, which leads to a 40% energy loss. Therefore, storing
hydrogen as a solid is the most efficient technique that has been widely used around the world. Solid
storage includes metal hydrides, complex hydrides, chemical hydrides, and adsorbents. Complex
hydrides and chemical hydrides are primarily used to store hydrogen by absorption. However, the main
problems of these techniques are the lack of reversibility and the complexity of the reaction process to
extract hydrogen. For the absorbents, porous materials will be employed to absorb hydrogen. This
technique provides better thermal management in the charging and discharging processes than another
three techniques, including metal hydride, chemical hydride, and complex hydride. However, this
technique negatively affects the storage capacity when focusing on large-scale commercialisation.

Metal hydride (MH) has recently attracted significant interest as it offers a high hydrogen capacity, low
material cost for storage applications, and high safety performance. The metal hydride hydrogen storage
system (MHHS) has been applied to several applications, such as fuel cells, concentrating solar, thermal
power, and water pumping systems. However, the main disadvantage of this storage is the MH materials
which generally have a low thermal conductivity. This leads to a slow hydrogen kinetic reaction. In
other words, it causes slow hydrogen absorption and desorption, which negatively affects the overall
storage performance. Due to the chemical reaction between the metal hydride and hydrogen injection,
the metal hydride temperature rapidly increases at the initial moment when the hydrogen is first injected
into the storage system. The storage system must be cooled down to control the hydrogen charging flow
at the desired rate with the maximum storage capacity. For the hydrogen desorption process, the metal
hydride temperature rapidly decreases at the initial moment when the hydrogen is first released from
the storage system. The storage system must be heated up to achieve maximum storage performance.
Therefore, the enhancement of thermal performance inside the storage system is the key aspect to
improve the hydrogen kinetic reaction. For the absorption process, the faster heat removal from the
storage system significantly results in a faster hydrogen absorption reaction. For the desorption process,
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faster additional heat supplied to the storage system directly results in a faster hydrogen desorption
reaction.

1.2 Research Aims and Objectives

1.2.1 Research Aims:

The aim of this study is to enhance the thermal performance of the metal hydride hydrogen storage
system by considering the heat exchanger structure under the computational fluid dynamics (CFD)
method. The novel heat exchangers are designed and developed for this purpose.

1.2.2 Research Objectives:
To achieve the aims of this study, the following objectives have been achieved;

i. To enhance the storage thermal performance by proposing the new design of an internal heat
exchanger

ii. To further enhance the thermal performance of the storage and heat exchanger by further
developing the new internal heat exchanger structure from the objective i.

iii. To further enhance the thermal performance of the storage and heat exchanger by combining
the new internal heat exchanger (from objective ii) with the external heat exchanger under an
active thermal management technique

iv. To further enhance the thermal performance of storage and heat exchanger by combining the
new internal heat exchanger (from objective ii) with the external heat exchanger under a passive
thermal management technique

v. To enhance the thermal performance of the storage and heat exchangers by proposing a new
internal heat exchanger design. The effect of pressure losses during the heat transfer fluid
circulating inside the storage is considered.

vi. To identify an appropriate initial value for each operating parameter of the metal hydride
storage system under the new storage configurations and heat exchangers. The operating
parameters include;

- Operating condition of the metal hydride storage system under the activation temperature
and hydrogen pressure

- Operating condition of the heat transfer fluid under the flow rate, initial temperature, and
heat transfer coefficient

1.3 Significance and Innovation

The comprehensive understanding of the heat transfer performance inside the MHHS under the different
configurations and operating conditions is the key factor to analyse and improve the thermal
performance of the MHHS. The various MHHS configurations include the heat exchanger designs, the
initial operating conditions of the MHHS and the heat transfer fluid (HTF) as well as the use of heat
exchanger materials. For this purpose, the investigations of the average bed temperature inside the
MHHS and hydrogen concentration during the hydrogen absorption/desorption process are mainly
considered in the present study. Finally, the prediction of one complete duration for the hydrogen
absorption-desorption cycle is proposed under the use of different heat exchanger designs and other
selected parameters under the MHHS and HTF operating conditions. These new MHHS configurations
would be beneficial for the industrial setting and advancements in hydrogen storage applications.
Regarding hydrogen storage applications, the MHHS can be applied for both stationary and mobile
applications. However, the weight of the overall MHHS is the key factor for mobile applications, while
the hydrogen storage capacity is the key factor for stationary applications. The work from this present
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study is only focused on hydrogen storage for mobile applications, such as vehicle fuel cells. Therefore,
the additional comparison regarding the overall volumetric and gravimetric of the MHHS is analysed
in this study under the new heat exchanger design.

The innovation of this study is to propose new heat exchangers to enhance the MHHS thermal
performance. These new heat exchangers are designed by considering the improvement of their thermal
performance when combined with the MHHS. Moreover, the thermal performance is also improved
when combining these new heat exchangers with other existing heat exchangers. Firstly, the new heat
exchanger, namely the semi-cylindrical coil heat exchanger (SCHE) is first designed and proposed in
this study. This SCHE is developed from the conventional helical coil heat exchanger (HCHE), which
is known as one of the best heat exchanger designs, compared to other heat exchanger types. Secondary,
The SCHE is then further developed to enhance the heat transfer performance by combining itself with
the central return tube (SCHE-CR). Under the combination of heat exchangers, it includes the use of a
cooling jacket, and phase change material (PCM) as the external heat exchanger. To investigate the new
heat exchanger performance when combining with other heat exchangers, the effect of PCM
configuration after combining with the new heat exchanger is comprehensively analysed under the
liquid fraction and average bed temperature of the MH and PCM. To further enhance the thermal
performance, the new PCM configuration, namely the PCM capsule is proposed to combine with the
SCHE-CR. Moreover, the new internal fin, namely the triple-branched fin, is designed and enhanced
its performance for the last study in this thesis. This triple-branched fin is designed to connect with the
straight tube, which contains the HTF. The purpose of this fin design is to minimise the pressure losses
from the HTF during circulation throughout the heat exchanger tube. In general, increasing heat transfer
surface area by using complex heat exchanger structures significantly improves the heat transfer
performance. However, the drawback of these heat exchangers is the huge pressure losses. This can
negatively affect the overall system’s efficiency and cause system failure. To maintain the overall
system/heat exchanger performance, the heat exchange efficiency and pressure drop should be
balanced. In order to enhance the heat transfer rate from the HTF straight tube, the new triple-branched
fin is developed for the last study of this thesis. The effect of pressure losses during the use of the HTF
throughout different complex heat exchanger structures is investigated to ensure that the pressure losses
are minimised before applying the HTF straight tube to the new fin design. Furthermore, the new fin
performance is investigated by comparing it with other conventional fin designs. Lastly, various fin
parameters are considered to improve this new fin efficiency. From the above mentioned, the parametric
study under operating conditions is performed for all studies. This is to ensure that an appropriate initial
value for each operating parameter is selected when having the new heat exchangers and storage
configurations. The more details regarding the work from this study can be seen in Figure 1.1 under
the thesis outline.
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Figure 1.1 Flowchart of the thesis

1.4 Thesis Outline

This thesis contains eight chapters, including the introduction as Chapter 1, the literature review or
review paper as Chapter 2, the methodology, which is applied to all main research papers, as Chapter
3, and the conclusion of all works as Chapter 8. The main research papers are divided into two main
parts, which can be seen in Figure 1.1. Chapter 4 and Chapter 5 are the first two research papers that
mainly focus on the hydrogen absorption process under the use of new heat exchangers (SCHE and
SCHE-CR). The following Chapter 6 and Chapter 7 are the third and fourth research papers which
mainly focus on the complete process of the hydrogen absorption-desorption cycle under the use of the
new heat exchangers (SCHE, SCHE-CR, PCM capsule, and triple-branched fin).

The detailed framework of this present study is presented in Figure 1.2. The computational fluid
dynamics (CFD) is applied to analyse the heat transfer performance and achieve the research aim for
all main research papers. Under the pre-processing, SolidWorks software is used to generate the 3D
models for all research papers. ANSYS Meshing is used to perform the grid refinement test. For the
solver based on numerical simulation, ANSY'S Fluent is used to simulate and work to fulfil the research
aim and objectives. The hydrogen kinetic reaction for hydrogen absorption and desorption processes is
the key parameter for the CFD simulation. The energy model is used for the convection heat transfer
between the heat transfer fluid (HTF) and metal hydride (MH) bed. The viscous model with turbulent
flow under transient conditions is used for the HTF. The main purpose is to cool down the MHHS
during the hydrogen absorption process and to heat up the MHHS during the hydrogen desorption
process. Under the post-processing, all selected models are validated against the experimental works
from available literature before starting the new simulation of the new works for this study. The model
validation can be found under the “Chapter 3 — Methodology” section.
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Chapter 2 — Literature Review: A Review on
the Overall Performance of Metal Hydride-

based Hydrogen Storage Systems

Review Paper: Larpruenrudee, P., Bennett, N.S., Luo, Z., Hossain, M.J., Haque, N., Sauret, E., Fitch,
R., Islam, M.S., 2025. A review on overall performance of the metal hydride-based hydrogen storage
systems. Energies, 18, 1291. https://doi.org/10.3390/en18051291. SJR:0.65 [Q1], IF: 3

2.1 Summary

The overall performance of the MHHS is summarised and prepared as the review paper. The thermal
performance of the MHHS can be significantly affected by several aspects, including the MHHS
configuration under the heat exchanger designs, the selection of the MH materials and the HTF, and the
operation parameters. The contents in this section are divided into three main parts, including the metal

hydride materials, heat exchanger design optimisation for thermal management, and operating
conditions. The structure of this work/chapter is as follows;

Metal hydride material: Machine learning techniques for investigation of metal hydride
materials’ properties, Hydrogen storage capacity, Effective thermal conductivity, and Density
and raw cost materials

Heat exchanger design optimisation for thermal management: Design optimisation for active
thermal management method, Design optimisation for passive thermal management method,
Design optimisation based on the combination of various heat exchanger methods, Comparison
between various heat exchanger methods and performances, and Heat transfer fluids
Operating conditions: Initial condition of metal hydride storage under the initial temperature of
the storage and hydrogen loading pressure, Initial condition of the heat transfer fluid under the
initial temperature and fluid flow velocity, Other operating conditions and comparison of the
operating parameters.

From above mentioned, the main research chapters (four research papers) are performed under the
following points

1.

11

iii.

1v.

The MH material, namely Mg,Ni is selected as this material offers a high hydrogen storage
capacity, compared to other MH materials. However, this MH material offers a low thermal
conductivity compared to other MH materials such as LaNis. To solve this problem, the
improvement of the hydrogen kinetic reaction rate is required instead. This can be done by
the enhancement of the heat transfer performance.

The new internal heat exchanger is designed and optimised under various heat exchanger
parameters, such as coil pitch, tube diameter, fin angle, fin height, fin width, etc. The main
consideration is to reduce the hydrogen absorption/desorption duration that is caused by
the improvement of the heat transfer performance due to the new heat exchanger structure.
The combination of various heat exchanger types is proposed to enhance the heat transfer
performance as well as the overall storage performance. This includes the use of an external
heat exchanger, such as a cooling jacket and phase change material, as well as the use of
the new internal heat exchanger.

The appropriate selection of operating conditions under the new heat exchanger designs are
considered as parametric studies to reduce the hydrogen absorption/desorption duration.
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2.2 Abstract

Metal hydride-based hydrogen storage (MHHS) has been used for several applications, including
mobile and stationary applications. In general, the overall MHHS performance for both applications
depends on three main factors, which are appropriate selections of metal hydride material uses, design
configurations of the MHHS based on heat exchanger, and overall operating conditions. However, there
are different specific requirements for these two applications. The weight of the overall MHHS is the
key requirement for mobile applications, while hydrogen storage capacity is the key requirement for
stationary applications. Based on these requirements, several techniques have been recently used to
enhance the MHHS performance by mostly considering the faster hydrogen absorption/desorption
reaction. Considering the metal hydride (MH) materials, the low thermal conductivity of MH materials
significantly impacts the hydrogen absorption/desorption reaction. For this purpose, a comprehensive
understanding of these three main factors and the hydrogen absorption/desorption reaction is critical
and it should be up to date to obtain the suitable MHHS performance for all related applications.
Therefore, this article reviews the key techniques, which are recently been applied for the enhancement
of the MHHS performance. From the review, it has been demonstrated that the design and layout of the
heat exchanger greatly affect the performance of the internal heat exchanger. The initial temperature of
the heat transfer fluid and hydrogen supply pressure are the main parameters to increase the hydrogen
sorption rate and specific heating power. The higher supply pressure results in the improvement of
specific heating power. For the metal hydride material selection under the consideration of mobile
applications and stationary applications, it is important to strike trade-offs between hydrogen storage
capacity, weight, material cost, and effective thermal conductivity.

Keywords: Metal hydride, Hydrogen storage, Hydrogen absorption and desorption, Thermal design,
Heat transfer enhancement, Heat exchanger

2.2.1 Graphical Abstract
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Figure 2.1 Graphical abstract for the review paper
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2.3 Introduction

Thermal energy storage techniques store hydrogen for the purpose of producing electricity. Hydrogen
has been proposed as the most promising energy carrier to store renewable energy for both stationary
and mobile applications. Under hydrogen storage in stationary applications, these include stationary
power generation, on-site storage for utilisation, and on-site storage for production. For hydrogen
storage in mobile applications, these include hydrogen transportation and vehicle fuel, such as
automotive, aerospace, and maritime industries.

The main advantages of hydrogen for energy storage are its characteristics and portability and its ability
to offer high energy capacity per unit mass, which is significantly higher than that of fossil fuels (Tang
et al., 2011). For this purpose, hydrogen energy storage has been applied for both small-scale and large-
scale applications. Focusing on the high demand for hydrogen, underground hydrogen storage is one of
the suitable options as this storage offers a large volume to store hydrogen with several options such as
deep aquifers, salt caverns, depleted deposits of natural gas and oil, and others (Yue et al., 2021).

The recent advancement in subsurface hydrogen farming significantly highlights the importance of
biotic and abiotic processes to convert the indigenous components, gases, and nutrients into hydrogen
(Hassanpouryouzband et al., 2024). To prevent leakage and ensure efficient hydrogen production,
stability of surrounding geological materials is required (Hassanpouryouzband et al., 2025).
Furthermore, clay minerals also can withstand the conditions required for subsurface hydrogen
generation. This greatly supports the development of safe and effective hydrogen production
technologies (Hassanpouryouzband et al., 2025). To meet the demand, large amounts of hydrogen must
be safely stored at low costs.

In general, hydrogen energy storage can be classified into three main types, which are compressed gas,
liquid storage, and solid /material-based storage. For the first method, hydrogen is stored by
compression into a selected container, such as steel and carbon fibre cylinders. Liquid storage is also
another type of hydrogen storage. Using this technique, hydrogen can be stored in a liquid state at
ambient temperature (Dagdougui et al., 2018). Comparing to other storage types, the solid storage
requires less energy consumption and operating time (Colozza 2002). Therefore, storing hydrogen as
a solid is the most efficient technique that has been widely used around the world.

Considering the solid storage, this technique includes metal hydrides, complex hydrides, chemical
hydrides, and adsorbents.

e Complex hydrides and chemical hydrides: These two techniques are primarily used to store
hydrogen by absorption. However, the main problems of these techniques are the lack of
reversibility and the complexity of the reaction process to extract hydrogen (Yue et al., 2021).

e Absorbents: The porous materials will be employed to absorb hydrogen. This technique
provides better thermal management in the charging and discharging processes than another
three techniques, including metal hydride, chemical hydride, and complex hydride (Moradi &
Groth 2019). However, this technique negatively affects the storage capacity when focusing on
large-scale commercialisation (Marnellos et al., 2008).

e Metal hydride: Metal hydride (MH) has recently attracted significant interest as it offers a high
hydrogen capacity, low material cost for storage applications, and high safety performance
(Sakintuna et al., 2007; Jain et al., 2010; Rusman & Dahari 2016).

Figure 2.2 presents the different technologies of hydrogen storage that have been widely used in various
fields.
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Figure 2.2 Different technologies of hydrogen energy storage

Basically, metal hydrides are powders. When metal powders absorb hydrogen to form hydrides, heat is
released. When hydrogen is released from a hydride, heat is absorbed instead. The processes are
provided in Figure 2.3
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Figure 2.3 Absorption and desorption processes of metal hydride; (a) hydrogen absorption process and
(b) hydrogen desorption process

The hydrogen reaction for absorption and desorption is generally expressed as:
= M(solid) + Hy(gas, P) & = MHy(solid) + AH 2.1)

In general, it is the chemical reaction between metal alloys and hydrogen. The hydrogen can be stored
or released from the storage by absorption and desorption processes. This chemical reaction is
reversible as it is the exothermic reaction for hydrogen absorption and the endothermic reaction for
hydrogen desorption (from Equation (2.1)).

The amount of hydrogen (X) that is absorbed and desorbed on a metal surface can be expressed in
weight percentage (Wt%). The rate of this sorption is associated with the kinetic reaction, according to
the following equations.
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For hydrogen absorption (Chung & Lin 2009),

ax ~Ea Pp,—Pe

ar . a’ exp< RT) ) (H;qu) " (Xmax — X) (2.2)
where C, denotes the absorption rate constant and E, refers to the activation energy for hydrogen
absorption. Py, is the hydrogen supply pressure. Xp,q is the maximum amount of hydrogen which is

considered as 1 for the full amount of hydrogen reaction fraction. X refers to the current amount of
hydrogen in reaction fraction term ranges from 0-1.

For hydrogen desorption (Chung & Lin 2009),

X_c,- exp(%) : (PHZ_Peq> - (X) (2.3)

at Peq

where C, is the desorption rate constant and Ej is the activation energy for hydrogen desorption.

The equilibrium pressure (P, ) inside the MH storage for absorption and desorption can be determined
by using Van’t Hoff equation as (Wu et al., 2014):

I Fee — AH _AS

Pref RT R 2.4)

where Pp.f is the reference pressure. AH and AS are the enthalpy of reaction and entropy of reaction,
respectively. R refers to the universal gas constant.

The hydrogen reaction kinetics (refer to Equation (2.2) and Equation (2.3)) are mainly influenced by
the heat transfer rate inside the storage system as the limitation of MH performance is the slow reaction
kinetics to absorb and desorb the hydrogen due to a low thermal conductivity of MH material (Zhao et
al., 2020). This mainly affects the overall metal hydride-based hydrogen storage (MHHS) performance.
Therefore, the design optimisation of MHHS under various techniques has been considered for the
improvement of MHHS performance.

One of the most effective methods to enhance the overall MHHS performance is appropriate thermal
management to control the hydrogen flow rate during absorption and desorption (Nguyen & Shabani
2022). This significantly improves the hydrogen reaction kinetics. A faster MH bed temperature
reduction leads to faster hydrogen absorption. In contrast, a higher MH bed temperature is required for
the hydrogen desorption process. The enhancement of heat transfer performance techniques has been
used to fulfil this limitation based on the design and optimisation of heat exchangers. Not only the
development of these heat exchangers, but the overall MHHS performance is also affected by other
factors. In general, the overall MHHS performance for each specific application is depended on the
three main factors. Appropriately selecting the overall operating conditions, material uses, and design
configurations of the MHHS based on heat exchangers are essential requirements as these factors can
positively or negatively affect the overall system performance, such as the volumetric and gravimetric
properties of the storage system and the hydrogen reaction kinetic.

Considering the storage applications, there are different requirements of the MHHS configurations
between the MHHS for mobile applications and the MHHS for stationary applications. The weight of
the overall MHHS is the key factor for mobile applications, while the hydrogen storage capacity is the
key factor for the MHHS in stationary applications. However, both storage applications also require the
superior hydrogen reaction kinetics to store and release the hydrogen when its needed. For these
purposes, the comprehensive understanding of these three factors (operating condition, material uses,
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and heat exchanger design configurations) and hydrogen reaction kinetic on the overall MHHS
performance for both mobile and stationary applications should be prioritised and up to date. Therefore,
the main objective of this paper is to review the current trends in the use of MH materials, heat
exchanger design configurations, as well as the selected parameters for operating conditions by
considering the effect of these factors on the hydrogen reaction kinetics under the overall requirement
of the MHHS for both mobile and stationary applications. The MH materials are reviewed under heat
transfer performance, cost, density, and their effect on the overall MHHS performance for both mobile
and stationary applications. The design and optimisation of heat exchangers, choice of heat transfer
fluids (HTF), and operation parameters are considered as the key techniques to improve the reaction
kinetic, resulting in the enhancement of the overall MHHS performance. The heat exchanger
configurations based on thermal management methods, including active and passive methods, are
considered in this article under both inner and outer heat exchanger structures that affect the hydrogen
absorption/desorption reaction and overall volumetric/gravimetric of the MHHS. In addition, the
operating conditions for the MHHS and the HTF are analysed by focusing on the hydrogen
absorption/desorption duration and its improvement under the different MHHS configurations.

2.4 Metal Hydride Materials

The main component of MHHS is the MH material. An appropriate selection of MH material is one of
the most important parameters that can significantly impact overall MHHS performance for both mobile
and stationary applications. Difference metal alloys will have different thermos-physical properties that
will influence the hydrogen absorption/desorption, storage capacity, etc. The metal alloys should offer
high hydrogen storage capacity and high thermal conductivity, fast reaction kinetic, short refuelling
time, low cost, easy availability and high cyclic stability (Muthukumar et al., 2018). The low
gravimetric density of MH material is important for automobile applications as the size of MHHS and
vehicle must be suitable to provide an appropriate driving range. In contrast, the high volumetric density
of MH is required for stationary applications as the weight of the overall storage system will not affect
the storage efficiency (Rahnama et al., 2019a). This section summarises the main characteristics of MH
materials that affect the overall MHHS performance for both mobile and stationary applications. These
include the hydrogen storage capacity, effective thermal conductivity, density and raw cost materials.
Under the MH material sections, several techniques have been widely used to study MH materials and
their properties such as experimental work and numerical work based on the computational fluid
dynamics (CFD) method and machine learning method.

2.4.1 Machine Learning Techniques for Investigation of Metal Hydride Materials’ Properties

In general, machine learning (ML) is used to predict future outcomes based on previous data which can
be from different sources such as the CFD method and experimental works (Mocanu et al., 2016;
Hameed et al., 2022). A large dataset is the first requirement for training of ML technique. Then, the
appropriate selection of related parameters (descriptors) is the key factor for the ML algorithm to
efficiently learn from previous data and then predict an accurate outcome (Hirscher et al., 2020). Some
studies also used ML to analyse and predict the thermal performance of pin fin heat exchangers by
considering several related parameters. These included the fin space, thickness, material, and
conductive heat transfer coefficient (Krishnayatra et al., 2020; Kim et al., 2022; Ostanek 2014;
Balachandar et al., 2015; Beigzadeh et al., 2016; Lee et al., 2021). For the development of hydrogen
technologies, ML has been used to predict the results in various applications, including hydrogen
production (Yu et al., 2021; Vo et al., 2021), hydrogen storage (Jian et al., 2021; Witman et al., 2020),
and hydrogen conversion in fuel cells (Sun et al., 2021; Guarino et al., 2021). In recent years, ML has
been well-known as a useful method for analysing MH databases to classify the materials’ uses and
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their properties as these factors play an important role in the requirement of MHHS properties (Suwarno
et al., 2022).

Several models for ML methods have been applied to hydrogen applications, especially to the MHHS.
The study by Rahnama et al. (2019b) employed ML to predict the hydrogen storage capacity in weight
percentage and identify the most conducive MH material for the use of efficient way for fuel cell
application. The database based on more than 1600 references was collected from the International
Energy Agency Hydrogen Implementing Agreement that was funded by the U.S. Department of Energy
(https://www.energy.gov/eere/fuelcells/databases). The MH classes from the database included Mg
alloys (373 samples), complex hydrides (234 samples), solid solution alloys (263 samples), AB (179
samples), A,B (140 samples), AB, (625 samples), ABs (477 samples), and Misc intermetallic
compounds (431 samples). For hydrogen weight percentage, the correlations were made based on the
relationship between the hydrogen weight percentage, temperature, heat formation, material class,
composition formulas, and pressure. The results from these studies proved that the ML-boosted decision
tree algorithm obtained the best performance with a 0.83 of coefficient of determination compared to
other models, including the Bayesian linear (0.56), neural network (0.60), and linear regression (0.50).
However, for the classification of materials used by considering the heat of formation and hydrogen
content, the neural network provided a better performance to obtain the hydrogen weight percentage
with a 0.80 accuracy compared to logistic regression (0.47 of accuracy), decision forest (0.60 of
accuracy) and decision jungle algorithms (0.62 of accuracy). Withman et al. (2020) also employed a
similar database to analyse the relationship between the alloys and MH properties. The results from
Withman et al. (2020) found that the molecular volume of alloys is the most important factor for
thermodynamic predictors. This finding also supported the results from other previous studies (Lundin
et al., 1977; Mendelsohn et al., 1979; Reilly et al., 1999). However, the database from HydPARK (refer
to U.S. Department of Energy) contained data from the previous study and only up to 2004. Therefore,
the recent study from Suwarno et al. (2022) was based on the database of AB»-based MH classes from
1998 to 2019. The 314 pairs of AB; alloys were taken with their own hydrogen storage properties,
including heat formation, phase abundance, and hydrogen storage capacity. This study proved that Ni,
Cr, and Mn significantly affected the hydrogen properties, while only the Cr element significantly
influenced the phase fraction (refer to phase abundance). The uses of ML for MH properties’ prediction
and its accuracy outcome are summarised in Figure 2.4 and Table 2.1.

Step 1 Step 2 Step 3
Input: Algorithm Development and Hvd tOulput: } £
Metal Alloy Properties Training ¥ m%ﬁ:la: ;iﬁ:;igzalg)(w 0)
(From previous data existing) (ML analysis)

Phase abundance

Figure 2.4 Machine learning techniques for metal hydride properties’ prediction

Table 2.1 Comparison of a coefficient of determination (R?) between various machine learning
algorithms for different parameters of AB»-based MH properties

Coefficient of determination (R?)

ML algorithms Hydrogen storage Phase Heat Reference
capacity (in wt%) abundance formation
Multivariate regression 0.667 0.448 0.367
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Decision tree 0.498 0.785 0.346 Suwarno et al.,

Random forest 0.688 0.832 0.647 2022

Boosted decision tree regression 0.830 - -

Baysian linear regression 0.569 - - Rahnama et al.,
Neural network regression 0.608 - - 2019a, b
Linear regression 0.502 - -

Note: It should be noted that the investigation of these factors is based on the actual dataset of hydrogen
weight percentage, heat formation, operating temperature and pressure.

It can be seen that the accuracy of predicted results is usually based on the selection of the ML algorithm.
An appropriate selection of ML algorithms is required to obtain accurate results. However, the ML
techniques are currently applied for the study of MH materials’ properties only. From these studies,
hydrogen storage capacity, phase abundance, and heat formation are only considered under the AB»-
based MH materials. Furthermore, the maximum hydrogen storage capacity under these studies is still
less than 0.9 wt%.

2.4.2 Hydrogen Storage Capacity

According to the target of the American Department of Energy (DOE), the hydrogen storage capacity
(HSC) for commercialisation is expected at 6.5 wt% with a low decomposition temperature ranging
from 60-120 °C. However, this target has still not been achieved as the metal alloys with the low
operating temperature usually obtain a low HSC of less than 2 wt%. In contrast, metal alloys with high
HSC usually require a high operating temperature to activate the system. Table 2.2 summarises the
operating condition ranges and the HSC of some commonly used metal alloys.

Table 2.2 Operating conditions and hydrogen capacity (wt%) of some commonly used metal alloys

Metal alloy Operating Operating pressure Hydrogen Reference
temperature (K) (MPa) capacity (wt%)
LaNis 293 2.00 0.25 Aoyagi et al., 1995
0-373 5.00 1.44 Corre et al., 1998
285 0.1 1.37 Principi et al., 2009
LaNis7Alos 193-413 0.00-6.00 1.43 Hahne & Kallweit
1998
Mg:Ni 573 2.90 3.20 Singh et al., 1995
573 1.16 3.50 Zaluski et al., 1995
553 0.10-0.20 3.53 Abdellaoui 1998;
553 0.10-1.50 4.10 Abdellaoui 2006
528 0.1 3.59 Vija et al., 2005
Principi et al., 2009
MmNi4sAlos 298 0.38 1.2 Muthukumar et al.,
2018
NaAl 353-453 7.60-9.10 5.00 Zaluski et al., 1995
Ti1aCrMn 293 33 1.80 Kojima et al., 2006
TiFe 298 0.41 1.86 Muthukumar et al.,
2018
TiMnu.s 298 0.84 1.9 Muthukumar et al.,
2018

Several metal alloys have been developed to improve storage performance. Light metals, such as Li,
Be, Na, Mg, B, and Al, are mainly used to form a large variety of MH compounds. Metal alloys can be
classified into two main types: complex hydrides and intermetallic compounds. Complex hydrides are
lightweight storage materials. Among other elements, sodium (Na), lithium (Li), and beryllium (Be) are
the three elements that are lighter than magnesium and can be used as MH materials (Sakintuna et al.,
2007). Sodium aluminium or NaAl-based alloys are one of the considerable choices as they obtain a
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high HSC, which is up to 5 wt%. However, the limitations of complex hydrides are kinetic and
thermodynamic. Intermetallic compounds are widely used as MH materials as these alloys only require
low temperature and pressure ranges for system activation that is close to ambient temperature (293 K
or 20 °C) and pressure. Normally, these compounds are determined based on their crystal structures,
such as AB,, ABs, and Ti-based body-centred cubic. Among intermetallic compounds, lanthanum
nickel or LaNis-based alloys are the most popular alloys which have been recently used for several
applications. However, the main problem of these alloys is the HSC with around 1.4 wt% at the
maximum. The LaNis-based alloys and the storage capacity of other intermetallic compounds is also
less than 2 wt%. Magnesium hydride is well known as a lightweight material for solid-state storage
applications with a high storage capacity of 7.6 wt% (Rusman & Dahari 2016; Aburto & Orgaz 2007;
Shao et al., 2008). However, it has slow kinetics and requires high temperature ranges for absorption
and desorption. Therefore, several magnesium-based or Mg-based alloys have been developed for
storage applications. The advantages of these alloys are a high storage capacity, excellent heat resistivity
and good recyclability (Rusman & Dahari 2016; Liang 2004). Among several Mg-based alloys,
magnesium-nickel alloys (Mg;Ni) have received much more attention as they provide a considerable
HSC of up to 6 wt% and faster reaction kinetics for hydrogen sorption compared to magnesium hydride
(Friedlmeier et al., 1996). However, these alloys still require a high-temperature range to activate the
system at around 523-603 K or 250-330 °C.

2.4.3 Effective Thermal Conductivity

Effective thermal conductivity (ETC) is the main parameter that directly affects the heat and mass
transfer performance within the MH beds. In general, the main problem of the MHHS is the low ETC
(between 0.1 W/mK and 1.5 W/mK) which leads to the slow heat transfer rate. This problem will
negatively affect hydrogen absorption and desorption. The operating conditions and ETC of some
commonly used metal alloys are provided in Table 2.3.

Table 2.3 Operating conditions and effective thermal conductivity of some commonly used metal alloys

Metal alloy Operating Operating Effective thermal Reference
temperature (K) pressure (MPa) conductivity (W/mK)
LaNis 293-333 0-1.0 0.1-1.5 Pons et al., 1993;

Pons et al., 1994,
Ponetal., 1991

LaNis.7Alos 253-413 0.0-6.0 0.1-1.1 Hahne & Kallweit
1998

Mg:Ni 308-473 0.1-4.0 0.35-0.75 Ishido et al., 1982

373 0.2-4.5 0.66-0.83 Suissa et al., 1984
MINi¢sMnos  313-333 0.1-3.0 0.7-1.3 Sun & Deng 1990
MmNissAlos  273-373 0-5.0 0.1-1.2 Kumar et al., 2011
MmNisFe 273 0.2-4.5 0.8-1.05 Suissa et al., 1984
NaAl 303-473 0-5.0 0.25-1.2 Christopher 2006;

Dedrick et al., 2005;
Ahluwalia 2007

Ti1a1CrMn 293-300 0.3-25.3 0.3-0.7 Flueckiger et al.,
2010

TiFe 298 - 1.49 Goodell 1980

TiFeossMnoas 273-373 0-5.5 0.1-1.5 Kempf & Martin
1986

TiMnu.s 294,311 0.1-5.0 0.2-1.3 Suda et al., 1980;

Suda et al., 1981

From Table 2.3, the maximum ETC from intermetallic compounds and complex hydrides (such as
LaNis and Ti-based alloys) is over 1 W/mK, while the maximum ETC from the magnesium-nickel-
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based alloys (Mg:Ni) is less than 1 W/mK. However, most of them require a high operating temperature
(over 333 K or 60 °C) to achieve the maximum ETC, except LaNis, MINi4sAlos, MmNisFe, and TiFe
alloys. Similarly, most metal alloys also require a high operating pressure to reach the maximum ETC,
except LaNis alloy. The operating pressure range varies, but it is at least 0-3 MPa for most of them,
except LaNis alloy, which requires only 0-1 MPa.

2.4.4 Density and Raw Cost Materials

The material’s weight and raw cost materials are the main parameters for on-board hydrogen storage.
The magnesium-based alloys are well-known as lightweight and low-cost materials compared to other
alloys. The summary of density and raw cost materials from some commonly used metal alloys are
presented in Figure 2.5 and Figure 2.6, respectively. From Figure 2.5, the density of MgNi alloy is
lower than other alloys as there is only 3.6 g/cc, while the density of Ti-based alloy is over 6.4 g/cc.
The density of mischmetal (Mm) alloys is over 8.1 g/cc, which is similar to LaNis with 8.3 g/cc of
density. However, the lanthanum-nickel alloys based on LaNis;Alg3 has 7.6 g/cc of density.
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Figure 2.5 Comparison of density between some commonly used metal alloys (Sandrock 1999)

From available literature, the lanthanum-nickel-based alloys have the highest cost, which is over 9 $/kg.
Therefore, the cheaper element mixture mischmetal (Mm) was used instead of lanthanum in LaNis alloy
(Sandrock 1979). The raw cost reduces from 9 $/kg to 7 $/kg when using Mm-based alloy instead of
La-based alloy. However, it is still higher than other alloys, especially the Mg-based and Ti-based
alloys. The raw cost of Ti-based alloys is lower than other alloys as it is less than 5 $/kg, while the raw
cost of Mg:Ni alloy is 6.26 $/kg. It should be noted that the raw material cost from the available
literature in this article is from 1996. The cost of raw materials might be higher in the present.
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Figure 2.6 Comparison of raw materials cost between some commonly used metal alloys (price basis:
mid-1996) (Sandrock 1999; Chandra et al., 2011; Sandrock et al., 1997; Reilly & Wiswall 1972)

From these comparisons (refer to sections 2.2 to 2.4), magnesium-based metal alloys mostly have a
high HSC, lightweight, and low cost, but they have a low ETC. Intermetallic compounds, such as
lanthanum nickel-based and titanium-based alloys, usually have a low HSC but they have a high ETC.
Mischmetal-based alloys have a lower density and cost among intermetallic compounds than lanthanum
nickel-based alloys. However, these alloys' density and raw material cost are still higher than titanium-
based alloys.

Focusing on the MH material, the low-cost MH material is also important for eco-nomic purposes. Most
MH materials, which offer a high HSC and being lightweight, usually have a low ETC. In contrast,
most MH materials, which have a high ETC, usually have a heavy weight and low HSC. Therefore, the
HSC and cost should be optimised, while the ETC should be enhanced for the MH materials. A low
ETC negatively affects the hydrogen reaction kinetics, resulting in a decrease in the overall MHHS
performance. Considering the specific requirements of both small and large-scale MHHS applications,
the magnesi-um-based metal alloys seem to be the most suitable MH material for both applications. As
these alloys offer a lightweight for compact MHHS applications, and a high HSC for large-scale MHHS
applications. However, the slow hydrogen reaction kinetic rate due to the low ETC is the main problem
of these alloys. One of the most effective ways to improve the hydrogen reaction kinetic rate is the
enhancement of the heat transfer performance inside the MHHS. This can be done by the design and
optimisation of the heat exchanger configurations. Furthermore, the heat exchanger configurations
should be designed with consideration of volumetric and gravimetric parameters of the overall MHHS.

2.5 Heat Exchanger Design Optimisation for Thermal Management

The heat exchanger configuration is one of the key factors to improve the MHHS performance, as it
significantly improves the heat transfer performance inside the storage system. Among MHHS studies
from the 90s and before 2020, 40% focused on experimental studies, while the rest focused on numerical
studies (Sreeraj et al., 2022). Most recent works from 2020 still employed numerical simulation to
perform their studies by considering the design optimisation of the heat exchanger configurations.
Therefore, several heat exchanger configurations have been designed and optimised based on numerical
simulations, especially the computational fluid dynamics (CFD) method.

Several designs for heat exchangers have been proposed and optimised for thermal management in
active and passive methods. The improvement of heat transfer performance based on various heat
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exchanger types leads to the enhancement of hydrogen reaction kinetic, resulting in the enhancement
of the overall MHHS performance. This section summarises the heat exchanger types under the active
and passive methods that have been used for the MHHS on a small scale and large scale. The active
heat exchanger design optimisations of the MHHS include an internal and external heat exchanger, such
as a cooling/heating tube and cooling/heating jacket. The schematic diagram of MHHS with external
and internal heat exchangers is provided in Figure 2.7. For both techniques, the HTF and hydrogen are
injected from opposite directions during the absorption process as this will increase the heat transfer
rate compared to the case with the same direction. The HTF is injected from the bottom part, while the
hydrogen is injected from the top surface of the reactor. For the external heat exchanger based on the
cooling jacket, there is heat transfer between the outer MH bed as this area is directly close to the HTF
which covers around the MHHS. The MHHS will be cooled down starting from the outer MH bed area
first. However, the MHHS will be cooled down starting from the inner MH bed area first when having
the internal heat exchanger inside the system. For the desorption process, the hydrogen is released from
the top surface with the heating fluid to supply the required heat instead. Considering the passive
thermal management method, the passive heat exchanger design optimisations include inner/outer fins
and phase change materials (PCM) (Mazzucco et al., 2014). The schematic diagram of MHHS with
these heat exchangers under this method is provided in Figure 2.8. From this figure, the PCM is used
to cover the MH bed as the external heat exchanger. There is the heat transfer between these two parts.
The PCM directly absorbs the heat from the MH bed during the hydrogen absorption and releases the
heat during the hydrogen desorption. To improve the heat transfer rate, the metal fins are integrated
with the PCM and MH bed. The heat is then transferred from the MH bed to the metal fin as well as
from the metal fin to PCM. The comparison of heat exchangers’ performance in regard to the hydrogen
sorption and heat transfer as well as reduction in volumetric and gravimetric parameters of the overall
MHHS is provided in “2.5.4”.

HTF Outlet H, HTF Outlet HTF Outlet

[ 1111 L] -

[ ] M = Metal Tydride
[ HTF = Heat Transfer Fluid
MH I Direction of HTF MH
l Direction of Hydrogen (H>)
=) Heat Transfer
(between MH and HTF)

HTF Inlet I I HTF Inlet

External Heat Exchanger Internal Heat Exchanger

Figure 2.7 Schematic diagram of metal hydride storage system with external and internal heat
exchangers for active thermal management technique
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Figure 2.8 Schematic diagram of metal hydride storage system with external and internal heat
exchangers for passive thermal management method.

2.5.1 Design Optimisation for Active Thermal Management Method

The active thermal management method requires external power to control the heat transfer rate. This
method uses the HTF, such as air or water, to remove the heat during the hydrogen absorption and
provide the heat during the hydrogen desorption. The main advantages of the active method are the
ability to control the temperature of the storage system and faster heat removal/addition than the passive
method. There are two main types of heat exchanger configurations for the active method, which are
external and internal heat exchangers.

- External Heat Exchanger

The cooling/heating fluid is used as an external heat exchanger to cover the outer wall of the MH bed.
Figure 2.9 presents an example of this heat exchanger design.

e Cooling/heating jacket

MH

Cooling/Heating Jacket

Figure 2.9 Examples of an external heat exchanger design

The reactor with the cooling jacket is widely used because of having simple structure and better heat
transfer performance (Chung & Ho 2009; Valizadeh et al., 2016; Wang et al., 2009; Nam et al., 2012;
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Yoo et al., 2014; Patil & Gopal 2013; Urunkar & Patil 2021; Yiotis et al., 2015). From the study of
Chung & Ho (2009), the expansion volume was used instead of porous media and located on the top of
the MH bed, which was covered by water as a heating/cooling fluid. This study found that thermal
resistance was increased by having an expansion volume inside the storage system. The two-
dimensional MHHS with a cooling jacket was proposed by Patil & Gopal (2013). They found that
supply pressure and initial HTF temperature affected hydrogen sorption rates. For the fuel cell
application, the poor thermal conductivity of the MH powder is the main problem for the high electrical
power ratings of this application (Yiotis et al., 2015). Although this technique is widely used due to the
simple structure, the heat transfer areas are only nearly the outer wall of the MH bed which is connected
to the cooling jacket. Therefore, this technique is usually combined with other internal heat exchanger
techniques to increase the heat transfer performance. The comparison between these heat exchangers
and their performance is provided in Sections “2.5.3” and “2.5.4”.

e Tube coil

Moreover, an external tube coil was developed for a hydrogen storage canister with hot water as the
HTF (Hwang & Chang 2012). The hydrogen discharge rate was improved due to the hot water that was
circulated around the LaNis MH tank. Weiss-Ungethum et al. (2014) performed an experimental study
to investigate the effect of liquid cooling on the fuel cell stack by considering the various origins of heat
loss. The three inner tubes were used to contain the NaAlH4 material as MH powders covering the
external helical coil tube. Their study indicated that the amount of heat loss that was rejected from the
stack throughout the cooling fluid slightly exceeded the heat demand for the hydrogen discharging
process. Therefore, comprehensive studies are required to design and optimise this heat exchanger for
further improvement.

Although using an external heat exchanger also significantly increases the heat transfer rate, this only
applies to the outer wall of the MH bed which directly contacts the external heat exchanger wall.
Therefore, various internal heat exchangers are developed for better heat transfer distribution inside the
MH bed’s purpose.

- Internal Heat Exchanger

The heat transfer surface area is generally increased by inserting the heat exchanger inside the MHHS,
which increases the heat and mass transfer mechanisms (Wu et al., 2016). Several studies have
optimised the heat exchanger performance by considering the development of multiple internal heat
exchanger configurations to transfer cooling/heating fluid inside the MHHS. These include straight
tubes, U-shape tube, mini-channel tubes, helical coil/spiral tubes, and semi-cylindrical coils. Figure
2.10 presents examples of different internal heat exchangers.

MH
Metal Hydride Hydrogen tube
¥ ud wr-t:‘f\ Q/Av/./ 1
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Cooling * Heat exchange tube
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Figure 2.10 Examples of various internal heat exchanger designs; (a) Straight tube, (b) U-shape tube,
(c) Mini-channel tubes (Wang et al., 2019), (d) Helical coil, and (e) Semi-cylindrical coil.

e Cooling/heating tube

The reactor is equipped with an internal straight-tube heat exchanger for the HTF (Anbarasu et al.,
2014a; Bao et al., 2013a; Mellouli et al., 2009; Raju & Kumar 2011; Hardy & Anton 2009; Bhouri et
al., 2015; Mohan et al., 2007; Kumar et al., 2019; Raju et al., 2019a), as presented in Figure 2.10a. The
HTF will act as a cooling/heating fluid to transfer generated heat or supply the required heat inside the
MH bed during the hydrogen absorption or desorption. The straight tube was embedded inside the LaNis
MH storage based on the combination of aluminium foam and hydride (Mellouli et al., 2009). This
study proved that using a metal foam exchanger and a concentric heat exchanger tube improved heat
transfer performance, resulting in a 60% improvement in absorption duration. The absorption duration
decreased when using several straight tubes as the internal heat exchanger (Raju & Kumar 2011).
Multiple heat exchanger tubes were used for the heat transfer investigation during the hydrogen sorption
by employing a hierarchical methodology (Hardy & Anton 2009). The combination of two materials
(LaNis3Alo4Mng3 and Li-Mg-N-H) was used and filled inside the reactor by Bhouri et al. (2015). The
design optimisation for the number and thickness of tubes was evaluated under the absorption process.
However, the study by Mohan et al. (2007) proved that the thickness of several heat exchanger tubes
had a minor effect on the absorption and desorption time. Using several HTF tubes greatly influenced
the MHHS rather than the HTF flow rate (Kumar et al., 2019; Raju et al., 2019a). However, more
uniform heat transfer distributions are still required from this technique. Therefore, the other complex
HTF structures have been performed to fulfil this requirement.

e U-shaped tube
Some researchers developed a U-shaped tube to increase the heat transfer area when it was inserted
inside the tank. An example of this design can be seen in Figure 2.10b. A U-shape tube incorporated
with radial circular copper fins was placed inside LaNis MH storage (Singh et al., 2017a, b; Singh et al.,
2015). Water was used as the HTF and also used to reduce the MH bed temperature during the
absorption process. This study proved that the improvement of hydrogen charging time significantly
depended on the number of fins, the thickness of fins, and the diameter of the heat exchanger tube. For
the hydrogen absorption of 12 g, the absorption was reduced by 48% when increased the number of fins
from 4 to 13. Increasing the diameter of the heat exchanger tube from 3.4 mm to 5.4 mm reduced the
absorption time by 27.6%. Increasing the fin thickness from 0.5 mm to 1.5 mm also improved the
absorption duration. However, these studies found that increasing the number of fins from 13 to 34 and
reducing the fin thickness and pitch instead, resulting in a 32% reduction of absorption time compared
to the case with 13 fins. The ratio of fins’ numbers, pitch, and thickness was calculated under the
constant volume of fins. The MHHS with a U-shape tube should be incorporated with 34 radial circular
fins with a pitch of 3.83 mm and a thickness of 0.19 mm. Therefore, under the constant volume of fins,
the number of fins is the key parameter to improve the heat transfer performance inside the MHHS.
Recently, Yang et al. (2025) performed a numerical study to further improve the heat transfer and
reaction rate performances. They combined the U-shape tube with radial circular fins and additional
bottom curved fins. The results from these combinations proved that the heat transfer performance
significantly improved especially around the bend section of the U-shape tube due to the additional
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bottom curved fins. The absorption rate significantly improved by 50% compared to the case without
additional bottom-curved fins.

e Mini-channel tubes

The mini-channel tubes, were designed as shown in Figure 2.10c. This technique contains multiple
straight tubes (with a small diameter of 2-4 mm) inside the reactor for the HTF. The MH reactor, with
the addition of mini-channel tubes based on the spiral tube design, was designed by Li et al. (2015).
This study found that increasing the radius of the spiral tube resulted in a faster reaction rate due to an
increase in heat transfer surface area. Meng et al. (2013) performed both numerical and experimental
studies on the LaNis-based storage system based on multi-straight tubes. The comparison between
various parameters, such as the number of straight tubes, hydrogen supply and discharge pressures, was
performed. The results from this study indicated that the new reactor configuration improved the
reaction rate for absorption and desorption processes compared to the traditional MHHS. The slim
radiation tubes were designed for the HTF (Wang et al., 2019; Wang et al., 2021). All radial heat
exchange tubes were designed to connect to the cooling jacket around the MH bed. The MHHS with a
radiation tube was compared to other reactors with different configurations, such as straight and spiral
tubes. The numerical results from their study indicated that using a radiation tube as a heat exchanger
provided the best MHHS performance compared to other configurations. This was because of an
increase in heat transfer surface area, resulting in having more uniform temperature distributions inside
the MHHS.

e Spiral/helical coil tube

Figure 2.10d provides an example of the spiral/helical coil tube. From this design, the secondary
circulations of the coil tube significantly increase the heat transfer rate inside the MHHS as it offers
more heat transfer surface area between the MH and the HTF compared to straight tubes (Wu et al.,
2014; Fernandez et al., 2018). Furthermore, it also generates the turbulence flow of the HTF during
circulation along the HTF tube (Raju et al., 2012). The more uniform temperature distribution inside
the MHHS is the key factor for heat transfer enhancement by this technique (Fernandez et al., 2018). A
higher heat transfer coefficient was found in this method as well as it was easier to manufacture (Shafiee
& McCay 2016). Under the constant HTF tube volume, the hydrogen absorption duration was improved
by 34.6% when using the spiral coil tube compared to the case with a straight tube (Wang et al., 2019).
Improving the absorption reaction by increasing the heat transfer coefficient was confirmed by Wang
et al. (2012). Mellouli et al. (2007) studied the effect of a spiral tube heat exchanger on the hydrogen
absorption time when embedded in the MHHS. The inlet and outlet of this tube were designed to have
the same direction to increase the tube length. Around the coolant tube, there was a faster hydrating
reaction rate (Bhogilla 2017). Reduction in coolant temperature resulted in faster hydrogen filling times
(Visaria & Mudawar 2012a, b). A helical coil tube was used to circulate the supercritical water to heat
the MHHS during the desorption instead of the electrical system (Dong et al., 2017). The HTF’s thermal
diffusion technique was studied and applied by using the superheated water for the MHHS with a helical
coil tube (Mathew et al., 2021). This study proved that thermal conductivity in MH has less effect on
the performance of the MHHS. The helical coil’s characteristics also play a significant role in the
enhancement of the heat transfer mechanism in the MHHS (Tiwari & Sharma 2021). These include a
smaller ratio of helical pitch to the helical diameter and non-dimensional pitch (Wu et al., 2014),
increasing the number of flat spiral tube planes (Ardahaie et al., 2021), a lower pitch of the helical coil
and a higher coil diameter (Eisapour et al., 2021a). Moreover, using the duplex helical elliptical tube
(Wang et al., 2020) and a helical coil with a central return tube (Eisapour et al., 2021a) greatly increased
the heat removal rate between the HTF and MH bed. However, it should be noted that the helical coil
characteristics and their ratio are based on the MHHS scale.

e Semi-cylindrical coil tube
A semi-cylindrical coil tube from Figure 2.10e was developed from the helical coil tube to enhance the
heat transfer rate (Larpruenrudee et al., 2022a). Two semi-cylindrical coil tubes were embedded inside
the MHHS as internal heat exchangers. Due to the better heat transfer surface area arrangement of these
heat exchangers, which resulted in having more uniform temperature distribution, the average bed
temperature of the MHHS reduced faster than the case with conventional helical coil tube. Under
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constant volume of MH bed and HTF tube, the absorption duration significantly reduced by 59%
compared to the storage with helical coil case. Moreover, the semi-cylindrical coil tube also obtained a
higher turbulence level of the HTF than the helical coil tube, resulting in faster heat removal
(Larpruenrudee et al., 2022b). Moreover, when combining the semi-cylindrical coil tube with the central
return tube, the heat transfer performance was greatly improved, resulting in faster hydrogen
absorption/desorption (Larpruenrudee et al., 2023; (Larpruenrudee et al., 2024). The duration of the
absorption-desorption cycle was reduced by 50% when using this heat exchanger, compared to the case
with the helical coil case. There was a 31% reduction in the duration of the absorption-desorption cycle
when using this heat exchanger with a central return tube, compared to the case without this central
return tube.

From the above mentioned, to improve the overall MHHS performance, there are several internal heat
exchanger configurations that have been designed instead of the conventional straight tube. Most recent
studies have been focused on the internal heat exchanger rather than the external heat exchanger. This
might be because the internal heat exchanger offers a higher heat transfer surface area. The enhancement
of heat transfer performance by the internal heat exchanger usually depends on the well arrangement of
the heat exchanger structure, which increases more heat transfer surface area and obtains more uniform
temperature distribution. Furthermore, the complex heat exchanger structure also results in a higher
turbulent flow, which significantly leads to faster heat transfer However, all of these heat exchangers
are obtained using the active thermal management method, which requires additional energy to transfer
the heat. The other heat exchanger designs under the passive technique are provided in the next section.
It is worth mentioning that the comparison between various internal heat exchangers and their
performance can be found in “2.5.4”.

2.5.2 Design Optimisation for Passive Thermal Management Method

Passive thermal management is a method that does not require any additional energy to improve the
heat transfer rate. This method normally uses natural convection, which can be done by adding fins or
phase change materials to the inner or outer surface of the MHHS. This technique usually requires
materials with a high conductivity that leads to an increase in heat transfer surface area. The main
advantages of the passive method are easier implementation and lower cost to produce compared to the
active method. This section provides a summary of the three main types that are usually applied to this
method. These include the metal fins, metal foam, and phase change material (PCM).

- Fins
Using fins as the external or internal heat exchangers is also one of the effective techniques to enhance
the heat transfer performance. The examples of fin heat exchanger designs are provided in Figure 10.
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Figure 2.11 Examples of heat exchanger design and optimisation by using fins; (a) External fins and (b)
Internal fins.

e External fins

Adding metal fins on the outer wall of the MH bed as an external heat exchanger is one of the external
heat exchanger configurations, which can increase the convective heat transfer area. An example of this
design is provided in Figure 2.11a. An experimental study from Andreasen et al. (2013) found that using
axial fins as the external heat exchanger of the MH tank incorporated with internal disk-shaped metal
foils significantly improved heat exchange with the environment. The MH reactor’s performance
mainly depended on the fin and tube arrangements (MacDonald & Rowe 2006). Adding fins
significantly affects the pressure of the hydrogen and the overall heat transfer inside the reactor
(Veerraju & Gopal 2010). The three full cycles of hydrogen sorption (both absorption and desorption)
were achieved in 15 minutes by the case with fins, while there was only one hydrogen desorption for
the case without fins (Veerraju & Gopal 2010). This means that there was an 83% improvement in
hydrogen sorption when using fins compared to the case without fins. Although the sorption times can
be further enhanced by increasing the fins area, this can increase the overall volumetric and gravimetric
of the MHHS. Although external fins can provide a larger heat transfer area, there is only an increase
in heat transfer area outside the MHHS reactor. Therefore, inserting fins inside the reactor as an internal
heat exchanger is another way to improve the MH performance by maintaining natural convection
conditions (Keshari & Maiya 2018; Nyamsi et al., 2012; Keshari & Maiya 2020; Garrison et al., 2012;
Muthukumar et al., 2012).

e Internal fins

Figure 2.11b provides an example of this design. The internal fin arrangement leads to a more uniform
temperature distribution inside the storage system. Therefore, the local thermal conductivity of the MH
bed can be improved because of an increase in the heat transfer area (Muthukumar et al., 2012). Keshari
& Maiya (2018) designed a new heat exchanger by using a copper pin fin for LaNis-based storage. Each
pin fin was designed to attach them at the centre using side-by-side techniques. They concluded that the
number of fins and fin diameter are the key parameters for pin fin heat exchanger design. Increasing
the pin fin diameter and the number of fins increased more heat transfer surface areas, resulting in a
higher heat transfer rate. Krishna et al. (2024b) introduced the fin efficiency technique to optimise the
conventional longitudinal fin performance. This study used the fin performance index to investigate the
fin effect on hydrogen absorption/desorption. From their study under the total fin weight constant, the
configuration with 8 fins obtained the best performance compared to other fin numbers from 4 to 12.
The fin performance index significantly increases from 0.58 to 0.96 when increasing the fin numbers
from 4 to 8. However, the fin performance index only increases from 0.96 to 1.1 when increasing the
fin numbers from 8 to 12.

From this technique, increasing the fin number is the key parameter to improve the heat transfer rate.
However, the drawback of this technique also relates to the weight of overall MHHS, especially for
mobile applications. Furthermore, this technique is usually combined with an internal cooling tube as
it provides better heat transfer performance, instead of having a natural convective heat transfer by
using fins only. The well arrangement of the heat exchanger designs based on the fins and internal
cooling tubes might be another option to reduce the weight of the overall storage system. These
combinations are discussed in section “2.5.3”.

- Metal Form

Metal alloys (before forming the MH) usually have a low thermal conductivity, negatively affecting the
hydrogen reaction kinetics. Therefore, adding the metal foam will improve the effective thermal
properties of the MH bed. In general, the selected metal foam should have high thermal conductivity,
and its porosity should be over 90% (Sreeraj et al., 2022). The comparison of the use of metal foam for
the MH storage system was proposed under the different metal materials, including aluminium, copper
and zinc (Mellouli et al., 2009). The numerical calculation was done for the LaNis-based storage under
the operating condition at 293 K of the temperature and 0.1 MPa of supply pressure with the cooling
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fluid for the convective heat transfer. This study proved that adding metal foam significantly improved
the hydrogen ab-sorption reaction. Absorption duration was improved by 55% in the case when zinc
foam was added, 63% in the case when copper foam was added, and 66% in the case when aluminium
foam was added compared to the case without metal foam. Figure 2.12 summarises the hydrogen
absorption duration at 13 g of hydrogen/kg of hydride corresponding to the use of metal foams.
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Figure 2.12 The hydrogen absorption duration from the use of metal foams to increase effective thermal
conductivity by the study of Mellouli et al. (2009).

Other studies also focused on adding aluminium foam for ETC improvement as this material offered
higher thermal conductivity and lower thermal mass than other metal foams (Mellouli et al., 2016;
Alqgahtani et al., 2020a; Alqahtani et al., 2020b; Afzal & Sharma 2018; Minko et al., 2015). The overall
ETC based on the aluminium foam addition was improved by 4 W/mK for the MmNiy sAlos storage
(Suda 1985) and up to 10 W/mK for the LaNis storage (Laurencelle & Goyette 2007). The porosity size
also affected the hydrogen reaction kinetics as the overall ETC significantly increased from 4.95 W/mK
to 24.15 W/mK when reducing the porosity from 98% to 90% (Ferekh et al., 2015). However, the
MHHS with metal foam is usually combined with a simple heat exchanger such as internal straight
tubes (Bao et al., 2013), phase change material jacket (Darzi et al., 2016), inner tubes and cooling jacket
(Mellouli et al., 2009; Afzal & Sharma 2018). This is because of the metal foam’s structure and porosity.
Moreover, enhancing the ETC by adding metal foam directly increases the weight of the overall storage
system and reduces the hydrogen storage capacity, which directly affects the overall MHHS
performance in all MHHS scales. The disintegration of itself during the hydrogen absorption/desorption
is also the main problem of this technique (Nguyen & Shabani 2021). Therefore, the most recent studies
mainly focus on the improvement of the heat transfer performance by the management of heat
exchanger configurations rather than adding metal foam. One of the passive thermal methods that has
been recently used for the MHHS is the use of PCM.

- Phase Change Materials

Phase change materials (PCMs) have been used to improve the cooling and heating of the MHHS during
the absorption and desorption processes due to their ability to provide high thermal energy storage
capacity, chemical stability, and low costs (Nguyen & Shabani 2021). Therefore, various PCMs have
been applied in MHHS and several thermal management applications, such as the cooling of electronic
devices (Kalbasi 2021; Ren et al., 2020), and the thermal management of batteries and buildings
(Adilkhanova et al., 2021; Qu et al., 2021; Ling et al., 2014). One of the key advantages of using PCMs
is their ability to recover the waste heat during the hydrogen sorption as the PCM will absorb the
generated heat during the hydrogen absorption and release it as the required heat during the hydrogen
desorption (Cui et al., 2022). In general, PCMs such as paraffin and sodium nitrate (NaNO3) have a low
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thermal conductivity, resulting in the limitation of heat transfer rates. Therefore, several PCMs with
high thermal conductivity have been proposed to solve this problem such as LiNO3-3H>0, MgeoZnysAls,
and NayCO;-10H20. In general, these PCMs have their own melting point temperatures and other
thermo-physical properties. For this purpose, the different melting temperatures play a significant role
in selecting which PCM to use with a specific metal alloy. Table 2.4 summarises the selection of PCMs
and their thermo-physical properties that have been used to improve the overall MHHS performance.

Table 2.4 Summary of selected phase change materials and their thermo-physical properties for some
commonly used metal alloys

Metal Alloy PCM

Specific Thermal Latent heat
heat conductivity of fusion
J/kg K) (W/m K) (kd/kg)

Tvpe Type of selected Melting Density
M PCM temperature (K)  (kg/m%)

Rubitherm (Salt)
SP29Eu (Darzi et
al., 2016;Nyamsi
etal., 2019)

LaNis 302.15-304.15 2000 2500 0.6 175

Paraffin RT35
(Tong et al.,
2019a; Tong et
al., 2021)

LaNis 308.15 880 1800 0.2 157

Paraffin (Yao et

al., 2020a) 308.15 850 2160 0.25 220

LaNis

Paraffin RT28 (El
LaNis Mghari et al., 301 880 1800 0.2 245
2020)

LiNO3-3H,O
(El Mghari et al.,
2020; E1 Mghari
LaNis etal., 2019; 303.3-305.3 2140 1730 1.32 296
Lewis & Chippar
2021; Maad et
al., a, b)

Na,COs-10H,0
LaNis (El Mghari et al., 305 1460 1880 1.25 267
2020)

Nast4-10H20
LaNis (El Mghari et al., 305.5 1485 1440 1.23 251
2020)

CaCly-6H,0 (El
LaNis Mghari et al., 302.6 1802 1430 1.09 192
2020)

MgeoZnasAlz
(Garrier et al.,
2013;Mellouli et
al., 2015)

Mg 607 2900 1100 10 175

NaNO;

(Ardahaie et al.,
2021; Mellouli et
al., 2016;
Algahtani et al.,
2020a; Mellouli
etal., 2017,
Nguyen &
Shabani 2020; Ye
et al., 2020;

Mg:Ni 579-580 2260 1820 0.48 174
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Larpruenrudee et
al., 2024)

NaOH (Alqgahtani

et al., 2020b) 590-591 2100 2080 0.92 165

Mg:Ni

MgeoZnosAls
Mg:Ni (Maad et al., 607 2900 1100 10 175
2018)

RT35HC
MmNiMnCo (Nguyen & 308.15 880 2000 0.2 240
Shabani 2020)

From Table 2.4, there are only four metal alloys that have been incorporated with PCMs. A LaNis alloy
is mostly used as MH material, followed by Mg:Ni alloy. The LaNis alloy has a high thermal
conductivity of up to 1.5 W/mK and requires a low operating temperature as around the room
temperature at 293 K to activate the system. However, this alloy has a low hydrogen storage capacity
of up to 1.4 wt%. The Mg:Ni offers a high hydrogen storage capacity with up to 6 wt% but it requires
a high operating temperature of around 573 K to activate the system. Furthermore, this alloy also has a
low thermal conductivity with less than 1 W/mK. A higher operating temperature range of Mg-based
material must be used with a high melting temperature PCM such as NaNOs. The MH materials and
their thermal physical properties are provided in sections “2.4.2” to “2.4.4”.

The design configurations using PCM also influence the overall MHHS performance. Several PCM
configurations have been designed to optimise the PCM performance. These can be classified into four
main types: pool bed PCM, jacket bed PCM, spherical bed, partition arrangement PCM, and sandwich
bed PCM. Figure 2.12 provides the example of these configurations.
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Figure 2.13 Design optimisation for various configurations of using phase change materials; (a) Pool
bed (El Mghari et al., 2020), (b) Jacket bed (Mellouli et al., 2015), (¢) Spherical bed (Mellouli et al.,
2015), (d) Partition arrangement (Dai et al., 2024) and (e) Sandwich bed (Alqahtani et a., 2020a).

e Pool bed

The MHHS is designed by having a PCM covered around the MH bed except for the top side as the
pool bed. The MHHS with PCM pool bed can be seen in Figure 2.13a as an example. Maad et al. (2016a,
b) used LiNO3-3H,0 as the PCM to improve heat and mass transfer during the absorption of LaNis MH
storage. They found that the PCM's thermal conductivity and melting enthalpy were mostly affected by
the hydrating rate and the capacity of MHHS. Then, this reactor was further used with Mg,Ni as MH
powder and MggoZnogAls as the PCM (Maad et al., 2018). This study summarised that a specific melting
temperature, a high melting, and latent heat were essential for selecting PCM during hydrogen
desorption. Due to the low thermal conductivity of the PCM, the metal foam was composited with PCM
to improve the heat transfer performance (Darzi et al., 2016; Tong et al., 2019a; El Mghari et al., 2020).
The results from these studies proved that inserting metal foam in the PCM improved the thermal
conductivity and reduced the hydrogen sorption duration. Using copper foam with PCM obtained better
MH storage performance, compared to the PCM with aluminium foam (El Mghari et al., 2020).
Moreover, increasing PCM thermal conductivity positively improved the storage system (Tong et al.,
2019a). Several PCMs were tested for the LaNis MH storage by Mghari et al. (2020). These included
Paraffin RT28, LiNO3-3H»0, Na,CO;3-10H,0, Na>SO4-10H,0, and CaCl,'6H>0O. They summarised that
the use of LiNO3-3H,O as PCM obtained better storage performance compared to other PCMs, as the
storage with LiNO3-3H,O obtained a faster hydrogen absorption. The LaNis-based MH storage with
paraffin enhanced storage efficiency by 47% (Tong et al., 2021).

e Jacket bed

Unlike pool bed PCM, the jacket bed PCM only covers the MH bed like the outer cooling heat
exchanger. Figure 2.13b presents an example of the MH reactor with a PCM jacket. Nguyen & Shabani
(2020) proposed MHHS for a solar system using PCM. They employed MmNiMnCo as the MH alloy
and paraffin as a PCM. They stated that the thermal conductivity of PCM must be improved to 1.5
W/mK as a minimum value. With this minimum value, thermal management could be more practical.
Lewis & Chippar (2021) analysed the effect of the PCM on the MHHS during absorption and desorption
processes. They used LiNOs3-3H,O as the jacket PCM and LaNis as the MH alloy. In addition, they also
investigated the effect of metal foam that was added to the PCM. This study proved that adding metal
foam into PCM significantly improved storage performance.

e Spherical bed
A PCM configuration was designed to cover the MH bed as a spherical shape in the study by Melloui
et al. (2015), which is presented in Figure 2.13c. This configuration was compared to the base case with
a PCM jacket bed. This study employed Mg as the MH powder and MggZn,sAl; as a PCM. This study
showed that using the spherical tank to contain the PCM obtained higher storage performance. The
hydrogen sorption time improved by 22% with the use of a spherical tank compared to a jacket tank.

e Partition arrangement
Recently, the study by Dai et al. (2024) proposed the new PCM configuration with the constant PCM
and MH volumes by focusing on the effect of partition arrangement of the MH and PCM on the
hydrogen absorption performance. This can be seen in Figure 2.13d. The results from this study proved
that when increasing the number of partitions from 2 to 5, the hydrogen absorption duration was reduced
by 23.8%. However, the hydrogen absorption duration was significantly reduced by 67.13% when using
the 5 PCM partitions instead of the PCM jacket.
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e Sandwich bed

Increasing the PCM layer is also one of the effective techniques that can improve storage performance.
The MH bed is placed in the middle between PCM beds, which can be seen in Figure 2.13e. A
comparison between the MHHS with a PCM cylindrical jacket and the MHHS with a PCM cylindrical
sandwich bed was performed by Alqahtani et al. (2020a). The Mg,Ni was employed as the MH material
and NaNOs as the PCM bed. The results from this study proved that using a PCM sandwich bed obtained
a better heat transfer rate. Under the same PCM volumes, the durations of hydrogen absorption and
desorption from the case with the sandwich bed were reduced by 81.5% and 73%, compared to the case
with the jacket bed. Ye et al. (2021a, b) used the PCM, which was placed in the middle between two
MH disks for heat recovery during the hydrogen desorption process. This study employed Mg as the
MH powder and NaNOs as the PCM. When using PCM as a sandwich bed, desorption significantly
improved by 21.8% compared to the case when PCM was used as a jacket bed. The design configuration
of the PCM sandwich was then improved by using two different PCM materials with different melting
points that were placed separately as two layers covering around the MH bed (Algahtani et al., 2020b).
The NaOH PCM was placed next to the MH bed as the first layer, followed by NaNO3; PCM as the
second layer. This study proved that having two PCM layers with different PCM types improved the
hydrogen absorption duration by 26% and desorption duration by 51%, compared to the PCM sandwich
bed with the same PCM types. However, this design was suggested for use with large-scale stationary
storage (i.e. concentrated solar power applications) when considering the weight of the overall storage
system and hydrogen storage capacity. Table 2.5 provides the summary of MH reactor configurations
by using PCM.

Table 2.5 Summary of the configuration designs for using phase change materials with a metal hydride
storage system

Metal alloy PCM Configuration of PCM Reference
LaNis Rubitherm (Salt) Pool bed Darzi et al., 2016; Nyamsi
SP29Eu et al., 2019

LaNis Paraffin RT35 Pool bed Tong et al., 2019a; Tong et
al., 2021

LaNis Paraffin Pool bed Yao et al., 2020a

LaNis Paraffin RT28 Pool bed El Mghari et al., 2020

LaNis LiNO;-3H,0 Pool bed El Mghari et al., 2020; El
Mghari et al., 2019; Lewis
& Chippar 2021; Maad et
al., 2016a, b

LaNis LiNO3-3H,O Jacket bed Yeetal.,, 2021b

LaNis Na,COj3:10H,0 Pool bed El Mghari et al., 2020

LaNis Na,S04 10H,0 Pool bed El Mghari et al., 2020

LaNis CaCl,-6H,O Pool bed El Mghari et al., 2020

Mg MgeoZnasAlz Pool bed Garrier et al., 2013

Mg MgeoZnygAls Jacket bed, Spherical bed Mellouli et al., 2015

MgH: NaNO; Sandwich bed Fernandez et al., 2018

Mg:Ni NaNOs Jacket bed Yehui et al., 2022; Nguyen
& Shabani 2020;
Larpruenrudee et al., 2024

Mg:Ni NaNOs Sandwich bed Algahtani et al., 2020a; Ye
etal., 2020

Mg:Ni NaNO; Capsule bed Larpruenrudee et al., 2024

Mg:Ni NaNO;+NaOH Cascaded sandwich bed Algahtani et al., 2020b
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Mg:Ni MggoZnasAls Pool bed Maad et al., 2018
MmNiMnCo  RT35HC Jacket bed Nguyen & Shabani 2020

Several types of PCM have been used for the MHHS with various metal alloys. The PCM sandwich
bed obtains the best heat transfer performance of the MHHS as the generated heat from the MH bed
will transfer via two interfaces of the PCM. There is over 22% improvement of hydrogen
absorption/desorption based on the PCM sandwich bed compared to the case with the PCM jacket bed
and pool bed. There is over 26% improvement in hydrogen sorption when using two types of PCMs
compared to only a single PCM under the PCM sandwich configuration design. Adding metal foam to
the PCM is also another technique to increase the PCM performance. However, using the PCM as a
heat exchanger will require a large amount of PCM to absorb the removal heat during the hydrogen
absorption and release the heat during the hydrogen desorption. The weight of PCM and metal foam
has a drawback that affects the overall MHHS weight. Therefore, having the appropriate amount of
PCM and metal foam is one of the key challenges for the overall MHHS design and optimisation.

From the above mentioned, there are several types of heat exchangers for both external and internal
types under the passive thermal management method. The overall weight of MHHS is the main problem
of this method. This method generally requires a high amount of PCM to store the heat and release
when it needed. Using a high number of fins also negatively affects the overall MHHS weight.
Therefore, to further improve the MHHS performance by considering the overall MHHS weight, the
combination of the heat exchangers between the active and passive thermal management methods has
been recently proposed. The summary of this combination can be seen in the next section, 2.5.3.

2.5.3 Design Optimisation based on the Combination of various Heat Exchanger Methods

To further improve the heat transfer performance as well as the overall MHHS performance, some
studies have been focused on the combination of various heat exchanger types under active and passive
thermal management methods. These include the internal and internal heat exchangers, internal and
external heat exchangers. Figure 2.14 provides examples of some heat exchanger combinations.
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Figure 2. 14 The example of the combination of various heat exchangers; (a) Central straight tube and
fins (Bai et al., 2021), (b) Helical coil and fins (Souahila et al., 2014), (c) Internal cooling tubes and
cooling jacket (Afzal & Sharma 2018), and (d) Semi-cylindrical coil with central return tube and cooling
jacket (Larpruenrudee et al., 2023).

e Active and passive thermal management methods

From Figure 2.14a, b, an internal straight tube or helical coil tube is combined with internal fins to
improve the heat transfer performance and hydrogen reaction kinetics. Ma et al. (2014) and Mallik &
Sharma (2021) developed the MHHS with multiple tubes combined with fins. This study found that the
fin number was the key parameter that affected hydrogen absorption, compared to fin radius and fins
thickness. Refer to Figure 2.14a, tree-shaped fins were first introduced and embedded with a central
heat exchanger tube by Bai et al. (2021). This design decreased the absorption time by 20.7% compared
to the case with radial fins. Furthermore, increasing the length ratio of these fins increased the heat
transfer performance of the MHHS. A variable cross-section annular fin was embedded with the
MHHS's cooling tube to improve the inhomogeneous reaction phenomenon (Liu et al., 2021). This
study proved that using this fin effectively resolved the inhomogeneous reaction phenomenon in the
hydrogen reaction process. Ayub et al. (2020) performed a numerical simulation of the MHHS with
annular truncated hollow conical fins that were attached to the central cooling tube. They summarised
that various fin parameters affected the performance of the MHHS. These included fin angle, fin radius,
number of fins, fin spacing, and fin thickness. The studies of Krishna et al. (2024b, ¢) proved that the
appropriate selection of the fin’s number significantly affected the heat transfer, while the fin shape
obtainedless effect on the heat transfer performance. The fin thickness of 3 mm was recommended for
the use of a precisely radial tapering fin. The helical coil tubes incorporated fins proposed by Dhaou et
al. (2011) and Souahila et al. (2014). This combination indicated that the absorption duration was two
times less than the case with helical coil only. Figure 2.14b indicates the MH reactor with a helical coil
tube and fins. Mellouli et al. (2010) employed a spiral-coil tube with additional circular fins that were
embedded at the innermost turn. There was a 66% improvement in the absorption time in the case of
those equipped with spiral-coil tubes and circular fins compared to those without fins. Krisha et al.
(2024a) proposed a new internal heat exchanger, namely a flat coil tube heat exchanger that was
integrated with a spiral fin. From this combination, the hydrogen absorption duration reduced by 35.3%
and 16.7%, compared to the case with a helical coil tube and double helical coil tube only.

e Active and active thermal management methods
The development of the MHHS with internal and external heat exchangers has been considered. Internal
cooling tubes incorporating an external cooling jacket obtained better reaction kinetics (Freni et al.,
2009; Karmakar et al., 2021). The combination of internal straight tubes and an external cooling jacket
was applied to a large-scale stationary application with Ti-Mn-based MHHS by Afzal & Sharma (2018).
This combination design can be seen in Figure 2.14c. This study summarised that a 14-MH multi-tube
MH reactor had the best performance for the absorption and desorption processes, with the maximum
reaction fraction at 1600 s, while the maximum reaction fraction from other cases was around 2700-
3400 s. Larpruenrudee et al., (2023) combined an internal semi-cylindrical coil heat exchanger and
central return tube with a cooling jacket (Figure 2.14d). This combination significantly improved the
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heat transfer performance, resulting in a faster hydrogen absorption reaction. The absorption duration
was reduced by 51% when using these heat exchangers, compared to the case without a cooling jacket.

Some studies also combine PCM with other heat exchanger types. The combination of PCM and
inserting a heat exchanger into the MHHS also increases the storage performance instead of adding
metal foam into the PCM only. Figure 2.14 presents the examples of these combinations.
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Figure 2.15 The combination of using phase change material and internal heat exchanger; (a) External
PCM bed with internal cooling tube (Melloui et al., 2017), (b) External PCM bed with fins (Shrivastav
et al., 2024), (c) External PCM bed with internal helical coil tube, and (d) External PCM capsule with
internal semi-cylindrical coil tube.

Melloui et al. (2017) studied the HTF tube's effect when embedded inside the MHHS that was covered
by PCM. The new design of this MHHS configuration can be seen in Figure 2.15a. Multiple tubes were
added to the MH bed to improve the heat transfer rate. The numerical simulation was performed based
on Mg;Ni as MH material and NaNOs3 as the PCM. This study proved that the combination of these
techniques (PCM jacket and internal cooling tube) improved the hydrogen absorption time by a 94%
reduction compared to the base storage covered by PCM only. From Figure 2.15b, this MHHS with
outer PCM was combined with the inner copper fins to improve the heat transfer performance
(Shrivastav et al., 2024). The small MH parts were separated by the integration of inner copper fins in
this study. This study concluded that using at least 10 copper fins reduced the hydrogen absorption rate
by at least 86.5%, compared to the case without fins. Figure 2.15c shows the new MHHS configuration,
which includes the outer PCM and inner helical coil. Tong et al. (2021) analysed the effect of using
PCM with an internal cooling tube on the hydrogen desorption process. The helical coil tube was
equipped with the MH bed (LaNis) covered by PCM (Paraffin RT35). Ardahaie et al. (2021) employed
the NaNOs-based PCM jacket incorporating the internal spiral tube as the heat exchanger for the Mg, Ni-
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based MHHS. This study summarised that employing a PCM jacket improved the hydrogen absorption
and desorption time by 44% and 20%, respectively, compared to the base case without a PCM jacket.
The LiNOs-3H,O-based PCM was employed for a LaNis-based storage system with the concentric
finned tube heat exchanger (a combination of straight tube and finned disc) (Ye et al., 2021b). This
study proved that using jacket bed PCM reduced the absorption and desorption time by 50% compared
to the case with a concentric finned tube heat exchanger only. Larpruenrudee et al. (2024) developed
the new PCM configuration, namely the PCM capsule (see Figure 2.15d). The purpose of this
development was to incorporate the internal heat exchanger, namely a semi-cylindrical coil heat
exchanger with a central return tube. The results from this study proved that the duration of the hydrogen
absorption-desorption cycle was reduced by at least 63% when using these heat exchangers, compared
to the case with PCM only. When using these heat exchangers, there was at least a 39% reduction in
the duration of the absorption-desorption cycle, compared to the case without PCM. This study also
concluded that using the PCM capsule instead of the PCM jacket and PCM pool bed obtained better
heat transfer performance. This is because of the well arrangement of the PCM capsule, which increases
more heat transfer surface areas around the top and the bottom parts of the MH bed. Furthermore, this
study also analysed the effect of PCM volume on the heat transfer/storage capacity and reaction of heat
recovery rate. From the combination of these heat exchangers, 4/8 of the total PCM volume obtained
the best performance with the heat transfer/storage capacity at 108.66 kJ of PCM and 146.71 kJ of the
HTF and the heat recovery rate of the PCM at 42.55%. However, this study only analysed the effect of
PCM volumes when having additional heat exchangers on the heat transfer/storage capacity. The effect
of these volumes on the hydrogen absorption/desorption reaction rate has still not been considered.

From this section, it can be summarised that the overall heat transfer performance as well as the overall
MHHS performance are significantly improved when combining several heat exchanger types. The
combination of internal heat exchangers has its own drawback in that it can reduce the MH volume.
Recently, the PCM has been used as the external heat exchanger. The required amount of PCM is mostly
calculated based on the assumption and its ability to store all the generated heat from the MH bed. In
most studies, when combining the PCM with other internal heat exchangers, the relationships between
the MH bed volume and the required amount of PCM (based on the heat exchanger combinations) are
still not available yet. The proportional volume of PCM, MH bed, and HTF tube should be further
considered to optimise the MHHS performance. The effect of the proportional volume of these factors
should be considered with the hydrogen absorption/desorption reaction rate.

To understand the effect of different heat exchanger designs on heat transfer performance, some studies
performed the comparison between various heat exchanger designs. This can be seen in the next section.

2.5.4 Comparison between various Heat Exchanger Methods and Performances

An appropriate selection of heat exchanger type is one of the key factors to increase the overall MHHS
performance. The enhancements of hydrogen reaction kinetics as well as the heat transfer mechanism
are also achieved based on this factor. Several studies have been performed to compare the MHHS
performance under various heat exchanger types. The comparison between the effect of a cooling jacket
and 22 circular fins on the MH performance was comprehensively investigated by Kaplan (2009). The
results indicated that a higher hydrogen absorption rate was found when incorporated with a cooling
jacket, as it significantly reduced the MH bed temperature. The reactor with a cooling jacket obtained
the highest effective thermal conductivity at 113 W/m?K, while the case with external fins obtained
only 35 W/m?K. The study by Wu et al. (2016) proved that the helical coil obtained the best performance
to improve the heat and mass transfer rates compared to a straight tube and fins. The average reaction
conversion for the desorption from the helical coil case reached 0.4 within 4000 s. The average reaction
conversion for other cases was still less than 0.4 at 10000 s. Another study by Tong et al. (2019b) also
indicated that using a double-coiled tube obtained a higher heat transfer rate than a straight tube and
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single spiral tube. Askri et al. (2009) performed a numerical simulation to compare the performance of
various heat exchanger configurations. Their results indicated that employing both cooling tube and
fins essentially reduced the absorption time by 80%. However, using the internal cooling tube
individually resulted in faster absorption time than using external fins only. Raju & Kumar (2012)
performed the comparison between three heat exchanger configurations; (1) a cooling jacket with
internal straight tubes and fins, (2) a cooling jacket with internal helical coil tubes, and (3) a cooling
jacket with straight tubes that were placed horizontally. They proved that the MHHS with a cooling
jacket and internal helical coil tube had better gravimetric and volumetric densities compared to other
cases.

Various heat exchanger configurations for the MHHS were designed to compare the performance and
their effect on the hydrogen storage capacity (Sekhar et al., 2015). The designs included an inner straight
tube, inner helical coil, and cooling jacket with and without fins, which are presented in Figure 2.16a.
Compared to other cases, the storage with an inner straight tube obtained a lower improvement of the
dynamics of hydrogen absorption, followed by the case with a cooling jacket without additional fins.
However, there was a similar absorption rate from the storage with an inner helical coil and a cooling
jacket with additional fins. Under the same operating conditions at 3 MPa of supply pressure and 303
K of storage temperature, the cases with helical coil and external cooling jacket with fins achieved an
average hydrogen concentration of over 70% within 400 s, while the average hydrogen concentration
from other cases was around 40-60% within 500 s. However, using an internal heat exchanger
significantly reduced the hydrogen storage capacity. The comparison of MH volume and the reduction
of storage capacity can be found in Figure 2.16b. The MH volume from the case with the internal helical
coil was around 1 L, while the MH volume from other cases was around 1.2-1.4 L. The storage capacity
was reduced by 23.7% when using an internal helical coil, while there was only an 8.1% reduction of
storage capacity when using an internal straight tube and fins.
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Figure 2.16 Main characteristics of four heat exchanger configurations by Sekhar et al. (2015); (a) Four
main heat exchanger designs, (b) Metal hydride volume, and (c) Reduction of hydrogen storage
capacity.

Wang et al. (2019) proposed the new LaNis-based MHHS design that was incorporated with radiation
tubes (considered as mini-channel tubes). They investigated the mini-channel tubes’ performance by
comparing this heat exchanger with other heat exchangers, including inner straight tube, convergent-
divergent tube, spiral tube, conjugate spiral tube, coupling network spiral tube, and the case without
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heat exchanger. These designs are provided in Figure 2.17. These heat exchangers were designed under
the constant tube volume and MH bed volume with the operating conditions as 1 MPa of supply pressure
and 293 K of initial temperature. At 0.83 of reaction fraction, the absorption duration from the case
without a heat exchanger was at 2500 s, while it was only 1550 s from the cases with an inner straight
tube and with the convergent-divergent tube. There was a 38% reduction in hydrogen absorption
duration when using an inner straight tube compared to the case without a heat exchanger. However,
the complete hydrating process was achieved within 1200 s by the case with a radiation tube. This
resulted in 52% and 37% reductions in absorption duration when compared to the cases with a straight
tube and a spiral tube, respectively. The absorption duration from the cases with other spiral tubes
(conjugate and coupling network designs) was similar to the case with the normal spiral tube.
Furthermore, the absorption duration was significantly reduced by 77% when using the radiation tube,
compared to the case without a heat exchanger. This study concluded that the key reduction of the
hydrogen absorption from this study was the new arrangement of radial heat exchanger tubes, which
improved the heat transfer mechanism in the radial section rather than the axial section of the MH bed
instead.
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Figure 2.17 Comparisons of storage performance under various heat exchangers during the hydrogen
absorption process of LaNi5-based MHHS (Wang et al., 2019). (including the case without heat
exchanger, straight tube, convergent-divergent tube, spiral tube, conjugate spiral tube, coupling network
spiral tube, and radiation tube).

Zheng et al. (2023) proposed the new MHHS design with primary and secondary helical tubes. The
hydrogen tube was located at the central area of the MHHS to transport the hydrogen during the
absorption and desorption. The performance of this heat exchanger was analysed by comparing it with
other heat exchanger designs, including the cooling jacket, mini-channel tubes, spiral mini-channel
tube, duplex helical circular tube, and duplex helical elliptical tube. Compared with the base case as the
use of a cooling jacket, the hydrogen absorption duration at 90% of concentration significantly reduced
by 61%, 77%, and 83% when using a spiral mini-channel tube, duplex helical circular tube, duplex
helical elliptical tube instead of the use of cooling jacket, respectively. However, the absorption duration
was significantly reduced by 95% when using the primary and secondary helical tubes instead. This is
due to the secondary spiral tube which accelerates both hydrating and heat transfer rate nearly the central
area of the hydrogen tube.
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In these comparisons, several heat exchangers and their performances have been compared to optimise
the MHHS performance under the consideration of hydrogen reaction kinetics and heat transfer rate.
These include internal and external heat exchangers such as inner/outer cooling tubes under different
shapes (straight, helical coil, mini-channel tubes) and fins. From these studies, it can be summarised
that the heat transfer rate and hydrogen reaction kinetics are based on the well arrangement/layout of
the heat exchanger structure. This leads to a more uniform temperature distribution, resulting in more
reaction fraction distribution inside the MHHS. The active thermal management technique using the
HTF throughout the heat ex-changer tube (internal/external tube) significantly improves heat transfer
efficiency in contrast to the passive thermal management technique such as fin and PCM. However, the
drawback of internal heat exchanger tube with complex structures based on active thermal management
technique is the pressure losses. Huge pressure losses are usually a result of the curvature ratio of the
complex HTF tube. This can negatively affect the overall MHHS performance. The amount of pressure
losses from the heat exchanger should be stabilised to maintain the overall storage/heat exchanger
performance (Guan et al., 2014; Zhang & Liu 2022). Furthermore, the comparison between these heat
exchangers and U-shape tube or semi-cylindrical coil tube is still not available yet. Moreover, the
combination of PCM configuration and these heat exchangers is also not available. As mentioned
previously, the relationship between the required PCM volume, heat exchanger volume, and MH
volume should be taken into account when combining the PCM with other internal heat exchangers as
this can directly affect the MHHS performance, especially for mobile applications. To optimise the
MHHS, the effect of the proportional volume of these parameters should be considered with the
hydrogen absorption/desorption reaction rate. The design optimisation of MHHS and heat exchangers
usually depends on the MHHS application and its scale which are based on the weight of the overall
storage system and hydrogen storage capacity. However, it is not only heat exchanger design and
configuration that affect the overall MHHS performance and heat transfer rates; heat transfer fluids
(HTFs) also affect heat transfer performance. This is due to their thermo-physical properties that
conduct heat. The next section provides the discussion based on the different HTFs on the heat transfer
performance under the hydrogen reaction kinetics.

2.5.5 Heat Transfer Fluids

Appropriate selection of HTFs affects heat transfer performance as well as hydrogen reaction kinetics.
Several types of HTFs have been used for thermal energy storage. However, for MH storage, air and
water are generally used as the HTF due to having a low cost and less environmental impact. For the
MH alloys, which require the operating temperature as the room temperature at 298 K (i.e. LaNis),
water is usually used as the HTF. However, the air is generally used with the MH alloys, which require
a higher operating temperature (i.e. Mg, Mg;Ni) at 573 K. The effect of selecting HTF on the hydrogen
absorption performance was investigated by Mellouli et al. (2017). HTFs in this study included air,
water, oil, and molten salt. The Mg,Ni was employed as the MH powder, and NaNO3 as the PCM. The
investigation was performed under the operating temperature of the storage system and HTF at 579 K
and supply pressure at 1.5 MPa. Thermo-physical properties of these HTFs and the results of this
investigation are summarised and provided in Table 2.6 and Figure 2.18.
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Table 2.6 Thermo-physical properties of heat transfer fluids (Vignarooban et al., 2015)

Type of HTF Melting Viscosity Thermal conductivity Heat capacity
point (K) (Pas) (W/mK) (kJ/kgK)
Air - 0.00003 0.06 1.12
Water/steam 273 0.00133 0.08 2.42
Thermal oil 253 0.014 0.136 2.25
Molten Salt 368 0.007 0.654 1.44

From Figure 2.18a, air and water require longer hydrogen absorption time compared to oil and molten
salt. The absorption time for the cases with air and water is over 400 mins, while using molten salt
requires the absorption time lower than 300 minutes. In contrast, from Figure 2.18b, using molten salt
requires a large cost of approximately $0.62-$0.81 per kilogram, while using oil also requires a high
cost, around $0.3 per kilogram. However, air and water are then preferred as there is no cost.
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Figure 2.18 Comparison of the hydrogen absorption time and cost between various heat transfer fluids
(a) Absorption time for 90% of hydrogen and (b) Cost for heat transfer fluids per kilogram (Mellouli et
al., 2017; Vignarooban et al., 2015)

2.6 Operating Conditions

The operating parameters during the reaction process are the main factors that can positively or
negatively influence the hydrogen reaction kinetics as well as the overall MHHS performance in actual
utilisation. The range of operating conditions can be varied due to the MH materials that have different
thermos-physical properties. Therefore, the enhancement of the MHHS performance for both small-
and large-scale operation has been considered based on the optimisation of operating parameters. The
operating parameters basically include the initial temperature of MH storage, hydrogen loading
pressure, initial temperature and flow rate of the HTF, heat transfer coefficient (HTC), effective thermal
conductivity (ETC), and particle size.

2.6.1 Initial Condition of the Metal Hydride Storage

Appropriate selecting initial temperature and supply pressure plays a significant role in the hydrogen
reaction kinetics during absorption and desorption. The initial temperature directly affects the driving
force when producing the hydride reaction. For the hydrogen absorption process, decreasing the initial
temperature results in faster absorption at the initial moment of the process. A lower initial temperature
directly causes a lower equilibrium pressure. The hydrogen is then absorbed faster with a larger
difference in pressure between exerted and equilibrium pressure. Therefore, a higher exerted pressure
also leads to faster hydrogen absorption (Wu et al., 2014). In general, the metal alloys significantly
absorb the hydrogen at the initial moment of hydrogen absorption due to a larger difference between
these two pressures (Afzal & Sharma 2021a; Afzal & Sharma 2021b). However, the opposite way is
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applied to the hydrogen desorption process. From the previous discussion under the introduction
section, due to the exothermic reaction for the hydrogen absorption process and the endothermic
reaction for the hydrogen desorption process, a higher initial temperature usually results in faster
desorption. The operating condition ranges for both temperature and pressure for some commonly used
metal alloys can be seen in Table 2.2.

Various types of heat exchanger designs have been proposed recently. Among the heat exchanger
designs using the HTF, some studies focus on improving MHHS performance based on the operating
conditions of the system. As mentioned earlier, the operating temperature and pressure ranges are
dependent on the MH materials, which have different operating ranges. The investigation of various
initial temperatures of the storage was done by a few studies based on the Mg:Ni alloy due to the
operating temperature ranges of MH materials. The initial temperature at 573 K and 673 K were the
best values for hydrogen absorption and desorption, respectively (Wu et al., 2016; Larpruenrudee et al.,
2022). The loading pressure also varies depending on the MH materials. Only three types of metal alloys
have been used to compare the MH performance by focusing on loading pressure. These include LaNis,
Mg>Ni, and MmNissAlos. The heat exchanger types are only the external cooling/heating jacket and
internal heat exchanger tube that require the HTF. The best case of LaNis-based storage incorporating
with mini-channel heat exchanger was found when using the supply pressure at 1 MPa and 0.1 MPa for
hydrogen absorption and desorption, respectively. The supply pressure at 1.2-1.6 MPa is the best value
for the absorption and 0.025 MPa for the desorption based on the LaNis-based storage with an external
cooling jacket (Chung & Ho 2009; Valizadeh et al., 2016; Nam et a., 2012). The best value for Mg,Ni-
based storage during the absorption was 1.8 MPa for multi-zone configuration (Eisapour et al., 2021b)
and semi-cylindrical coil (Larpruenrudee et al., 2022), while the best value for the desorption was 0.8
MPa for helical coil (Wu et al., 2016). The best values of supply pressure during the absorption and
desorption for the MmNi4sAlo4-based storage with an external heating/cooling jacket were 3 MPa and
1 MPa, respectively (Patil & Gopal 2013). Table 2.7 summarises the initial condition of the MHHS
based on the initial temperature and loading pressure that affect the hydrogen absorption and desorption
duration.

Table 2.7 Summary of initial conditions of metal hydride storage on the improvement of hydrogen
sorption duration

Initial temperature of metal hydride storage

Metal alloy  Heat exchanger = Hydrogen Temperature  Improvement Best Reference
types sorption range of of hydrogen case
storage (K) sorption (%) (K)
LaNi4.7Alo.3 Straight tubes Absorption 293-308 <1 293 Rajuetal.,
2019b
Mg:Ni Helical coil Absorption  523-673 NA 523 Wu et al.,
2014
Mg:Ni Helical coil Desorption 573-673 NA 673 Wu et al.,
2016
Mg:Ni Helical coil with Absorption 523-673 NA 523 Eisapour et
central return tube al., 2021a
Mg:Ni Semi-cylindrical Absorption  473-623 11-24 573 Larpruenrud
coil eeetal,
2022
Loading pressure
Metal alloy  Heat exchanger ~ Hydrogen Pressure range Improvement Best Reference
types sorption of storage of hydrogen case
(MPa) sorption (%) (MPa)
LaNis Mini-channel Absorption 0.5-2.5 42-62 1.0 Wang et al.,
Desorption  0.0-0.2 21-63 (RF=0.1) 0.1 2021
LaNis Mini-channel Absorption 0.7-1.6 43-65 (RF=0.8) 1.0 Wang et al.,
2020
LaNis Heating/cooling Absorption 0.4-1.6 58-63 (RF=0.9) 1.6 Chung &
jacket Desorption 0.025-0.1 37-50 (RF=0) 0.025 Ho 2009
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LaNis Heating jacket Desorption 0.025-0.1 31-66 0.025 Valizadeh et

al., 2016
LaNis - Absorption  0.6-1.2 19-38 1.2 Nam et al.,
2012
LaNis U-shape tube and Absorption 1.0-1.8 42.4 1.8 Yang et al.,
fin 2025
LaNis PCM Partition Absorption 0.8-1.6 41.23 1.6 Dai et al.,
arrangement 2024
LaNi4.7Alo.3 Straight tubes Absorption  2.5-3.5 30 2.5 Raju et al.,
(Cap=1.28 wt%) 2019b
Lower values could not reach 1.28 wt%
Mg:Ni Helical coil Absorption  0.6-1.8 62-75 (RF=0.7) 1.8 Eisapour et
al., 2021a
Mg:Ni Helical coil Desorption 0.8-1.6 35-76 (RF=0.1) 0.8 Wu et al.,
2016
Mg:Ni Multi-zone Absorption 1.0-1.8 38-48 1.8 Eisapour et
configuration al., 2021b
Mg:Ni Semi-cylindrical Absorption 1.2-3.0 32-42 1.8 Larpruenrud
coil eeetal.,,
2022
MmNi4sAlps  Heating/cooling Absorption 1.0-3.0 45-72 (RF=0.9) 3.0 Patil &
jacket Desorption 1.0-3.0 20-53 (RF=0.1) 1.0 Gopal 2013

Note: RF = Reaction fraction (maximum reaction fraction that could be achieved for hydrogen
absorption and minimum reaction fraction that could be achieved for hydrogen desorption by specific
values) and Cap = Hydrogen storage capacity.

From these parameters, it is obvious that the different MH materials also have different initial
temperatures and loading pressure ranges to activate the system. The lower initial temperature of MHHS
usually obtains better performance for the absorption process, while the higher initial temperature is
better for the desorption process. In contrast, a higher loading pressure is usually better for absorption,
while a lower loading pressure is suitable for desorption. However, it should be noted that appropriate
range selection of these two parameters is required, especially when using the new MH materials as
these parameters can significantly affect the hydrogen storage capacity (Muthukumar et al., 2018;
Larpruenrudee et al., 2022).

2.6.2 Initial Condition of the Heat Transfer Fluid

Several types of HTFs have been used for thermal energy storage. However, for the MHHS, air and
water are generally used as the HTF due to their low cost and less environmental impact. A lower/higher
HTF temperature directly improves the heat transfer rate during the hydrogen absorption/desorption
process. This results in faster hydrogen reaction kinetics in both absorption and desorption processes.
The study from Ardahaie et al. (2021) proved that reducing the HTF temperature from 573 K to 373 K
improved the absorption duration by 47%, while increasing the HTF temperature from 643 K to 843 K
improved the desorption duration by 43%. The turbulence level of the HTF flow rate also plays an
important role in removing the generated heat during hydrogen absorption and supplying the required
heat during hydrogen desorption (Wang et al., 2021). A high turbulence level is caused by a high HTF
flow rate that circulates through the HTF tube. The study of Anbarasu et al. (2014a, b, c, d) found that
the operating pressure, the temperature of the cooling fluid, and the ETC of the MH impacted the MH
reactor performance. A faster hydrogen absorption/desorption reaction was observed when increasing
the HTF flow rate (Singh et al., 2015). However, a higher number of HTF tubes obtained a greater MH
performance compared to the HTF flow rate (Kumar et al., 2019; Raju et al., 2019). The initial HTF
temperature should be lower than the initial MHHS temperature for the hydrogen absorption process.
In contrast, the initial HTF temperature should be higher than the initial MHHS temperature for the
hydrogen desorption process. As for faster hydrogen reaction kinetics, the MHHS must be cooled down
during the absorption, while the MHHS must be heated up during the desorption.
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Table 2.8 summarises the initial conditions of the HTF and their effects on the improvement of hydrogen
sorption duration under various heat exchanger types. The lower HTF temperature usually results in a
higher hydrogen absorption reaction. In contrast, a higher initial temperature of the HTF leads to a
higher hydrogen desorption reaction instead. The lowest initial temperatures for the hydrogen
absorption at 283 K and 298 K are used for LaNis-based storage and MmNis sAlo 4-based storage, while
the highest initial temperatures for the desorption process at 353 K and 400 K are used for these storages.
The minimum initial temperature for the absorption at 373 K and the highest initial temperature for the
desorption at 843 K are used for the Mg,Ni-based storage. However, some studies focus on improving
the storage system by using various flow rates and Reynolds numbers (Re). In general, the flow rate
and Re are varied depending on the heat exchanger tube’s diameter. With the tube diameter at 6 mm of
the semi-cylindrical coil, the Re at 22000 is the best value for the Mg,Ni-based storage (Larpruenrudee
et al., 2022). When reducing this tube diameter from 6 mm to 4 mm, the Re at 9000 is the best value
for this storage type. With the tube diameter of 4 mm of mini-channel, the flow rate of 1 m/s is the best
value for the LaNis-based storage (Wang et al., 2021).

Table 2.8 Summary of initial conditions of a heat transfer fluid on the improvement of hydrogen
absorption and desorption duration

Initial temperature of heat transfer fluid

Metal alloy Heat exchanger Hydrogen Temperature Improvement Best Reference
types sorption  range of HTF  of hydrogen case
(K) sorption (%) (K)
LaNis Mini-channel Absorption  273-313 20-45 293 Wang et al.,
Desorption 333-373 25-56 353 2021
LaNis Mini-channel Absorption  273-298 30-65 (RF=0.8) 273 Wang et al.,
2020
LaNis Heating/cooling Absorption  283-323 38-72 (RF=0.9) 283 Chung &
jacket Desorption 293-323 68-86 (RF=0.4) 323 Ho 2009
LaNis Heating jacket Desorption 293-323 34-61 323 Valizadeh et
al., 2016
LaNis Spiral coil Absorption 283-293 21-38 288 Mellouli et
Desorption  303-323 60-69 323 al., 2007
LaNis U-shape tube and fin Absorption 273-313 55 273 Yang et al.,
2025
Mg:Ni Semi-cylindrical coil Absorption  373-573 20-56 373 Larpruenrud
ee et al.,
2022
Mg:Ni Semi-cylindrical coil Absorption  423-573 19-36 423 Larpruenr
with central return udee et al.,
tube 2023
Mg:Ni Semi-cylindrical coil Absorption  423-573 15-26 423 Larpruenr
with central return Desorption 573-723 25-38 723 udee et al.,
tube and PCM capsule 2024
Mg:Ni Spiral coil and PCM Absorption 373-573 31-47 373 Ardahaie et
(NaNOs) Desorption 643-843 32-43 843 al., 2021
Mg:Ni Semi-cylindrical coil Absorption  423-573 26-50 423 Larpruenrud
with central return eeetal.,
tube and PCM Desorption 573-723 39-67 723 2024
(NaNO3)
Mg:Ni Multi-zone Absorption 373-573 50-66 373 Eisapour et
configuration al., 2021b
MmNissAlos  Heating/cooling Absorption 298-318 13-36 (RF=0.9) 298 Patil &
jacket Desorption 380-400 15-39 (RF=0.1) 400 Gopal 2013

Flow rate of heat transfer fluid

Metal alloy Heat exchanger Hydrogen Flow rate Improvement Best Reference
types sorption  range of HTF  of hydrogen case
(m/s) sorption (%)
LaNis Mini-channel Absorption 0.1-2.0 (m/s) 44 1.0 Wang et al.,
Desorption 0.1-2.0 (m/s) 19 (m/s) 2021
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1.0

(m/s)
LaNis U-shape tube and fin Absorption 1.0-3.0 (m/s) 8.2-15.7 2.0 Yang et al.,
(m/s) 2025
LaNi4.7Alo.3 Straight tubes Absorption 10-35 (Ipm) 21-38 20 (lpm) Rajuetal,
2019b
Reynolds number of heat transfer fluid
Metal alloy Heat exchanger Hydrogen Re range of  Improvement Best Reference
types sorption HTF of hydrogen case
sorption (%)
Mg:Ni Multi-zone Absorption 17000-52000 13-19 52000 Eisapour et
configuration al., 2021b
Mg:Ni Semi-cylindrical coil Absorption 10000-22000 28-50 22000 Larpruenrud
ee et al.,
2022
Mg:Ni Semi-cylindrical coil ~ Absorption ~ 6400-14500 24-44 9000 Larpruenrud
with central return ecetal,
tube 2023

Note: RF = Reaction fraction (maximum reaction fraction that could be achieved for hydrogen
absorption and minimum reaction fraction that could be achieved for hydrogen desorption by specific
values and certain time)

From these parameters, it can be seen that a lower initial temperature of the HTF obtains better
performance for the absorption process, while a higher initial temperature of the HTF is better for the
desorption process. It is worth mentioning that the HTF temperature ranges from these studies might
not be applied in reality. Appropriate selection of the HTF temperature ranges should be based on each
specific application. For the HTF flow rate and Re, a higher value of these two parameters always
obtains the higher heat transfer performance as the heat is always transferred faster based on a faster
fluid flow. However, an appropriate selection of this parameter usually depends on the HTF tube
diameter. Moreover, in reality, a high-speed flow rate of the HTF or a high coil pitch/curvature ratio of
the coil tube usually increases the oscillation level. This significantly affects the heat and mass transfer
rate (Schlichting 1979; Claman & Minton 1977; Lin & Ebadian 1997). In some cases, these changes
can induce flow instabilities in equipment due to the fluctuation of flow and pressure drop (Pendyala et
al., 2008). Therefore, a real experiment is required to test the MHHS system when applying the heat
exchanger with the HTF at a high flow rate.

2.6.3 Other Operating Conditions and Comparison of the Operating Parameters

Other operating parameters have been analysed recently. These include the heat transfer coefficient
(HTC) between the MH bed and the HTF, effective thermal conductivity (ETC), and particle sizes.
Valizadeh et al. (2016) studied the effect of the HTC between the MH bed and HTF for the LaNis-based
storage that was covered by a heating jacket during the desorption process. The HTC varied from 500
W/m?K to 2000 W/m?K. They pointed out the suitable value was 500 W/m?K. Other higher HTC values
had less effect on the desorption process. This was due to the limitation of heat capacity inside the MH
bed. The study from Wu et al. (2016) and Eisapour et al. (2021a) also proved that among the HTCs
between 10 W/m?K and 1000 W/m?K, the HTC at 500 W/m?K was the best value for the desorption
process of the Mg>Ni-based storage system with internal helical coil heat exchanger. Similarly, the
study from Larpruenrudee et al. (2023) also reported that using the HTC at 500 W/m’K with semi-
cylindrical coil heat exchangers with central return tube and cooling jacket, obtained the best heat
transfer performance, compared to other lower and higher HTC values. Li et al. (2015) studied the
effects of operating parameters and spiral mini-channel tubes on the heat transfer efficiency and
hydrogen absorption rate of the LaNis-based storage. The operating parameters included volume
fraction, loading pressure, initial temperature, ETC, and HTC. Their study indicated that the HTC had
only less effect on the hydrogenation process compared to other parameters. Among the HTC from 500
W/m’K to 8000 W/m?K, there is only a 2% improvement in hydrogen absorption duration. In the ETC
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ranges from 0.5 W/mK to 7.5 W/mK, the recommendation value was 2.5 W/mK, with the improvement
of the absorption reaction at 48% from the ETC at 0.5 W/mK. The improvement of absorption reaction
only improved by 29% when increased the ETC from 2.5 W/mK to 7.5 W/mK.

The effect of operating conditions was considered by the numerical study of Raju et al. (2019b). The
multi-tube heat exchanger was used as an internal heat exchanger for MH (LaMig 7Alo 3) storage. This
study concluded that operating parameters, especially supply pressure, significantly affected the
absorption process. The flow rate of the HTF also influenced hydrogen absorption. Several studies
(Wang et al., 2012; Bhogilla 2017; Eisapour et al., 2021a; Bai et al., 2021; Visaria & Mudawar 2012c)
also proved that the HTF temperature and loading pressure significantly influenced the hydrogen
reaction kinetics for both absorption and desorption, compared to other parameters, including volume
of MH storage, overall HTC, and initial temperature of the MHHS. Furthermore, the reduction of
coolant temperature reduced the hydrating time by approximately 57% compared to the base case
(Visaria & Mudawar 2012a, b). The multiple zones of HTF were proposed to improve the hydrogen
absorption of the MH (MgxNi) storage (Eisapour et al., 2021b). With this technique, air as the HTF was
injected through multi-HTF zones of the MHHS. This study proved that higher loading pressure and
airflow Re resulted in a faster absorption rate. Besides, the lower inlet temperature of the HTF led to a
faster absorption rate instead. The reduction of the inlet temperature of the fluid was the most effective
case for improving the absorption rate. However, the study by Wang et al. (2021) indicated that
changing the particle size of MH material had less effect on the hydrogen sorption rate.

The specific heating power also plays an important role as an evaluation indicator to provide the average
power output of the system. This parameter has been applied to several thermal storage applications,
including heat transformers (Yang et al., 2012), heat pumps (Yang et al., 2010), and thermal batteries
(Malleswararao et al., 2021). The sensitivity analysis was performed under various ranges of operating
parameters for the absorption process by Mou et al. (2023). These included the hydrogen supply
pressure, thermal resistance between the MH and heat exchanger, HTF flow rate and temperature. The
MHHS in this study contained the helical coil tube and LaNis as the MH powder. Table 2.9 summarises
the results of this study.

Table 2.9 Summary of the effect of operating parameters on specific heating power from Mou et al.
(2023)

Improvement of

Operating Specific heating power specific heating

Parameter

1
range range (W.kg") power (%)
Supply pressure 0.8-1.6 MPa 125-209 40%
Heat transfer fluid temperature 285-301 K 143-199 28%
Heat transfer fluid flow rate 18-42 L/h 166-173 4%
. 600-1400 o
Thermal resistance mm? K/W 158-186 15%

From Table 2.9, the hydrogen supply pressure significantly affects specific heating power. There is a
40% improvement of the specific heating power when increasing the supply pressure from 0.8 to 1.6
MPa, while there is only a 4% improvement of the specific heating power with the flow rate ranging
between 18 and 42 L/h. The specific heating power only improves by 28% and 15% when changing
HTF temperature from 285 K to 301 K and thermal resistance from 600 mm?-K/W to 1400 mm?-K/W,
respectively.

For comparison purposes, Figure 2.19 compares the improvement of hydrogen sorption duration based
on various operating conditions that are taken from Table 2.7 and Table 2.8. The improvement of
hydrogen absorption is only 11-24% when changing the initial temperature of the MHHS, while there
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is around 13-50% improvement of hydrogen absorption with the different ranges of flow rate and the
Re of the HTF. However, the minimum improvement of the hydrogen absorption by changing the
hydrogen supply pressure is 20%, while the minimum improvement of the absorption by changing the
HTF temperature is 13% only. Besides, the maximum improvement of hydrogen absorption from these
two parameters is 72%. It can be summarised that the hydrogen pressure and initial HTF temperature
are the main parameters that significantly influence MH storage performance for the absorption process
compared to the other two parameters. In contrast, the maximum improvement in hydrogen desorption
based on the HTF temperature is 10 % higher than in the cases with supply pressure. The minimum
improvements of desorption duration for HTF temperature and supply pressure are 20% and 15%,
respectively. For the desorption process, the maximum improvement of this process based on the flow
rate is 19%.

It should be noted that the difference in improvement percentage might be because of the difference in
selected operating ranges for each operating parameter. However, changing the supply pressure can
positively and negatively affect the total mass absorbed (Mellouli et al., 2007). Therefore, an
appropriate selection of supply pressure should be considered for each new MH storage application.
Moreover, in reality, there is a limitation of the initial value of the HTF inlet temperature during the
cyclic application as well as during the hydrogen sorption process.
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Figure 2.19 Improvement of hydrogen sorption duration based on various operating conditions; (a)
Hydrogen absorption and (b) Hydrogen desorption

2.7 Application Requirements and Economic Assessments for Metal Hydride
Hydrogen Storage

Most recent studies have been focused on the investigation of MHHS performance with the use of
several heat exchanger types, including simple heat exchangers and complex heat exchangers.
However, these studies mostly focus on small-scale hydro-gen storage for both experimental and
numerical works. There is only 37% of the cur-rent studies focused on large-scale systems, while the
rest of the current studies focus on small-scale systems (Afzal et al., 2017). In general, small-scale
experiments offer lower cost, lower safety risk, and shorter experiment time with high flexibility
compared to large-scale experiments. In other words, small-scale experiments are ideal for initial
testing, feasibility studies, and concept validation. However, these experiments present lesser data
accuracy and low operational complexity compared to large-scale experiments. Therefore, large-scale
experiments are important for validating real-world applicability, long-term performance, and system
integration. Similarly, small-scale numerical works such as CFD simulations are ideal for initial testing,
conceptual designs, and fast analysis, while these simulations require lower computational costs. On
the other hand, large-scale simulations offer more realistic, detailed insights that are important for
commercial-scale MHHS.
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As per these recent studies, all the heat exchanger types positively affect the hydrogen kinetics reaction
due to the improvement in heat transfer performance inside the MHHS. However, the results can be
changed when these heat exchangers are used in large-scale applications. When applying the external
heat exchanger such as a cooling jacket to large-scale MHHS, this technique can cause hot spots inside
the MHHS as the heat only transfers between the walls of the MH bed (Nquyen & Shabani 2021).
With the use of internal heat exchangers, the heat transfer coefficient and HTF temperature are the two
main parameters that significantly affect heat transfer performance in small-scale applications. This is
due to the fact that the heat directly transfers from the core of the MH bed to the wall of the HTF tube
without much thermal resistance (Chung & Ho 2009; Jiao et al., 2012). However, when having large-
scale hydrogen storage, the amount of MH is significantly larger than in the case with small-scale
hydrogen storage. The ability of the heat exchangers from the small-scale application may not be
effective enough to transfer the heat. Therefore, increasing the cooling tube number is another option
to increase heat transfer performance for use in large-scale applications (Afzal & Shama 2018).
Considering real-world applications, this technique is only recommended for cases with several straight
internal tubes, not for complex heat exchanger tubes. For the use of a complex heat exchanger tube, this
can be combined with other external heat exchangers such as a cooling jacket or PCM. Furthermore,
improvement in thermal conductivity of the MH bed might be another option in large-scale applications
instead of using complex heat exchangers. This can be achieved by several techniques such as adding
metal foam or a network of fins (Afzal & Shama 2018; Laurencelle & Goyette 2007). However, adding
metal foam might be the better option for this improvement as metal foam is more uniformly distributed
within the MH compared to a network of fins (Ferekh et al., 2015).

In regard to the mobile and stationary applications, the primary driving factor when considering
economic assessments is costs. These include the cost of raw materials and manufacturing costs
including potential enhancements, quality control, recycling, target profit margins, and others
(Sandrock 1997). However, the scale of production/application is the main aspect that significantly
affects these costs, especially the manufacturing costs (Klopcic et al., 2023). For the stationary MHHS,
this storage always obtains higher energy density compared to the mobile MHHS. However, it requires
a significantly higher cost, especially when having multiple heat exchangers or other addition-al
equipment.

For the key trade-offs between the energy density, weight, and cost for the MHHS, the MH materials
offer high volumetric energy density compared to other hydrogen storage types such as compressed
gas. However, the MH materials are usually heavy, which directly increases the overall weight of the
MHHS. To achieve higher energy density, specific MH materials with unique properties are required.
In contrast, these specific MH materials are rare earth metals, leading to high costs. Raw material cost
depends on production costs which could vary depending on abundance and form of the material
occurring in nature. Some common materials used for MH are provided in Table 2.10.

Table 2.10 Material used for metal hydride and its environmental factor (Klopcic et al., 2023; Nuss &
Eckelman 2014).

Material Abundance Most common forms in nature Extraction/production method of
for MH pure form
Al 3¢ most abundant Bauxite ore Hall-Heroult process
in Earth’s crust
Fe 4% most abundant Minerals — hematite, magnetite, Reduction with coke in blast furnace
in Earth’s crust siderite, banded iron formations followed by oxidation with air
Na 6™ most abundant Minerals — NaCl, natron Electrolysis of molten NaCl
in Earth’s crust
Mg 7% most abundant Magnesite, dolomite, brucite, other | Seawater, silicothermic Pidgeon
in Earth’s crust minerals process
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Ti 9% most abundant Oxides in igneous rock, sediments | Kroll process
in Earth’s crust
Mn 12t most abundant | Pyrolusite, braunite, psilomelane Leaching manganese ore with
in Earth’s crust sulphuric acid followed by an
electrowinning process
Ni 23" most abundant | Combination with sulphur and Extractive metallurgy, conventional
in Earth’s crust iron, laterite ore and magmatic roasting and reduction methods
sulphide deposits
La 28" most abundant | Rate earth minerals together with Difficult, time consuming, and
in Earth’s crust other lanthanides expensive multistep processes
Li 32" most abundant | Igneous rocks, granitic pegmatites, | Brine extraction, filtration of
in Earth’s crust lithium salts in mineral springs and | leachates in geothermal wells,
brine pools, etc mining ore

However, the key trade-offs between energy density, weight, and cost for small-scale and large-scale
applications as well as the mobile and stationary applications depend on the requirements for each
application. To understand these factors, extensive data from the manufacturers for each storage
application are required. In general, the manufacturing costs totally depend on the production
process/synthesis method and the scale of production. Regarding production methods, important factors
include equipment, production time, and costs for additional materials. In some cases, several materials
require production steps with high energy demand for ball milling, harsh conditions, long production
times, as well as expensive dopants and catalysts to improve the MHHS properties to reach acceptable
quality (Klopcic et al., 2023).

The potential degradation of MHs is one of the main factors that affect cyclic loading in the long-term
stability of metal hydrides, leading to a decrease in overall MHHS performance. This is due to the
difference in the specific volume between a high-thermal-conductivity metallic and MH powder during
the hydrogen absorption/desorption cycles. Under different operating temperatures and pressures during
the cycling processes, the MH powder frequently experiences expansion and contraction when
repeating these cycles. This might result in a decrease in hydrogen storage capacity, swelling, loss of
compactness, or crystal cracks (Nquyen & Shabani 2021; Liu et al., 2017; Mirabile et al., 2016;
Dieterich et al., 2015; Nemukula et al., 2025). However, different MH materials have their own different
characteristics, including cyclic loading in long-term stability. Table 2.11 presents the advantages and
disadvantages of some common MH materials. These advantages/disadvantages mainly focus on
cycling stability.

Table 2.11 Advantages and disadvantages of metal hydride materials (Klopcic et al., 2023; Fadonougbo
et al., 2022).

MH Advantages Disadvantages
LaNis Low operating temperature and pressure Low specific energy density
High hydrogenation rate Low hydrogen storage capacity at 1.4 wt%
Mild activation condition Expensive
High volumetric capacity Not abundant: rare Earth material
Good cycling stability Flammable
High resistance towards gas impurities
MgH, Inexpensive and abundant Sluggish kinetics
High hydrogen storage capacity at 7.6 wt% Poor cycle stability
Thermal stability Very slow (first) hydrogenation
High desorption temperature and enthalpy
High sensitivity towards oxygen
NaAlHs4 | Inexpensive and abundant Slow hydrogenation kinetics
Relatively moderate operating temperature for | Poor reversibility
complex hydride Pyrophoric
TiFe Inexpensive and abundant Demanding conditions for (first) activation
Simple enhancement by substitution common Relatively low gravimetric storage capacity
Good cycling stability at low pressure Low hydrogenation rate
Mild operating conditions
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Good recyclability High sensitivity toward gas impurities and
oxygen
TiMn, Good kinetics Sensitivity towards gas impurities
Inexpensive and abundant High equilibrium pressure plateau
Long-term stability/durability Hysteresis effect
Ambient operation temperature Oxygen-affine
Mild activation conditions

From Table 2.11, it is obvious that Mg,Ni offers cost-effective and abundant MH materials. It also
offers a high hydrogen storage capacity of 3.6 wt%. However, the main disadvantages of this material
are high operating conditions and slow hydrogen reaction kinetics. Other materials such as TiFe, TiMn,,
and LaNis have favourable operating condition at near ambient temperatures and low pressures.
However, these materials have low gravimetric energy density. Therefore, these materials are more
suitable to use with stationary applications. Considering the cost of these materials, LaNis is more
expensive than the other two materials as La is a rare earth material. In contrast, TiFe and TiMn; require
slightly higher operating conditions to activate the system compared to LaNis. However, in terms of
durability, Mg>Ni, LaNis, TiFe, and TiMn, offer good cycle stability.

2.8 Conclusion

design and optimisation of the MHHS configurations are the key factors, which can positively or
negatively affect the overall MHHS performance in both mobile and stationary applications. Based on
these key factors, several techniques have been applied to improve the overall MHHS performance for
both applications. The hydrogen absorption/desorption reaction is usually the key parameter that has
been considered for the overall MHHS enhancement as the MH materials basically have a low thermal
conductivity, resulting in slow hydrogen reaction kinetic. Therefore, the comprehensive understanding
of the relationship between these key factors and the hydrogen reaction kinetic for
absorption/desorption is significant to obtain the suitable MHHS performance for all related
applications. The main techniques that have been recently used to enhance the overall MHHS
performance must be reviewed and up to date. Therefore, the key findings from this review paper are
summarised as follows;

Metal hydride materials

e Mg-based alloys such as Mg;Ni have a high hydrogen storage capacity, lightweight, and low
cost, but they have a low effective thermal conductivity. Intermetallic compounds such as La-
based and Ti-based alloys have a high effective thermal conductivity, but they have a low
hydrogen storage capacity.

e The volumetric and gravimetric density, effective thermal conductivity, and cost of MH
materials should be optimised to meet the overall requirements of mobile/stationary storage
applications.

Heat exchanger configurations

e The well arrangement/layout of the heat exchanger structure is the key factor to increase the
heat transfer distribution inside the storage system. However, some limitations for
manufacturing are likely in reality as most studies are based on numerical simulation.

e The complex HTF tube structure obtains superior heat transfer performance, compared to other
heat exchangers. The complex HTF tube structure should be well designed and optimised to
prevent a huge pressure loss from the tube inlet throughout the tube outlet and maintain the
system's efficiency.

e The heat exchangers’ characteristics are important for heat transfer enhancement. The coil pitch
and diameter/radius are the key parameters for the helical coil performance, while the number
of fins and fins diameter/thickness are the main parameters for fins performance.
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e Appropriate design and optimisation of the MHHS configuration is the key factor when
combining the MHHS with various heat exchanger types. The design and optimisation should
be based on the gravimetric and volumetric of the MHHS for each specific application.

e When considering the gravimetric and volumetric of the MHHS for the mobile/stationary
applications, the passive heat exchanger types, such as fins or PCM should be integrated with
the HTF tube to improve the heat and mass transfer as well as reduce the overall storage weight.

e  When combining the PCM with other heat exchanger types, the proportional PCM/MH/HTF
tube volume should be prioritised under the improvement of hydrogen reaction kinetics.

Operating conditions

e The hydrogen supply pressure and the HTF temperature are the main parameters for the
improvement of hydrogen absorption/desorption reaction, compared to other parameters. To
avoid the reduction of total mass absorbed, appropriate selection of supply pressure should be
prioritised and well-studied for each new MHHSS configuration/application.

e The HTC between the MH and HTF has a minor effect on the hydrogen sorption reaction for
most MHHS types. The suitable value of the heat transfer coefficient is 500 W/mK with the use
of La and Mg-based alloys for both internal and external heat exchangers.

e Changing the supply pressure significantly improves specific heating power by 40%, while

other parameters obtain less than 30% improvement in specific heating power.

2.9 Limitation and Recommendation for Future Work

Considering the selection of MH materials for the use of both mobile and stationary storage
applications, mg-based alloys might be one of the good options for the MHHS due to its several
advantages from above mentioned. To improve the hydrogen reaction kinetic and overall MHHS
performance, the heat exchanger should be well designed and optimised instead.

For the MHHS configurations, most studies to date only focused on improving the heat and mass
transfer performance inside the MHHS by using various heat exchanger configurations. However, these
studies do not consider the relationship between the volume of the heat exchanger/MH and the hydrogen
reaction kinetic. To meet the requirement of the MHHS in mobile and stationary applications, the future
study should prioritise the comprehensive comparison/combination between various heat exchanger
types based on the relationship between the gravimetric/volumetric parameters of the MHHS and how
faster hydrogen absorption/desorption reactions.

The pressure losses and fluid flow oscillation from the complex heat exchangers are also the key
parameters that can positively or negatively affect the overall MHHS performance. An experimental
study is required to investigate the effect of these parameters on the MHHS performance for the
hydrogen absorption and desorption process.

Using machine learning techniques is also one of the most effective ways to investigate the MHHS
performance. For MHHS applications, machine learning is only applied for the investigation of MH
materials’ properties. Therefore, this technique can be applied to design and optimise the overall storage
performance under heat exchanger design configurations and other related factors
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Chapter 3 — Methodology

This section provides all the important governing equations for both hydrogen absorption and
desorption processes, phase change process, turbulent flow, and heat transfer of the heat transfer fluid.

To simplify the solution of the hydrogen sorption reaction, the following assumptions are made and
provided;

- Inthe hydrogen sorption, thermo-physical properties of MH and hydrogen are constant (Sekhar
et al., 2015). It should be noted that there is a slightly variation in the effective thermal
conductivity with loading pressure and concentration.

- The radiation heat transfer is not considered, as the radiative heat flux is considerably lower
than the convective heat flux in the storage system (Chung & Lin 2009)

- Local thermal equilibrium conditions are applied for the numerical simulation, considering
hydrogen as an ideal gas (Chaise et al., 2009; Jemni et al., 1999).

- The effect of pressure gradient by hydrogen injection is neglected if N in Equation (3.1) is lower
than 0.01 (dimensionless) (Chaise et al., 2010).

SN = et (3.1)

PaeqprzPgKLlheat

- Where Lpgq¢ an Lgq are the axial height and radius of the tank. When N is less than 0.01, the
hydrogen flowing inside the system can be considered negligible to the numerical simulation
without causing a significant error (Valizadeh et al., 2016). For the current study, the pressure
gradients’ effect is negligible as N is considerably less than 0.01.

- An adiabatic condition is applied for the outer wall of the reactor as the reactor’s wall is well
insulated (Bao et al., 2013D).

- Theliquid PCM is assumed to be highly viscous. Therefore, the convection heat transfer within
the PCM subdomain is assumed to be negligible (Mellouli et al., 2017; Mellouli et al., 2015;
Tao et al., 2015).

- The effect of expansion and contraction is negligible during the phase transition of PCM
(Nyamsi et al., 2019).

- Selection of Metal Hydride (MH) Material

The MH material for the present study is a magnesium-nickel alloy based on Mg,Ni. This alloy is
chosen as it obtains a faster hydrogen kinetic reaction compared to magnesium hydride (Muthukumar
et al., 2008). Furthermore, this alloy also offers a high hydrogen storage capacity, lightweight, good
recyclability, and excellent heat resistivity (Rusman & Dahari 2016; Liang 2004). From the present
study, the maximum mass content of hydrogen that the Mg;Ni can store is 3.6% of the weight per unit
volume (Wu et al., 2014; Wu et al., 2016; Ardahaie et al., 2021).

- Selection of Phase Change Material (PCM)

Appropriate selection of PCM type is also the main factor that affects the overall MHHS performance.
The melting temperature of PCM should be higher than the MHHS temperature during the absorption
(Ardahaie et al., 2021). For this purpose, the generated heat during the absorption can be stored in the
PCM and released from itself during the desorption. The present study uses Mg:Ni, which has a
maximum hydrogen storage capacity of 3.6% when using the activation temperature at 573 K
(Muthukumar et al., 2008). In other words, the amount of stored hydrogen in this study is considered
as the maximum mass content of hydrogen at 3.6 wt%. Therefore, sodium nitrate (NaNOs) is selected
as the PCM for this study due to its melting temperature of 580 K, which is higher than the activation
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temperature point. Furthermore, NaNOjs also offers a lower mass, lower volume ratio, and higher safety
than other PCM types, including FeCL3, NaOH, and KNO; (Mellouli et al., 2016).

- Selection of Heat Transfer Fluid (HTF)

Among HTFs, air and water are commonly selected as the HTF for the MH reactor due to having a low
cost and less environmental impact. Due to a high operating temperature range of magnesium-based
alloy, air is selected as the HTF for the present study. Moreover, it also has better flow characteristics
compared to other liquid metals and molten salt (Ward et al., 2016).

3.1 Governing Equations

3.1.1 Absorption Process and Desorption Process
The thermal equilibrium between the hydrogen and MH is the key parameter for the energy equation
for the absorption and desorption processes. It can be determined as (Wu et al., 2014):

a((pcg)te,MHT) V- (e VT) + pMHWA;SZ—s)AHZ_)t( (32)
The effective heat capacity is calculated from the following equation;
(Pcp)e‘MH = eyp X P, X Cpu, + (1 — eyp) X puu X Cpmu (3.3)
The effective thermal conductivity is defined as the following equation;
Aemu = mn X Az + (1 — eyp) X Ayy (3.4)
The reaction of hydrogenation for Mg,Ni bed (AH) is defined as Equation 3.5:
Mg,Ni+ 2H, & Mg,NiH, + AH (3.5)

X refers to the quantity of hydrogen when it is absorbed (in wt%). It can be obtained from the kinetic
equation (Z—f) as Equation 3.6 (Gambini 1994):

ax _ PH,—Paeq\ [ X—xf —Eq

oc = Ca ( Pgeq ) (xo—xf> exp ( RT ) (3.6)
where F, ¢4 denotes the equilibrium pressure inside storage system for the absorption process. Py ¢4 18
calculated by Van’t Hoff equation as follow (Wu et al., 2014):

Paca — oxp (A_H _ A_S) (3.7)

Pref RT, R

where the reference pressure (Prer) is 0.1 MPa. AS is the reaction entropy, while AH is the reaction
enthalpy.

For the first two research papers (Chapter 4 and Chapter 5), the hydrogen kinetic reaction and
equilibrium pressure inside the storage system for hydrogen absorption process is calculated based on
Equation 3.6 and Equation 3.7. However, the studies from (Mellouli et al., 2016; Wu eat al., 2014; Wu
et al., 2016) prove that the hydrogen kinetic reaction and equilibrium pressure for hydrogen absorption
process can be calculated based on the following equations.
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The kinetic equation for hydrogen absorption is determined as follows (Mellouli et al., 2016):

15).¢ —Eg\ (PH,~Pae
Py Caexp ( RT ) (H;Teqq) (Xmax — X) (3.8)
where C, denotes the reaction rate for absorption and E, refers to activation energy for absorption.
Py eq 1s the equilibrium pressure inside the MHHS for the absorption process which is determined by
using Van’t Hoff equation as follows (Wu et al., 2014):

InZted = 7818 1 14534 (3.9)
ref m

where Py is the reference pressure as 0.1 MPa.

The amount of hydrogen desorption is determined as follows (Wu et al., 2016):

ax ~Eq\ (PH,—Pa,
2 = Caexp (22 (”Z—“) (1-X) (3.10)

P deq
where C; and E,; are the reaction rate for desorption and the activation energy for desorption, while
Py eq 1s the equilibrium pressure inside the MHHS for the desorption process. The Py o4 is defined as
follows (Wu et al., 2016):
InZted — _ 761 | 14049 3.11)
Pre f Tm
Therefore, the studies in Chapter 6 and Chapter 7 (Research Paper 3 and Research Paper 4) use Equation
3.8 and Equation 3.10 to calculate the hydrogen kinetic reaction for absorption and desorption
processes, respectively. The equilibrium pressures during the absorption and desorption processes are
obtained based on Equation 3.9 and Equation 3.11, respectively. The thermo-physical properties of
hydrogen and Mg,Ni are provided in Table 3.1.

Table 3.1 Thermo-physical parameters of hydrogen and metal hydride in model equations (Wu et al.,
2014; Wu et al., 2016; Ardahaie et al., 2021)

Parameters Symbols Values
Molecular weight of MH Myy 0.1073 kg mol!
Hydride specific heat Cpmu 1,414 J kg' K'!
Density of MH Pumu 3,200 kg m?
Density of saturated MH PssMH 3,319.32 kg m*
Reaction enthalpy AH -6,3336 J mol!
Reaction entropy AS -120.84 J mol! K!
Reaction rate constant for absorption Cq 175.07 s!
Reaction rate constant for desorption Cq 2079 s’
Activation energy for absorption E, 49,674 J mol!
Activation energy for desorption E; 63,540 J mol!
Porosity £ 0.5
Effective thermal conductivity of MH Ky 0.674 W m' K!
Maximum concentration of hydrogen in the MH Xf 1.0
Initial concentration of hydrogen in the MH X 0.043
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Maximum mass content of hydrogen in the metal wt 3.6 %

Permeability K 1% 10% m?
Density of hydrogen P2 0.32 kg m?
Thermal conductivity of hydrogen bz 0.167 Wm' K-!
Specific heat of hydrogen Cp.n2 14,890 J kg' K!
Dynamic viscosity of hydrogen Upo 8.41 x 10° Pa's
Molecular weight of hydrogen My, 0.002 kg mol!

3.1.2 Phase Change Process

The study from Chapter 6 (Research Paper 3) employs the PCM as the external heat exchanger. The
liquid PCM is considered as an incompressible Newtonian fluid without any viscous dissipation. The
enthalpy-porosity technique is applied for the phase change process simulation.

The continuity equation is as follows:
ap =
—+V:pV =0 (3.12)
Jat

The momentum and energy equations are as Equation 3.13 and Equation 3.14, respectively.

paa_tv + p(l_/) ) V)V) =—-VP+ IJ(VZV)) - prefﬁ(T - Tref)g) - § (3.13)
pCpoT

2+ V(pC,VT) = V(kVT) (3.14)

The Darcy’s law damping term is applied as the source term (§) of momentum equation to represent
the phase change effects of the convective heat transfer (Esapour et al., 2016; Pahamli et al., 2018).

g (1-2)? o
T M 3340.001

(3.15)

The velocity of the mushy zone is defined by A,,,, which is the mushy zone constant for the interface
between solid and liquid phases, which is normally between 10* to 107 kg/m’s. However, the present
study uses 10° kg/m’s, referring to the validation of the following studies; Askri et al. (2019); Mellouli
et al. (2017); Hosseini et al. (2014).

The latent heat content (AH) is calculated as a function of material’s latent heat (Lpcp) which varies
from zero as a solid state to liquid state.

where f is the liquid fraction which is zero at the solid state and 1 at the liquid state. The f can be
obtained based on Equation 3.17.

0 if T< TSolidus
_ _AH — 1 ifT > TLiquidus (3.17)
if TSolidus <T< TLiquidus

Lpcm T—Tsolidus
TLiquidus—T Solidus

The required volume of the PCM jacket is calculated based on Equation 3.18. The required volume of
the PCM is assumed to store all the heat released from the MH tank (Algahtani et al., 2020a).
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VPCM — VMaXWEXAHpygXppaX(1—€) (318)

My, Xppcm*XLpcm

where Vi is the volume of MH. pyy and ppcy are the density of MH and PCM, respectively. Lpcy
is the latent heat of PCM. Thermo-physical properties of PCM are provided in Table 3.2. The effect of
the sensible enthalpy is negligible and not included to calculate the required amount of PCM (Alqgahtani
et al., 2020a).

Table 3.2 Thermo-physical properties of PCM (NaNOs) (Ardahaie et al., 2021;Algahtani et al.,
2020a;Nunes et al., 2006)

Parameters Symbols Values
Solidus temperature T 579K

Liquids temperature T; 580 K

Solid density Ds 2,260 kg m*
Liquid density P 1,900 kg m™
Solidus specific heat capacity Cps 1,820 J kg K!
Liquids specific heat capacity Cp,l 1,800 J kg! K
Thermal conductivity k 0.48 Wm' K
Dynamic viscosity u 0.003 Pa s
Thermal expansion coefficient B 4e-5 (K
Latent heat capacity Lpcum 174,000 J kg!

3.1.3 Heat Transfer Fluid

The governing equations of the heat transfer and turbulent flow for the HTF are presented as the
following equations (Ardahaie et al., 2021; Kumar et al., 2006). This method is applied only for the
studies from Chapter 4 to Chapter 6 (the first three research papers).

Continuity:
g—z =0 (3.19)
Momentum:
p%+pUiZ_Z:=_:_2+aim[”(z_z+%)_pu—M] (3.20)
Energy:
pcp%+pcpui§—;=aim A;’—;—pcpﬁ] (3.21)

where U; and T are the time-averaged velocity and temperature. The average Reynolds stresses and
turbulent heat fluxes are defined as pw,u; and pC,u,T’, respectively.

The kinetic energy equation is expressed as:

d d _d e \ 9k
o (Pko) + a(pktuj) =5 [(u + a_kt) a—xj] + Gy, + Gp — pec — Yo + Sk, (3.22)

J
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The dissipation rate of the turbulent kinetic energy equation is defined as:

2 (pey) + = (pea) = 2| (1 + 2) 2| 4 peySe, — pCy —E—+ €y, E£Cy Gy + Sy, (3.23)
ot p t ax] p t ] ax] l’l ax] p 1 t Zkt+ vEL 1,St kt 3'8t b &t .

O'Et

where the constant coefficients can be defined as ¢; = 1.47, C, = 1.92, 0, = 1.0, and 0, = 1.3. The
turbulence kinetic energy productions which induced by mean velocity gradients and buoyancy are Gy,
and G, respectively. Yy, is the contribution of the fluctuating dilatation in the incompressible

D . o k2
turbulence to the overall dissipation rate. The turbulent viscosity is defined as y, = pCugL. The
t

turbulent intensity is calculated based on the average Reynolds number at inlets by [ =

0.16(Rep, )

3.1.4 Heat Transfer Fluid and Fins
The following governing equations are applied only for Chapter 7 (Research Paper 4) as the main
objective of this chapter is to study the effect of the new fin design on the heat transfer performance.

The governing equations for the heat transfer fluid are as the following equation (Eisapour et al., 2021a):

5 —0 20—
iy =0,5L=0 (3.24)

The heat transfer coefficient (hy) between the heat transfer fluid and MH bed is calculated based on
Equation 3.25

A
hy = L Nus (3.25)

In this study, various values of the heat transfer coefficient (hr) between the HTF and MH bed are
selected and applied to analyse the effect of this parameter on the heat transfer efficiency of the heat
exchanger. This can be found under the parametric study section. The Nusselt number (Nuy) for the

internal straight tube, which is used for heat transfer fluid, can be calculated based on turbulent flow
(Equation 3.26) (Yang & Tao 1998; Wu et al., 2016).

0.11

Nuy = 0.012(Re?®” — 280)Pr2*[1 + (d/L)?/3|(Prs/Pryp (3.26)
f i ¥ f

where Rey is the Reynolds number and Pry is Prandtl number. These two parameters can be obtained
based on the following equation:

prdv KrCp
Rep = fff, Pry = Aff (3.27)
For copper fins, the energy equation for the heat conduction is expressed as:
oT _ 2
(pcp)ﬁn 5 = Min VT (3.28)

where (pCp) fin is the heat capacity of copper fins.

It should be noted that conditions from above mentioned are applied for all simulations, except the
effect of pressure losses due to the heat exchanger structures. Under the study of pressure variation
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along the heat exchanger tubes, the turbulent HTF flow is selected under the realizable k-¢ turbulence
model with a velocity at 76.86 m s and a Reynolds number of 9000. Air is selected as the HTF for this
study.

3.2 Initial and Boundary Conditions

The initial and boundary conditions can be found separately under each main chapter (Chapter 4 to
Chapter 7). This is due to the different storage system configurations and selected parameters from each
chapter.

3.3 Model Validation and Numerical Schemes

3.3.1 Model Validation

Various model validations are performed to compare the results between the use of CFD simulation and
the experimental work from the available literature. These include the model validations of utilised
codes during hydrogen absorption/desorption, the phase change process, and the selected turbulence
model for the CFD simulation.

- Validation for the Absorption Process and Desorption Process of Metal Hydride Storage System

To perform the CFD simulation, the utilised code is performed and applied for the hydrogen kinetic
reaction during the absorption process as the energy source term. This absorption kinetic reaction is
provided in Equation 3.6. The model validation for the use of a metal hydride storage system during the
absorption process is performed and presented in Figure 3.1. The purpose of this model validation is to
compare the results between the utilised code from Equation 3.6, experimental work, as well as
numerical work from the available literature. As mentioned earlier, the use of Equation 3.6 is only for
the studies in Chapter 4 and Chapter 5 (the first two research papers). From Figure 3.1a, the utilised
code for the absorption process of the magnesium-based MH tank from the current study is investigated
and compared to the experimental study by Muthukumar et al. (2008). This experimental study used
the Mg:Ni alloy as the MH material, which was filled in the stainless-steel tube with inner copper fins.
The initial temperature of the tank was 473 K with loading pressure at 2.0 MPa. From this figure, the
average bed temperature from these two studies is similar and in the same trend. Moreover, the utilised
code for the absorption process is also validated against the numerical study by Wu et al. (2014). This
study also used the Mg,Ni alloy as the MH material and the helical coil as the heat exchanger for the
hydrogen absorption process. The initial temperature of the storage system was 573 K with the loading
pressure at 1.8 MPa and the same initial boundary conditions. The average bed temperature of the
storage system between this study and the present study is compared and presented in Figure 3.1b. From
this figure, it is obvious that the average bed temperature from the present study follows the same trend
as this reference. Therefore, the utilise code based on Equation 3.6 is applied for the CFD simulation of
this study from Chapter 4 to Chapter 5.
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Figure 3.1 The validation of utilised code for the hydrogen absorption process of the Mg,Ni-based
reactor. (a) average bed temperature between experimental results (Muthukumar et al., 2008) and
numerical results from present study and (b) average bed temperature between the numerical results
from Wu et al. (2014) and numerical results from present study.

As mentioned earlier, the works from Chapter 6 (Research Paper 3) and Chapter 7 (Research Paper 4)
are performed based on the hydrogen kinetic reactions from Equation 3.8 (for absorption) and Equation
3.10 (for desorption). The utilised codes from absorption and desorption processes are performed under
these two equations as the energy source terms for the present CFD simulations. Figure 3.2 presents the
model validation results during both absorption and desorption processes between the current study
(based on utilised codes), the experimental work, as well as the numerical work from the available
literature. The validation is still based on the MHHS during absorption and desorption processes under
the use of a magnesium-nickel alloy based on Mg,Ni. The model validations under these uitilised codes
are based on the experimental study from Muthukumar et al., (2008) and numerical study from Wu et
al., (2014) for the hydrogen absorption. For the hydrogen desorption, the utilised code is validated based
on the study from Wu et al., (2016). For hydrogen absorption (Figure 3.2a, 3.2b), the experiment study
from Muthukumar et al. (2008) employed Mg>Ni as the MH powder with internal copper fins to improve
the hydrogen kinetic reaction. The initial storage temperature was 473 K with hydrogen pressure at 2.0
MPa. Furthermore, the utilised codes for hydrogen absorption are also validated against the numerical
study from Wu et al. (2014). This study also used the MHHS based on Mg,Ni alloy. The initial storage
temperature and loading pressure were set at 573 K and 1.8 MPa, respectively. For the hydrogen
desorption (Figure 3.2c), the code validation for the MHHS is performed and compared with the
numerical study from Wu et al. (2016). This study used the same Mg,Ni powder with an initial storage
temperature of 573 K, a hydrogen pressure of 1.6 atm, and the same initial boundary conditions. From
these comparisons, it is obvious that there are good agreements on the average bed temperature in both
absorption and desorption between these studies. The average bed temperature from these studies is
similar and follows the same trend. Therefore, the utilised codes based on Equation 3.8 and 3.10 are
applied for the present CFD simulations in Chapter 6 and Chapter 7.
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Figure 3.2 The comparison of average bed temperature between numerical results and experimental
results from available literature. (a) hydrogen absorption (Muthukumar et al., 2008) and (b) hydrogen
absorption (Wu et al., 2014), and (c) hydrogen desorption (Wu et al., 2016).

- Validation for Phase Change Process

The current study under Chapter 6 (Research Paper 3) is based on the combination of internal and
external heat exchangers. This is to further enhance the heat transfer efficiency, resulting in the
improvement of the overall storage performance. Phase change material (PCM) is employed as the
external heat exchanger for this purpose. Therefore, the validation for the phase change process is
performed and presented in Figure 3.3. To validate the phase change process, the experimental study of
thermal energy storage from Sodhi et al. (2021) is used to validate the numerical model used for the
PCM subdomain of the present study (see Figure 3.3a). The NaNO3; PCM was filled in the stainless-
steel capsule with air as the HTF. The initial temperature of the storage was 323 K and the inlet
temperature of the HTF was 633 K. The average PCM temperatures between the present study and this
study follow the same trend from this figure. Moreover, the average PCM temperature during the
absorption and desorption of the MH storage from the present numerical model is also validated against
the numerical study from Algahtani et al. (2020a). The results of this comparison are presented in Figure
3.3b. This study used Mg,Ni as MH material and NaNO; as the PCM jacket and PCM sandwich.
However, only the result from the PCM jacket is selected for the comparison as the present study only
focuses on the use of the PCM jacket. The average PCM temperatures of these studies follow the same
trend for both absorption and desorption. It should be noted that these two studies are selected for
verification due to having the same PCM material that is used for the present study. Therefore, the CFD
simulations with the use of PCM are performed under this phase change process condition.
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Figure 3.3 The comparison of average bed temperature of phase change material between the present
study and experimental studies. (a) phase change material for thermal energy storage system (Sodhi et
al., 2021) and (b) phase change material for metal hydride storage system (Alqahtani et al., 2020a).

- Validation for Turbulence Model

To validate the turbulence model which is mainly used for the flow simulation under Chapter 4 to
Chapter 6 (the first three research papers), the results from this present study are compared with the
experimental results from Kumar et al. (2006) in order to validate the selected turbulence model. Kumar
et al. (2006) studied the turbulent flow in a tube-in-tube helical heat exchanger. Water was employed
as both hot and cold fluids which were injected from opposite directions. The hot and cold fluids
temperature was 323 K and 300 K, respectively. The Reynolds number for the hot fluid varied from
3100 to 5700, and 21000 to 35000 for the cold fluid. The Dean number for the hot fluid was 550-1000,
and 3600-6000 for the cold fluid. The diameter of the inner tube (for hot fluid) and outer tube (for cold
fluid) were 0.0254 m and 0.0508 m, respectively. The helical coil diameter and pitch were 0.762 m, and
0.100 m. Figure 3.4 shows the comparison of the experimental and present results in terms of various
Nusselt numbers and Dean numbers for hot fluid in the inner tube. Three different turbulent models are
performed and compared with experimental results based on the same boundary conditions with Kumar
et al. (2006). As shown in Figure 3.4, the results from the realizable k-¢ turbulence model obtain a good
agreement with experimental data. Therefore, this model is selected for this present study.
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Figure 3.4 Validation study of the turbulence model in helical tube by the comparison of present study
and Kumar et al. (2006).

It should be noted that in some applications, the k-g turbulence model provides better results than the
k-o turbulence model. Refer to Kumar et al. (2006), for complex flow, the k-¢ turbulence model has
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long been popular since the five turbulence parameters are not very sensitive to flow conditions and the
default values can usually be used to make reasonable predictions. Turbulent flow is characterised by
five parameters, including a disorder in the movement of fluid particles, irregular eddy patterns, an
overall irreproducible behaviour, and the manifestation of multiple space and time scales. Compared
with the other models reported in the literature (such as k-¢ RNG, k-o, and SST k-w) the wide range of
applicability of the turbulence parameters is the main advantage of the k-e¢ turbulence model. The
standard k-¢ turbulence model is widely used in industrial flows and heat transfer problems because of
its economy and accuracy. It also takes less time and memory during the simulations as compared to
other models reported in the literature. However, comparing between the standard k-¢ turbulence model
and realizable k-g turbulence model, the realizable k-¢ turbulence model offers further improvement,
especially in near-wall regions and more complex flow conditions.

- Selection of time step size for the simulations

The selection of the time step size for the simulation is performed under the different time step sizes by
using the new heat exchanger, namely a semi-cylindrical coil heat exchanger. The time step sizes
include 1s, 0.5s, 0.25s, 0.1s, and 0.05s. The results are compared and provided in Figure 3.5 and Table
33

Time Step Size for Semi-Cylindrical Coil Heat Exchanger

(SCHE)

)

by 660 ——SCHE_1s

£ 650 £ -

£ 640 ——SCHE_035s

g 630 ——SCHE 0255

£ 620 A

& 610 SCHE 0.1s

g 600 SCHE 0.05s

& 390

&, 580

g 570

% 560 A e

4000 6000 8000

Time (s)

Figure 3.5 Selection of time step sizes for semi-cylindrical coil heat exchanger.

Table 3.3 The average bed temperature at the end of the absorption process at 6215s based on 1s of time
step size.

Time Step Size for SCHE
1s 05s 0.25s 0.1s 0.05s

Average Bed Temperature (K) 573.082 573.022 573.007 573.003 573.002

At 6215 s

Based on the above figure and above table, it is obvious that the average bed temperature from all time
step sizes obtains a similar trend. At 6215s (the end of absorption process for 1s time step for SCHE
case), the difference in average bed temperatures from all time step sizes is around not over than 0.08
K. Therefore, to save computational time, the 1s time step size was selected for all simulation cases.

3.3.2 Numerical Schemes

The simulations in the present study are performed by using ANSYS Fluent. The energy source terms
for hydrogen kinetic reactions are applied for hydrogen absorption and desorption (Equation 3.6,
Equation 3.8, and Equation 3.10). The PISO scheme and PRESTO method are chosen for pressure
variables (Versteeg & Malalasekera 2007). All related equations are solved by the second-order upwind
scheme. The relaxation factors are set as 0.5 for pressure, 0.7 for energy and all velocity components,
and 0.9 for liquid fraction. The standard wall function of the heat exchanger is chosen for the turbulence
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model of the HTF. The convergence criteria for all parameters is set as 10 under the transient
simulation.

To clarify the initial parameters and boundary conditions, section “8.4 Selection of input parameters for
the proposed designs on the realistic and practical applications” is separately provide under the
conclusion section.

Puchanee Larpruenrudee 58 PhD Thesis (2025)



Chapter 4 — Design Optimisation of a
Magnesium-based Metal Hydride Hydrogen
Energy Storage System

Research Paper: Larpruenrudee, P., Bennett, N.S., Gu, Y., Fitch, R., & Islam, M.S., (2022). Design
Optimization of a magnesium-based metal hydride hydrogen energy storage system. Scientific Reports
12, 13436. https://doi.org/10.1038/s41598-022-17120-3. SJR: 0.973 [Q1], IF: 4.997

Conference Paper: Larpruenrudee, P., Bennett, N.S., Hossain, M.J., Fitch, R., Islam, M.S. Hydrogen
energy storage system: how does the semi-cylindrical helical coil heat exchanger affect metal hydride
beds’ thermal conductivity?. In Proceeding of the 23rd Australasian Fluid Mechanics Conference., eds
C. Lei, B. Thornber, and S. Armfield. Sydney, Australia, 5-8 December 2022, 421.

4.1 Summary
Objectives to achieve the aim of this study:

- Propose the new design of an internal heat exchanger to enhance the storage thermal
performance

- Identify an appropriate initial value of each operating parameter under the new storage
configuration and heat exchanger

Achievements and innovations in this chapter:

- Propose the new internal heat exchanger design, namely a semi-cylindrical coil heat exchanger,
which is developed from a conventional helical coil heat exchanger

- Optimise the design of this new heat exchanger configuration based on the effect of coil pitch
on the hydrogen absorption and metal hydride volume

- Investigate the initial value of the metal hydride bed storage system and heat transfer fluid,
including; the initial temperature and loading pressure of the storage system, initial flow
velocity of the heat transfer fluid, and heat transfer fluid temperature
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4.2 Abstract

Metal hydrides (MH) are known as one of the most suitable material groups for hydrogen energy storage
because of their large hydrogen storage capacity, low operating pressure, and high safety. However,
their slow hydrogen absorption kinetics significantly decreases storage performance. Faster heat
removal from MH storage can play an essential role to enhance its hydrogen absorption rate, resulting
in better storage performance. In this regard, the present study aims to improve heat transfer
performance to positively impact the hydrogen absorption rate of MH storage systems. A novel semi-
cylindrical coil is first designed and optimized for hydrogen storage and embedded as an internal heat
exchanger with air as the heat transfer fluid (HTF). The effect of novel heat exchanger configurations
is analyzed and compared with normal helical coil geometry, based on various pitch sizes. Furthermore,
the operating parameters of MH storage and HTF are numerically investigated to obtain optimal values.
ANSYS Fluent 2020 R2 is utilized for the numerical simulations. Results from this study demonstrate
that MH storage performance is significantly improved by using a semi-cylindrical coil heat exchanger
(SCHE). The hydrogen absorption duration reduces by 59% compared to a normal helical coil heat
exchanger. The lowest coil pitch from SCHE leads to a 61% reduction of the absorption time. In terms
of operating parameters for the MH storage with SCHE, all selected parameters provide a major
improvement in the hydrogen absorption process, especially the inlet temperature of the HTF.

Keywords: Hydrogen absorption, Magnesium based metal hydride reactor, Helical coil heat exchanger,
Sensitivity analysis, Novel heat exchanger

4.2.1 Graphical Abstract
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Figure 4.1 Graphical abstract for the first research paper

Puchanee Larpruenrudee 60 PhD Thesis (2025)



4.3 Introduction

A move away from fossil fuel-based energy resources towards renewable forms of energy is underway
at a global scale. Since many forms of renewable energy provide electricity in a dynamic way, energy
storage is required to balance load. Hydrogen-based energy storage is receiving much attention for this
purpose, not least because hydrogen can be employed as a ‘green’ alternative fuel and energy storage
medium, because of its characteristics and portability (Tange et al., 2011). Furthermore, hydrogen also
offers a higher energy capacity per mass compared to fossil fuels (Harries et al., 2012). There are four
main types of hydrogen energy storage: compressed gas, underground storage, liquid storage, and solid
storage. Compressed hydrogen gas is the main type that has been used in fuel-cell vehicles such as buses
and forklifts. However, this storage provides a low volumetric hydrogen density (around 0.089 kg/m?)
and presents safety concerns regarding high operating pressure (Abe et al., 2019). Liquid storage will
store hydrogen in liquid form, based on the converting process with a low temperature and ambient
pressure. However, there is around 40% energy loss during the liquefaction process. Moreover, this
technique is also known for higher energy consumption as well as being time-consuming compared to
the solid storage technique (Colozza 2002). Solid storage is a feasible option for the hydrogen economy
that stores hydrogen by combining it within solid materials through absorption and releasing hydrogen
through desorption (Yue et al., 2021). Metal hydride (MH) is one of the solid material storage
technologies that has recently attracted significant interest in fuel cell applications because of having a
high hydrogen capacity, low operating pressure, and low cost compared to liquid storage, for both
stationary and mobile applications (Sakintuna et al., 2007; Jain et al., 2010). Moreover, MH materials
also offer safe performance as high-volume efficiency storage (Rusman & Dahari 2016). However,
there is one problem that limits MH performance: MH reactors suffer from low thermal conductivity
(Zhao et al., 2020), resulting in slow hydrogen absorption and desorption.

Appropriately transferring heat during the exothermic and endothermic reactions is the key to
improving MH reactor performance. For the hydrogen charging process, the generated heat must be
removed from the reactor in order to control the hydrogen charging flow at the desired rate with the
maximum storage capacity (Nguyen & Shabani 2021). In contrast, heat is required to improve the
hydrogen release rate during the discharging process. To improve the heat and mass transfer
performances, many researchers have studied the design and optimization based on several factors
including operating parameters, MH structure, and MH optimization (Yehui et al., 2022). MH
optimization can be done by adding high thermal conductivity materials such as the metal foams into
the MH bed (Laurencelle & Goyette 2007; Ferekh et al., 2015). By this method, the effective thermal
conductivity can be increased from 0.1 W/mK up to 2 W/mK (Nguyen & Shabani 2021). However,
adding solid material significantly reduces the MH reactor capacity. For the operating parameters,
improvements can be achieved by optimization of the initial operating conditions of the MH bed and
heat transfer fluid (HTF). The MH structure can be optimized by the reactor’s geometry and the
arrangement of heat exchanger designs (Cui et al., 2022). In terms of heat exchanger configuration of
the MH reactor, approaches can be classified into two types. These are an internal heat exchanger, which
is embedded in the MH bed, and an external heat exchanger such as fins, cooling jacket and water bath
that cover the MH bed (Mazzucco et al., 2014). For external heat exchanger, Kaplan (2009) analyzed
the performance of a MH reactor by employing cooling water as a jacket to reduce the temperature
inside the reactor. The results were compared to a reactor with 22 circular fins and another reactor that
cools by natural convection. They claimed that having a cooling jacket significantly reduced MH
temperature resulting in a better absorption rate. The numerical study of the MH reactor with water
jacket from Patil & Gopal (2013) indicated that the hydrogen supply pressure and temperature of HTF
are the key parameters to affect the hydrogen absorption and desorption rates.
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Increasing heat transfer area by adding fins and heat exchangers embedded inside MH are key for
improving heat and mass transfer characteristics that lead to the enhancement of MH storage
performance (Wu et al., 2016). Several internal heat exchanger configurations (straight tube and helical
coil tube) have been developed in order to circulate cooling fluid throughout the MH reactor (Mohan et
al., 2007; Hardy & Anton 2009; Mellouli et al., 2007; Dhaou et al., 2010; Visaria & Mudawar 2012a,
2012b; Wu et al., 2014; Raju & Kumar 2012). With an internal heat exchanger, the cooling or heating
fluid will transfer local heat inside the MH reactor during the hydrogen sorption processes. Raju &
Kumar (2011) employed several straight tubes as heat exchangers to improve MH performance. Their
results indicated that the absorption time was reduced when using straight tubes as heat exchangers.
Similarly, using a straight tube also reduced the hydrogen desorption time (Chung & Lin 2009). A
higher flow rate of cooling fluid increases hydrogen charging and discharging rates (Singh et al., 2015).
However, increasing the number of cooling tubes positively affects MH performance rather than the
flow rate of cooling fluid (Kumar et al., 2019; Raju et al., 2019b). Raju et al. (2019a) investigated the
performance of multi-tube heat exchangers inside the reactor by using LaMis;Alos as MH materials.
They reported that the operating parameters significantly affect the absorption process, especially
supply pressure, followed by HTF flow rate. However, the absorption temperature was found to be less
significant.

The performance of MH reactors was further improved by utilizing a helical coil heat exchanger, as it
enhances the heat transfer compared to straight tubes. This is because of secondary circulations that
result in better heat removal from the reactor (Wu et al., 2024). Moreover, the helical tube provides
more surface area for heat removal from the MH bed to the cooling fluid. This method also produces a
more uniform distribution of the heat transfer tubes when it is embedded inside the reactor (Fernandez-
Seara et al., 2014). Wang et al. (2012) studied the effect of hydrogen absorption duration by adding a
helical coil in the MH reactor. Their results indicated that the absorption time decreased when increasing
the heat transfer coefficient of the heat transfer fluid. Wu et al. (2014), studied the performance of a
MH reactor based on Mg,;Ni and helical coil heat exchanger. Their numerical study showed a reduction
in the reaction time. The enhancement of the heat transfer mechanism in a MH reactor is based on a
smaller ratio of helical pitch to the helical diameter and non-dimensional pitch. The experimental study
of using a helical coil as an internal heat exchanger by Mellouli et al. (2007) proved that the initial
temperature of HTF significantly affects the improvement of hydrogen absorption and desorption times.
The combination of various internal heat exchangers has been made by several studies. Eisapour et al.
(2021a) studied MH storage by employing a helical coil heat exchanger along with a central return tube
in order to improve the hydrogen absorption process. Their results indicated that a helical tube along
with a central return tube significantly improved heat exchanged between cooling fluid and MH. A
lower pitch of the helical tube and a higher tube diameter increased the heat and mass transfer rate.
Ardahaie et al. (2021) employed flat spiral tube planes as a heat exchanger for heat transfer enhancement
inside a reactor. They reported that the absorption duration was reduced by increasing the number of
flat spiral tube planes. The combination of various internal heat exchangers has been made by several
studies. Dhaou et al. (2011) improved the MH performance by employing both helical coil heat
exchanger and fins. Their results showed that this technique reduces hydrogen refilling time which is a
2 times reduction comparing to without fins. The annular fin was incorporated with the cooling tube
and embedded inside the MH reactor (Lin et al., 2021). The results from this study showed that this
combination technique obtains more uniform heat transfer compared to the MH reactor without using
fin. However, combining various heat exchangers will negatively affect the gravimetric and volumetric
of the MH reactor. A comparison of different heat exchanger configurations was made by Wu et al.
(2016). These included a straight tube, fins, and helical coil. The authors reported that the helical coil
has the best effects on the heat and mass transfer improvements. Similarly, a double coiled tube has a
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better effect on the heat transfer enhancement compared to a straight tube, spiral tube, and straight tube
incorporating with spiral tube (Tong et al., 2019a). The study from Sekhar et al. (2015) proved that
using a helical coil as an internal heat exchanger and an external cooling jacket with fins obtained a
similar improvement in hydrogen absorption.

From the above mentioned example, using a helical coil as an internal heat exchanger offers a better
heat and mass transfer improvement compared to other heat exchangers, especially straight tube and
fin. Therefore, the aim of this study is to further develop a helical coil to increase heat transfer
performance. A novel semi-cylindrical coil has been firstly developed from the traditional helical coil
for MH storage. The expectation from this study is to enhance hydrogen storage performance due to the
structure of a novel heat exchanger that provides a better heat transfer area arrangement by considering
the constant volume of the MH bed and HTF tube. The storage performance of this novel heat exchanger
is then compared with a normal helical coil heat exchanger based on various coil pitches. From the
available literature, the operating conditions and coil pitch are the main factors that affect the MH
reactor’s performance. To optimize the design of this novel heat exchanger, the effect of coil pitch on
the hydrogen absorption time and the MH volume is investigated. Furthermore, to understand the
relationship between a novel semi-cylindrical coil and the operating conditions, the secondary aims of
this present study are to investigate the reactor’s performance based on various operating parameter
ranges and identify an appropriate value for each operating parameter.

4.4 System Description

The performance of hydrogen energy storage in this study is investigated based on two heat exchanger
configurations (including a helical tube for case 1 to case 3 and a semi-cylindrical tube for case 4 to
case 6), and sensitivity analysis on the operating parameters. The performance of a MH reactor is firstly
examined based on the helical tube as a heat exchanger. Both HTF tube and the outer shell of the MH
reactor are made of stainless steel. It should be noted that the size of MH reactor and the diameter of
the HTF tube is constant for all cases, while the HTF pitch sizes vary. In this section, the impact of HTF
coil pitch sizes is analyzed. The height and outer diameter of the reactor are 110 mm and 156 mm,
respectively. The diameter of HTF tube is fixed as 6 mm. The detail regarding a schematic diagram of
MH reactors with a helical tube and two semi-cylindrical tubes can be found in the Appendices: Al.

4.4.1 Metal Hydride Reactor with Helical Coil Heat Exchanger and Semi-Cylindrical Coil Heat
Exchanger

Figure 4.2a presents the MH reactors with a helical tube and its dimensions. All geometrical parameters
are provided in Table 4.1. The total helical tube volume and MH volume are approximately 100 cm?
and 2000 cm?, respectively. From this MH reactor, air as the HTF is injected from the bottom part into
the porous MH reactor through a helical tube, while hydrogen is injected from the upper surface of the
reactor.

In the second part, the performance of the MH reactor is then investigated based on the semi-cylindrical
tubes as heat exchangers. Figure 4.2b shows the MH reactors with two semi-cylindrical tubes and their
dimensions. Table 4.1 presents all geometrical parameters for a semi-cylindrical tube that are kept
constant except the pitch sizes. It should be noted that the semi-cylindrical tube from case 4 was
designed by considering the constant volume of HTF tube and MH alloys from the helical tube (case
3). Regarding Figure 4.2b, air is also injected from the bottom part for both HTF semi-cylindrical tubes,
whereas hydrogen is injected from the opposite direction of MH reactor.
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Figure 4.2 Characteristics of selected geometries for metal hydride reactors. (a) With helical tube heat
exchanger, and (b) With semi-cylindrical tube heat exchanger

Table 4.1 Geometrical characteristics of MH reactors for the helical tube (case 1 to case 3) and the semi-
cylindrical tube (case 4 to case 6)

Case Di Do DP Dt G Li LD RD Ri
No. (mm) (mm) (mm) | (mm) | (mm) (mm) (mm) (mm) | (mm)
Case 1 15 . ) )
Case 2 12.86 B B B
Case3 | gqual: | Equal: 10| Equal: ) Equal: | Equal: ] ]
Case 4 146 156 15 6 90 110

Equal: Equal: | Equal:
Case 5 12.86 10 73 365
Case 6 10

4.4.2 Sensitivity Analysis

Due to the new design of the heat exchanger, the objective of this section is to identify appropriate
initial values for the operating parameters of the MH reactor that is incorporated with SCHE. For all
cases, air is employed as the HTF to remove the heat from the reactor. Among HTFs, air and water are
commonly selected as the HTF for the MH reactor due to having a low cost and less environmental
impact. Due to a high operating temperature range of magnesium-based alloy, air is selected as the HTF
for the present study. Moreover, it also has better flow characteristics compared to other liquid metals
and molten salt (Aoyagi et al., 1995). Table 4.2 represents the properties of air at 573 K. For sensitivity
analysis, only the best configuration of MH-SCHE performance case (among case 4 to case 6) is then
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applied to this section. This section is evaluated based on various operating parameters, including an
initial temperature of the MH reactor, loading pressure of hydrogen, inlet temperature of HTF, and the
Reynolds number, which is calculated by changing the velocity of the HTF. All operating parameters
for sensitivity analysis are included in Table 4.3.

Table 4.2 Thermo-physical properties of air at 573 K (Eisapour et al., 2021a)

Parameters Symbols Values

Density pr 0.60875 kg m?
Specific heat Cpr 1,045 J kg' K
Thermal conductivity Ar 0.045 Wm' K!
Dynamic viscosity 1is 2.061 x 10° Pa's

Table 4.3 Operating conditions for sensitivity analysis

Operating parameters Base value | Sensitivity value
Initial temperature of MH reactor (K) | 573 473, 523, 623
Loading pressure of hydrogen (MPa) | 1.8 1.2,2.4,3.0

Inlet temperature of HTF (K) 573 373,473, 673
Reynolds number of HTF 14000 10000, 18000, 22000

4.5 Mathematical Model

This section describes all the necessary governing equations for the hydrogen absorption process,
turbulent flow and heat transfer of the heat transfer fluid. The initial and boundary conditions, numerical
schemes, grid independency, and model validation are also included in this section.

4.5.1 Governing Equations

The appropriate selection of MH material for the use of this thesis are provided in “Chapter 3 —
Methodology” section. The governing equations regarding the absorption process as well as the heat
transfer fluid can be found in the same chapter as “Chapter 3 — Methodology”. For the absorption
process, the governing equations are provided in 3.1.1 Absorption Process and Desorption Process. The
governing equations of heat transfer fluid can be found in “3.1.3 Heat Transfer Fluid”.

The fluid flow is considered as turbulent due to its velocity and the Reynolds number (Re), which are
78.75 m s and 14000, respectively. The realizable k-¢ turbulence model is selected in this present
study. It was observed that this method provides more accuracy when compared with other k-¢ methods
and also provides less computational time than the RNG k-¢ method (Lewis & Chippar 2020; Darzi et
al., 2013).

4.5.2 Initial and Boundary Conditions

At the initial time, uniform conditions are applied for the temperature inside the MH reactor with the
average concentration of hydrogen as 0.043. The outer boundary of the MH reactor is assumed to be
well insulated. The magnesium-based alloys usually require a high operating temperature for the
reaction to store and release the hydrogen from the reactor. For the Mg:Ni, this alloy requires the
temperature range of 523-603 K to achieve the maximum absorption and the temperature range of 573-
603 K to complete the desorption (Vijay et al., 2005). However, the experimental study by Muthukumar
et al. (2008) proved that using the operating temperature at 573 K could achieve the maximum hydrogen
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storage capacity of the Mg,Ni storage which is equal to its theoretical capacity. Therefore, the
temperature at 573 K is selected for the initial temperature of the MH reactor in the present study.

Ty = To = 573 K, P, = 1.8 MPa, x, = 0.043 (4.1)

1) At the shell of the reactor:

s — ¢, (14)
2) At the heat transfer fluid inlet
Uy =uU, =0, uy = Uy, T =Ty, (15)
3) At the heat transfer fluid outlet
P=Ps=Da - (16)

4.5.3 Numerical Schemes, Grid Independency, and Model Validation

- Numerical Schemes and Grid Independency

Due to the similar setup conditions for the pre-processing process, the numerical schemes for all
chapters are summarised and provided in “3.3.2 Numerical Schemes” under “Chapter 3 — Methodology
section”. Various grid sizes are established in order to verify and achieve reliable results. The average
temperature at selected locations for the hydrogen absorption process from four different element
numbers are provide in Figure 4.3. It is worth mentioning that only one case for each configuration is
selected for grid independency checks due to having similar geometries. The same meshing methods
are applied to other cases. Therefore, case 1 for the helical tube and case 4 for the semi-cylindrical tube
are chosen. Figure 4.3a, b demonstrates the average temperature in the reactor from case 1 and case 4,
respectively. The three selected locations represent the bed temperature contour at the top, middle, and
bottom parts of the reactor. From temperature contours at the selected locations, the average temperature
becomes stable and shows minor changes at the element numbers of 428891 and 430599 for case 1 and
case 4, respectively. Therefore, these grid sizes are selected for further computational calculations. The
details about the average bed temperature for the hydrogen absorption process for various mesh size
and the successively refined grids for these two cases can be found in the “Appendices: A1”.
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Figure 4.3 Average bed temperature at selected location for the hydrogen absorption process in the
metal hydride reactor under various grid numbers. (a) Average temperature at selection location for
case 1, and (b) Average temperature at selection location for case 4
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- Model Validation

The model validations for the use of metal hydride storage system based on Mg:Ni as well as the
selection of turbulence model for the HTF are provided in “3.3.1 Model Validation” under “Chapter 3
— Methodology” section.

4.6 Results and Discussion

This section provides the results of numerical simulation of the heat transfer improvement inside the
MH reactor by using a helical coil heat exchanger (HCHE) and semi-cylindrical coil heat exchanger
(SCHE) for the hydrogen absorption process. The effect of the HTF pitch on the reactor bed temperature
and absorption duration is analyzed. The critical operating parameters for the absorption process are
investigated and presented in the sensitivity analysis section.

4.6.1 Geometrical Parameters

- Effect of Helical Coil Pitch

Three heat exchanger configurations with different pitches were examined in order to study the effect
of coil pitch on the heat transfer in the MH reactor. Three different pitches of 15 mm, 12.86 mm, and
10 mm are assigned as case 1, case 2, and case 3, respectively. It should be noted that the tube diameter
is fixed as 6 mm under the initial temperature of 573 K and loading pressure of 1.8 MPa for all cases.
Figure 4.4 presents the average bed temperature and hydrogen concentration of the MH bed during the
hydrogen absorption process for case 1 to case 3. In general, the reaction between metal hydride and
hydrogen is exothermic for the absorption process. Consequently, the bed temperature rapidly increases
due to the initial moments when hydrogen is first injected into the reactor. The bed temperature is
continually increasing until reaching the maximum value and gradually decreasing because the heat is
removed by the HTF, which has a lower temperature and acts as a cooling fluid. As shown in Figure
4.4a, the bed temperature rapidly increases and continually decreases due to the previous explanation.
The hydrogen concentration for the absorption process is usually based on the bed temperature of the
MH reactor. When the average bed temperature decreases to certain temperatures, the metal surface
will absorb the hydrogen. This is because of the acceleration of physisorption, chemisorption, diffusion
of hydrogen and its hydride formation in the reactor (Ardahaie et al., 2021). It can be seen in Figure
4.4b, the rate of hydrogen absorption from case 3 is lower than other cases due to having a lower pitch
value of the coil heat exchanger. This results in higher tube length in total and higher heat transfer area
of HTF tube. The absorption time from case 1 is 46276 s for the average hydrogen concentration as
90%. Comparing to the absorption duration from case 1, the absorption duration for case 2 and case 3
decreases 724 s and 1263 s, respectively. The temperature contours and hydrogen concentration
contours at selected locations of the HCHE-MH bed are provided in the “Appendices: A1”.

- Effect of Semi-Cylindrical Coil Pitch

To improve the heat transfer performance of the MH reactor, two SCHEs are designed under a constant
volume of MH (2000 cm?®) and helical coil heat exchanger (100 cm?) from case 3. This section also
considers the effect of coil pitch as 15 mm for case 4, 12.86 mm for case 5, and 10 mm for case 6.
Figure 4.4c, d presents the average bed temperature and concentration for the hydrogen absorption
process based on initial temperature at 573 K and loading pressure at 1.8 MPa. According to the average
bed temperature from Figure 4.4c, a lower coil pitch from case 6 significantly results in lower
temperature compared to the other two cases. The lower bed temperature leads to higher hydrogen
concentrations (see Figure 4.4d) for case 6. The hydrogen absorption time for case 4 is 19542 s which
is over 2-times lower than using HCHE as case 1-3. In addition, the absorption time with lower pitch
values from case 5 and case 6 also reduces 378 s and 1515 s compared to case 4. The temperature
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contours and hydrogen concentration contours at selected locations of the SCHE-MH bed are provided
in the “Appendices: A1”.
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Figure 4.4 Effect of coil pitch on average bed temperature and hydrogen concentration. (a) Average bed
temperature for helical coil pitch, (b) Hydrogen concentration for helical coil pitch, (c) Average bed
temperature for semi-cylindrical pitch, and (d) Hydrogen concentration for semi-cylindrical pitch

- Performance comparisons between the MH Reactors with Helical Coil Heat Exchanger and Semi-
Cylindrical Coil Heat Exchanger

To study the performance of two heat exchanger configurations, the temperature profiles at three
selected locations are made and presented in this section. The MH reactor with HCHE from case 3 is
selected to compare with the MH reactor incorporated SCHE from case 4 as having constant MH
volume and tube volume. Operating conditions for this comparison are 573 K as an initial temperature
and 1.8 MPa as loading pressure. Figure 4.5a, b presents all three selected locations for temperature
profiles from case 3 and case 4, respectively. Figure 4.5¢ represents temperature profiles and bed
concentration after 20000 s of the hydrogen absorption process. According to Line 1 from Figure 4.5c,
the temperature around HTF from case 3 and case 4 reduces because of having convective heat transfer
from the cooling fluid. This leads to a higher hydrogen concentration around this area. However, using
two SCHEs results in higher bed concentration. A more rapid kinetic reaction was found around the
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HTF area for case 4. Furthermore, a maximum concentration of 100% was also found around this area.
From Line 2, located at the middle part of the reactor, the temperature from case 4 is significantly lower
than for case 3 for all locations except at the center of the reactor. This leads to the maximum amount
of hydrogen concentration for case 4 excepted around the center of the reactor where it is far away from
the HTF. However, the concentration for case 3 is insignificantly changed. The huge difference in
temperature and bed concentration was observed at Line 3, which is near the HTF inlet. The bed
temperature from case 4 significantly reduces, resulting in full hydrogen concentration at this area,

while the concentration line from case 3 still fluctuates. This is due to the heat transfer acceleration
from SCHEs. The details and discussion regarding the comparison of the average temperature of the
MH bed and the HTF tube between case 3 and case 4 are provide in the “Appendices: A1”.
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Figure 4.5 Temperature profiles and bed concentration at selected locations of the metal hydride reactor.
(a) Selected locations for case 3, (b) Selected locations for case 4, and (c) Temperature profiles and bed
concentration at selected locations after 20000 s of hydrogen absorption process for case 3 and case 4

Figure 4.6 displays the comparison of average bed temperatures (see Figure 4.6a) and hydrogen
concentrations (see Figure 4.6b) during the absorption process between HCHE and SCHE. From this
figure, it is evident that the MH bed temperature significantly reduces because of an increasing of heat
transfer area. Having more heat removal rate from the reactor leads to a faster hydrogen absorption rate.
Although both heat exchanger configurations have a similar volume, the hydrogen absorption time
based on SCHE as case 4 significantly reduces at 59% compared to using HCHE as case 3. For more
analysis, the hydrogen concentrations from both heat exchanger configurations are displayed as
contours in Figure 4.7. This figure shows that the hydrogen starts to be absorbed in the bottom part
around the HTF inlet for both cases. A higher concentration was found at HTF areas, while a lower
concentration was observed at the center of the MH reactor due to being far away from the heat
exchangers. At 10000 s, the hydrogen concentration from case 4 is significantly higher than case 3. At
20000 s, the average hydrogen concentration inside the reactor rises to 90% for case 4, while there is
only 50% hydrogen for case 3. This can be explained by the reason that incorporating two SCHEs have
a higher effective heat removal which leads to having lower temperature inside the MH bed. Thus, more
equilibrium pressure declines inside the MH bed and then causes faster hydrogen absorption.
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Figure 4.6 Comparison of average bed temperature and hydrogen concentrations between two heat
exchanger configurations as case 3 and case 4
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Figure 4.7 Comparison of hydrogen concentrations at 500 s, 2000 s, 5000 s, 10000 s, and 20000 s after
the start of the hydrogen absorption process between case 3 and case 4
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Table 4.4 summarizes the hydrogen absorption durations for all cases. Moreover, the hydrogen
absorption time in percentage is also presented in this table. The percentage is calculated based on the
absorption time from case 1. From this table, the absorption time from the MH reactor with HCHE is
around 45000 s to 46000 s, while the absorption time incorporating SCHE is around 18000 s to 19000
s. When compared to case 1, the absorption time from case 2 and case 3 reduces only 1.6% and 2.7%,
respectively. By employing SCHE instead of HCHE, the absorption time significantly reduces by 58%
to 61% from case 4 to case 6. It is evident that incorporating SCHE inside the MH reactor significantly
enhances the hydrogen absorption process and MH reactor performance. Although inserting the heat
exchanger inside the MH reactor will reduce the storage capacity, this technique obtains a significant
heat transfer improvement compared to other techniques. Moreover, the reduction of pitch values will
increase the SCHE volume which leads to reducing the MH volume. In case 6, which has the highest
SCHE volume, there is only a 5% reduction in the MH volume capacity compared to case 1, which has
the lowest HCHE volume. Furthermore, during the absorption process, case 6 indicates faster and better
performances with a reduction of 61% in absorption duration. Therefore, case 6 is selected to further
investigation regarding sensitivity analysis. It should be noted that the long hydrogen absorption time
is due to the storage capacity which contains the MH volume at around 2000 cm®.

Table 4.4 Summary of hydrogen absorption times for all six cases. (The percentage of hydrogen
absorption duration is calculated based on the absorption time from case 1)

Case Absorption Time (s) Absorption Duration (%)

1 46276 100
2 45552 98.4
3 45013 97.3
4 19542 41.4
5 19164 41.3
6 18027 38.9

4.6.2 Sensitivity Analysis of Operating Conditions

The operating parameters during the reaction process are essential factors that can be positively or
negatively impact the performance of MH reactor in actual utilization. The sensitivity analysis is
considered in this study to identify appropriate initial values of operating parameters for the MH reactor
that is incorporated with SCHE, this section investigates four main operating parameters based on the
best reactor configuration from case 6. The results from all operating conditions are presented in Figure
4.8.
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Figure 4. 8 Hydrogen concentration diagram for various operating conditions in the use with the semi-
cylindrical coil heat exchanger. (a) Loading pressures, (b) Initial bed temperatures, (¢) Reynolds
numbers of heat transfer fluid, and (d) Inlet temperatures of heat transfer fluid

- Effect of the Loading Pressure on the Hydrogen Absorption Process

Four different loading pressures of 1.2 MPa, 1.8 MPa, 2.4 MPa, and 3.0 MPa were chosen based on the
constant initial temperature at 573 K and HTF flow velocity at 14000 of Reynolds number. Figure 4.8a
reveals the effect of loading pressure and the SCHE on the hydrogen concentration with respect to time.
The absorption time is reduced by an increment of loading pressure. Employing exerted hydrogen
pressure with 1.2 MPa is the worst case for the hydrogen absorption process with the absorption duration
over than 26000 s for achieving 90% of hydrogen absorption. However, higher loading pressure results
in the reduction of absorption times by 32% to 42% from 1.8 MPa to 3.0 MPa. This is due to higher
initial hydrogen pressure causing a larger difference between the equilibrium pressure and exerted
pressure. Thus, this generates a greater driving force for hydrogen absorption kinetic (Wu et al., 2014).
At the initial moment, the hydrogen is rapidly absorbed because of the greater difference between the
equilibrium pressure and exerted pressure (Afzal & Sharma 2021a). With loading pressure at 3.0 MPa,
18% of the hydrogen is rapidly stored within the first 10 s. The hydrogen is stored at 90% of the reactor
at the final stage with 15460 s. However, the absorption time is significantly reduced by 32% from the
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loading pressure at 1.2 MPa to 1.8 MPa. Other higher pressures have less effect on the improvement of
the absorption time. Consequently, the loading pressure at 1.8 MPa is recommended for the MH-SCHE
reactor. The hydrogen concentration contours for various loading pressures at 15500 s are provided in
the “Appendices: A1”.

- Effect of the Initial Temperature on the Hydrogen Absorption Process

Selecting the appropriate initial temperature of the MH reactor is one of the main factors that influence
the hydrogen sorption process, as it will affect the driving force of the hydride-producing reaction. To
study the effect of SCHE on the initial temperature of the MH reactor, four different temperatures were
chosen under constant loading pressure at 1.8 MPa and Reynolds number at 14000 of HTF. Figure 4.8b
presents the comparison of various initial temperatures, including 473 K, 523 K, 573 K, and 623 K. In
fact, the Mg,Ni alloy will have effective performance for the hydrogen absorption process when the
temperature is above 230 °C or 503 K (Reiser et al., 2000). However, the temperature will rapidly
increase at the initial moment when hydrogen is injected. Thus, the MH bed temperature will be over
523 K. For this reason, hydride formation is then promoted due to the absorption rate enhancement
(Muthukumar et al., 2008). From Figure 4.8b, the hydrogen is absorbed faster when the initial
temperature of the MH bed is reduced. When having a lower initial temperature, it leads to generating
lower equilibrium pressure. The larger different pressures between equilibrium pressure and exerted
pressure cause a faster hydrogen absorption process. By 473 K initial temperature, the hydrogen is
rapidly absorbed to 27% within the first 18 s. Moreover, the absorption time from lower initial
temperatures is also reduced from 11% to 24% compared to the initial temperature at 623 K. The
absorption time with the lowest initial temperature at 473 K is 15247 s which is similar to the best case
of loading pressure. However, reducing initial reactor temperature results in lower hydrogen storage
capacity. The initial temperature of MH reactor should not be less than 503 K (Muthukumar et al.,
2008). Furthermore, the maximum hydrogen storage capacity of 3.6 wt% can be achieved by using the
initial temperature of 573 K (Muthukumar et al., 2008). Focusing on the hydrogen storage capacity and
the duration of the absorption, there is only a 6% time reduction by the temperature between 523 K and
573 K. Therefore, the temperature at 573 K is recommended for the initial temperature of the MH-
SCHE reactor. However, the effect of initial temperature on the absorption process is less significant
compared to loading pressure. The hydrogen concentration contours for various initial temperatures at
15500 s are provided in the “Appendices: A1”.

- Effect of the Reynold’s Number of the Heat Transfer Fluid on the Hydrogen Absorption Process

The flow velocity is one of the essential parameters for both hydrogeneration and dehydrogenation
because of its ability that affect the turbulence and heat removal or heat supplying regarding hydriding
and dehydriding processes (Wang et al., 2021). A large flow velocity will generate a turbulent stage
and cause faster fluid flow through the HTF tube. This reaction will result in faster heat transfer. Various
inlet velocities of HTF are calculated based on the Reynolds number as 10000, 14000, 18000, and
22000. The initial temperature of MH bed is fixed at 573 K with the loading pressure at 1.8 MPa. The
result from Figure 4.8c proves that utilizing a higher Reynolds number incorporated with the SCHE
leads to a faster absorption rate. With the increase of the Reynolds number from 10000 to 22000, the
absorption time reduces approximately 28% to 50%. The absorption time from the Reynolds number at
22000 is 12505 s which is lower than the absorption time based on various initial temperatures and
loading pressures. The hydrogen concentration contours for various Reynolds numbers of the HTF at
12500 s are presented in the “Appendices: A1”.

- Effect of the Initial Temperature of the Heat Transfer Fluid on the Hydrogen Absorption Process
The effect of the SCHE on the initial HTF temperature is analyzed and displayed in Figure 4.8d. Four
initial temperatures of 373 K, 473 K, 523 K, and 573 K are chosen for this analysis under the initial
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MH temperature at 573 K and loading pressure of hydrogen at 1.8 MPa. Figure 4.8d indicates that the
decrease in inlet HTF temperature leads to a shorter absorption time. Compared to the base case with
inlet temperature at 573 K, the absorption time reduces around 20%, 44% and 56% for inlet temperature
of 523 K, 473 K, and 373 K, respectively. At 6917 s with the initial temperature of the HTF at 373 K,
there is a 90% of hydrogen concentration inside the reactor. This can be explained by the enhancement
of convective heat transfer between the MH bed and the HTF. A lower HTF temperature will increase
the heat removal rate and result in an improvement of the hydrogen absorption rate. Among all operating
parameters, improving the MH-SCHE reactor’s performance by increasing the inlet temperature of the
HTF is the most suitable method as the end of the absorption process is lower than 7000 s while the
minimum absorption time from other methods is greater than 10000 s. The hydrogen concentration
contours for various initial temperature of the HTF at 7000 s are presented in the “Appendices: A1”.

4.7 Conclusion

The present study first introduces a novel semi-cylindrical coil heat exchanger embedded inside the
metal hydride storage unit. The hydrogen absorption capacity of the proposed system is investigated
under different heat exchanger configurations. The effect of operating parameters between the metal
hydride bed and heat transfer fluid on the heat exchanged are examined, in order to find optimal
conditions for the metal hydride storage with a novel heat exchanger. The key findings from this study
are summarized as follows:

e Using a semi-cylindrical coil heat exchanger, heat transfer performance is improved as it has
more uniform heat distribution in the magnesium bed reactor resulting in a better hydrogen
absorption rate. Under the constant volume of the heat exchanger tube and metal hydride, the
absorption reaction time is significantly reduced by 59% compared to a normal helical coil heat
exchanger.

e Reducing the pitch size of coil heat exchangers positively affects the absorption duration
because of having more heat transfer area. Among other pitch values, there is a 61% reduction
of hydrogen absorption time when using semi-cylindrical coil heat exchangers with a pitch size
of 10 mm. With this size, there is around a 5% reduction in the metal hydride volume capacity
compared to the highest pitch size. Therefore, using a semi-cylindrical coil heat exchanger with
10 mm pitch size is recommended.

o Increasing the loading pressure of hydrogen injection leads to a lower hydrogen absorption
time. The absorption duration significantly reduces, by 32%, with loading pressure at 1.8 MPa
compared to 1.2 MPa. However, other higher values have less effect on the absorption duration.
Therefore, the loading pressure at 1.8 MPa is recommended for the storage with a new heat
exchanger.

e The lower initial temperature of the metal hydride bed results in a faster hydrogen absorption
rate. However, to maintain the storage capacity with a Mg,Ni-based alloy, the initial
temperature should not be less than 503 K. Considering the storage capacity and the absorption
duration, the initial temperature at 573 K is recommended for the storage with a semi-
cylindrical coil heat exchanger.

e The initial conditions of heat transfer fluid are the main parameters that significantly affect the
improvement of storage performance with a novel heat exchanger. Higher Reynolds number of
the heat transfer fluid positively influences hydrogen absorption duration because of having
higher fluid flow velocity. Furthermore, a lower inlet temperature of heat transfer fluid also
improves the convective heat transfer between the bed and the cooling fluid. By these two
parameters, the absorption duration is significantly reduced by 50-56%.

The results from this study provide a heat transfer improvement regarding the absorption process of
magnesium-based hydrogen energy storage under a novel heat exchanger configuration with optimized
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operating conditions. The comprehensive study on this proposed system could be beneficial for
industrial applications. To improve the hydrogen absorption duration, the metal hydride storage with a
novel semi-cylindrical coil heat exchanger will be further incorporated with other heat exchangers in
the next study. Furthermore, the effect of using a novel heat exchanger on the hydrogen desorption
process will be further considered. It should be noted that this study only considers the heat transfer
enhancement based on the different heat exchanger structures. The well-arrangement of the new heat
exchanger design significantly indicates good performance. The heat transfer surface area as well as the
heat exchanger volume are constant between both heat exchangers.
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Chapter S — A Novel Design for Faster
Hydrogen Storage: A Combined Semi-

Cylindrical and Central Return Tube Heat

Exchanger

Research Paper: Larpruenrudee, P., Bennett, N.S., Luo, Z., Fitch, R., Sauret, E., & Islam, M.S.,
(2023). A novel design for faster hydrogen storage: a combined semi-cylindrical and central return tube
heat exchanger. Journal of Energy Storage 71, 108018. https://doi.org/10.1016/j.est.2023.108018.
SJR: 1.456 [Q1], IF: 9.4

5.1 Summary
Objectives to achieve the aim of this study:

Further enhance the thermal performance of the storage and heat exchanger by further
developing the new internal heat exchanger structure from Chapter 4 (Research Paper 1)
Further enhance the thermal performance of the storage and heat exchanger by combining
developed internal heat exchanger with external heat exchanger under active thermal
management technique

Identify an appropriate initial value of each operating parameter under the new storage
configuration and heat exchanger

Achievements and innovations in this chapter:

Further enhance the thermal performance of the semi-cylindrical coil heat exchanger by
combining itself with the central return tube

Optimise the design of this new heat exchanger configuration based on the effect of heat
exchanger tube diameter on the hydrogen absorption and metal hydride volume

Further enhance the thermal performance of the storage system and heat exchanger by
combining this new heat exchanger with a cooling jacket as an external heat exchanger
Investigate the initial value of the heat transfer fluid’s parameter based on the new storage
configuration, including; the initial flow velocity and temperature of the heat transfer fluid, and
the heat transfer coefficient between the storage and heat transfer fluid
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5.2 Abstract

Metal hydrides (MH) have recently attracted significant interest for hydrogen storage as they provide
large storage capacity and a high degree of safety. The main disadvantage, however, is that storage
speed is compromised by their low rate of hydrogen absorption. One possible way to accelerate the
absorption reaction, and thus improve storage performance regarding incoming hydrogen transfer
speed, is to increase the heat transfer rate inside the storage system. Among internal heat exchangers,
using helical coil and semi-cylindrical coil heat exchangers significantly improves the heat transfer
performance inside the storage system because of the secondary circulation. However, the central area
of the storage system still has a lower heat transfer rate as this area is far away from the heat transfer
fluid. For this purpose, the development of a heat exchanger structure is considered for the new
achievement of this study. A semi-cylindrical coil heat exchanger incorporating a central return tube
(SCHE-CR) is first developed from a semi-cylindrical coil heat exchanger (SCHE) to improve heat
exchange rate at the MH central area. The tube size’s effect on absorption is analysed. Further, a
combination of internal and external heat exchangers is considered for further improvement of MH
storage performance. The operating parameters of the heat transfer fluid for various heat exchanger
configurations are investigated to determine optimal values. Results from numerical simulations
indicate that absorption duration reduces by 30% in the SCHE-CR case compared to the SCHE.
Increasing the tube diameter of SCHE-CR results in a 40% faster absorption reaction. Using SCHE-CR
with a cooling jacket reduces the absorption duration by 51% compared to the SCHE-CR. Among other
operating conditions, the operating temperature of the cooling fluid is found to significantly affect the
hydrogen absorption reaction with up to a 36% enhancement of the absorption rate. However, the heat
transfer coefficient between cooling fluid and MH, is not found to have a significant effect, as the
improvement of the absorption rate is only 8%. The new MH reactor configuration would be beneficial
to improve heat exchange in MH storage applications

Keywords: Hydrogen absorption, Semi-cylindrical coil, Reaction time, Faster hydrogen storage,
Sensitivity analysis.

5.2.1 Graphical Abstract
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5.3 Introduction

The environmental crisis around the world has demonstrated the need for alternative energies like
renewable energy. Hydrogen is one of the alternative fuels and energy storage mediums that has been
widely proposed because of its characteristics and portability, as it is well known as the lightest gas and
a good energy carrier (Tang et al., 2011; Urunkar & Patil 2021). The energy storage capacity per unit
mass from hydrogen is also higher when compared to fossil fuels (Harries et al., 2012). Hydrogen
storage in the form of metal hydride (MH) has been recently used for fuel cell applications, as it provides
low cost, a high hydrogen capacity, as well as high safety due to a low operating pressure, compared to
other techniques (Sakintuna et al., 2007; Jain et al., 2010). In general, for solid storage, hydrogen will
be combined with the solid material to be stored inside the reactor by absorption and released from the
reactor by the desorption process (Yue et al., 2021). However, having a low thermal conductivity is the
main disadvantage of MH materials (Zhao et al., 2020). This problem significantly causes slow
hydrogen absorption and desorption. To solve this problem, enhancing the heat transfer inside the
storage system is required. To control the desired charging rate during absorption, generated heat is
required to be released from a system, while heat is required for the hydrogen discharging process
(Nguyen & Shabani 2021). Consequently, faster heat removal from the storage system will result in
faster absorption, while the opposite is required for the desorption process.

There are several heat exchanger configurations that have been designed for MH reactors. For example,
cooling/heating jackets were designed to cover around the storage system as an external heat exchanger.
Based on this technique, the experimental study of Kaplan (2009) proved that using a cooling jacket
positively affected the heat transfer in the storage system as a MH bed temperature from a case with the
cooling jacket was around 60% lower than the case without the cooling jacket. The supply pressure of
hydrogen injection as well as the operating temperature of the heat transfer fluid (HTF) were the key
factors that improved the MH storage performance. Similarly, the study by Valizadeh et al. (2016)
reported that initial HTF temperature was the key parameter for the desorption. From this technique,
there is the heat transfer at the outer wall of the MH bed, which contact with the cooling/heating jacket.
In contrast, there is heat transfer inside the MH bed when using the internal heat exchangers. Therefore,
the development of several internal heat exchangers has been proposed to circulate the HTF throughout
the storage system during the hydrogen sorption (Wu et al., 2016). These include straight tubes, helical
coils, as well as the semi-cylindrical coil.

The straight tube was located inside the MH reactor, which contained aluminium foam and LaNis as
MH alloy (Mellouli et al., 2009). The results from this study demonstrated that the absorption duration
significantly reduced by 60% when combining a straight tube with metal foam compared to the normal
case. However, adding metal foam resulted in the reduction of hydrogen storage capacity. Several inner
straight tubes were used by Raju & Kumar (2011). Their results indicated that using several straight
tubes reduced the hydrogen absorption time. A multi-zone configuration of the HTF was designed and
incorporated with the MH reactor by Eisapour et al. (2021b). Their numerical results highlighted that
increasing the number of air passages significantly improves the hydrogen charging time. Furthermore,
increasing the pressure of hydrogen injection and the Reynolds number of the HTF also improved the
absorption reaction rate.

The helical coil heat exchanger (HCHE) was designed for the purpose of increasing in heat and mass
transfer performance inside storage systems. Because of the secondary circulations of this heat
exchanger, which provided more heat transfer surface area in the storage, the heat exchange rate
significantly improved compared to using a straight tube (Wu et al., 2014). Also, several heat exchanger
configurations were proposed and compared (Wu et al., 2016; Tong et al., 2019a). Among different
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heat exchanger configurations, using the HCHE provided higher heat and mass transfer rates in
comparison to other types, including fins and straight tubes. The study by Wang et al. (2012)
demonstrated that a higher heat transfer coefficient of the HTF also decreased the hydrogen absorption
duration. Mellouli et al. (2007) designed a new spiral tube that had the same direction as the HTF inlet
and outlet to increase the heat transfer surface area for their experimental study. The authors stated that
the HTF temperature was the main parameter that significantly decreased hydrogen sorption duration
compared to other parameters, including operating pressure, the volume and temperature of the storage.
Similarly, Visaria & Mudawar (2012a, b) also reported that reducing the HTF temperature for coil tube
resulted in faster hydrogen absorption duration for the MH reactor based on Ti;.iCrMn alloy. The
absorption duration was reduced from 20.9 minutes to 12.2 minutes when reduced the HTF temperature
from 21 °C to 2.5 °C. The magnesium-based Mg:Ni reactor was combined with the HCHE in the
numerical simulation (Wu et al., 2014). The authors summarised that lower ratios of coil pitch to
diameter, as well as a non-dimensional pitch, positively affected the heat transfer inside a storage
system. A flat spiral tube was designed to be used with the MH reactor based on Mg>Ni material
(Ardahaie et al., 2021). This study observed a faster absorption with a higher number of spiral tubes. A
new helical coil with a centrally-located return pipe was designed to enhance heat transfer, especially
in the central area of the MH storage system (Eisapour et al., 2021a). Moreover, this study indicated
that using this new heat exchanger significantly reduced the absorption duration. Furthermore, a lower
pitch and higher diameter of the helical coil positively affected the rates of heat and mass transfers. The
semi-cylindrical coil heat exchanger (SCHE) was developed from a HCHE and located inside the MH
storage system (Larpruenrudee et al., 2022a). This study proved that using this heat exchanger
significantly reduced hydrogen absorption duration by 59% in comparison to the HCHE type.
Improving in surface area arrangement of the semi-cylindrical coil, the hydrogen storage performance
was also significantly enhanced. However, the centre of the MH bed, which was distant from the HTF
area, still had a higher temperature which resulted in lower hydrogen concentration in this area. Several
heat exchanger techniques were combined to improve the MH reactor’s performance. Raju & Kumar
(2012) proposed various MH reactor configurations that were equipped with several types of heat
exchangers including; (1) cooling jacket with inner straight tubes and fins, (2) cooling jacket with inner
helical coil tubes, and (3) cooling jacket with straight tubes that were placed in horizontal. The authors
stated that the MH storage system with a cooling jacket and HCHE obtained better gravimetric and
volumetric densities when compared to other heat exchanger types. Combining the outer cooling jacket
and inner cooling tubes significantly improved the kinetic reaction rate, which resulted in faster
hydrogen sorption (Freni et al., 2009; Karmakar et al., 2021; Afzal & Sharma 2018).

From the above examples, combining inner and outer heat exchangers significantly improves the heat
transfer rate. Using HCHE, especially with a centrally-mounted tube, considerably improves heat and
mass transfer mechanisms. Although using a SCHE obtains the better heat transfer enhancement in
comparison to a HCHE, the centre of the MH bed still has a less conductive heat transfer rate. Based on
the structure of a SCHE, there is no contact area between the MH and the cooling fluid in this area. For
this reason, the present work aims to further develop a SCHE. The SCHE incorporating a central return
tube (SCHE-CR) is introduced for the first time for the improvement of the heat transfer at central areas.
The work from present study is expected to increase the storage system performance by focusing on
improving the heat exchange rate, especially at the central area in the storage system based on the new
heat exchanger type. Moreover, the new heat exchanger is then combined with the cooling jacket to
further improve the heat transfer inside the MH system. To verify this hypothesis, a comprehensive
investigation of storage performance is performed by comparing the temperature variation and
hydrogen absorption duration along the absorption process using the new heat exchanger
configurations. In addition, the operating conditions and tube diameter of the HTF significantly affect
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the improvement of the MH reactor’s performance. To investigate the new heat exchanger’s
performance, the relationship between the tube diameter, MH volume, and hydrogen absorption
duration are considered in this study. Furthermore, determining a suitable value for each operating
parameter of the HTF is the secondary objective.

5.4 System Description

The present study proposes a new design of the internal heat exchanger that was developed from SCHE.
The MH reactor’s performance is analysed based on the different heat exchanger configurations
between SCHE and SCHE-CR, and sensitivity analysis under various operating conditions. Stainless
steel is chosen as the material used for the HTF tube and the MH tank with a constant size of MH reactor
for all cases. The outer diameter and total height of the tank are 50 mm and 80 mm with reference to
Wu et al. [15]. The coil pitch of SCHE is 10 mm, while it is 11.67 mm for SCHE-CR. It should be
noted that the coil pitch of 10 mm of SCHE is selected based on the recommendation from the study of
Eisapour et al. (2021a). The HTF tube diameter is considered as the main parameter of the heat transfer
enhancement and is presented under the geometrical parameters under the results and discussion.
Figure 5.2a presents the single HTF tube for SCHE and SCHE-CR.

5.4.1 Storage System with Semi-Cylindrical Coil

A schematic diagram of the MH storage system with SCHEs, and geometrical parameters are provided
in Figure 5.2b and Table 5.1. From Table 5.1, case 1 and case 2 refer to the SCHEs with a 3 mm and 4
mm of tube diameter, respectively. From the SCHE case, the air is set to be injected from the bottom
part of the system through the SCHE, whereas it is in the opposite direction of the hydrogen injection
(top surface).

5.4.2 Storage System with Semi-Cylindrical Coil and Central Return Tube

Figure 5.2c demonstrates the schematic diagram of a MH tank with SCHE-CRs. In this case, the HTF
inlet and outlet are designed to be in the same direction because of the new heat exchanger
configuration, which includes the central return tube. Based on this, the direction of the hydrogen
injection is still the same. All geometrical parameters for SCHE-CR can be found in Table 5.1. From
this table, case 3 and case 4 are the SCHE-CRs with 3 mm and 4 mm of tube diameter, respectively.

5.4.3 Storage System with Internal and External Heat Exchanger

To improve the reactor’s performance, a cooling jacket (3 mm thickness) is employed as an external
heat exchanger, which will be further incorporated with the best MH reactor configuration case (selected
from case 1 to case 4). It is important to highlight that this study only focuses on the analysis of the
thermal performance of the SCHE and SCHE-CR under the variation of tube sizes. The effect of the
various thicknesses of a cooling jacket on thermal performance is not considered in this study. This
parameter will be further analysed in the next study.
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Figure 5.2 Schematic diagram of storage tanks with two heat exchangers. (a) single HTF tube from
SCHE and SCHE-CR, (b) characteristics of MH reactor with SCHEs, and (c) characteristics of MH
reactor with SCHE-CRs

Table 5.1 Characteristic of MH tanks for the SCHE (case 1, 2) and SCHE-CR (case 3, 4)

Case No. D; D, D, D, G L; L, R, R;
(mm) (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)
1 Equal: 3 Equal: - B
2 10 4 60 _ _
Equal: Equal: Equal: Equal:
3 42 50 3 6 80
Equal: Equal: Equal: | Equal:
11.67 70 21 10.5
4 4
Puchanee Larpruenrudee 82 PhD Thesis (2025)



5.4.4 Sensitivity Analysis for Operating Conditions

To determine appropriate values of initial operating parameters of the HTF with the new heat exchanger
design, the best configuration case (case 1 to case 4) is selected for further analysis. To identify the best
case, the reduction of the MH bed volume, as well as the HTF tube and absorption duration are
considered as the main parameters. The HTF operating conditions include the Reynolds number (Re)
and HTF inlet temperature. Furthermore, the effect of various selected values of the Re on the HTF tube
is examined in this section. Referring to available literature, most recent studies only focus on
investigating the effect of the heat transfer coefficient (HTC) by using several heat exchangers. A
comprehensive analysis of the effects of various flow velocities on the turbulence intensity of the HTF
tube is still not available in the literature. Therefore, the level of turbulence intensity of the HTF under
the different values of the Re is considered in the present study. It should be noted that these two
parameters are analysed to optimise the appropriate values for the internal heat exchanger only. The
sensitivity analysis for the outer cooling jacket (considered as an external heat exchanger) is
investigated based on the HTC between the MH and HTF of the cooling jacket. The HTF operating
conditions can be found in Table 5.2. It is important to mention that air is considered to be the HTF for
all cases as it has a less environmental impact and low cost compared to other HTFs.

Table 5.2 Operating values for the HTF

Parameters Base value Sensitivity value
HTF Inlet temperature (K) 573 423,473,523
Reynolds number of HTF 9000 6400, 11700, 14500
Heat transfer coefficient of a cooling 250 500, 750, 1000

jacket (W m?2 K1)

5.5 Mathematical Model

The all related equations regarding the governing equations for the hydrogen absorption and heat
transfer fluid are provided in this section. The initial and boundary conditions, numerical schemes, grid
independency, and model validation are also included in this section.

5.5.1 Governing Equations

The appropriate selection of MH material for the use of this thesis are provided in “Chapter 3 —
Methodology” section. The governing equations regarding the absorption process as well as the heat
transfer fluid can be found in the same chapter as “Chapter 3 — Methodology”. For the absorption
processes, the governing equations are provided in 3.1.1 Absorption Process and Desorption Process.
The governing equations of heat transfer fluid can be found in “3.1.3 Heat Transfer Fluid”.

The turbulent condition is applied under the realizable k-¢ turbulence model for the fluid flow in the
present study with the inlet velocity of 76.86 m s! corresponding to the Re of 9000. The average y+ =
30 for the present study. Among k-&¢ methods, the realizable k-¢ turbulence model provides more
accuracy and less computational time (Ardahaie et al., 2021; Kumar et al., 2006). The validation of the
selected turbulence model was performed from the previous study (Larpruenrudee et al., 2022a), which
was compared with the experimental results (Kumar et al., 2006).

5.5.2 Initial and Boundary Conditions

In general, a high operating temperature is required to activate the MH storage system for hydrogen
sorption, especially magnesium-based alloys. To obtain the maximum absorption for Mg;Ni alloy, the
experimental results from Muthukumar et al. (2008) demonstrated that the maximum hydrogen storage
capacity ofMg:Ni storage could be obtained by using an operating temperature of 573 K. Consequently,
the initial temperature of the MH storage system (Tyy = Ty) is set as 573 K. Furthermore, the previous
study from Larpruenrudee et al. (2022a) also showed that using a 1.8 MPa of loading pressure (P,)
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obtains better hydrogen absorption performance compared to other values. Therefore, this value is
chosen as hydrogen loading pressure. The boundary condition is set as the inlet velocity for the heat
transfer fluid injection from the bottom part through the heat exchanger tube in the y-axis direction to
the heat exchanger outlet. The zero-gauge pressure condition is applied for the outlet of the HTF. The
standard wall function was used as the near-wall model for the realizable k-¢ turbulence model,
appropriate for the wall y+ values (=30) in these simulations. The no-slip velocity and constant
temperature conditions were applied at the heat exchanger wall.

5.5.3 Numerical Schemes, Grid Independency, and Model Validation

- Numerical Schemes and Grid Independency

Due to the similar setup conditions for the pre-processing process, the numerical schemes for all
chapters are summarised and provided in “3.3.2 Numerical Schemes” under “Chapter 3 — Methodology
section”. Different grid sizes are performed for the grid refinement test to obtain accurate results. Figure
5.3 illustrates the average bed temperature during the absorption under different selected element
numbers for each reactor configuration. It is important to highlight that the same meshing techniques
are applied to all cases under the same structure of the HTF tube. Therefore, only two base cases for
each HTF tube are chosen for the grid refinement test. The average temperature at three locations,
including the reactor's top, middle, and bottom parts, is obtained to compare the results. The grid
refinement test regarding the average temperature is provided in Figure 4.3a for the SCHE (case 1) and
in Figure 4.3b for the SCHE-CR (case 3). From three selected locations, the average temperature is
more stable and has minor change at 256,189 (for case 1) and 272,449 (for case 3) of the element
numbers. Therefore, these grid sizes are chosen for further numerical simulations.
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Figure 5.3 Average temperature for the hydrogen absorption in the MH storage system from different
grid sizes. (a) average temperature at three selected planes for SCHE case and (b) average temperature
at three selected planes for SCHE-CR case

- Model Validation

The model validations for the use of metal hydride storage system based on Mg:Ni as well as the
selection of turbulence model for the HTF are provided in “3.3.1 Model Validation” under “Chapter 3
— Methodology” section.
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5.6 Results and Discussion

The numerical results for the heat transfer enhancement inside the storage system based on heat
exchanger configuration designs are provided in this section. These also include the analysis of the
effect of a tube diameter for a semi-cylindrical coil heat exchanger (SCHE) and a semi-cylindrical coil
heat exchanger with a central return tube (SCHE-CR) on improving in heat transfer performance. The
performance of SCHE and SCHE-CR is compared and presented as the absorption duration and the bed
temperature inside the reactor. The best internal heat exchanger configuration case is then combined
with a cooling jacket as an external heat exchanger for further heat transfer enhancement of the reactor.
The operating conditions for the HTF with the best heat exchanger case are finally analysed and
provided in the sensitivity analysis.

5.6.1 Geometrical Parameters

- Effect of Heat Exchanger Tube Diameter

The performance for SCHE and SCHE-CR is analysed based on two sizes of the HTF tube diameter. It
is worth mentioning that the present study only focuses on the tube diameter at 3 mm and 4 mm. Greater
tube diameter will reduce the MH volume, which is over 10% of volume reduction. The average bed
temperature of a MH as well as hydrogen concentration during absorption process from SCHE and
SCHE-CR are demonstrated in Figure 5.4. Figure 5.4a presents the average bed temperature (solid lines)
and hydrogen concentration (dashed lines) for the SCHE and SCHE-CR based on the tube diameter at
3 mm, while Figure 5.4b is for the tube diameter at 4 mm. Case 1 and case 2 refer to SCHE with 3 mm
and 4 mm of the tube diameter, respectively. Case 3 and case 4 are for SCHE-CR with 3 mm and 4 mm
of tube diameter, respectively. The numerical simulation for these four cases was done based on a 573
K as the operating temperature of the system and 1.8 MPa as the hydrogen pressure. Initially, after the
hydrogen firstly injected into the storage system, the temperature of the MH bed rapidly increases
because of the interaction between the metal alloy and hydrogen, which is classified as an exothermic
absorption process. The MH temperature slowly increases until reaching the maximum value. When
the cooling fluid temperature becomes lower than MH bed temperature, the heat is then transferred from
the MH bed to the cooling fluid. As a result, the MH bed temperature is then gradually decreased. The
average bed temperature inside the storage system (refer to solid lines from Figure 5.4a, b) also supports
this fact, as the bed temperature for all cases rapidly increases and continually decreases. It is important
to highlight that the average bed temperature inside the system from this present study is calculated
based on the area-weighted average temperature across the geometrical model. Comparing to the SCHE
(case 1 and case 2), the average bed temperature from SCHE-CR (case 3 and 4) decreases faster than
SCHE, especially from the case with 4 mm of the tube diameter. It is obvious that the cases with a 4
mm tube diameter obtain better heat transfer improvements in the system. This can be because
increasing the tube diameter leads to having more HTF flowing throughout the heat exchanger tube. As
a result, the heat exchange rate between cooling fluid and MH bed is improved.

For the hydrogen concentration, the amount of hydrogen absorption is always related to the MH bed
temperature, as the surface of the metal alloy starts to absorb the hydrogen when the temperature of the
MH reduces until reaching a certain temperature. This is due to the chemisorption, acceleration of
physisorption, hydride formation in the system, and diffusion of hydrogen (Ardahaie et al., 2021). The
effect of MH bed temperature on the hydrogen concentration is provided in Figure 5.4a for 3mm of tube
diameter and Figure 5.4b for tube diameter at 4 mm. From this figure, faster hydrogen absorption is
usually found in cases with a lower average bed temperature. A higher tube diameter of the HTF results
in faster hydrogen absorption, as a larger tube diameter will obtain more heat transfer surface areas.
From the cases with 3 mm of tube diameter, the absorption duration for SCHE (case 1) is 9481 s, while
it is 6625 s for SCHE-CR (case 3). At 6625 s, the average bed temperature from SCHE-CR (case 3) is
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586.19 K, while it is 596.97 K for SCHE (case 1). From the cases with 4 mm of tube diameter, the
absorption duration for SCHE (case 2) is 6215 s, while there are 3910 s of the absorption duration from
SCHE-CR (case 4). At 3910 s, the average bed temperature from SCHE-CR (case 4) is 589.58 K, while
the average bed temperature from SCHE (case 2) is still 605.13 K.

Compared to a 3 mm tube diameter, the absorption duration for a 4 mm tube diameter decreases by 34%
and 41% for SCHE and SCHE-CR, respectively. Furthermore, it can be seen that the absorption time
greatly decreases in the SCHE-CR case compared to the SCHE case. For a tube diameter of 3 mm, the
absorption duration reduces by 30% when using SCHE-CR (case 3) compared to SCHE (case 1). For a
tube diameter of 4 mm, using SCHE-CR (case 4) as a heat exchanger results in a 37% reduction of
absorption duration compared to SCHE (case 2).

Figure 5.4, shows that using SCHE-CR as an internal heat exchanger improves heat transfer inside the
MH storage system compared to using SCHE. The faster the heat is removed from the storage system
enables the faster hydrogen absorption, especially with the tube diameter at 4 mm of the HTF.
Therefore, the cases with 4 mm of the HTF tube are considered for further analysis. These include case
2 for SCHE and case 4 for SCHE-CR.
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Figure 5.4 Average bed temperature and hydrogen concentration based on the variation of HTF tube
diameters; (a) a 3 mm of tube diameter and (b) a 4 mm of tube diameter. (Blue colour refers to the
SCHE case, while red colour refers to the SCHE-CR case; the solid line is for average bed temperature
and the dashed line is for hydrogen concentration)

- Storage Performance Comparisons between Semi-Cylindrical Coil with and without Central Return
Tube

The average temperature of the MH in a storage system and heat exchanger tube from SCHE and SCHE-
CR is compared and presented in Figure 5.5. Only the cases with a4 mm HTF tube diameter are selected
in this section as this size obtains a better heat transfer performance when comparing to the cases with
a 3 mm tube diameter. Case 2 refers to the reactor with SCHE, while case 4 refers to the reactor with
SCHE-CR. The five selected times after starting the absorption process (250 s to 3500 s) are illustrated
as the temperature contour. For SCHE (case 2), the HTF starts flowing from the bottom part and
circulates through the tube to the outlet at the top of the storage system. The HTF starts flowing from
the same location for SCHE-CR (case 4). However, due to the central return tube, both inlet and outlet
of the HTF are in the same direction instead.
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From Figure 5.5, it is obvious that the HTF temperature around the bottom part is always lower than
the upper part because this part is first exposed to the reaction of the generated heat during the
absorption process from the top surface of the storage system. In the beginning, the MH bed temperature
rapidly increases when the hydrogen is first injected and is significantly higher than the HTF
temperature because of the exothermic behaviour of hydrogen absorption. A high heat transfer rate is
then generated due to this phenomenon. Therefore, the HTF temperature first increases and then
gradually decreases, which leads to having conductive heat transfer between cooling fluid and MH. In
addition, the lower MH bed area usually has a lower temperature because this part is close to the inlet
area of the HTF. The temperature of the MH bed from both cases is found to be similar between times
of 250 s and 1500 s. However, the temperature at the upper part of case 4 (SCHE-CR) is found to be
lower than case 2 (SCHE) after 2500 s. Moreover, the bed temperature at the central area from SCHE-
CR is lower than the SCHE after 2500 s. The difference in heat transfer performance between SCHE
and SCHE-CR is because the central return tube from case 4 reduces the space between the MH and
HTF. This leads to having more uniform temperature distribution and lower thermal resistance inside
the storage system, especially at the centre of the MH bed.
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Figure 5.5 Average temperature of MH bed and heat exchanger tube at 250 s, 500 s, 1000 s, 2000 s, and
4000 s after starting hydrogen absorption process between SCHE and SCHE-CR

For more analysis, the heat transfer coefficient (HTC) and turbulence intensity on the surface of the
HTF tube for both SCHE (case 2) and SCHE-CR (case 4) are compared and presented in Figure 5.6.
Figure 5.6a demonstrates the HTC for both cases during the hydrogen absorption process. In general,
the convective HTC refers to the heat transfer rate between a solid surface and a fluid per unit surface
area per unit temperature difference (Bergman et al., 2011). A higher HTC means a higher heat transfer
occurring. The complex HTF tube’s structure is one of the key parameters to generate turbulent flow
inside the HTF tube which results in the improvement of the heat transfer rate. In both cases, a higher
HTC usually occurs at the curve of the HTF tube. Referring to Figure 5.6a, the HTC for both SCHE
and SCHE-CR cases is similar (less than 423 W/m’K). However, the higher HTC (423-504 W/m?K) is
found at the top area of the central return tube from SCHE-CR. The structure of the HTF tube from
SCHE-CR can be one of the primary reasons causing the difference in heat transfer performance as well
as temperature magnitude, especially at the central area and the top of MHHS (refer to Figure 5.5).

To clarify this point, the turbulence intensity on the HTF tube is performed and presented in Figure
5.6b. Turbulence intensity refers to the level of turbulent flow during inside the HTF tube. In general,
a high-velocity magnitude will generate a turbulent flow which can be classified by the Reynolds
number (Re). If the Re of the internal flow is higher than 4000, the fluid flow will be turbulent (Jin et
al., 2013). As mentioned earlier in the mathematical model, the Re of the HTF velocity at the inlet for
all cases is over 9000. The fluid flow inside the HTF tube is turbulent because of having the same tube
diameter. Due to the new design of the SCHE-CR (case 4), which has the central return tube, the highest
turbulence intensity at 11.89% (with the maximum velocity at 93.38 m/s) is found at the top of the
return tube, which is the most complex part, while other parts are around 6.01-9.68%. However, the
highest turbulence intensity from the SCHE (case 2) is found at 9.66% (with the maximum velocity at
83.68 m/s) only. When having a higher velocity, resulting in higher turbulence, the heat inside the MH
bed will be transferred faster. This leads to a lower MH bed temperature (refer to Figure 5.5) at the
upper part of the reactor for SCHE-CR (case 4) compared to SCHE (case 2).
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Figure 5.6 Comparison of the heat exchanger performance between the SCHE and SCHE-CR. (a) heat
transfer coefficient at the surface of the HTF tube and (b) turbulence intensity on the HTF tube

The hydrogen concentration contours are displayed in Figure 5.7, which illustrates that hydrogen
usually starts to be absorbed in the lower section of the reactor, which is close to the inlet area of the
HTF. Furthermore, a higher hydrogen concentration is usually found around the HTF area. A lower
hydrogen concentration is found at the centre of the MH bed from case 2 (SCHE), as this area is far
away from the HTF. In contrast, having a central return tube for case 4 (SCHE-CR) results in higher
hydrogen concentration at the central area, which is clearly seen after 2500 s. At 3500 s, the average
hydrogen concentration rises up to 94% in most areas of the MH bed for both cases, except at the upper
part of the reactor. Focusing on the upper part, the average concentration for case 4 (SCHE-CR) is
totally higher than case 2 (SCHE). This can be explained by the reason that combining the SCHE with
central return tube causes better heat transfer improvement at the central area, especially at the top part
of central area. Due to lower MH bed temperature from SCHE-CR, the equilibrium pressure inside the
MH bed is more declined, leading to faster hydrogen absorption.
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Figure 5.7 Hydrogen concentration at 250 s, 500 s, 1500 s, 2500 s, and 3500 s after starting hydrogen
absorption between SCHE and SCHE-CR

The observation of MH volume and HTF tube volume based on various heat exchanger configurations
corresponding to absorption duration is presented in Figure 5.8. From Figure 5.8a, the MH and HTF
tube volumes from SCHE with 3 mm of tube diameter (case 1) are 148.44 c¢cm’ and 8.64 cm’,
respectively. When having a central return tube (SCHE-CR, case 3), the MH volume decreases only
0.67% (147.44 cm?®). However, when increasing the tube diameter from 3 mm to 4 mm (case 2 for
SCHE and case 4 for SCHE-CR), the MH volume decreases by around 4.51% for the SCHE (from
148.44 cm® to 141.74 ¢cm®) and around 5.72% for the SCHE-CR (from 148.44 cm’ to 139.36 cm’).
Focussing on the surface area of the HTF tube in Figure 5.8b, SCHE with 3 mm of the tube diameter
(case 1) has a surface area of only 11539.28 mm?, while having a central return tube (SCHE-CR, case
3) results in increasing in surface area to 12880.52 mm?. When increasing the tube diameter from 3 mm
to 4 mm (case 2 for SCHE and case 4 for SCHE-CR), the HTF tube surface area increases by around
25-33% for both heat exchangers (from 11539.28 mm? to 15398.76 mm? for SCHE and from 12880.52
mm?to 17184.78 mm?for SCHE-CR). It is obvious that a greater HTF tube surface area obtains a greater
heat transfer surface area. Furthermore, the absorption duration for all cases is summarised as the
percentage and provided in Figure 5.8c. The percentage calculation in this figure is performed based on
the absorption duration from SCHE with a 3 mm tube diameter (case 1). From this figure, the absorption
duration significantly reduces, corresponding to an increase in the surface area of the HTF. For the tube
diameter at 3 mm, the absorption duration is reduced by 30.12%, with the central return tube (SCHE-
CR, case 3) in comparison to the SCHE case (considered as the base case). With the tube diameter at 4
mm (case 2 for SCHE and case 4 for SCHE-CR), the absorption duration reduces by 34.45% for SCHE
and 58.76% for SCHE-CR in comparison to the base case (SCHE with 3 mm tube diameter). It is
obvious that SCHE-CR, with a tube diameter of 4 mm (case 4), obtains the best performance with a
reduction of 58.76% in absorption duration by reducing the MH volume by 5.72% only. Therefore, this
heat exchanger configuration (case 4) is selected for further investigation regarding the combination of
two heat exchanger techniques and sensitivity analysis. It is important to highlight that increasing in
tube diameter of the HTF, which is greater than 4 mm, will reduce the MH volume that will be over
10%. To clarify, if the tube diameter of the HTF is 5 mm, the tube volume will be 24 cm® and 27.42
cm? for SCHE and SCHE-CR, respectively. This leads to the reduction of the MH volume from 148.44
cm?® (based on the tube diameter at 3 mm for the SCHE case) to 124.44 cm?® and 121.02 cm? for the tube
diameter at 5 mm of SCHE and SCHE-CR, respectively. This results in having around 17-19%
reduction of MH volume. Therefore, the other higher sizes of the HTF tube diameter are not considered
in the present study.
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Figure 5.8 Comparison of MH and HTF tube volume on the hydrogen absorption duration for all four
cases. (a) comparison of MH volume, (b) surface area of the HTF tube, and (¢) reduction of absorption
duration

- Combination of Internal and External Heat Exchangers

To improve the MH reactor performance, an outer cooling jacket is used and incorporated with the inner
SCHE-CR. The proposed MH reactor configuration was performed under a 573 K as the operating
temperature of the system and a 1.8 MPa as the hydrogen pressure. The HTC between the MH and
cooling fluid of the cooling jacket was 250 W/m?K. The schematic diagram of the proposed MH storage
system with SCHE-CR and the cooling jacket is presented in Figure 5.9a. The MH reactor’s
performance for SCHE-CR with the cooling jacket is compared to SCHE (case 2) and SCHE-CR (case
4) based on the HTF tube diameter of 4 mm. Furthermore, the additional case with helical coil heat
exchanger (HCHE) is also performed for the comparison of the MH reactor performance. It is worth
mentioning that the HTF tube diameter of the HCHE case is fixed at 4 mm with the constant of the tube
volume. From Figure 5.9b, the average bed temperature from this figure indicates that using a cooling
jacket with SCHE-CR significantly improves the heat transfer performance as the average bed
temperature significantly reduces faster than in the other cases, especially for the case with HCHE.
Faster temperature reduction of the MH bed leads to faster absorption reaction (Figure 5.9c). The
average bed temperature from the case with HCHE is still higher than 600 K at 6000 s, while the average
bed temperature from the other cases is lower than 590 K with less charging time. This leads to slower
hydrogen absorption as there is only around 86% of the hydrogen concentration at 6000 s for the reactor
with HCHE. Compared to the reactor with SCHE, the case with a central return tube (SCHE-CR) has
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better heat transfer improvement, which results in a 37% reduction in absorption duration. The
absorption duration reduces from 6215 s to 3910 s in the SCHE-CR case. However, using SCHE-CR
with a cooling jacket results in a 51% reduction of absorption duration compared to SCHE-CR only.
The absorption duration reduces from 3910 s to 1928 s. It should be noted that the absorption duration
for the SCHE with the cooling jacket is 2692 s which is still higher than 2000 s. Therefore, it is evident
that using SCHE-CR incorporating a cooling jacket significantly enhances the MH reactor performance
for an absorption time that is lower than 2000 s. The effect of the HTC of the outer cooling jacket on
the MH reactor performance is then further investigated in the sensitivity analysis section.

Hydrogen Inlet

SCHE-CR

(a)
SCHE-CR
Cooling Jacket
660 1 17 - -
] ] // -
P ] L
650 ;r “E,\:‘._‘__‘- 09 + // ,’, i
o~ 1 ~, T E e 7 .
2 640 T . el = 0.8 s . L
& ] [, T S
= 630 Na 07 i
L N - £ ,
2-620 + W c 06 // ‘ .
4 . *u ] ¢ e
E ] A g ] / . o
1 .. 05 ] ’
= 1 S E 4 o H
Zo00 3 e @01 g
- 1 \ R N e TAd o 51% Reduction
s8590 1 \ - 03T 4
E 7] : 1 o mm——— HCHE = = ereseeaseen wrrenseenaaend
o ] ===- HCHE 0.2 4.7 H
=580 1 J4° - - -SCHE
< ] T SCHE { -~ — SCHE-CR
570 } — —SCHECR 0.1 + -
] SCHE-CR+CJ 0 | SCHECR:GT ‘ ,
560 +r——+——r—r—F+r—"r—"—+r—r—"+——rr++—r+r— A
0 1000 2000 3000 4000 5000 6000
0 1000 2000 3000 4000 5000 6000 Ti
. ime (s
Time (s) ®
(b) (©

Figure 5.9 Comparison of hydrogen concentration from different hydrogen reactor configurations. (a)
characteristic of MH reactors with SCHE-CR + cooling jacket (SCHE-CR+CJ), (b) average bed
temperature, and (¢) hydrogen concentration
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5.6.2 Sensitivity Analysis

The operating conditions are the key factors that might positively or negatively affect the MHHS
performance during the reaction process. To determine appropriate values of operating conditions of
the HTF with the new heat exchanger that can be used with the MH reactor, the sensitivity analysis in
this section is investigated by using the best configuration case from SCHE-CR with a 4 mm tube
diameter. This looks at the absorption performance by considering the Re and HTF inlet temperature.
For more analysis, the effect of the Re of the HTF on the turbulence intensity, turbulence kinetic energy
and the HTC of the HTF tube is investigated. The effect of the HTC on the absorption performance is
considered for the cooling jacket case only.

- Operating Conditions of the Heat Transfer Fluid for Semi-Cylindrical Coil with Central Return Tube
The HTF velocity can be considered as one of the main parameters for the hydrogen
absorption/desorption process, as it can impact the turbulence and heat removal during the
absorption/desorption process (Wang et al., 2021). A turbulent stage can be generated from a high-
velocity flow rate, resulting in a faster HTF flow during circulating inside the HTF tube. Therefore, a
faster heat transfer rate will occur due to this reaction. Four inlet velocities of the HTF from this study
are obtained under the four selected values of the Re at 6400, 9000, 11700, and 14500. The operating
temperature of the HTF and storage system is set at 573 K with a supply pressure of 1.8 MPa. The
results of the hydrogen absorption duration from various selected values of the Re are presented in
Figure 5.10a. From this figure, it is obvious that higher Re results in faster hydrogen absorption
duration. At the end of the absorption process (100% absorption), the absorption duration from the Re
at 6400 is 5146 s, while it is 3910 s for the absorption duration with the Re at 9000. The durations are
3262 s and 2873 s for the absorption with the Re at 11700 and 14500, respectively. There is a 24%
reduction in the absorption duration when increases the Re from 6400 to 9000. However, there are only
17% and 12% reductions in the absorption duration when increasing the Re from 9000 to 11700 and
from 11700 to 14500, respectively.

The operating temperature of the HTF also plays an essential role in reducing absorption duration, as
during the absorption, a higher heat removal rate will be occurred with a lower HTF temperature. The
greater the temperature difference between the MH bed and cooling fluid leads to the greater the
convective heat transfer rate. In other words, a large temperature difference will lead to a large amount
of heat energy, which will transfer from the MH bed to HTF. Four initial temperatures of the HTF are
selected to study the heat transfer improvement for the new heat exchanger (SCHE-CR) under the
constant initial conditions with a 573 K as the MH temperature and a 1.8 MPa as the hydrogen pressure.
All results of the hydrogen absorption duration from several initial temperatures of the HTF (varying
from 423 K to 573 K) are presented in Figure 5.10b. Referring to Figure 5.10b, it is obvious that the
reduction of HTF temperature leads to the reduction of hydrogen absorption time. The final time at the
end of the hydrogen absorption process by using 573 K as the HTF temperature is 3910 s, while it is
2503 s for the case with 523 K as the HTF temperature. There is a 36% reduction in the hydrogen
absorption duration in these two cases. The absorption time at the final process for 473 K and 423 K
HTF temperature is 1882 s and 1531 s, respectively. Therefore, when reducing the HTF temperature
from 523 K to 473 K and from 473 K to 423 K, there are 25% and 19% reductions in the absorption
time, respectively. It is evident that the temperature of a cooling fluid has a greater effect on the
absorption reaction rather than the Re.
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Figure 5.10 Hydrogen concentration for different operating conditions of the HTF in the case with
SCHE-CR. (a) Reynolds numbers and (b) initial temperatures of the HTF

The velocity magnitude along the HTF tube for different values of the Re on the z-axis is presented in
Figure 5.11. Referring to this figure, a higher velocity generally locates at the curve area of the heat
exchanger tube for all four cases. Due to the complex structure at the top area of the central return tube,
the maximum velocity magnitude for each Re case is found around this area. A higher Re significantly
generates a higher flow velocity in this area. The maximum velocity at this area for the Re at 6400 and
9000 is 50.32 m/s and 70.52 m/s, respectively. For the cases with the selected values of the Re at 11700
and 14500, the maximum velocity at this area is 91.62 m/s and 113.53 m/s, respectively. This is the
reason for the higher turbulence intensity that is usually observed in this area.
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Figure 5.11 Velocity flow in the HTF tube at z-axis (top view) for different Reynolds numbers of HTF
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The level of turbulence is usually presented as turbulence intensity which can be measured by the
intensity of the flow fluctuations. To understand the relationship between the fluid flow and turbulent
intensity of the new heat exchanger (SCHE-CR), turbulence intensity based on various flow velocities
is presented as the contours in Figure 5.12 According to this figure, a higher Re causes higher turbulence
intensity of the HTF tube, especially at the central return tube area. Turbulence intensity is usually lower
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at the inlet area of the HTF tube in all cases. Higher turbulence intensity is usually found at the top area
of the return tube, which is considered as the most complex part of the SCHE-CR structure for all cases.
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Figure 5.12 Turbulence intensity on the HTF tube for different Reynolds numbers
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It should be noted that the turbulence intensity shown near the wall in Figure 5.6 (b) and Figure 5.12
reflects the near-wall region, not the exact wall surface. These values result from post-processing based
on turbulent kinetic energy and local velocity in the first adjacent cell. The elevated turbulence intensity
is due to physical boundary layer interactions and numerical representation, particularly in regions with
strong turbulence near the wall.

The average turbulent kinetic energy across the flow domain and average HTC on the surface of the
HTF tube are collected under various selected values of the Re and presented in Figure 5.13. The
turbulent kinetic energy refers to the mean kinetic energy per unit mass for a turbulent flow. It is
normally used to measure the intensity of turbulence in a flow. Focussing on the average turbulent
kinetic energy from Figure 5.13a, the case with Re at 6400 generates the average turbulent kinetic
energy at 47.43 m?/s*, while it is 87.28 m?*/s*> when increases the Re from 6400 to 9000. The average
turbulent kinetic energy from Re at 11700 and Re at 14500 is 140.64 m?%s®> and 208.00 m?/s?,
respectively. It can be seen that the average turbulent kinetic energy increases by 46% when increases
the Re from 6400 to 9000. However, there are around 37% and 32% improvements in average turbulent
kinetic energy when increases the Re from 9000 to 11700 and from 11700 to 14500, respectively. In
some cases, there could be oscillations due to the high-speed flow of the HTF and the design of the
HTF tube. In general, the oscillations can influence the heat and mass transfer characteristics
(Schlichting 1979; Claman & Minton 1977). Increasing the pitch and curvature ratio of the helical coil,
as well as the Re result in an increase in the oscillation phenomenon (Lin & Ebadian 1997). Therefore,
the change of oscillations can increase the heat and mass transfer rates (Schlichting 1979; Claman &
Minton 1977). However, in some cases, these changes can also induce flow instabilities in equipment
due to the fluctuation flow and pressure drop (Pendyala et al., 2008).

The average HTC on the surface of the HTF is presented in Figure 5.13b to support the discussion of
the effect of Re on the heat transfer improvement. As mentioned earlier, a higher turbulent level of fluid
flow results in a higher heat transfer rate which leads to a higher HTC. The average HTC from the Re
at 6400 is 265.65 W/m?K, while it is 336.40 for the Re at 9000. The average HTC from the cases with
Re at 11700 and 14500 is 405.85 W/m’K and 474.31 W/m?K, respectively. There is a 21% improvement
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in average HTC when increases the Re from 6400 to 9000. However, there are around 17% and 14%
improvements when increasing the Re from 9000 to 11700 and from 11700 to 14500, respectively.

From Figure 5.13, it is obvious that there is a 46% improvement in average turbulent kinetic energy and
a 21% improvement in average HTC on the surface of the HTF tube when increasing the Re from 6400
to 9000. However, there is less than a 38% improvement in average turbulent kinetic energy and a 18%
improvement in average HTC when using other higher values of Re. This leads to the reduction of
hydrogen absorption duration (refer to Figure 5.10a), which is around 24% reduction when increases
the Re from 6400 to 9000. The reduction of absorption durations from other higher values of Re is less
than 18%. Therefore, using the Re at 9000 for the HTF is recommended for the present storage system
with SCHE-CR.
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Figure 5.13 Effect of Reynolds number on; (a) average turbulent kinetic energy and (b) average heat
transfer coefficient on the surface of the HTF tube

- Heat Transfer Coefficient of the Cooling Jacket on the Hydrogen Absorption Process

The relationship between both MH bed and fluid for heat transfer efficiency can be determined directly
through the convection HTC (Corre et al., 1998). Thus, four different HTCs, including 250, 500, 750,
and 1000 W/m?K are selected to investigate the cooling jacket performance (with the storage system
incorporating SCHE-CR as the inner heat exchanger). The calculation is performed under the constant
operating temperature of 573 K for the MH bed and HTF with 1.8 MPa as hydrogen loading pressure.
The results from these four cases are provided in Figure 5.14 as the hydrogen concentration (Figure
5.14a) and absorption duration (Figure 5.14b). The percentage from Figure 5.14b is obtained by the
hydrogen absorption duration from the case with the HTC at 250 W/m?K. From Figure 5.14a, b, it is
clear that increasing the HTC from 250 W/m?K to 500 W/m’K reduces the hydrogen absorption time
by approximately 8%. However, the larger value of HTC (over 500 W/m?K) has less effect on the
absorption duration. There are only 3% and 1% reductions in hydrogen absorption duration when using
the HTC of 750 W/m?K and 1000 W/m?K, respectively. Therefore, using the HTC between the cooling
jacket and the MH bed (with SCHE-CR) at 500 W/m’K is recommended in the present study.
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Figure 5.14 Hydrogen concentration diagram at different heat transfer coefficients of the cooling jacket.
(a) hydrogen concentration, and (b) absorption duration

5.7 Conclusion

A novel semi-cylindrical coil with a return tube is designed and evaluated to improve the storage
performance, especially in the central area of the storage system. This new heat exchanger configuration
is developed from the semi-cylindrical coil for using with the metal hydride storage system. Under the
new proposed storage system, the tube diameters and operating conditions of the heat exchanger are
analysed by considering the absorption reaction performance. The following points are the key findings:

o The heat transfer performance inside the storage system is improved when utilising a semi-
cylindrical coil incorporating a central return tube as this obtains more uniform heat distribution
in the metal hydride system, especially in the central area of the upper part of the reactor. The
duration of the absorption reaction is decreased by 30% with a return tube compared to without
having a return tube.

e Using a larger tube size of the heat exchanger significantly reduces the hydrogen absorption
duration due to having more heat transfer surface area. The absorption time for the case with a
return tube is reduced by 40% when increasing the tube diameter from 3 mm to 4 mm.

e Incorporating the new inner heat exchanger with an outer cooling jacket reduces the absorption
time by 51% in comparison to the reactor with a return tube only.

e The operating conditions of the heat transfer fluid for this new heat exchanger are the key
factors that significantly influence the metal hydride storage system performance. Considering
the effect of average turbulence kinetic energy and average heat transfer coefficient of the new
heat exchanger, as well as the absorption reaction (24% of reduction), the Reynolds number of
heat transfer fluid at 9000 is recommended for the present study. The absorption time is
decreased by 19-36% when changing the cooling fluid temperature between 523 K and 423 K.

e The heat transfer coefficient between the cooling jacket and metal hydride has less effect on
the absorption reaction. There is only an 8% improvement in the absorption reaction when
increasing the heat transfer coefficient from 250 W/m?K to 500 W/m?K. Other higher values
improve the absorption reaction by only 1-3%.

The comprehensive numerical simulation from this study provides a better understanding of heat
transfer enhancement for accelerating the absorption reaction of a hydrogen storage system that is
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incorporated with the new heat exchanger configuration under the selection of appropriate operating
conditions. The results from this study prove that using the new heat exchanger, improves the storage
performance regarding the heat transfer performance and hydrogen absorption reaction. Moreover,
combining the new heat exchanger type with the cooling jacket as an external heat exchanger
significantly improves the storage performance. Further studies will be focused on the effect of this new
heat exchanger configuration on the desorption process as well as the effect of this heat exchanger on
the oscillations. Furthermore, the next study will also consider the combination of other heat exchanger
techniques with the present heat exchanger configuration to improve the performance of metal hydride
storage systems. Further experimental work will be performed to support the numerical results of the
present study.
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Chapter 6 — Investigation of Metal Hydride
Hydrogen Storage Performance using Phase
Change Materials

Research Paper: Larpruenrudee, P., Bennett, N.S., Fitch, R., Sauret, E., Gu, Y., & Islam, M.S., (2024).
Investigation of metal hydride hydrogen storage performance using phase change materials.
International Journal of Hydrogen Energy, 60, 996-1019.
https://doi.org/10.1016/j.ijhydene.2024.02.057. SJR:1.318 [Q1], IF: 7.2

6.1 Summary
Objectives to achieve the aim of this study:

- Further enhance the thermal performance of the storage and heat exchanger by combining the
new internal heat exchanger from Chapter 5 (Research Paper 2) with the external heat
exchanger under a passive thermal management technique

- Identify an appropriate initial value of each operating parameter under the new storage
configuration and heat exchanger

Achievements and innovations in this chapter:

- Investigate the previous heat exchanger performances from first two chapters (Chapter 4 and
Chapter 5) on the hydrogen desorption process, and one complete hydrogen absorption-
desorption cycle

- further enhance the thermal performance of the storage and heat exchanger by considering the
design of the new storage configuration from the combination of various heat exchanger types,
including internal heat exchanger and phase change material as the external heat exchanger.

- Analyse the effect of storage weight from phase change materials on the heat recovery

- Investigate the initial temperature of the heat transfer fluid based on the new storage
configuration and heat exchanger for both hydrogen absorption and desorption processes
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6.2 Abstract

Metal hydride storage system (MHHS) has been widely used mostly because of its large storage
capacity and high degree of safety. The improvement of the heat transfer performance is one of possible
techniques to enhance the overall MHHS performance. The well arrangement of the heat exchanger
structure from a semi-cylindrical coil heat exchanger with central return tube (SCHE-CR) significantly
reduces the hydrogen absorption duration. However, the modelling of the thermal behaviour for the
SCHE-CR during desorption process is missing in the literature. Therefore, this study aims to develop
a model for both hydrogen absorption and desorption processes and analyse the thermal performance
during the cycle. Phase change material (PCM) is incorporated with the heat exchanger for further
improvement of the MHHS performance. The storage is designed under three different PCM
configurations, including PCM jacket, pool bed, and capsule. The numerical results report that the
duration of the absorption-desorption cycle is reduced by over 50% when using SCHE-CR instead of a
helical coil. The PCM configurations, especially the PCM capsule, increase the MHHS performance,
especially during the absorption. The duration of one cycle is decreased by at least 39% when combining
the SCHE-CR with PCM. The HTF temperature significantly affects the MHHS performance,
especially during the desorption. Reduction in HTF temperature reduces the absorption duration by at
least 15%, while increasing the HTF temperature reduces the desorption duration by at least 25%. The
new MHHS configuration would be beneficial to enhance the heat exchange during the absorption-
desorption cycle of industrial MHHS applications.

Keywords: Hydrogen absorption, Hydrogen desorption, Semi-cylindrical coil, Reaction time, Phase
change materials.

6.2.1 Graphical Abstract
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6.3 Introduction

Renewable energies have been used instead of fossil fuels to reduce global warming and large-scale
shifts in weather patterns (Musharavati & Khanmohammadi 2022). Hydrogen energy is one of the
renewable energies which has been applied in several fields. Basically, hydrogen can be produced by
hydrocarbon reforming (Luts et al., 2004; Koroneos et al., 2004). However, the production processes
based on this technique are not environmentally friendly. One of the alternative ways to produce
hydrogen is to be produced from the water by virtue of electrolysis (Ni et al., 2008). In general, the
hydrogen can be produced from the electrolyser based on given inputs. The metal hydride storage is
then stored the hydrogen from this electrolyser. The only one input of the fuel cell to generate the
electricity is the hydrogen from the metal hydride storage (Bhogilla et al., 2024). Among fuel cells,
PEM fuel cell has been widely used for both mobile and stationary power generation applications. This
is due to its advantages that offer low operating temperature, higher efficiency, low start-up time, longer
life, and high power density (Bhogilla et al., 2024). Several studies have recently focused on the
possibility and efficiency improvement when integrating the PEM fuel cells with metal hydride storage
(Omrani et al., 2020; Forde et al., 2009; Khaitan & Raju 2012).

For the metal hydride storage system (MHHS), it is known as one of the cost-effective hydrogen storage
systems which has been applied to several applications, including fuel cells (Yao et al., 2020b; Gambini
et al., 2019), concentrating solar thermal power or CSP (Paskevicius et al., 2015; Malleswararao et al.,
2020; Corgnale et al., 2014), and water pumping systems (Askri et al., 2019; Miled et al., 2017).
However, one of the main problems of MHHS is that the metal hydride (MH) materials usually have a
low thermal conductivity which leads to slow hydrogen kinetic reaction. Therefore, several thermal
management methods have been used to solve this problem. Employing the external/internal heat
exchanger is one of active thermal management methods that require the heat transfer fluid (HTF) to
transfer the heat. These include internal straight tube (Raju & Kumar 2011; Bhouri et al., 2015; Kumar
etal., 2019), helical/spiral coil tube (Wang et al., 2012; Mellouli et al., 2007; Dong et al., 2017; Eisapour
etal., 2021a; Wang et al., 2020), and semi-cylindrical coil tube (Larpruenrudee et al., 2022a, b). Among
internal heat exchangers, using helical/spiral coil tube obtains better heat transfer improvement than
other types due to increasing heat transfer surface area from the secondary circulation (Wu et al., 2014;
Fernandez et al., 2018). The study from Wu et al. (2016) indicated that the average reaction conversion
from the MHHS with helical coil tube reached 40% within 4000 s, while the average reaction conversion
from the case with straight tube was still less than 40% at 10000s. Semi-cylindrical coil tube shows
more heat transfer improvement, resulting in a 59% reduction of hydrogen absorption duration,
compared to helical coil tube (Larpruenrudee et al., 2022a, b). This is because the well arrangement of
HTF tube’s structure provides more uniform temperature distribution as well as higher turbulence level
of the HTF. The semi-cylindrical coil tube was then developed to improve the heat transfer at the centre
of the MH bed by incorporating with the central return tube (Larpruenrudee et al., 2023). The
comparison between the semi-cylindrical coil tube with and without central return tube indicated that
having a central return tube increase the heat transfer mechanism inside the MH bed, especially at the
centre of the MH bed, resulting in a 30% reduction of the hydrogen absorption duration for 3 mm of
the tube diameter and a 37% reduction of absorption duration for 4 mm of the tube diameter.

The use of phase change materials (PCMs) is well known as one of the passive thermal management
techniques that do not require additional energy (i.e. HTF) to cool down or heat up the system. The
main advantages of PCMs are their ability to offer a high storage density, constant temperature during
the phase change, as well as low pressure drop during heat recovery (Ardahaie et al., 2021). PCMs have
been widely used for several thermal energy storage applications for both sensible and latent heat
storages such as ventilation systems, hot water tanks, and net zero energy buildings. Furthermore, PCMs
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are also applied for MHHS to recover the waste heat during the hydrogen sorption. In general, PCMs
will absorb the generated heat during the hydrogen absorption and release it as the supply heat during
the hydrogen desorption (Cui et al., 2022). These processes will result in the improvement of hydrogen
kinetic reaction and finally lead to the reduction of hydrogen absorption and desorption duration.
Therefore, several PCM configurations have been designed and proposed recently, including pool bed
PCM (Garrier et al., 2013; Yao et al., 2020a; Darzi et al., 2016; Mellouli et al., 2016), jacket bed PCM
(Nguyen & Shabani 2020; Lewis & Chippar 2021), and sandwich bed PCM (Alqgahtani et al., 2020a, b;
Yeetal., 2020; Ye et al., 2021a). Yao et al. (2020a) performed the experimental and numerical studies
of the LaNis-based storage system that was incorporated with paraffin as the pool bed PCM and
expanded graphite. This study proved that incorporating the PCM with the MHHS improved the storage
efficiency by 47% compared to the case without PCM. However, the study from Alqgahtani et al. (2020a)
indicated that using sandwich bed PCM obtained the better heat transfer performance, compared to the
jacket bed PCM under the same PCM volumes. The MH bed was designed and placed in the middle
between PCM beds unlike the pool bed or jacket bed that only covered the MH bed. Similarly, the study
from Ye et al. (2021a) also supported that the hydrogen desorption duration was improved by 21.8%
when using the sandwich bed PCM, compared to the case with jacket bed PCM. This is due to a larger
heat transfer surface area of the sandwich bed PCM (Ye et al., 2020). However, the studies of Algahtani
et al. (2020a, b) were analysed by adding the aluminium foam to the MH bed, resulting in an increasing
in the effective thermal conductivity of the Mg>Ni material from 0.674 W/mK to 1.33 W/mK. Increasing
the effective thermal conductivity by adding the metal foam is also another technique that improved the
MH performance. The study from Mellouli et al. (2009) indicated that adding the aluminium foam to
the MH bed significantly reduced the hydrogen absorption time by 66%, compared to the case without
metal foam. However, adding the metal foam significantly increases the overall weight of MHHS and
reduces the hydrogen storage capacity. Furthermore, the disintegration of itself during the hydrogen
absorption/desorption is also the main problem of this technique (Nguyen & Shabani 2021).

The combination between internal heat exchanger tubes and external PCM also greatly improves the
heat transfer performance (Ardahaie et al., 2021; Ye et al., 2021a; Mellouli et al., 2017). The hydrogen
absorption and desorption duration reduced by 44% and 20% when using the NaNOs-based PCM jacket
with inner spiral coil tube for the Mg;Ni-based storage system, compared to the case without PCM
jacket (Ardahaie et al., 2021). Under the same MH materials and PCM, using several internal cooling
tubes and PCM jacket also reduced the hydrogen absorption by 94%, compared to the case with PCM
jacket only (Mellouli et al., 2017). The combination of internal straight tube with fin and LiNO3-3H,O-
based PCM jacket also increased the hydrogen kinetic reaction rate of the LaNis-based storage, resulting
in a 50% reduction of hydrogen sorption duration, compared to the case without PCM jacket (Ye et al.,
2021a).

From our previous study (Larpruenrudee et al., 2023), using semi-cylindrical coil tube with central
return tube enhanced heat transfer compared to the case without central return tube and helical coil tube.
However, our previous work only analysed the MHHS performance with this heat exchanger for the
absorption process. Therefore, the aim of this present study is to analyse its performance during the
desorption process to estimate the completion time of the whole absorption-desorption cycle.
Furthermore, from the literature review, the combination between active and passive thermal
management techniques, especially when combining the inner heat exchanger tube with outer PCM,
significantly enhance storage performance for both hydrogen absorption and desorption processes. The
PCM configuration also plays a significant role for the heat transfer improvement. Therefore, the
secondary aim of this study is to enhance the MHHS performance by considering the combination of
both active and passive heat transfer techniques under various storage configurations. The performance
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of the storage system is analysed under the hydrogen absorption and desorption duration with the use
of various PCM configurations incorporating semi-cylindrical coil tube. The volume of PCM and MH
bed is constant to obtain the reasonable comparison between various configurations. Finally,
appropriate selection of the initial HTF temperature is considered under the parametric study for the
new MHHS with semi-cylindrical coil tube and PCM.

6.4 System Description

The results from our previous study proved that using semi-cylindrical coil heat exchanger (SCHE) and
semi-cylindrical coil heat exchanger with central return tube (SCHE-CR) as the internal heat exchangers
significantly improved the heat transfer mechanism inside the MHHS compared to the use of the
original helical coil heat exchanger (HCHE) (Larpruenrudee et al., 2023). However, our previous work
only focused on the performance of SCHE and SCHE-CR during the hydrogen absorption process.
Therefore, the present study further analyses the heat transfer performance of these heat exchangers
during hydrogen desorption. Moreover, the combination between the internal heat exchanger and PCM
external heat exchanger is also included in this study to further enhance heat transfer rate. The effect of
the initial temperature of the HTF during the hydrogen absorption and desorption is also considered
under the parametric study section. For all cases, stainless steel is used as the material for the HTF tube
and MHHS tank, as well as the outer tank of PCM.

6.4.1 Storage System Incorporating Internal Heat Exchanger (Semi-Cylindrical Coil with and
without Central Return Tube)

The effect of the HTF tube size for both SCHE and SCHE-CR was previously analysed in our work
(Larpruenrudee et al., 2023). The results from our previous study proved that the HTF tube diameter of
4 mm had a greater effect on heat transfer enhancement for both designs. There was a 40% reduction
in hydrogen absorption duration when increasing the HTF tube size from 3 mm to 4 mm (Larpruenrudee
et al., 2023). Therefore, the tube diameter as 4 mm of SCHE and SCHE-CR is used for the present study
to investigate its performance during the desorption process. The purpose of this study is to estimate
the duration of the absorption-desorption cycle. The total height and outer diameter of MHHS are 80
mm and 50 mm, respectively. This dimension is the same as our previous work. The schematic diagram
and geometrical parameters of these two designs are presented in Figure 6.2. From this figure, the air
HTF is injected from the bottom part throughout the outlet at the top part of MHHS for SCHE, while
the outlet of SCHE-CR remains in the same direction as the inlet due to the central return tube. The
hydrogen inlet and outlet are located at the top surface of the MHHS.
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Figure 6.2 Schematic diagram of storage tanks with two heat exchangers. (a) characteristics of MH tank
with SCHEs, and (b) characteristics of MH tank with SCHE-CRs

6.4.2 Storage System Incorporating Internal Heat Exchanger and External Heat Exchanger

The MHHS with SCHE-CR is combined with outer PCM to obtain further heat transfer improvement.
The results from our previous work indicated that the absorption duration was significantly reduced by
37% when using SCHE-CR compared to the case with SCHE (Larpruenrudee et al., 2023). This
comparison is between the cases with constant HTF tube diameter at 4 mm. Therefore, SCHE-CR is
further used for this section. Figure 6.3 and Figure 6.4 present the schematic diagram and characteristics
of MHHS with different designs. The MHHS with PCM jacket (case 1) and PCM pool bed (case 2) are
included in this study to compare the performance of SCHE-CR when incorporated with outer PCM.
Case 3 refers to the MHHS incorporating internal SCHE-CR and PCM jacket, while case 4 refers to the
MHHS with SCHE-CR and PCM capsule. For the new design of the PCM capsule, the PCM container
is designed to cover the MH bed including the top and bottom parts. The purpose of this design is to
provide the additional heat transfer surface area at the top and bottom parts of MH bed. However, there
is a hole left over the bottom and top parts for HTF inlet/outlet and hydrogen inlet/outlet purposes. The
geometrical parameters of these cases are provided in Table 6.1. The MH volume is fixed at 140 cm?,
and the HTF tube volume is fixed at 17.12 cm?® for case 3 and case 4. The MH volume for case 1 and
case 2 also remains at 140 cm?® for comparison purposes. To remains the similar of MH volume, the
radius of MH section from case 1 and case 2 is 23.6 mm, which is only 47.2 mm of diameter in this
section. However, the radius of MH section from case 3 and case 4 is 25 mm or it is 50 mm of diameter
in this section. This is due to the effect of additional internal heat exchanger as SCHE-CR. It should be
noted that the having the central return tube from SCHE-CR has only around 1 cm?® reduction of the
MH volume, compared to the case with SCHE only. Therefore, the MH volume from the cases with
PCM only (case 1 and case 2) is considered as 140 ¢cm? in this study. From the constant MH volume,
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the mass of MH based Mg,Ni with the density at 3200 kg m™, is about 0.45 kg for all cases. Furthermore,
under the different PCM configurations, the PCM volume for all cases is fixed at 649 cm?. The details
for PCM selection and required PCM volume can be seen under the “Chapter 3 — Methodology” section.
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Figure 6.3 Schematic diagram of storage tanks with different heat exchangers. (a) MH tank with PCM
jacket (case 1), (b) MH tank with PCM pool bed (case 2), (c) MH tank with SCHE-CRs incorporating
PCM jacket (case 3), and (d) MH tank with SCHE-CRs incorporating PCM capsule (case 4).
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Figure 6.4 Characteristics of storage tanks with different heat exchangers. (a) MH tank with PCM jacket
(case 1), (b) MH tank with PCM pool bed (case 2), (¢) MH tank with SCHE-CRs incorporating PCM
jacket (case 3), and (d) MH tank with SCHE-CRs incorporating PCM capsule (case 4).

Table 6.1 Characteristic of MH tanks with various heat exchanger designs; the PCM jacket (case 1),
PCM pool bed (case 2), SCHE-CR incorporating PCM jacket (case 3), and SCHE-CR incorporating
PCM capsule (case 4)

Case H Hpcy Run Rpcm R¢ Total MH Total PCM | Additional
No. (mm) | (mm) | (mm) | (mm) | (mm) Volume Volume Heat
(ecm®) (cm®) Exchanger
1 - Equal: 56.1 - -
2 Equal: 105 23.6 48.9 - i i -
3 80 _ Equal: | 56.5 _ Equal: 140 | Equal: 649 1=grpe g
4 114.4 25 48 14 SCHE-CR
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6.4.3 Parametric Study for Operating Conditions

The best MHHS performance among case 1 to case 4 is selected to further analyse the effect of the
initial HTF temperature on the hydrogen absorption and desorption process. The HTF operating
temperature is set as 573 K for the base case during both absorption and desorption. The HTF
temperature values between 423 K to 523 K are selected for the absorption process, while the
temperature values between 623 K to 723 K are for the desorption process. Table 6.2 provides all
selected values of the HTF inlet temperature during these two states.

Table 6.2 Operating values for the HTF

HTF inlet temperature (K) Base value Parametric value
Absorption 573 423,473, 523
Desorption 573 623, 673,723

6.5 Mathematical Model

This section describes all necessary equations regarding the governing equations for the hydrogen
absorption and desorption processes, turbulent flow and heat transfer of heat transfer fluid. Furthermore,
all related equations for phase change process of phase change material are also included in this section.
The initial and boundary conditions, numerical schemes, grid independency, and model validation are
also included in this section.

5.5.1 Governing Equations

The appropriate selection of MH material, PCM, and HTF for the use of this thesis are provided in
“Chapter 3 — Methodology” section. The governing equations regarding the absorption and desorption
processes, phase change process, as well as the heat transfer fluid can be found in the same chapter as
“Chapter 3 — Methodology”. For the absorption and desorption processes, the governing equations are
provided in 3.1.1 Absorption Process and Desorption Process. The governing equations for phase
change process are provided in “3.1.2 Phase Change Process” section. The governing equations of heat
transfer fluid can be found in “3.1.3 Heat Transfer Fluid” section.

The turbulent HTF flow is applied by using the realizable k-¢ turbulence model in the present study
with HTF flow velocity at 76.86 m s (Reynolds number at 9000). The average y+ is about equal to 30
for this study. The model validation of selected turbulence model was performed from our previous
study (Larpruenrudee et al., 2022a) against the experimental results from Kumar et al. (2006). All
governing equations of the heat transfer and turbulent flow for the HTF can be found from our previous
study (Larpruenrudee et al., 2023).

5.5.2 Initial and Boundary Conditions

The initial temperature of the storage system and PCM (Tyy aps = Trcm,abs = To,aps) 18 set as 573 K
as this obtains the maximum hydrogen storage capacity of Mg:Ni storage (Muthukumar et al., 2008).
The loading pressure (P qps) is set as 1.8 MPa for hydrogen absorption process as it obtains better
absorption performance compared to other values (Larpruenrudee et al., 2022a). For the desorption
process, the initial temperature of storage and PCM is set as the ultimate temperature of the absorption
(Tmr,ges = Tpemges = Tuitimate,abs = To,des)- The pressure during the desorption (P 4e5) 1s set at 0.1
MPa as the ambient pressure (P,) (Ardahaie et al., 2021). The initial temperature of HTF is 573 K for
both absorption and desorption (Tyrr qps = ThrF des)- The inlet flow velocity and zero-gauge pressure
at the outlet are applied as the boundary condition of the HTF. The HTF is injected from the bottom
part throughout the outlet of the HTF tube in the y-axis direction.
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5.5.3 Numerical Schemes, Grid Independency, and Model Validation

- Numerical Schemes and Grid Independency

Due to the similar setup conditions for the pre-processing process, the numerical schemes for all
chapters are summarised and provided in “3.3.2 Numerical Schemes” under “Chapter 3 — Methodology
section”. The grid refinement test during the hydrogen absorption is performed under various different
grid sizes to achieve accurate results and is presented in Figure 6.5. The grid refinement tests for the
storage with SCHE and SCHE-CR were performed in our previous study (Larpruenrudee et al., 2023).
Therefore, the grid refinement test of the present study is only for storage with PCM configuration.
Only the case for the MHHS with PCM (case 1) and the case for MHHS with SCHE-CR and PCM (case
3) are selected for the grid refinement test. The same meshing techniques are used for the rest of other
cases. The average temperature at the selected planes from case 1 is presented in Figure 6.5a, while
Figure 6.5b is for case 3. It should be noted that there is only one selected plan from case 1 due to the
effect of the PCM jacket, which obtains the constant temperature changes along the top and bottom
parts of the MHHS. However, there are the two selected planes from the top and bottom parts of the
MHHS for case 3, as this case has the internal SCHE-CR, which affects the temperature variations along
the MHHS. From these two cases, the average temperature becomes stable and has a minor change at
134,608 of the element numbers for case 1 and at 630,782 of the element numbers for case 3. Therefore,
these element numbers are selected for further simulations. The successively refined grids for these two
cases are provided in the “Appendices: A2”.
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Figure 6.5 Average temperature for the hydrogen absorption in the MH storage system with different
MHHS configurations from different grid sizes. (a) average temperature at selected plane for case 1 and
(b) average temperature at two selected planes for case 3.

- Model Validation

The model validations for the use of metal hydride storage system based on Mg>Ni, phase change
process, as well as the selection of turbulence model for the HTF are provided in “3.3.1 Model
Validation” under “Chapter 3 — Methodology” section.
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6.6 Results and Discussion

This section provides the numerical results for hydrogen absorption and desorption of the metal hydride
storage system (MHHS) incorporating various internal/external heat exchanger configurations. As
mentioned earlier, our previous study (Larpruenrudee et al., 2023) focused on the performance of
internal semi-cylindrical coil heat exchanger (SCHE) and semi-cylindrical coil heat exchanger with
central return tube (SCHE-CR) during the hydrogen absorption process. The performance of these two
heat exchanger designs is further investigated for the hydrogen desorption process by considering the
desorption duration and average bed temperature inside the MHHS. The MHHS with SCHE-CR is then
combined with outer phase changer material (PCM) to further enhance the MHHS performance. Finally,
the best combination design is then analysed under the variation of initial HTF temperatures as the
parametric study.

6.6.1 Storage System Incorporating Internal Heat Exchanger

The performance of three different heat exchanger designs, namely HCHE, SCHE, and SCHE-CR, is
analysed and presented in Figure 6.6. It should be noted that the HCHE is designed to compare the
performance of another two heat exchangers. The HCHE volume is the same as the SCHE volume for
the comparison purpose. Figure 6.6a refers to the average bed temperature for the absorption-desorption
cycle, while Figure 6.6b is for the hydrogen concentration for the absorption-desorption cycle. For all
cases, the operating temperature of the storage system and HTF temperature is 573 K with loading
pressure at 1.8 MPa for the absorption process. For the hydrogen absorption process, the MH bed
temperature rapidly increases after the initial moment of hydrogen injection. This is due to the
interaction between the metal alloy and hydrogen, which is also known as an exothermic absorption
process. This phenomenon refers to the fact that the reaction rate (from Equation 3.8) reaches the
maximum value when having the highest different pressure between the hydrogen pressure (constant at
1.8 MPa) and MH equilibrium pressure (from Equation 3.9). The reaction rate from Equation 3.8 is the
source terms of the energy equation (Equation 3.2). This leads to the rapid increase in MH bed
temperature. The MH bed temperature then slowly increases until reaching the maximum value and
continually decreases due to the convective heat transfer from the HTF that removes the generated heat
from the system. The faster MH bed temperature reduction means a greater heat transfer improvement
for this stage. The average bed temperature of the MHHS from the SCHE-CR case is also reduced faster
than the HCHE case and also faster than the SCHE case (Figure 6.6a). After the reduction of MH
temperature to a certain point, the surface of the metal alloy starts to absorb the hydrogen. This is
because of the chemisorption, acceleration of physisorption, hydride formation in the system, and
hydrogen diffusion (Ardahaie et al., 2021). The hydrogen absorption is corresponding to the MH bed
temperature as a faster MH bed temperature reduction results in faster hydrogen absorption. From
Figure 6.6b, the duration of complete absorption for the case with SCHE is 6215 s, while there are only
3910 s of the hydrogen absorption duration when using the SCHE-CR. The absorption duration from
the SCHE-CR case reduces by 37% compared to the SCHE case. At 3910 s, the hydrogen concentration
from the SCHE and HCHE cases is only around 90% and 68%, respectively. More analysis and
discussion regarding the SCHE and SCHE-CR effect on hydrogen absorption can be found in our
previous study (Larpruenrudee et al., 2023).

The hydrogen desorption process is well known as the endothermic reaction process. For the present
study, the operating temperature of the storage system for hydrogen desorption is the ultimate
temperature of the absorption, while the HTF temperature remains at 573 K. The hydrogen pressure is
set as 0.1 MPa. The MH temperature suddenly decreases after the initial moment of hydrogen
desorption, which is opposite to the hydrogen absorption process. This leads to the system requirement
for the supplied heat during the desorption. A faster MH bed temperature increases, resulting in faster
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hydrogen desorption. The HTF inside the storage assists the storage system by providing heat to
accelerate the hydrogen desorption from the metal surface. Therefore, there is a heat transfer between
the HTF and MH bed. The average bed temperature (Figure 6.6a) of the MHHS from the SCHE-CR
case increases faster than the SCHE and HCHE cases. This leads to faster hydrogen desorption from
the SCHE-CR case compared to the SCHE and HCHE cases (Figure 6.6b). The completing desorption
duration from the SCHE-CR case is 13369 s, while it takes 18936 s from the SCHE case. The desorption
duration significantly reduces when using SCHE-CR compared to the case with SCHE only. The
desorption duration from the SCHE-CR case reduces by 29% compared to the SCHE case. At 13369 s,
the hydrogen concentration from SCHE case and HCHE case is still only 0.12% and 0.31%,
respectively.

For more analysis of the hydrogen absorption-desorption cycle, the duration of the complete cycle from
the HCHE case is over 35000 s. However, the duration significantly reduces when using SCHE and
SCHE-CR as heat exchangers. The duration of complete cycle from SCHE and SCHE-CR is 25147 s
and 17279 s, respectively. There is a 31% reduction in the duration for the complete cycle when using
SCHE-CR instead of SCHE. There is over than a 50% reduction in the duration of the one complete
cycle when changing the HCHE to SCHE-CR.
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Figure 6.6 Average bed temperature and hydrogen concentration during the absorption-desorption cycle
from storage system with different heat exchangers; (a) average bed temperature and (b) hydrogen
concentration.
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Figure 6.7 presents the temperature and hydrogen concentration during the desorption at selected points
from the MHHS with HCE, SCHE and SCHE-CR. Figure 6.7a provides the location of four selected
points inside the MHHS. P1 (25, 67, 0) and P2 (40, 73, 0) are located at the centre of the upper part and
the side of the upper part, respectively. P3 and (25, 13, 0) and P4 (40, 13, 0) are placed at the centre of
the lower part and the side of the lower part, respectively. Only half of MHHS (right side) is used to
analyse in this section due to the symmetry of the heat exchanger designs. The bed temperature from
Figure 6.7b, c significantly indicates that there is greater heat transfer enhancement inside the MHHS
from SCHE-CR compared to SCHE and HCHE.

Separate comparison for each selected point, the bed temperature from SCHE increases faster than
HCHE due to the well arrangement of the HTF tube structure, which leads to having more uniform
temperature distribution inside the MHHS. However, the bed temperature from the centre points (P1
and P3) for SCHE-CR increases faster than the SCHE case. The temperature between SCHE-CR and
SCHE is greater different at P1, while there is less difference in temperature at P2 and P4 from these
two cases. This is because there are more heat transfers around the central area of the MHHS (P1) from
the central return tube of SCHE-CR. There is the secondary circulation of the SCHE-CR at the top part
due to the design of the central return tube, while there is the HTF outlet at the top part from SCHE.
The same conditions also apply to the case of HCHE, which does not have the secondary circulation of
the SCHE and central return tube from SCHE-CR. Consequently, the temperature from all four points
for HCHE is significantly lower than in other cases. At P2, there is less temperature difference between
SCHE and SCHE-CR due to the fact that this area is far away from the central return tube of SCHE-
CR. However, there is still the secondary circulation of the SCHE-CR located higher than this point.
This leads to a faster temperature increase from SCHE-CR compared to SCHE. At P3 and P4, the
temperature from these two points increases faster than the temperature at P1 and P2 as P3 and P4 are
located at the bottom part of MHHS. This phenomenon applies for all cases due to their locations of
themselves, which are near the HTF inlet. There is a slight difference in temperature at P4 from SCHE
and SCHE-CR because this area has similar heat transfer surface areas. The temperature at this point
from SCHE and SCHE-CR is similar at the initial moment to 2500 s. After that, the temperature from
SCHE-CR increases faster than SCHE due to the effect of the central return tube.

Therefore, the hydrogen desorption from SCHE-CR is faster than SCHE and HCHE for both P1, P2
(Figure 6.7d) and P3, P4 (Figure 6.7¢). At the centre of the upper part (P1), the complete desorption
duration from SCHE-CR is 12638 s, while there are 17093 s and 29060 s for the completion of
desorption from SCHE and HCHE, respectively. At the side of the upper part (P2), the completion of
desorption is 13410 s for SCHE-CR, 12177 s for SCHE, and 26526 s for HCHE. 1t is obvious that the
desorption duration from P2 is shorter than P1 for all cases, except SCHE-CR. This is due to the effect
of the central return tube from SCHE-CR. However, the complete desorption from the side of the lower
part is shorter than the centre of the lower part for all cases. The completion of desorption at the centre
of the lower part (P3) is 11699 s for SCHE-CR, 12177 s for SCHE, and 16829 s for HCHE, respectively.
At the side of the lower part (P4), the completion of desorption is 9567 s for SCHE-CR, 10969 s for
SCHE, and 14373 s for HCHE. In fact, the completion of desorption at P4 is faster than at P3 because
this area is directly close to the HTF inlet. The heating HTF starts circulating from the inlet and goes to
the outlet by passing the area around P4 first for the SCHE-CR case. The slower desorption at P3 from
SCHE-CR is due to the effect of the HTF outlet which has a lower HTF temperature than the area at
the HTF inlet and others. For SCHE and HCHE, there are no heat transfer surface areas near this point
(P3), resulting in slower desorption compared to P4.
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The average temperature of MHHS with three different heat exchangers during the desorption is
provided in Figure 6.8. This figure includes the temperature contours from five selected times after
starting the desorption process. After starting the desorption process, the MH bed temperature
significantly reduces to 543 K for all cases. The MH bed temperature at the bottom part is higher than
other parts for cases at 250 s. This is because the bottom part is close to the HTF inlet area. However,
the central area of MHHS from SCHE and SCHE-CR has a higher temperature than HCHE due to the
well arrangement of the HTF tube structure. The MH bed temperature from the SCHE-CR case is also
higher than the SCHE case. This is obvious at 5000 s, where the MH bed temperature at the top part
from SCHE-CR is higher than SCHE. The significant difference in MH temperature variation from the
top part between SCHE-CR and SCHE is found after 10000 s. The main reason is that the SCHE-CR
has the secondary circulation of the coil and central return tube area at the top part, while SCHE and
HCHE have only the HTF outlet at the top part. At 13250 s, the MH bed temperature around the middle
part from SCHE-CR and SCHE is around 571 K, while the temperature from the HCHE case is still less
than 567 K. However, the minimum temperature at the top part from HCHE and SCHE is still 543 K,
while it is around 556 K from SCHE-CR. The average MH bed temperature at the top part from SCHE-
CR is 565 K, while there are 547 K and 543 K from SCHE and HECHE, respectively. From all cases,
the MH bed temperature from the bottom part is higher than other parts at the initial moment as it is
close to the HTF inlet area. However, there are still some areas from the bottom part where it has a
lower temperature than the middle part. This is because these areas do not have the secondary circulation
of the coil. Therefore, there are fewer heat transfer surface areas around this part compared to the middle
part. The overall temperature contour indicates that the case with SCHE-CR has more heat transfer
improvement due to the structure of itself, resulting in having more uniform temperature distribution
and lower thermal resistance inside the MH bed.
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Figure 6.8 Average temperature of MH bed at 250 s, 1000 s, 5000 s, 10000 s, and 13250 s after starting
hydrogen desorption process from HCHE, SCHE and SCHE-CR

Figure 6.9 presents the hydrogen concentration contours from three heat exchanger designs during the
desorption process. The lower hydrogen concentration is usually observed around the HTF tube where
it has a higher temperature compared to other areas. This is because the circulation of heating HTF
inside the heat exchanger causes a higher temperature at the interface between the MH bed and the HTF
tube. At 250 s, the hydrogen concentration from SCHE-CR is less than 94%, However, there is still a
100% of hydrogen concentration around some areas at the centre of HCHE and at the top of SCHE at
250 s and 1000 s. At 1000 s, the hydrogen concentration at the central area of the SCHE-CR case is less
than the SCHE case due to the central return tube effect. After 5000 s, the hydrogen concentration at
the top part of the MHHS from SCHE-CR is significantly lower than the top part from the case with
SCHE. At 13250 s, the hydrogen concentration from the SCHE-CR case is almost around or less than
5%. In contrast, the hydrogen concentration is still around 24-75% at the top part of the SCHE case.
However, more variation of hydrogen concentration is still found from the HCHE case at 13250 s. The
hydrogen concentration at the bottom part is still 24% and the middle part is still 49-87%. The hydrogen
concentration at the top part of this case still varies from 75% to 87%. It is obvious that the higher MH
temperature results in a lower hydrogen concentration for all cases. The faster increase in MH
temperature leads to faster hydrogen desorption which is found in the SCHE-CR case. The more
uniform distribution of MH temperature causes more hydrogen desorption, especially at the top part
and central area of the MHHS from SCHE-CR case compared to the cases with SCHE and HCHE.
Therefore, the MHHS with SCHE-CR is then combined with the outer PCM to further enhance the heat
transfer rate.
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Figure 6.9 Hydrogen concentration at 250 s, 1000 s, 5000 s, 10000 s, and 13250 s after starting the
hydrogen desorption process from HCHE, SCHE and SCHE-CR

6.6.2 Storage System Incorporating Internal Heat Exchanger and External Heat Exchanger
The combination between the internal SCHE-CR and external PCM is proposed to enhance the MHHS’s
performance. Four different MHHS configurations are designed under the use of external PCM. The
volumes of MH and PCM are constant for all cases to propose a reasonable comparison. Case 1 and
case 2 are the MHHS with only a PCM jacket and PCM pool bed, which act as the primary energy
source in both absorption and desorption processes. Case 3 is for the MHHS with internal SCHE-CR
and outer PCM jacket, while case 4 is for the MHHS with internal SCHE-CR and outer PCM capsule.
For the hydrogen absorption, the initial temperature of the MHHS and PCM is set as 573 K and
hydrogen pressure at 1.8 MPa. For hydrogen desorption, the initial temperature of the MHHS and PCM
is the ultimate temperature from the absorption, while the hydrogen pressure is set at 0.1 MPa. These
conditions are applied to all cases. For the HTF, the initial temperature of the HTF from case 3 and case
4 is 573 K, which is constant for both absorption and desorption. Figure 6.10 presents the average bed
temperature of the MH and PCM during the absorption and desorption for all cases. Figure 6.10a refers
to the results from case 1 and case 2, while Figure 6.10b refers to the results from case 3 and case 4.

As mentioned previously, the MH bed temperature suddenly increases after the initial moment of the
hydrogen injection due to the exothermic effect of the hydrogen absorption process. The MH bed
temperature from all cases suddenly increases. The MH bed temperature reaches up to around 652 K
for case 1 and case 2, while it is around 650 K for case 3 and case 4. The MH bed temperature gradually
decreases for all cases due to the outer PCM effect, which absorbs the generated heat from the MH bed.
After absorbing the heat from the MH bed, the PCM starts to transform from solid phase to liquid phase.
Therefore, the PCM bed temperature gradually increases during the absorption process. The PCM
temperature raises up to around 586 K for case 1 and case 2. At the end of the absorption process, the
MH bed temperature is 622 K for case 1 and 613 K for case 2. However, there is more heat transfer
enhancement from case 2 (with PCM pool bed) compared to case 1 (with PCM jacket). The MH bed
temperature from case 2 reduces faster than case 1. This is because of the PCM pool bed configuration,
which absorbs the generated heat from MH on the side and bottom sections. The PCM jacket only
absorbs the heat on the side only. However, the MHHS’s performance is greatly enhanced when
combining the outer PCM with the inner SCHE-CR. The MH bed temperature significantly faster
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decreases from case 3 and case 4 due to the effect of HTF from SCHE-CR. The MH bed temperature
at the end of absorption is less than 600 K for case 3 and case 4. The MH bed temperature from case 4
reduces faster than case 3 because of the PCM configuration’s effect. Case 3 only combines with the
PCM jacket, where there is a heat transferring from the side only. There are more heat transfers from
the top and bottom parts of the MH bed due to the PCM capsule from case 4. This results in a higher
PCM temperature from case 4 compared to case 3. The PCM temperature from the PCM capsule raises
up to 581 K, while it is around 580 K from the PCM jacket.

For the desorption process, the MH bed temperature suddenly decreases due to the endothermic
reaction. This phenomenon applies to all cases. The MH bed temperature from this process is less than
555 K for all cases. The MH bed temperature is lower than the melting temperature of the PCM, which
is 580 K for NaNOs. Then, the MH bed temperature continually increases when receiving the supply
heat from the outer PCM, which previously stored the generated heat during the absorption. From this
state, the PCM starts to release heat and transforms the phase from a liquid state to a solid state.
Therefore, the MH bed receives the supply heat from the PCM to sustain the desorption process. The
PCM temperature gradually decreases when changing the phase. At the end of the desorption process,
the PCM temperature decreases to lower than the melting point for all cases. The PCM temperature
range is between 576 K and 577 K. From the cases without SCHE-CR, the MH bed temperature from
case 2 increases faster and higher than case 1 due to the PCM configuration’s effect which releases the
heat from the bottom part rather than only the side part. At the end of the desorption process, the MH
bed temperature from case 1 is 563 K, while it is 565 K for case 2. However, the MH bed temperature
from the cases with both SCHE-CR and PCM (case 3 and case 4) increases faster than the cases with
PCM only (case 1 and case 2). At the end of desorption, the MH bed temperature from the cases with
SCHE-CR and PCM is 568 K. Moreover, case 4 with PCM capsule obtains the faster MH bed
temperature increase, compared to case 3 with PCM jacket. It is obvious that combining the SCHE-CR
with the PCM capsule increases the heat transfer performance between the MH bed and heat exchanger
sources.
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Figure 6.10 Average bed temperature of MH and PCM from storage systems during the absorption and
desorption. (a) without SCHE-CR (case 1, 2) and (b) with SCHE-CR (case 3, 4)
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The liquid fraction of the PCM for all cases is illustrated in Figure 6.11. During the absorption process,
the PCM starts to change the phase from solid state to liquid state as it absorbs the generated heat from
the MH. The PCM liquid fraction increases from 0 (fully solid state) to 0.63 from case 1 which means
that there is a 63% of PCM changing the phase from solid state to liquid state during the absorption
process. However, there is 0.68 of liquid fraction or a 68% of PCM liquidus from case 2. The overall
liquid fraction from case 2 is higher than case 1 because there is additional PCM at the bottom part of
MH bed from case 2, which absorbs more heat than case 1. Similarly, the PCM liquid fraction from the
PCM capsule (case 4) is also higher than the case from the PCM jacket (case 3). However, the PCM
liquid fraction from case 3 and case 4 is lower than case 1 and case 2. This is because of the internal
SCHE-CR effect. The MH bed is faster cooled down from the cases with SCHE-CR compared to the
case without SCHE-CR (case 1, 2). This leads to having less temperature differences between the MH
bed and outer PCM from cases 3, 4. The less difference in temperature variation, results in the less heat
transfer. Therefore, the liquid fraction for case 3 and case 4 is only 0.27 and 0.35, respectively. In other
words, there is only 27% and 35% of PCM liquidus from case 3 and case 4. However, the PCM liquidus
from case 4 is higher than case 3 due to the ability to absorb the heat from the top and bottom parts of
the PCM capsule. After the completion of the absorption process, the MH bed rapidly decreases as the
heat is stopped to generate. As mentioned earlier, the MH bed temperature is then lower than the PCM
melting point for the desorption process. The PCM then starts to release the heat and transforms into a
solid phase. Consequently, the PCM liquid fraction starts to reduce to reach O (at a fully solid-state)
during the hydrogen desorption process.
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Figure 6.11 Liquid fraction from storage systems for case 1 to case 4 during the absorption and
desorption

The faster heat removal from the MHHS results in faster hydrogen absorption, while a faster heat
addition to the MHHS results in faster hydrogen desorption. The hydrogen concentration corresponding
to the absorption and desorption times for all cases is presented in Figure 6.12. The complete absorption
time for case 1 and case 2 is 10062 s and 9408 s, respectively. There is a 7% reduction in absorption
duration when using a PCM pool bed instead of a PCM jacket. However, the complete absorption
duration from case 3 is only 2435 s, which is a 74% reduction of absorption duration compared to case
2. It is obvious that incorporating the SCHE-CR inside the MH bed and PCM covering the MH bed
significantly increases the heat transfer performance, resulting in faster hydrogen absorption.
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Furthermore, the complete absorption duration from case 4 is 2121 s, which is shorter than case 3. There
is a 13% reduction in hydrogen absorption duration when changing the PCM jacket to the PCM capsule.
For the desorption process, the desorption duration from case 1 and case 2 is 19675 s and 19490,
respectively. There is only a 1% reduction in desorption duration between these two cases. However,
the desorption duration from case 3 and case 4 is 8152 s and 7425 s, respectively. There is a 58%
reduction in desorption duration from case 3 compared to case 2. Moreover, the desorption duration is
further decreased when using a PCM capsule (case 4) instead of a PCM jacket (case 3). The desorption
duration reduces by 9% from case 4, compared to case 3.

For more analysis of the hydrogen absorption-desorption cycling process, case 1 and case 2 take time
to complete the one cycling process at 29737 s and 28898 s, respectively. There is only a 3% reduction
from case 2 compared to case 1. However, case 3 and case 4 take time only 10587 s and 9546 s to
complete the one cycling process. There is a 63% reduction in the complete cycle from case 3 compared
to case 2. Furthermore, the complete cycling duration is reduced by 10% from case 4 compared to case
3. It is obvious that the incorporation of SCHE-CR and PCM capsule (case 4) obtains better heat transfer
performance compared to other cases. The consuming time from case 4 is less than 10000 s. From these
results, it is obvious that incorporating SCHE-CR with outer PCM (case 3 and case 4) improves the
MHHS performance compared to the MHHS with SCHE-CR only (refer to Figure 6.6 for the hydrogen
absorption/desorption duration). The MHHS with SCHE-CR obtains the absorption and desorption
durations at 3910 s and 13369 s, respectively. Therefore, the duration of the complete cycle from this
case is 17279 s. The duration of the complete cycle is reduced by 39% from case 3 compared to the
MHHS with SCHE-CR only, while there is a 45% reduction of duration for the complete cycle from
case 4 compared to the same MHHS with SCHE-CR.

Under the constant volumes of MH and PCM, case 3 and case 4 obtain better heat transfer performance
due to the effect of internal SCHE-CR. However, the PCM configuration also affects the MHHS’s
performance for both absorption and desorption. Without the SCHE-CR, the case with PCM pool bed
(case 2) obtains better heat transfer performance rather than the case with PCM jacket (case 1). Focusing
on the combination of both SCHE-CR and outer PCM, the case with PCM capsule (case 4) obtains
better performance than the case with PCM jacket (case 3). The contours of some related parameters
are created for all four cases to provide a better understanding of the heat transfer behaviour and its
effect on the hydrogen concentration. These include the temperature contours, liquid fraction contours,
and hydrogen concentration contours. It should be noted that only half of MHHS (right side) is used to
analyse all contours (except for hydrogen concentration contours) due to the symmetry of the MHHS
designs.
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Figure 6.12 Hydrogen concentration from storage systems with different heat exchangers during the
absorption and desorption

The temperature contours of the MH bed and outer PCM during the hydrogen absorption are illustrated
in Figure 6.13. These contours present the selected time at 250 s and 2000 s after starting the absorption
process and at the end of the absorption process for each case. At 250 s, the MH temperature near the
interface between the MH and PCM is lower than in other areas due to the PCM effects. The PCM near
the interface starts to absorb the generated heat, resulting in the reduction of the MH bed temperature
near the interface. Therefore, there is a heat transfer at the side from the interface of case 1 (PCM
jacket), while there is a heat transfer at the side and bottom from case 2 (PCM pool bed) instead.
Similarly, the heat is transferred from the MH to PCM at the side for case 3 (PCM jacket). More heat
transfers are observed from case 4 where it has a PCM capsule that absorbs the heat from the top and
bottom parts of the MH bed. However, there is also the additional heat transfer source from HTF from
the case with SCHE-CR (case 3 and case 4). The lower MH bed temperature is observed around the
wall of the HTF tube, where it has cooling fluid circulating inside. At 2000 s, the MH bed temperature
is greatly lower at the side where is close to the PCM, while the PCM temperature is higher. This
phenomenon occurs in case 1 and case 2. The MH bed temperature around the central area is still 654
K, while the minimum MH bed temperature near the interface is only 632 K for case 1 and 611 K for
case 2. The minimum PCM temperature from these two cases is still the initial value of 573 K. The
maximum PCM temperature at the interface from these two cases is 611 K. However, the MH bed
temperature from case 3 and case 4 is significantly lower due to the SCHE-CR’s effect. The MH bed
temperature at the bottom part reduces to 589 K in these two cases. There are still some areas at the top
part of case 3 that still has 654 K. The MH temperature at the top part from case 4 is less than 643 K.
This is because the PCM capsule absorbs the heat from the top part. Furthermore, the MH bed
temperature from the case with PCM capsule (case 4) is also lower at the top and bottom parts compared
to the case with PCM jacket (case 3). The maximum PCM temperature near the interface from case 3
and case 4 is only 589 K, whereas the minimum PCM temperature is still the initial value at 573 K.
Considering the PCM temperature at the middle part of MHHS from case 3 and case 4, the temperature
variation around this area is less than other areas because the MH temperature at this area is lower than
other areas. This is because this area is close to the HTF inlet and has more heat transfer surface areas
from SCHE-CR structure. Although the bottom part of the MHHS is close to the HTF inlet, it has less
heat transfer surface areas compared to the middle part. Therefore, the MH bed around the middle part
is cooled down faster than in other areas. This leads to having less temperature difference around this
area, resulting in having a less heat transfer rate.
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At the end of the absorption process for each case, the centre part of MH bed from case 1 and case 2
still has a higher temperature as 654 K. The minimum PCM temperature at the outer wall is observed
as 578 K. Therefore, the minimum PCM temperature increases from 573 K (initial value) to 578 K after
reaching the end of the absorption process. However, the minimum PCM temperature from case 3 and
case 4 still remains at 573 K. More temperature contours from various selected times after the hydrogen
absorption are provided in the “Appendices: A2”.
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Figure 6.13 Average temperature of MH bed and PCM at 250 s, 2000 s, after starting the hydrogen
absorption, and at the end of the absorption process from case 1 to case 4
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The PCM liquid fraction during the absorption process for all cases is presented as the contours in
Figure 6.14. At 250 s, the PCM solidus starts to transform to a liquid phase at the interface where it has
a high MH temperature. At 2000s, the liquid fraction from all cases still remains the same patterns from
the time at 250 s. However, at the end of the absorption process for each case, the case with the PCM
pool bed (case 2) obtains more PCM liquidus compared to other cases. This is due to the fact that there
are more heat transfers from the side and bottom parts of the MH bed from case 2 compared to case 1
which has only the side of PCM. Furthermore, there is no additional energy source from HTF in this
case, when compared to case 3 and case 4 (with SCHE-CR). However, more PCM liquidus is observed
from case 4 rather than case 3 due to the PCM capsule’s effect. It should be noted that the PCM thickness
at the side from case 1 and case 3 are constant due to having the same PCM configuration (PCM jacket).
However, the PCM thickness at the side from case 2 and case 4 are less than another two cases due to
having different PCM configurations. Case 2 (PCM pool bed) has full PCM at the bottom part, while
case 4 (PCM capsule) has half PCM and the bottom and top parts. The purposes of these designs are to
maintain the constant volume of PCM for all cases and enhance MHHS’s performance by considering
the enhancement of the heat transfer rate. More liquid fraction contours from various selected times
after the hydrogen absorption can be found in the “Appendices: A2”.
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Figure 6.14 Liquid fraction of PCM at 250 s, 2000 s, after starting the hydrogen absorption, and at the
end of the absorption process from case 1 to case 4

The hydrogen concentration contours at 2000 s and at the end of the absorption process for all cases are
demonstrated in Figure 6.15. At 2000 s, a higher hydrogen concentration is found near the interface
from case 1 and case 2. Furthermore, the bottom part of case 2 (PCM pool bed) also has a higher
hydrogen concentration compared to case 1 (PCM jacket). However, the hydrogen concentration is
significantly higher in case 3 and case 4 due to the SCHE-CR’s effect. The PCM capsule (case 4) obtains
better performance than the PCM jacket (case 3). There are high hydrogen concentrations at the top and
bottom parts of the MH bed from case 4. The hydrogen concentration from most parts of case 1 and
case 2 is still 11%, while the hydrogen concentration from most parts of case 3 and case 4 is 100%. At
the end of the absorption process from each case (99% of overall hydrogen concentration), The lower
hydrogen concentration is found at the central area of case 1 and case 2. However, there is only the
middle and top parts of the central area from case 2 where it has a lower hydrogen concentration. The
lower hydrogen concentration from case 3 is found at the top part and at the small areas from the bottom
where it has less heat transfer surface areas. From case 4, there is only the top part that has the lower
hydrogen concentration. More hydrogen concentration contours from various selected times after the
hydrogen absorption are provide in the “Appendices: A2”.
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Figure 6.15 Hydrogen concentration at 2000 s and at the end of the hydrogen absorption process of each
case (case 1 to case 4)

The temperature variations of the MH and PCM during the desorption process for all cases are presented
in Figure 6.16. These include the selected time at 500 s and 7500 s after starting the desorption process.
As mentioned earlier, the MH bed temperature is rapidly decreased due to the endothermic reaction. At
500 s, the minimum MH temperature from case 1 and case 2 is still 543 K, while there is only the top
part of MHHS where it has a lower temperature at 543 K for case 3. However, the minimum MH
temperature from case 4 is 548 K. At the interface of PCM and MH, the temperature from the MH side
is higher while the temperature from the PCM side is lower for all cases. At this area, the maximum
MH temperature from all cases at 500 s is 550 K, while the minimum PCM temperature is 570 K. From
this process, the MH is heated up by receiving the heat from PCM, while the PCM is cooled down. The
PCM temperature, where it is close to the interface, is lower than the melting point for all cases. It
should be noted that the PCM temperature at the inner and central areas is higher than the outer side
due to the effect of the absorption process, which leads the PCM near the MH having a higher
temperature (refer to Figure 6.13).

From all cases, the case with SCHE-CR (case 3 and case 4) has a higher MH temperature compared to
the case without SCHE-CR (case 1 and case 2). The significant change in temperature variations is
observed from the temperature contours at 7500 s. The minimum MH temperature from case 1 and case
2 is still 543 K, while there are 560 K and 568 K of the minimum values from case 3 and case 4,
respectively. Moreover, the maximum value of MH temperature from case 1 and case 2 is still 550 K
but it is 570 K as the maximum value from case 3 and case 4. Focusing on PCM temperature for all
cases, there is still heat transferring from the central area of PCM to the outer side of PCM as the PCM
temperature at the outer side at 7500s is higher than at 500 s. This is due to the fact that at the end of
the hydrogen absorption process, there is still a portion of the PCM, which remains in the solidification
state (refer to the liquid fraction of PCM in Figure 6.14). The heat from melting PCM continually flows
to solid PCM causing the increase in PCM temperature at the outer side. This fact is applied to all cases.
For case 3 and case 4, the PCM temperature around the middle part of MHHS is higher than other parts
due to the higher MH bed temperature around this area, which is caused by the heating HTF and its
location. The HTF temperature from the bottom part is higher than the other parts as this part is close
to the HTF inlet. More temperature contours from various selected times after the hydrogen desorption
are provided in the “Appendices: A2”.
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Figure 6.16 Average temperature of MH bed and PCM at 500 s and 7500 s after starting hydrogen
desorption process from case 1 to case 4
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Figure 6.17 illustrates the PCM liquid fraction after starting the desorption process at 500 s and 7500 s
for all cases. For all cases, the PCM starts to release the heat and transform from liquid phase to solid
phase at the interface between the MH and PCM. More amounts of PCM liquidus are observed around
the outer side of PCM at 7500 s compared to at 500 s from case 1 and case 2. Although more PCM
solidus is found from the interface side in these cases, the PCM liquidus from the outer side still
increases as there is still the heat transferring from the central area of PCM to the outer side of PCM
(see temperature contours in Figure 6.16). However, the PCM liquidus from case 1 and case 2 is still
higher than case 3 and case 4. This is because the PCM liquidus from case 3 and case 4 is less than case
1 and case 2 at the end of the absorption process (see liquid fraction of PCM in Figure 6.14). This leads
to having only 5-24% of PCM liquidus from case 3 and case 4, while there is still 94% of PCM liquidus
from case 1 and case 2 at 7500 s. More liquid fraction contours from various selected times after the
hydrogen desorption can be found in the “Appendices: A2”.
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Figure 6.17 Liquid fraction of PCM at 500 s and 7500 s after starting the hydrogen desorption process
from case 1 to case 4

The hydrogen concentration at 7000 s after starting the desorption process for all cases is presented in
Figure 6.18. The hydrogen concentration from case 4 is less than 5% at 7000 s, while there is still an
18% of hydrogen concentration from some areas at the top and bottom parts for case 3. However, the
hydrogen concentration from case 1 and case 2 is mostly 18-75%. It should be noted that the hydrogen
concentration at the central area in these two cases (case 1 and case 2) is less than in other areas because
of the effect of the absorption process. At the end of the absorption process (99% of overall hydrogen
concentration), this area has less hydrogen concentration due to the PCM configurations (see hydrogen
concentration contours in Figure 6.15). This results in a lower hydrogen concentration in this area during
the hydrogen desorption. The hydrogen concentration at the bottom part of case 2 is still lower than
case 1 due to the PCM pool bed configuration. More hydrogen concentration contours from various
selected times after the hydrogen desorption are provide in the “Appendices: A2”.

However, the MHHS performance is significantly enhanced when using internal SCHE-CR
incorporating the outer PCM, especially the PCM capsule. This is obvious from case 4, which obtains
a faster hydrogen absorption and desorption compared to other cases. Therefore, the performance of
MHHS configuration based on case 4 is then further analysed under the parametric study section.
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Figure 6.18 Hydrogen concentration at 7000 s after starting hydrogen desorption process from case 1
to case 4

6.6.3 Storage Weight and Heat Recovery

The overall storage weight is also an important parameter for the MHHS in compactable size. Figure
6.19 presents the effect of heat exchanger designs on the overall storage weight. There is only 0.59 kg
of the MHHS when using the SCHE-CR (refer to case 0 in this figure). The original weight of the MH
only is 0.45 kg with the total volume at 140 cm?®. This is only a 0.14 kg increase of additional weight
from the SCHE-CR. It is worth mentioning that the SCHE weight is only 0.12 kg, which is 0.02 kg less
than the weight of SCHE-CR. The duration of the absorption-desorption cycle is 17279 s, as mentioned
earlier. When using the PCM as the heat exchanger instead of the SCHE-CR, the overall MHHS weight
is 1.91 kg (case 1 and case 2). The PCM weight based on NaNOs3 from these two cases is 1.47 kg.
However, the duration of the absorption-desorption cycle is increased with the use of PCM only. There
are 29737 s and 28898 s of one complete duration in the absorption-desorption cycle from case 1 with
the PCM jacket and case 2 with the PCM pool bed, respectively. The storage weight is then slightly
increased when combining the PCM with SCHE-CR, as in case 3 and case 4. The overall storage weight
from these two cases is 2.05 kg, which is increased by only 0.14 kg from the case with PCM only. The
duration of the absorption-desorption cycle is then further reduced to 10587 s for case 3 with PCM
jacket and 9546 s for case 4 with PCM capsule. From this combination, the duration of one complete
cycle for absorption-desorption is reduced by 38.73% in case 3 and 44.75% in case 4, compared to the
use of SCHE-CR only (case 0).
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Figure 6.19 Comparison of total storage weight with heat exchanger and one complete absorption-
desorption cycle from different heat exchanger designs

This section investigates energy exchange inside the MHHS under the different MHHS configurations.
In the case with only MH and PCM (case 1 and case 2), the energy is exchanged only between the MH
and PCM. Under the combination of PCM and SCHE-CR, the energy is exchanged among MH, HTF
(from SCHE-CR), and PCM. For the analysis, the reaction heat (Q,.) of both hydrogen absorption and
desorption is equal, while the heat loss in the energy exchange process is not considered (Ye et al.,
2022). During the absorption process, the heat from the MH bed is transferred to the HTF (Qjy4) and
PCM (Qp1). Therefore, the reaction heat for the absorption process is Qr gps = Qn1 + Qpq1. For the
desorption process, the stored heat in PCM is released to MH (Q,), while the heat is charged to MH
by HTF (Qp2). Therefore, the reaction heat for the desorption process is @y ges = Qnz + Up2. It should
be noted that Q@ = Qpz and Q1 = Q2. These conditions are applied to compare the performance of
each MHHS design under the energy analysis only. The heat loss through the environment under
absorption and desorption is not considered in this study. In reality, HTF requires to dissipate the heat
(Qp1) to the environment in order to maintain a constant inlet temperature (7;;,), without considering
the heat loss. For the desorption process, the HTF requires the additional heat sauce (Q,) to heat up
the MH. Therefore, @y, is the main parameter for energy consumption in the MHHS. However, at the
end of the hydrogen desorption process, the temperature of MH and PCM returns to the initial
temperature of the absorption process (Ye et al., 2022). Therefore, the reaction heat for the MHHS with
HTF only (case 0) is determined based on Equation 6.1. The reaction heat for the MHHS with PCM
(case 1 and case 2) is expressed as Equation 6.2, while the reaction heat for the case with PCM and HTF
(case 3 and case 4) is referred to as Equation 6.3 (Ye et al., 2022).

VX Py XwWEX (1—
0, = Q, = LM PMHMW ( S)AH 6.1)
Qr = Qp = Vpcm X Ppcm [LPCM + Cp.pcm X (Tmax,PCM - To)] (6.2)
Qn=0r — Qp (6.3)

where Ty, 45 pcy 18 the maximum temperature of the PCM during the hydrogen absorption or desorption
process, while T is the initial temperature of the PCM. The volumes of MH and PCM are Vyy and
Vocum, respectively.
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Figure 6.20 presents the effect of PCM amount and its weight on the reaction heat and recovery rate of
the reaction heat. The reaction heat from the HTF without PCM (case 0) is 255.37 kJ. It should be noted
that the PCM amount from case 1 to case 4 is constant as 649 cm?® or 1.47 kg of PCM weight, which is
assumed to store all the heat released from the MHHS (refer to Equation 6.1). This amount is considered
as the base case with 8/8 unit of the total PCM volume (100%). The other PCM amounts are reduced
from the base case starting from 1/8 to 7/8 unit of the total PCM volume. From Figure 6.20a, the reaction
heat from the PCM positively increases, corresponding to the reduction of HTF reaction heat, starting
from the case with 1/8 unit to 4/8 unit. Under 1/8 of the total PCM volume, the reaction heat from the
HTF (Qp) is 233.56 kJ with the reaction heat from PCM (Q,,) at 21.82 kJ only. From the 4/8 of the total
PCM volume, the @y, is reduced to 146.71 kJ with an increase of the @, at 108.66 kJ. However, the
PCM volumes from 5/8 to 8/8 units have less effect on reducing HTF reaction heat. Considering the
reaction of heat recovery rate (Q,, /@) from Figure 6.20b, this rate is increased from 8.54% to 42.55%
when increasing the PCM volume from 1/8 unit to 4/8 unit. Although other higher PCM volumes,
especially the case with 8/8 unit (the base case), have a higher reaction of heat recovery rate from
56.51% to 100%, these cases are useful with the use of MHHS and PCM only. The use of PCM and
HTF is not effective under this condition. Moreover, the increase/decrease in PCM amount significantly
affects the PCM weight, resulting in an increase/decrease in the overall MHHS weight. When using a
PCM volume of 1/8 unit, there is only 0.12 kg of additional weight, compared to the case with SCHE-
CR only. However, there is 0.59 kg of additional weight when using the PCM volume as 4/8 unit. There
is a 50% increase in the overall MHHS weight from the additional PCM volume of 4/8 unit. Other
higher PCM volumes result in a 57% to 72% increase in the overall MHHS weight. It can be summarised
that the 4/8 of the total PCM volume or 1.47 kg of the PCM obtains the best performance when
considering the reaction heat from HTF and PCM with an appropriate reaction of the heat recovery rate.
It should be noted that this study only considers the effect of these PCM amounts on the energy and
storage weight analysis. The effect of different PCM amounts on the hydrogen absorption/desorption
duration is not considered in the present study.
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Figure 6.20 Effect of PCM’s volumes on; (a) heat transfer/storage capacity and (b) reaction of heat
recovery rate
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6.6.4 Parametric Study of Operating Conditions

One of the main parameters that significantly affect the hydrogen kinetic reaction is HTF temperature.
A lower HTF temperature will result in a higher heat removal rate during the absorption process. This
leads to the reduction of absorption duration. In the opposite way, a higher HTF temperature will lead
the storage system to be heated up during the desorption, resulting in the reduction of desorption
duration. This section provides a more critical analysis regarding the effect of HTF temperature on
hydrogen absorption and desorption. The MHHS with SCHE-CR and PCM capsule (case 4) is selected
for this section as this case obtains the best performance for hydrogen absorption and desorption. For
investigation purposes, various initial HTF temperatures are selected for both absorption and desorption
and presented in Figure 6.21. The initial temperature of the MHHS is constant at 573 K with loading
pressure at 1.8 MPa for the absorption process. For the desorption process, the ultimate temperature of
the absorption process is the initial temperature of the MHHS (from the case with 573 K as the initial
value) and hydrogen pressure at 0.1 MPa. Figure 6.21a refers to the absorption process with the HTF
temperature varying from 473 K to 573 K. The absorption duration greatly reduces after using the lower
HTF temperature. The final time of the absorption process is 2121 K with the initial HTF temperature
at 573 K but it is only 1578 s when using 523 K as the HTF temperature. There is a 26% reduction in
absorption duration from these cases. However, the absorption duration is further reduced to 1265 s and
1071 s when using the HTF temperature of 473 K and 423 K, respectively. There are 20% and 15%
reductions in absorption duration when changing the HTF temperature from 523 K to 473 K and from
473 K to 423 K, respectively.

The effect of varying HTF temperatures on hydrogen desorption is presented in Figure 6.21b. The HTF
temperatures vary from 573 K to 723 K for this process. It is evident that increasing the initial HTF
temperature leads to the reduction of desorption duration. The final time of the desorption process from
the case with HTF temperature at 573 K is 7425 s. However, there is a 38% reduction in desorption
duration when changing the temperature from 573 K to 623 K. The final time from this case is 4573 s.
The desorption duration is also further reduced by 28% and 25% when increasing the HTF temperature
from 623 K to 673 K and from 673 K to 723 K, respectively. The duration of the desorption process
from the cases with 673 K and 723 K is 3304 s and 2484 s, respectively.

The main reason to cause the significant improvement in heat transfer performance from these cases is
that the greater temperature difference between the MH bed and cooling HTF leads to a greater
convective heat transfer rate for the absorption process as the MH bed temperature is really high in this
state. However, the MH bed temperature is low during the desorption, which leads to a greater
temperature difference when increasing the HTF temperature. The higher convective heat transfer rate
during the desorption comes from the higher HTF temperature.
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Figure 6.21 Hydrogen concentration for the different operating temperatures of the HTF in the case
with SCHE-CR incorporating the PCM jacket (case 3). (a) hydrogen concentration during absorption
and (b) hydrogen concentration during desorption

6.7 Conclusion
The metal hydride storage system (MHHS) performance with the use of semi-cylindrical coil heat
exchanger with central return tube (SCHE-CR) is analysed for the completion of absorption-desorption
cycle. The new MHHS configurations incorporating SCHE-CR and outer phase change material (PCM)
are proposed in the present study to further enhance heat transfer rate. The MHHS with SCHE-CR is
designed under different out PCM configurations. The metal hydride (MH) and PCM volumes are
constant for all designs to provide a reasonable comparison. Furthermore, the initial operating condition
of the heat transfer fluid (HTF) temperature is considered to investigate the new MHHS configuration
under the absorption and desorption processes. The key findings are summarised as follows:

e There is a 31% reduction in the duration of the absorption-desorption cycle when using SCHE-
CR instead of a semi-cylindrical coil heat exchanger (SCHE). There is at least a 50% reduction
of this duration from SCHE-CR compared to the helical coil.
The top part of the MH bed from the case with SCHE-CR obtains better heat transfer
performance due to the well arrangement of itself, which increases more heat transfer surface
areas compared to SCHE.
The PCM configuration also affects the MHHS performance, especially the absorption process.
The PCM capsule obtains better heat transfer improvement rather than the PCM jacket and
PCM pool bed. More heat transfer surface areas are at the top and bottom parts of MHHS from
the PCM capsule. The more PCM liquidus is observed from the case with the PCM capsule
compared to other PCM configurations.
The MHHS with SCHE-CR and PCM obtains greater improvement of heat transfer with at least
a 39% reduction in the duration of absorption-desorption cycle, compared to SCHE-CR only.
However, there is at least a 63% reduction in the duration of the completion time when using
SCHE-CR and PCM, compared to the case with PCM only.
The initial operating condition of the HTF temperature for the new MHHS configuration, which
incorporates the SCHE-CR and PCM capsule, significantly influences the MHHS performance,
especially the desorption process. The absorption duration is decreased by 15-26% when
reducing the initial HTF temperature from 573 K to 423 K. However, the desorption duration
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is significantly reduced by 25-38% when increasing the initial HTF temperature from 573 K to
723 K.

The comprehensive investigation of the magnesium-based hydrogen storage incorporating an internal
heat exchanger and external PCM provides a better understanding of the heat transfer enhancement for
hydrogen kinetic reaction during the absorption and desorption processes. This includes the
investigation of a semi-cylindrical coil heat exchanger with central return tube when combining with
different phase change material configurations. The findings of this study would improve the knowledge
of the hydrogen storage for the fuel cell applications during the complete cycle of absorption-
desorption. Moreover, the modelling principle, as well as the fundamental analysis of the heat
exchanger designs and their performance, can be useful for several engineering applications.

Puchanee Larpruenrudee 130 PhD Thesis (2025)



Chapter 7 — The Enhancement of Metal

Hydride Hydrogen Storage Performance Using

Novel Triple-Branched Fin

Research Paper: Larpruenrudee, P., Bennett, N.S., Fitch, R., Sauret, E., Gu, Y., Hossain, M.J., &
Islam, M.S., (2025). The enhancement of metal hydride hydrogen storage performance using novel
triple-branched fin. Journal of Energy Storage, 123, 116659. https://doi.org/10.3390/en18051291.
SJR: 1.456 [Q1], IF: 9.4

7.1 Summary
Objectives to achieve the aim of this study:

Propose the new storage configuration under the design of the new internal heat exchanger to
enhance the storage thermal performance.

The effect of pressure losses during the heat transfer fluid circulation inside the heat exchanger
is considered as the key factor

Identify an appropriate initial value of each operating parameter under the new storage
configuration and heat exchanger

Achievements and innovations in this chapter:

Propose the new fin design and enhance its performance under the hydrogen absorption and
desorption processes

Analyse the effect of pressure losses under the use of various heat exchanger designs
Investigate the effect of fin materials on the hydrogen absorption-desorption cycle

Investigate the initial values of the heat transfer fluid as well as the heat transfer coefficient on
both hydrogen absorption and desorption processes
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7.2 Abstract

The advantages of a high storage capacity and safety of metal hydride hydrogen storage (MHHS) have
widely attracted people's interest in hydrogen storage. The improvement of the heat transfer
performance is one of the key parameters to improve the overall MHHS performance. Various heat
exchangers with complex structures have been developed for this purpose. However, the drawback of
these heat exchangers is huge pressure losses. Therefore, this study aims to enhance the MHHS
performance by considering the heat transfer improvement and maintaining the pressure loss inside the
heat exchanger. To fulfil the requirement of heat transfer efficiency instead of using complex heat
exchangers, a novel triple-branched fin is designed to attach to the simple straight tube heat exchanger.
The effect of pressure losses due to the complex heat exchangers is analysed and compared with the
simple straight tube. The novel fin heat exchanger’s performance is also compared to conventional fins.
Moreover, an enhancement of the novel fin geometries is considered with the parametric studies to
achieve superior MHHS performance. The results indicate that the pressure losses are reduced by 31%
when using the straight tube instead of other complex heat exchangers. The novel triple-branched fin
obtains the best heat transfer performance compared to other fin designs, including the quadrilateral fin
and Y-shaped fin. After the geometrical enhancement of this novel fin, the duration of the absorption-
desorption cycle is reduced by 25% compared to the quadrilateral fin. Under the parametric study, heat
transfer fluid temperature significantly affects the desorption process, while the heat transfer coefficient
greatly affects the absorption process.

Keywords: Fins, Hydrogen absorption, Hydrogen desorption, Reaction time, Triple-branched fin, Y-
shaped fin.
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7.3 Introduction

The fin heat exchanger has been widely used for several engineering applications, such as thermal
energy storage. The fin material with a high thermal conductivity is the key factor to increase the heat
transfer rate. The main advantage of using fins as a heat exchanger is the simple installation and less
maintenance during use, compared to other heat exchanger types (Eslami et al., 2021). For these
purposes, several fin designs have been proposed for thermal energy storage with a cylindrical
enclosure. Various fin parameters were considered for the radial fin design and optimisation. These
included the fin thickness, fin height, fin number, fin length, fin width, and fin angle. The results from
these fin parameters proved that increasing the fin number, height, and thickness improved the heat
transfer performance by 20-23% enhancement of phase change duration (Zhang & Faghri 1996).
Similarly, increasing the fin numbers and fin width reduces the discharging time (N’obrega et al., 2019).
Beyond radial fins and annular fins, some studies also focused on heat transfer improvement based on
the fin shape. These included the Y-shaped fin (Lohrasbi et al., 2016a; Sciacovelli et al., 2015), V-
shaped fins (Lohrasbi et al., 2016b), and tree-shaped fins (Hosseinzadeh et al., 2019). From these fins,
the V-shaped fin obtained better heat transfer improvement, compared to the simple radial fin and
annular fin. The enhancement of phase change duration by using a V-shaped fin was 82%, while there
were 74% and 72% enhancements of the phase change duration by using an annular fin and radial fin,
compared to the case without fins (Lohrasbi et al., 2016b). For a Y-shaped fin, using this fin enhanced
phase change duration by 81%, compared to the case without fins (Lohrasbi et al., 2016a). Increasing
the length of the Y-shaped fin boosted thermal penetration in the storage medium with a 16.5%
enhancement of the phase change duration (Sheikholeslami et al., 2019). From all fin designs, fin space
had a favourable effect on the phase change duration for both the charging and discharging processes
(Eslami et al., 2021). The fin number and fin length had a favourable effect on system performance
rather than fin thickness (Eslami et al., 2021).

For the metal hydride hydrogen storage (MHHS), MHHS is a solid hydrogen storage technique that has
recently attracted researcher interest due to its advantages that offer a high hydrogen capacity and high
safety (Sakintuna et al., 2007; Jain et al., 2010). However, the main disadvantage of this technique is
the low thermal conductivity of the metal hydride (MH) materials, which negatively affects the
hydrogen kinetic reaction (Zhao et al., 2020). The enhancement of the heat transfer performance inside
the MHHS is a key method to improve the hydrogen kinetic reaction rate. For this purpose, several heat
exchangers have been used for heat transfer enhancement. Using fins as the internal heat exchanger is
also another technique to improve heat transfer performance under the consideration of natural
convection conditions (Keshari & Maiya 2018; Muthukumar et al., 2012). The fin arrangement also
results in a more uniform temperature distribution inside the MHHS. The study from Muthukumar et
al. (2012) indicated that increasing the heat transfer area by an internal fin leads to the improvement of
the local thermal conductivity of the MH bed. Keshari & Maiya (2018) employed the internal copper
pin fin for LaNis MHHS. The pin fin was attached to each other at the centre to the centre and side-by-
side. Their study proved that larger fin diameters and higher fin numbers increased heat transfer surface
areas, resulting in a higher heat transfer efficiency. Krishna et al. (2024a) introduced the new fin
efficiency concept based on the reverse engineering technique to optimise the MHHS. The number of
fins and fin shape were considered for the study purpose. Appropriate selection of the fin’s number
significantly affects the heat transfer, while the precisely radial tapering had an insignificant impact on
the heat transfer performance. The fin thickness of 3 mm was preferred for the use of precisely radial
tapering (Krishana et al., 2024b). Some studies also combine internal fin heat exchangers with internal
cooling tubes to increase the heat transfer performance and decrease the weight of the overall MHHS,
as the main problem of using internal fins only is a higher weight of the overall MHHS. The multiple
internal cooling tubes were combined with the fins and placed inside the MHHS (Ma et al., 2014; Mallik
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& Sharma 2021). The results from these studies proved that the fin number was the key parameter that
positively affected the hydrogen absorption rate, compared to fin radius and fin thickness. Bai et al.
(2021) employed the tree-shaped fins incorporating the central cooling tube for the MHHS. This study
indicated that the absorption duration was reduced by 20.7%, compared to the case with radial fins.
This complex fin's structure was the key parameter to increase the heat transfer efficiency. A higher
length ratio of these fins increased the heat transfer performance. However, the study from Ayub et al.
(2020) stated that when using the annular truncated hollow conical fins with a central cooling tube, fin
parameters significantly affected the MHHS performance. These fin parameters included fin angle, fin
radius, number of fins, fin spacing, and fin thickness. Singh et al. (2017a) combined circular fins with
a U-shape tube heat exchanger for MHHS. This study reported that the overall storage performance
could improve when increasing the fin number as well as reducing the fin thickness at the same time.
The study by Bai et al. (2020) combined both the inner and outer fins and placed them inside the MHHS
with a cooling jacket. The uniformity of the temperature distribution in the MH bed was improved when
increasing the fin number with the constant fin volume.

Some studies also combined internal fins with helical coil/spiral heat exchangers. Due to the structure
of the helical coil heat exchanger, the annular/circular fins could be applied only. The hydrogen
absorption duration from this combination was two times less than the case with helical coil heat
exchanger only (Dhaou et al., 2011; Souahlia et al., 2014). Mellouli et al. (2010) proved that the
absorption time was decreased by 66% with the use of a spiral-coil tube and circular fins, compared to
the case with the spiral-coil tube only. Krisha et al. (2024) proposed a new heat exchanger design,
namely a flat coil tube heat exchanger. A spiral fin was integrated with a flat coil tube. This integration
obtained 35.3% and 16.7% of the hydrogen absorption time when compared to the case with a helical
coil tube and double helical coil tubes, respectively. Shrivastav et al. (2024) combined the copper fin
with phase change material to improve the hydrogen absorption/desorption rate. The copper fin was
integrated into both MH and phase change material. This study proved that the hydrogen absorption
rate significantly improved by at least 86.5% when using at least 10 fins, compared to the case without
fins. Considering the performance between helical coil and straight tube, the helical coil/spiral coil heat
exchanger with the heat transfer fluid (HTF) generally obtains better heat transfer performance
compared to the straight tube heat exchanger. This is because the secondary circulation of the coil
structure provides more heat transfer surface areas. However, the drawback of the coil heat exchanger
is the pressure drop. The amount of pressure loss from the coil tube is higher than the straight tube due
to the curvature ratio of itself. The study by Guan et al. (2014) stated that a coil tube caused pressure
losses by 11-17% compared to a straight tube. For heat exchanger applications, a small amount of
pressure drop is required for the fluid’s movement inside the heat exchangers. However, a large amount
of pressure drop can negatively affect the system's efficiency and can cause system failure. The heat
exchange efficiency and pressure drop should be balanced to maintain the overall performance of the
heat exchanger (Zhang & Liu 2022).

From the above mention, it can be summarised that the combination of the fin heat exchanger and other
heat exchangers, which contain the HTF, significantly improves the heat transfer performance.
However, the complex coil’s structure significantly causes the pressure drop along the system.
Furthermore, most studies only consider the improvement of heat transfer and hydrogen
absorption/desorption based on the combination of fins and HTF tubes. The effect of the combination
of these heat exchangers on the complete absorption-desorption cycle is still missing. Considering both
processes, hydrogen absorption and desorption are one of the main parameters for the design of highly
efficient MHHS (Wang & Brinjerhoff 2021a). As the hydrogen desorption durations are usually larger
than the hydrogen absorption durations. This is because of the difference in initial pressure for each
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process and the reaction-rate hysteresis (Wang & Brinjerhoff 2021b). Therefore, the duration of a
complete hydrogen absorption-desorption cycle is significant for optimising the performance, safety,
and cost-effectiveness of the storage systems (Klebanoff & Klebanoff2012). Moreover, the comparison
of the MH volumes with the HTF tube between with and without additional fins has still not been
considered. As the overall volumetric and gravimetric of the MHHS should be prioritised, especially
for mobile applications (Rahnama et al., 2019a). For the fin design, the fin number and fin length are
the key parameters that positively affect the heat transfer performance due to increasing in heat transfer
surface area (Yao & Huang 2021; Hickie-Bentzen et al., 2022). However, there are some limitations to
increase these parameters, as the large number of fins or the longer length can suppress convective
flows and limit the heat transfer enhancement level (Eslami et al., 2021). From the literature, the Y-
shaped fin obtains better heat transfer performance compared to other conventional fins. However,
when considering the MHHS without a cooling jacket, the heat transfer rate of the MH bed around the
outer wall of the MHHS is lower than in other areas. This is because the MH bed around this area is far
away from the HTF and fin branches. The complex fin’s structure is also one of the key parameters that
affect the heat transfer enhancement, as the well-arrangement of the fin mass distribution to the MH
bed leads to a more uniform temperature distribution and less thermal resistance of the MH bed (Bai et
al.,2021). In contrast, there are some limitations in the reality to manufacture the complex fin’s structure
by using conventional manufacturing techniques. The additive manufacturing is required instead
(Zhang et al., 2023).

Therefore, the objective of this study is to further enhance the MHHS performance by considering the
heat transfer improvement with the use of a fin heat exchanger, which is incorporated with the HTF
tube. To achieve this, the simple straight tube of the HTF is used instead of other complex heat
exchangers to maintain the pressure level. The effect of pressure losses due to the complex HTF tube’s
structure is analysed and compared with the simple straight tube. The novel triple-branched fin is first
designed to fulfill the requirement of heat transfer efficiency instead of using other complex HTF tube
designs by considering an increase in heat transfer surface area corresponding to the appropriate
arrangement of fin mass distribution to the MH bed. This design is developed from the conventional Y-
shaped fin to further enhance the Y-shaped fin performance under the consideration of the complexity
of the fin structure. This new fin structure is also designed to meet the requirements of conventional
manufacturing techniques by considering not too much complexity of fin structure. Furthermore, based
on the literature, the fin parameters also have a greater influence on the heat transfer performance.
Consequently, the effect on various fin parameters is also considered to further enhance the triple-
branched fin performance by considering the fin/MH volume. The expectation of this study is to
improve hydrogen kinetic reaction and heat transfer performance, especially around the middle area
between the Y-shaped fin and the top area, which is close to the outer MHHS wall. To investigate the
triple-branched fin performance, several fin designs are provided to compare the performance of these
fins with the novel fin design. The average bed temperature of the MHHS as well as hydrogen
concentration in the hydrogen absorption/desorption process, are investigated to verify this hypothesis.
Moreover, the duration of one complete hydrogen absorption-desorption cycle based on these new
designs is estimated in this study. The parametric study based on the operating conditions of the HTF
and material of the fin/HTF tube is also considered to investigate the triple-branched fin performance
on the heat transfer efficiency as well as the hydrogen kinetic reaction for both processes.
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7.4 System Description

The MHHS performance is analysed under the fin geometric study as well as the parametric study. The
effect of four different fin designs on the average bed temperature of the MHHS and the hydrogen
concentration are compared in this study. The best fin performance is then selected for further
improvement under the geometric study and parametric study. The MHHS contains internal 8 fins,
which connect to the internal straight tube for the HTF. The angle between each fin is 45°. The height
and outer diameter of the MHHS are 80 mm and 50 mm, respectively (Larpruenrudee et al., 2023;
Larpruenrudee et al., 2024). The HTF tube’s diameter is fixed at 8 mm (Bai et al., 2021). Both the fin
and HTF tube are made of copper. The same dimensions and materials are applied for all cases. For the
parametric study, the effect of initial HTF temperatures, heat transfer coefficients between the HTF and
MH bed, as well as materials of fin and HTF tube are considered in this section.

7.4.1 Comparison between the Heat Exchangers

The schematic diagram of the MHHS with heat exchanger tube and fins designs is presented in Figure
7.2. From Figure 7.2a, the inlet and outlet for the hydrogen are at the top of the MHHS, while the HTF
is released from the bottom surface of the HTF tube. Figure 7.2b to Figure 7.2e represent the fin
characteristics from four fin designs, including the quadrilateral fin, which is considered as the original
fin design or case A (Figure 7.2b), Y-shaped fin design I as case B (Figure 7.2c), Y-shaped fin design
IT as case C (Figure 7.2d), and triple-branched fin design as case D (Figure 7.2e). Fin characteristics
and dimensions from these four cases are provided in Figure 7.2 and Table 7.1, respectively. The fin
height (H) and width (W) are 18 mm and 1 mm (Bai et al., 2021), which are constant for all cases. Due
to the simple design from case A, there are only fin height and width. However, the other specific
parameters of the other three models are various depending on the fin characteristics. L is the length of
the Y-shaped fin from the left branch to the right branch, a,, is the angle of the Y-shaped fin section,
and a,, is the angle of the middle branch fin from the triple-branched fin section. Other specific
parameters are included H,, Ly, W;, W,, and a;. The MH volume from case A is 140.2 cm?, while the
fin volume from this case is 12.9 cm’. It should be noted that the reduction of the MH volume from
other cases is between 1-5%, compared to case A as the base case. Among these four designs, the best
design, that obtains the best heat transfer and hydrogen kinetic reaction performances, is selected to
further enhance the fin performance under the fin geometry section.
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Figure 7.2 Storage tanks and fin designs; (a) schematic diagram of storage tanks with heat exchanger
tube incorporating fins, (b) quadrilateral fin (case A), (c) Y-shaped fin design I (case B), (d) Y-shaped
fin design II (case C), and (e) triple-branched fin design (case D)

(a) (b)

(©) (d)

Figure 7.3 Characteristics of storage tanks with fin designs; (a) original fin design (case A), (b) Y-
shaped fin design I (case B), (c) Y-shaped fin design II (case C), and (d) triple-branched fin design (case
D).

Table 7.1 Characteristic of MH tanks with various fin designs; the original fin design (case A), Y-
shaped fin design I (case B), Y-shaped fin design I (case C), and triple-branched fin design (case D)

Case H w L P ay ap aq H, L, W, W,
No. (mm) (mm) (mm) (mm) ) () () (mm) (mm) (mm) (mm)
A 18.0 1.0 - - - - - - - - -
B 18.0 1.0 17.0 1.9 75 - - 10.0 - 0.4 -
C 18.0 1.0 16.0 - 86 - 47 10.0 6.0 0.4 -
D 18.0 1.0 16.0 - 86 43 47 10.0 6.0 0.4 0.5

7.4.2 Geometric Study of Triple-Branched Fin Design

From our present study, the new fin design from case D (triple-branched fin) obtains the best
performance to enhance the heat transfer efficiency and hydrogen kinetic reaction. The results for four
different fin designs can be found in the result and discussion section under “7.4.2 Performance
comparison between different fin designs” Therefore, the fin design case D is selected for further
enhancement under the fin parameters. Table 7.2 provides the fin dimensions with various specific
parameters from case D. These include 15 cases, which are from case D and case D-1 to case D-14. The
main parameters include fin height, fin angle, fin width, and fin thickness. To study the effect of these
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parameters, the constant value of each specific parameter from case D is then increased and decreased
for comparison purposes. To consider the overall volumetric and gravimetric of the MHHS, the
variation of each fin parameter is selected by considering the reduction of the MH volume. The
maximum reduction of the MH volume from each parameter is fixed at 1%. Based on this constraint,
the overall MH volume from case D to case D-14 is reduced by less than 5%. By considering the selected
parameters and heat transfer efficiency, the best fin performance is selected for further investigation
under the parametric study. The results of the comparison between four different fin designs (case A to
case D) are provided under the results and discussion section.

Table 7.2 Characteristic of fin geometry and selected parameters for case D

Case H w L a, ap aq W, W, Ly H,
No. (mm) (mm) (mm) ) ©) ") (mm) (mm) (mm) (mm)
D 18.0 1.0 16.0 86 43 47 0.5 0.5 6.0 10.0
D-1 18.0 1.0 16.0 86 43 47 0.5 0.3 6.0 10.0
D-2 18.0 1.0 16.0 86 43 47 0.5 0.7 6.0 10.0
D-3 18.0 1.0 16.0 86 43 47 0.5 0.7 5.0 10.0
D-4 18.0 1.0 16.0 86 43 47 0.5 0.7 7.0 10.0
D-5 18.0 1.0 16.0 86 43 37 0.5 0.7 7.0 10.0
D-6 18.0 1.0 16.0 86 43 57 0.5 0.7 7.0 10.0
D-7 18.0 1.0 16.0 86 43 49 0.5 0.7 7.0 12.0
D-8 18.0 1.0 16.0 80 40 60 0.5 0.7 7.0 9.0
D-9 18.0 1.0 16.0 74 37 63 0.5 0.7 7.0 8.0

D-10 18.0 1.0 16.0 69 34 66 0.5 0.7 7.0 7.0
D-11 18.0 1.0 15.0 65 32 62 0.5 0.7 7.0 7.0
D-12 18.0 1.0 17.0 72 36 64 0.5 0.7 7.0 7.0
D-13 18.0 1.0 17.0 72 36 64 0.3 0.7 7.0 7.0
D-14 18.0 1.0 17.0 72 36 64 0.7 0.7 7.0 7.0

7.4.3 Parametric Study for Operating Conditions

A parametric study is performed only for the MHHS with the best fin design among case D to case D-
14. The parametric study includes the operating conditions of the HTF as well as materials of the fin
and HTF tube. Under this section, the initial HTF temperature at 573 K and heat transfer coefficient
between the HTF and MH at 500 W m? K!, are set as the base values for both absorption and desorption.
For all cases, copper is used as the fin and HTF tube materials. Various operating conditions of the HTF
are presented in Table 7.3. These include the HTF temperature from 423 K to 573 K for the absorption
and from 573 K to 723 K for the desorption. The heat transfer coefficient between the HTF and MH
varies from 250 W m? K™! to 1000 W m™ K-'. Under fin and HTF tube material, four different materials
are selected to compare the performance of heat transfer during hydrogen absorption and desorption.
These materials include aluminium, copper, nickel, and steel. Table 7.4 presents thermos-physical
properties of these materials.

Table 7.3 Operating values for the HTF

Parameters Base value Sensitivity value
HTF inlet temperature for absorption (K) 573 423,473, 523
HTF inlet temperature for desorption (K) 573 623, 673,723
Heat transfer coefficient of HTF for 500 250, 750, 1000

absorption and desorption (W m™ K'")

Puchanee Larpruenrudee 138 PhD Thesis (2025)



Table 7.4 Thermo-physical properties of different materials for fin and HTF tube

Material Density Specific heat Thermal conductivity
(kg m?) J kg!' K (Wm' K"

Aluminum 2719 871.0 202.4

Copper 8978 381.0 387.6

Nickel 8900 460.6 91.7

Steel 8030 502.5 16.3

7.5 Mathematical Model

This section provides all related equations for the numerical simulation. The related equations include
the governing equations for both hydrogen absorption and hydrogen desorption processes as well as the
governing equations for the HTF and fins. The initial and boundary conditions, numerical schemes, grid
independency, and model validation are also included in this section.

7.5.1 Governing Equations

The appropriate selection of MH material for the use of this thesis are provided in “Chapter 3 —
Methodology” section. The governing equations regarding the absorption and desorption processes as
well as the heat transfer fluid and fins can be found in the same chapter as “Chapter 3 — Methodology”.
For the absorption and desorption processes, the governing equations are provided in 3.1.1 Absorption
Process and Desorption Process. The governing equations of heat transfer fluid and fins can be found
in “3.1.4 Heat Transfer Fluid and Fins”.

7.5.2 Initial and Boundary Conditions

The initial conditions of the MHHS for the hydrogen absorption are 573 K of the temperature
(Tmu,aps == To,aps) and 1.8 MPa of the loading pressure (Pyqps). From the experiment study of
Muthukumar et al., (2008), the maximum hydrogen storage capacity of the Mg,Ni storage is obtained
when using the initial MHHS temperature as 573 K. Using hydrogen pressure at 1.8 MPa obtains the
better absorption performance, comparing with other values (Larpruenrudee et al., 2022a). For the
hydrogen desorption process, the initial conditions of the MHHS are the ultimate temperature of the
absorption (Tyy ges = Tuitimate,abs = T0,des) and 0.1 MPa of the hydrogen pressure (P 405 = F,). The
HTF temperature from the internal straight tube heat exchanger is fixed as 573 K for both absorption
and desorption (Tyrr,aps = Turr,des)- The heat transfer coefficient (hy) between the HTF and the HTF
tube is constant at 500 W m2 K-! for both absorption and desorption. It should be noted that the same
conditions are applied for all simulation cases under the fin designs and optimisation. However, the
values of HTF temperature and hy are varied under the parametric study.

Adiabatic wall of the storage:

aTMH _
57 =0 (7.1)
Wall of the heat exchanger tube:
aT
Ae 3t = he(Tf — Tun) (7.2)
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7.5.3 Numerical Schemes, Grid Independency, and Model Validation

- Numerical Schemes and Grid Independency

Due to the similar setup conditions for the pre-processing process, the numerical schemes for all
chapters are summarised and provided in “3.3.2 Numerical Schemes” under “Chapter 3 — Methodology
section”. For the grid independency, a typical 1/4 unit of the whole storage container is used for all
numerical simulations due to the symmetry structure of the MHHS, allowing a reduction of computation
time. Grid refinement tests were performed for different grid sizes for hydrogen absorption process to
achieve accurate simulation results. Due to the same MHHS and heat exchangers, case B is selected.
The same meshing techniques are then applied to the other cases. From Table 7.5, it is obvious that the
average bed temperature and absorption time become stable and have minor changes at 436,416 element
numbers for case B. Based on these elements, the average bed temperature is 620.19 K, with the
absorption time at 4297 s. Therefore, these element numbers are chosen for further studies.

Table 7.5 Effect of different grid numbers on the hydrogen absorption time and average bed temperature
for case B

No. Number of elements Average bed temperature (K) Absorption time (s)
1 172837 620.77 4361
2 221973 620.57 4317
3 436416 620.19 4297
4 622554 619.29 4292

- Code Validation for Metal Hydride Storage System
The model validation for the use of metal hydride storage system based on Mg,Ni are provided in “3.3.1
Model Validation” under “Chapter 3 — Methodology” section.

7.6 Results and Discussion

The effect of heat exchanger types on pressure variation along the inlet throughout the outlet is analysed
in this section. The investigation of this effect is based on the use of HTF and pressure loss due to the
heat exchanger’s structure. The best heat exchanger performance is then selected to integrate with the
fin heat exchanger to further heat transfer enhancement. Furthermore, the simulated results of the
MHHS based on various fin designs for hydrogen absorption/desorption are then provided. The average
bed temperature of the MHHS and the hydrogen concentration based on these fin designs are also
included in this section for comparison purposes. The best fin performance, which obtains the best heat
transfer efficiency and hydrogen kinetic reaction rate, is selected to further enhance the fin efficiency
under various selected parameters. Finally, the best fin geometry with appropriately selected parameters
is then chosen to analyse its performance in the parametric study section.

7.6.1 Pressure Variation along the Heat Exchangers

The effect of heat exchanger types on the pressure variation from the inlet throughout the outlet is
analysed and presented in Figure 7.4 under the pressure contour. The comparison is provided under the
same boundary conditions, which include the inlet flow velocity as 76.86 m s and air as the HTF. In
this section, the selected material of the HTF tube is stainless steel. The heat exchanger types in this
study include the straight tube heat exchanger (STHE), helical coil heat exchanger (HCHE), semi-
cylindrical coil heat exchanger (SCHE), and semi-cylindrical coil heat exchanger with central return
tube (SCHE-CR). The heat transfer performance based on these heat exchangers was analysed in our
previous study (Larpruenrudee et al., 2022a, b; Larpruenrudee et al., 2023; Larpruenrudee et al., 2024).
The HCHE and SCHE (*2) are designed under the constant volume at 15.34 ¢cm?, while the SCHE-CR
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(%2) has the volume at 17.12 cm®. The volume of the STHE is 1.01 ¢m?. The tube diameter of all heat
exchangers is fixed at 4 mm for comparison purposes. Under the same fluid velocity at the inlet, the
pressure contour from Figure 7.4 indicates that the cases with coil tube structure have higher pressures,
especially at the inlet. The inlet pressure from these cases is over 147646 Pa. However, the pressure
decreases along the coil tube from the inlet throughout the outlet, which has a pressure of 98738 Pa.
This is due to the effect of the curvature ratio of the coil tube, which requires more power to inject the
HTF from the inlet and circulate throughout the heat exchanger. In contrast, the pressure difference
from the STHE is very small. The inlet pressure is only around 109218 Pa, while the outlet pressure is
around 98738 Pa.

Pressure (Pa)
151139
& 147646
144152
140659
137165
r 133672
- 130179
126685
m’ 123192
119698
116205
112712

109218
105725
102231
98738

More analysis regarding the effect of heat exchanger types is provided in Figure 7.5 and Figure 7.6.
This includes the range of skin friction coefficient from each design along the heat exchanger tube

STHE HCHE SCHE SCHE-CR
Figure 7.4 Pressure variation from various heat exchangers

(Figure 7.5a) and the effect of heat exchanger type on pressure losses from the inlet throughout the
outlet (Figure 7.5b). It should be noted that the percentage is calculated based on the maximum pressure
between the inlet and the outlet of each heat exchanger. Figure 7.6 refers to the heat transfer surface
area from each heat exchanger type (Figure 7.6a) and the hydrogen absorption/desorption duration from
various heat exchangers (Figure 7.6b). From Figure 7.5a, the minimum skin friction coefficients from
all heat exchanger types are less than 10. However, the maximum skin friction coefficients at the inlet
of these heat exchangers are different. The maximum values from STHE, HCHE, SCHE, and SCHE-
CR are 28, 31.51, 35.64, and 43.76, respectively. The skin friction coefficient refers to the ratio of the
wall shear stress and the reference dynamic pressure. The equation of skin friction coefficient is as
follows,

Tw

=50 (7.3)
where Cy is the skin friction coefficient, 7,, is the wall shear stress, p is fluid density, and U is the free-
stream velocity (at the inlet). Based on the boundary conditions from this study, the density of fluid and
inlet velocity are constant for all designs. However, the results from Figure 7.5a are different. This
means that the wall shear stress is only the one parameter that affects the difference in the skin friction
coefficients between different designs. In general, the wall shear stress depends on the fluid velocity
when moving from the tube wall toward the centre of the tube. Due to the complex design of all coil
cases, it generates a turbulent flow inside the tube. The results of the turbulent level of fluid flow inside
the tube can be found in our previous study (Larpruenrudee et al., 2023). Therefore, a higher velocity

Puchanee Larpruenrudee 141 PhD Thesis (2025)



magnitude from these cases obtains a higher wall shear stress, which leads to a higher skin friction
coefficient. During fluid flowing in the tube, there is a combination of the tangential force at the wall
and the viscous shear stress at the wall, which acts in the opposite direction to the direction of fluid
motion (Bird et al., 2002). A higher pressure at the tube inlet is required when these parameters have
higher values (Bird et al., 2002). As a result, this phenomenon affects the amount of pressure drop inside
the tube. The results from Figure 7.5b prove that there are more pressure losses from the coil tube
structure compared to the straight tube. There is around 34% pressure loss between the inlet and outlet
from these complex heat exchangers. However, there is only a 3% pressure loss from the inlet to the
outlet from the case with the straight tube. In general, the pressure drop is the result of the friction which
is caused by the HTF rubbing against the inner wall of the tube. The HTF will require more power to
overcome the friction inside the longer tube, compared to the shorter tube. In other words, a longer tube
will obtain a higher pressure drop than a short tube (Zhang & Liu 2022). This is obvious in the results
from Figure 7.6a, as the STHE has a shorter length with only 10 cm? of heat transfer surface area, while
the other cases have a longer length due to the coil’s effect with the range of 150-172 ¢m? of heat
transfer surface area. It should be noted that the difference in the percentage of the pressure loss and
heat transfer surface area in coil cases can be because of the difference in the curvature ratio of each
coil design. A higher curvature ratio can obtain a higher pressure loss. Considering the effect of heat
exchanger types on the one complete cycle of hydrogen absorption-desorption from Figure 7.6b, the
duration of the one complete cycle from the HCHE, in this case, is 38646 s. When using the SCHE, this
duration is reduced to 25147 s. However, when using the central return tube as the SCHE-CR, this
duration is further reduced to 17279 s. Therefore, using the coil tube significantly improves the heat
transfer rate inside the storage system, leading to a reduction in hydrogen absorption/desorption
duration. This is because of an increase in the heat transfer surface area of the coil tube from the
secondary circulation of itself (Wu et al., 2014). The STHE case has less heat transfer surface area
leading to less heat transfer efficiency, compared to the coil tube cases. This negatively affects the
hydrogen absorption/desorption duration. The final time of this one complete cycle from this case is
116723 s. From these results, it is obvious that there are 67%, 78%, and 85% reductions in duration for
one complete cycle when using HCHE, SCHE, and SCHE-CR instead of STHE. It should be noted that
the absorption and desorption from these cases are obtained based on the stainless steel tube of the HTF.
Other materials with a high thermal conductivity, such as copper, aluminium, and nickel, can enhance
the rate of hydrogen kinetic reaction, resulting in faster hydrogen absorption/desorption. Although the
straight tube has less heat transfer efficiency, the straight tube has minor pressure losses compared to
the coil tube. As the excessive pressure drops (from inlet to outlet) will significantly result in a negative
system’s efficiency and excessive energy consumption (Zhang & Liu 2022). The straight tube is then
selected for further study by combining itself with the fin heat exchangers. The effect of this
combination on the heat transfer efficiency and hydrogen absorption-desorption duration is provided in
the next section.
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Figure 7.5 Skin friction coefficient and pressure losses from various heat exchangers; (a) skin friction
coefficient and (b) pressure loss
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Figure 7.6 Heat transfer surface area and hydrogen sorption duration from various heat exchangers; (a)
heat transfer surface area and (b) hydrogen absorption/desorption duration

In general, air and water are commonly selected as the HTFs for the MHHS due to their advantages that
they offer low cost and less environmental impact, compared to other HTFs. However, due to a high
operating temperature range of Mg2Ni, air is selected as the HTF for this study. Furthermore, air also
offers better flow characteristics when compared to other liquid metals and molten salt (Ward et al.,
2016). Considering the effect of pressure loss due to the HTF, the use of air as the HTF significantly
causes huge pressure losses, especially when using complex heat exchangers. However, the effect of
pressure loss might be insignificant when employing other HTFs with different thermal-physical
properties.

7.6.2 Comparison between the Fin Designs

The comparison of average bed temperature and hydrogen concentration during the hydrogen
absorption under four different fin designs is presented in Figure 7.7. Case A refers to the MHHS with
a quadrilateral fin, while case B and case C are for the MHHS with Y-shaped fin design I and Y-shaped
fin design II. Case D refers to the MHHS with the new fin design, namely the triple-branched fin. For
all cases, the MHHS temperature is fixed as 573 K with loading pressure at 1.8 MPa. The HTF
temperature is constant at 573 K with the heat transfer coefficient at 500 W m™ K. From this figure,
there is an interaction between the metal alloy and hydrogen when the hydrogen is initially injected into
the MHHS. This leads to a rapid increase in MH bed temperature and slowly increase to reach the
maximum point. The MH bed temperature then continually decreases due to the heat transfer effect
from the HTF and fins. The generated heat during this stage must be removed from the system to control
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the desired charging rate during this stage (Ardahaie et al., 2021). A faster MH bed temperature
reduction causes a faster hydrogen kinetic reaction, resulting in faster hydrogen absorption (Ardahaie
et al., 2021). The more fin mass distribution to the MH bed leads to the more uniform temperature
distribution to the MH bed (Bai et al., 2021). The results from Figure 7.7 also support this fact. The
average MH bed temperature from case A reduces slower than case B, resulting in slower hydrogen
absorption from case A, compared to case B. The final time of the absorption process from case A is
4919 s, while it is only 4297 s from case B. Due to more fin mass distribution to the MH bed from case
C and case D, the heat is transferred faster than in the first two cases. However, the absorption duration
from case D is still shorter than case C due to the effect of the new fin design, which provides more fin
mass distribution. The absorption duration from case C is 3848 s, while it is 3680 s from case D. More
discussion regarding the temperature difference is provided in the next section.
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Figure 7.7 Average bed temperature and hydrogen concentration from all cases; (a) case A, case B and
(b) case C, case D. (The solid line is for average bed temperature, the large dashed line is for hydrogen
concentration, and the small dashed line is for average fin temperature)

For more analysis, temperature contours and hydrogen concentration contours along the MHHS with
different fin designs are presented in Figure 7.8. The selected times, including 2500 s and 3500 s, after
starting the hydrogen absorption, are provided in this figure. From Figure 7.8a, the central area from all
designs has the lower temperature because it directly connects with the HTF tube, which is located at
the central area of the MHHS. The MH, which is close to the fin area, also has a lower temperature.
This is due to the metal fin ability, which conducts and transfers the heat between the HTF and MH. At
2500 s, the fin temperature from case A is significantly lower than the fin temperatures from other cases.
This is due to the complex fin structure from other cases, which has more fin mass distribution in the
MH bed around the outer part of the MHHS. This requires longer times to conduct and transfer the heat
between the HTF tube and copper fins. In other words, the heat is then further transferred from the MH
beds to the HTF tube via the copper fins (Bai et al., 2021). The MH bed temperature from most areas
around the outer wall of the MHHS from case A is still higher, compared to other cases. Similarly, most
outer areas from case B still have a higher temperature, compared to case C and case D. This is due to
the complex fin design. The more fin mass distribution leads to the reduction in heat conduction
resistance of the MH bed, resulting in a more uniform MH bed temperature (Bai et al., 2021). It is
obvious that at the top parts of the Y-shaped fin from case C and D, more uniform temperature
distributions occur around these parts. However, due to the complex fin design from case D, which
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increases more fin areas, especially at the centre of the Y-shaped fin, the outer areas of the MHHS have
lower temperatures compared to case C. The significant changes in the temperature variation between
these four cases are observed at 3500 s. A high MH bed temperature, especially around the outer areas,
is still observed from case A and case B. The MH bed temperature from case D is more uniform and
significantly lower than in other cases. It is obvious that increasing the fin areas from the Y -shaped fin
(case B) obtains better heat transfer performance inside the MHHS, especially from the tripled-branched
fin (case D). In hydrogen absorption, faster heat removal from the system causes a faster hydrogen
absorption. In other words, lower MH temperatures mean higher hydrogen concentrations. The
hydrogen concentration contours from Figure 7.8b can support this fact, as around the HTF and fin
areas usually have a higher hydrogen concentration. This is because these arecas have lower
temperatures, compared to other areas (refer to temperature contours from Figure 7.8a). Due to the
complex fin structure from case C and case D, the concentration at the outer areas from these cases is
always higher than another two cases (case A and case B). The significant difference in hydrogen
concentration is observed at 3500 s as case A and case B still have less hydrogen concentration around
the outer areas of the MHHS.
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Figure 7.8 Average temperature and hydrogen concentration of MH bed and fins at 2500 s and 3500 s
after starting hydrogen absorption process in all cases; (a) average temperature and (b) hydrogen
concentration.

Figure 7.9 presents the comparison of MH volume/fin volume and its effects on the absorption duration
from all cases. From Figure 7.9a, there is a 0.9% reduction of MH volume from case A (base case) to
case B, while there are 2.7% and 5.2% reductions of MH volume from case A to case C and from case
A to case D, respectively. However, considering the absorption duration from all cases from Figure
7.9b, (refer to the discussion from Figure 7.7), the reductions of absorption duration from case A to case
D are 12.6%, 21.8%, and 25.2%, respectively. It is obvious that case D obtains the best performance in
terms of heat transfer efficiency and hydrogen absorption, compared to the other cases. Therefore, case
D is selected for further investigation to enhance its performance.
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Figure 7.9 Comparison of MH and fin volume on the hydrogen absorption duration for all four cases.
(a) comparison of MH volume and (b) reduction of absorption duration

7.6.3 Geometric Study of Triple-Branched Fin Designs (Case D)

This section provides a comprehensive study of the fin geometry for the triple-branched fin (case D)
based on the constant operating conditions. The fin performance based on various fin parameters is
investigated under the comparison of MH temperature at selected locations during the hydrogen
absorption. These various fin parameters and values are defined into 15 cases (case D, and case D-1 to
case D-14). Figure 7.10 presents the selected locations to compare the MH temperature based on various
fin parameters. It should be noted that these locations are randomly selected to obtain the best
comparison for the temperature variation.
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Figure 7.10 Selected points for the comparison of storage bed temperature during the hydrogen
absorption; (a) at P1 to P4 and (b) at P5 to P9

- Influence of fin thickness at the middle branch (W,) and fin width at the top branch (L)

Effects of fin thickness at the middle branch (I/,) and fin width at the top branch (L, ) on the temperature
at the selected points along the MHHS are presented in Figure 7.11. From Figure 7.11a, the MH
temperature at P1 is reduced when increasing the fin thickness at the middle branch (W,). The
comparison from this parameter is made based on three different fin thicknesses at this branch from
case D (0.5 mm thickness), case D-1 (0.3 mm thickness), and case D-2 (0.7 mm thickness). From Figure
7.11b, the MH temperature at P1 is also reduced faster when increasing the fin width at the top branch
(L,). The three different values are selected for the comparison, including 6 mm for case D-2, 5 mm for
case D-3, and 7 mm for case D-4. From these two parameters, the temperatures from these cases have
minor differences due to the minor differences in the fin thickness in this area and fin width at the top
branch. One of the main reasons is that the tapering of fin thickness (W,) is distributed to a larger
amount of the MH, compared to the other side (Krishna et al., 2024a). However, the difference in MH
volume from these three cases is still less than 1%.
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Figure 7.11 Temperature at selected point, P1 based on the fin parameters (from case D to case D-4);
(a) fin thickness at second branch and (b) fin width at top branch

- Influence of fin angle (a4), fin height (Hy) and fin width (L) for triple-branched section

The effects of the fin angle of the top branch (&), fin height (H;) and fin width (L) for the triple-
branched section on the temperature variation are presented and compared in Figure 7.12 based on the
selected points at P2 to P7. Three different values of the fin angle include 47° (case D-4), 37° (case D-
5), and 57° (case D-6). From Figure 7.12a, it can be seen that the fin angle (a;) only slightly affects the
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MH bed temperature at P2. However, the greater fin angle at 57° (case D-6) causes a greater MH
temperature reduction at P3 from Figure 7.12b. The MH temperature at 3500 s in this case is greatly
lower than in other cases. The difference in MH temperature between the lowest angle and the highest
angle is 6 K. Based on this parameter, there is only a 1% reduction of MH volume from case D-6,
compared to other cases. Therefore, fin angle significantly affects the improvement of heat transfer
inside the MHHS, especially around the outer wall of the MHHS. This is due to more fin mass
distribution to this area. Considering the fin height, five different values of fin height are selected for
this study, including 10 mm (case D-6), 12 mm (case D-7), 9 mm (case D-8), 8 mm (case D-9), and 7
mm (case D-10). From Figure 7.12c, d, it is obvious that reducing the fin height (H;) results in a faster
MH temperature reduction. This is because it increases the triple-branched area. The length of the left
and right branches from this fin design is increased because of this height. The effect of branching
becomes advantageous due to the greater thermal penetration depth into the system (Klebanoff &
Klebanoff 2012). This results in a more uniform temperature distribution along these fin areas.
Comparing between the highest fin height and the lowest fin height at 3500 s of absorption time, the
MH temperatures at P4 are 5 K in difference, while the MH temperatures at P5 are 9 K in difference.
The MH volume from all cases only reduces by around 1%, comparing between case D-7 and case D-
10. Therefore, the fin height for the triple-branched section also greatly affects the heat transfer
performance inside the MHHS. Considering the fin width (L) from Figure 7.12e, f, the different fin
widths for the triple-branched section include 15 mm (case D-11), 16 mm (case D-10), and 17 mm (case
D-12). At 3500 s, the MH temperature at both P6 and P7 from the lowest fin width is 637 K, while the
MH temperature at these points from the highest fin width is 633 K. The MH temperature from these
points indicates that the larger fin width at the triple-branched section positively affects the heat transfer
performance. Similar to the fin height, the larger fin width leads to an increase in the overall length at
the Y-shaped branch section, resulting in more fin mass distribution to the MH bed. Under this
parameter, the difference in MH volume is only less than 0.5%.
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Figure 7.12 Temperature at selected point based on the influences of fin angle, fin height, and fin width
for triple-branched section (from case D-4 to case D-6, case D-6 to case D-10, and from case D-10 to
case D-12); (a) at P2, (b) at P3, (c) at P4, (d) at P5, (e) at P6, and (f) at P7.

- Influence of fin thickness at side branches (W)

Figure 7.13 demonstrates the MH temperature at P8 (Figure 7.13a) and P9 (Figure 7.13b) under the
influence of fin thickness at the first and third branches (W; ). Three different fin thicknesses are selected
in this section. These include 0.3 mm (case D-13), 0.5 mm (case D-12), and 0.7 mm (case D-14).
Although fin thickness is not the critical fin parameter, there is an optimal thickness. The thicker fin
can reduce the rate of enhancement effect (Low et al., 2024). From Figure 7.13, it is obvious that
increasing the thickness of the triple-branched fin significantly enhances the heat transfer rate. The MH
temperature from a higher fin thickness is usually lower than the lower fin thickness. Increasing the fin
thickness leads to an increase in heat transfer surface areas. At 3500 s, the MH temperature at P8 from
the thickness of 0.7 mm is 14 K less than the case with 0.3 mm thickness, while it is 15 K less than 0.3
mm thickness at P9. Therefore, the fin thickness of 0.7 mm still positively affects the heat transfer rate.
However, the MH volume is reduced by 6%, comparing between 0.3 mm and 0.7 mm thickness.
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Figure 7.13 Temperature at selected point based on the influence of fin thickness at first and third
branches (from case D-12 to case D-14); (a) at P8 and (b) at P9.

Figure 7.14 shows the hydrogen concentration contours for the hydrogen absorption process between
case D (before enhancement) and case D-14 (after enhancement). In both cases, around the central area
has a higher hydrogen concentration as this area is close to the HTF tube. Other areas close to the fin
also have a higher hydrogen concentration, but this concentration is still lower than the central area. It
is obvious that case D-14 obtains a faster hydrogen absorption as this case always has a higher hydrogen
concentration, especially around the fin domain. At 3500 s, there is full hydrogen absorption (100%
concentration) from case D-14, where it is still at 81% concentration from some areas in the middle and
the top corner areas of the MHHS from case D. The hydrogen concentration contours from Figure 7.14
prove that the fin angle, fin width, and fin height of the triple-branched fin, significantly affect the heat
transfer mechanism, leading to a faster hydrogen kinetic reaction.
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Figure 7.14 Hydrogen concentration at 500 s, 1500 s, 2500 s, and 3500 s after starting hydrogen
absorption process from case D and case D-14.

- Influence of fin designs on hydrogen absorption-desorption cycle

The comparison of the hydrogen absorption-desorption cycle based on various fin designs is presented
in Figure 7.15. From this figure, the final times of one complete cycle from case A to case D are 21047
s, 18675 s, 17440 s, and 16782 s, respectively. Considering the reduction of absorption-desorption
duration from case A (as the base case), there are 11% reduction from case B, 17% reduction from case
C, and 20% reduction from case D. After the development of case D, the duration of one complete cycle
from case D-14 is only 15869 s, which is less than 16000 s. Comparing to case A, case D-14 obtains a
25% reduction of one complete cycle. Considering the volumetric and gravimetric of the MHHS, these
two are the main factors for the compact MHHS (Rahnama et al., 2019a). The weight of heat exchangers
should be optimised for the use of compact MHHS, such as automobile applications. To achieve a
reasonable driving range, the MHHS must suit the size of the vehicle without adding too much weight
(Rahnama et al., 2019a). Focusing on the MH volume from case D-14, it has only a 10% reduction of
MH volume when comparing with case A. There is only a 20% reduction in MH volume compared to
the MHHS without any heat exchangers. Therefore, it is obvious that the new fin design (case D),
especially after the development (case D-14), obtains better heat transfer mechanisms compared to the
original fin design as a straight-shaped fin and a Y-shaped fin. Therefore, case D-14 is then selected for
further analysis of its performance under the parametric study section. Focusing on the reduction of
absorption and desorption duration from Figure 7.15, the development of fin design is more effective
in the hydrogen kinetic reaction during the hydrogen absorption rather than the hydrogen desorption.
This is obvious in the reduction percentage from each case. However, this is only applied in the case of
having the same HTF temperature as 573 K for both processes. Selecting a higher HTF temperature for
the hydrogen desorption can cause faster hydrogen desorption. The effect of various initial HTF
temperatures is then analysed and presented under the parametric study.

Furthermore, the results from case D-14 prove that this case, which contains the straight tube and triple-
branched fins, obtains better heat transfer efficiency and shorter hydrogen absorption/desorption
duration. The hydrogen absorption-desorption duration from this case is less than 16000 s, while the
final time from the SCHE-CR is 17270 s. It should be noted that there is a 15% increase in heat
exchanger volume when using the design from case D-14, compared to the SCHE-CR case. This results
in a reduction of MH volume from case D-14. In contrast, there is only 3% pressure loss from the case
with a straight tube, while there is over 34% pressure loss from the case with coil tubes. However, the
difference in hydrogen absorption-desorption duration from these two cases is because of the difference
in material use of each heat exchanger. The material used for SCHE-CR is stainless steel, which offers
a low thermal conductivity, compared to other materials. The material used in all fin designs in this
study is copper, which offers a high thermal conductivity. These can cause a major difference in heat
transfer performance. Under the use of stainless steel as the SCHE-CR material, this material was
selected at the beginning from our previous studies due to its advantages, which offer more resistance
in damage and superior corrosion resistance. It is worth mentioning that this present study only focuses
on the fin geometric design and its performance. The comparison between the use of different heat
exchanger materials for SCHE-CR and others are not considered in this study.
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Figure 7.15 Average hydrogen concentration for hydrogen absorption-desorption cycle from various
fin designs.

7.6.4 Parametric Study for Operating Conditions

The parametric study in this study focuses on three operating parameters. The MHHS temperature is
set as 573 K for all cases of hydrogen absorption, while the initial MHHS temperature for the desorption
is set as the ultimate temperature at the end of the absorption process. The loading pressure is set as 1.8
MPa during hydrogen absorption, whereas the pressure of 0.1 MPa is used for hydrogen desorption.

- Heat Transfer Fluid Temperature

The initial HTF temperature plays a significant role in the improvement of the hydrogen kinetic reaction
during absorption/desorption. Reducing the HTF temperature obtains faster hydrogen absorption as the
MHHS must be cooled down during this stage. In contrast, the MHHS must be heated up for faster
hydrogen desorption purposes. In general, the range of temperature for hydrogen absorption and
desorption are varied depending on the MH materials (Kanti et al., 2024). Therefore, the choice of HTF
is based on the selected MH material (Kanti et al., 2024). From our present study, air is selected as the
HTF due to the high operating temperature range of magnesium-based alloy (Larpruenrudee et al.,
2022a). Figure 7.16 presents the effect of various HTF temperatures during the hydrogen
absorption/desorption. The heat transfer coefficient between the HTF and MH bed is set as 500 W m™
K-! for all cases. From Figure 7.16a, a greater reduction of initial HTF temperature obtains faster
hydrogen absorption. The absorption durations from these cases are 3427 s for 573 K, 2164 s for 523
K, 1595 s for 473, and 1271 s for 423 K. Comparing to the base value of 573 K, there is a 37-63%
reduction of the absorption time when the temperature decreases from 573 K to 423 K. From Figure
7.16b, increasing the HTF temperature significantly reduces the hydrogen desorption duration. The
hydrogen desorption durations from these cases are 12442 s for 573 K, 4717 s for 623 K, 2917 s for
673 K, and 2115 s for 723 K. Comparing to the base HTF temperature at 573 K, there is a 62-83%
reduction of hydrogen desorption duration when increasing the HTF temperature from 573 K to 723 K.
It can be seen that changing the HTF temperature significantly affects the hydrogen kinetic reaction
rate, especially during the desorption process. The initial HTF temperature during the desorption
process should be higher than 623 K.
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Figure 7.16 Hydrogen concentration based on various initial temperatures of HTF from case D-14; (a)
during hydrogen absorption and (b) during hydrogen desorption

- Heat Transfer Coefficient between Heat Transfer Fluid and Metal Hydride

This section provides the investigation of the heat transfer coefficient (hs) between the HTF and MH
bed on the heat transfer performance. Figure 7.17 indicates the effect of various hy values on hydrogen
absorption (Figure 7.17a) and hydrogen desorption (Figure 7.17b). The initial HTF temperature is set
as 573 K for both hydrogen absorption and desorption. From Figure 16a, the absorption durations from
these cases are 5794 s for 250 W m2 K-!, 3427 s for 500 W m2 K!, 2602 s for 750 W m?2 K"!, and 2167
s for 1000 W m™ K-!. Comparing to the base value at 250 W m? K'!, there is a 41-63% reduction of
hydrogen absorption duration when increases the h; value from 250 W m? K™' to 1000 W m™ K'. From
Figure 7.17b, the desorption duration from these cases are 19415 s for 250 W m?2 K-!, 12442 s for 500
W m?2 K1, 9985 s for 750 W m? K'!, and 8685 s for 1000 W m K-!. Comparing to the base value at
250 W m K, it obtains a 36-55% reduction of hydrogen absorption duration when increases the h,
value from 250 W m?2 K-! to 1000 W m K'!. In general, the amount of heat transfer in the MH bed is
directly proportional to the hy (Eisapour et al., 2021a). Increasing the hy between the HTF and MH bed
positively affects the hydrogen kinetic reaction for both hydrogen absorption and desorption processes
(Eisapour et al., 2021a). This is because of the fast reduction in MH bed temperature during the
absorption and the fast increase in MH bed temperature during the desorption. It can be summarised
that the hy has a better effect on hydrogen absorption rather than hydrogen desorption. However, this is
only applied to the case when using the initial HTF temperature of 573 K for both absorption and
desorption.
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Figure 7.17 Hydrogen concentration based on various heat transfer coefficients between HTF and HTF
tube from case D-14; (a) during hydrogen absorption and (b) during hydrogen desorption

- Material Used for Heat Exchanger Tube and Fin

Appropriate selecting material for the heat exchanger tube and fin also plays a significant role in heat
transfer management. Four different materials are selected and analysed for their performances under
hydrogen absorption and desorption, which are presented in Figure 7.18. These four materials include
copper, aluminum, nickel, and steel. For all cases, the initial temperature of the HTF and the hy between
the HTF and MH bed are set as 573 K and 500 W m™? K™!. In general, thermal efficiency, cost, corrosion
resistance, compatibility fabrication, and durability are general factors, that should be considered when
choosing material for heat exchanger purposes. The material should have a high thermal conductivity
to offer more effective to conduct and transfer heat (Cengel & Boles 2015). When using the material
with a high thermal conductivity of the HTF tube and fin, the heat transfer efficiency is much higher,
compared to the material with low thermal conductivity. From Figure 7.18, it can be seen that steel
obtains the longest time to complete the hydrogen absorption and desorption processes. The final time
for the hydrogen absorption-desorption cycle based on steel is 21697 s. However, the final time for one
cycle from other materials is less than 17000 s as these materials have a higher thermal conductivity
compared to steel (refer to Table 7.4 for thermal-physical properties of each material). The final time
for one cycle based on nickel, aluminum, and copper is 16748 s, 16265 s, and 15869 s, respectively. A
higher thermal conductivity causes a shorter time to complete the hydrogen absorption-desorption
cycle. This is because the greater heat transfer efficiency significantly affects the hydrogen kinetic
reaction as the faster heat reduction results in a faster hydrogen absorption, while the faster heat addition
leads to faster hydrogen desorption (Ardahaie et al., 2021). Therefore, the duration of one complete
cycle from nickel, aluminum, and copper reduces by 23-27% when compared to the case with steel.
However, copper obtains faster hydrogen absorption/desorption, compared to other materials. This is
because the thermal diffusivity and effusivity of copper are better than other materials (Hashain et al.,
2021). When considering the hydrogen absorption-desorption duration from the new fin design, nickel,
aluminum, and copper are recommended to be used as the material of the HTF tube and fin. The
difference in hydrogen absorption-desorption duration between these three materials is less than 5%.
However, it should be noted that this study only considers the thermal performance of heat exchanger
based on thermal conductivity from different materials and its effect on the hydrogen absorption-
desorption duration. Other factors, such as cost, compatibility fabrication, and durability, are not
considered in this study.
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Figure 7.18 Hydrogen concentration during absorption-desorption cycle based on various materials of
HTF tube and fin from case D-14.

7.7 Conclusion

The present study proposes a new MHHS configuration incorporating a cooling tube and fin heat
exchanger. The simple straight tube is used as a cooling tube instead of other complex heat exchangers
to maintain the pressure level. The effect of pressure loss due to the complex HTF tube’s structure is
investigated to support the selection of a cooling tube to integrate with the new fin design. The novel
triple-branched fin design is proposed to fulfil the requirement of heat transfer efficiency instead of
using the complex HTF tube. The fin geometry is analysed by considering the increase in heat transfer
surface area and fin mass distribution. Various fin designs are also proposed in this study to compare
the fin performance under the average MH bed temperature and hydrogen absorption/desorption.
Furthermore, the overall MH bed volumes before and after enhancing the fin performance are also
investigated in this study. In the parametric study during hydrogen absorption and desorption, the three
main selected parameters include the effect of various initial HTF temperatures, the influence of the
heat transfer coefficient between the HTF and MH, and the effect of different materials of the fin and
HTF tube. The key findings are summarised in the following points:

e There is a 3% pressure loss from the inlet throughout the outlet of the straight tube heat
exchanger, while there is over a 34% pressure loss throughout the coil heat exchangers.

e Under four different fin designs, the MHHS with the novel triple-branched fin obtains the best
performance with a 25% reduction of absorption duration and less than a 5% reduction of the
MH volume, compared to the case with a quadrilateral fin.

e After enhancing the fin performance, the durations of absorption and desorption are reduced by
30% and 23%, compared to the case with quadrilateral fin. For one complete cycle, the duration
for this complete cycle from the triple-branched fin after the enhancement is reduced by 25%,
compared to the conventional quadrilateral fin. Due to the complex fin structure, which obtains
more fin distribution inside the MHHS, there is more uniform temperature distribution along
the MH bed and lower thermal resistance. This results in a faster hydrogen kinetic reaction. In
other words, it results in faster hydrogen absorption/desorption.
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e Considering the MH volume reduction, the fin height and width of the triple-branched section,
as well as the fin angle at the top branches, are the key parameters to increase the heat transfer
efficiency.

e The HTF temperature for the new MHHS configuration significantly affects the MHHS
performance, especially for the hydrogen desorption process. The absorption duration reduces
by up to 63% when the HTF temperature is reduced from 573 K to 423 K. However, the
desorption duration further reduces by up to 83% when the HTF temperature increases from
573 K to 723 K.

e The heat transfer coefficient between the HTF and MH bed has a more positive effect on the
hydrogen absorption process rather than the hydrogen desorption process with up to 63%
reduction of absorption duration and up to 55% reduction of desorption when changing the heat
transfer coefficient from 250 W m? K™ to 1000 W m™ K-!,

e Using steel as the fin and HTF tube material obtains less effect on the hydrogen
absorption/desorption, compared to other materials, including nickel, aluminium, and copper.
The duration of one complete cycle from these materials is 23-27% less than the case with steel.

This study proposes a new magnesium-based hydrogen storage configuration incorporating the internal
fin with the cooling tube. The comprehensive investigation of this new configuration on the heat transfer
performance and the hydrogen kinetic reaction during the hydrogen absorption/desorption process, is
also provided in this study. Furthermore, the effect of fin geometry based on the selected fin parameters
is analysed under the temperature variation along the metal hydride bed. It should be noted that the
purpose of this study is to introduce the novel triple-branched fin design with the use of a simple cooling
tube. The effect of fin parameters on the heat transfer improvement is performed by basic investigations.
More analysis of the novel fin design will be considered in future studies by focusing on the effect of
different fin ratios, such as fin length, fin width, and fin angle, on the heat transfer enhancement and fin
efficiency. Moreover, the future studies will also focus on the fin structure and its strength to withstand
the impact of the hydride. To avoid lengthy analog computation for multi-parameter studies, the
intelligent algorithms such as artificial neural network (ANN) will be considered in future studies.
However, experiment studies regarding this storage configuration are required to obtain concrete,
practical results and ensure that this configuration can be applied to industrial settings and supported
advancements in hydrogen storage applications.
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Chapter 8 — Conclusions

The aim and objectives of this study are achieved by considering various aspects. The primary aim of
this study is to enhance thermal performance of the MHHS based on the heat exchangers. The objectives
are divided into several main points for the aim achievement purpose. This section summarises the
aim/objectives that are achieved during the PhD thesis completion. Furthermore, the improvement of
the overall MHHS performance by the storage design is also considered for future work.

8.1 Research Problem Synopsis

The MHHS has been widely used for several engineering applications due to its advantages that offer a
high hydrogen storage capacity and high safety. However, the main disadvantage of this MHHS is the
low thermal conductivity of the MH materials, resulting in slow hydrogen absorption/desorption. In
other words, the key problem of this MHHS is the slow hydrogen kinetic reaction. This significantly
affects the overall MHHS performance in terms of the time-consuming purpose. For the hydrogen
absorption process, the MHHS temperature is rapidly increased due to a chemical reaction between the
hydrogen injection and MH material. The MHHS must be cooled down to control the hydrogen charging
flow at the desired rate with the maximum storage capacity. For this purpose, the faster heat removal
from the storage system results in faster hydrogen absorption. For the hydrogen desorption process, the
MHHS temperature is rapidly decreased due to the release of hydrogen. The MHHS must be heated up
to achieve maximum storage performance. Therefore, the faster additional heat supply results in faster
hydrogen desorption. For these reasons, the improvement of thermal performance inside the MHHS is
one of the most effective ways to improve the hydrogen kinetic reaction. The thermal performance of
the MHHS can be enhanced by several techniques. These include the improvement of the thermal
performance inside the MHHS by considering the structure, the selection of the MH materials and HTF,
and the appropriate selection of operating conditions for the MHHS.

For the improvement of thermal performance, several internal and external heat exchangers have been
designed and proposed. From the study, using an internal heat exchanger obtains better heat transfer
performance, compared to an external heat exchanger. The key point of the internal heat exchanger
design, which significantly affects the heat transfer improvement, is the well arrangement of the heat
exchanger structure. This can increase the heat transfer surface area and reduce the temperature
variation along the MH bed. The selection of initial operating conditions as well as the selection of MH
materials also play an important role in terms of the overall MHHS performance. The activation
temperature of the MH and hydrogen loading pressure are basically based on the selected MH material.
Furthermore, the initial operating condition of the HTF is also one of the important factors. Increasing
the HTF flow rate greatly increases the heat transfer rate as the heat is transferred faster due to the
higher turbulent HTF flow. Moreover, decreasing/increasing the initial HTF temperature also
significantly improves the heat transfer rate, resulting in the improvement of the hydrogen kinetic
reaction during the hydrogen absorption/desorption process. However, the operating conditions and
their performances are varied due to the difference in the MHHS configurations. Therefore, it is
important to understand the effect of these parameters when applying them to the new MHHS
configurations based on the new heat exchanger designs.
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8.2 Research Aims/Objectives and Main Achievements

The aim of this study is to enhance the thermal performance of the MHHS by considering the use of
heat exchanger under the CFD method. Several new heat exchangers are designed and proposed to
achieve the aim. The objectives are divided into several points for this purpose. Each objective and the
main achievement are summarised as follows;

Research Aim/Objective i: Proposing the new internal heat exchanger design to enhance the
storage thermal performance

Achievement i: The new heat exchanger, namely the semi-cylindrical coil heat exchanger (SCHE) is
first designed and proposed in this study. This SCHE is developed from the original helical coil heat
exchanger (HCHE), which is known as one of the best heat exchanger designs, compared to other heat
exchanger types. This SCHE offers more heat transfer surface areas due to the well arrangement of the
heat exchanger structure, compared to the HCHE. The design of the SCHE is performed under the
investigation of the effect of the coil pitch size on the heat transfer performance.

Research Aim/Objective ii: Further enhancing thermal performance of the storage system and
heat exchanger by further developing the new internal heat exchanger structure from the
objective i.

Achievement ii: The SCHE is then further developed to enhance the heat transfer performance by
combining itself with the central return tube (SCHE-CR). The purpose is to further enhance the heat
transfer performance, especially at the central area of the storage. This area is far away from the heat
transfer fluid, resulting in lower heat transfer rates in this area when using SCHE only. The design of
this SCHE-CR is performed under the investigation of the effect of the tube size (diameter) on the heat
transfer performance.

Research Aim/Objective iii: Further enhancing thermal performance of the storage system and
heat exchanger by combining the new internal heat exchanger (from objective ii) with the external
heat exchanger under an active thermal management technique

Achievement iii: The new heat exchanger from objective ii, namely SCHE-CR is used to combine with
the external heat exchanger, namely cooling jacket. The heat transfer fluid is used for both heat
exchangers under the active thermal management technique. The purpose is to further enhance the heat
transfer performance of the storage system. The heat is then transferred from the outer side of the storage
to the cooling jacket and from the inner side to the SCHE-CR.

Research Aim/Objective iv: Further enhancing thermal performance of the storage system and
heat exchanger by combining the new internal heat exchanger (from objective ii) with the external
heat exchanger under passive thermal management technique

Achievement iv: The new heat exchanger from objective ii, namely SCHE-CR is used to combine with
the external heat exchanger under the passive thermal management technique. Phase change material
(PCM) is employed for this purpose. The effect of PCM configuration after combining with the new
heat exchanger is comprehensively analysed under the liquid fraction and average bed temperature of
the MH and PCM. The new PCM configuration, namely the PCM capsule is proposed to combine with
the SCHE-CR. The PCM capsule is designed to further improve the heat transfer performance from all
the surface sides of the storage system.
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Research Aim/Objective v: Proposing the new storage configuration under the design and the
enhancement of its performance of the new internal heat exchanger to enhance the storage
performance. The effect of pressure losses during heat transfer fluid circulating inside the heat
exchanger is considered as the key factor

Achievement v: The new internal fin, namely the triple-branched fin, is designed and enhanced its
performance. This is to be used with an internal straight tube heat exchanger to reduce the pressure
losses during the use of heat transfer fluid. The design and the enhancement of its performance of this
triple-branched fin are performed under the effect of fin thickness, fin width, fin angle, and fin height
on the heat transfer improvement.

Research Aim/Objective vi: Identifying an appropriate initial value for each operating parameter
of the metal hydride storage system under the new storage configurations and heat exchangers.
The operating parameters include;

- Operating condition of the metal hydride storage system under the activation
temperature and hydrogen pressure

- Operating condition of the heat transfer fluid (HTF) under the flow rate, initial
temperature, and heat transfer coefficient

The main purpose of identifying an appropriate initial value for each operating parameter is to
ensure that the maximum storage performance is achieved when employing the new heat
exchangers. In general, an appropriate initial value for each operating parameter must be defined
when having the new storage configuration, which also includes the internal/external heat
exchangers.

Achievement vi: The considerations of operating conditions for the new MHHS configuration are as
follows;

- Operating condition of the MHHS with the SCHE under the activation temperature and
hydrogen loading pressure

- Operating condition of the HTF under flow rate for the MHHS with SCHE and SCHE-CR

- Operating condition of the HTF wunder initial temperature during the hydrogen
absorption/desorption process for the MHHS with SCHE, the MHHS with SCHE-CR, the
MHHS with SCHE-CR incorporating PCM capsule, and the MHHS with triple-branched fin

- Operating condition between the HTF and MH bed under heat transfer coefficient during the
hydrogen absorption/desorption for the MHHS with SCHE-CR incorporating cooling jacket
and the MHHS with triple-branched fin.
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8.3 Thesis Conclusions

In this thesis, several studies have been done to achieve the aim regarding the enhancement of the
MHHS thermal performance by considering the use of heat exchangers. The several objectives have
been achieved for this purpose. The hydrogen kinetic reaction during the hydrogen
absorption/desorption process has been investigated under the new MHHS configurations/heat
exchangers. Under the investigation of the hydrogen kinetic reaction, the hydrogen
absorption/desorption duration as well as the duration of one complete hydrogen absorption-desorption
cycle have been considered as the main parameter. The faster completion of each process refers to better
thermal performance of the heat exchanger and the MHHS. This is due to the enhancement of the heat
transfer rate inside the MHHS. Therefore, another important parameter in this study is the average bed
temperature of the MHHS. These two parameters are considered as the main parameters to determine
the MHHS performance under the various MHHS configurations. The key findings from all research
works are summarised and presented in the following section;

The effect of a semi-cylindrical coil heat exchanger (SCHE) on the MHHS thermal
performance

e The use of SCHE significantly improves the heat transfer performance due to having a more
uniform heat distribution in the MHHS, compared to the conventional helical coil heat
exchanger (HCHE). The thermal performance of the heat exchanger is also enhanced when
using the SCHE instead of the HCHE. This reduces the temperature variation along the MH
bed, resulting in a faster hydrogen absorption/desorption process. Under the constant MH bed
and heat exchanger, there is a 59% reduction of the hydrogen absorption duration when using
the SCHE instead of HCHE.

e Considering the tube parameter, the pitch size of the coil heat exchanger also affects the heat
transfer performance. Reducing the pitch size from 15 mm to 10 mm significantly reduces the
hydrogen absorption duration. With 10 mm of pitch size, the MH volume only reduces by 5%,
compared to the base pitch size of 15 mm. The absorption duration is further reduced from 59%
to 61% when changing the pitch size. This is due to the increase in heat transfer surface area
from the secondary circulation of the HTF tube structure.

e The operating conditions of the MHHS with SCHE also have a great effect on the overall
MHHS thermal performance, in terms of the reduction in hydrogen absorption duration.
Increasing the hydrogen loading pressure from 1.2 MPa to 1.8 MPa results in a 32% reduction
in hydrogen absorption duration. The suitable activation temperature of the MHHS based on
Mg2Ni with SCHE is 573 K. The MHHS can achieve the maximum hydrogen storage capacity
at 3.6 wt% based on this temperature.

e The operating conditions of the heat transfer fluid (HTF) are also one of the main parameters
that significantly affect the MHHS thermal performance when incorporating the SCHE. A
higher Reynolds number or a higher HTF flow rate positively influences hydrogen absorption
duration. The lower initial HTF temperature also greatly improves the convective heat transfer
between the MH bed and cooling fluid. The absorption duration greatly reduces by 50-60%
when changing these two parameters.
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The effect of a semi-cylindrical coil heat exchanger with a central return tube (SCHE-
CR) on the MHHS thermal performance

The use of SCHE-CR further enhances the thermal performance inside the MHHS, especially
at the central area of the upper part of MHHS. The more uniform heat distribution is observed
in this specific area of the MHHS. The absorption and desorption durations from the case with
SCHE-CR are reduced by 30% and 29%, compared to the case with SCHE only. There is a
31% reduction in the duration of the absorption-desorption cycle when using the SCHE-CR
instead of the SCHE only. Moreover, there is at least a 50% reduction of this duration from the
case with SCHE-CR, compared to the case with HCHE.

For the tube parameter, the tube diameter also affects the MHHS thermal performance. A larger
tube size of the SCHE-CR positively influences the hydrogen absorption reaction, resulting in
the reduction of hydrogen absorption duration. The main reason for this reduction is the increase
of heat transfer surface area from the larger tube size. The absorption duration is decreased by
40% when changing the tube size from 3 mm to 4 mm.

Considering the effect of the operating conditions of the HTF on the new MHHS configuration
with SCHE-CR, the Reynolds number of HTF at 9000 is the best value. This is considered
under the investigation of the turbulent flow on the average turbulence kinetic energy and
average heat transfer coefficient for the use of SCHE-CR. The absorption duration is reduced
by 24% when increasing the Reynolds number from 6400 to 9000. Other higher values have
less effect on the absorption duration. For the initial HTF temperature, reducing the HTF
temperature from 573 K to 423 K results in the reduction of hydrogen absorption duration by
19-36%.

The effect of a semi-cylindrical coil heat exchanger with a central return tube
incorporating the cooling jacket (SCHE-CR+CJ) on the MHHS thermal performance

Combining the SCHE-CR with a cooling jacket as the external heat exchanger also greatly
improves the thermal performance of the MHHS. From this technique, the generated heat
during the absorption process is transferred to the internal SCHE-CR and external cooling
jacket. The absorption duration is further decreased by 51% when using the SCHE-CR with a
cooling jacket, compared to the use of SCHE-CR only.

Operating condition between the HTF and MH bed has less effect when using the SCHE-CR
with a cooling jacket. The increasing heat transfer coefficient between this HTF and MH bed
from 250 W/m2K to 500 W/m2K improves the heat transfer performance, resulting in only 8%
reduction of the absorption duration. Other higher heat transfer coefficient values improve the
absorption duration by only 1-3%.

The effect of a semi-cylindrical coil heat exchanger with a central return tube
incorporating the phase change material (PCM) as the capsule configuration on the
MHHS thermal performance

The combination between the SCHE-CR and PCM as the external heat exchanger greatly
obtains the better thermal performance of the MHHS. There are more heat transfers between
the PCM surface and MH bed around the MHHS which is covered by the PCM. When using
the PCM jacket, the heat can transfer between the side of the PCM surface and the MH bed.
However, when using the PCM capsule, the heat can transfer between the side, top, and bottom
parts of the PCM surface and MH bed. There is at least a 39% reduction in the duration of the
absorption-desorption cycle when using SCHE-CR with PCM, compared to the use of SCHE

Puchanee Larpruenrudee 161 PhD Thesis (2025)



only. However, there is at least a 63% reduction in the duration of the completion process when
using SCHE-CR incorporating PCM, instead of using PCM only.

Considering the use of MHHS with PCM only, the PCM configuration also affects the MHHS
thermal performance. The PCM configuration greatly enhances the heat transfer performance
during the hydrogen absorption process rather than the desorption process. The PCM capsule
obtains the best heat transfer improvement rather than the PCM jacket and PCM pool bed. This
is due to the more heat transfer surface areas at the top and bottom parts of the MHHS from the
PCM capsule. The more PCM liquidus is observed from the PCM capsule during the absorption
process, compared to other PCM configurations. This means that there are more heat transfers
from the MH bed to the PCM capsule as the PCM is changing from the solid stage to the liquid
stage.

For the operating conditions of the HTF under the use of MHHS with SCHE-CR and PCM
capsule, the initial HTF temperature significantly influences the MHHS performance,
especially the desorption process. The absorption duration is decreased by 15-26% when
reducing the HTF temperature from 573 K to 423 K. Under the desorption process, increasing
the HTF temperature from 573 K to 723 K results in the reduction of desorption duration by
25-38%.

Under the study of PCM heat recovery when combined with SCHE-CR, using only 4/8 of the
total PCM volume obtains the best performance in terms of the consideration of the reaction
heat from the HTF and PCM and the overall MHHS weight. Based on this PCM volume, the
heat recovery rate is 43% with the 1.47 kg of the PCM.

The effect of triple-branched fin on the MHHS thermal performance

Using the triple-branched fin obtains the best thermal performance, compared to the original
straight fin and Y-shaped fin. The hydrogen absorption duration is reduced by 25% when using
the triple-branched fin instead of the conventional straight fin. The MH volume between these
two designs is only less than 5%.

After the enhancement of the triple-branched fin structure, the hydrogen absorption duration is
reduced by 30%, compared to the original straight fin. The desorption duration is reduced by
23% between these two designs. This results in a 25% reduction in the hydrogen absorption-
desorption cycle when using a triple-branched fin after the enhancement, compared to the case
with the original straight fin. This is due to the complex fin structure of the triple-branched fin.
The complex fin structure obtains more fin distribution inside the MHHS, resulting in a more
uniform temperature distribution along the MH bed as well as lower thermal resistance. The
hydrogen kinetic reaction is significantly improved, resulting in faster hydrogen
absorption/desorption.

The key parameters for enhancing the heat transfer performance under the fin design and the
enhancement of its performance are the fin height, fin width, and fin angle. These parameters
are evaluated under the consideration of the MH volume reduction.

Under the operating condition of the HTF based on the MHHS with a triple-branched fin, the
HTF temperature greatly affects the MHHS performance, especially during the hydrogen
desorption process. The absorption duration is reduced by 37-63% when reducing the HTF
temperature from 573 K to 423 K. However, when increasing the HTF temperature from 573
K to 723 K, the desorption duration is further reduced by 62-83%. Under the same HTF
temperature, the heat transfer coefficient has a more positive effect on the hydrogen absorption
process rather than the desorption process. Increasing the heat transfer coefficient from 250
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W/m’K to 500 W/m’K results in the reduction of hydrogen absorption duration by 41-63% and
reduction by 36-55% of the desorption duration.

There is a 3% pressure loss from the inlet through the outlet of the straight tube heat exchanger,
while there is over a 34% pressure loss throughout the coil heat exchangers.

Appropriate selection of fin material and HTF tube material also plays an important role in
terms of heat transfer enhancement. This is due to the difference in thermal conductivity of
each material. Using steel as the tube and fin material obtains less effect on the hydrogen
absorption/desorption duration, compared to other materials, including nickel, aluminum, and
copper. When using copper instead of steel as the heat exchanger material, the absorption
duration is reduced by 32%, while the desorption duration is reduced by 25%.

8.4 Selection of input parameters for the proposed designs on the realistic
and practical applications

The selected input parameters for the current works are as the following points;

The initial temperature of storage for the absorption process = 573 K (This value is selected
based on the experimental study from Muthukumar et al., 2008. Based on this value, it obtains
the highest hydrogen storage capacity for Mg,Ni material)

The initial temperature of storage for the desorption process = Ultimate temperature from the
absorption process (The ultimate temperature from the absorption process is generally used as
the initial temperature of the desorption process)

The supply pressure of hydrogen absorption = 1.8 MPa (The results from my first paper prove
that using 1.8 MPa as supply pressure obtains the better hydrogen absorption rate compared to
other lower values. The other higher values have less effect on the absorption rate)

The supply pressure of hydrogen desorption = 0.1 MPa (This value is selected based on the
experimental results from Chaise et al., 2010. At the initial process of hydrogen desorption, the
temperature is found to be homogeneously distributed, the exhaust valve is opened, and
hydrogen is released at atmospheric pressure)

Initial velocity of the heat transfer fluid = The heat transfer coefficient at 800 W/m?K. (The
initial velocity is calculated based on the Reynolds number and tube diameter). The comparison
of changing the Reynolds number is provided in the first paper and the second paper. From the
comparison, using 800 W/m’K as the heat transfer coefficient obtains better hydrogen
absorption/desorption compared to other higher and lower values.

Initial temperature of the heat transfer fluid = 573 K (This value is selected based on the initial
temperature of the storage)

The effect of changing the initial temperature of the heat transfer fluid on the hydrogen
absorption/desorption is provided in all of the research papers. In reality, there is a limitation
in the initial value of inlet temperature when applying to the cyclic application, including
absorption and desorption processes.
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8.5 Limitations and Future Study
The aim and objectives of this study have been achieved through the PhD studying. However, the main
works from this study focus on the heat exchanger structure and its effect on thermal performance only.

There are still some limitations in this study. The specific limitations and future study are summarised
as following points.

The works from Chapter 6 (Research Paper 3) only consider the effect of SCHE-CR and PCM
on the heat transfer and overall MHHS performance. The total PCM volume is calculated by
assuming that this volume can fully absorb and store the heat from the MH bed without
considering the SCHE-CR effect. An appropriate PCM volume selection on the heat recovery
when incorporating the SCHE-CR is investigated in this study. However, the final time of
absorption and desorption based on an appropriate PCM volume selection is not considered in
this study. This parameter is further considered in the next study.

Although the well arrangement/layout of the internal heat exchanger structure is the key factor
in increasing the heat transfer distribution inside the MHHS, there are some limitations for
manufacturing in reality as all of these present studies are only based on numerical simulation.
An experimental study is required for this purpose.

The effect of the turbulent flow of the HTF (from all research chapters) on heat transfer
improvement is investigated in this study. However, this study does not consider the effect of
this turbulent flow on the oscillations. In reality, there might be oscillations due to the high-
speed flow of the HTF and the design of the HTF tube in some cases. This can positively affect
the heat and mass transfer rates. In contrast, these changes can also induce flow instabilities in
equipment due to the fluctuation of flow and pressure drop. This oscillation will be considered
in the future study.

The works from the current study only focus on the effect of the structure of the new heat
exchanger designs on the heat transfer performance. The effect of roughness in the tube on the
heat transfer efficiency is not considered in this study. In reality, Increasing the surface
roughness will increase the turbulence flow and disrupt the thermal boundary layer. This will
result in the improvement of the heat transfer performance. However, this enhancement will
increase the pressure drop, which negatively affects the overall storage system performance.
The balance between the improvement of the heat transfer by surface roughness and the
increase in pressure drop must be considered in the future study.

This study only focuses on the hydrogen kinetic reaction based on the improvement of heat
transfer performance. The hydrogen storage capacity is constant at 3.6 wt% for all research
papers. The effect of using different input parameters or different storage designs on the
hydrogen storage capacity is not considered in the current study. The change in hydrogen
storage capacity will be considered in the future study.

The comparison of different fin materials on the hydrogen absorption-desorption duration is
performed under the research work in Chapter 7. The materials include aluminum, copper,
nickel, and steel. The comparison is only based on the thermal-physical properties of each
material on the heat transfer performance in terms of hydrogen absorption-desorption duration.
Other factors such as cost, compatibility fabrication, and durability are not considered in this
study.

The selected material used for HCHE, SCHE, and SCHE-CR (from the first three research
papers under Chapter 4 to Chapter 6) is stainless steel. This material is selected because of its
advantages which offer more resistance in damage and superior corrosion resistance. This is
the key factor when considering the material selection under the use of the HTF. However, the

Puchanee Larpruenrudee 164 PhD Thesis (2025)



selected material used for triple-branched fin and all fin designs from the last research paper
(Chapter 7) is copper. This material is selected for this study because of its thermal-physical
properties, which offer a high thermal conductivity. The stainless steel usually has a low
thermal conductivity, compared to copper. This causes a major difference in heat transfer
performance. The difference in hydrogen absorption-desorption duration between these two
materials is because of the difference in material use of each heat exchanger. From all research
works in this thesis, the comparison between these heat exchanger designs, including the triple-
branched under the same material, is still not considered. The future study will focus on this
aspect to predict the final time of the hydrogen absorption-desorption cycle.
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Appendices

Al: Supplementary Info for Chapter 4

Al.1 Metal hydride reactor with helical coil heat exchanger and semi-cylindrical coil heat
exchanger

Figure Al.1 presents a schematic diagram of MH reactors with a helical tube (Figure Al.1a) and two
semi-cylindrical tubes (Figure Al.1b). From this supplementary figure., air as the HTF is injected from
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the bottom part into the porous MH reactor through a helical tube/two semi-cylindrical tubes, while
hydrogen is injected from the upper surface of the reactor.

Hydrogen Inlet

HTF outlet |
v

(@)

HTF inlet

Hydrogen Inlet

HTF outlet

(b)

HTF inlet

HTF inlet

Figure Al.1 Schematic diagram of MH reactors and characteristics of selected geometries for MH
reactors. (a) With helical coil tub heat exchanger, and (b) With semi-cylindrical tube heat exchanger

A1.2 Mathematical Model

- Grid independency

The average bed temperature for the hydrogen absorption process for various mesh sizes are presented
in Figure 1.2a, b for case 1 and case 4, respectively. The average bed temperature of the absorption
process after the element numbers 428891 (Figure 1.2a for case 1) and 430599 (Figure A1.2b for case
4) do not vary. Hence, these grid sizes are selected for further computational calculations. Figure A1.3
presents the successively refined grids for case 1 and case 4.
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Figure A1.2 Average bed temperature for the hydrogen absorption process in the MH reactor under

various grid numbers. (a) average bed temperature for case 1, and (b) average bed temperature for case
4
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Figure A1.3 Computational meshing of MH reactor and HTF tube. (a) case 1, and (b) case 4
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A1.3 Results and discussion

- Effect of helical coil pitch

Figure A1.4 shows the temperature contours at three selected locations of the MH bed for 500 s, 25000
s, and 45000 s. From this figure, the lower bed temperature was found at the bottom plane for all cases
where it is near the HTF inlet. Nearly the HTF wall, the temperature significantly reduces while higher
temperature locates at the center where it has no contact area with the HTF. For comparison, reducing
pitch values results in greater heat transfer improvement, especially for case 3. Figure Al.5
demonstrates the hydrogen concentration at selected times for three pitch sizes. At 500 s, from Figure
A1.5, it can be seen that the hydrogen begins to get absorbed at the bottom part where it is around the
HTF inlet. Similarly, higher hydrogen concentration was found around the HTF area at 25000 s and
45000 s. This is because of the conductive heat transfer mechanism between the HTF and MH reactor.
Therefore, the center area of the reactor has less hydrogen concentration due to having less conductive
heat transfer from the HTF.
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®
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Figure A1.4 Distribution of bed temperature at 500 s, 25000 s, and 45000 s after the start of the hydrogen
absorption process in the MH reactor
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Figure A1.5 Hydrogen concentration in the MH bed after 500 s, 25000 s, and 45000 s of the hydrogen
absorption process in the MH reactor for different helical coil pitches

- Effect of semi-cylindrical coil pitch

Figure A1.6 and Figure A1.7 demonstrate the average bed temperature and hydrogen concentration,
respectively. The selected times as 500 s, 9000 s, and 18000 s for both bed temperature and
concentration are provided for all three cases. From these two figures, a lower bed temperature and
higher hydrogen concentration were found at the bottom section for all cases due to better conductive
heat transfer. A higher temperature is also located at the center of MH reactor and the top, close to
hydrogen injection. This results in lower hydrogen absorption in these areas. Similar to HCHE, higher
hydrogen concentration was observed around the HTF area especially at the bottom reactor, where it
has an HTF inlet.
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Figure A1.6 Distribution of bed temperature at 500 s, 9000 s, and 18000 s after the start of the hydrogen
absorption process in the MH reactor
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Figure A1.7 Hydrogen concentration in the MH bed after 500 s, 9000 s, and 18000 s of the hydrogen
absorption process in the MH reactor for different semi-cylindrical pitches

- Performance comparisons between the MH reactors with helical coil heat exchanger and semi-
cylindrical coil heat exchanger

The comparison of the average temperature of the MH bed and the HTF tube between case 3 and case
4 is presented in Figure A1.8 in order to provide a better understanding of the relationship between the
HTF and the MH bed in a systematic way. Various selected times after the start of the absorption process
are included. For the HTF tube, the air as a cooling fluid is injected from the bottom and then flows
towards the tube to the outlet at the top of the MH reactor. At the beginning, the average HTF around
the upper part is higher than the lower part due to exposure to the reaction heat generated during the
hydrogen absorption process from the top surface of the MH reactor. This results in higher average bed
temperature of the MH reactor. Regarding the exothermic behavior of hydrogen absorption, the initial
temperature of the reactor rapidly increases and is significantly higher than the HTF temperature. This
will generate a high heat transfer rate between the HTF and MH bed. The average HTF temperature
then continually decreases, which is related to absorption times. Therefore, conductive heat transfers
between the MH bed and the HTF is occurring. A larger difference in temperature rates between the
MH reactor and the HTF causes a higher heat transfer rate. At 10000 s and 20000 s, the bed temperature
at the bottom and middle sections are reduced and close to the HTF average temperature. However, this
is only for case 4. The average bed temperature inside the MH reactor with HCHE from case 3 is still
high, even the bottom part of the reactor. The bed temperature difference between center and outer areas
from case 3 is significantly higher than case 4. The existence of temperature gradients between these
areas negatively affects mass transfer mechanisms and the overall MH reactor performance.
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Furthermore, the difference in heat transfer performance between these two configurations is mainly
because of having less space between the HTF and the MH bed for SCHE that, leads to having more
uniform temperature distribution as well as lower thermal resistance inside the reactor.

Average Temperature (K)
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()

Figure A1.8 Average temperature of MH bed and HTF tube at 500 s, 2000 s, 5000 s, 10000 s, and 20000
s after the start of the hydrogen absorption process in the MH reactor for case 3 and case 4
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A1.4 Sensitivity analysis of operating conditions

- Effect of the loading pressure on the hydrogen absorption process

Figure A1.9 illustrates the hydrogen concentration at 15500 s for all loading pressures. It can be seen
that there is a significantly different concentration between 1.2 MPa and 3.0 MPa.
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Figure A1.9 Hydrogen concentration at 15500 s after start of the hydrogen absorption process for
various loading pressures

- Effect of the initial temperature on the hydrogen absorption process
Figure A1.10 illustrates the hydrogen concentration contours at 15500 s. It can be seen that the

decreasing an initial temperature of MH bed also influences hydrogen concentration.
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Figure A1.10 Hydrogen concentration at 15500 s after start of the hydrogen absorption process for
various initial bed temperature
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- Effect of the Reynolds Number of the heat transfer fluid on the hydrogen absorption process

Figure A1.11 presents the hydrogen concentration at 12500 s for all Reynolds numbers. Similar to other
operating parameters, increasing the Reynolds number results in faster hydrogen absorption, especially
for the case of Reynolds number as 22000 compared to 10000.
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Figure A1.11 Hydrogen concentration at 12500 s after start of the hydrogen absorption process for
various Reynolds numbers of heat transfer fluid

Effect of the initial temperature of the heat transfer fluid on the hydrogen absorption process

Figure A1.12 illustrates the hydrogen concentration at 7000 s for all inlet HTF temperatures. It can be
seen that over 90% of hydrogen is stored in the reactor with the inlet temperature at 373 K, whereas
there is around 50% hydrogen stored in the reactor from 573 K inlet temperature.
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Figure A1.12 Hydrogen concentration at 7000 s after start of the hydrogen absorption process for
various inlet temperatures of heat transfer fluid
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A2: Supplementary Info for Chapter 6

A2.1 Mathematical Model
- Grid independency

Figure A2.1 presents the successively refined grids for case 1 and case 3. Figure A2.1a is for case 1,
while Figure A2.1b is for case 3. These include the successively refine grids for PCM jacket, MH bed,
and two SCHE-CR.

(@)

(b)

Figure A2.1 Computational meshing of MH storage and HTF tube. (a) case 1, and (b) case 3

A2.2 Result and discussion

- Temperature contours of metal hydride bed and phase change materials during the absorption process
Figure A2.2 shows the temperature contours of the MH bed and PCM for 250 s, 500 s, 10000 s, 1500
s, and 2000 s after starts the hydrogen absorption process. At 250 s, the MH temperature near the
interface between the MH and PCM is lower than in other areas due to the PCM effects. The PCM near
the interface starts to absorb the generated heat, resulting in the reduction of the MH bed temperature
near the interface. This is applied at the surface of the interface in all cases. More heat transfers are
found from the case with PCM pool bed (case 2) and PCM capsule (case 4), which have the PCM at the
bottom, and both bottom top parts of the MH bed. The lower MH bed temperature is found around the
wall of the HTF tube, where it has cooling fluid circulating inside. The greater MH temperature
reduction corresponds to the greater hydrogen absorption duration (from 250 s to 1500 s). At 2000 s,
the MH bed temperature is greatly lower at the side where is close to the PCM, while the PCM
temperature is higher. This phenomenon occurs in case 1 and case 2. The MH bed temperature around
the central area still remains the same as the initial value (654 K). However, the MH bed temperature
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from case 3 and case 4 is significantly lower due to the SCHE-CR’s effect. The MH bed temperature at
the bottom part reduces to 589 K in these two cases. There are still some areas at the top part of case 3
that still has 654 K. The MH temperature at the top part from case 4 is less than 643 K. This is because
the PCM capsule absorbs the heat from the top part. Furthermore, the MH bed temperature from the
case with PCM capsule (case 4) is also lower at the top and bottom parts compared to the case with
PCM jacket (case 3). Considering the PCM temperature at the middle part of MHHS from case 3 and
case 4, the temperature variation around this area is less than in other areas because the MH temperature
at this area is lower than in other areas. The MH bed around this area is close to the HTF inlet. The MH
bed around this area is cooled down faster than in other areas. Therefore, there is less temperature
difference around this area, resulting in having a less heat transfer rate.
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Figure A2.2 Average temperature of MH bed and PCM at 250 s, 500 s, 1000 s, 1500 s, and 2000 s after
starting hydrogen absorption process from case 1 to case 4

- Liquid fraction contours of phase change materials during the absorption process

Figure A2.3 presents the liquid fraction contours of the PCM at 250 s, 500 s, 10000 s, 1500 s, and 2000
s after starts the hydrogen absorption process. At 250 s, the PCM solidus starts to transform to a liquid
phase at the interface where it has a high MH temperature. More PCM liquidus is observed from all
cases after 250 s until the time at 2500 s. At 2000s, the liquid fraction from all cases still remains the
same patterns from the time at 250 s.
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Figure A2.3 Liquid fraction of PCM at 250 s, 500 s, 1000 s, 1500 s, and 2000 s after starting hydrogen
absorption process from case 1 to case 4

- Hydrogen concentration contours of metal hydride bed during the absorption process

Figure A2.4 provides the hydrogen concentration contours of the MH bed for 250 s, 500 s, 10000 s,
1500 s, and 2000 s after starts the hydrogen absorption process. At 250 s to 500 s, the hydrogen
concentration from most parts of MHHS for case 1 and case 2 is still 11%. A similar concentration is
also found from case 1 at 1000 s to 1500 s. However, case 2 has a higher hydrogen concentration (18-
24%) at the bottom part from the time at 1000 s to 1500 s. For case 3 and case 4, there are still some
areas that have the hydrogen concentration at 11% at 250 s as these areas are far away from the HTF
tube. At 500, more variation of hydrogen concentration is found in these two cases (case 3 and 4). The
hydrogen concentration from most parts of these two cases is 56% at 1000 s. The more hydrogen
concentration at 100% is found in these cases at 1500 s. At 2000 s, a higher hydrogen concentration is
found near the interface from case 1 and case 2. Furthermore, the bottom part of case 2 (PCM pool bed)
also has a higher hydrogen concentration compared to case 1 (PCM jacket). However, the hydrogen
concentration is significantly higher in case 3 and case 4 due to the SCHE-CR’s effect. The PCM
capsule (case 4) obtains better performance than the PCM jacket (case 3). There are more hydrogen
concentrations at the top and bottom parts of the MH bed. The hydrogen concentration from most parts
of case 1 and case 2 is still 11%, while the hydrogen concentration from most parts of case 3 and case
4 is 100%.
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Figure A2.4 Hydrogen concentration at 250 s, 500 s, 1000 s, 1500 s, and 2000 s after starting hydrogen
absorption process from case 1 to case 4
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- Temperature contours of metal hydride bed and phase change materials during the desorption process
Figure A2.5 shows the temperature contours of the MH bed and PCM for 250 s, 500 s, 10000 s, 1500
s, and 2000 s after starts the hydrogen desorption process. At 500 s, the minimum MH temperature
from case 1 and case 2 is still 543 K, while there is only the top part of MHHS where it has a lower
temperature at 543 K for case 3. However, the minimum MH temperature from case 4 is 548 K. At the
interface of PCM and MH, the temperature from the MH side is higher, while the temperature from the
PCM side is lower for all cases. From this process, the MH is heated up by receiving the heat from PCM
while the PCM is cooled down. The PCM temperature, where it is close to the interface, is lower than
the melting point for all cases. It should be noted that the PCM temperature at the inner and central
areas is higher than the outer side due to the effect of the absorption process, which leads the PCM near
the MH to have a higher temperature (refer to Figure A2.2). The higher MH bed temperature is observed
when increasing the desorption duration (from 500 s to 5500 s). Similarly, more PCM temperature
reduction corresponds to greater desorption time. From all cases, the case with SCHE-CR (case 3 and
case 4) has a higher MH temperature compared to the case without SCHE-CR (case 1 and case 2). A
significant change in temperature variations is observed from the temperature contours at 7500 s.
Focusing on PCM temperature for all cases, there is still heat transferring from the central area of PCM
to the outer side of PCM as the PCM temperature at the outer side at 1500 s is higher than at 500 s. This
is due to the fact that at the end of the hydrogen absorption process, there is still a portion of the PCM
that remains in the solidification state (refer to the liquid fraction of PCM in Figure A2.3). The heat
from melting PCM continually flows to solid PCM, causing an increase in PCM temperature at the
outer side. This fact is applied to all cases. For case 3 and case 4, the PCM temperature around the
middle part of MHHS is higher than other parts due to the higher MH bed temperature around this area,
which is caused by the heating HTF and its location. The HTF temperature from the bottom part is
higher than the other parts as this part is close to the HTF inlet.
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Figure A2.5 Average temperature of MH bed and PCM at 500 s, 1500 s, 3500 s, 5500 s, and 7500 s
after starting hydrogen desorption process from case 1 to case 4

- Liquid fraction contours of phase change materials during the absorption process

Figure A2.6 presents the liquid fraction contours of the PCM at 250 s, 500 s, 10000 s, 1500 s, and 2000
s after starts the hydrogen desorption process. For all cases, the PCM starts to release the heat and
transform from liquid phase to solid phase at the interface between the MH and PCM. More amounts
of PCM liquidus are observed around the outer side of PCM at 7500 s compared to at 500 s from case
1 and case 2. Although more PCM solidus is found from the interface side in these cases, the PCM
liquidus from the outer side still increases as there is still the heat transferring from the central area of
PCM to the outer side of PCM (see temperature contours in Figure A2.5). However, the PCM liquidus
from case 1 and case 2 is still higher than case 3 and case 4. This is because the PCM liquidus from
case 3 and case 4 is less than case 1 and case 2 from the absorption process. This leads to having only
5-24% of PCM liquidus from case 3 and case 4, while there is still 94% of PCM liquidus from case 1

and case 2 at 7500 s.
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Figure A2.6 Liquid fraction of PCM at 500 s, 1500 s, 3500 s, 5500 s, and 7500 s after starting hydrogen
desorption process from case 1 to case 4
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- Hydrogen concentration contours of metal hydride bed during the desorption process

Figure A2.7 provides the hydrogen concentration contours of the MH bed for 250 s, 500 s, 10000 s,
1500 s, and 2000 s after starts the hydrogen desorption process. The hydrogen concentration from case
3 and case 4 is significantly lower than case 1 and case 2 after the time at 3500 s. The maximum
hydrogen concentration in the central area from case 3 and case 4 is 49%, while there is still an 81% of
hydrogen concentration in this area from case 1 and case 2. The less hydrogen concentration is also
found in most parts of the MH bed for case 3 and case 4 at 5500 s. However, the maximum hydrogen
concentration from case 3 is still 24% for most parts, while there is only 11% of the maximum hydrogen
concentration from case 4. At 7500 s, the hydrogen concentration from case 4 is less than 5%, while
there is still an 11% of hydrogen concentration from some areas at the bottom part for case 3. However,
the hydrogen concentration from case 1 and case 2 is mostly 11-75%. It should be noted that the
hydrogen concentration at the central area in these two cases is less than in other areas because of the
effect of the absorption process. At the end of the absorption process (99% of overall hydrogen
concentration), this area has less hydrogen concentration due to the PCM configurations. This results
in a lower hydrogen concentration in this area during the hydrogen desorption. The hydrogen
concentration at the bottom part of case 2 is still lower than case 1 due to the PCM pool bed
configuration.
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Figure A2.7 Hydrogen concentration at 500 s, 1500 s, 3500 s, 5500 s, and 7500 s after starting hydrogen

desorption process from case 1 to case 4
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