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ARTICLE INFO ABSTRACT

Handling Editor: Dr. E.A. Veziroglu Many modelling studies have been conducted on single metal-hydride (MH) beds subject to, for example, a

sudden increase in hydrogen pressure. In a practical MH thermodynamic machine such as a hydrogen compressor

Keywords: or heat pump, however, one bed is heated and desorbs into a second, cooled bed. This two-part study presents a

Metal hydride two-dimensional axisymmetric mathematical model for such thermodynamic machines, simulating two inter-

Iiomtpressor connected cylindrical MH tanks, constrained so that the mass flow rate from the desorbing bed equals the inlet
eat pump

flow rate of the absorbing bed. Part 1 covers the development of the model and its validation against experiment.
Key practical MH characteristics like expansion, hysteresis and plateau slope are accounted for. Implemented
using COMSOL Multiphysics, the model simulates horizontal annular reactors containing different ABs alloys,
with finned coaxial heat exchangers. This configuration was chosen to expose the existence and consequences of
internal temperature gradients arising in the low effective thermal conductivity of MH beds. The model in-
corporates mathematical formulations to account for variations in bed porosity and permeability arising from
changes in alloy particle diameter during volumetric expansion and contraction induced by hydrogen absorption
and desorption. These variations influence the effective thermal conductivity within the bed, which is also
captured by the model. In Part 2 the model is utilised to investigate the underlying physics governing coupled-
reactor operation, with its advantages over conventional single-reactor models comprehensively analysed.

Coupled model
Finite-element

Nomenclature (continued)
Q Heat (J)
B Shape factor r Radius (m)
b Dimensionless constant S Entropy (J/K)
c Specific heat (kJ/(kg x K)) R Universal gas constant (J(/kg x K))
Cc Reaction constant (1/s) t Time (s) and fin thickness (mm)
d Diameter (m) T Temperature (K)
E Activation energy (J/mol) v Superficial velocity (m/s)
H Enthalpy (J/mol) v Volume of hydrogen transferred (L)
k Thermal conductivity (W/(m x K)) wt% Weight percentage
K Boltzmann constant (J/K) X Reacted fraction
l Length of reactor (m) Z Compressibility factor
m Volumetric rate of mass transferred by MH (kg/(m3 X §)) Greek letters
m Mass (kg) a a phase
M Molecular weight (kg/mol) b / phase
n Normal vector € Bed porosity
N Number of hydrogen atoms K Permeability (m?)
P Bed pressure (Pa) A Mean free path (m)
P External or equilibrium pressure (Pa) M Dynamic viscosity (Pa.s)
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(continued)
p Density (kg/m°)
y Hysteresis
o stress tensor (N/mz)
S Strain tensor
v Concentration
Ps: Po Slope factor
@ Specific internal energy (J/kg)
4 Volume expansion factor
Acronyms
CR Critical
MH Metal hydride
HTF Heat transfer fluid
PCT Pressure composition temperature
Subscripts
a Absorption
alloy Metal hydride alloy
d Desorption
ed Empty
e Effective
eq Equilibrium
f fluid
F Fin
g Gas
H, Hydrogen gas
i Initial
inlet Inlet boundary
MH Metal hydride
o Empty/outer
Particle
r Radial distance
rad Radiation

1. Introduction

Metal-hydride-based hydrogen systems are attracting significant
global research attention as key enablers of sustainable energy solutions,
including hydrogen storage, compression, and space heating/cooling.
Their ability to reversibly absorb and desorb hydrogen under controlled
conditions makes them integral to renewable energy-driven hydrogen
supply chains [1]. Large-scale experimental studies are often limited by
cost and resource constraints, highlighting the critical role of mathe-
matical models. These models bridge the gap by elucidating the complex
thermal, mass, and momentum transfer phenomena in metal-hydride
(MH) systems, facilitating physics-based insights and system optimisa-
tion for real-world applications [2].

Interstitial metal hydrides, in which dissociated H species occupy
interstices in the metal crystal, are attractive for hydrogen storage
because of their capacity for high-density storage and enhanced safety
features. Metal hydrides more generally encompass single metal ele-
ments, metallic alloys and intermetallic compounds that reversibly react
with hydrogen to form hydrides, and complex hydrides that are much
more difficult to use. Interstitial MHs formed from alloys and interme-
tallic compounds are particularly attractive for applications because of
the tunability of their thermodynamic and operating characteristics by
changing the proportions of the constituent elements. The uptake of
atomic hydrogen by the metal is exothermic and its release is endo-
thermic. The thermodynamic and operating characteristics of MHs are
linked by the (approximate) van ‘t Hoff relation:

In(pa /po) = (%J,As) )

for the reaction in which a dilute solid-solution phase (a) transforms to a
concentrated hydride phase () at notionally constant pressure p,. Here
AH and AS are respectively the enthalpy and entropy change per mole
H, associated with the hydriding reaction, referred to pressure po. Both
are negative. Desorption occurs at a lower pressure, with slightly
different values of |AH| and |AS|, therefore. The textbook by Fukai
provides an extensive introduction to metal-H, systems [1].

While hydrogen storage is the most-often discussed application of
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MHs, other applications exist [3]. In the context of the present paper, the
relationship between pressure and temperature established by the
values of AH and AS supplies the basis for building thermodynamic
machines with hydrogen working gas: a metal charged with hydrogen at
low pressure and temperature releases hydrogen at a higher pressure
when heated. Two MH beds with suitable thermodynamic characteris-
tics may be coupled to make a two-stage compressor or a heat pump.
Utilisation of MHs in hydrogen compressors and heat pumps respec-
tively was reviewed by Lotoskyy et al. [4] and Muthukumar et al. [5].

Coupling one or more pairs of MH beds to build a thermodynamic
machine has two important aspects. First, thermodynamic matching of
the paired hydrogen storage alloys is needed to ensure that the
desorbing bed empties into the absorbing bed (and vice versa) under the
intended conditions of pressure and temperature. This aspect was
considered in detail for heat pumps by Dantzer and Orgaz [6] and for
compressors by Gray [7] and Cousins et al. [8]. In this approach, alloy
pairs are typically selected based on suitable combinations of enthalpy
and entropy changes that enable operation between the desired supply
and delivery pressures using Eqn. (1). While this method effectively
determines the compression ratio for a multistage MH compressor and
helps narrow down potential alloy pairs, it does not provide insight into
the quantity or duration of hydrogen transfer. Second, dynamic
matching of the two MH beds is needed to ensure that the rate of
desorption by one bed is matched by the rate of absorption of the second
bed. This aspect has received relatively little attention in the literature.

The enthalpy of reaction for MHs that could be considered for
building thermodynamic machines typically ranges from about 17 to
about 52 kJ/mol.Hy [4], making thermal management critical in such
MH systems. Given that metal hydrides are stored as powders in metal
tanks, with hydrogen occupying the voids, the rate of chemical reaction
and the resulting thermal energy generated or consumed varies with
operating conditions influencing the mass transfer rate. Consequently,
the overall process is governed by complex interdependencies among
thermodynamics, mass transfer and chemical kinetics within the porous
alloy bed, governed by variables such as temperature, pressure, fluid
velocity, and hydrogen concentration varying with time. The intricacy
of these interactions necessitates a mathematical model for MH systems
that can provide crucial insights into operational parameters and
significantly reduce expenditure on prototypes. Hence, great efforts
were made to develop computationally effective mathematical models
during the last several decades.

Preliminary research on MH systems dates back to the 1970s [9-11],
with the first notable advancement in mathematical modelling emerging
in the 1980s, when Osery [12] developed a foundational
one-dimensional model. This model focused exclusively on cylindrical
bed geometries and incorporated several simplifying assumptions, such
as considering temperature variation to be solely radial and neglecting
the influence of hydrogen flow. The model was a basic conductive
framework, solved through a non-dimensional approach using a
finite-difference method. Similarly, Lucas and Richards [13] developed
a one-dimensional mathematical model to examine radial temperature
variations in a magnesium-hydride bed enclosed in an aluminium shell,
incorporating the effects of hydrogen flow. However, the predicted re-
action rates exhibited significant deviations from experimental mea-
surements, indicating the limitations of the model in accurately
capturing the intricate dynamics of hydrogen-metal interactions and
heat transfer processes within the porous MH bed. Sun and Deng [14]
developed a more advanced model by considering the coupled heat and
mass transfer in two dimensions. However, the model excluded the in-
ertial term in the energy conservation equation, effectively neglecting
the influence of hydrogen flow dynamics within the porous bed. Addi-
tionally, the model assumed boundary conditions such as constant
temperature and heat flux, which are often unrealistic under actual
operating conditions, thereby limiting its applicability to real-world
scenarios.

Aside from model development, one of the most important
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fundamental contributions was the recognition that the kinetics of
hydrogen uptake in a powdered bed is dominated by heat flow rather
than the intrinsic rate kinetics of the metal-hydrogen reaction, because
the effective thermal conductivity is much lower than that of the metal
itself [15,16].

Jemni and Nasrallah [17-19] explored various two-dimensional
mathematical models for a cylindrical MH reactor containing LaNis
during absorption and desorption. These models made significant ad-
vances toward generalising solutions across different geometries and
analytical challenges related to MH systems. Notably, the hydrogen
momentum equation was addressed using Darcy’s Law, and the models
considered the non-thermodynamic equilibrium between the solid bed
and the entrapped hydrogen gas. Sensitivity analyses were conducted on
key parameters, including reactor geometry, inlet and outlet pressure,
heat-transfer fluid temperature, and thermal conductivity, to evaluate
their impact on the thermal response of the bed. The studies revealed
that the assumption of one-dimensional heat transfer is only applicable
at extreme h/R ratios (either very low or very high) where h represents
reactor height and R is reactor radius. For intermediate aspect ratios,
two-dimensional effects become significant and should not be ignored.
However, these models had several limitations: they neglected bed
expansion and contraction, assumed constant thermal conductivity and
permeability, and relied on a constant-heat-flux boundary condition
during the sorption process. Despite these drawbacks, these founda-
tional studies paved the way for more advanced models, establishing a
critical baseline for future research in MH reactor modelling.

During the 2000s, researchers increasingly focused on utilising
mathematical models to design MH reactors with various geometries,
aiming to develop thermally effective systems. Mellouli et al. [20,21]
demonstrated the mathematical modelling of MH storage tanks by
comparing configurations with finned and un-finned spiral tube heat
exchangers. Their model, solved using the finite-volume method, was
based on the control domain concept previously introduced by Jemni
and Nasrallah [17]. The primary focus was on optimising charging and
discharging times by analysing the influence of geometric parameters.
However, the model did not account for volume expansion within the
alloy bed or the dynamic effects of heat-transfer-fluid flow, relying
instead on an empirical formula for a constant heat transfer coefficient
at the solid-fluid interface. Similarly, Muthukumar et al. [22-24]
developed both two-dimensional and three-dimensional models using
COMSOL Multiphysics to study reactors ranging from prototype to in-
dustrial scale. These models also neglected the effects of volume change
in the alloy bed. However, the study incorporated a unique expression
for equilibrium pressure, developed by Nishizaki et al. [25], which
accounted for the inherent bed hysteresis and sloping plateau charac-
teristics of the alloy, factors that had been previously overlooked. The
study primarily examined the impact of increasing the number of
embedded coolant tubes within the porous bed, in addition to varying
operating parameters such as supply pressure and heating and cooling
fluid temperature. Despite these advances, the omission of
volume-change effects remains a critical gap in accurately modelling the
thermal and mass-transfer dynamics in MH systems. Meanwhile, the
models developed by Hardy and Anton [26,27] bypassed the impact of
hysteresis and concentration variation on the equilibrium pressure by
relying on the ideal van’t Hoff equation (Eqn (1)). Such models, despite
their simplifications, are valuable tools for analysing various reactor
geometries and fin configurations. Subsequent studies [28-31] have
employed these models to evaluate and identify optimal geometrical
configurations.

However, when assessing the effectiveness of MH reactors in real-
world applications such as charging from an electrolyser or supplying
a fuel cell (FC) at a constant rate, these models often fall short in
providing accurate predictions. This discrepancy arises primarily from
the boundary conditions assumed at the hydrogen inlet and outlet. Most
models assume constant injection and discharge pressures, whereas real
systems typically operate under flow control. This represents a
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significant research gap that has been addressed by only a limited
number of studies. Raju et al. [32] developed a zeroth-order (only
temporal) model to examine the refuelling dynamics of a MH tank
during fuel cell operation. Mohammadshabhi et al. [33,34] went further
by creating a two-dimensional computational model using COMSOL
Multiphysics. This model accounted for flow-rate-controlled filling,
simulating electrolyser injection by a Heaviside function, and dis-
charging at a set flow rate unlike prior models that assumed constant
pressure desorption. The study also incorporated volume changes during
reactions. The authors [35] have also demonstrated a three-dimensional
mathematical model to simulate the coupling between a MH reactor
equipped with multiple coolant tubes with that of a fuel cell. Further
references can be found in the review by Mohammadshahi et al. [2],
with some newer references in the paper by Arslan et al. [36].

Practical thermal machines employing metal hydrides, such as
compressors, thermal energy storage systems, heat pumps and refrig-
eration units operate using pairs of interconnected reactor beds for
hydrogen exchange. The dynamics of hydrogen transport in these sys-
tems extends beyond the thermal and chemical behaviour of individual
reactors, relying on the coupled interaction between pairs of reactors.
Despite numerous advances, current mathematical models still fail to
capture fully the complexities of the processes involved in hydrogen
transport and thermal management in coupled MH systems. For
instance, d’Entremont et al. [37] developed a 2-D hydrogen transport
model to simulate a high-temperature thermal energy storage module
using MgoFe and NasAl, operating at 400-450 °C. Although this model
aimed to assess the technical feasibility of such coupling, it overlooked
critical factors like hysteresis and plateau slope, which significantly in-
fluence the coupling process [7]. Malleswararao et al. [38] made efforts
to improve upon these shortcomings, yet their 2-D model still neglected
volume change and assumed constant permeability when simulating
dynamically coupled thermal energy storage systems. Similarly, Minko
et al. [39] studied a dual-stage MH hydrogen compressor using simpli-
fied one-dimensional mass and energy balance equations that dis-
regarded volume change. The dual-stage compressor model by Gkanas
et al. [40] adopted a constant heat flux boundary condition to simplify
the conjugative heat transfer problem. Some of the other similar studies
are [41,42].

Some efforts to quantify the effects of volume change in MH systems
have only emerged in the past decade. Mellouli et al. [43] developed a
two-dimensional mathematical model that estimated volume changes of
approximately 17.77% and 8.16% during hydrogen absorption and
desorption, respectively. The model employed separate empirical re-
lations to dynamically track porosity variations during the sorption
half-cycles and was validated against their experimental data. Another
recent study by Tran et al. [44] investigated the thermo-mechanical
behaviour of a hydride bed by incorporating porosity variation using
an empirically derived correlation proposed by Matsushita et al. [45].
However, both studies were limited to single-reactor operation and
primarily focused on understanding deformation within an isolated bed.
In contrast, porosity evolution in coupled reactor configurations is
fundamentally different, as it depends on the reacted fraction of both
beds. This complex and critical phenomenon remains unaddressed in
current literature and warrants immediate investigation, especially for
modelling MH-based thermal machines. The predominant scope and
inherent limitations of previously reported models along with the
distinctive contributions of the present work are summarised in Table 1.

To summarise, there is an urgent need for a comprehensive spatio-
temporal mathematical model that addresses shortcomings in existing
models by incorporating factors such as volume-change effects, varia-
tions in bed permeability due to changes in alloy particle diameter
during sorption, pressure hysteresis, sloping plateaux and fluctuations in
coolant flow rate. Moreover, this model should be adaptable to various
reactor geometries without requiring significant modifications to the
governing equations. Such a model would significantly enhance the
predictive accuracy and design efficiency of MH systems in real-world
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Table 1
Comparison with previously reported models and the present study.

Timeline Scope and limitation of the studies References

1980-2000 e Most models developed were limited to one-
dimensional or two-dimensional formulations.
Studies primarily focused on sensitivity
analyses and understanding heat-driven
hydrogen transfer phenomena.
Heat transfer was often assumed to occur only
in the radial direction.
Models were typically specific to individual
reactor configurations.
Coupled heat and mass transfer was simplified,
leading to notable deviations from
experimental observations.
Boundary conditions were largely theoretical
or idealised.
Hydrogen flow within the metal hydride bed
was generally not explicitly solved.
2000-2010 e Three-dimensional formulations were [21,22,24,26,
developed and analysed. 27]
Several studies focused on identifying optimal
reactor configurations and minimizing reaction
time.
Most investigations were limited to single
reactor operation, primarily targeting
hydrogen storage applications.
None of the studies reported modelling of
coupled reactor operation, despite ongoing
experimental work on MH-based thermal ma-
chines such as refrigerators, heat pumps, and
COmpressors.
Critical phenomena such as hysteresis, sloped
pressure plateaus, and alloy bed volume
expansion were largely neglected.
2010-2025 o Integrated electrolyser-MH-fuel cell (FC)
systems have been reported, though such
studies remain limited.
Research efforts continue to emphasise the
design and analysis of novel MH reactor
configurations.
Models addressing practical thermal machines
(e.g., compressors, heat pumps) are scarcely
reported.
The few available models are predominantly
zeroth-order or one-dimensional and often
overlook critical effects such as hysteresis and
bed volume expansion.
Most studies do not solve the heat transfer fluid
flow explicitly, instead assuming a constant
heat transfer coefficient from empirical
correlations: An approach that lacks real-world
accuracy.
Consequently, alloy suitability for specific
thermodynamic applications is often assessed
via thermodynamic matching rather than
dynamic modelling.
Present Coupled MH reactor operation has been

work developed and systematically analysed.
HTF flow is explicitly solved without assuming
any constant heat transfer coefficient.
Key MH system phenomena such as volume
expansion, hysteresis, and sloping plateau
behaviour are incorporated.
e A comparative analysis with single-reactor

operation models has also been performed.

[12-14,17-19]

[7,29,30,33,
34,37-39]

applications.
The distinct contributions of this two-part study, which set it apart
from existing literature, are as follows:

e Development of a comprehensive mathematical model to simulate
hydrogen transport between two large-scale, interconnected re-
actors, driven by temperature-induced mass exchange, as happens in
real MH machines.
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Incorporation of key factors such as alloy volume change during the
exchange process, variable permeability, hysteresis, and HTF flow
effects during hydrogen transfer.

Investigation of spatial variations in thermal gradients and hydrogen
transfer rates within the system.

Examination of the impact of fin design and HTF flow rate on the
thermo-hydraulic performance of the MH tanks.

The overall study is structured into two parts. Part 1 (this paper)
outlines the comprehensive methodology used to develop the model for
studying coupled MH reactors. It elaborates the assumptions and con-
siderations employed to ensure the model closely replicates realistic
coupled reactor operations. The model’s robustness was validated by
comparing its results with experimental data available in the literature.
Part 2 explores the model’s application in understanding temperature,
pressure, and reacted-fraction variations within the coupled reactor
beds during operation. Additionally, it highlights the model’s advan-
tages over widely studied single-reactor models in the literature.

2. Model formulation
2.1. Model of a coupled MH system

When modelling a single MH bed, hydrogen absorption or desorption
at constant pressure simplifies the determination of pressure gradients.
However, in a coupled MH bed system, the pressure gradient becomes
complex due to multiple influencing parameters. Fig. 1 (a, b) illustrates
the hydrogen transfer dynamics between two alloys during coupled MH
bed operation. The driving mechanism is the pressure differential, where
increasing the desorbing bed temperature and lowering the absorbing
bed temperature amplifies the pressure difference (AP; < APy < AP3).

Additionally, the hydrogen concentration within each MH particle
plays a critical role in determining transfer rates. As shown in Fig. 1 (b),
two alloys with different pressure-concentration-temperature (PCT)
characteristics exhibit varying rates of pressure reduction. Alloy 1, with
a steeper slope, shows a more significant pressure drop during desorp-
tion compared to Alloy 2. Although the initial pressure gradient may be
favourable (APp,x) for hydrogen transfer, the rate of pressure change
with respect to hydrogen concentration affects the overall transfer rate.
Furthermore, scenarios may arise where the equilibrium pressure of the
desorbing bed drops below that of the absorbing bed, halting the transfer
process and leaving residual hydrogen in the desorbing bed (ACys).
Additionally, temperature variations due to the endothermic and
exothermic reactions further complicate the behaviour. These factors
must be carefully considered when developing mathematical models for
coupled MH reactors, which are essential for optimising hydrogen
transfer in various engineering applications.

2.2. Geometry of the system and the alloys used

The geometry of the MH reactors used in the current simulation
mirrors the design reported by Mohammadshahi et al. [33,34]. This
design provides an example of a real-world approach to heat exchange
(embedded fin-on-tube) without aiming to achieve optimal perfor-
mance; in fact the design deliberately anticipates severe temperature
gradients as a stringent test of the model. The reactor consists of a cy-
lindrical body with an external diameter of 220 mm, and a central
concentric cooling tube with an internal diameter of 20 mm. The heat
transfer fluid enters through the inner tube (10 mm inner diameter) and
returns through the outer tube after reaching the end of the coolant path.
To enhance heat dissipation, 11 transverse copper fins with a diameter
of 194 mm are arranged along the coolant tube, as illustrated in Fig. 2.
The two end fins, which carry half the heat current of those between, are
1.5 mm thick, while the nine central fins are 3 mm thick. To minimise
heat loss and ensure radial heat transfer, the heat-exchange assembly is
well insulated at both ends and the tank is covered by an insulating
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Alloy 1 Alloy 2
(LP) (HP)

(@) ! | (b) !

we)| | | | P

' l (TLPUTHPA);
1/T C

Fig. 1. Schematic representation of operation of coupled reactors in which Alloy 1 (low pressure; LP) desorbs while Alloy 2 (high pressure; HP) absorbs. Panel (a)
illustrates the coupling of these two alloy beds, driven solely by temperature (Tgp1 > Tup2 > Tups > Tupa, Trp1 > Trpz > Tips > Trps), and shows the resulting initial
pressure difference (AP;,AP5,AP3). Panel (b) highlights the complexities encountered when hydrogen mass transfer, linked to changes in H concentration, becomes a
function of both bed temperature and concentration. Alloy 1 is maintained at T;p; while alloy 2 is maintained at Typs during the interstage transfer of hydrogen
(Tip1 > Tups). The distinct PCT properties of the coupled alloys are demonstrated by considering different slope values ¢, > 6, (@ = AP/AC), which affect the
pressure—concentration relationship during hydrogen transfer.

Insulation

Tank wall

Transverse copper fins

Coolant HTF channel

1000
— 62.76-}88.80—~=-89.50 .50 —==-89.50—~f~— 89.50—~f~— 89.50—~~— 89.50-~~— 89.56~9.50 - 90.36—4~12.20
=3 150 — 920
87—
87
|
#220
r
—7J — —7J
Fig. 2. Detailed geometrical specification of the reactor.
jacket. Given the cylindrical and concentric nature of the reactor, it is The coupling process occurs between two identical such tanks,
logical to study the axisymmetric geometry. This approach can accu- labelled Tank A and Tank B, each containing 100 kg of distinct ABs-type
rately replicate the actual reactor while significantly reducing compu- alloys. Tank A is filled with LaNis, characterised by low plateau slope
tation time and cost. The detailed geometry of the MH tank is shown in and high hysteresis. Tank B contains an equal amount of Mm-Ni-Co-Mn
Fig. 2. alloy, characterised by a higher plateau slope and lower hysteresis. The
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detailed thermo-physical properties are outlined in Table 2. For this
study, Tank A was assumed to desorb while Tank B absorbed.

2.3. Mathematical modelling

To simulate the process of hydrogen transport between two MH tanks
until chemical, mechanical, and thermal equilibrium is achieved, it is
essential to model both mass and heat transfer. Although the chemical
reaction is not explicitly simulated, in order to reduce the model’s
complexity, the reaction enthalpy is included as a heat source term,
which will be discussed further. The thermodynamics within the bed
during hydrogen transport is addressed using a modified energy equa-
tion that assumes local thermal equilibrium. This assumption minimises
the number of governing equations required to describe the phenome-
non. The model also involves fluid dynamics within the porous bed to
simulate the flow of hydrogen from the desorbing porous bed to the
absorbing porous bed through an interconnecting tube, driven primarily
by the coupled pressure and concentration differences between the beds.
Additionally, the model accounts for volume changes during the sorp-
tion process. Fig. 3 illustrates the computational domain of the coupled
reactor assembly.

To simplify the developed mathematical model, a few assumptions
are made, which will be elaborated on below:

e The alloy bed is assumed to possess uniform initial porosity
throughout, regardless of location within the bed.

e The alloy bed and hydrogen are assumed to be in a state of local
thermal equilibrium.

e Radiative heat transfer is neglected due to the system operating at
<100 °C.

2.3.1. Governing equations

2.3.1.1. Conservation of mass. The coupling of two MH tanks necessi-
tates simultaneous mass conservation in both tanks, unlike a single
reactor system where a single mass conservation equation suffices. Thus,
modelling the hydrogen mass transfer dynamics between the two re-
actors requires independent yet interrelated mass conservation equa-
tions for each tank to accurately capture the transient hydrogen
distribution. The specific equations applied within each domain are:
Hydrogen in desorbing MH tank

N0 p77) =~y @
where p, denotes the density of hydrogen gas and ¢ denotes the bed
porosity, indicating the volume fraction of the bed occupied by

Table 2
Thermophysical data of the alloys used.

Input parameters

LaNis Mm-Ni-Co-Mn
Empty alloy density (kg.m™>) (p,) 8400 8400
Maximum hydrogen storage capacity (wt%) 1.38 1.4
Initial bed Porosity (e;) 0.55 0.55
Reaction enthalpy (J.mol ™) (AH,, AHy) 29879 30140
Reaction entropy (J.mol K1) (AS,, AS,) 112 111.25
Alloy’s specific heat capacity (J.kg 'K™1) (Coun) 500 500
Thermal conductivity (W.m LK) (k) 1.6 1.6
Hysteresis (y) 0.137 0.12
Reaction constants (s™1) (Ca,Ca) 9.52 59.187
Activation energy (J/mol) (Eq,Eq) 16445 21170
Slope constant (¢, ®4) 0.038, 0 0.11, 0.07
Initial particle diameter (m) (dp,) 100 x 107° 100 x 107
Volume expansion factor (&) 1.25 1.25
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hydrogen gas. @ denotes the velocity vector for hydrogen gas. my de-
notes the mass source term arising from the volumetric desorption of
hydrogen from the bed. In summary, the equation characterises the
temporal variation in hydrogen density (mass of hydrogen per unit
volume within the specified control volume). This change is attributed
to the net mass flux, represented by the divergence of the product of
density and velocity vector, crossing the control surface, as well as the
volumetric mass accumulation within the control volume.
Hydrogen in absorbing MH tank

9(epy)
ot

V- (%) =~ ma ®

where the absorbing mass source term is denoted as m,. Inherently, the
mass source term should be negative in the absorbing bed due to the
migration of hydrogen mass from the hydrogen control volume into the
porous bed. Conversely, it must be positive in the desorbing bed. To
maintain uniformity in the governing equation, an additional negative
sign is incorporated into both source terms. The flow direction is gov-
erned by the pressure difference, which is considered in the definition of
the mass source term:

Mass source term during desorption:

: — P\ E
mg = (1 - )Ca( B9 7 (p,g — pog)
Peqd

(G

Mass source term during absorption:

. p\
m, = (1 —€)C, log (P )eRT (Psata = Psa)
eqa

)

Here, Cy4, C, , Eq and E, represent respectively the first-order reaction
rate constants and activation energies during desorption and absorption.
p denotes the pressure of hydrogen flowing in the entire computational
domain. The reaction is driven by the pressure difference between the
driving pressure and the equilibrium bed pressure, which is governed by
temperature and the instantaneous concentration of H in the bed.
Thermodynamic drive depends on free-energy difference and is thus
expected to be proportional to log(p /Pe;). Assuming small pressure
difference during desorption, this leads to the commonly employed ex-
pressions 1og(p /Pega) for absorption and ((p —Pega) /Peqa) for desorption
[17,46-48]. During desorption, the magnitude of p is less than P,
making the entire source term negative. Conversely, during absorption,
p happens to be more than P, resulting in a positive source term. The
transport of hydrogen halts when these differences approach zero. The
concentration difference is accounted for by the variation in the density
of the porous bed, which results from the addition or removal of
hydrogen within the metal alloy. During absorption, the density of the
porous bed (p,,) increases to approach the saturation density of the
absorbing alloy (p,,,). Conversely, during desorption, the density (p;)
decreases to approach the desorbing alloy’s density at its empty state
(p.q)- The relationship between the density of the porous bed and the
concentration of the solid solution (¥) is

2(p5 — Pea)Maitoy
14 eMgN alloy

W ©)

where Mg, and M, denote the molecular mass of the alloy and of
hydrogen gas respectively. Ny, indicates the number of hydrogen
atoms that can be absorbed or stored by a single formula unit in a hy-
dride compound, which is notionally 6 for an ABs alloy. The instanta-
neous reacted fraction (X) is evaluated by employing

X= (ps_ped) :i @)

(psata —P ed) \Pmax

Hydrogen in interconnecting tube Hydrogen within the inter-
connecting domain does not undergo any volumetric mass addition or
deduction. Hence, the mass source term is taken as zero:
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Actual MH tanks operational configuration

Computational domain
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MH bed
| Adiabatic boundary

O
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MH TANK

Copper fins

Axis of
Symmetry

Fig. 3. Detailed computational domain for studying coupled reactors.
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Metal alloy in desorbing MH tank

(1020, ©

The absence of the divergence term in the mass balance equation for the
solid porous matrix simplifies the equation, reducing it to a single de-
gree, first-order ordinary differential equation.

Metal alloy in absorbing MH tank

F) .
1—e) (gzﬂ) — g (10)

The mass source term has the opposite sign in the porous alloy bed

domain with respect to hydrogen in the corresponding MH bed.
Heat-transfer fluid

9(py)

W09 (o) =0 an

Here, p; and W denote the density and velocity vector respectively of the
HTF. No additional mass accumulation takes place during the flow of
HTF resulting in a zero-mass source term.

2.3.1.2. Conservation of momentum. The velocity vector and pressure
fields are determined by solving the equation for the conservation of
momentum. Hydrogen gas migrates through both the porous bed and
the interconnecting tube. In contrast, the HTF flows exclusively through
the unrestricted domain. Consequently, distinct governing equations are
employed for the porous domain and the fluid domain to accurately
capture the different transport phenomena.

Hydrogen in desorbing MH tank Momentum conservation for
hydrogen gas within the porous domain is modelled by using the
Brinkmann equation. While Darcy’s Law also addresses momentum
conservation for creeping flow (Re < 1) through porous media, it rep-
resents a simplified form of the more generalised Brinkman equation.
Unlike Darcy’s Law, the Brinkman formulation allows extension to un-
restricted domains by setting the porosity to one, effectively reducing
the equation to the classical Navier-Stokes form. This flexibility enabled
solutions for the velocity and pressure fields across all regions, including
the absorbing and desorbing porous beds as well as the unrestricted
interconnecting tube by a single set of dependent variables, which is
only feasible with the Brinkman approach.

The first term (0V, /0t) on the left-hand side of the resulting equation
(Eqn (12)) encompasses the temporal variations of the velocity vector.

This term represents the local (or temporal) acceleration of the gas,
which is the rate of change of the velocity at a point with time. The
convective (or advective) term (@~VV_£) represents the change in ve-
locity due to the movement of the gas within the velocity field itself.
Division by the porosity (¢) accounts for the effective flow area, which is
reduced by the presence of the porous matrix. Similarly, the term (pg /€)
normalises the gas density to effectively scale the density based on the
available void space. The density of the gas is coupled with the tem-
perature field through the modified ideal gas equation p, =
(pPM,)/(Z(p)RT), where Z(p) denotes the compressibility factor of
hydrogen, taken to be a function of pressure only in the regime of in-
terest for the present work in the interest of simplicity. The compress-
ibility was modelled as Z(p[MPa]) = 0.99725+ 0.007095p + 1.922 x
10~5p2. This expression is accurate to better than 1% in the regime of
interest (T = 250-400 K, p < 5 MPa) and satisfactory for modelling
purposes. Due to the low velocity regime, the convective term can be
neglected, simplifying the equation by deleting the second term on the
left-hand side.

On the right-hand side, the first term represents the change in pressure
per unit distance within the fluid. This term accounts for the driving
pressure gradient responsible for the flow of the gas. y;, denotes the dy-
namic viscosity of the fluid i.e. hydrogen gas in this case. The Laplacian of

the velocity vector (V . {% {,uh (V@ +(Vg) T) 2 (V -vy) H ) repre-

sents the diffusion of momentum within the fluid accounting for the
viscous effects in the fluid flow. The effect of the porous medium is rep-
resented by (u, /x), where « is the permeability of the porous bed,
depicting how easily the fluid can flow through the pores. This term
represents the drag force experienced by hydrogen within the porous
medium. It is analogous to Darcy’s law, which describes the flow through
a porous medium driven by a pressure gradient. The term (nid /&%) scales
the mass flow rate by the square of the porosity to account for the viscous
drag force due to the flow rate through the effective flow area available
within the porous medium. The result is

Py (Vg Vv, 1 - _ 2u
‘s ((wa—g-Tg) — _Vp+v. [g{ﬂh(wﬁ(v%)f) ff(vﬂ)”

P md —
- (?+8_2>Vg

Hydrogen in absorbing MH tank

(12)
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Py [0V, s Vg 1 _ _ 2u _
f(a—fwg.Tg):_va.{;{ﬂh(wﬁ(wgf)_Th(v.vg)}]

Hn mg \
- <?+ £2>Vg

Hydrogen in interconnecting tube In the unrestricted domain, the
terms accounting for the viscous drag due to the porous bed are omitted.
With the porosity considered as 1, this simplification results in the
standard Navier-Stokes equation:

13)

0V = 2 -
oo (54759 ) = = W (V5 + (7)) - 2 (9|

(14

Heat-transfer fluid Similarly, the velocity field of the heat trans-
ferring fluid is also simulated by the Navier-Stokes equation. Here, ¥;, ps
and 4, denote respectively the velocity vector, pressure and dynamic
viscosity of the HTF.

vy — 2
pf<§+7f’-wf) - —Vp+V. {ﬂf<v7f’+ (vi7)") fﬁ(vm}

2.3.1.3. Conservation of energy. The energy balance equation is solved
to investigate the thermodynamic variations within the bed due to
hydrogen sorption. Additionally, to examine the energy exchange with
the HTF and its potential impact on the rate of hydrogen transfer, the
fluid dynamics of the HTF is coupled with the energy equation.

Hydrogen and solid porous alloy bed in MH tank A single gov-
erning equation is developed under the assumption of local thermal
equilibrium to address the thermodynamics of hydrogen transport
within and between the reactors. This equation invokes the bed porosity
to simultaneously solve the temperature fields for both hydrogen gas
and the porous bed:

aT N
(%) 24 (), (7 -9T) kT — @, ae)

where (pcp)e represents the effective heat capacity of the porous bed and
hydrogen gas which is determined using Eqn. (17). The second term
(pcp)g(@ -VT) on left hand side of equation represents the transport of

thermal energy due to advection.

ke in Eqn. (16) denotes the effective thermal conductivity (discussed
further below). The term k.V?2T represents the heat diffusion or dissi-
pation due to temperature gradients within the porous bed. Qs is the
volumetric heat generation term, which accounts for the heat energy
released or absorbed to drive the chemical reaction forward or back-
ward. It is evaluated using Eqn. (18), which calculates the product of the
volumetric mass flow rate of hydrogen and the enthalpy of formation.
The enthalpy of formation is typically negative for this exothermic
reaction:

(pep), = e(pcp)g +(1-¢)(pcy), 17)
. AHgyq
—m, 1
Qs =mgq ( M, ) 18
Transverse copper fins and solid reactor walls
T
pscps%t: k, V2T 19)
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where p,, cps and ks denote respectively the density, heat capacity and
thermal conductivity of the solid components of the MH tanks (fins or
reactor walls).

Heat-transfer fluid

oT .
PsCos 5+ PrCor (v - VT) =kV°T (20)

where p;, ¢, and k; denote respectively the density, heat capacity and
thermal conductivity of the HTF (assumed to be a 50-50 water-glycol
mixture).

2.3.1.4. Effective thermal conductivity. In mathematical modelling, re-
searchers have often assumed constant thermal conductivity throughout
the sorption process. However, in reality, the thermal conductivity of the
bed varies due to changes in pressure, particle radii, and porosity. The
present work employs the Zehner-Bauer-Schlunder (ZBS) model to
determine the effective thermal conductivity k. [16]. The ZBS model
incorporates a complex expression that includes multiple parameters,
capturing the intricate interplay between different factors affecting
thermal conductivity:

ke
k—g_<1f\/1fe)
e[ 2
JENAET )7 rog(fep) B B-1 on
ks 2 1-kp

& 2
1-%B <1—%B>

where k; is the instantaneous thermal conductivity of hydrogen gas. B
denotes the deformation factor and is considered as 1 assuming the alloy
particle to be spherical. The thermal conductivity of hydrogen gas is
evaluated by using Eqn. 22 [49]:

k.
k. — 8ref 22
142 @2)

where kg ., 4n and b refer to the thermal conductivity of the gas at
reference pressure (1 bar), mean free path of the gas and a dimensionless
constant (9.87 for Hy), respectively. The mean free path of the gas is
assumed to be given by the classical ideal-gas model:

KgT
=5 (23)
" V2nd;p
where Kp is the Boltzmann constant and dp, is the diameter of hydrogen
molecule, which is taken as 2.9 x 1071% m. The equation is coupled with
the energy equation for the packed bed to derive the temperature to
evaluate mean free path at each time step.

2.3.1.5. Bed porosity. The bed porosity (¢) is defined as the ratio of the
void volume (the volume not occupied by solid alloy particles) to the
total volume of the reactor, where 0 represents a fully solid bed and 1
represents a completely open space. It is well established that the
porosity changes due to the relative expansion and contraction of the
solid alloy particles during the absorption and desorption processes,
respectively. Wijayanta et al. [50] proposed a robust formula to corre-
late the instantaneous porosity with the reacted fraction (X), providing a
more accurate representation of the dynamic changes in the bed
structure:

e=1-(1-g)1+(E-1)X] 24
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where ¢ and ¢ denote initial bed porosity (assumed to be 0.5 in the
present case) and expansion coefficient (1.25 for ABs type alloy),
respectively [4]. The alloy bed consists of irregularly shaped particles
that are computationally challenging to model. Therefore, the particles
are approximated as regular spheres with a defined initial diameter,
which changes during the sorption process based on the alloy’s expan-
sion coefficient. The solver dynamically accounts for this variation,
partitioning the computational domain into separate regions corre-
sponding to the varying occupied volume within a constant bed volume,
as illustrated in Fig. 4. Overall, the volume change of the alloy bed
during sorption is accommodated through variations in porosity, while
the buffer space volume remains constant throughout the process. This
approach reduces the complexity of the heterogeneous domain, treating
it as two homogeneous subdomains while capturing the inherent het-
erogeneities through empirical relations coupled with variables like
temperature, alloy density, hydrogen velocity, and mass of absorbed
hydrogen.

2.3.1.6. Bed permeability. The permeability () of the packed bed is
dependent on the particle size and bed porosity. It is determined by
Kozeny-Carman’s equation:

2.3
de

_ 25
“T180(1—¢)? 25

The particles are assumed to be spherical with a diameter d,, which is
assumed to expand or contract according to

dy =d,[1+ (- 1)X]'? (26)

2.3.1.7. Equilibrium pressure. The equilibrium pressure within the MH
bed during the sorption process is calculated using a modified van’t Hoff
equation that incorporates pressure hysteresis and plateau slope to
provide a more accurate representation of the equilibrium conditions
[25]:

|AH| AS

log (”—0“) = L85 (g, g,)tanln x (X—0.5)] £

27
P, RT 'R @7

r
2

In this context, the positive sign is used during the absorption process,
and the negative sign is used during desorption. The fitted parameters ¢,
and ¢, account for plateau slope while y incorporates the effect of
hysteresis.

2.4. Initial value and boundary conditions

The governing equations are solved by invoking the initial values and
boundary conditions listed in Table 3.

Actual condition

Additional space within the reactor
particle

Considered assumption

Spherical alloy expa}lsion by §
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2.5. Numerical procedure and implementation in software

The 2-D axisymmetric numerical model was developed using COM-
SOL Multiphysics 6.1. The governing equations were applied to their
respective domains using built-in physics interfaces and specific user-
defined functions. Mass and momentum conservation for hydrogen gas
and the HTF were simulated by incorporating the Brinkman Equation and
Laminar Flow physics modules, respectively. Mass conservation for the
solid alloy bed was addressed through an independent ordinary differ-
ential equation. Energy conservation across all domains was modelled
using the Heat Transfer in Fluids physics module. Additionally, the Non-
Isothermal Flow Multiphysics interface couples laminar flow and heat
transfer within the HTF domain. The model employs a segregated
approach under a time-dependent solver to manage the numerical
integration of partial differential equations (PDEs) over time. Given the
potential for asymmetrical matrices, the PARDISO linear solver was
used, with a relative tolerance set to 0.0005.

3. Validation of mathematical model with reported literature

The developed model was rigorously validated by comparing its
predictions with experimental datasets reported by Ni and Liu [51], who
explored a MH-based refrigeration system comprising two high-pressure
beds containing LaNi4 ¢Mng 26Alp 13 and two-low pressure beds con-
taining Lag¢Yigp 4NiggMngo. The present model was configured to
replicate the identical geometry (50 mm outer diameter and 500 mm
length) and alloys used in the experimental studies. Critical properties,
such as hysteresis and plateau slope, are derived from the
Pressure-Composition-Temperature (PCT) data of the alloys. Fig. 5
presents the predicted temperature evolution when the high-pressure
bed was initially heated to 403 K and 423 K. The comparison reveals a
maximum discrepancy of < 3% between the predicted and the experi-
mental temperatures. This minor discrepancy is likely due to inherent
bed heterogeneities and their temperature-dependent variations, which
are treated as constants in the current mathematical framework. This
validation underscores the model’s robustness while highlighting areas
for potential refinement to account for complex physical phenomena.

4. Summary and conclusions

A two-dimensional axisymmetric model was developed, using the
finite-element method in COMSOL Multiphysics, to simulate hydrogen
transport between two cylindrical MH reactors, each equipped with
transverse copper fins and a central coolant flow channel. This config-
uration was chosen to generate strong temperature gradients, prediction
of which would constitute a stringent test of the model in experiments
with real tanks built to a similar design. The model was tested against an
experimental study reported in the literature. The temporal temperature
variation predicted by the model was within 3% of the experimental
values, underscoring the robustness and reliability of the model for

Computational simplification

Porosity varies
/ with sorption

Volume

Irregular alloy
particle

Void spaces

Diameter of
alloy (d,,,
¥ y (dp,)

Buffer space

Alloy bed

(1-¢)

X Vpeg

Fig. 4. Computational simplification to consider the volume change effects.
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Table 3

Initial value and boundary conditions.

International Journal of Hydrogen Energy 168 (2025) 150692

Equation
no.

Order of equation

Initial value

Boundary condition

Mass conservation
2) First order in time and
second order in space

3) First order in time and
second order in space

8) First order in time and
second order in space

9) First order in time
10) First order in time
a1 First order in time and

second order in space
Momentum conservation
12) First order in time and
second order in space

as) First order in time and
second order in space

a4 First order in time and
second order in space

(15) First order in time and
second order in space

Energy conservation
(16) First order in time and
second order in space

19) First order in time and
second order in space

(20) First order in time and
second order in space

1) The initial density of the gas desorbing from desorbing MH tank is evaluated at
initial desorbing bed temperature and pressure.

piMg
pe(r,2,0) = ZO)RT,

1) The initial density of the gas being absorbed by the MH tank is evaluated at
initial absorbing bed temperature and pressure.

_ PiMg
Pe(r2.0) = 70 BT
1) The initial density of the gas is evaluated at Py and Ty;.
PgiM,
12,0) = 55
Pg(r:2,0) PRIy
T — mgTq; + maTa;
& mg +mq
_ Peqdi VMHTMg
Z(p)RTy;
my = Peqai VMurMyg
Z(p)RTai
p. _ (Ma+ma)Z(p)RTy
g M, Ve

1) The initial bed density is determined at ¥ = 0.95.

Psa(r,2,0) = pg
1) The initial bed density is determined at ¥ = 0.05.

P5a(1,2,0) = py
1) Density is fixed (incompressible fluid)

1

-

Bed pressure is initialised with Pg; for 0.05 s and then stepped up to the initial

equilibrium pressure Pqq; using step function S(t). pi = Pg — (S(t) x (Pgi —

Peqdi))

2) Initial velocity is zero. Vg =0

1) Bed pressure is initialised with Pg; for 0.05 s and then stepped up to the initial
equilibrium pressure Peqq; using step function S(t). p; = Py — (S(t) x (P —
Pegat))

2) Initial velocity is zero. Vi =0

1) Bed pressure is initialised with Pg;.

2

[

-

-

Initial velocity is zero. Vg = 0

1) Initial HTF velocity and pressure are zero. vV = 0
pi =0

-

1) Bed temperature is initialised to the corresponding absorption and desorption
temperature.

T(r,2,0) = Taijai

1) Fin and reactor temperature are initialised to the corresponding bed
temperature.

T(r,2,0) = Toiyai

1) HTF temperature is initialised to the corresponding absorption and desorption
bed temperature.
T(r,2,0) = Tay/ai

1

[

Flow continuity on the walls connecting with
interconnecting tube and hydrogen filter.

2) No slip condition at the reactor and fin surface.

=

—
vg'mhdswjfacc =

Flow continuity on the walls connecting with
interconnecting tube and hydrogen filter.

No slip condition at the reactor and fin surface.

1

-

2

-

ETS —

Y Stiturtice

Flow continuity on the walls connecting with
both the MH tank.

. -, -
No slip condition at tube surface. V', =
solidsurface

1

-

2

-

Not required
Not required

1) No slip condition at the coolant tube inner
surface

1

-

Flow continuity on the walls connecting
interconnecting tube.

2) No slip condition at tube surface. ngwmt =0
3) Symmetry boundary condition.

1

[

Flow continuity on the walls connecting
interconnecting tube.

2) No slip condition at tube surface. VE,WMMM =
3) Symmetry boundary condition.

1

-

Flow continuity on the walls connecting both
the MH tank.

2) No slip condition at tube surface. 78&01:@/“,.7 =
3) Symmetry boundary condition.

1

-

Inlet mass flux <rhf> is invoked at HTF inlet.
mf
Vina = a4~
2) Outlet corflfition at HTF tube outlet.
3) Symmetry boundary condition.

1) Heat flux continuity.

— keVTyy = — kupxVT|yex

2) Symmetry boundary condition.

1) Heat flux continuity.

- kEVT‘MH == kHEXleHEX

2) Adiabatic condition on the outer reactor walls.
JoT
on

1) Inlet temperature is invoked at HTF inlet.

=0

Tinter = Tai/di
2) Outlet condition at HTF tube outlet.
3) Symmetry boundary condition.

10
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Fig. 5. Validation of the developed model with the experimental datasets of Ni
and Liu [51]. The temperature in the high-pressure bed (LaNig¢Mng 26Alp.13)
was recorded during a sequence in which it was heated to Ty, (403 K and 423 K)
(1), followed by dehydriding (2) after which the bed was cooled to T; (3) before
absorbing hydrogen (4) from the low-pressure bed (Lag ¢Yio.4Nisg.gMng 2).

simulating the hydrogen transport dynamics between metal hydride
reactors. The following paper presents the results of a detailed study of
coupled reactor operation employing the developed model.
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