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ABSTRACT 
Sustaining rapid and stable reaction kinetics in 

metal hydride (MH) reactors during cyclic hydrogen 
absorption and desorption is essential for practical 
deployment, yet bed expansion and particle 
pulverization severely effect the cyclic reaction 
efficiency. Current mathematical models cannot fully 
capture their coupled effects, limiting long-term 
performance prediction and structural optimization of 
MH reactors. This study presents a novel mathematical 
model coupling bed expansion and particle pulverization 
with heat and mass transfer during hydrogen absorption. 
To reflect realistic bed evolution, the model incorporates 
dynamic changes in void fraction, particle size, thermal 
conductivity, permeability, and kinetic constants. 
Validated against experimental data, the model 
demonstrates high accuracy. Simulations indicate that 
bed expansion reduces the hydrogen absorption rate; 
neglecting this factor leads to a 6.7% overestimation of 
the average absorption rate. Additionally, a lower 
particle pulverization ratio (PR) reduces average particle 
size and accelerates reaction kinetics. Specifically, 
reaching 90% saturation takes only 1177 s at PR=0.238, 
representing a 40.6% time reduction relative to 
PR=0.714. 
 
Keywords: metal hydride reactor, hydrogen storage, 
mathematical model, MH bed expansion, particle 
pulverization 

NONMENCLATURE 

Symbols  
cp specific heat, J ∙ (kg ∙ K)−1 
d diameter of MH bed, mm  
D Particle diameter, μm 
Ea activation energy, J ∙ mol−1 
h heat transfer coefficient, W ∙ m−2 ∙ K−1 
H bed height, mm 
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∆𝐻 reaction enthalpy, J ∙ mol−1 
k absorption rate constant 

K permeability, m2 

M molecular weight, g ∙ mol−1 
𝑝 pressure, Pa 
R particle radius, μm 
Rg universal gas constant, J ∙ (mol ∙ K)−1 

∆𝑆 reaction entropy, J ∙ (mol ∙ K)−1 
𝑡 time, s 
T temperature, K 

𝑢 velocity, m ∙ s−1 
X reaction fraction 
Subscripts  
0 initial value 
b MH bed 
g hydrogen 
p particle 
s solid phase metal 
sat saturation state 

1. INTRODUCTION 
Driven by the global pursuit of clean energy, 

hydrogen has emerged as a competitive alternative fuel 
thanks to its high energy density and zero-carbon 
emission properties [1]. Nevertheless, safe and efficient 
hydrogen storage remains a major bottleneck restricting 
its large-scale application. Traditional storage 
technologies, including high-pressure compression and 
cryogenic liquefaction, suffer from high energy 
consumption and potential safety risks. As a promising 
alternative, metal hydride (MH) solid-state storage 
features high volumetric storage capacity, excellent 
reversible performance and superior safety, drawing 
extensive research attention [2,3]. 

Inefficient heat transfer is widely recognized as the 
primary factor limiting the hydrogen absorption and 
desorption kinetics of MH reactors. The low thermal 
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conductivity of MH particle beds weakens internal heat 
exchange and reduces reaction efficiency. To address 
this issue, various heat transfer enhancement methods 
have been proposed, such as embedding high-thermal-
conductivity materials [4-6] and integrating advanced 
heat exchanger designs [7-9]. However, most existing 
studies evaluate MH reactor performance based on 
initial cycle data, while neglecting long-term operational 
characteristics. 

Cyclic hydrogen absorption and desorption trigger 
irreversible structural variations in MH beds, including 
bed expansion and particle pulverization [10-12]. The 
repeated swelling and shrinking of MH particles cause 
bed volume expansion, while cyclic stress induces 
particle pulverization. These coupled phenomena 
continuously alter the bed’s porosity and thermophysical 
properties such as thermal conductivity and 
permeability, thereby significantly affects long-term 
reactor performance. 

Numerical simulation is a reliable tool for analyzing 
MH reaction processes. However, current models fail to 
systematically account for the coupled effects of bed 
expansion and particle pulverization, as well as their 
subsequent impacts on dynamic bed parameters. This 
research gap limits the accurate prediction of long-term 
dynamic reactor performance. Accordingly, this study 
establishes an improved numerical model that 
incorporates these two structural evolution phenomena. 
To simulate realistic bed behavior, the model 
dynamically updates key parameters, including void 
fraction, particle size, effective thermal conductivity, and 
kinetic constants. Thoroughly validated against 
experimental data, this model is ultimately utilized to 
systematically investigate the impacts of bed expansion 
and particle pulverization on dynamic hydrogen 
absorption. 

2. MATERIAL AND METHODS  

2.1 Physical model 

In this study, a cylindrical MH reactor is employed, 
featuring an inner diameter of 50 mm, a bed height of 40 
mm, and 5 mm-thick side and bottom walls. The reactor 
is packed with LaNi5 hydrogen storage alloy particles. 
Focusing on the hydrogen absorption phase, gas is 
introduced from the top inlet. As the hydrogen 
permeates the porous bed, the exothermic reaction 
generates substantial heat, which is subsequently 
dissipated via wall convection. 

To facilitate the numerical modeling of the hydrogen 
absorption process, several simplifying assumptions are 

applied: hydrogen is treated as an ideal gas; the MH bed 
is isotropic and in local thermal equilibrium (LTE); certain 
thermo-physical properties, such as specific heat, remain 
constant; and the effects of thermal radiation and 
particle agglomeration are neglected. 

2.2 Governing equations 

Hydrogen gas mass continuity is defined as: 

𝜀
𝜕𝜌g

𝜕𝑡
+ ∇(𝜌g𝑢⃗ ) = 𝑆m           (1) 

The hydrogen density is calculated via the ideal gas 
equation: 

𝜌g =
𝑃g𝑀g

𝑅g𝑇
                (2) 

Sm denotes the mass source term induced by absorption 
reaction: 

𝑆m = (1 − 𝜀)
𝜌s𝑀H

𝑀s

𝜕𝑋

𝜕𝑡
(
𝐻

𝑀
)max      (3) 

Considering volume expansion during hydrogen 
absorption, the alloy phase density is expressed as: 

𝜌s = 𝜌0
𝑀s

𝑀s,0𝛽p
              (4) 

The molar mass of alloy phase varies with the absorption 
reaction: 

𝑀s = 𝑀s,0 + (𝑀s,sat − 𝑀s,0)𝑋       (5) 

The mass continuity of the alloy phase: 

(1 − 𝜀)
𝜕𝜌s

𝜕𝑡
= −𝑆m           (6) 

Hydrogen flow in the porous bed follows Darcy’s 
law: 

𝑢⃗ = −
𝐾

𝜇g
∇𝑃g             (7) 

K is the hydraulic permeability: 

𝐾 =
𝜀2𝐷2

150(1−𝜀)2
             (8) 

The energy equation in the MH bed: 

(𝜌𝑐p)e
𝜕𝑇

𝜕𝑡
+ 𝑢⃗ ∙ ∇(𝜌g𝑐p,g𝑇) = 𝜆e∇

2𝑇 + 𝑆T   (9) 

(𝜌𝑐p)e = (𝜌𝑐p)g + (𝜌𝑐p)s       (10) 

The effective thermal conductivity of the MH porous bed 
is predicted using the ZS model [13]: 

 
Fig. 1 The schematic of the MH reactor.  
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𝜆e

𝜆g
= [1 − √1 − 𝜀] +

2√1−𝜀

1−
𝜆g

𝜆s
𝐵

⋅ [
(1−

𝜆g

𝜆s
)𝐵

(1−
𝜆g

𝜆s
𝐵)2

⋅ ln(
𝜆s

𝜆g𝐵
)

−
𝐵+1

2
−

𝐵−1

1−
𝜆g

𝜆s
𝐵
]

  (11) 

𝐵 = 1.25((1 − 𝜀)/𝜀)10 9⁄          (12) 
The reaction kinetics of LaNi5 alloy are characterized 

via the Chou model [14]: 

𝜕𝑋

𝑑𝑡
= 𝑘

3(1−𝑋)
2
3

(𝛽p−(𝛽p−1)(1−𝑋))
1
3−(1−𝑋)

1
3

        (13) 

k is the reaction rate constant: 

𝑘 =
𝑘0

𝑅2 exp (
−𝐸a

𝑅g𝑇
) 𝑙𝑛

𝑃

𝑃eq
           (14) 

Equilibrium pressure Peq is calculated using the van’t Hoff 
equation: 

𝑙𝑛𝑃eq =
∆𝐻

𝑅g𝑇
−

∆𝑆

𝑅g
              (15) 

The evolution of porosity is incorporated into the 
model through Eq. (16), (17) and (18). The distribution of 
bed porosity along the reactor height [15]: 

𝜀H = 𝜀bot𝑒
𝜑𝐻               (16) 

Porosity variation need to be under the constant alloy 
mass constraint: 

∫ 𝜀H𝑑𝐻
𝐻b
0

𝐻b
= 𝜀  ̅                (17) 

𝐻b = 𝛽b𝐻0𝑋                (18) 
Here, H0 is the initial bed height, and Hb is the total bed 
height during absorption reaction. 

In addition, the volumetric evolution of alloy 
particles is considered. The particle diameter varies with 
the reaction progress: 

𝐷 = 𝐷0(1 + (𝛽p − 1)𝑋)
1

3          (19) 

To quantitatively evaluate particle pulverization 
severity during cyclic hydrogen absorption and 
desorption, a particle pulverization ratio (PR) is defined: 

𝑃𝑅 = 𝐷0/𝐷0,cycle             (20) 

Here, D0,cycle is the initial particle diameter after material 
preparation, D0 is the particle diameter at the beginning 
of a reaction cycle. 

2.3 Initial and boundary conditions 

The initial MH bed parameters are uniform and 
constant across the domain: 

Pg = P0, T = T0 = 293K, ρs = ρ0 and X = 0.001  (21) 

All solid boundaries are set to the non‑penetration 
constraint. The bottom and side reactor walls are defined 
as adiabatic. Heat flux continuity is enforced at the 
contact interface between the MH bed and reactor walls. 
Meanwhile, convective heat transfer is applied to the 
outer wall surface: 

−𝜆f ∙
𝜕𝑇

𝜕𝑛⃗ f
= ℎ(𝑇w − 𝑇f)           (22) 

Table 1 Thermo-physical and reaction parameters. 

Parameters Values 

Density of LaNi5 (𝜌s) 8260 kg∙m-3 
Density of hydrogen (𝜌g) 0.0838 kg∙m-3 

Density of steel walls (𝜌steel) 7850 kg∙m-3 
Specific heat of LaNi5 (cp,s) 419 J∙(kg∙K)-1 
Specific heat of hydrogen (cp,g) 14890 J∙(kg∙K)-1 
Specific heat of steel walls (cp,steel) 475 J∙(kg∙K)-1 
Thermal conductivity of LaNi5 
alloy (λs) 

30 W∙(m∙K)-1 

Thermal conductivity of hydrogen 
(λg) 0.18 W∙(m∙K)-1 

Thermal conductivity of steel 
walls (λsteel) 

44.5 W∙(m∙K)-1 

Activation energy (Ea) 30407.6 J∙mol-1 
Reaction rate constant (k0) 2.21310-8 

Reaction enthalpy (△H) -30.2 kJ∙mol-1 

Reaction entropy (△S) -108 J∙(mol∙K)-1 
Porosity (ε0) 0.63 
Particle expansion ratio (𝛽p) 1.246 

Bed expansion ratio (𝛽b) 1.177 
Particle diameter at beginning of 
reaction cycle (D0) 

25 μm 

Initial particle diameter after 
preparation (D0,cycle) 

105 μm 

Porosity variation coefficient (φ) 3 

2.4 Mesh independence test 

The established model is solved via the finite 
element method using COMSOL Multiphysics 6.0. A 
rigorous mesh independence test is performed to 
guarantee results accuracy and reduce computational 
cost. As shown in Fig. 2, mesh density exerts negligible 
influence on average bed temperature, confirming 
numerical convergence. Accordingly, a mesh system of 
1172 elements is adopted for all subsequent simulations. 

3. RESULTS AND DISCUSSION 

3.1 Model validation 

To validate the developed model, simulations are 
compared with the experimental measurements of 
Jemni et al. [16] under identical geometric and operating 
conditions. Simulation parameters are fixed at P0=1MPa, 
T0=Tf=293K, ε0=0.63, and h=1652Wm−2K−1. Based on the 
findings of Matsushita et al. [17], the average particle 
diameter is specified as 25 μm (corresponding to five 
activation cycles). As depicted in Fig. 3, the temporal 
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temperature profiles at representative positions show 
strong alignment between simulations and experiments, 
confirming the model’s reliability. 

3.2 Effect of MH bed expansion 

In this section, the impact of bed expansion on the 
hydrogen absorption characteristics of MH reactors is 
investigated. First, the simulated evolution of transient 
temperature is displayed in Fig. 4. As the reaction 
progresses, the bed height increases, while the 

temperature fronts propagate from the wall toward the 
interior. These results demonstrate that the proposed 
model can accurately capture the bed expansion effect 
and the dynamic absorption process.  

 Figure 5a compares the temporal evolution of bed 
temperature and reaction fraction under two simulation 
scenarios (with and without bed expansion). It can be 
observed that the case neglecting expansion exhibits 
higher reaction rates and lower bed temperatures, 
achieving 90% hydrogen saturation in 1081 s, which 
represents a 6.7% time reduction compared to the case 
with bed expansion. This indicates that bed expansion 
impairs the overall absorption performance and ignoring 
this factor overestimates the reaction rate. These results 
can be explained by comparing the evolution of bed 
porosity and thermal conductivity for the two cases, as 
illustrated in Fig. 5b. Bed expansion elevates the average 
bed porosity and thus reduces the effective thermal 
conductivity. With fixed particle expansion ratios, the 

 
Fig. 2 Mesh independence test results. 

0 1000 2000 3000

290

300

310

320

330

340

A
v
e
ra

g
e
 t
e
m

p
e
ra

tu
re

 (
K

)

Time (s)

 Ultra-fine (3990 elements)

 Finer (1172 elements)

 Fine (590 elements)

 Standard (386 elements)

 Coarse (180 elements)

 
Fig. 3 Model validation results. 

 
Fig. 4 The simulated evolution of transient 

temperature. 

 
(a) 

 
 (b) 

Fig. 5 Temporal evolutions of (a) average bed 
temperature and reaction fraction, and (b) average 

bed porosity and thermal conductivity, with and 
without MH bed expansion. 
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increased porosity weakens heat transfer efficiency, 
thereby slowing the hydrogen absorption reaction. 

3.3 Effect of particle pulverization 

This section evaluates how the particle pulverization 
phenomenon influences the dynamic absorption 
process. Three cases with different PR values are 
investigated under fixed structural parameters (ε0=0.63 
and 𝛽b =1.177). As illustrated in Fig. 6a, lower PR values 
(smaller particles) accelerate the initial porosity 
reduction due to enhanced reaction kinetics (Eq. 14). 
Since the expansion ratios are identical, the final porosity 
converges to a uniform value for all cases. Regarding the 
effective thermal conductivity, it exhibits a transient 
inversion: a lower PR initially yields higher thermal 
conductivity via rapid porosity reduction, but ultimately 
drops below that of the other cases at saturation due to 
the Knudsen effect. 

Figure 6b presents the comparison of variations in 
average bed temperature and reaction fraction. The 
results demonstrate that smaller particles trigger more 
intense initial reactions, resulting in higher peak bed 

temperatures (338.3 K for PR=0.238, 335.7 K for 
PR=0.476, and 333.3 K for PR=0.714), followed by a more 
rapid subsequent temperature drop. Consequently, the 
reaction bed reaches 90% saturation in just 1177 s at 
PR=0.238. This represents a substantial absorption time 
reduction of 14.2% and 40.6% compared to PR=0.476 
and 0.714, respectively, highlighting the significant 
enhancement of reaction rate from particle 
pulverization. 

4. CONCLUSIONS 
The cyclic reaction efficiency is severely impacted by 

the bed expansion and particle pulverization during 
hydrogen absorption-desorption cycles, yet existing 
mathematical models cannot fully capture their coupled 
effects. To overcome this limitation, this study presents 
a novel mathematical model coupling the two bed 
behaviors with heat and mass transfer during hydrogen 
absorption. To simulate realistic bed behavior, the model 
dynamically updates key parameters, including void 
fraction, particle size, effective thermal conductivity, and 
kinetic constants. Subsequently, this model is utilized to 
investigate the impacts of bed behaviors on dynamic 
hydrogen absorption. The principal findings are as 
follows: 

(1) MH Bed expansion weakens the overall hydrogen 
absorption efficiency, and ignoring this factor 
overestimates the reaction rate. Specifically, the case 
neglecting expansion achieves 90% hydrogen saturation 
in 1081 s, representing a 6.7% time reduction compared 
to the case with bed expansion. 

(2) Lower pulverization ratios (PR) with smaller 
particle size facilitate faster absorption kinetics. The 
reaction bed reaches 90% saturation in just 1177 s at 
PR=0.238, representing a substantial absorption time 
reduction of 14.2% and 40.6% compared to PR=0.476 
and 0.714, respectively.  
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Fig. 6 Evolutions of (a) average porosity and 
effective thermal conductivity, and (b) average bed 

temperature and reaction fraction. 
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    u → = −   K    𝜇 g ∇   P g


    𝜌 s =   𝜌 0     M s    M  s , 0   𝛽 p


  J∙(kg∙   K)  -1


   c  p,s


  J ∙   ( kg ∙ K )  − 1
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  p


  l n   P eq =   ∆ H    R g T −   ∆ S    R g


  B = 1 . 25   ( ( 1 − 𝜀 ) / 𝜀 )   10 9


  J∙(kg∙   K)  -1
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