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A B S T R A C T

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 af
fects the desorption process, while the heat transfer coefficient greatly affects the absorption process.

1. 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 [1]. 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 [2]. Similarly, increasing the fin numbers and fin width reduces 

the discharging time [3]. 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 [4,5], V-shaped fins [6], and 
tree-shaped fins [7]. 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 [6]. For a Y-shaped fin, using this fin 
enhanced phase change duration by 81 %, compared to the case without 
fins [4]. 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 [8]. From all fin designs, fin space had a 
favourable effect on the phase change duration for both the charging and 
discharging processes [1]. The fin number and fin length had a 
favourable effect on system performance rather than fin thickness [1].
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For the metal hydride hydrogen storage (MHHS), MHHS is a solid 
hydrogen storage technique that has recently attracted researcher in
terest due to its advantages that offer a high hydrogen capacity and high 
safety [9,10]. 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 [11]. 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 [12,13]. The fin arrangement also results in a more uniform 
temperature distribution inside the MHHS. The study from Muthukumar 
et al. [13] 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 [12] employed the internal copper pin fin for 
LaNi5 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. [14] introduced the new fin 
efficiency concept based on the reverse engineering technique to opti
mise the MHHS. The number of fins and fin shape were considered for 
the study purpose. Appropriate selection of the fin's number signifi
cantly 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 
[15]. Some studies also combine internal fin heat exchangers with in
ternal 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 [16,17]. 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. [18] 
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 effi
ciency. A higher length ratio of these fins increased the heat transfer 
performance. However, the study from Ayub et al. [19] 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. [20] 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. [21] 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 [22,23]. Mellouli et al. [24] 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. Krishna et al. [25] proposed a new heat exchanger design, namely 
a flat coil tube heat exchanger. A spiral fin was integrated with a flat coil 

Nomenclature

C reaction rate constant, s− 1

Cf skin friction coefficient
Cp specific heat, J kg− 1 K− 1

c maximum mass content of hydrogen in the metal, wt%
d diameter of heat exchanger tube, m
E activation energy, J mol− 1

H fin height, mm
H1 fin height for triple-branched section, m
hf heat transfer coefficient, W m− 2 K− 1

K permeability, m2

L length of Y-shaped fin, m
LHTF length of internal straight tube, m
L1 fin width at the top branch, m
M molecular weight, kg mol− 1

Nu Nusselt number
P pressure, MPa
P0 hydrogen exerting pressure, MPa
Pr Prandtl number
R universal gas constant, J K− 1 mol− 1

Re Reynolds number
T temperature, K
t time, s
U free-stream velocity at inlet, m s− 1

v velocity, m s− 1

W fin width, m
W1 fin thickness at side branches, m
W2 fin thickness at the middle branch, m
X amount of hydrogen absorption/desorption, wt%
ΔH reaction heat, J mol− 1

ΔS reaction entropy, J mol− 1 K− 1

Greek
ε porosity
ρ density, kg m− 3

μ dynamic viscosity, Pa s
α fin angle, ◦

τω wall shear stress, Pa
λ thermal conductivity, W m− 1 K− 1

Subscript
0 initial or exerting condition
abs ambient or absorption
b middle branch fin of the triple-branched fin section
des desorption
e effective
eq equilibrium
f fluid
H2 hydrogen
max maximum
ref reference
ss saturated
y Y-shaped fin section

Abbreviation
MH metal hydride
MHHS metal hydride hydrogen storage
HTF heat transfer fluid
HCHE helical coil heat exchanger
SCHE semi-cylindrical coil heat exchanger
SCHE-CR semi-cylindrical coil heat exchanger with central return 

tube
STHE straight tube heat exchanger
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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. [26] 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 ab
sorption rate significantly improved by at least 86.5 % when using at 
least 10 fins, compared to the case without fins. Considering the per
formance 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. [27] 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 [28].

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 com
bination 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 desorp
tion are one of the main parameters for the design of highly efficient 
MHHS [29]. As the hydrogen desorption durations are usually larger 
than the hydrogen absorption durations. This is because of the difference 
in initial pressure for each process and the reaction-rate hysteresis [30]. 
Therefore, the duration of a complete hydrogen absorption-desorption 
cycle is significant for optimising the performance, safety, and cost- 
effectiveness of the storage systems [31]. 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 gravi
metric of the MHHS should be prioritised, especially for mobile appli
cations [32]. 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 [33,34]. 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 [1]. From the literature, the Y-shaped fin 
obtains better heat transfer performance compared to other conven
tional 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 [18]. 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 [35].

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 fulfil 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 perfor
mance 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 perfor
mance. 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.

2. 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 concen
tration are compared in this study. The best fin performance is then 
selected for further improvement under the geometric study and para
metric 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 [36,37]. The HTF tube's diameter is fixed at 8 mm [18]. 
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.

2.1. Comparisons between the heat exchangers

The schematic diagram of the MHHS with heat exchanger tube and 
fins designs is presented in Fig. 1. From Fig. 1a, 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. Figs. 1b to e represent the fin 
characteristics from four fin designs, including the quadrilateral fin, 
which is considered as the original fin design or case A (Fig. 1b), Y- 
shaped fin design I as case B (Fig. 1c), Y-shaped fin design II as case C 
(Fig. 1d), and triple-branched fin design as case D (Fig. 1e). Fin char
acteristics and dimensions from these four cases are provided in Fig. 2
and Table 1, respectively. The fin height (H) and width (W) are 18 mm 
and 1 mm [18], 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, αy is the angle of the Y-shaped fin section, 
and αb is the angle of the middle branch fin from the triple-branched fin 
section. Other specific parameters are included H1, L1, W1, W2, and α1. 
The MH volume from case A is 140.2 cm3, while the fin volume from this 
case is 12.9 cm3. It should be noted that the reduction of the MH volume 
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from other cases is between 1 and 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.

2.2. 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 “4.2 
Performance comparison between different fin designs” Therefore, the 

fin design case D is selected for further enhancement under the fin pa
rameters. Table 2 provides the fin dimensions with various specific pa
rameters 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 parameters, the 
constant value of each specific parameter from case D is then increased 
and decreased for comparison purposes. To consider the overall volu
metric 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.

2.3. 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− 2 K− 1, 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 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− 2 K− 1 to 1000 W m− 2 K− 1. Under fin and 
HTF tube material, four different materials are selected to compare the 
performance of heat transfer during hydrogen absorption and desorp
tion. These materials include aluminum, copper, nickel, and steel. 
Table 4 presents thermos-physical properties of these materials.

3. Mathematical model

All related equations for the numerical simulation are provided in 
this section. The related equations include the governing equations for 
both absorption and desorption processes as well as the governing 
equations for the HTF and fins.

The following assumptions are applied to simply the solution of both 
hydrogen reactions; 

- Thermos-physical properties of hydrogen and metal hydride are 
constant during both processes [38].

- There is no radiation heat transfer in the MHHS [39].
- Local thermal equilibrium conditions are applied because hydrogen 

is considered as an ideal gas [40,41].
- The pressure gradient effect of hydrogen injection is negligible [42]. 

This is because of the following discussion;

N =
λeML2

gasμ
Paeq

ΔH2

RT2 ρgKL2
heat

(1) 

where Lgas is the tank radius and Lheat is the axial height of the tank. 

Fig. 1. Storage tanks and fin designs; (a) schematic diagram of MHSS 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).

Fig. 2. 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 1 
Characteristic of the MHSS with four different 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 no. H (mm) W (mm) L (mm) P (mm) αy (
◦ ) αb (

◦ ) α1 (
◦ ) H1 (mm) L1 (mm) W1 (mm) W2 (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
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When N is less than 0.01, the flow of hydrogen inside the MHHS can be 
omitted in the simulation without a significant error [43]. In all simu
lations from this study, N is significantly less than 0.01. Therefore, the 
pressure gradient effect is not considered. To simplify the model, the 
HTF is not simulated in this study. The convection boundary condition is 
applied on the tube wall to consider the effect of HTF in the tube, which 
is based on the calculation from the Reynolds number and Prandtl 
number [44,45]. 

- There is no heat transfer between the MHHS and the ambient as the 
wall of the MHHS is well insulated [46].

This study uses Mg2Ni as the MH material as it provides a faster 
hydrogen kinetic reaction than other metal hydrides [47]. Moreover, the 
main advantages of this material are a high hydrogen storage capacity, 
lightweight, and excellent heat resistivity [48,49].

3.1. Governing equations

3.1.1. Absorption and desorption process
The energy equation for this present study is based on the thermal 

equilibrium between hydrogen and Mg2Ni hydride, which is expressed 
as [50]: 

∂
((

ρCp
)

e,MHT
)

∂t
= ∇⋅

(
λe,MH∇T

)
+

ρMHc(1 − ε)ΔH
MH2

∂X
∂t

(2) 

where the effective heat capacity and conductivity are given as: 
(
ρCp

)

e,MH = εMH × ρH2
×Cp,H2 +(1 − εMH)× ρMH ×Cp,MH (3) 

λ = εMH × kH2 +(1 − εMH)× λMH. (4) 

The hydrogenation reaction of Mg2Ni bed (ΔH) is determined as: 

Mg2Ni+2H2 ↔ Mg2NiH4 +ΔH. (5) 

The amount of hydrogen absorption/desorption on metal surface (in 
wt%) is denoted as X. This can be obtained based on the kinetic reaction. 
For hydrogen absorption, the kinetic equation during this process is 
calculated based on the following equation [51]: 

∂X
∂t

= Cabsexp
(
− Eabs

RT

)(
PH2 − Pabs,eq

Pabs,eq

)

(Xmax − X). (6) 

For hydrogen desorption, the kinetic equation during this process is 
calculated based on the following equation [45]: 

∂X
∂t

= Cdesexp
(
− Edes

RT

)(
PH2 − Pdes,eq

Pdes,eq

)

(1 − X) (7) 

where Cabs and Cdes are the reaction rate constant for absorption and 
desorption, while Eabs and Edes refer to activation energy for absorption 
and desorption, respectively. The equilibrium pressure inside the MHHS 
for the absorption process (Pabs,eq) and desorption process (Pdes,eq) are 
determined by using Van't Hoff equations. Eq. (8) refers to the equilib
rium pressure during the absorption [50], while Eq. (9) is for the equi
librium pressure during the desorption [45]: 

ln
Pabs,eq

Pref
= −

7618
T

+14.534, (8) 

ln
Pdes,eq

Pref
= −

7614
T

+14.049, (9) 

where Pref denotes as the reference pressure as 0.1 MPa. Thermo- 
physical properties of hydrogen and Mg2Ni are provided in Table 5.

3.1.2. Heat transfer fluid and fins
The continuity equation for the HTF is as the following equation: 

∇ v→f = 0,
∂Tf

∂t
= 0. (10) 

Table 2 
Characteristic of fin geometry and selected parameters for case D.

Case 
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

The highlighted sections refer to the change for each selected parameter.

Table 3 
Operating HTF values.

Parameters Base 
value

Selected 
value

HTF inlet temperature for absorption (K) 573 423, 473, 
523

HTF inlet temperature for desorption (K) 573 623, 673, 
723

Heat transfer coefficient between HTF and MH for 
absorption and desorption (W m− 2 K− 1)

500 250, 750, 
1000

Table 4 
Thermo-physical properties of different materials for fin and HTF tube.

Material Density 
(kg m− 3)

Specific heat 
(J kg− 1 K− 1)

Thermal conductivity 
(W m− 1 K− 1)

Aluminum 2719 871.0 202.4
Copper 8978 381.0 387.6
Nickel 8900 460.6 91.7
Steel 8030 502.5 16.3
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The heat transfer coefficient (hf ) between the HTF and MH bed is 
calculated based on the following equation: 

hf =
λf

d
Nuf . (11) 

In this study, various values of the heat transfer coefficient (hf ) be
tween 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 (Nuf ) for the internal straight tube, which is used for the air as 
the HTF, can be calculated based on turbulent flow (Eq. (12)) [45,53]: 

Nuf = 0.012
(

Re0.87
f − 280

)
Pr0.4

f

[
1+(d/LHTF)

2/3
](

Prf
/
PrMH

)0.11 (12) 

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

Ref =
ρf dvf

μf
, Prf =

μf Cpf

λf
(13) 

For copper fins, the energy equation for the heat conduction is 
expressed as: 

(
ρCp

)

fin
∂T
∂t

= λfin∇
2T (14) 

where 
(
ρCp

)

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 along the 
heat exchanger tubes, the turbulent HTF flow is selected under the 
realizable k-ε turbulence model with a velocity at 76.86 m s− 1 and a 
Reynolds number of 9000. Air is selected as the HTF for this study. The 
selected turbulence model was validated against the experimental study 
in our previous study [54]. The governing equations under this section 
can be found in our previous study [36].

3.2. Initial and boundary conditions

Refer to our previous studies [36,54], the initial conditions of the 
MHHS for the hydrogen absorption process are 573 K of the temperature 
(TMH,abs = T0,abs) and 1.8 MPa of the loading pressure (P0,abs). For the 
hydrogen desorption process, the initial conditions of the MHHS are the 
ultimate temperature of the absorption (TMH,des = Tultimate,abs = T0,des) 

and 0.1 MPa of the hydrogen pressure (P0,des = Pa). Air is selected at the 
HTF. The HTF temperature from the internal straight tube heat 
exchanger is fixed as 573 K for both absorption and desorption 
(THTF,abs = THTF,des). The heat transfer coefficient (hf ) between the HTF 
and the MH bed is constant at 500 W m− 2 K− 1 for both processes. 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 hf are varied under the parametric study.

Adiabatic wall of the storage: 

∂TMH

∂ n→
= 0 (15) 

Wall of the heat exchanger tube: 

λe
∂TMH

∂ n→
= hf

(
Tf − TMH

)
(16) 

3.3. Numerical schemes, grid independence, and model validation

3.3.1. Numerical schemes and grid independence
A typical 1/4 unit of the whole storage container is used for all nu

merical simulations due to the symmetric structure of the MHHS, 
allowing a reduction of computation time. The commercial software, 
namely ANSYS Fluent 2021 R2 is used for all computational simulations. 
The user-defined functions (UDFs) are applied for the energy source 
terms to propose the kinetic reactions during hydrogen absorption/ 
desorption. The SIMPLE algorithm is used to tackle the pressure-velocity 
coupling. The second-order upwind scheme is selected for pressure, 
momentum, and energy equations with the convergence criteria as 10− 6.

3.3.2. Grid independence and model validation
The model validations for the MHSS during the absorption and 

desorption processes under the use of Mg2Ni alloy are provided in our 
previous studies [37]. These validations were performed based on the 
comparison between our previous study [37] and the studies from 
Muthukumar et al. [47], Wu et al. [45], and Wu et al. [50]. Grid 
refinement tests were performed for different grid sizes for the 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 6, 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.

4. 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 pro
vided. The average bed temperature of the MHHS and the hydrogen 
concentration based on these fin designs are also included in this section 

Table 5 
Thermo-physical parameters of hydrogen and metal hydride in model equations 
[39,45,50,52].

Parameters Symbols Values

Molecular weight of MH MMH 0.1073 kg mol− 1

Hydride specific heat Cp,MH 1414 J kg− 1 K− 1

Density of MH ρMH 3200 kg m− 3

Density of saturated MH ρss,MH 3319.32 kg m− 3

Reaction enthalpy ΔH − 63,336 J mol− 1

Reaction entropy ΔS − 120.84 J mol− 1 K− 1

Reaction rate constant for absorption Cabs 175.07 s− 1

Reaction rate constant for desorption Cdes 2079 s− 1

Activation energy for absorption Eabs 49,674 J mol− 1

Activation energy for desorption Edes 63,540 J mol− 1

Porosity ε 0.5
Effective thermal conductivity of MH λe,MH 0.674 W m− 1 K− 1

Maximum concentration of hydrogen in the MH Xmax 1.0
Initial concentration of hydrogen in the MH X0 0.043
Permeability K 1× 10− 8 m2

Density of hydrogen ρH2 0.32 kg m− 3

Thermal conductivity of hydrogen λH2 0.167 W m− 1 K− 1

Specific heat of hydrogen Cp,H2 14,890 J kg− 1 K− 1

Dynamic viscosity of hydrogen μH2 8.41 × 10− 6 Pa s
Molecular weight of hydrogen MH2 0.002 kg mol− 1

Table 6 
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)

1 172,837 620.77 4361
2 221,973 620.57 4317
3 436,416 620.19 4297
4 622,554 619.29 4292
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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.

4.1. 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 Fig. 3 under the 
pressure contour. The comparison is provided under the same boundary 
conditions, which include the inlet flow velocity as 76.86 m s− 1and 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 [36,37,54,55]. The HCHE and SCHE (×2) 
are designed under the constant volume at 15.34 cm3, while the SCHE- 
CR (×2) has the volume at 17.12 cm3. The volume of the STHE is 1.01 
cm3. 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 Fig. 3 indicates that the cases with coil tube 
structure have higher pressures, especially at the inlet. The inlet pressure 
from these cases is over 147,646 Pa. However, the pressure decreases 
along the coil tube from the inlet throughout the outlet, which has a 
pressure of 98,738 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 
109,218 Pa, while the outlet pressure is around 98,738 Pa.

More analysis regarding the effect of heat exchanger types is pro
vided in Fig. 4 and Fig. 5. This includes the range of skin friction coef
ficient from each design along the heat exchanger tube (Fig. 4a) and the 
effect of heat exchanger type on pressure losses from the inlet 
throughout the outlet (Fig. 4b). It should be noted that the percentage is 
calculated based on the maximum pressure between the inlet and the 
outlet of each heat exchanger. Fig. 5 refers to the heat transfer surface 
area from each heat exchanger type (Fig. 5a) and the hydrogen ab
sorption/desorption duration from various heat exchangers (Fig. 5b). 
From Fig. 4a, 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, 

Cf =
τω

1
2 ρU2

∞
, (17) 

where Cf is the skin friction coefficient, τω is the wall shear stress, ρ 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 ve
locity are constant for all designs. However, the results from Fig. 4a 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 [36]. Therefore, a higher ve
locity 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 [56]. A higher pressure at the tube inlet 
is required when these parameters have higher values [56]. As a result, 
this phenomenon affects the amount of pressure drop inside the tube. 
The results from Fig. 4b 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 [28]. This is obvious in the results from Fig. 5a, as the 
STHE has a shorter length with only 10 cm2 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 cm2 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 Fig. 5b, 
the duration of the one complete cycle from the HCHE, in this case, is 
38,646 s. When using the SCHE, this duration is reduced to 25,147 s. 
However, when using the central return tube as the SCHE-CR, this 
duration is further reduced to 17,279 s. Therefore, using the coil tube 
significantly improves the heat transfer rate inside the storage system, 

Fig. 3. Pressure variation from various heat exchangers.
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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 [50]. 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 116,723 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, aluminum, and nickel, can enhance the 
rate of hydrogen kinetic reaction, resulting in faster hydrogen absorp
tion/desorption. Although the straight tube has less heat transfer effi
ciency, the straight tube has minor pressure losses compared to the coil 
tube. As the excessive pressure drops (from inlet to outlet) will signifi
cantly result in a negative system's efficiency and excessive energy 
consumption [28]. The straight tube is then selected for further study by 
combining itself with the fin heat exchangers. The effect of this combi
nation on the heat transfer efficiency and hydrogen absorption- 
desorption duration is provided in the next section.

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 envi
ronmental 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 [57]. Considering the 
effect of pressure loss due to the HTF, the use of air as the HTF signifi
cantly 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.

4.2. Comparisons between the fin designs

The comparison of average bed temperature and hydrogen concen
tration during the hydrogen absorption under four different fin designs 
is presented in Fig. 6. 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 tem
perature 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− 2 K− 1. 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 the desired charging rate during this stage [52]. A 
faster MH bed temperature reduction causes a faster hydrogen kinetic 
reaction, resulting in faster hydrogen absorption [52]. The more fin 
mass distribution to the MH bed leads to the more uniform temperature 
distribution to the MH bed [18]. The results from Fig. 6 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 
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desorption duration.
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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.

For more analysis, temperature contours and hydrogen concentra
tion contours along the MHHS with different fin designs are presented in 
Fig. 7. The selected times, including 2500 s and 3500 s, after starting the 
hydrogen absorption, are provided in this figure. From Fig. 7a, 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 tem
perature 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 [18]. 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 tem
perature, 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 [18]. 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 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 signifi
cantly lower than in other cases. It is obvious that increasing the fin 
areas from the Y-shaped fin (case B) obtains better heat transfer per
formance 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 Fig. 7b can support this fact, as around the 
HTF and fin areas usually have a higher hydrogen concentration. This is 
because these areas have lower temperatures, compared to other areas 
(refer to temperature contours from Fig. 7a). 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.

Fig. 8 presents the comparison of MH volume/fin volume and its 
effects on the absorption duration from all cases. From Fig. 8a, 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 ab
sorption duration from all cases from Fig. 8b, (refer to the discussion 
from Fig. 6), 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.

4.3. Geometric study of triple-branched fin design (case D)

This section provides a comprehensive study of the fin geometry for 
the triple-branched fin (case D) based on the constant operating condi
tions. The fin performance based on various fin parameters is investi
gated 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). 
Fig. 9 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.

4.3.1. Influence of fin thickness at the middle branch (W2) and fin width at 
the top branch (L1)

Effects of fin thickness at the middle branch (W2) and fin width at the 

Fig. 6. 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).
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top branch (L1) on the temperature at the selected points along the 
MHHS are presented in Fig. 10. From Fig. 10a, the MH temperature at P1 
is reduced when increasing the fin thickness at the middle branch (W2). 
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 Fig. 10b, the MH 
temperature at P1 is also reduced faster when increasing the fin width at 
the top branch (L1). 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 (W2) is distributed to a larger 
amount of the MH, compared to the other side [14]. However, the dif
ference in MH volume from these three cases is still less than 1 %.

4.3.2. Influence of fin angle (α1), fin height (H1) and fin width (L) for 
triple-branched section

The effects of the fin angle of the top branch (α1), fin height (H1) and 
fin width (L) for the triple-branched section on the temperature varia
tion are presented and compared in Fig. 11 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 Fig. 11a, it can be seen that the 
fin angle (α1) only slightly affects the MH bed temperature at P2. 

Fig. 7. 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.
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However, the greater fin angle at 57◦ (case D-6) causes a greater MH 
temperature reduction at P3 from Fig. 11b. 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 signifi
cantly 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 Fig. 11c, d, it is obvious that reducing the fin height (H1) 
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 [31]. This results in a more uniform temperature dis
tribution 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 Fig. 11e, 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 in
dicates 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 
%.

4.3.3. Influence of fin thickness at side branches (W1)
Fig. 12 demonstrates the MH temperature at P8 (Fig. 12a) and P9 

(Fig. 12b) under the influence of fin thickness at the first and third 
branches (W1). Three different fin thicknesses are selected in this sec
tion. 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 [58]. From Fig. 12, 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.

Fig. 13 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 

Fig. 8. Comparison of all four cases during the hydrogen absorption. (a) comparison of MH volume and (b) reduction of absorption duration.

Fig. 9. Selected points for the comparison of storage bed temperature during 
the hydrogen absorption; (a) at P1 to P4 and (b) at P5 to P9.

Fig. 10. 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.
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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 Fig. 13 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.

4.3.4. Influence of fin designs on hydrogen absorption-desorption cycle
The comparison of the hydrogen absorption-desorption cycle based 

Fig. 11. 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.

Fig. 12. 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.
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on various fin designs is presented in Fig. 14. From this figure, the final 
times of one complete cycle from case A to case D are 21,047 s, 18675 s, 
17440 s, and 16,782 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 15,869 s, which is less than 
16,000 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 [32]. 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 [32]. 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 Fig. 14b, the development of fin design is more effective 
in the hydrogen kinetic reaction during the hydrogen absorption rather 

Fig. 13. Hydrogen concentration at 500 s, 1500 s, 2500 s, and 3500 s after starting hydrogen absorption process from case D and case D-14.

Fig. 14. Average hydrogen concentration for hydrogen absorption-desorption cycle from various fin designs.
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than the hydrogen desorption. This is obvious in the reduction per
centage 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 dura
tion. The hydrogen absorption-desorption duration from this case is less 
than 16,000 s, while the final time from the SCHE-CR is 17,270 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 per
formance. 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.

4.4. Parametric study for operating conditions

The parametric study in this study focuses on three operating pa
rameters. 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 ab
sorption, whereas the pressure of 0.1 MPa is used for hydrogen 
desorption.

4.4.1. Heat transfer fluid temperature
The initial HTF temperature plays a significant role in the improve

ment 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 [59]. Therefore, the choice of 
HTF is based on the selected MH material [59]. From our present study, 
air is selected as the HTF due to the high operating temperature range of 
magnesium-based alloy [54]. Fig. 15 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− 2 

K− 1 for all cases. From Fig. 15a, a greater reduction of initial HTF 
temperature obtains faster hydrogen absorption. The absorption dura
tions 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 de
creases from 573 K to 423 K. From Fig. 15b, increasing the HTF tem
perature significantly reduces the hydrogen desorption duration. The 
hydrogen desorption durations from these cases are 12,442 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.

4.4.2. Heat transfer coefficient between heat transfer fluid and metal 
hydride

This section provides the investigation of the heat transfer coefficient 
(hf ) between the HTF and MH bed on the heat transfer performance. 
Fig. 16 indicates the effect of various hf values on hydrogen absorption 
(Fig. 16a) and hydrogen desorption (Fig. 16b). The initial HTF tem
perature is set as 573 K for both hydrogen absorption and desorption. 
From Fig. 16a, the absorption durations from these cases are 5794 s for 
250 W m− 2 K− 1, 3427 s for 500 W m− 2 K− 1, 2602 s for 750 W m− 2 K− 1, 
and 2167 s for 1000 W m− 2 K− 1. Comparing to the base value at 250 W 
m− 2 K− 1, there is a 41–63 % reduction of hydrogen absorption duration 
when increases the hf value from 250 W m− 2 K− 1 to 1000 W m− 2 K− 1. 
From Fig. 16b, the desorption duration from these cases are 19,415 s for 
250 W m− 2 K− 1, 12,442 s for 500 W m− 2 K− 1, 9985 s for 750 W m− 2 K− 1, 
and 8685 s for 1000 W m− 2 K− 1. Comparing to the base value at 250 W 
m− 2 K− 1, it obtains a 36–55 % reduction of hydrogen absorption dura
tion when increases the hf value from 250 W m− 2 K− 1 to 1000 W m− 2 

K− 1. In general, the amount of heat transfer in the MH bed is directly 
proportional to the hf [44]. Increasing the hf between the HTF and MH 

Fig. 15. Hydrogen concentration based on various initial temperatures of HTF from case D-14; (a) during hydrogen absorption and (b) during hydrogen desorption.
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bed positively affects the hydrogen kinetic reaction for both hydrogen 
absorption and desorption processes [44]. 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 sum
marised that the hf 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.

4.4.3. 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 Fig. 17. 
These four materials include copper, aluminum, nickel, and steel. For all 
cases, the initial temperature of the HTF and the hf between the HTF and 

MH bed are set as 573 K and 500 W m− 2 K− 1. In general, thermal effi
ciency, cost, corrosion resistance, compatibility fabrication, and dura
bility 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 
[60]. 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 Fig. 17, it can be 
seen that steel obtains the longest time to complete the hydrogen ab
sorption and desorption processes. The final time for the hydrogen 
absorption-desorption cycle based on steel is 21,697 s. However, the 
final time for one cycle from other materials is less than 17,000 s as these 
materials have a higher thermal conductivity compared to steel (refer to 
Table 4 for thermal-physical properties of each material). The final time 
for one cycle based on nickel, aluminum, and copper is 16,748 s, 16265 
s, and 15,869 s, respectively. A higher thermal conductivity causes a 

Fig. 16. 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.

Fig. 17. Hydrogen concentration during absorption-desorption cycle based on various materials of HTF tube and fin from case D-14.
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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 [52]. 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 ab
sorption/desorption, compared to other materials. This is because the 
thermal diffusivity and effusivity of copper are better than other mate
rials [61]. 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.

5. 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 consid
ering 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 co
efficient 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: 

- 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.

- 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.

- 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.

- 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.

- The HTF temperature for the new MHHS configuration significantly 
affects the MHHS performance, especially for the hydrogen desorp
tion 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.

- 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 ab
sorption duration and up to 55 % reduction of desorption when 
changing the heat transfer coefficient from 250 W m− 2 K− 1 to 1000 
W m− 2 K− 1.

- Using steel as the fin and HTF tube material obtains less effect on the 
hydrogen absorption/desorption, compared to other materials, 
including nickel, aluminum, and copper. The duration of one com
plete 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 pa
rameters 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 compu
tation 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 ad
vancements in hydrogen storage applications.
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