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Abstract
The hydrogen absorption of metal hydride (MH) is
an exothermic process. For a cylindrical MH hydrogen
storage reactor with a concentric tube heat exchange,
the hydrogen adsorption heat is discharged by the heat
transfer fluid (HTF), and the absorption reaction
proceeds along the radial direction from the center to
the periphery, which leads to the non-uniformity of the
reaction process and limits the average reaction rate. In
order to improve the hydrogen storage rate, the phase
change material (PCM) is used to assist in heat transfer
by surounding the reactor. This paper establishes a
mathematical model to describe the heat and mass
transfer process within the reactors. The results show
that the surrounding PCM can absorb the reaction heat
at the periphery of the reactor, and promote the
reaction proceeding in this region. Thus, the average
hydrogen absorption rate of the reactor surrounded by
PCM is increased by about 1.5 times owing to the
assisted heat transfer of PCM.
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Symbols
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activation energy, J/(mol·K)
liquid fraction of PCM
latent heat of PCM, J/kg
molecular weight, kg/mol
pressure, MPa
universal gas constant, J/(mol·K)
temperature, K
velocity, m/s
gravimetric storage capacity
reacted fraction
reaction enthalpy, J/mol
reaction entropy, J/(mol·K)
porosity
thermal conductivity, W/(m·K)
dynamic viscosity, Pa·s
density, kg/m3

reaction rate constant, s-1
specific heat, J/(kg·K)
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1. Introduction
Hydrogen is an environment-friendly secondary
energy, which has been used as an energy carrier to
deal with the site-specific and intermittent of
renewable energy [1]. As a fuel, hydrogen has the
advantages of high calorific value and zero emission.
One of the difficulties in large-scale application of
hydrogen is the safe and efficient hydrogen storage.
Compared with gas-state and liquid-state hydrogen
storage, metal hydride (MH) hydrogen storage has
higher volume hydrogen storage capacity, and it is more
safe and reliable [2]. Among MHs, magnesium hydride
(MgH2) is considered to be the most promising solid
hydrogen storage material with high gravimetric
hydrogen storage capacity (7.6 %.wt) [3].
The hydrogen absorption and desorption process
of MH is accompanied by thermal effects. The reaction
enthalpy of MgH2 is as high as 75 kJ/mol. Thus, the
hydrogen storage performance is closely related to the
heat and mass transfer of MH hydrogen storage reactor
[4]. In most of the research, the reaction heat of
absorption is discharged from the reaction bed by heat
transfer fluid (HTF) through a variety of heat
exchangers, such as straight tube heat exchangers [5,6],
helical coil heat exchangers [7,8] and microchannel heat
exchangers [9]. With the complexity of the heat
exchangers, the hydrogen absorption rate is
significantly increased due to the larger heat transfer
area. However, due to the heat release in the hydrogen
absorption process, the reaction first proceeds near the
heat exchangers. In the place far away from the heat
exchangers, the reaction will be limited for a long time
until the temperature drops. Although multiple heat
exchangers can be installed at different locations [6],
this undoubtedly increases the complexity of the
reactor and reduces the stability of operation.
For a cylindrical reactor with a concentric straight
tube heat exchange (MH-HTF reactor), the hydrogen
absorption reaction proceeds along the radial direction
from the center to the periphery, which leads to the
non-uniformity of the reaction and limits the average
reaction rate [5]. Thus, this paper proposes a new
method of using PCM (surrounding the reactor) to assist
in heat transfer for the MH-HTF reactor (MH-HTF-PCM
reactor). Using PCM to discharge the heat does not
require additional pumping of HTF, which ensures the
stability of the system. Moreover, due to the large
latent heat advantage of the PCM, the heat absorbed
during absorption process can be used as the heat
source for the hydrogen desorption process, which

improves the energy utilization of the storage system
[10].
In order to study the effect of PCM assisted heat
transfer on the performance of the reactor, this paper
establishes a two-dimensional mathematical model to
describe the heat and mass transfer process within the
reactors. The model validation is verified by the
experimental results in the previous literature.
Compared with the MH-HTF reactor, detailed results are
presented concerning the evolution of the temperature
and reaction conversion rate of the new MH-HTF-PCM
reactor.
2. Mathematical model
The traditional hydrogen storage reactor is shown
in Fig. 1a (MH-HTF reactor). Several MH compacted
disks, made of Mg/MgH2 and expanded graphite, are
stacked in a cylindrical stainless steel tank. A straight
tube heat exchanger is inserted in the center of the
reactor. In the process of hydrogen absorption, the
reaction heat is discharge by the heat transfer fluid
(synthetic oil of Dowtherm A) in the tube. Due to the
symmetry of the reactor, a two-dimensional and half of
the reactor can be used as a computational domain. In
order to overcome the long-time reaction limitation in
the reactor far away from the tube heat exchange, PCM
is used to surround the reactor to assist in heat transfer
as shown in Fig. 1b (MH-HTF-PCM reactor ). Sodium
nitrate (NaNO3) is selected as PCM due to its suitable
melting point (580.0 K) and high latent heat [11].
Similarly, the new reactor is simplified to a half of twodimensional symmetry plane. In order to establish the
mathematical model of the heat and mass transfer
within the reactors, the assumptions are as follows:
(a) There is a local thermal equilibrium between
the gas and solid phase in the porous medium [12].
(b) The reactors has good thermal insulation.
(c) The hydrogen is considered as an ideal gas, and
its pressure is uniform in the bed [13].
(d) The thermos-physical properties of MH, HTF
and PCM are constant.
(e) The convection of liquid PCM is negligible due
to the heat transfer through PCM is mainly by heat
conduction [14].
2.1. Governing equations
For MH beds, the reaction equilibrium
temperature and pressure are determined by the Van’t
Hoff equation [4]:

Copyright © 2020 CUE

Fig. 1. (a) The cylindrical reactor with a concentric tube heat exchange (Case 1: MH-HTF); (b) the new reactor
surrounded by the PCM (Case 2: MH-HTF-PCM )
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Energy equation of MH beds [5]:
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Where the effective thermal conductivity λe,
effective volumetric heat capacity ρg·cp and heat source
S are as follows:
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Reaction kinetic equations for hydrogen absorption
process is expressed by Chaise et al [13].
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Where H is the sum of sensible heat:
Tp

H(Tp )    p c p ,pdTp   p ·L· f (Tp )

(12)
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The liquid fraction f based on volume can be
defined as follows：
0
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2.2 Initial and boundary conditions
The initial temperature of MH and PCM and
hydrogen supply pressure are as follows:
(14)

Tm ,o  TP ,o  573.0 K

For HTF, continuity, momentum and Energy
equations are as follows [15]:

 u  0




u
 h   h (u  )u  P   h 2u
t

For PCM, the energy equation based on the
enthalpy formulation are as follows [11]:

P0  (Pin  P0 )t / 10
Pg  
Pin , 1.0 MPa

t  10 s
t  10 s

(15)

Inlet velocity of HTF is 1.0 m/s, and the inlet
temperature is 573 K.
The adiabatic and symmetry boundary conditions:

T ·n  0

(16)

Heat transfer boundary:
T
   h f T
n

(17)
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2.3. Model validation

MH (Mg/MgH2 + EG)

PCM (NaNO3)

The above equations are solved by Fluent 14.5. For
the reactor without PCM, the simulation results are
compared with the experimental results reported by
Chaise et al [13]. in Fig. 2a. For the reactor surrounded
by PCM, the simulation results are compared with the
experimental results by Garrier et al. in Fig. 2b [14]. The
simulation results of temperatures, average conversion
rate or hydrogen absorbed volume ratio of the MH bed
during the absorption process have an agreement with
the experimental data. Thus, the mathematical model is
valid for the above hydrogen storage reactors.

ρm = 1800 kg/m3
cp,m = 1545 J/(kg-1·K)
λm = 2 W/(m·K)
Ɛ = 0.4
wt = 0.05
∆H = -75000 J/mol
∆S = -135.6 J/(K·mol)
E = 130000 J/(K·mol)
C = 1010 s-1
H2

ρp = 2260 kg/m3
cp,p = 1820 J/(kg·K)
λp = 0.48 W/(m·K)
L = 174000 J/kg
Tsol = 580.0 K
Tlid = 581.0 K

cp,g = 14000 J/(kg·K)
λg = 0.24 W/(m·K)
μg = 8.9×10-6 Pa·s
M = 0.002 kg/mol

ρh = 810 kg/m3
cp,h = 2350 J/(kg·K)
λh = 0.094 W/(m·K)
μh = 2.15×10-4 Pa·s

Fig. 2. Comparison of simulation results with
experimental results reported by (a) Chaise et al. [13]
and (b) Garrier et al. [14])
3. Results and discussion
The physical parameters of MH, HTF, PCM and H2
are listed in Table 1 [5,11,13].
Table 1
Physical parameters of MH, HTF, PCM and H2.

HTF (Dowtherm A)

For the two reactors, the initial temperature of MH
and PCM is 573.0 K, the hydrogen absorption pressure
is 1.0 MPa, the inlet velocity of HTF is 1.0 m/s, and the
inlet temperature of HTF is 573.0 K. Fig. 3 shows the
temperature and MgH2 distribution during hydrogen
absorption process of the two reactors. For the MH-HTF
reactor in Fig. 3a, the MH temperature increases rapidly
in the initial stage of the reaction. As HTF continuously
discharges the absorption heat, the temperature of MH
first decreases near the tube heat exchange. But, the
temperature far away from the concentric tube remains
high for a long time. The hydrogen absorption reaction
proceed along the radial direction from the periphery of
the tube to the temperature decreasing direction (Fig.
3b), which leads to the non-uniformity of the reaction
and limits the average reaction rate. Compared with the
MH-HTF reactor, the surrounded PCM assist in
absorbing the reaction heat mainly by its latent heat. As
shown in Fig. 3a, the temperature at the side far away
from the tube heat exchange decreases obviously due
to the heat transfer form MH to PCM, and the
combined heat transfer of HTF and PCM accelerates the
heat discharge of MH. As a result in Fig. 3b, the
hydrogen absorption reaction takes place in the center
and periphery of the reaction bed at the same time,
which greatly accelerates the absorption process.
Fig. 4 shows the comparison of the average
temperature of MH bed and the conversion rate of
MgH2 in the hydrogen absorption process. For both MHHTF and MH-HTF-PCM reactors, in the initial stage of
the reaction, the average temperature of MH bed
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rapidly increases to 644.0 K, which is the reaction
equilibrium temperature at 1.0 MPa, and then the
temperature gradually decreased with the discharge of
the absorption heat. Due to the assistance of PCM, the
average temperature of MH bed in the MH-HTF-PCM

reactor drops faster. In Fig. 4b, the hydrogen absorption
time of MH-HTF and MH-HTF-PCM reactors is 3230 s
and 1284 s respectively, and the average absorption
rate is increased by 1.5 times owing to the assisted heat
transfer of PCM.

Fig. 3. Distribution of the (a) temperature and (b) fraction of MgH2 for the MH-HTF and MH-HTF-PCM reactor in
the hydrogen absorption process.

Fig. 4. Comparison of (a) average temperature and (b) average conversion rate of MgH2 during the hydrogen
absorption process.
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4. Conclusions
This paper proposes a new method of using PCM
(surrounding the reactor) to assist in heat transfer for a
cylindrical hydrogen storage reactor with a concentric
tube heat exchanger (MH-HTF reactor). A valid
mathematical model is established to describe the heat
and mass transfer process within the reactors.
Compared with the MH-HTF reactor, the surrounded
PCM can absorb the reaction heat at the periphery of
the reactor, and promote the reaction proceeding in
this region. The hydrogen absorption time of MH-HTF
and MH-HTF-PCM reactors is 3230 s and 1284 s
respectively, and the average absorption rate is
increased by 1.5 times owing to the assisted heat
transfer of PCM.
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