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ARTICLE INFO ABSTRACT

Keywords: The solid-state hydrogen storage in metal hydride (MH) is safer and energy efficient than the gaseous and liquid
Absorption storage methods. The absorption of hydrogen in MH is highly exothermic. Hence, a good heat management
Buoyancy

system is required to increase the charging rate. The phase change material (PCM) can be integrated into the
reactor to reuse the absorption heat for hydrogen desorption. The present numerical study models the concentric
cylindrical reactor with magnesium (Mg) as MH surrounded by sodium nitrate (NaNO3) as PCM using COMSOL
Multiphysics v6.1. The effect of buoyancy inside the PCM domain is investigated. An iterative approach is used to
determine the required amount of PCM. Copper fins are added inside both MH and PCM. The effect of the
number of fins, corresponding fin thickness and pitch on hydrogen absorption are determined to optimize the MH
reactor. The outcomes reveal that the hydrogen absorption rate increases with fin numbers. The reactor with 10
and 30 fins takes 86.5 and 97.3 % less time than without fins for 90 % hydrogen absorption, respectively. The
novel approach is proposed to estimate the fin efficiency (17p) using temperature profiles of MH and fin during
prevailing unsteady heat and mass transfer. The fin factor (F) is presented using the 5 and mass of MH. The
performance evaluation criterion (PEC) is discussed based on hydrogen absorption relative to the system’s
weight. Further, the effect of operating parameters like hydrogen supply pressure and the initial temperature is
studied on the reactor performance.
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Hydrogen is a clean-burning fuel. Due to its very high energy density,
which is more than four times of anthracite coal [4], hydrogen is of great
interest to researchers. However, its efficient storage method is critical
in the energy chain. The advantage of safety and high volumetric storage
capacity of solid-state hydrogen storage is highly beneficial compared to
gas and liquid storage methods. Several works have been reported on
low-temperature-based MH, like lanthanum (La) [5] and mischmetal
(Mm) [6]. Due to their high hydrogen storage capacity, magnesium (Mg)
[7] based high-temperature MHs are of great interest. The storage ca-
pacity of MgH, can be up to 7.6 wt% [8]. The enthalpy of formation of
MgHy is 75 kJ/mol of Hy, which needed to be removed or added during
absorption or desorption, respectively.

Hydrogen storage is a heat-driven and mass-transfer process
requiring a proper heat management method. To achieve this, re-
searchers incorporated heat transfer fluid (HTF) [9,10], fins with HTF
[11], circular fins [12], perforated radial fins with HTF [13], metal
foams (MFs) like aluminum foam [14,15], copper foam [16], etc. Many
works [17,18] used PCM as energy storage media for proper energy
utilization.

1. Introduction

A significant portion of the world’s current energy consumption is
derived from various fossil fuels, which are finite in their availability.
Their utilization not only contributes to environmental pollution but
also results in the emission of greenhouse gases, which in turn leads to
global warming. Fossil fuels supply nearly 80 % of the world’s primary
energy [1]. This has an adverse effect on the global climate. Further-
more, the continuous growth of the global population leads to an esca-
lating demand for energy. As a response to these critical challenges,
researchers are increasingly prioritizing the exploration and develop-
ment of renewable and sustainable energy sources to address the world’s
growing energy demands while mitigating the environmental impact.
Hydrogen is a possible candidate to support these sources as an energy
carrier due to its inherent cleanliness, remarkable efficiency, and
abundant presence in compound form. Extensive research efforts have
been dedicated to harnessing hydrogen’s potential, particularly in ap-
plications such as fuel cells [2] and internal combustion engines [3].
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Nomenclature

van’t Hoff constant

van’t Hoff constant, K

reaction rate constant, s

specific heat capacity, J kg™' K~!
activation energy, J mol

force, N

fin factor

liquid fraction

acceleration due to gravity, m s—2
height, m

thermal conductivity, W m ! K™?
latent heat of PCM, J kg™*

molecular mass of hydrogen, kg mol™*
mass, kg

unit area vector

pressure, Pa

pitch, m

heat transfer rate, W

heat flux, W m 2, also mass and concentration flux in Eq.
(26)

Qo.ﬁﬁ:sghk‘?%"nﬁﬁNﬁOﬁbﬂ}

R universal gas constant, J mol~! K1

r radial coordinate, m

S source, W m3

T temperature, K

t time, s

tr fin thickness, m

u velocity vector, m s~!

\% volume, m®

wt maximum hydrogen storage capacity, %

reaction fraction
z longitudinal coordinate, m
Greek letters
a phase transition function
B thermal expansion coefficient, K?
€ porosity
AH reaction enthalpy, J mol~?
n efficiency
u dynamic viscosity, mPa-s
p density, kg m~3
Subscripts
0 initial condition
abs absorption
des desorption
eff effective
eq equilibrium
f fin
8 gas
l liquid
ref reference
s solid
Abbreviations
HTF heat transfer fluid
MF metal foam
MH metal hydride
PCM phase change material
PEC performance evaluation criterion
LMTD  log mean temperature difference

One of the most practical ways to retain the heat released during
hydrogen absorption [12,19] and reuse it during desorption [20] is by
employing PCM as an energy storage medium. During its phase change,
it stores energy. MH reactors using PCMs have been the subject of
several recent investigations [21,22]. These studies examined how the
PCM’s thermophysical characteristics affect MH behavior. For the effi-
cient MH-PCM system, the chosen PCM should have a melting temper-
ature in the operating range, higher enthalpy and more excellent
thermal conductivity.

Aadhithiyan et al. [23] optimized the performance of the MH reactor
(LaNis) having helical coils using single and multi-objective optimiza-
tion based on weight ratio and thermal performance. Krisha et al. [24]
performed numerical study to optimize the number of longitudinal fins
in LaNis filled MH reactor and concluded that adding 8 fins is optimal for
better heat transfer. Afzal et al. [25] conducted transient simulation
studies on shell and tube reactors having LaNis to study the ab/
desorption characteristics. They proposed a parameter based on heat
transfer capacity against system weight, which optimizes the number of
MH tubes required. Bai et al. [26] compared the hydrogen absorption
performance of the LaNis reactor by adding uniform and gradient
porosity MF. They concluded that the optimized two-layers of gradient
porosity MF reactor’s performance increased by 11.5 % relative to the
uniform MF reactor. Arumuru et al. [27] performed an experimental
study to evaluate the effectiveness of heat sinks using synthetic jets and
PCM by varying the design parameters like PCM ball diameters and
water flow rate. They found that the heat sink with PCM performed
better as compared to those without PCM by maintaining a lower base
temperature due to the latent heat storage of PCM.

Darzi et al. [28] investigated the behavior of a LaNis MH reactor
integrated with the Rubitherm PCM. A metal foam was incorporated
into the PCM jacket. They reported that the ab/desorption times

decreased, respectively by considering a high inlet and low outlet
pressure and by adding metal foam in the PCM jacket. Chibani et al. [29]
determined the desorption performance of the LaNis reactor with MFs
(Al, Cu, Ni, and Ti) and PCM by performing a numerical study. The
presence of MF-PCM improves the MH performance by releasing its
latent heat to the MH bed, and it is completely discharged within 700 s.
Finally, they reported that higher conductivity with low porous MFs
improves PCM solidification and the tube position plays a significant
role. Nguyen et al. [30] conducted experiments to analyze the hydrogen
charging and discharging of the mischmetal alloy MmNiMnCo MH
reactor with and without RT28HC paraffin as PCM. In the case of PCM,
MH’s hydrogen absorption and desorption are two times greater than
without PCM. They also reported that the addition of copper foam to
PCM improves the effective thermal conductivity and leads to the
enhancement of MH’s charging and discharging performances.

Most of the research considered the cylindrical reactor having MH
surrounded by PCM and agreed that such hydrogen storage systems are
energy efficient. However, most of them neglected both the buoyancy
effect in PCM and sensible heat for calculating its mass. The present
study investigates the hydrogen absorption and the effective heat
transfer performance of the MH (Mg) - PCM (NaNOs3) hydrogen storage
system. A mathematical model describing kinetics, momentum and heat
transfer in MH and PCM is first developed. The effect of buoyancy on
performance parameters (hydrogen absorption, liquid fraction of PCM
and temperature) and a methodology to calculate the required amount
of PCM to store the energy are presented. The fins are added to increase
the effective heat transfer from MH to PCM. The log mean temperature
difference (LMTD) approach is used to determine the fin efficiency. A
new parameter known as the fin factor is used to optimize the number of
fins. PEC is presented as the new criterion based on the hydrogen ab-
sorption and weight of the system. Finally, the impact of hydrogen
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Fig. 1. 3D model of MH surrounded by PCM.
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Fig. 2. Equilibrium pressure-temperature plot of MgH, [31].
supply pressure and the initial temperature is studied.

2. Model description

Fig. 1 shows the 3D model of MH-surrounded PCM. The design
consists of concentric inner and outer cylinders filled with MH and PCM,
respectively. The absorption and desorption of hydrogen follow
exothermic and endothermic reactions, respectively, presented by Eq.

1):
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Table 1
Thermophysical properties of MH and PCM.
Sl Properties MH PCM [34]
No. 32,33
° 132,33] Solid  Liquid
1 Density, p [kg m 3] 1800 2113 1908
2 Specific heat capacity, C, [J kg™ K] 1545 1655 1655
3 Thermal conductivity, k [W m™! K] 0.48 0.6 0.514
4 Absorption rate constant, C, [s™1 101 -
5 Activation energy, E, [kJ mol™] 130 -
6 Maximum hydrogen storage capacity, 6 -
wt [%]
7 Porosity, € 0.5 -
8 Reaction enthalpy, AH [J mol '] 75,000 -
9 Reaction entropy, AS [J mol™* K] 135.6 -
10 Dynamic viscosity, 4 [mPa-s] - - 3
11 Latent heat, L [kJ kg~'] - 178
H,
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Fig. 3. 2D axisymmetric model of MH encircled by PCM.
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This investigation considers 500 g of MH, which can store 30 g of
hydrogen. The absorption and desorption pressures are set to 1 and 0.1
MPa [31], respectively. The corresponding equilibrium temperatures
are 370 and 280 °C, respectively, as illustrated in Fig. 2. Since the
melting temperature of NaNOs is 306 °C, which falls in the range of two
equilibrium temperatures, it can facilitate both absorption and desorp-
tion. Table 1 lists the properties of MH and PCM used in this analysis.

3. Mathematical model

Fig. 3 refers to the 2D axisymmetric model of the computational
domain considered. The following assumptions are made:

e Hydrogen is an ideal gas.

o The hydrogen pressure is uniform in the bed.

e The thermophysical properties of MH are constant and isotropic.

o The gas and the solid MH are locally in thermal equilibrium.

e The thermal resistance of the metallic wall is negligible.

e The volumetric change of the MH bed during absorption is neglected.
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Table 2
Geometry parameters.
Sl. No. Parameters Value [mm]
1 Filter radius, ry 5
2 MH tube radius, ryy 29.5
3 PCM outer shell radius, rpcy 75
4 Height of reactor, h 208.8

The dimensions of the reactor are provided in Table 2.

3.1. Governing equations

3.1.1. MH reactor
The energy equation used to evaluate the temperature of the reactor
is as follows:

or :
(PCo) gy = V- (VhegT) +$ 2

where (pCp)es is the effective heat capacity per unit volume, ke is the

effective thermal conductivity and S is the source term. They are defined
as follows:

(/’Cl’)eff = e(/’cﬁ)g +(1—¢) (pCF)MH (3
ke = €ky + (1 — €)kyy (€3]
. AH o

§ = pyyywi-(1— ')'W'a_j (5)

The reaction equilibrium pressure P, at any temperature is related
via van’t Hoff equation as follows [35]:

P\ _ E
o) o2

where Prfis 0.1 MPa and A and B are the reaction constants that depend
on the entropy and enthalpy of the reaction, respectively, and they are
defined as:

AS AH
A=—and B=— @

R R
The kinetic reaction for Mg for absorption and desorption is

described using the following equations [36]:

ox E,\ P, — P, x—1

— = Cupy —— s P > 2P, 8
o bex”( RT) P, 2n(l—x) ¢~ ®)
6x Eabs P 7Pe

E = Cabxexp<_ RT) gPeq q'(l _x);Peq < PK < 2Pefl (9)

3.1.2. PCM

The apparent heat capacity method is used to model the PCM, which
solves solid and liquid phases using effective material properties with a
single heat transfer equation. The heat capacity is modified by using the
latent heat of phase change. The properties of the PCM in the mushy
zone are characterized using the Heaviside function.

The conservation of mass can be described by continuity equation as
[37]:

op

5 T Vew) =0 1o

The Navier-Stokes equation in buoyancy-driven flow with the
Boussinesq approximation [38] can be defined as follows:

ol
/)a—l:+/)(u-V)u =uV’u—VP+S+F, a1

where S is the momentum source term and Fj, is the body force term
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given by Egs. (12) and (13), respectively [39]:

(11—’

S=Au-——"—
Pty

12)

where f is the liquid fraction, y = 0.001 (to make the Eq. (12) consistent
when f is zero) and A, is the mushy zone constant, it influences the
morphology of the mushy region, and its value is considered in the
present study as 5.10° [kg m~3s~1] [40].

Fo=pg (1-p(T~T.)) as

where T is the reference temperature and is equal to the melting
temperature T, [37] and f is the thermal expansion coefficient defined
by Eq. (14).

1 dp

p= Tpor 14)

The energy equation in the PCM is as follows [41]:

(ﬂ CP) off or

5T (PCy) oy pertt’ VT = V-(VkegrpenT) @s)

where (pCp)er, pcm and kegy, pcy are the effective volumetric apparent
heat capacity and thermal conductivity of PCM presented by Egs. (16)
and (17), respectively.

(L=NG), +1(G), , , % 16)

Per.pcu ot

(ﬂ CI}) off PCM

keg.pem = (1 —f)ks + a7)

where p oy and a are the effective density of the PCM and the phase
transition function capable of smooth transition between the solid and
liquid phases defined by Egs. (18) and (19), respectively [41].

Pegrcn = (L=F)p, +1p; (18)

azlfl)li(l 7f)ps

19
2 Pefr.pcm

The liquid fraction f denotes the amount of PCM melted as the
function of temperature. The liquid fraction in the present study is
defined using the Heaviside function inside the mushy zone.

AT,

0,if T<T,—
if >

f(1) = (20)

s—=1

) A
Lif T>Tu+

where T, is the melting temperature equivalent to 306 °C [34] and
AT, denotes the transition temperature from solid to liquid phase
equivalent to 1 °C [34].

3.2. Initial conditions
The initial temperature of the whole reactor is assumed to be con-
stant, and the density of MH and the pressure are uniform:

Ty = 300°C, Py = 1 MPa and p,,;; = p, 21

3.3. Boundary conditions

The constant heat flux boundary conditions between MH-PCM sur-
face [42]:
kyr YTy = kg VTpeym (22)

The interface boundary condition ensures that heat transfer between
layers with different materials occurs smoothly by maintaining
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Table 3
Number of elements in various grids.

Grid Domain elements Boundary elements
Grid 1 6720 516
Grid 2 14,839 769
Grid 3 26,226 1025
Grid 4 58,938 15,636
1.0
0.9
0.8
: 4
£ 07
o
®
&= 0.6+
=
£ 05
= 4
g
L 044
g ]
= 034
s Grid 1
2 ] i
<« 02 - = Grid2
0.14 ---- Grid3
—-—-Grid 4
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0 5000 10000 15000 20000 25000
Time (s)

Fig. 4. Grid independence test.

temperature continuity at the interfaces. The temperature at the point of
contact between two bodies in direct contact should be identical. This
condition is defined as follows:

Tty (a2, 1) = Tpew (Fam 2, 1) (23)

The PCM’s outer surface and MH’s inner surface are considered
insulated [42]:

VTn=0 24

The no-slip boundary conditions are imposed on the walls that sur-
round the PCM.

4. Simulation methodology

The domains for MH and PCM are created as the 2D axisymmetric
model in COMSOL Multiphysics v6.1. The fully coupled solver solves the
conservation equations of mass, momentum and energy. A small toler-
ance value gives more accurate results with negligible error. Thus, the
relative tolerance for all the variables is set to 10~ as the convergence
criterion.

The present study uses structured mesh elements to reduce compu-
tational time. To resolve the physics along the no-slip boundaries for the
convection effect in the PCM domain, the boundary layer mesh is used at
the walls. The boundary layer mesh consists of 8 layers and a stretching
factor of 1.2. Four grids are used, and the number of elements in them is
tabulated in Table 3. Fig. 4 displays the grid independence test for
different mesh elements. The average reacted fraction is almost the same
for the model with different grids. Therefore, in order to save compu-
tational time, Grid 1 is taken as the optimum mesh.

5. Results and discussion
5.1. Model validation

The mathematical model is solved using COMSOL Multiphysics v6.1,
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Fig. 7. Position of liquid fraction front with buoyancy at (a) 500 s, (b) 2000 s,
(c) 5000 s and (d) 20,000 s.

which uses the finite element method. The user-defined functions are
incorporated for the source term, reaction fraction, liquid fraction, etc.
Before the detailed analysis, the model is validated against the experi-
mental results presented by Garrier et al. [43]. The experimental work
conducted by Garrier et al. [43] focused on investigating the hydrogen
storage performance of a Mg MH reactor featuring MggoZnagAls as the
PCM. To verify the accuracy of the present mathematical model (using
the equations outlined in Section 3), its results are compared with those
reported by Garrier et al. [43] as shown in Fig. 5.

A slight deviation is noticeable at t = 0.5 h, and this can be attributed
to certain simplifying assumptions adopted to facilitate the simulation as
well as the use of approximated material properties in our current study.
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Fig. 8. Variation in velocity field in PCM at (a) 500 s, (b) 2000 s, (c) 5000 s and
(d) 20,000 s.

Nevertheless, it’s important to emphasize that this observed deviation is
relatively minor.

5.2. Effect of buoyancy

The reactor’s geometry, operating conditions and properties of PCM
and MH influence the buoyancy in the PCM domain. As PCM absorbs
energy, it starts melting and the convection current sets in. Few studies
[37,39] used the Navier-Stokes equation to solve this convection cur-
rent. However, most of the other research [21,35,44,45] excluded this
effect by neglecting convective heat transfer and considering only con-
duction due to the highly viscous nature of PCM.
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Fig. 9. Flowchart to estimate exact amount of PCM.

Bartolucci and Krastev [46] investigated the PCM melting rate in the
LaNis reactor with and without buoyancy effects. They reported that
neglecting this effect may produce variations in outcomes up to 50 %.
However, in the present work, the computational time to solve the
model by considering the buoyancy effect (Navier-Stokes equation with
Boussinesq approximation) is ~17 times more than without it. Hence, a
proper investigation is required to understand the buoyancy effect.

Fig. 6(a) and (b) illustrate the effect of buoyancy on the average
reaction fraction in MH and average liquid fraction in PCM, respectively.
The hydrogen absorption and PCM melting are divided into Stages 1 and
2. The effect of buoyancy is insignificant in Stage 1, whereas in Stage 2,
its effects are distinguishable compared to those without buoyancy. It is
noticed from Fig. 6a that the time taken to achieve 90 % of hydrogen
absorption is 19,800 and 20,600 s for with and without buoyancy,
respectively. The formation of the convection current is significant in
Stage 2 due to buoyancy, which improves the heat transfer from MH to
PCM and leads to greater hydrogen absorption (Fig. 6a) and a faster
melting rate (Fig. 6b).

Fig. 7 depicts the position of the liquid fraction front at various times.
The liquid fraction of PCM increases with time, as observed in Fig. 7(a)-
(d). In the latter, it can be observed that the liquid front is wider at the
top than at the bottom (d; > dp). This is because an increase in the
convection current leads to greater PCM melting, resulting in an uneven
distribution of liquid fraction at 20,000 s.

The variation in the velocity field and magnitude on the PCM side
due to convection current is illustrated in Fig. 8(a)-(d). At 500 s, the
formation of a convection current is not considerable due to the less
liquefied region of PCM. However, it becomes significant with time and
the amount of liquefied PCM. The velocity magnitude of PCM is more
pronounced near the MH wall side (Fig. 8(a)-(c)) and later, it shifts
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domain used for simulation.

towards the PCM outer wall (Fig. 8d).

5.3. Amount of PCM

The system’s overall weight and heat absorption capability depend
on the mass of the PCM. Hence, the amount of PCM must be just enough
to absorb the reaction heat released from MH. Some investigations
[21,44,47] considered only the latent heat while estimating the amount
of PCM. But sensible heat also plays an important role. Therefore, the
present study evaluates the volume of the PCM required as follows:

AH
Elatent heat + Esensite heat = Vi wt-pygy-(1 — €) (25a)
Hy
Vi wi-pyy-(1 —€) 24
Mpcmy = Moy (25b)

L+ C,(AT)

The current investigation adopts the iterative technique shown in
Fig. 9 as a flowchart to determine the exact amount of PCM required.
The mass of PCM calculated without sensible heat (AT = 0 in Eq. (25b))
is used as the initial guess for the first iteration. Then, the simulation is
performed and the temperature difference AT (Fig. 10) associated with
the sensible heat of PCM is calculated. New AT is introduced in Eq. (25b)
to estimate the new mass of the PCM. The iteration is stopped when the
mass of PCM from the present and previous steps are the same. The mass
thus found is the accurate mass of PCM needed.

The variation of average liquid and reaction fractions with time for
without (case A) and with (case B) sensible heat is demonstrated in
Fig. 11(a) and (b), respectively. As case B dictates the exact amount of
PCM needed to store the energy liberated from the reaction, it melts
fully, whereas case A is 95 % melted (Fig. 11a). The hydrogen absorption
of case A is better than case B due to more mass of PCM, as shown in
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Fig. 13. Variation of average (a) reaction and (b) liquid fraction with time for
different number of fins.

Fig. 11b. Cases A and B require 19,800 and 20,800 s to absorb 90 % of
the hydrogen, respectively.

Case B takes 4.7 % more time than case A, but the latter is heavier
than the former by 6.7 %. The improvement in hydrogen absorption rate
is less than the increment in the system’s weight when sensible energy is
neglected. Therefore, the present study considers both the sensible and
latent heat (Eq. (25b)) to determine the accurate mass of PCM, which
will be used for further investigations.

5.4. Effect of fins

Several studies [19,31,48,49] in the literature used the fins as an
extended surface to improve heat transfer and hence reactor perfor-
mance. In the present study, due to the poor thermal conductivity of
both MH and PCM, the circular copper fins are incorporated inside the
reactor to enhance the heat transfer from MH to PCM and vice versa
(Fig. 12a).

5.4.1. Fin addition

Fig. 12b presents the computational domain of the 2D axisymmetric
model. Due to the reactor’s periodic symmetry, only one part is
considered for simulation, whose height corresponds to the pitch (p).
The PCM melting initiates the formation of convection currents, which
result in the distinction between the upper and lower surface. Hence-
forth, periodic boundary conditions are imposed upon both the upper
and lower surfaces to govern the processes of heat and mass transfer.
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These conditions are defined as follows:

“Giow Miow = qup nyp (26)

where g, and the gy, denote the flux (heat, mass and concentration
flux) from the lower surface and upper surface, respectively and n;,,, and
nyp, is the respective area unit vector.

A minimal radial gap known as tip clearance of 0.5 mm is maintained
between the fin and the PCM outer wall to improve convection circu-
lation between the top and bottom layers of the PCM [50]. The number
of fins is varied from 10 to 30, keeping the total mass of the fins constant
(1 kg) by altering the fin thickness (tf) and pitch (p) accordingly. Thus, t
and p work out to be 2 and 21.92 mm, respectively, for 10 fins and 1 and
10.96 mm for 20 fins.

Adding more fins increases the contact surface area between the MH
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and PCM for efficient heat transfer, which induces better hydrogen ab-
sorption and liquid fraction rates, as depicted in Fig. 13(a) and (b),
respectively. The increase in the number of fins decreases the corre-
sponding pitch, reducing the domain of MH and leading to proportion-
ately less energy generation per fin. As a result, the heat transfer duty of
every fin decreases with the marginal increase in thermal resistance of
the fin (due to reduction in t7). Hence, the hydrogen absorption time
reduces with an increase in the number of fins. Similarly, liquid fraction
also follows the same trend.

Fig. 14 demonstrates the effect of the number of fins on time taken
for 50 and 90 % hydrogen absorption. It is observed that the time de-
creases with an increase in the number of fins, but the decrement be-
comes insignificant beyond 28 fins. This is due to a corresponding
reduction in the fin thickness and a trivial decrease in fin pitch (i.e.,
associated MH per fin). Further, an increased number of fins leads to
greater manufacturing complexities. Therefore, 28 fins are considered
ideal and are taken up for further investigation.

The effect of fins on local liquid fraction at various times is illustrated
in Fig. 15. The liquid fraction front progresses more radially and
longitudinally with the increase in the number of fins. A careful obser-
vation of the case having 10 fins reveals that the progression of the
fraction front follows the U pattern, whereas other cases follow the V
pattern. The internal angle widens with the increase in fins, enhancing
the heat transfer from the fin to PCM relative to the MH-PCM interface
area. In the system with 28 fins, heat transfer from the fin surface is more
significant than in the system with 10 fins.

5.4.2. Fin efficiency and fin factor

The #yis defined as the ratio of the actual heat transfer rate (Q) to the
maximum heat transfer rate when the whole fin is at base temperature
(Qmax)- Conventionally, the driving potential is the temperature differ-
ence between the fin and the surrounding fluid (which is constant) in a
steady state.

In the present study, temperature profiles of fin and MH are used to
estimate #z. The fin is exposed to MH medium with transient heat
transfer as against air medium with steady heat transfer in the con-
ventional case. Further, the temperature of the former not only varies
with spatial dimensions (r, z) but also with time, Tyy = T(r, 2, t), unlike

Time (s)
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Fig. 15. Effect of fins on local liquid fraction at various times.
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Fig. 16. Schematic of (a) 2D computational domain and (b) variation of average temperature with number of elements.

the latter. In addition, the fin base temperature is also time-dependent.

The 7 is determined for the fins on the MH side since the primary
concern of the present study is to improve the hydrogenation rate.
Fig. 16b presents the discretization of the MH domain into small sub-
domains. For the present case, MH is divided into 30 sub-domains
known as elements. The average temperature distribution of the

10

elements varies only radially and not longitudinally, Tymayg = TG, ).
The copper fins have high thermal conductivity, so the temperature
gradient in the z direction will be negligible inside them. Thus, their
temperature distribution is purely radial, Tz, = T(r, t). Therefore, the fin
is not discretized. However, the temperature of the points in the fin
corresponding to MH elements is determined.
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Furthermore, Fig. 16b presents the variation of average MH, fin and
the base temperature with the number of elements. The temperature of
MH elements rises due to exothermic reaction; as a result, initially, these
elements don’t have a temperature gradient along the radial direction.
However, the 30th element is in immediate contact with PCM, which is
at a lower temperature. Due to this, a temperature gradient exists be-
tween them. Hence, the temperature of the last elements is compara-
tively less. In addition, the fin temperature profile is smooth and
decreases from the 1st to the 30th element. For the maximum heat
transfer Qqy, the fin temperature of the 30th element is considered the
base temperature (producing the maximum driving potential) and is a
spatial constant.

Heat transfer across any particular element is due to the temperature
gradient between the respective fin and the MH element. Like conven-
tional heat exchanger cases where fluid temperature varies along the
direction of flow, similarly, in the present context, the temperature of
MH and fin varies radially. Therefore, the LMTD approach is employed

in this analysis. Thus, the total heat transfer (Q) is given by Eq. (27).

0 = U-A-LMTD 27)
where U is the overall heat transfer coefficient [W m 2 K’l], A is the
contact surface area [mz] and LMTD is defined by Eq. (28).

(TMHI - 7}1) — (TMH30 - T/3o)
Tmr =Ty,
In (TMHm*T/xn)
where, Ty and Tymso denotes the temperature of the 1% and 30™
element of the MH, respectively. T, and Ty,, denotes the temperature of
the 1°t and 30% point in the fin corresponding to the 1% and 30™ element
of the MH, respectively.

But for any particular system with a defined number of fins, U and A
are constant; thereby, 7y in terms of LMTD can be evaluated by Eq. (29).

LMTD = (28)

y— Qui _ (UALMID),, _ (LMTD),, 29
! 0pee  (UALMID), .~ (LMID),

Fig. 17 displays the 7y with time for various numbers of fins up to 90
% hydrogen absorption. During the initial period, the 7yis very high for
all the cases due to the initiation of the exothermic reaction. In this
period, the heat is not transferred to the fin from MH (due to poor kyg).
Hence, the whole fin is at the same temperature resembling the ideal
nature. However, the heat starts transferring with time, resulting in the
non-uniform temperature distribution of the fin (Fig. 16b). The 7y of the

11
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system having 10 fins is always superior to others due to the increase in
their thickness.

For fin optimization, both 7rand the mass of MH are considered since
the heat transmitted from MH to the fin depends on the reaction heat
liberated. With the increase in the number of fins, the MH associated
with the fin decreases due to a reduction in pitch. Therefore, a new non-
dimensional parameter called the “fin factor (Fp)” is introduced as
follows.

total mass of MH

30
mass of MH available for fin G0

Fr=n, %

Fig. 18 shows the variation of Fr with time for different numbers of
fins up to 90 % hydrogen absorption. At any instant, Fris higher for more
number of fins. As displayed before in Fig. 17, the yy increases with the
decrease in the number of fins, but the heat transfer duty of the fin re-
duces due to the reduction in volumetric energy generation in MH and
the reduction in the latter is more significant than the increment of the
former.

The parameter Fy gives a better picture of optimizing the number of
fins compared to the 7 as it provides a better notion of heat transfer from
the fin compared to the heat available. Fy for the reactor with 28 and 30
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Fig. 19. Variation of PEC with different number of fins.
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fins are nearly the same. Therefore, optimizing both the hydrogen ab-
sorption rate and Fy and reducing the manufacturing complexities, the
reactor with 28 fins is considered for further investigation.

5.5. Performance evaluation criterion

Adding fins increases the heat transfer at the cost of the system’s
overall weight. A non-dimensionless parameter called performance

12
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evaluation criterion (PEC) is proposed as the ratio of two dimensionless
factors and is defined by Eq. (31). It is the relative measure of merit
(increase in ab/desorption rate) and demerit (increase in the weight of
the system) of having fins.

Hydrogen absorption with fms/ Hydrogen absorption without fins

System weight with fms/ System weight without fins

PEC =

(3D

The PEC variation with the time for different fin numbers is
demonstrated in Fig. 19. The peak point in every PEC curve signifies the
system’s best performance with respect to the system without fin at that
instant. All the PEC curves for different fin numbers intersect at points
denoted by A to J. The curve in the region before these merging points
shows the superiority of having more fins. In contrast, after these points,
the importance of having more fins is in vain. Higher PEC values indicate
better heat and mass transfer in MH reactors.

5.6. Effect of operating conditions

5.6.1. Hydrogen supply pressure

The hydrogen supply pressure is one of the essential operating pa-
rameters since the reaction kinetics depend very much on it. The pres-
sure differential (the difference between supply and equilibrium
pressure) drives the mass transfer. Eq. (5) suggests that the heat source
term increases with the supply pressure, which results in the sudden rise
of MH temperature (Fig. 20a).

The supply pressure for the reactor with 28 fins is varied from 1 to
1.6 MPa. The peak temperatures of 642.27, 650.83, 658.25 and 664.81
K correspond to absorption pressures 1, 1.2, 1.4 and 1.6 MPa, respec-
tively. The increase in temperature of MH produces the high-
temperature gradient between MH and PCM, causing more significant
heat transfer and leading to the rise in hydrogen absorption and liquid
fraction rates, as observed in Fig. 20(b) and (c), respectively. The supply
pressure of 1, 1.2, 1.4 and 1.6 MPa takes 607, 535, 484 and 447 s,
respectively, for 90 % hydrogen absorption. The increase in supply
pressure creates a higher temperature differential between MH and
PCM, leading to an increased PCM melting rate.

5.6.2. Initial temperature

In energy storage applications, the PCMs are used to take advantage
of their high latent enthalpy [51]. Every PCM has a specified melting
temperature, and the amount of energy stored in PCM as latent and
sensible heat thus depends on the operating temperature conditions.

To study the effect of initial temperature on the system’s perfor-
mance, the initial temperatures Ti, T, and T3 are considered as Cases 1, 2
and 3, respectively, and their values are defined by Egs. (32a), (32b),
and (32c). The initial sensible heat in Case 1 is more than Case 2,
whereas it is nil for Case 3.

T, =T, (32a)

Tz _ Tl + Txul (32]))
2

T5 =T (320)

where Ty is the initial temperature defined earlier as 300 °C and Ty is
the solid phase transition temperature of the PCM.

Fig. 21a demonstrates the variation of an average liquid fraction with
time. The time taken for the complete melting of PCM for Cases 1, 2 and
3 is 1686, 1142 and 964 s, respectively. Notably, the PCM in Case 3
melts very quickly compared to the others. This is due to the initial
temperature of PCM being equal to the solid phase temperature, thereby
absorbing latent heat first. In contrast, the others absorb sensible and
then latent heat.

Fig. 21b depicts the effect of initial temperature on the average
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reaction fraction with time. The reaction fraction of Case 1 is more rapid
than in other cases, but this deviation is not much significant. Therefore,
the average reaction fraction is less sensitive to the initial temperature.

The variation in the average temperature of MH and PCM is illus-
trated in Fig. 21c. A sharp dip is observed in the MH temperature profile
of all the cases due to complete hydrogenation. The final equilibrium
temperature of the system for Cases 1, 2 and 3 are 579.6, 582 and 585.6
K, respectively, corresponding to PCM temperature change as AT} = 6.4,
ATy =6.1, and AT3 = 6.95 K.

Fig. 21a illustrates that the whole PCM is melted in all cases.
Therefore, the amount of latent heat stored in PCM is the same in all
cases and is equal to 3578.69 x 10° J-m>.

(33)

Volumetric sensible heat storedyypcy = (pCp-AT),yy JPCM

Eq. (33) estimates the sensible heat stored in MH or PCM. Fig. 22
denotes the volumetric sensible heat stored in MH and PCM for various
initial temperatures. PCM’s sensible heat storage is higher than MH due
to its greater volumetric specific heat capacity (pCp). It is worth noting
that the minimum ratio of latent to sensible heat stored for the present
PCM is nearly 15.4. Therefore, the maximum amount of energy is stored
as latent heat in PCM.
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6. Conclusions

The present study numerically investigated a 2D axisymmetric model
of MH reactor surrounding PCM. The buoyancy effects should be
considered in a hydrogen storage reactor with PCM. #y, Fr and PEC are
proposed based on obtained results. The salient conclusions from the
present research are made:

The buoyancy effect generates convection currents, thereby

improving heat transfer and the melting rate of PCM, resulting in a

~4 % reduction in the time required to achieve 90 % hydrogen

absorption.

e The suggested iterative method estimates around 6.7 % less PCM

mass compared to the conventional method.

The reactor achieves 50 and 90 % hydrogen absorption in 5600 and

20,800 s, respectively, when no fins are present.

The reactor with 28 fins takes ~97 % less time than the reactor with

10 fins to achieve 90 % hydrogen absorption.

The Fyis a better parameter to optimize the hydrogen storage reactor

as compared to the 7. The highest Fr value of 24.5 is observed for a

reactor with 30 fins at 556 s for 90 % hydrogen absorption.

PEC increases with the number of fins. The maximum and minimum

PEC values of 4.2 and 2.2 were noticed for 30 and 10 fins,

respectively.

e The increase in supply pressure has a more significant effect on
hydrogen absorption compared to the initial temperature of the
reactor. The maximum and minimum supply pressure of 1.6 and 1
MPa takes 447 and 607 s, respectively for 90 % hydrogen absorption.

e Case 1 requires an additional time of 544 and 722 s for the complete

melting of PCM compared to Cases 2 and 3, respectively.
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