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Abstract

A numerical study fully validated with solid experimental results is presented and
analysed, regarding the hydrogenation process of rectangular metal hydride tanks for
green building applications. Based on a previous study conducted by the authors, where
the effective heat management of rectangular tanks by using plain embedded cooling
tubes was analysed, in the current work the importance of using extended surfaces to
enhance the thermal properties and the hydrogenation kinetics is analysed. The studied
extended surfaces (fins) were of rectangular shape; and several combinations regarding
the number of fins and the fin thickness were examined and analysed. The values for
fin thickness were 2-3-5 and 8mm and the number of fins studied were 10-14-18 and
20. To evaluate the effect of the heat management process, a modified version of a
variable named as Non-Dimensional Conductance (NDC) is introduced and studied. A
novel AB»-Laves phase intermetallic was considered as the metal hydride for the study.
The results of the hydrogenation behaviour for the introduced parameters (fin number
and thickness) showed that the rectangular tank equipped with the cooling tubes in
combination with 14 fins of 5mm fin thickness has the capability of storing hydrogen

over 90% of its theoretical capacity in less than 30min.
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Buildings
1. Introduction

The environmental negative impact of buildings is majorly connected to energy
consumption and gas emissions [1, 2]; thus, the necessity for promoting novel
approaches for mitigation of CO. is of major importance [3]. The energy consumption
in buildings at both USA and EU has exceeded the energy consumption of the industrial
and transportation sectors [4]. The usage of hydrogen technologies might be a powerful
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technique to enhance the sustainability in the building sector and to promote the green
technology [5]. Hydrogen technologies can be used for grid stabilization; as secondary
reserves for grid frequency and voltage regulation [6]. One of the major drawbacks that
prevent the full implementation of hydrogen technologies in the market is the effective
storage of hydrogen [7]. The solid-state storage of atomic hydrogen in metallic
materials with the formation of metal hydrides is an effective way to store hydrogen, as
it is a safe and reliable technique during the operation at moderate temperature and
pressure ranges [8-11]. Some of the parameters governing the thermodynamic
performance of metal hydrides are the (specific) enthalpy of formation (during the
hydrogenation process) or the deformation (during the dehydrogenation process) AH
[kd/kmol], the specific heat capacity of the hydride C, [kJ/kmol/K], the thermal
conductivity 4 [W/mK], hysteresis and slope [12]. There are also several other
parameters that affect the hydrogenation/dehydrogenation process related to the design
of metal hydride beds such as the porosity of the metal hydride, the packing density,
the supply pressure and the heat management techniques [13]. The storage of atomic
hydrogen in the metal lattice is an exothermic process, where enormous quantities of
heat are produced, forcing the reaction kinetics to slow down [14]. The produced
amount of heat has to be removed to maintain the kinetics of the reaction; thus, the
effective heat management of the metal hydride tanks is of major importance [15].
There are mainly two heat management techniques that have been applied to enhance
the heat transfer to/from the metal hydride tank; internal heat management and external
heat transfer [16-18]. The major focus to improve the heat transfer in a metal hydride
bed should be the reduction of the metal hydride thickness [19, 20], the increase of the
thermal conductivity [21, 22] and the introduction of a large temperature difference [23,
24]. On a recent study [25], the authors investigated the usage of embedded plain tubes
on rectangular metal hydride beds and used a parameter named as Non-Dimensional
Conductance (NDC) to evaluate the effectiveness of the heat management in three
different materials convenient for hydrogen storage and the optimum conditions were
identified.

In the current study, the optimum conditions from [25] are considered and the
introduction of extended surfaces for effective heat management is discussed and
analysed; the optimum metal hydride thickness was 10.39 mm and the optimum heat
transfer coefficient was 2000 [W/m?K]. A three-dimensional, fully validated with

experimental results numerical model describing the solid-state hydrogen storage is



introduced and applied on a commercial software (COMSOL Multiphysics 5.3). The
metal hydride beds used in the current work are of rectangular shape and an effective
heat management analysis is presented in terms of the number of fins and fin thickness.
Also, a novel AB»-Laves phase intermetallic (Ti-Zr based) is used for the simulation.
To evaluate the effect of the heat management process, a modified variable named as

Non-Dimensional Conductance (NDC) is analysed and studied.

2. Methodology

In the current study the heat, mass and momentum conservation equations were solved
simultaneously using a commercial Multiphysics package (COMSOL Multiphysics
5.3). The proposed numerical model was validated with solid experimental data
extracted from a lab-scale Sievert’s type apparatus for both the hydrogen storage
capacity and the temperature distribution. The expansion of the packed beds during the
hydrogenation can introduce additional stress to the vessel walls; therefore, the hydride
beds are assumed 50% full at the beginning of the hydrogenation process. The optimum
values for the metal hydride thickness (10.39 mm) and the heat transfer coefficient
(2000 W/m?/K) were adopted from a previous study [25] and the simulations were
conducted for several fin geometries regarding the number of fins and the fin thickness;
the optimised heat management scenario was identified. In the current work, four
different values of fin thickness (2-3-5-8 mm) and four different number of fins (10-
14-18-20) were introduced and studied.

2.1 Tank and Fin Designs
The metal hydride tanks were selected to have rectangular shape [25]. The properties
of the metal hydride beds were selected to be similar with the properties of stainless
steel (316 SS) with wall thickness of 3mm. The dimensions of the bed were 30cm
(Length)x15cm (Width)x12.63cm (Height) resulting on a net volume of 5683.5 cm?®.
The cooling tubes were placed along the 15-cm side of the bed and covered the total
length of the tank (30 cm). The optimum metal hydride thickness was selected (10.39
mm) from [25] and thus 17 cooling tubes were considered. The cooling tubes were
selected to have the dimensions of commercially available 316 SS, ¥ inch (external
diameter) tubes. The extended surfaces were selected to be of rectangular shape. Fig. 1
presents the arrangement of the cooling tubes and the extended surfaces in the metal

hydride bed. At the upper left corner, the geometry of the fins is explained. The fins are



perforated to fit with the cooling tubes and, in order to avoid the expansion impact and
to ensure homogeneous distribution of the metal hydride powder during the packing,
several open spaces have been considered on the fins (three under the cooling tubes and
three over the cooling tubes).

Fig. 1. Studied geometry and the arrangement of the cooling tubes and the extended surfaces in the
metal hydride beds.

2.2 Assumptions of the numerical model
Several assumptions were made to simplify the numerical description of the solid-state

hydrogen storage and listed as follows:

a) The medium is in local thermal equilibrium which implies that there is no heat
transfer between solid and gas phases.

b) Initially uniform temperature and pressure profiles.

c) Hydrogen is treated as an ideal gas from a thermodynamic point of view.

d) Thermal conductivity and specific heat capacity are assumed constant.

e) The porosity remains constant and uniform during the hydrogenation.

f) The characteristics (the kinetics and thermal properties) of the bed are unaffected
by the number of loading and unloading cycles. Thus, the bed aging is neglected.

g) The metal hydride bed fills the entire space between the cooling tubes and the fins

(perfect packing condition).

2.3 Heat Equation
Assuming thermal equilibrium between the hydride powder and hydrogen gas, a single

heat equation can be solved instead of separate equations for solid and gas phases:

(9-CP)ur S+ (9, Cy, ) VT +V (ki VT) =Q, .
The term Qu (W/m®) in Eq. 1 represents the heat that has been generated during the
hydrogenation process or the amount of heat that is necessary for the dehydrogenation
process. The amount of heat that is been produced during the hydrogenation process
depends on several thermophysical properties of the materials such as the enthalpy of
formation 4H (J/mol), the porosity of the material ¢, the density changes during the

reaction (kg/m®), the reaction rate (1/s) and the molecular mass of the stored gas



(kg/mol) [26]. The enthalpy of the hydride formation was measured experimentally
from the isotherm curves during the hydrogenation of the AB:-Laves phase
intermetallic, while the density change was calculated and updated with time from the
concentration of the species using the Transport of Diluted Species Module in
COMSOL Multiphysics.

The effective heat capacity is given by;

(p-Cp).=¢-py-C,y+Q—&) p,-C @)
and the effective thermal conductivity is updated by;
ke =¢-k, +(L—¢)-k (3)

The terms pg, Cpg, Cps and m refer to the density of the gas phase (kg/m?), the specific
heat capacity of the gas phase (J/kg/K), the heat capacity of the solid phase and the
kinetic term for the reaction respectively. The parameter that represents the void
fraction is symbolized with &. The values for kg (W/m/K) and ks (W/m/K) represent the
thermal conductivity for the gas and the solid state respectively. Mu2 represents the
molecular mass of hydrogen (kg/mol) and T represents the temperature (K).

2.4 Hydrogen Mass Balance
The diffusion of hydrogen gas within the metallic matrix is described by;

&

()
ot

+div(p, -V,)=%Q ()

Where vy is the velocity of gas during diffusion within the metal lattice (descripted in
section 2.5) and Q (kg/mSs) is the mass source term describing the amount of hydrogen

mass diffused per unit time and unit volume in the metal lattice.

2.5 Momentum Equation
By neglecting the gravitational effect, the equation which describes the velocity of gas
inside the metal matrix is;
v, :—ﬁ-grad(ﬁg) (5)
g
Where K (m?) is the permeability of the solid and uq (Pa s) is the dynamic viscosity of
gas and Pq (kPa) is the pressure of gas within the metal matrix.

2.6 Hydrogenation Kinetic Expression



The kinetic description for the hydrogenation process per unit time and volume is

updated by:

m, = Ca ) eXp[_

p
R e ©)

g €q
Where Ea (J/mol) is the activation energy for the hydrogenation process and Ca (1/5) is
the pre-exponential constant. Finally, Py (Pa) is the pressure of hydrogen during the
hydrogenation and Peq (Pa) is the equilibrium pressure (presented on section 2.7).

2.7 Equilibrium Pressure
To incorporate and consider the effect of hysteresis and the plateau slope for the
calculation of the plateau pressure Peq, the following equation was used [27, 28]:

Po ||AH AS x 13|,S
Inlos_{[ﬁ_ﬁ}+(¢5i¢o)tan|:7[(x__§j:|iz} (7)

sat

The plateau slope is given by the flatness factors ¢s and ¢o and S represents the
hysteresis effect which is given by (InPass/Pdes) designated ‘+’ for the hydrogenation
and ‘-’ for the dehydrogenation, while x and xsat are the local hydride concentration at
any given time and at saturation respectively. For all the studied materials, the flatness
factors and the hysteresis effects were measured experimentally by using the data

collected from the hydrogenation kinetics and isotherms.

3. Validation of the numerical model
The validation of the numerical model has been done by extracting the experimental
data from a 0.65 g sample of the AB.-Laves phase intermetallic. The pressure-
composition-isotherm (PCI) hydrogenation measurements were performed on a
commercial Sievert type apparatus provided by HIDEN Isochema (IMI Instruments).
Both the hydrogenation and temperature behaviour of the material were extracted
during the charging process at an initial hydrogen supply pressure of 15 bar and at
temperature 20°C. Fig. 2a shows the geometry of the bed used for the validation of the
numerical model and the position of the thermocouple. Fig. 2b shows the comparison
of the temperature profile during the hydrogenation process and Fig. 2c shows the

hydrogenation profile for the material. The results of the numerical work compared to



the experimental data present good agreement with a maximum deviation of no more
than 5%.

Fig. 2. Geometry used for the validation (2a). Validation of the predicted temperature distribution
within the metal hydride with the temperature recorder from the thermocouple (2b) and validation of
the predicted hydrogenation fraction with the actual fraction recorded experimentally (2c).

4. Non-Dimensional Conductance (NDC)
When using heat exchangers, there are several parameters that influence the rate of heat
transfer such as the coolant temperature, coolant flow rate, contact resistance, metal
hydride thickness and the thermal conductivity of the metal hydride bed. To monitor
the influences of the above parameters on the heat transfer performance a Non-
Dimensional Conductance (NDC) parameter has been used [20, 25]. The NDC was
defined as the ratio of the maximum heating rate that can be removed from the metal
hydride to the heat rate that would be generated for a specified thickness of the hydride
to store hydrogen up to 90% of its maximum theoretical performance during a desirable
time and its given by the following expression. In the current study, besides the effect
of the cooling tubes on the heat management of the total metal hydride tank, the effect
of the extended surfaces will be taken into account. If the NDC will be utilised to
monitor and evaluate the total heat management of the tank, the fin volume, the material
of the fin and the number of fins must be taken into account as the major factors that
will affect the hydrogenation reaction. Thus, in the current work, a modified expression
of the NDC will be used that takes into account the contribution of the fins and the

cooling tubes and is presented in Eq. 8.

T

TMH ,max ' cool

(K'{;ﬁ th+/1:H}+ N -{RFm +/1IF'm}J

AH-(Wt%)-p L (8)
MW,

NDC =

des

In the above expression, the term Tmn, max (K) is the temperature of the metal hydride at
the end of the pressure increase process and it’s an indirect measurement of the
pressure. Teool (K) is the temperature of the coolant that flows within the cooling tubes
and a higher NDC number can be achieved by reducing the coolant temperature. The

term K(1/he+Rec+L/Avn) represents the contribution of the cooling tubes on the heat



management of the reaction tank. To describe the total effect of the cooling tubes, the
term K represent the number of cooling tubes. The heat transfer coefficient is
represented by h; (W/m?K) and is directly related to the effect of the coolant flow rate.
The thermal contact resistant is R« (mm?K/W) and appears when different metallic
materials are in contact; only a small fraction of the surface are is in actual contact,
thus; forming the thermal resistant and it depends on the hydride powder properties
(grain size and packing density). L (mm) is the hydride layer thickness, which in the
current work is defined as the distance between the centers of two adjacent coolant
tubes and consists of the metal hydride, the contact resistance and the wall of the coolant
tube. The term N(T/Asin+Rsin) corresponds to the contribution of the extended surfaces
on the heat management of the tank. The number of fins is represented by N, where T
is the fin thickness (mm) and it is an indirect relation to the fin volume. The thermal
conductivity of the fins is given by Arin (W/mK) and the thermal resistance between the
fins and the metal hydride is given by Rein (Mm?K/W). The denominator in Eq. 8 is the
average heat generation rate if the metal hydride of thickness L is hydrided within a
desired filling time tqes. In the current analysis, the desired time tqes is selected 2000s.

5. Results and Discussion

5.1 Hydrogenation Characteristics of the AB2-Laves Phase Intermetallic
For the purposes of the current study, the initial temperature of the powder at the
beginning of the hydrogenation process was selected 20 °C; same as the temperature of
the coolant. The initial pressure of hydrogen was selected 15 bar; similar to the pressure
that a commercial electrolyser can supply. The properties of an AB,-Laves phase
intermetallic were introduced to the model. The extended surfaces were of rectangular
shape and several number of fins were selected (10-14-18 and 20). Furthermore, several
values for fin thickness were considered and studied (2-3-5 and 8 mm). Fig. 3 presents
the hydrogenation behaviour of the selected material in terms of the necessary time that
the material needs to reach the hydrogenation fraction of 90% (X=0.9) with the
modified NDC for all the number of fins considered. Furthermore, the effect of the

different fin thickness is presented.

Fig. 3. Hydrogenation response of the AB,-Laves phase intermetallic. The time that the material needs
to be hydrogenated up to 90% (X=0.9) is plotted with the NDC for all the values of fin thickness and
fin number



For all the cases considered, the evolution of the hydrogenation time presents an almost
parabolic dependency with the NDC. Initially, when the number of fins increases from
10 to 14, the difference in the time to reach X=0.9 drops intensively for all the cases of
fin thickness. While the number of fins increases even more (18), the decrease on the
hydrogenation time continues but the drop is not as massive as on the previous case.
Finally, by increasing even more the fin number (20), it will result to another small drop
on the hydrogenation time. This behaviour indicates a limitation mechanism on the
hydrogenation time (and thus to the effectiveness of the heat management). After a
certain number of fins (14) the further increase on the fin number will not result on a
significant drop of the charging time. This phenomenon might be related to the total
amount of material between two adjacent fins and the amount of heat that is able to be
removed during the exothermic process. The modified NDC, as described on Eg. 8,
incorporates both the contribution of the fins and the cooling tubes on the heat
management of the metal hydride tank. The number of the cooling tubes in the current
study has been kept constant (17) as extracted from [25]. Thus, the contribution of the
cooling tubes does not change and it has a certain value on the numerator of Eq. 8, while
the contribution of the fins on the denominator is in terms of fin number and thickness.
From Fig. 3, it seems that an almost parabolic behaviour between the time to X=0.9 and
the NDC appears, where, as the fin number increases (N) the NDC also increases; the
decrease of hydrogenation time is not sufficient after a certain value of fin number,
indicating that after that point the fin thickness dominates.

5.2 Effect of the Fin Thickness and Number of Fins on the Hydrogenation
Performance

As extracted from Fig. 3, the usage of 14 fins seems to provide an effective heat
management during the hydrogenation process. As also explained, from the modified
NDC, the fin thickness appears to dominate on the heat management after a certain
number of fins. The next step will be the study of the effect of the fin thickness on the
hydrogenation time. Fig. 4a presents the relation between the hydrogenation
performance of the selected material with the fin thickness. For the case of using 10
fins, the increase on the fin thickness does not significantly enhance the hydrogenation
process. The increase of the fin thickness from 2 to 8 mm can reduce the time for X=0.9



only by 3 min (175 s) indicating that for a fin number lower than 14, the fin thickness
is not the dominant factor for the heat management. On the contrary, when the fin
number increases, the dependency of the hydrogenation time on the fin thickness
becomes more significant and dominant. For the case of using 14 fins, the increase of
the fin thickness even by 1mm (from 2 to 3 mm) can reduce the hydrogenation time by
more than 8 min (531 s). A further increase to 5 mm can cause a drop of another 4.5
min and finally, when the thickness is 8 mm, can cause a reduction of 5.5 min, causing
a total decrease by 19 min when the fin thickness increases from 2 to 8 mm. For the
case of 18 fins, the increase of the fin thickness can also significantly reduce the
charging time by a total of more than 14 min (from 2mm to 8mm). The same behaviour
was observed for the case of 20 fins with a total decrease on the hydrogenation time of
more than 13min (from 2mm to 8mm). For almost all the cases, the maximum reduction
on the hydrogenation time was observed during the transition of the thickness from
3mm to 5mm. Furthermore, according to Fig. 4b, for the thickness of 2mm, an increase
on the fin number can influence on a positive way the hydrogenation time by almost
19min when the fin number increases from 10 to 14, by more than 12min for an increase
from 14 to 18 and only 4min for a further increase to 20 fins. The same behaviour was
observed for the rest cases of fin thickness (3, 5 and 8mm). These results indicate that
there is a limitation on the reduction of hydrogenation time when the fin number
increases more than 14 that is might related to the minimum amount of the hydride
between two adjacent fins. From the above analysis, the optimum number of fins for

the current material was 14.

Fig.4. Effect of the fin thickness on the hydrogenation behaviour of the AB2-Laves phase
intermetallic (4a) and the effect of the fin number on the hydrogenation behaviour of the AB2-Laves

phase intermetallic (4b)

For the case of utilising 14 fins in the hydride tank, as the thickness increases from 2 to
3mm a significant reduction on the charging time is observed, by almost 11min. A
further increase on the fin thickness to 5mm leads to the reduction of the hydrogenation
time by 3min and finally, for a thickness of 8mm, the hydrogenation time drops by
1.5min. Furthermore, it is observed that the hydrogenation time follows an almost
parabolical trend, by reaching a plateau for thicknesses over 5mm; the hydrogenation

time for further thickness increase remains almost the same. The reason for this



phenomenon can be explained from the fact that the term TwmHmax-Tcoot ON the NDC
reaches an almost constant value; as a result of the small pressure ramp that is achieved
during the hydrogenation for thickness over 5mm.

A further investigation on the effect of the fin thickness on the effective heat
management of the hydride tank is presented in Fig. 5, where the reaction progress at
the end of the desired time (ts=2000s) with the modified NDC is considered for all the
fin thicknesses and fin numbers. It can be observed that the hydrogenation fraction of
X=0.9 at 2000s is not achieved for all the studied cases; especially for the case of 2 mm
thickness, the target can be achieved only when 20 fins are utilised. For the fin thickness
of 3mm, the hydride can store more than X=0.9 in the desired time when using 18 and
20 fins, but for the case of 10 and 14 fins this target can’t be achieved. On the contrary,
for the fin thickness of 5mm, except the case of using 10 fins, all the rest cases can
achieve a charging more than X=0.9 within the desired time and finally, the same

behaviour is extracted for the case of fin thickness 8mm.
Fig.5. The reaction progress at the end of the desired time (2000s) for all the studied fin thicknesses

and fin numbers

5.3 Hydrogenation Kinetics and Temperature Profile

Fig. 6a presents the bed average temperature evolution of the hydride during the
hydrogenation process for the case of using 14 fins and considering all the fin
thicknesses (2, 3, 5 and 8mm). The temperature at the beginning of the hydrogenation
increases due to the highly exothermic process and reaches a maximum point. After
that, due to the heat management process the temperature drops and tends to reach the
temperature of the coolant. The maximum temperature achieved during the
hydrogenation process was 64.65°C for 2mm thickness, 63.72°C for 3mm thickness,
61.78°C for 5mm thickness and 59.1°C for 8mm thickness. The temperature behaviour
of the hydride affects the hydrogenation kinetics as presented in Fig. 6b. The
hydrogenation process can be divided in two steps. During the first step, the
hydrogenation rate increases rapidly due to the large pressure difference between the
pressure of the gas and the equilibrium pressure which acts as the driving potential for
the hydrogenation process. For the case of fin thickness 5mm, the temperature at the
first step reaches the maximum value (61.78°C) during the first 80 s of the reaction due
to the low thermal conductivity of the hydride powders that restrict to the effective heat

removal, and at that time the hydride stores an amount of hydrogen at a hydrogenation



fraction X = 0.21 (21% of the theoretical maximum amount of hydrogen that can be
stored). During the first step, the pressure difference is the major factor for the storage.
The temperature increase though, results on the increase of the equilibrium pressure;
thus, the driving potential for the hydrogenation decreases. During the second stage of
the hydrogenation, the circulating coolant removes the produced heat from the tank and
reduces the temperature. As a result, the driving potential increases and further storage

takes place; this process continues until the maximum capacity achieved.

Fig.6. Bed average temperature distribution during the hydrogenation process for the case of 14

fins, when all the thicknesses are considered (6a) and the bed average hydrogenation capacity (6b).

6. Conclusions
The work presented in this paper discusses the heat management of rectangular metal
hydride tanks when using extended surfaces in combination with cooling heat
exchangers. A mathematical model, including the heat, mass and momentum
conservation equations was proposed. Validation with solid experimental results took
place. For the validation needs, the storage behaviour, the temperature distribution and
the heat transfer during the hydrogenation were considered. Parameters such as the fin
thickness and the fin number were considered and studied in terms of influencing the
temperature distribution and the hydrogenation capacity during the hydrogenation.
Additionally, a modified Non-Dimensional Conductance parameter was introduced for
the evaluation of the heat management. The results of the hydrogenation behaviour for
the introduced parameters (fin number and thickness) showed that the rectangular tank
equipped with the cooling tubes in combination with 14 fins with 5mm fin thickness
has the capability of storing hydrogen over 90% of its theoretical capacity in less than
30min. Furthermore, a novel ABz-Laves phase intermetallic used for the study.
Therefore, in this work, the importance of the effective heat management in terms of
using extended surfaces was highlighted to enhance the internal thermal conductivity
of the system and the importance that the fin thickness and the number of fins in the

thermal behaviour and therefore on the hydrogen storage.
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Nomenclature

Subscripts



Ca Absorption Reaction Constant, s* a

Cp Specific Heat, J/kg-K d
Ea Activation Energy for Absorption, J/molH2 e
h Heat Transfer Coefficient, W/m2K eq
k Thermal Conductivity, W/m-K f
K Permeability, m? g
M Molecular Weight, kg/mol i
m Kinetic Expression S
n Number of Hydrogen Moles sS
P Pressure, bar
R Gas Global Constant, J/mol-K €
t Time (s) I
T Temperature (K) p
Y, Gas Velocity, m/s AH
V Volume, m? AS

Absorption
Desorption
Effective
Equilibrium
External Cooler
Gas
Initial
Solid
Saturation

Greek Letters

Porosity

Dynamic Viscosity, kg/ms

Density, kg/m3
Reaction Enthalpy, J/mol

Reaction Entropy, J/mol-K
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