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ARTICLE INFO ABSTRACT

Handling Editor: Ibrahim Dincer CFD modelling of heat-and-mass transfer in metal hydride (MH) beds is an important step in the development
and optimisation of MH reactors for hydrogen storage, compression and separation/purification. In the existing
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ps<pss is typically taken. However, this assumption contradicts to well-known fact that hydrogenation of hydride-
forming alloys is accompanied by the expansion of crystal lattice of the metallic matrix and, therefore, by the
decrease of the solid density by 15-25%.

This work presents results of the modelling which takes this effect into account. The model assumes that the
density of the MH changes linearly as the starting hydride-forming alloy is saturated with hydrogen, while the
volume of the MH bed remains constant. The last assumption is a limiting estimation because it provides the
maximum possible reduction in the porosity during Hy absorption process.

The model was validated using published experimental data on a cylindrical MH reactor filled with 422 g of
LaNis. It was shown that accounting the realistic changes in the MH density can significantly affect the simu-
lation results.

storage component into BoP of the hydrogen fuel cell power systems
[11-14].

Main problem of MH technologies for hydrogen storage and related
applications (e.g., hydrogen compression and heat management,
hydrogen separation and purification) is in the decrease of the hydrogen
charge and discharge rates when upscaling the metal hydride reactors.
Despite the intrinsic (isothermal) kinetic of hydrogenation/dehydroge-

1. Introduction

Hydrogen storage is a key enabling technology for the advancement
of hydrogen fuel cell power systems in transportation, stationary, and
portable applications [1-7]. Metal hydrides (MH) offer a promising
alternative to other Hy storage technologies including both conventional nation of hydride forming intermetallics, as a rule, is very fast, a com-
(compressed gas and cryogenic liquid) and newly developed (e.g., bination of poor effective thermal conductivity of the MH bed (below 1
Liquid Organic Hydrogen Carriers/LOHC) ones [8-10]. Main advan- W/(m K) for the powders) and relatively high heat effects of hydride
tages of the MH H, storage technology include very high hydrogen formation (exo-) and decomposition (endo-) varying between 20-25 and
storage density per unit volume (equivalent to the storage of compressed 35-40 kJ/mol Ha results in a quick approach of the MH bed temperature
Hy up to 800-1000 bar), low storage pressures (below ~10 bar), modest to its equilibrium value and virtual stop of the reaction further rate-

consumption of energy in the form of low-grade heat, as well as tech- limited by the heat transfer in the MH bed. Thus, the acceleration of
nological flexibility which allows efficient integration of the MH Hjy
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Nomenclature

A specific surface area, m?/m?>

Lo specific heat capacity, J/(kg-K)

k permeability, m?

m source of hydrogen absorption/desorption per unit
volume, kg/(m3 s)

M molar mass, kg/mol

t time, s

T temperature, K

X hydrogen-saturated fraction of the alloy

X number of H atoms per formula unit of the alloy

w velocity, m/s

Greek symbols

a heat transfer coefficient, W/(m?K)

AH hydrogenation/dehydrogenation enthalpy, J/kg H,
thermal conductivity, W/(m-K)
density, kg/m®

@ porosity of the MH bed
Superscripts

* effective properties

Subscripts

a absorption

d desorption

eff effective properties

g gas phase

H monatomic hydrogen

s solid phase

sO alloy non-saturated with hydrogen
sg solid-gas interphase

ss alloy saturated with hydrogen
Abbreviations

MH metal hydride

the latter process, first of all, via increase of the effective thermal con-
ductivity of the MH bed, is essential for the development of the MH
reactors with good dynamic performance [14-16]. The optimisation of
the reactor design requires numerical modelling (as precise as possible)
of heat-and-mass transfer in the MH beds. Forecasting of dynamic per-
formances of MH beds having pre-set geometry and dimensions, as well
as influence of the operating conditions on the hydrogen charge/di-
scharge dynamics is also very important outcome from the modelling
[17,18].

Computational Fluid Dynamic (CFD) is a useful and convenient tool
for the modelling of MH reactors for hydrogen storage, compression, and
purification [18-23].

In most numerical studies, the properties of the MH bed including
porosity, effective thermal conductivity (ETC) and permeability, are
assumed to be constant and not depending on the hydrogen concen-
tration in the solid, or the fraction of the hydrogen storage alloy (X)
saturated with hydrogen [24]. In the existing models, the mass balance
governing equation includes the density of solid in the
non-hydrogenated (ps) and hydrogen-saturated (pss) states. To provide
constant porosity of the MH bed during Hy absorption/desorption pro-
cesses, assumption ps<ps; is typically taken, for example, p; = 8400 and
pss = 8520 kg/m3 for LaNis [25]. However, this assumption contradicts
to well-known fact that hydrogenation of hydride-forming alloys is
accompanied by the expansion of crystal lattice of the metallic matrix
[26] and, in turn, by the decrease of the solid density by 15-25%. For the
ABs-type alloys typical value of p; varies between 8200 and 8400 kg/m°>
while their hydrides, ABsH_¢ are characterised by ps; = 6300-6800
kg/rn3 [27]. At a fixed MH bed volume (with no free space above the
bed), this change in density will lead to a noticeable decrease in the MH
bed porosity, which means an increase in the ETC and a decrease in
permeability. Evaluation of the effect of changing the ETC on the process
of heat and mass transfer in MH hydrogen storage systems has not been
studied enough. In the literature [28], this effect was discussed
regarding determination of the ETC of the MH beds. However, in the
numerical simulation of heat and mass transfer processes in MH systems,
these results were seldom used.

Mellouli et al. [29] modelled hydrogen absorption/desorption taking
into account the deformation of the MH bed and concluded that this
factor practically does not influence on the calculation results. The au-
thors used the additive model for the estimation of the effective thermal
conductivity of the MH bed:

Zegr = (1 — @)As + plg (@D)]

where ¢ is a porosity of the MH bed, 4 is an effective thermal conduc-
tivity of the solid phase assumed to be of 3.18 W/(m K), i.e., far below
the true thermal conductivity of the MH material equal to ~10-15 W/(m
K) [30].

Eq. (1) cannot predict real changes of A, when changing the bed
porosity and thermal conductivity of the gas phase (e.g., hydrogen and
gas impurities). This problem has been discussed in the works focused on
the development of more precise models of the effective thermal con-
ductivity [28,31]. Matsushita et al. [28] showed that during hydrogen
absorption in LaNis at T = 60 °C and P~1 MPa ETC increases in almost
two times. Kallweit and Hahne [31] studied changes of ETC of a MH bed
of the fixed volume (not accounting the deformation of the containment)
and demonstrated that the hydrogen saturation fraction significantly
influences on the ETC.

Significant changes of MH bed properties during hydrogen absorp-
tion/desorption have been directly confirmed by the measurements of
permeability [32] which showed that its value decreases by almost order
of magnitude for the hydrogen-saturated alloy. This effect was further
analysed in the study [33] which was focused on the changes of
permeability but did not discuss the changes of ETC.

This work presents results of numerical studies of the influence of
changes of the effective thermal conductivity of the metal hydride bed
during hydrogen absorption/desorption on the process of heat and mass
transfer in a metal hydride reactor. The cases for which neglecting this
effect may result in significant errors of the performance evaluation for
the metal hydride systems under development are analysed. Recom-
mendations on the selection of the value of the effective thermal con-
ductivity for the simulation of hydrogen absorption/desorption in metal
hydride reactors are presented as well.

2. Materials and methods
2.1. Problem statement

A cylindrical MH reactor containing 422 g of LaNis powder and
heated/cooled from the outside [34] was simulated in this study (Fig. 1).

We considered two operational modes of the MH reactor, viz, (i)
hydrogen charge (absorption) at a constant pressure, and (ii) hydrogen
discharge (desorption) at a constant flow rate.

In the first case hydrogen pressure at the input was fixed and
hydrogen was assumed to enter the reactor at the temperature of 20 °C.

In the second case hydrogen was released from the output at the fixed
flow rate, and the desorption took place due to the pressure decrease in
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Fig. 1. Configuration of MH reactor [34] simulated in this work.

the reactor. Within such task statement, the calculation was aimed at the
determination of hydrogen pressure in the free volume of the reactor. It
was assumed that a consumer requires hydrogen at the pressure not
lower than 1 bar, and after pressure drop below this value, further
operation of the reactor was considered as impractical. The calculation
results allow to determine the time of hydrogen supply from the MH
reactor to the consumer, as well as the fraction of the alloy saturation
with hydrogen which remains in the reactor after the pressure drops
below the specified threshold. Similar approach was applied in the
experimental study [35].

The coefficient of heat transfer between the reactor wall and the
cooling (H; absorption) and heating (H; desorption) fluid, as well as the
temperature of the latter were assumed to be constant.

We assume the densities of LaNis and LaNisHg as 8400 and 6800 kg/
m>, respectively [36,37]. It is also assumed that the change between
these limiting values is linear as respect to X:

/)x(X) =Pso + (pss - /)so) X (2)

We analyse the limiting case when the volume of the MH bed and the
filling density, [1 — ¢(X)] p,(X), remain constant. Insignificant increase
of the latter (by approximately 1.5%) was not accounted. When using
the above assumptions, the porosity at any moment can be determined
as:

_ (1 _ qaxO)ﬂs
pX)=1- PST)O 3

The changes of diameter of MH particles forming the bed are
calculated starting from the mass balance equation and the actual den-
sity of the alloy.

2.2. Mathematical model

In this work, we used two-temperature model of a porous medium:

dX? MMH .
(1—9)p, E_Em @
dT; .
(1- (p)pscmE: Ve [(1—-@) VT +ayAy(T, — T)
it AH + ¢y (Tyg = T5) | )
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The equilibrium pressure was determined from equations presented
in Ref. [38]. The value of heat transfer coefficient between the porous
medium and gas, ay,, was determined using equation in Ref. [39].
During the calculations the temperature differences did not exceed 0.05
K. The use of the two-temperature model is related to the features of CFD
code in which the modelling within this work was done.

The mass source term per unit volume which determines the
hydrogen absorption/desorption dynamics, m, for Hy absorption and
desorption was calculated using equations from Ref. [40]:

. My - E, Du
My =Co(1 — @)p——Xmax €Xp| ——= | In 2 1(1-X 9
(1= )0 Ko exp ) <peq_a>< ) ©
My - Eq\ Dega —Dn,
= — Ci(1 =PI K exp( —— | Pead —Prz 10
my a( fﬂ)/}sMMH EXP( RT) oo 10)

where C, = 59.187 s}, E, = 21.170 kJ/mol Hy, Cq = 9.57 s, Eq =

16.42 kJ/mol Hy, Xmax = (H/LaNis)max = 6.0.
The filtration coefficient was determined using equation:

k=[1.1205 e exp(—3.915 ¢ X) + 0.0187] « 10> m? (11)

which was derived by the approximation of experimental data [32].

Eq. (11) describes a limiting case since its accounts for a significant
decrease in the permeability when the alloy is saturated with hydrogen.
The results of test calculations of heat-and-mass transfer (see Fig. S3 in
the Supplementary information) were shown to be non-sensitive to the
permeability value for the reactor design under consideration.

As a result, the effective thermal conductivity is the main parameter
which determines dynamics of hydrogen absorption/desorption. In this
work, we model the effective thermal conductivity as presented in Refs.
[41,42]:

1 2
Aeff =—————— 05+ } 12
T 2KnZe g7 O a2

Kn—l _ (1 - (ﬂ)kas
\/E 10 \/g(ﬂpﬂzﬂrl%lg

13)
where Kn is the Knudsen number, kp is the Boltzmann constant; ry» is the
radius of Hy molecule; a is an empiric coefficient, the value a = 0.55 and
Aeffo =3.7 @ 102 W/(m K) were selected on the basis of experimental
data [30]; e, is the effective thermal conductivity of the MH bed in
vacuum.

If to neglect the Knudsen effect, the only parameters necessary for
the calculation of the effective thermal conductivity of the MH bed will
be thermal conductivity of the filling gas and the bed porosity. There
exist more detailed models, e.g., the one presented in Ref. [31] by the
authors who collected the corresponding experimental data [30]. The
model [31] takes into account the changes of contact area of the MH
particles during hydrogen absorption. However, it requires a big number
of the input parameters. Fig. S4 in the Supplementary Information
presents a comparison of the calculation results according to the model
used in our work and the model [31]. It is seen that both models yield
similar results and reproduce well enough the experimental data for the
MH beds with different porosities and the mean particle sizes.
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Fig. S5 in the Supplementary Information presents dependence of the
effective thermal conductivity of the MH bed on the basis of LaNis on the
hydrogen saturation fraction. It is seen that both the model used in our
work and the model [31] yield similar results.

When using two-temperature model, the effective thermal conduc-
tivity of the gas phase, 4,, was assumed to be equal to thermal con-
ductivity of hydrogen, 1, the effective thermal conductivity of the solid,
27, was determined from Eq. (14) valid in the one-temperature
approximation:

PR Ak 14
1-¢

The presented model, as to its applicability for the simulation of heat-
and-mass transfer in MH beds with unchanged properties, was validated
in Refs. [21,42-44]. The details of the in-house developed CFD code
“ANES” used in the simulation were described in Ref. [21]. The features
of the temporal and spatial discretisation of the task and the results of
grid independency tests are presented in Supplementary Information,
Section S1.

3. Results and discussion
3.1. Modelling approaches

Hydrogen absorption and desorption were modelled using various
approaches to the determination of the MH bed properties. The pa-
rameters of the simulated modes are presented in Table 1.

The approaches to the modelling of the MH bed properties during
simulation are summarised in Table 2. For example, the abbreviation
“Abs-3” means the simulation of the absorption mode using approach 3.

3.2. Hydrogen absorption

The modelling results obtained when using basic approaches to
hydrogen absorption (Abs-1 and Abs-2) are presented in Fig. 2.

It is seen from Fig. 2 that the experimental data [34] are in between
the modelling results obtained using approaches Abs-1 (constant
porosity) and Abs-2 (variable porosity). Accounting ¢ = ¢(X) and p, =
p.(X) (Abs-2) results in the faster cooling of the MH bed due to increase
of the effective thermal conductivity when the porosity decreases.

Since the procedure presented in Ref. [34] does not foresee the
measurements of the input Hy flow rate during absorption, Fig. 3 pre-
sents results of its simulation only, without comparison with the
experimental data. Most probably, the experimental data are somewhere
in between the two curves shown in Fig. 3. Note that on the first look the
difference between the hydrogen absorption dynamics is insignificant,
especially, taking into account low precision of the input data (e.g., the
bed porosity). However, due to exponential nature of the curves, the
times of achievement X = 0.9 differ significantly: 31.1 min for Abs-1 and
22.1 min for Abs-2.

The time dependencies of the effective thermal conductivity,
hydrogen-saturated fraction of the alloy, the bed porosity and the ma-
terial density in the point A during Hy absorption are shown in the

Table 1
The simulated modes.
Abbreviation ~ Operation Input/output Cooling/ Initial
mode boundary heating conditions
condition conditions
Abs Hydrogen Constant pressure T = 20°C; T = 20°C;
absorption (p = 8 bar) a=1650 W/ X =0.04
(m’K)
Des Hydrogen Constant output T = 60°C; p = 8 bar;
desorption flow rate (from a=1650W/ X =0.94

0.5t02.0Nl/min)  (m?K)
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Table 2
Approaches to the modelling of MH bed properties.
Approach Porosity, Effective thermal Comment
number (e.g., @ conductivity, Ay
Abs-1, Des-2, Density, p
etc.)
1 @ = Px_o Eq. (12) Base variant of the
ps = calculation assuming the
Psx=0 constant porosity
2 ¢ = pX) Eq. (12) Base variant of the
ps = calculation assuming the
ps(X) variable porosity
3 ¢ =p(X) Aefr = 0.86+ Linear dependence Ay (X);
ps = 0.235¢X the coefficients were fitted
Ps(X) towards the best
correspondence of the
calculation results and the
experimental data [34] on
the dynamics of temperature
changes
4 ¢ = p(X) Aegr = 1.32 W/ The constant value of 1,5 was
ps = (m-K) fitted towards achievement of
ps(X) the same absorption time
from X = 0.04 to X = 0.9
when applying approaches
Abs-2 and Abs-4
5 ¢ = ¢(X) Aefr = 0.89 W/ The constant value of A,y was
Ps = (m-K) fitted towards achievement of
ps(X) the same dynamics of the
pressure change in the MH
reactor during desorption at
the constant flow rate when
applying approaches Des-2
and Des-5
70 T T T T T
O (o] — = = - pointA
g8 o E— - —  -point B

= =  _pointC

MH bed temperature, deg. C
L
=]

10 I | 1 i I
0 10 20 30 40 50 60

Time, min

Fig. 2. Changes of the MH bed temperature in points A, B and C of the MH
reactor (Fig. 1) during hydrogen absorption. Points — experimental data [34].
Solid lines — modelling (Abs-1). Dashed lines — modelling (Abs-2).

Supplementary Information; Figs. S6 and S7. Due to decrease of the ma-
terial density and the corresponding decrease of the bed porosity, the
effective thermal conductivity increases from 0.86 to 1.4 W/(m K) that
corresponds well to the ranges of values presented in the literature [29,
31,34,45,46].

Figs. 4-6 present colour maps of the fields of temperature, hydrogen-
saturated fraction of the alloy and the effective thermal conductivity of
the MH bed at different times.

It is seen from Figs. 4-6 that the absorption reaction propagates as a
front moving from the reactor wall to its centre. The heat from the region
of the active absorption is transferred via the hydrogen-saturated region
characterised by the higher effective thermal conductivity.

It is possible to estimate the “real” changes of the effective thermal
conductivity. Let’s assume the following dependence:
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Fig. 3. Simulated dynamics of hydrogen absorption.
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Fig. 4. Temperature fields calculated according to the modelling approaches
Abs-1 and Abs-2.

leff = /Lgff(X: 0) + A/{eff o X (15)

where Al is the specific change of the effective thermal conductivity
during Hj absorption. The starting value 4.5 (X = 0) was assumed to be
equal to 0.86 W/(m K), i.e., the value calculated at X = 0 by applying the
model of the effective thermal conductivity used in our work. The value
of Al was fitted using in-house developed Python code which mini-
mised the deviation of the calculated and experimentally observed dy-
namics of the temperature changes in the points A, B and C of the MH
reactor (Fig. 1). The fitted value Al = 0.235 W/(m K) was used during
calculations according to Eq. (15) using approach Abs-3 (Tables 1 and
2).

A comparison of the dynamics of temperature changes modelled
using approaches Abs-2 and Abs-3 is presented in Fig. 7. The better
correspondence between the experimental data and the calculations
which assume the smaller changes of the effective thermal conductivity
(Abs-3) is explained by the limiting nature of the Abs-2 approach.
However, in the reality, the bed porosity changes in a lesser extent due
to presence of a free volume above the bed (see updated task statement
in the Supplementary Information, Fig. S8).

The above effect was accounted in this study by assuming that the
hydrogen absorption takes place at a constant effective thermal con-
ductivity whose value provides the same Hy absorption dynamics as
during the absorption at variable porosity. The coincidence (see Fig. S9
in the Supplementary Information) was achieved at the fitted value Aeg
= 1.32 W/(m-K). Same dynamics of the Hy absorption assuming the
variable (model Abs-2) and the constant (model Abs-4) effective thermal
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Fig. 5. Fields of hydrogen-saturated fraction of the alloy calculated according
to the modelling approaches Abs-1 and Abs-2.

10 min 20 min

Fig. 6. Fields of the effective thermal conductivity calculated according to the
modelling approaches Abs-1 and Abs-2.

Abs-1

5 min 30 min

Abs-2

Abs-1
ETC, W/(mK)

1.40
I 1.3

5min
Abs-2

conductivity has its origin in the fact that the alloy in proximity to the
reactor wall absorbs hydrogen faster than the alloy located closer to the
axis (Figs. 4, 5 and 8). This nonuniformity results in the heat transfer
mostly through the hydrogen-saturated zone of the MH bed charac-
terised by the higher value of ). than the non-saturated zone.

3.3. Hydrogen desorption

The changes of the effective thermal conductivity have the most
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Fig. 7. Comparison of the calculation results according to the models Abs-2
(dashed lines) and Abs-3 (solid lines) with the experimental data [34] (points).

significant influence on the hydrogen desorption behaviour at a constant
flow rate. When the desorption takes place, the effective thermal con-
ductivity decreases resulting in the increase of temperature difference
between the bed and the heating fluid. In doing so, hydrogen pressure in
the reactor decreases faster, to provide hydrogen desorption dynamics
which maintains the pre-set hydrogen flow rate.

The results of Hy desorption modelling which assumes variable
effective thermal conductivity (model Des-2) or the constant thermal
conductivity of 1.32 W/(m K) providing the same dynamics of Hy ab-
sorption (model Des-4) are presented in Fig. 9. The figure shows changes
of hydrogen pressure in the reactor for three values of the output flow
rates: 0.5, 1.0 and 2.0 Nl/min. It is seen that the error in the predicted
time of supplying Hy at the pre-set flow rate until pressure drop below 1
bar (horizontal line) can be as high as 20%.

Similarly to introducing the model Abs-4 (see the corresponding
comments in Section 3.2), we fitted the constant value of the effective
thermal conductivity equal to 0.89 W/(m K) at which the dynamics of
the pressure changes in the MH reactor at the maximum H; output flow
rate of 2 Nl/min was the same as for the calculations according to the
model Des-2. The low value of A close to the one for the bed non-
saturated with hydrogen is explained by the fast Hy desorption from
the zone close to the reactor wall and, in turn, having low effective
thermal conductivity (Fig. 10).

The results of Hy desorption modelling which assumes variable
effective thermal conductivity (model Des-2) or the constant thermal
conductivity of 0.89 W/(m K) (model Des-5) are presented in Fig. 11.

It is seen that the use of constant value of ETC predicts well the initial
stage of the desorption for all flow rates and completely reproduces the
mode at the maximum flow rate for which the used constant ETC value
was fitted. Minor differences for the lower flow rates at the end of
desorption have their origin in the contribution of Knudsen effects at the
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lower pressures into the influence of hydrogen concentration (X) on the
ETC.

3.4. Discussion

The changes of density of the solid phase of the MH bed during
hydrogen absorption (decrease) and desorption (increase) result in the
corresponding decrease/increase of the bed porosity and, in turn, in-
crease/decrease of its effective thermal conductivity. It significantly
affects results of the modelling of heat-and-mass transfer in MH reactor.

Presently, the effect considered in this work can be studied in only
idealised statement, i.e., without accounting for the presence of a free
volume above the MH bed. The reason is not in a more complicated
procedure of the modelling of a deformed porous medium but, first of
all, in the increase of the number of the poorly controlled in the
experiment input parameters which are necessary to close the model. It
can be confirmed, for example, by the work [47] where a detailed
mathematical model describing thermo-mechanics of a MH reactor was
presented. Because of diversity of the possible arrangements of the MH
bed in the reactor, significant changes of the bed structure during the
period from the loading in the reactor to the end of activation, changes
of particle size distribution along the height of the reactor due to cyclic
swelling/shrinking of the MH bed [48], as well as relatively small
number of publications which consider practically important mode of
desorption with the constant flow rate [35,49], some effects could be
studied rather qualitatively than quantitatively. To improve the situa-
tion, it is necessary to carry out experiments in which the state of the MH
bed is carefully monitored not only before its loading into MH reactor
but also during its operation (see Ref. [50] as example).

Pressure, bar

2 W s L v -] GO

—

=

80 100 120

S
2
=
&
(=]
=

Time, min

Fig. 9. Results of calculations according to the models Des-2 and Des-4 of
hydrogen pressure in the MH reactor during desorption at the constant Hj
output flow rates of 0.5 (1), 1.0 (2) and 2.0 Nl/min (3).
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Fig. 8. Radial distributions of the hydrogen-saturated fraction, temperature, and effective thermal conductivity of the MH bed during hydrogen absorption.
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Fig. 10. Radial distributions of the hydrogen-saturated fraction, temperature, and effective thermal conductivity of the MH bed during hydrogen desorption.
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Fig. 11. Results of calculations according to the models Des-2 and Des-5 of
hydrogen pressure in the MH reactor during desorption at the constant Hj
output flow rates of 0.5 (1), 1.0 (2) and 2.0 Nl/min (3).

The idealised schematics of hydrogen absorption/desorption
behaviour is shown in Fig. 12. The absorption/desorption front moves
from the cooled/heated reactor wall towards the axis of the cylindrical
reactor. The zone of the MH bed near the wall quickly becomes saturated
with hydrogen (absorption) or hydrogen-depleted (desorption) that re-
sults in the increase or decrease, respectively, of its effective thermal
conductivity. The heat released/absorbed in the region of active Hj
absorption/desorption, closer to the axis of the reactor, is released/
supplied trough the reactor periphery.

Accordingly, during Hy absorption the heat release will be rate-
limited by the effective thermal conductivity of hydrogen-saturated
MH bed which has to be taken for the modelling. Conversely, during
Hy desorption the heat supply will be rate-limited by the effective
thermal conductivity of the hydrogen-depleted bed, and for correct
simulation of heat-and-mass transfer for Hy desorption the latter value
should be taken as the input parameter.

4. Conclusions and recommendations

e Accounting of the real changes of density of hydrogen storage ma-
terial during Hy absorption and desorption may result in the signif-
icant changes of porosity of the metal hydride bed and, in turn,
changes of its effective thermal conductivity.

This work has considered a limiting case when the volume of the
metal hydride bed does not change. In the reality, due to the bed
deformation and the change of its volume, the porosity decrease
during Hy absorption may be smaller to result in the better agree-
ment of experimental data and the calculation results.
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Fig. 12. Idealised schematics of Hy absorption/desorption processes in a cy-
lindrical reactor with external heating and cooling.

e There is a lack of the precise experimental data in the literature for
the model validation.

o The modelling of desorption modes at the constant and variable

value of the bed porosity showed a noticeable difference in the

estimation of the time during which the system can supply hydrogen

at the constant flow rate and pre-defined Hy pressure.

When carrying out the absorption modelling assuming the constant

effective thermal conductivity, it is recommended to use the value

which corresponds to the hydrogen-saturated metal hydride bed.

e When modelling desorption, it is better to use the value of the
effective thermal conductivity which corresponds to the hydrogen-
depleted metal hydride bed.
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