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a b s t r a c t

Hydrogen storage by means of hydride forming alloys has been intensely studied during

last three decades. Container heat management is among the most relevant aspects of

study in this field, particularly because in many cases it is the limiting factor for charge and

discharge rate. However, given the complexity of the container system and the great

variety of possible configurations (type of absorbing material, geometry of the container,

hydrogen charge pressure, cooling temperature, etc.), according to the authors’ best

knowledge, yet there is no general rule for hydride containers design. In this paper we

propose general design guidelines using non-dimensional parameters to assess the ther-

modynamic and kinetics behavior in order to predict the absorption fill up time.

Copyright ª 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction hydrogen: wide range of operating temperatures and pres-
Considering the increase of global pollution and the limited

reserves of fossil fuels, there will be a real need to increase the

shear of renewable energies in the global energymatrix and to

reduce the overall energy consumption. In this context, the

importance of hydrogen as a clean energy carrier is that it

harmonises the discontinuous generation of renewable

energies with continuous electricity demand (“Hydrogen

exergizes energy” [1]). The prospective of massive use of

hydrogen as an energy carrier implies the need to develop

technologies that allow its safe and proper handling.

Hydrogen storage by means of absorbing materials has

certain attractive advantages over compressed and liquefied
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sures including atmospheric conditions, relative safety,

reversibility, constant sorption pressure, and high volumetric

density. Moreover, the compression work needed when using

absorbing materials could be much less than the energy

needed to compress or liquefy hydrogen [2].

Hydride containers are very complex systems. Tempera-

ture, hydrogen concentration and equilibrium pressure

profiles influence kinetics and thermodynamics in a non-

linear way along the direction parallel to the heat flow. The

release of reaction enthalpy leads to gradients of temperature,

which are large given the low thermal conductivity of hydride

beds. This results in gradients of reaction rate and an overall

increase of the reaction time. Thus, in most situations it is not
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Nomenclature

A area, m2

a thermal diffusivity, m2 s�1

CHTN convective heat transfer number, e

C.S. control surface

C.V. control volume

cp heat capacity, J kg�1 K�1

Csg hydride capacity, kg H2/kg hydride, ebC volumetric hydrogen storage capacity, kgH2
m�3

d average hydride particle size, m

DH mass enthalpy of reaction, J kg�1

DHn molar enthalpy of reaction, J mol�1

DSn molar entropy of reaction, J mol�1 K�1

e total energy of control surface/volume, J kg�1

EAbs activation energy, J mol�1

Erea enthalpy of reaction per unit volume, J m�3

ε hydride porosity, e

fFC constant proportional to fill criteria, e

F heat conductive material fraction, e

F volumetric flow, m3 s�1

g gravity constant, 9.8 m s�2

k thermal conductivity, W m�1 K�1

k kinetics constant, s�1

L characteristic length, m

MW molecular weight, kg mol�1

m dynamic viscosity, Pa s

Npore pore density, m�2

NDC non-dimensional conductance, e

NDCW non-dimensional compression work, e

NDFT non-dimensional fill time, e

NDK non-dimensional kinetics, e

NDHC non-dimensional heat capacity, e

n
^

normal versor of the control surface, e

P pressure, bar
_Q heat power, W

R ideal gas constant, 8.315 J mol�1 K�1

r density, kg m�3

s reaction front advance, m

Sm hydrogen volumetric rate, kg m�3 s�1

t time, s

T temperature, K

q non-dimensional initial temperature, e

u internal energy, J kg�1

v! velocity, m s�1

V volume, m3

VDN viscous dissipation number, e
_W work power, W

x axis “x”

X hydrogen concentration (fraction of hydrogen

capacity), e

z height, m

Subindex

90% 90% of total capacity

Abs absorption

cont container size

d heat conductive material

des desired (reaction time)

e equilibrium

eff effective

ext external

g hydrogen gas

ini initial

kin kinetics

max maximum

pore pore size

rea reaction

ref reference

s hydride or solid

sys sensible heat of the container

t function of time

visc viscous

Table 1 e Articles about hydride containers 2000e2011.

Hydride
type

Numerical
study

Experimental
study

Num. and
exp. study

AB5 [3,4,6,8,9],

[5]*, [7]*

[10e12,14,15],

[13]*

[16e28,30,32],

[29]*, [31]*

Mg [33] [34e36] [37]

Alanate [38] [39], [40]*

AB2 [41,42] [43e45] [46]*, [47]

*Propose some sort of optimization.
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possible to assume uniform conditions within the container.

That is probably the reason why there is a lack of generalized

parameters for hydride containers. Yet there are many

experimental and numerical studies of particular cases, i.e.:

a defined hydride, inside a container with defined geometry,

under defined operational parameters such as hydrogen

pressure, external wall temperature, hydrogen flow rate,

reaction time, etc.

A non-exhaustive reference list of articles about hydride

containers is shown in Table 1. It is organized by groups of

hydrides and by the method used to study the hydride

container (experimental, numerical or both). This data

suggests a prevalence of studies that include both experi-

mental and numerical results, whether or not the experi-

mental results were obtained by the authors or from previous

studies. In general, these articles show good correlation

between experimental and numerical results. From the table it

is also clear that containers filled with AB5 alloys (LaNi5 and its

derivates) are probably the most studied. Moreover, the arti-

cles of Table 1 were written during the last decade, indicating

that the topic of hydride containers is of present interest.
There are some similarities in the numerical models of the

articles of Table 1 that we want to emphasize: many of the

studies use a kinetics model based on the one introduced by

Mayer et al. [48]. In addition, the thermodynamicmodels used

in most of the papers consider equilibrium pressure as

a function of temperature without considering the depen-

dence with hydrogen concentration, while others add an

empirical term to account for this dependence [21]. It can be
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seen that the way to model the physics of hydride containers

is usually the same, thus it should be possible to define

a general model for sorption reaction in hydride containers.

An example of a general rule worth mentioning is the one

defined by Chaise et al. for the hydraulic losses in hydride

containers [49]. They assessed a non-dimensional number

called “N” for the hydraulic losses of hydrogenmoving though

a hydride bed, and after a sensitivity analysis they defined

a limit value of N to know if the effect of pressure gradients

could be disregarded. This non-dimensional parameter was

defined as a function of kinetics, thermodynamic and

porosity.

Visaria et al. [50] have developed an interesting non-

dimensional conductance (NDC ) parameter for an AB2 alloy,

which approaches a general rule, but still shows dependence

on the thermal condition of the coolant used in their study.

They also fixed the desired fill time to 5 min, according to U.S.

DoE’s targets for mobile applications [51].

In the presentworkwe extend these ideas by adding a non-

dimensional fill time parameter (NDFT ) and evaluating the

influence of kinetics and sensible heat.We extend the concept

of NDC in a simplified system for three hydride forming

materials: Ti1.1CrMn, LaNi5 and Mg. The selected materials

cover awide range of operational temperatures and pressures.

We validated our numerical results with a simple analytical

model and with results from previous studies.
2. Numerical model

The purpose of the numerical model is to solve the heat

transfer problem together with the hydride formation reac-

tion. The evolution of the latter is dominated by the local

thermodynamic conditions, including the temperature, and

the reaction kinetics. The numerical solution has two parts for

each time step: the determination of the chemical reaction

rate and the solution of heat transfer problem to get the

evolution of the temperature field.

In the present study we consider the container to be a one-

dimensional slab with a fixed external wall temperature and

an adiabatic inner thermal condition. For the slab we use

a porous medium model. The porous medium assumption

requires that the behavior and properties of the studied

domain can be averaged in space and time, taking this average

for volumes and periods larger than the “texture” of the

porousmedium (w10�6 m) but smaller than the overall size of

the domain of interest (w10�2 m). A discussion about this

topic can be found in the work of Larson and Higdon [52].

We focus on the absorption reaction problem at constant

pressure. Several assumptions are made in order to simplify

the numerical model but also to simplify the interpretation of

the results. Firstly, we assume that the porous medium is

homogeneous in the prevalent heat flow direction. Also

porosity is constant and independent of hydrogen concen-

tration, and the local thermal equilibrium is valid for the

porous medium. We also consider the viscous dissipation,

convection and radiating heat transfer to be negligible and we

disregard the contact resistance between hydride and

container wall. Finally, we assume that specific heat capac-

ities, heat of reaction and thermal conductivity are constant
with respect to temperature and hydrogen concentration.

These assumptions might be realistic depending on the

hydrogen container design and will have to be carefully

considered during the assessment of a particular hydrogen

container. Amore detailed discussion is shown in Appendix A,

together with quantitative acceptance criteria for most of the

assumptions.

To achieve the solution of the heat transfer problem the

numerical model solves the energy equation that involves the

phase change enthalpy term. After a detailed analysis of the

energy equation shown in Appendix B, we obtained the

following simple expression of the heat equation:

�
rcp
�
eff

dT
dt

¼ εð1� FÞ
r

dp
dt

þ SmDHþ
�
keffAVT

�
x
� �keffAVT

�
xþdx

dV
; (1)

where:

keff ¼ ð1� FÞ�εkg þ ð1� εÞks

�þ Fkd; (2)

the effective heat capacity (rcp)eff of the mixture is:

�
rcp
�
eff

¼ ð1� FÞ
�
εrgcpg þ ð1� εÞrscps

�
þ Frdcpd; (3)

and the time rate of reacting mass of hydrogen per unit

volume of the mixture is:

Sm ¼ ð1� FÞð1� εÞCsgrs
dX
dt

; (4)

where X is the hydrogen concentration expressed as fraction

of hydride capacity and Csg is the total capacity as mass

fraction of hydrogen in the alloy.

Thermodynamics is modeled with the equation of Van’t

Hoff without considering the influence of hydrogen

concentration.

Pe ¼ Pref$e

�
DHn

Abs

R$T
� DSn

R

�
(5)

We employ the kinetics model introduced by Mayer et al.

[47], which depends on pressure, temperature and concen-

tration of hydrogen:

dX
dt

¼ kAbs$e

�
�
EAbs

R$T

�
$ln

�
Pg

Pe

�
$ð1� XÞ (6)

The heat transfer problem is solved by the finite difference

method, the details of the implementation are presented in

a previous work [30]. The time evolution calculations are

performed by an explicit Runge-Kutta algorithm to reduce

extrapolation error.

Table 2 shows the parameters used during the simulations

for each hydride system, which cover a wide range of temper-

ature and pressure, from room temperature to T > 300 �C, and
from a relative low pressure (30 bar) to mid pressure (300 bar).
3. Results and discussion

3.1. Heat transfer analysis

We used the non-dimensional conductance defined by Visaria

et al. as starting point [50]. This parameter is defined as the

http://dx.doi.org/10.1016/j.ijhydene.2012.09.046
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Table 2 e Parameters of the simulations.

Parameter Ti1.1CrMn LaNi5 Mg

cps (J kg
�1 K�1) 500 355 120

DHAbs
n (J mol�1) �14,390 �30,478 �75,000

DSAbs (J mol�1 K�1) �91.3 �108 �133.5

EAbs (J mol�1) 20,700 21,170 1.24 � 105

kAbs (s
�1) 150 59.2 2.90 � 108

Csg 0.015 0.0128 0.06

ks (W m�1 K�1) 1 1 0.5

ε 0.6 0.5 0.7

rs (kg m�3) 2500 8310 1740

Reference [50] [52] [37]

Text (�C) 20 20 327

Pg (bar) 300 30 30

0 1 2 3 4 5

0.0

0.5

1.0

1.5

2.0

N
D
F
T

NDC

Hyperbole
TiT 1.1CrMrr n

LaNi5

MgM

Fig. 1 e NDC vs. NDFT for Ti1.1CrMn, LaNi5 and Mg.
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rate of the heat dissipation that can be evacuated by

conduction _Qdis, to the heat generation rate _Qrea for the reac-

tion to take place in a desired reaction time tdes.

NDC ¼
_Qdis

_Qrea

(7)

_Qdis ¼
ðTmax � TextÞ

L=keff
(8)

_Qrea ¼ Erea$
L
tdes

(9)

Erea ¼ DHabs$Csg$rs$ð1� εÞ$ð1� FÞ; (10)

where Erea is the enthalpy of reaction per unit volume.

Therefore the parameter NDC is a measure of the fraction

of heat generation rate due to hydriding that can be removed

by a hydride container. Higher values of NDC correspond to

higher heat transfer rates.

The term _Qdis considers a temperature difference divided

by a thermal resistance. For the sake of simplicity we only

consider the effective thermal conductivity of the porous

material, neglecting contact thermal resistances, radiation

heat transfer and convective effects. Temperature Tmax is

a function of the absorption pressure and is fixed by the Van’t

Hoff equation. The term _Qrea considers heat of reaction,

capacity and porosity of the hydride, and it should also

consider heat conductive material if present, through the

term F. The thickness of the hydride appears as L2 in Eq. (7)

when reordered, so it has a relative high weight in this

parameter.

We think that the parameter NDC is a very useful design

tool for hydride containers since it relates:

� Hydride properties: DHAbsCsgrs(1 � ε). The convenience of the

selected hydride is assessed by these properties, which

usually can barely be modified.

� Operational conditions: (Tmax � Text)tdes. These parameters

include hydrogen charge pressure (indirectly expressed

with Tmax), temperature of the heat exchange surface

(which will be proportional to the temperature and the

means used to dissipate heat from the container), and the

time intended for the absorption reaction to occur up to

a defined fill criteria.
� Design parameters: keff/L
2(1 � F ). In this case keff may be

increased by introducing a high thermal conductivity

material, such as aluminum. Therefore, both keff and F are

proportional to the amount of conductive material. L2

represents the effective length of the heat path within the

hydride towards the wall of the heat exchange system.

Examples of this characteristic length are: the half thickness

of hydride between fins, the half size of the average pore of

ametal foam, the radius of a hydride containerwithout heat

transfer system, etc. These parameters are usually limited

by technology and cost.

We define a non-dimensional fill time by dividing the time

needed to reach 90% of themaximumhydrogen concentration

in the hydride bed (t90%) by the desired reaction time (tdes) used

in the NDC parameter.

NDFT ¼ t90%
tdes

(11)

With these elements, we analyze the relation between NDC

and NDFT for the hydrides Ti1.1CrMn, LaNi5 and Mg (Fig. 1). In

order to simplify the analysis wemultiply the kinetics constant

by a factor 102 and we divided the heat capacity by a factor 10.

After sensitivity analysis, we confirmed the stability of this

simplified approach, which provides results independent from

the sorption kinetics and the heat capacity of the hydride.

In Fig. 1 we analyze the effect of an increase of _Qdis (Eq. (8))

and thus of NDC. This can be done in different ways: by

increasing hydrogen charge pressure Pg and thus increasing

Tmax, by reducing the temperature of the cold source Text, by

increasing the effective thermal conductivity keff using a high

conductivity material, or by reducing hydride thickness L.

According to Fig. 1 the reaction time decreases with NDC. For

NDC >> 1 this effect is not significant, but probably a waste of

resources.

Under the mentioned conditions, the three hydride

systems show the same behavior so that the results of the

three hydrides can be fitted with the following equation:

NDFT ¼ fFCNDC�1; (12)

where fFC ¼ 0.43.

This result means that in order to obtain a reaction time

t90% equal or lesser than the desired time (NDFT� 1), according

to our numerical results, _Qdis should be at least 43% of _Qrea.

http://dx.doi.org/10.1016/j.ijhydene.2012.09.046
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The parameter fFC is a function of the defined Fill Criteria, in

this case 90%.

Because of the simplifications done to the model of the

container system, Eq. (12) can also be obtained by analytical

solution of the Stefan problemwith no heat capacity term [53].

When heat capacity is negligible and reaction kinetics has no

influence in the absorption reaction, the reaction takes place

as a reaction front. A scheme of the resulting temperature

profile is shown in Fig. 2, where the hydride phase (reacted

material) will be just a thermal resistance to the heat flow.

Considering the reaction front model, the heat flux needed for

the absorption reaction is equal to the energy of reaction per

unit volume Erea (Eq. (10)) multiplied by the velocity of the

reaction front vst/vt. Then, considering the Fourier law of

conduction we obtain:

_Q ¼ vst
vt

Erea ¼ �keff
ðTmax � TextÞ

s
(13)

Integrating and using the initial boundary condition s¼ 0 for

t ¼ 0, we obtain a function that correlates the elapsed time of

reaction and the position of the reaction front:

t ¼ 1
2
s2

Erea

kðTmax � TextÞ (14)

According to this model, t90% will be reached when the

reaction front has advanced 90% of L. Then,

t90% ¼ 1
2
ð0:9LÞ2 Erea

keff ðTmax � TextÞ ¼ fFC
��
Analytical

EreaL2

keff ðTmax � TextÞ (15)

For this analytical case fFC
��
Analytical

¼ 0:405. This result

confirms the one obtained numerically, supporting the

hyperbole fitting performed in Fig. 1.

Moreover, Fig. 3 shows temperature and hydrogen

concentration profiles for a Ti1.1CrMn container filled up to

50% of the total hydride capacity. The shape of these curves is

similar to the shape of the idealized curves of the Stefan

problem (Fig. 2).
300

310

T
 
(K

)

3.2. Kinetics influence

If we perform a simulation with the actual hydride forming

kinetics, we will have a longer filling time respect to the
Tmax

T 

Text
s

L

Reaction 
front 

1 

0 

Heat flow 

Hydride 
phase

X

Fig. 2 e Ideal temperature and hydrogen concentration

scheme for 0 < t < t90%, when heat capacity and kinetics

have no influence in the absorption reaction.
simplified case analyzed in the previous section. This can be

seen as obtaining a larger value of fFC ( fFC ¼ NDC� NDFT ). It is

important to be able to estimate the influence of the hydride

forming kinetics in the total reaction time. In order to address

this influence, we define a non-dimensional kinetics (NDK )

number in a similar fashion to the definition of the NDC. In

this case the parameter NDK is defined as the average heat

generation rate _Qkin for the reaction limited only by the

kinetics characteristic time tkin to the rate of the heat dissi-

pation rate by conduction _Qdis. We obtain the following

parameter:

NDK ¼
_Qkin

_Qdis

; (16)

where

_Qkin ¼ Erea
L
tkin

(17)

and

tkin ¼
	
kAbse

� EAbs
R$Text ln

�
Pg

Pe

�
�1

: (18)

The characteristic time for hydride forming kinetics tkin is

calculated from the hydride’s constants kAbs, EAbs and the

absorption parameters Pg and Text. Absorption reaction will

occur at a temperature between Text and TMax, yet we consid-

ered Text as a more representative temperature for the calcu-

lation of tkin because it is at the lowest temperature that the

kinetics play a more relevant role. In other words, the faster

reaction rate occurs at Text and that is the situation where

kinetics becomes more relevant.
0.0 0.2 0.4 0.6 0.8 1.0

290

fraction of L

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

fraction of L

b

X

Fig. 3 e (a) Temperature profile and (b) hydrogen

concentration profile for 50% reaction Ti1.1CrMn.
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The parameter NDK is useful to determine whether the

operational and geometrical conditions are such that kinetics

has a relevant influence. Fig. 4 shows NDK vs. NDC � NDFT for

NDC¼ 1. Variation ofNDKwas achieved bymultiplying kAbs by

arbitrary factors, while heat capacity was divided by 10 in

order to minimize its influence. The definition of tdes is irrel-

evant in this figure since it is not present in NDK and it is

cancelled out in NDC � NDFT.

In Fig. 4 we added a line for fFC ¼ NDC � NDFT ¼ 0.405, i.e.

the result for instantaneous kinetics. We can observe that for

NDK > 1 kinetics influence decreases rapidly, and the value of

NDC�NDFT tends asymptotically to 0.405. From the figure it is

also clear that forNDK>> 1 the difference between hydrides is

not important.

3.3. Heat capacity influence

In order to verify the effect of sensible heatwemodify the heat

capacity of the hydride container for the different hydrides

under study. As before, we define a non-dimensional heat

capacity (NDHC ) parameter to quantify the influence of

sensible heat in the reaction time as follows:

NDHC ¼ Esys

Erea
; (19)

where,

Esys ¼
�
rcp
�
eff
ðTmax � TiniÞ (20)

The term Esys represents the sensible energy per unit

volume of hydride needed to increase its temperature from Tini

to Tmax.. Fig. 5 shows the results of NDC � NDFT as a function

of NDHC, for NDC ¼ 1. Kinetics constants remain unaltered,

leading to NDK > 1 in the three cases under study. We have

taken values of Tini equal to Text.

Results for Ti1.1CrMn and LaNi5 are somehow intuitive: an

increase of heat capacity creates an additional heat absorp-

tion in the container, therefore decreasing the total fill time. In

the case of Mg the increased heat capacity leads to sustained

low temperatures and therefore slower kinetics, leading to an

increase in NDFT (dX/dt f f(T )). This effect is only relevant in

the Mg system because its kinetics is more dependent on

temperature than for Ti1.1CrMn or LaNi5 systems. This fact can

be seen by the kinetics parameters of Table 2, which are
0 1 2 3 4 5 6 7 8 9 10

0

1

2

3

4

5

N
D
C
x
N
D
F
T

NDK

fff

TiTT CrMrr n

LaNiNN

MgMM

Fig. 4 e NDK vs. NDC 3 NDFT for Ti1.1CrMn, LaNi5 and Mg.
various orders of magnitude larger in comparison. It should

also be noted that according to Askri et al. [54], radiation

cannot be disregarded as heat transfer mechanism in Mg

hydride containers because of its relative high operational

temperature.

In spite of the uncertainties mentioned in the last para-

graph, we think that as a general rule heat capacity has

a minor influence since the values calculated with typical

alloy properties are NDHC < 0.16 for Ti1.1CrMn and LaNi5, and

NDHC < 6 � 10�3 for Mg.
3.4. Design parameters of previous experimental results

We calculate the parameters NDC vs. NDFT using previously

reported results in order to verify the non-dimensional

parameters design approach introduced in this paper

against actual experimental devices. Fig. 6 shows NDC vs.

NDFT results assuming tdes ¼ 5 min in order to facilitate the

comparison, and following the criteria adopted by Visaria

et al. [50]. The experimental results from different authors

show good correlation with the general hyperbole defined by

Eq. (12), even though these results have real kinetics and

sensible heat parameters. The fact that some results appear

below or too separated from the hyperbole is attributed to the

simplifications assumed for the parameters adopted in each

case, particularly the assumption of a unique thermal
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Fig. 6 e NDC vs. NDFT from references for tdes [ 5 min.

http://dx.doi.org/10.1016/j.ijhydene.2012.09.046
http://dx.doi.org/10.1016/j.ijhydene.2012.09.046


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 7 ( 2 0 1 2 ) 1 8 0 8 0e1 8 0 9 418086
conductivity and the characteristic length, that in many cases

should be representative of complex geometries in two or

three dimensions. A short description of the assumptions

made for each case is presented in Appendix C.

Results assessing the importance of kinetics are depicted

in Fig. 7 (NDK vs.NDC�NDFT ). These results are in agreement

with the numerical results of Fig. 4. The fact that results

obtainer from Capurso, Chaise and Laurencelle# show higher

NDC�NDFT values is consistentwith their lowNDK, and it can

be related to the distance of the respective points to the

hyperbole of Fig. 6, suggesting that these experimental

systems were dominated by kinetics restrictions rather than

heat transfer.

Additionally for systems involving heat management

elements such as small fins, i.e. the work of Melnichuk et al.

[30] or foams, i.e. the work of Laurencelle et al. [55], we per-

formed the analysis at two different scales. One is the “pore”,

or microscopic scale (denominated Laurencelle# and Melni-

chuk#), for the volume of hydride bounded by the conductive

material (foam or fin), and the other is the whole container or

macroscopic scale (denominated Laurencelle and Melnichuk).

The experiments of Melnichuk et al. involved a reactor with

a large characteristic length and a high fraction of homoge-

neous extended surface (F ¼ 0.33). Results between pore size

and container size analysis show little difference. On the other

hand, the results of Laurencelle et al. using aluminum foam

(F ¼ 0.09) show longer reaction times for pore size analysis

than results considering the whole container with a homoge-

neous thermal conductivity. Therefore, for this case we can

see that the heat transfer inside the pore is the limiting factor

in the container dynamics.
3.5. Non-dimensional equations

Finally, using the non-dimensional parameters introduced in

previous sections we can express the equations in non-

dimensional form. The one-dimensional heat equation

(Eq. (1)) can be rewritten as follows:

�
rcp
�
eff

vT
vt

¼ εð1� FÞ
rg

vP
vt

þ SmDHabs þ
v

�
keff

�
vT
vx

��
vx

(21)

To make this equation non-dimensional we will adopt the

following non-dimensional variables:
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Fig. 7 e NDK vs. NDC 3 NDFT from previous results.
T� ¼ T
Tmax�Text

(22)

t� ¼ t

tdes
(23)

P� ¼ P
Pg � Pini

(24)

vX
vt�

¼ S�
m ¼ tdes

Csgrsð1� εÞð1� FÞSm (25)
where Pini is the pressure inside the container before the

charge process begins. It should be noted that Eq. (25) is the

non-dimensional form of Eq. (4). Replacing these expressions

into Eq. (21) and considering keff constant we obtain the non-

dimensional heat equation:

NDHC q�1
ini

vT�

vt�
¼ NDCW

vP�

vt�
þ vX
vt�

þNDC
v2T�

vt�2
(26)

Here,

NDCW ¼
�
Pg � Pini

�
εð1� FÞ

Erea
(28)

qini ¼ ðTmax � TiniÞ
ðTmax � TextÞ (29)

Note that the influence of the heat capacity is related to the

initial temperature Tini rather than the external temperature

Text used in the other non-dimensional groups, therefore the

non-dimensional initial temperature qini appears in the heat

capacity term.

We obtain a new non-dimensional parameter related to

the compression work that we called NDCW and shows the

relative importance of the compression work compared to

the reaction energy. This parameter has shown to be very

small for the cases studied so that the whole term may be

neglected.

It is worth noting that the reaction kinetics does not show

up in the non-dimensional heat equation (Eq. (26)). To bring up

the relation between the reaction kinetics and the thermal

evolution in terms of non-dimensional numbers we can

analyze the kinetics model expressed by Eq. (6). We can make

this equation non-dimensional by the introduction of a kinetic

characteristic time tkin:

vX

v~t
¼ tkin

vX

vt
(30)

According to Eq. (6) we adopt a characteristic time tkin
calculated at the external temperature Text and the corre-

sponding equilibrium pressure Pe(Text), then we get:

tkin ¼

2664kabse

�
�
Eabs

RText

�
ln

�
Pg

PeðTextÞ
�3775

�1

(31)

which can be regarded as the inverse of the initial reaction

velocity of the hydride forming material at temperature Text

(notice X is non-dimensional). To evaluate the role of reaction

kinetics as compared to thermal dynamics in the overall

system evolution, we can compare the corresponding char-

acteristic times, tkin and tdes respectively. The ratio of these two
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characteristic times can then be expressed in terms of the

non-dimensional parameters NDK and NDC as follows:

tdes
tkin

¼
EreaL=tkin

_Qdis

_Qdis

EreaL=tdes
¼ NDK�NDC (32)

A thermally optimized system should have an NDC z1.

Then a high value of NDK indicates that the kinetics charac-

teristic time is small and therefore not a limiting factor in the

system dynamics.
4. Conclusions

In the present work we propose a set of non-dimensional

parameters that can be used as a guideline for the design

and assessment of the thermal aspects of hydride containers.

For this purpose we use a one-dimensional numerical model

that simulates heat transfer and reaction kinetics. The

numerical model was verified against a simple analytical

model for cases where reaction kinetics and heat capacity are

negligible. Numerical results were also consistent with results

from previously reported measurements.

For the assessment of the thermal behavior of the hydride

container, hydride properties, operational conditions and

design parameters were combined into a single non-

dimensional parameter, i.e. the non-dimensional conduc-

tanceNDC proposed by Visaria et al. [50], being the singlemost

important parameter to consider in most cases. The filling

time was assessed trough the non-dimensional fill time NDFT,

which in the case of heat transfer dominated systems

becomes inversely proportional to NDC.

The influenceof the reactionkineticswasevaluated through

a non-dimensional kinetics parameter NDK. In the same way

the heat capacity of the hydride container (hydride-conductive

material mixture) was evaluated through the non-dimensional

heatcapacityparameterNDHC. ThevalueofNDC�NDFT,which

is constant for heat conduction dominated systems, increases

when NDK < 1 as the system becomes dominated by the reac-

tion kinetics. On the other hand the effect of higher heat

capacity, i.e. higher NDHC, is more difficult to predict and

depends on several factors. Yet for real systems the value of

NDHC is lowmaking it unimportant for most situations.

We think that this set of parameters allows the system

designer to evaluate approximately whether the heat

management system is suit for his design, and if the reaction

kinetics will be relevant in the sorption process.

As future work we think that a more exhaustive study

could be useful, extending the present analysis to systems

with more complex thermodynamics such as alanates and to

different fill criteria.
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Appendix A. Model assumptions

In this section we discuss the pertinence of the assumptions

made on this work. We tried to include non-dimensional

parameters when possible to help deciding about the rele-

vance of these assumptions.

A.1. Porous medium is homogeneous

We use a porous medium model which means that the

microscopic behavior is averaged in space and time. We are

analyzing cases where the porous medium does not vary in

the heat transfer direction. For a non-homogeneous system,

i.e. as presented in the work of Melnichuk et al. [30], the set of

non-dimensional parameters (NDC, NDFT, NDK and NDHC )

can still be used. If the representative parameters selected of

the non-dimensional numbers are correctly defined, the same

general tendencies should be expected, but obviously with

different threshold values that will depend on the nature of

the non-homogeneity.

A.2. Heat transfer is one-dimensional

This assumption is geometrical and implies that from the

macroscopic point of view, i.e. the porous medium approach,

temperature gradients and energy flows should be prevalent

in this direction. This is a good approximation in most cases

given that the dimension of the porous medium in the heat

flow direction is much shorter than the other dimensions.

A.3. Porosity is constant and independent of hydrogen
concentration

This assumption is not strictly valid but is a necessary approxi-

mation. Formosthydride formingalloys theporosity ismodified

by the volumetric expansion of the hydride during the sorption

process. For example, AB5 alloys may expand about 20% in

volume. Thus this simplification adds an error in the effective

thermal conductivity of the hydride and in the expansion

volume.Whenahighconductivitymaterial suchasaluminumis

introduced to improve the porous medium conductivity, the

evolution of the thermal conductivity of the hydride becomes

irrelevant, as the heat transfer is dominated by material with

high conductivity. On the other hand, the variation of the

expansion volume affects thework term in the energy equation

(Eq. (1)), which is already aminor contributor to the enthalpy of

the system. We discuss the porous medium thermal conduc-

tivity further in SectionA.7. Finally it should be noted that these

effects are not relevant when compared with the uncertainties

in the hydride properties available in the literature.

A.4. Local thermal equilibrium is valid for the porous
medium

The hypothesis of local thermal equilibrium should be

analyzed in each particular case. A detailed analysis of

a particular case would probably require 2D or 3D simulations

or a proper experimental test. We considered that this

hypothesis is generally valid for hydride systems with no
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addition of conductivity enhancing materials, particularly

considering that the particle size (w10�6 m) is normally much

smaller than characteristic length (w10�2 m). In the case of

a hydride systemwith additional conductivematerial, such as

aluminum foam, fins, honey comb profile, etc., it would be

necessary to analyze the microscopic scales, i.e. the pore

scale, and to evaluate whether local thermal equilibrium can

be assumed. We suggest to do this by performing a micro-

scopic analysis, considering firstly the heat transfer problem

from the hydride to the fins or other conductivity enhancing

materials. This heat transfer should be significantly more

efficient than the overall heat transfer. One way of doing this

is to calculate a microscopic NDC using microscopic dimen-

sions and considering the hydride as porous medium, this

should produce a “microscopic NDC” much higher than the

“macroscopic NDC”. This type of microscopic analysis is per-

formed in point 3.4.

A.5. Viscous dissipation is negligible

It should be noted that the viscous dissipation is highly vari-

able upon the gas flow paths whichmay differ highly between

different designs, even between those that can be regarded

one-dimensional from the heat transfer point of view.We can

think of two possible effects due to the viscosity of hydrogen.

One is the generation of pressure gradients that would slow

down the reaction, i.e. changing the local value of Pg. This was

already addressed by Chaise et al. [49]. Another effect is the

generation of viscous dissipation heat. We define a non-

dimensional parameter called viscous dissipation number

(VDN ):

VDN ¼
_Qvisc

_Qrea

(A1)

where _Qvisc is the heat power due to viscous dissipation and
_Qrea is defined in Eq. (9).

Because of the small scales and velocities involved the flow

through the porousmedium composed by themetal hydride it

is expected to be laminar. To obtain an approximate value of

the pressure we analyze a pore of circular cross-section. For

a small volume including one of these pores we define _Qvisc as

function of the hydride length as follows:

_Qvisc ¼
ZL
0

dP
dx

$
FðxÞ
A

dx (A2)

where dP/dx is the local pressure loss per unit length and F is

the volumetric flow of hydrogen gas across the area A normal

to the flow direction.

Given that the flow through the porousmedium is slow and

the characteristic pore size is extremely small we can use

a Darcy model for the flow resistance, though that requires

a knowledge of the friction law for the specific porousmedium

that is being analyzed. Here to estimate dP/dx, we approxi-

mate the pores as cylindrical tubes and use the Hagene

Poiseuille equation:

dP
dx

¼ 128mFporeðxÞ
pd4

(A3)
where m is the dynamic viscosity of the hydrogen and d the

diameter of passage of hydrogen.

If we consider that the volumetric flow rate is constant, we

can consider that the reaction kinetics is constant. Then:

dX
dt

z
0:9
t90%

(A4)

The volumetric flow rate is defined in the x direction as

follows:

FðxÞ ¼ A
Zx
0

1
rg

�bCdX
dt

�
dx ¼ A

bC
rg

0:9
t90%

x (A5)

bC ¼ Csgrsð1� εÞð1� FÞ (A6)

FporeðxÞ ¼ FðxÞ
A

� �Npore

��1
(A7)

where, if we assume pores with circular cross-section, the

pore density can be calculated as: Npore ¼ 4ε/pd2. Using Eqs.

(A2), (A3) and (A7) we finally get:

_Qvisc ¼
32m
3ε

L3
 bC
rgd

0:9
t90%

!2

(A8)

Now we can evaluate the non-dimensional fraction of

viscous dissipation:

VDN ¼
_Qvisc

_Qrea

¼

32m
3ε

L3
 bC
rgd

0:9
t90%

!2

DHabs$bC L
tdes

¼ 32$ð0:9Þ2mbCL2tdes
3εd2r2gDHabst290%

(A9)

To estimate the order of magnitude of Eq. (A9) we consider

typical parameters for H2 and LaNi5 assuming tdes wt90% for

a thermally optimized system:

mg z9 � 10�6 Pa s

Csg ¼ 0.01

rs ¼ 8300a kgHM m�3

(1 � ε) ¼ 0.5

(1 � F ) ¼ 0.9

rg

���
P¼20 bar; T¼27 +C

8:9� 10 ¼ 1:6 kgH2
m�3 [59]

L z3 � 10�2 m

d z3 � 10�6m

t90% ¼ 300 s

DHabs
n ¼ 3 � 105 J molH2

MWH2 ¼ 2� 10�3 kgH2
m�3

DHabs ¼ DHabs
n � MW�1

H2

/VDN ¼ 5.6 � 10�6/ negligible

Therefore the heat power due to viscous dissipation is

negligible when compared to heat of reaction.

A.6. Convection heat transfer is negligible

In this work we defined a physical model where gas flow is

perpendicular to the heat flow (see Figure B1), thus convection

is irrelevant. However, configurations with parallel gas and

heat flow are possible. Then we analyze this type of container
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configuration by defining a non-dimensional parameter called

convective heat transfer number (CHTN ) as follows,

CHTN ¼
_Qconv

_Qcond

(A10)

where _Qconv is the convection heat transfer and _Qcond is the

conduction heat transfer. These terms can be calculated by

means of the convectionediffusion equation, whose general

form is:

vc
vt

¼ VðDVcÞ � V
�
v
.
c
�

(A11)

where c is the variable of interest, in our case c ¼ rgcpgT, and D

is the diffusivity, in our case D ¼ a ¼ keff/rgcpg.

Now we analyze the conduction term, i.e. the first term on

the right hand side of Eq. (A11):

_Qcond ¼ VðDVcÞ/1D v

vx

 
keff

rgcpg

v
�
rgcpgT

�
vx

!
(A12)

Considering that density and specific heat of gas are inde-

pendent from x, and approximating v2T=vx2fðTmax � TextÞ=L2,
we obtain:

_Qcond ¼
keff ðTmax � TextÞ

L2
(A13)

The convection term is also obtained from Eq. (A11):

_Qconv ¼ V
�
v
.
c
�
/
1D

rgcpg
v
�
v
.
T
�

vx
(A14)

This term is variable in x and will change in time. However

we can obtain an order of magnitude estimation using Eq. (A5)

to estimate the velocity and using (Tmax � Text)/L to approxi-

mate the temperature gradient:

_Qconvfrgcpg

�
F

A

� ðTmax � TextÞ
L

zcpg
bC

t90%
ðTmax � TextÞ (A15)

With Eqs. (A13) and (A15), Eq. (A10) becomes:

CHTN ¼ cpg bCL2
t90%keff

(A20)

We estimate the order of magnitude of Eq. (A20) using the

typical parameters for H2 and LaNi5 used for Eq. (A13), plus the

following parameters:

cpH2 ¼ 14,266 J.kg�1.K�1

keff ¼ 1 W.m�1.K�1

/CHTN ¼ 1.6.

That is to say that for a container configuration where gas

and heat flows are parallel, the convection heat transfer is not

negligible. If the configuration is such that the gas flows

against the temperature gradient it will help the heat transfer

and otherwise it might be detrimental.

A.7. Radiative heat transfer is negligible

Assuming that contact resistance is negligible, radiation heat

transfer between hydride bed and the container wall is irrel-

evant (see Section A.8). A different case is the radiation
between hydride particles, which changes the effective

thermal conductivity of the powder. In Section 3.3 we have

observed that the radiation heat transfer mechanism could

have an effect of MgH2 systems due to their high temperature

and to the fact that radiation heat transfer depends on

temperature with a power of four [54]. The analysis of radia-

tion heat transfer involves the particles transmittance,

reflectivity and view factors, and involves particles with sizes

in the order of magnitude of the radiation wavelengths. All

this makes the modeling of radiation heat transfer a rather

complex issue that exceeds the scope of this paper.
A.8. The contact resistance between the porous medium and
the container walls is negligible

For the sake of simplicity we have assumed the contact

resistance is much smaller than the thermal resistance of the

porousmediumof thickness L. Yet if therewere a gap between

the porous medium and the walls the contact resistance can

becomeprevalent. The contact resistance varies depending on

the container design and during the hydride forming process

due to swelling, it is therefore a relevant design aspect. In the

case of the article of Visaria, where NDC parameter was first

defined [50], they considered thermal conductivity (L/keff),

convection heat transfer (hf) and contact resistance (Rtc). In

their study they analyzed different values of contact resis-

tance, including Rtc ¼ 0. There is no simple model for the

contact resistance and a detailed analysis exceeds the scope

of this work.
A.9. The specific heat capacity, heat of reaction and thermal
conductivity are assumed to be constant with respect to
temperature and hydrogen concentration

These three thermal properties have been taken as constant.

The specific heat capacity is very difficult to measure, partic-

ularly near the phase change conditions, and therefore it has

a large associated error. On the other hand, the heat capacity

plays aminor role and therefore the heat capacitymaywell be

taken as constant.

The heat of reaction on the other hand is a relevant

parameter but it is constant well within the relative errors of

other parameters.

A completely different situation happens with the thermal

conductivity of the hydride forming alloy. The effective

thermal conductivity of the hydride is strongly influenced by

pressure, hydrogen concentration and temperature, varying

as much as an order of magnitude. However, if effective

thermal conductivity is significantly improved by the addi-

tion of a high conductivity material, hydride thermal

conductivity becomes irrelevant and the overall effective

conductivity can be considered to be constant.
Appendix B. One-dimensional heat equation

In this section we propose a one-dimensional model for the

thermal problem and present the developments of the equa-

tions in detail as we consider this is missing from available
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bibliography. We also hope this will help other researchers to

clarify the energy balances involved.

To obtain the one-dimensional heat equation for this

problem we start with the total energy conservation

equation [56]:

_Q � _W ¼ d
dt

Z
C:S:

re dV þ
Z
C:S:

re
�
v!$n

^
�
dA (B1)

with:

e ¼ uþ 1
2
v!2 þ gz (B2)

In the present case neither kinetics energy nor potential

energy are relevant and heat capacity can be considered

constant, so we can take

e ¼ u ¼ cpT� P=r (B3)

We shall consider fixed control volumes where only pres-

sure mechanical work can occur, thus:

_W ¼
Z
C:S:

P
r
r
�
v!$n

^
�
dA (B4)

We will also consider conduction (�kVT) as the only heat

input mechanism. It is worth noting that the heat generated

by the phase change will be taken into account in the internal

energy term of Eq. (B1) and not as a volumetric heat source.

Thus the heat input term becomes:

_Q ¼ �
Z
C:S:

ð�kVTÞ$n^ dA (B5)

From Eqs. (B1), (B4) and (B5), and grouping the control

surface flow terms we obtain:Z
C:S:

d
dt

�
r
�
cpT� p=r

��
dV ¼ �

Z
C:S:

d
dt

�
rcpT v!� kVT

�
$n
^
dA (B6)

The reaction enthalpy generated during the sorption

process involving a mass of hydrogen Sm is expressed by:

SmcpsT� SmcpgT ¼ SmDHðTÞzSmDH
�
Tref

�
(B7)

where cpg and cps are the gas and solid phase heat capacity at

constant pressure respectively, and DH(Tref) is the reaction

enthalpy at reference temperature, which is considered

constant in the operational temperature range.

The container is a multiphase system that can undergo

phase changes. At first glance we have a solid phase and

a gaseous phase. Strictly speaking there ismore than one solid

phase as the solid material can be heat conductive material

(e.g.: aluminum foam), hydride and hydride forming alloy. At

this point we shall not consider heat conductive material, it

will be added later as a modification to avoid unnecessary

complications.

Here we will consider the hydride forming alloy and the

hydride as a single solid material. We will also consider that

the porosity ε of this solid material remains constant, i.e. the

density of the solid rs varies only though hydrogen mass

gains or losses in order to achieve conservation of mass. This
is an important simplification as the alloy usually undergoes

a significant volume increase during the hydriding (See

section A.3).

If wemodel the system as a two-phasemixture [57] Eq. (B6)

then becomes:

Z
C:V:

d
dt

	
ε

�
rgcpgT� P

r

�
þ ð1� εÞ�rscpsT�
dV

¼ �
Z
C:S:

�
rgcpgT v!� keffVT

�
$n
^

dA (B8)

We shall disregard the variation of total internal energy due

to variation of the gas density (εcpgTdrg/dt) as the total internal

energy of the gas phase is relatively unimportant. We there-

fore obtain:Z
C:V:

	
ε

�
rgcpg

dT
dt

� 1
r

dP
dt

�
þ ð1� εÞ

�
rscps

dT
dt

�
þ ð1� εÞ

�
drs
dt

cpsT

�


� dV ¼ �
Z
C:S:

�
rgcpgT v!� keffVT

�
$n
^

dA

(B9)

In the sorption process, gas is added or extracted from the

solid phase. As we have taken a constant value of ε and given

that no solid mass crosses the control volume boundaries,

the sorption process has to occur through a variation of the

solid density rs. Therefore the mass of gas per unit volume

and per unit time involved in the sorption process Sm has to

satisfy:

Sm ¼ �ð1� εÞdrs
dt

(B10)

From Eqs. (B7), (B9) and (B10) we obtain:Z
C:V:

	
ε

�
rgcpg

dT
dt

� 1
r

dp
dt

�
þ ð1� εÞ

�
rscps

dT
dt

�

dV

¼
Z

C:V:

�
SmDHþ SmcpgT

�
dV �

Z
C:S:

�
rgcpgT v!� keffVT

�
$n
^

dA

(B11)

We are interested in developing a one-dimensional

model as represented in Figure B1, where heat transfer

occurs in the main dimension and convective effects can be

disregarded. We consider all properties to vary only in the

main dimension while being uniform in the others. The

changes of rg and ε will be neglected and we will assume

there are no convective flows in the direction of the main

dimension, then the continuity equation for the gas phase

reduces to:Z
C:V:

Sm dV ¼
Z
C:S:

rg v
!$n

^
dA (B12)

In our one-dimensional model we consider temperature

and heat capacity to be homogeneous in the control volume,

obtaining:Z
C:V:

SmcpgT dV ¼
Z
C:S:

rgcpgT v!$n
^
dA (B13)

http://dx.doi.org/10.1016/j.ijhydene.2012.09.046
http://dx.doi.org/10.1016/j.ijhydene.2012.09.046


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 7 ( 2 0 1 2 ) 1 8 0 8 0e1 8 0 9 4 18091
This equation states that the net sensible heat of the gas

crossing the control surface is the same sensible heat of the

gas that participates in the sorption reaction. This is true here

because we are not considering changes in gas density, or gas

flows, in the main dimension x.

For a one-dimensional system in x with transversal area A

and thickness dx, and using the relation of Eq. (B13), Eq. (B11)

becomes:

	
ε

�
rgcpg

dT
dt

� 1
r

dP
dt

�
þ ð1� εÞ

�
rscps

dT
dt

�

A dx

¼ Sm DH A dx� �keffVT
�
xþdx

Aþ �keffVT
�
x
A (B14)

Finally, we rewrite Eq. (B14) to get the one-dimensional heat

equation for a finite volume dV ¼ Adx:

�
εrgcpg þ ð1� εÞrscps

�dT
dt

¼ ε

r

dP
dt

þ SmDH

þ
�
keffAVT

�
x
� �keffAVT

�
xþdx

dV
(B15)

If we now introduce a non-porous conductive material d in

a volumetric fraction F, the effective properties of the mixture

will be modified. We will hopefully see an increase of the

thermal conductivity in the direction of the main dimension,

a variation of the heat capacity, and a small reduction of the

overall hydrogen storing capacity. In a previous work we

explored the compromise between the increase of thermal

conductivity and the reduction of storage capacity, proposing

a method to define the optimum amount of conductive

material [30].

The effective thermal conductivity keff now depends on

the thermal conductivity of the gasesolid mixture, but

more significantly on the thermal conductivity of the added

conductive material and its geometry. If the material is

placed forming a continuous thermal path in the direction

of the heat flow (maximum effective conductivity) we can

write:

keff ¼
�
εkg þ ð1� εÞks

�ð1� FÞ þ kdF (B16)

Notice here that we have also assumed a continuous

thermal path for the solid (hydride) which normally is

a powder, yet its contribution to the total thermal conductivity

is low and this does not bring a relevant error. Additionally we

consider that the distance between hydride and conductive

material is small enough to be irrelevant.

The effective heat capacity (rcp)eff of the newmixturewill be:

�
rcp
�
eff

¼
�
εrgcpg þ ð1� εÞrscps

�
ð1� FÞ þ rdcpdF; (B17)

and the reacting mass of hydrogen rate per unit volume of the

mixture now becomes:

Sm ¼ ð1� εÞð1� FÞCsgrs
dX
dt

(B18)

Finally we get the equation including the conductive

material, i.e. the one-dimensional thermal equation that will

be used in our model.
�
rcp
�
eff

dT
dt

¼ εð1� FÞ
r

dP
dt

þ SmDHþ
�
keffAVT

�
x
� �keffAVT

�
xþdx

dV

(B19)
Figure B1 e One-dimensional model.
Appendix C. Reference information

The parameters from references used for simulations of

Section 3.4 are depicted in Table C1. There is also a brief

discussion of the assumptions made in each case.

� Visaria-a [50]

This study assumes a linear increase of pressure during the

first minute of the absorption reaction; we considered

constant absorption pressure.

As we did not consider convection coefficient nor thermal

contact resistance, the condition more comparable of this

reference is hf ¼ 5000 W m�2 K�1 and Rtc ¼ 0.

We considered keff according to Eq. (2) of this paper:

keff ¼ 0.51 W m�1 K�1

� Visaria-b [47]

From the text we know that the maximum distance from

the heat exchange surfaces and the hydride is L z15 mm.

From Fig. 6 of this reference we obtain Pe ¼ 160 bar and

Tmax ¼ 51 �C.
According to Test 2 of the reference, Text z20 �C.
We considered constant absorption pressure.

Reaction time is about 20 min according to the text and to

Fig. 12 of the reference.

We considered keff ¼ 0.51 W m�1 K�1.

� Melnichuk [30,58]

t90% ¼ 3.5 min according to Fig. 9 of the reference

Lcont ¼ 3 � 10�2 m

Fcont ¼ 0.33

keff ¼ 10 W m�1 K�1 (calculated with Eq. (B16)).

� Melnichuk# [30,58]

Lpore ¼ 3.25 � 10�3 m
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Fpore ¼ 0

keff ¼ 0.15 W m�1 K�1.

� Laurencelle [55]

t90% ¼ 1.7 min according to Fig. 7 of the reference

Lcont ¼ 6.35 � 10�3 m

Fcont ¼ 0.09

keff ¼ 16.16 W m�1 K�1.

� Laurencelle# [55]

Lpore ¼ 1.15 � 10�3 m (aluminum foam 40 ppi)
Fpore ¼ 0

keff ¼ 0.15 W m�1 K�1.

� Verga [34]

Lz6mm from Fig. 5 (a further improvement of themethod

used to estimate L for a complex geometry is out of the scope

of this paper)

keff ¼ 0.4 W m�1 K�1

t90% ¼ 7.5 min from Fig. 1 and the text of the reference.

� Capurso [35]

L¼ 3.5� 10�3m considering that heat is only removed from

the lateral walls of the experimental device of the reference.

Text z270 �C without considering thermal resistance of

contact between pellets and experimental device.

� Chaise [33]

keff ¼ 1 W m�1 K�1 from Fig. 6 of the reference for the case

“C” (using 5 wt% ENG)

t90% ¼ 20 min according to Fig. 13 of the reference

Text is assumed 20 �C (air at room temperature used as

coolant).
Table C1 e Parameters from reference.

Parameters Ti1.1CrMn La

Given name Visaria-a Visaria-b Melnichuk Melnichuk#

t90% (s) 750 1200 210 210

Pg (bar) 300 280 30 30

Pe (bar) 162 160 5.2 5.2

Tmax (�C) 55 51 109 109

Text (�C) 20 20 50 50

L (m) 0.015 0.015 0.00325 0.03

keff (W m�1 K�1) 0.51 0.51 0.15 10

cps (J kg
�1K�1) 500 500 355 355

DHn (J mol�1) �14,390 �14,390 �30,478 �30,478

DS (J mol�1 K�1) �91.3 �91.3 �108 �108

Csg 0.015 0.015 0.0128 0.0128

rs (kg m�3) 6200 6200 8310 8310

ε 0.6 0.6 0.55 0.55

F 0 0 0.33 0

EAbs (J mol�1) 20,700 20,700 21,170 21,170

kAbs (s
�1) 150 150 59.2 59.2
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