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Numerical simulation of heat and mass transfer during
the absorption of hydrogen in a magnesium hydride
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This paper presents a numerical work aiming at the prediction of the characteristics of an industrial tank filled with
hydrides for hydrogen storage. A validation of the method is given and is followed by the resolution of an example which
shows the importance of achieving a three-dimensional modelling for the design of an industrial tank. Finally, recent
results obtained on a magnesium hydride laboratory tank are given.
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1. Introduction

Beside the problem of performances of a fuel cell, one of the key issues in the development of hydrogen as a
future vector of energy is the question of storage of this gas. Several solutions are currently under study:

e The compression technique: for an automotive application, it has been shown (see for instance the DOE
recommendations reported in [1]) that a quantity of approximately 5 kg of hydrogen was required. A simple
calculation in a 100 litres tank at ambient temperature indicates that a pressure as high as 700 bar would be
necessary. Beside the obvious problems of materials which will arise at such a pressure (mechanical resis-
tance of the walls as well as porosity of stainless steel when exposed to high pressure hydrogen) it has been
proved [2] that a huge amount of the hydrogen energy would be consumed in the compression of the gas.

e The liquefaction technique could be used but the need in a highly efficient thermal insulation of the tank
walls is a brake to the development of this solution.

" Corresponding author. Address: CEA-Greth, 17 Rue des Martyrs, 38054 Grenoble cedex 9, France. Tel.: +33 438783286.
E-mail addresses: Philippe.Marty@hmg.inpg.fr, philippe.marty@cea.fr (P. Marty).



Nomenclature

C, constant from the kinetics law (s~')

Cp heat capacity (J/kg/K)

activation energy of the reaction (J/mol)
heat transfer coefficient (W/m?/K)
coefficient of the Darcy law (Pa s)
hydrogen flow rate (kg/s)

molar mass of hydrogen (kg)

gas pressure (Pa)

equilibrium pressure of the metal hydride (Pa)
radius, height of the tank (m)

ideal gas constant (J/mol/K)

cylindrical coordinates (m)

time (s)

temperature (K)

fraction of absorbed hydrogen [.]

metal or gas density (kg/m?)

porosity [.]

thermal conductivity (W/m/K)

dynamic viscosity (Pa s)

enthalpy of absorption (J/mol)

entropy (J/mol/K)

fictitious increase of the hydride density at saturation (kg/m?)
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Subscripts
m, g metal, gas

The reforming of a liquid fossil fuel is a possibility which obviously has an interest only if the global effi-
ciency of the system reformer/fuel cell has a better efficiency than current engines: this is also a difficult
challenge.

Reversible storage with carbon materials or metallic hydrides is a solution which is currently considered by
many car designers for the reason that its application does not involve a highly sophisticated technology.
Nevertheless, the constraints are quite severe: the density of a possible candidate should be obviously low,
the kinetics should be fast enough to allow a fast filling and a sufficient flow rate to feed the cell in the high
power range, the pressure at which absorption occurs at moderate temperature should be high enough, typ-
ically a few bars.

This paper concentrates on the last technique which is relative on absorption principle. Magnesium hydride
will be considered as a privileged material owing to its high mass performances: recent experiments show that
it is able to absorb approximately 5% of hydrogen in mass [3]. This is higher than carbon-based materials
which performances are currently limited to a few per cents [4]. This seems also higher than the performances
of new low temperature hydrides reported in [5]. As it will be shown later, the high working temperature of
magnesium is a technical difficulty, specially for the feeding of current PEMFC which Nafion membranes can-
not work above 70-80 °C. In view of the design of an experience which is under final tests, a numerical
approach has been made aiming at predicting and comparing the performances of the tank in terms of time
needed to fill in or out the hydrogen content. We shall see that the thermal effects produced by the chemical
reaction of absorption may have a critical influence on the time needed to fill the tank. Consequently, it seems
obvious that an industrial tank should include an efficient heat exchanger inside the powder contained in the
tank walls. From what is known in the development of heat exchangers, it appears that complex geometries
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Fig. 1. P-C-T diagram of LaNis after Ref. [6].

will soon arise and that only a fully three-dimensional computation will be able to represent the problem. For
this reason, we have taken advantage of an already existing industrial code as Fluent for the treatment of the
heat and mass transfer which occur during the absorption process. This paper is organised as follows:

¢ In the first part, a validation of the numerical tool will be discussed by comparing our computer results to
those already published in the literature on a LaNis tank.

¢ In the next section, we show how much a 3D geometry influences the result: this is done through the cal-
culation of a tank containing 100 kg of LaNis and then able to store a quantity of hydrogen greater than
1 kg.

¢ In the last section, we present the experimental magnesium prototype which is under test at CRETA and
apply our numerical strategy to this experiment.

2. Description of the numerical technique

A typical behaviour of the phenomena occurring during the filling a hydride tank can be described as
follows:

¢ A metallic container, often having stainless steel walls, is filled with a suitably-prepared powder of metal. At
starting time ¢ = 0, the powder is often free from hydrogen and is set at an initial reasonable temperature.
The tank is connected via a valve to an hydrogen source having a constant pressure.

e The valve is opened, hydrogen enters the tank and flows through the porous metallic medium. The absorp-
tion process starts throughout the powder. Owing to the exothermic character of the absorption process, a
violent temperature increase happens everywhere in the tank.

e The equilibrium pressure P.q of the metal rises as it is an increasing function of the temperature: this is
shown in Fig. 1 which shows the dependence of P.q with the hydrogenation fraction' x for different tem-
peratures. For each value of 7, a plateau is observed at a pressure in agreement with the Van’t Hoff law.

o Although the pressure P in the tank stays rather constant as it is imposed by the external source, the kinet-
ics, i.e. the rate at which hydrogen is absorbed, decreases. As a matter of fact, the experimental analysis
shows that the kinetics of hydrides can be suitably fitted by expressions proportional to Ln}f%q or to the dif-

ference P — P.q. This explains why, after a short time interval, the reaction almost stops and waits for the

! The hydrogenation fraction, x, is a local quantity which is obtained by dividing the mass of hydrogen which has been absorbed by the
mass which is absorbed at saturation.
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Fig. 2. Sketch of the geometry studied in [7] which has been used as a test case. The circles indicate points where the temperature has been
recorded (see Fig. 4).

temperature decrease to proceed further. The essential role that can have an efficient heat transfer is then
clear.

The problem which has been used for our numerical test has been published in [7]. The finite volume tech-
nique implemented in the commercial code Fluent has been used. The geometry is shown in Fig. 2: it consists
in a small axially symmetric tank filled with LaNis and having a porosity ¢ = 0.5. Its walls are submitted to a
convective heat exchange (heat transfer coefficient # = 4000 W/m?/K and 7' = 290 K for the fluid at infinity).
This imposes the normal derivative of the temperature at the wall such as —)vg—ﬁ = (T — T,,) where n stands
for the normal direction to the wall. A constant pressure equal to 10° Pa is imposed at the tank inlet whereas
other boundaries receive the classical no-slip (¥ = 0) or axis condition (%—? == O) in r = 0. The initial tem-
perature is 290 K.

The absorption rate (kg of H, absorbed per unit of time and of volume of porous medium) is defined in [7]
as

CocH-Ap-(1—x) Ln—-, (1)
Py

where C, = 59.187 5! is a constant, E, = 21179 J/mol the activation energy and R, = 8.32 J/mol/K the ideal
gas constant. P stands for the absolute pressure and P is the equilibrium pressure as defined in Fig. 1 for
example. The quantity Peq is a function of x and 7" which is analytically computed from a fifth-order polyno-
mial with respect to x. The quantity Ap is the fictitious increase of density of the metal owing to the hydro-
genation process: typically, its value is 54 kg/m® for LaNis. Using the hydrogenation fraction x (already
defined and also shown in Fig. 1) allows to express the hydrogenation rate in a formula which is equivalent
to Eq. (1):

dx C, _Ey P
== 1 —x)e " Lln—. 2
de (1 —s)( x)e N P 2)

Momentum equations are then solved in the porous medium using the classical Darcy law:
i W=
VP=-2V, 3
K 3)

where the coefficient K is a function of the particle size of the powder.
The continuity equation includes a sink term to take hydrogen absorption into account. Per unit of volume
(kg/m>/s) this equation becomes

apg . — dx
ag—l—dlv(pgl/)—Ap-(l—a)a, 4)
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where the gas density pg is deduced from the perfect gas model: p, = and where the right-hand side term

stands for the hydrogen consumption during the hydrogenation. e
The heat equation is
pcp%—f+(pcp)gl7-€T:iv2T+W%, (5)
where
pCr = &(pCp), + (1 — &)(pCp),, (6)
and
A=2¢lg+ (1 —€)im (7)

are mean values obtained from the classical averaging operation on the metal and the gas. The source term at
the right side of Eq. (5) represents the release of heat during the absorption process (W/m?). The porosity ¢ is
equal to 0.5 and the enthalpy of absorption is AH = 3 x 10* J/mol. The conductivity of the pure metal is
24Wm ' K! leading, from Eq. (7) to an effective conductivity of the powder approximately equal to
12Wm 'K

Fig. 3 shows the time evolution of the amount of hydrogen which has been stored. Our results are reason-
ably comparable to those published in [7]. Fig. 4 shows details on the time evolution of the temperature in
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Fig. 3. Time evolution of the mass of absorbed H,: comparison between our results and those described in [7].
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points located at mid-height but at various radii: a global heating of the core of the tank appears whereas the
metal near the boundaries experiences an efficient cooling which produces a faster hydriding. The temperature
near the axis (r/R = 0.1) decreases with a larger time scale than near the cooled wall (/R = 0.96).

The agreement between our results and Ref. [7] is globally good. Uncertainties remain which can be the
consequence of various variables which were not explicitly specified in their paper.

3. 3D vs. 2D calculations
The above section has shown that the numerical technique was able to describe heat and mass transfer in a

hydride tank. The purpose of this section is to show how much a three-dimensional tank geometry is necessary
to decrease the time needed to fill a 100 kg LaNis tank. The mass of metal has been chosen such as it is able to

Fig. 5. Tank used for the 2D/3D comparison. Hydrogen is allowed to enter the tank through the central hole. Five axial channels located
on the same radius eventually allow the circulation of a coolant.

Fig. 6. Temperature field in the tank at time 7 = 0.5 s (the whole core of the tank has already reached 245 K whereas the wall boundaries
remain at 240 K as prescribed by the boundary conditions).



store a reasonable amount of hydrogen for a car application. Here, 100 kg of LaNis are able to store 1.38 kg of
hydrogen, what is still much less than the 5 kg required by the DOE recommendation but is nevertheless
significant.

Fig. 5 shows a cylindrical tank containing 100 kg of LaNis. Its dimensions are R = 20 cm and H = 38.4 cm
corresponding to a volume of 48 1. Porosity ¢ is 0.5. Hydrogen is allowed to enter through the central orifice
under a constant pressure of 10 bar. The side, top and bottom walls of the tank are maintained at a constant
temperature of 240 K. The purpose of this test is to show much the filing time of the tank is reduced when an
internal cooling is provided. This is done thanks to five channels drilled in the axial direction at a constant
radius. A coolant maintains the walls of these channels to 240 K, i.e. at the same temperature as the external
walls. Without the presence of these five channels, the geometry is axially symmetric and can be modelled with
a 2D numerical mesh. On the other hand, adding the presence of these channels renders the geometry fully 3D
by breaking the axial symmetry. Fig. 6 shows the temperature field after 0.5 s. The bulk of the tank has an
almost constant temperature whereas thermal boundary layers can be seen along the walls of the tank and
along the five cooling channels. The hydrogen cold flow inlet is also visible at the top of the figure on the
O.-axis. Fig. 7 shows the time trajectory of a particular point in the (P.q,x) diagram. This point is located
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Fig. 8. Time evolution of the stored mass of hydrogen in a 100 kg LaNis tank. The time needed without internal cooling is approximately
3 times larger than with an inner cooling.



at mid-height and in r/R = 0.95, i.e. very close from the side wall. We see a plateau around P.q = 7 bar which
lasts from approximately 1 =10s to £ =10000s. The interest of providing an internal cooling appears in
Fig. 8 which shows the time evolution of the mass of hydrogen which has been absorbed with or without
the cooling. The asymptotic value of both curves is 1.38 kg as expected. The time #9y at which 90% of the
amount of hydrogen has been stored (i.e., 1.24 kg) is 8179 s with the cooling and 23044 s without the cooling.
In this extremely simplified example the filling time has already been reduced by a factor 3 approximately.

4. Preliminary design of a magnesium experiment

Fig. 9 shows the experimental tank which consists of a cylindrical stainless steel shell with an inner copper
cylinder aimed at cooling the magnesium during the absorption stage.
The kinetics law has been obtained from preliminary isothermal experiments done on a small sample: it has

been shown that the hydriding fraction can be fitted by x = 1 — (1 — \/I?t)3, where k = kj - P;T?qe‘Eﬂ/ ReT n this

expression, E, is the activation energy of the reaction, k is a constant and the magnesium equilibrium pressure
Pq is such as

AH AS>‘ -

P = 10° —
€q exp <RgT Rg
The evolution of the equilibrium pressure P.q with temperature is shown in Fig. 10 and Table 1 shows the
different variables used in the computation.

The absorption velocity of magnesium is deduced from the experiments: it is a function of Py, P, T and x
and can be written
dx 3k (1-x?°
=S T 5 )

dt 21 (1—x)'7

It is plotted in Fig. 11 as a function of T for various values of x. We see that a too cold temperature (typically
less than 400 K) stops the reaction. The same tendency is observed for T larger than 650 K. This is because of
the equilibrium pressure which reaches 10 bar at this temperature: this makes k vanishing and cancels the
velocity of the reaction. Finally, we see that the reaction velocity will be maximum around 620 K whatever
the value of x.

Fig. 12 shows the mesh and Fig. 13 shows the velocity streamlines at t = 204 s. Most of the hydrogen flows
inside the annular copper ring whereas one part flows radially between the top wall and the copper ring.
Fig. 14 shows the time evolution of the total mass flow rate at the inlet. After a very intense peak around

(a) (b)

Fig. 9. Experimental magnesium tank. (a) View of the cooling circuit (b) inner copper ring on which the cooling circuit has been brazed.
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Table 1

Numerical values of the variables used in the computation

Height of the tank 70 mm

Radius of the tank 35 mm

Radius of the copper ring 15 mm

Height of the copper ring 60 mm
Density of magnesium 1738 kg/m?
Porosity 0.654

Thermal conductivity of magnesium 32Wm ' K™!
Thermal conductivity of hydrogen 024Wm ' K™!
Heat capacity of magnesium 120 J/kg/K
Heat capacity of hydrogen 14300 J/kg/K
Initial temperature 300 K
Hydrogen pressure 10 bar

Thermal conditions at the external wall
Thermal condition at the copper ring

Thermally insulated
Constant temperature = 300 K

Temperature of H, at inlet 300 K
Diameter of H, inlet 6 mm

AH —74400 J/mol
AS —133.5 J/mol/K
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Fig. 11. Reaction rate vs. temperature for various values of the hydriding fraction x (pressure = 10 bar).

t = 0.1 s, this flow rate monotonously decreases. Fig. 15 shows the temperature distribution at ¢t = 13.2 s: the
cold part at 300 K near (r = 0; z=0) is a consequence of the inlet of cold hydrogen. The rest of magnesium
powder is blocked at 650 K which is the temperature at which P., = 10 bar. A very thin axially symmetric



Copper ring

Insulated wall

35

16
15: i

Insulated wal
[[ea pare[nsu]

0 5 65 70

Fig. 12. 2D mesh of the magnesium tank with account for the inner copper ring (dimensions in mm).

e

Fig. 13. Velocity streamlines at 1 =204 s.

mass flow rate

0.0012
&
0.001
)
x
< 0.0008 s
"é .
*
..5_’ b e ¢
> o
& 0.000414%—F—
© v
= q *
*
0.0002 "\
0

0 01 02 03 04 05 06 07 08 09 1
Time (s)
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front separates these two regions. Fig. 16 shows the time evolution of the mean temperature integrated on the
whole volume of the tank. Again, a long plateau is observed until # = 600 s. Fig. 17 shows the contours of the
hydriding fraction x. The value of x is small except near the above-mentioned front. This is in agreement with
Fig. 11. As a matter of fact, the temperature is either too low or too high on both sides of this front and the
reaction does not proceed fast enough.
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Fig. 17. Hydriding fraction contours at time = 11.1s.

Finally, Fig. 18 shows the time evolution of x; it confirms that the reaction stops at ¢ = 600 s although x is
only 60%. This is a consequence of the too cold temperature imposed by the copper ring cooling circuit. It is
clear that stopping the coolant circulation would allow the reaction to complete until x = 1.

5. Conclusions

A numerical approach has been used for the prediction of heat and mass transfer in an hydride tank during
its absorption of hydrogen. The following conclusions can be given:
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e Although most of the work described in this paper has been done in 2D geometry, it has been shown that
the design of an industrial tank will need the use of a 3D modelling. In this perspective, the use of a com-
mercial code would avoid developing its own tools.

e The CPU time which is required by the computation can be large. Although not discussed in this paper, the
time step to reach convergence can be very low, especially at the beginning of the computation when the
flow rate reaches its maximum.

e In order to develop an efficient cooling, it is foreseeable that the cylindrical axisymmetric geometry,
although simple, could prevent from an intense cooling. Probably the well known plate heat exchanger
technology will be of interest.

e The knowledge of the physical properties of the materials will need additional researches. For example, the
thermal conductivity of a powder bed will have to be investigated in more details. Along the same line, the
effect of dilatation (compaction) of the powder bed during the absorption (desorption) should be taken into
account.
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