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Abstract

Metal hydrides have the potential for reversiblebmard hydrogen storage and
release at low temperatures and pressures. Hengeotfer much promise towards an
effective hydrogen economy. The following is a stumh the theory, modeling, and
simulation of the physics and chemistry of hydrogeeractions in a metal hydride bed.
The objective was to model the formation of hydridea metal hydride reactor in 2D.
The model considers heat and mass transfer ocguitinng the hydriding process along
with the flow of a cooling fluid. The findings dfiis study suggest slightly higher hydride
formation near the cooler regions as the reactrognesses. This agreed to data available
from literature. Overall this paper presents a gestl case on hydrogen storage modeling
using FEMLAB and lays the ground for further impeovents in the model.



Introduction

Hydrogen storage is a key enabling technologyttieradvancement of hydrogen
and fuel cell power technologies. The ability targaenough hydrogen on-board a
vehicle to enable a driving range of greater th@@ Biles, within packaging and cost
constraints, is the focus of the Department of Byisrhydrogen storage activities [1]. Its
target for 2010 for a hydrogen storage systemvid % of the entire system [2]. Storage
in the form of hydrides is one of the options beaugsidered. Metal hydrides have the
potential for reversible on-board hydrogen storagd release at low temperatures and
pressures [3, 4]. Theory, modeling, and simulatiglh enable the understanding of the
physics and chemistry of hydrogen interactionshatdppropriate size scale. It will also
further the ability to simulate, predict, and desigaterials to enhance their performance
[5].

Hydrogen storage in a hydride bed is a complexgs® including heat and mass
transfer, fluid flow and
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vessel which in this case contains Aluminum as \&}llLiterature [3, 4, 6-22] provides
evidence that mathematical modeling of hydrogemag® in metal hydride beds have
received considerable attention over the past Hisyelemni and Nasrallah presented a
theoretical study of the mass and heat transfeamyes in a metal hydride reactor [10].
In subsequent papers they validated their assungpte well as presented experimental
approaches to determine the reaction kinetics, libgum condition and transport
properties in a LaNiH, system [11, 19]. Nakagaveh al. presented a 2-D model for the
transient heat and mass transfer within a metalithyded [18] Matt et. al and Aldaszt.

al besides work on lanthanum beds also presentedtegrated model of heat and mass

transfer, reaction kinetics and fluid dynamics inyaride bed [6, 16, 17, 21Kaplan and



Veziroglu investigated numerically the hydrogenrag@ process in a 2-D metal hydride
bed including the full momentum balance equatio®].[Kikkinedeset. al presented a
detailed mathematical model which included bothdkel and radial dimensions of the
storage bed [14]. Apart from the heat and massteamffects, a cooling medium for the
system was modeled and optimized by them.

The objective of this modeling study is to undemst the process by first
reproducing some of the results through a 2-D model

Governing Equations

A two dimensional metal hydride reactor is consedeas shown in Figure2. The
system mirrors the experimental configuration ehdeet al. [10-12] and that of Kaplan
et al. [22]. The reactor has a 50 mm inner
Hydrogen charge

i diameter and 100 mm height and filled with

crushed LaNjalloy. A cooling fluid is used

to remove the energy released during the
Forous metal bed

hydriding process and the heat transfer
/ Cooling Fluid

T, coefficient i, between the bed wall and the

cooling fluid is assumed to be constant.

The following are the equations

Figure 2 governing the heat and mass transfer and

Schematic sketch of the reactor considered . . -
chemical reaction within the hydrogen storage

bed:
Energy equation
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The aforesaid continuum equation was obtainednaisguthermal equilibrium

between the storage bed and hydrogen. [def@,and A, are the effective density,



specific heat and thermal conductivity respectivélgditional nomenclature can be
found in Appendix A.(oC,).is calculated as

(£C,). =00,Cpy + =D)P.C,

where,Llis the porosity.

The effective thermal conductivity is expressed as

A =04, + A= D) A,

where, A, and A are the thermal effective conductivities of the gad solid phases,

respectively.

Momentum equation

The gas velocity can be expressed by Darcy’s law:
VRS grad(P,)
U

g
9

Hydrogen mass balance
0(p,)
ot

0 +div(p,V,) =-m

Hydrogen is assumed to obey the perfect gas laatemn P, = o, T,R/M

where R is the universal gas constant agds\the molecular weight of hydrogen.

Reaction kinetic

The amount of hydrogen absorbed is given by

= -C, expl-—2) IN(-2)(ps - 2)
2 PRy /T M= T

where G is a material dependent constapy,is the density of the solid phase at

saturation and &is the equilibrium pressure calculated using tla@'VHoff relationship:

B
InP, =A-—
™ T

where A and B are material constants obtained fr@mature [12]



Initial and boundary conditions

The hydride bed is initially assumed to have camstamperature and pressure and
hydrogen is assumed to be at rest. Mathematically,

Att=0

P=RT=Tov=w=0

The boundary walls are assumed to be impermeablae@slip conditions are valid at
the boundary walls. The reaction heat is removeuh fthe boundary walls with a cooling
fluid whose temperature is. THydrogen is charged at z = 0 with constant pres$y

and constant temperaturg. The boundary conditions can be expressed as

atr:O,a—T(z,O,t):O
or
atz=0,-12L 1ty =h (T, -T)
0z
atr=r,, —A%—T(L Mo, 1) =h,(T-T,)
y

atz = H,—A‘;—T(H,r,t) =h,(T-T,)
z

where h and h are the heat transfer coefficients between hydsatband hydrogen gas

and between the boundary walls and the cooling flespectively.

Problem formulation and solution using FEMLAB

The problem was formulated in a FEMLAB model inamgting “Darcy’s Law”,

“Convection & Conduction” and “Convection & Diffush” modes.

A 2D axis-symmetric model was considered. A redengpresenting half of the
mid-section of the reactor was generated (1m byf.he momentum equations and

mass balance equations were coupled through theyBdaw mode to get a single

2
equation of the form::jl—IO = A%. Subsequently the energy balance and the mahks of t
X X

hydride formed was modeled using the “convectiocofduction” and “convection &

diffusion” modes by incorporating the necessargnteto represent the governing



equations. Where necessary the parameters havealeatated using established

correlations.

The solution was obtained by solving the threeesyistof equations. Initially, a
coarse mesh was selected which was subsequentlgdéB032 elements) till the
computer ran out of available memory. The eventesult yielded estimates of the

temperature and pressure variation and the coratemtrof the metal hydride.
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Pressure, temperature and concentration variatitimei metal hydride reactor.




Figure 3 shows the results obtained from the FERIs&lution. After 600
seconds, it is seen that the pressure and the tatapebecome uniform for most part of
the reactor. The concentration of hydride formeals® shown. It is relatively higher
towards the cooled boundaries in comparison wighcemtral part. This is in agreement
with the data present in literature [22]. Figurghdws the variation of the concentration
showing greater formation of hydrides closer todbeled boundaries. The cell peclet
number which is the ratio of advective terms tdusdifve terms should nominally be less
than 10. It was within this range for this model.
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Figure4
Concentration of hydride formed along the axiaédiion. Cooled walls have relatively
higher concentrations.

Validation/Parametric Study

Validation is an important part of a model. Thisdebwas compared to similar
work done in the literature. Though not entirelyagreement, the temperature profile was

similar to what was reported in a 3D model in htere as shown in Figure 5.
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Similar temperature profiles of the model (a) asdaund in literature (b)[22]
(c) shows the hydride formation in the bed.

The hydride formation profile observed (Figuranjhe model is similar to what

has been reported in the literature (Figure 5c¢)
For the parametric study, the temperature of jlaitle bed was varied. Two
cases were considered. Figures 5 and 6 illustnatedriation in the concentration of

hydride formed. It is proportional to the amounteft in the bed and this agrees with
literature data, thereby adding in to validaterticdel.
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Concentration of hydride formed in the reactor whentemperature is decreased by a
factor of 10. Hydride formation decreases.

Concentration, © [mo\,’ma]

FE -7\ WSRO . ADUOUUIN. SRR - RN SRR, SR SR Y
.3 b oo e e e
b

Concentration, ¢ [mal/m™]

6,325

632 [

6315

631

o] 0.05 0.1 0.15 0.z 0.25 03 0.35 0.4 045 0.5
Arc-length

Figure7
Concentration of hydride formed in the reactor wttentemperature is increased by a
factor of 10. Hydride formation increases.



Conclusion

In this study the groundwork for modeling hydrog&nrage in metal hydrides
was investigated. The effect of a cooling fluid twas incorporated. However the model
is still at a preliminary stage and needs to bét lmpon. The effect of temperature on
hydride formation was shown to agree with literatand hence the importance of the
cooling fluid was demonstrated. The model also sssftilly presents hydriding behavior

similar to that available from literature data.
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Appendix A

Nomenclature

A = material constant

B = material constant

Ca = material constant

Co = specific heat

Eq = activation energy

h = heat transfer coefficient

H = reactor height

k = permeability

m = hydrogen mass absorbed
M = molecular weight

P = pressure

r = radial co-ordinate

R = universal gas constant

t =time

T = temperature

v = velocity component in radial direction

w = velocity component in axial direction

z = axial co-ordinate

AH° = reaction heat of formation

L] = porosity

A = thermal conductivity

7 = dynamic viscosity

Yo, = density

¢ = generic variable that representing the variableesl (i.e. u,v,T)
r = exchange coefficient

M = radius of hydride bed

Subscripts

e = effective
eq = equilibrium
f = cooling fluid
g =gas

0 = initial

S = solid

SS = saturated



