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ABSTRACT

NOMENCLATURE

Wetted surface area of the bed, cm?

Fluid heat capacity, cal./gm.°C

Solid heat capacity, cal./gm.°C

Hydraulic diameter, cm

Height of the bed, cm

Heat transfer coefficient, cal./sec. °C. cm?
Index indicating radial node number

Index indicating axial node number

Effective bed thermal conductivity, cal./°C.cm.
sec

Fluid thermal conductivity, cal./sec. cm°C
Total number of axial nodes

Molecular weight of metal hydride divided by
number of metal atoms per molecule of
hydride, gm/gm mole

Fluid mass flux, gm/sec. cm
Fluid mass flow rate, gm/sec

Radial mesh ratio, dimensionless

Axial mesh ratio, dimensionless

Total number of radial nodes

Index indicating discrete time coordinate
Bed hydrogen pressure, atm.
Equilibrium dissociation pressure, atm.
Dimensionless time increment
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This study discusses the problems of mass and heat transfer in metal hydride storage beds through the
conduction bed model. Energy and mass equations were solved numerically in two dimensions by the use
of the alternating direction implicit method. A computer code was adapted and revised to deal with
different geometries and tflow regimes. The case of LaNisHg metal hydride, with water as working fluid,
was treated and the results on temperature and composition distributions are provided and discussed.

Dimensionless radial pitch
Dimensionless axial pitch
Heat of reaction per unit hydrogen mass,
cal./gm H,
Reaction rate, gm H,/sec. cm
Radial distance, cm
Rod inside radius, cm
Rod outside radius, cm
Outside radius of the fluid flow, cm
Solid temperature, °C
Time, sec
Exit fluid temperature, °C
Inlet fluid temperature, °C
Fluid temperature at the bed inner surface, °C
Fluid temperature at the bed outer surface, °C
Initial bed temperature, °C
Axial distance, cm
Solid density, gm/cm?
Bed void fraction (free-to-total volume ratio)
Hydrogen-to-metal atom ratio (H/M)
Fluid viscosity , gm/sec. cm
Constants each of them equals o for zero-
temperature gradient boundary condition
(insulated boundary) or equals 1 for convective
boundary condition

Constant equals 1 or o for rectangular plate
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or cylindrical geometry respectively

0% Geometric selection parameter equals o for
rectangular plate or 1 for cylindrical
geometry

Y1 Configuration selection parameter equals o

for one dimensional problem or 1 for two
dimensional problem

1. INTRODUCTION

Many recent studies have cleared that chemical
energy storage offers promising potentials in
connection with today’s energy transmission,
distribution, and utilization systems. One of the most
attractive chemical energy storage techniques is
hydrogen energy storage [1]. Hydrogen can be stored
as gaseous, liquid, or metal hydride. Hydrogen storage
as metal hydrides is gaining more attention as it has the
merits of high volumetric hydrogen density as well as
safe handling and long term stability without
refrigeration requirements.

The purpose of this study is to predict the two-
dimensional time dependent temperature and hydrogen
reaction rate distributions in metal hydride storage beds
based on the conduction bed model [2]. A computer
code called "TOBAM" [3] was adapted and revised to
allow the use of a variety of bed geometries and flow
regimes.

2. MATHEMATICAL MODEL

The problem under discussion can be explained
physically as a two-dimensional unsteady heat
generation (or absorption) problem when the heat
source (or sink) is time and composition dependent.
For rectangular plate (or cylindrical) configuration
under fixed physical and operating conditions, the
general formula of space-time dependent energy
balance equation can be written as:

PT yKIT | ¢ @T | _oRQ=(1- aT
K+ o K -1 - ORQ=(1-0)ps G (1)

a2 r
the associated mass balance equation is given by:

3% _ MW
5 =-——R 0))

Ps
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The reaction rate "R" is considered linearly
dependent on the hydrogen fraction being completely
reacted and the hydrogen pressure, while it i
considered exponentionally dependent on hydride
temperature. Thus, it can be represented as:

o Bk ]
E['EF PD T+273

Pp = £,(T) = exp [___T +A273 . B] @

R=f,(E.P.T) =

where

and A, A,, A and B are metal hydride specific
constants.

The energy and mass balance equations are to be
solved under the initial conditions:

T(r,2,0)=T,

orr; <r <r,,0<z<H. (§)
E (ryzvo) = 2]

Table (1) shows the different boundary condition
alternatives [3]. For the most practical applications the
proposed boundary condition alternative is the CCTT-
alternative, so it is considered in this work. The energy
balance for the fluid can be written as [4]:

m;C,H 8 T;

=T - 6
hA; Bz i o

and the heat transfer coefficient can be calculated using
the correlation [2]:

. 10.8 04
Dy Kt Ky

3. NUMERICAL SOLUTION

The first step of numerical solution is to transform
the mathematical formulation into a dimensionless
form. Then a discrete form of the problem is
developed using the Alternating Direction Implicit
(ADI) method [5].

The dimensionless parameters are considered as:
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Table 1. Boundary Condition Alternatives.

Thus, the dimensionless formulae of energy and mass

balance equations can be written as:

CCTT-alternative CClI-alternative CCCC-alternative
k% = o h[T-Tg] r=r, K%= h [T-Tgl  ;r=r; Ka_T= h [T-Tg]  ;r=r,
T
k% = - oph [T-Tg] ; r=r1, K% = -h, [T-Tg) ; r=1, K% =-h, [T-le] 5 1=1,
T =Tg 1 2=0 LdLLg 3z=0 KL T 2= 0
0z . az ¢ &
T=Tg . z=H %=0 z=H K%=-hu[T—T(E] ;z=H
(r-r,) g and with the boundary conditions (CCTT - alternative)
= )]
(r,-r;)
————a“(‘;;")=ale,4lxo,y,v)- Tﬂ(:’v)'T“ v>0,0<Y<1 (19
Y - i ©) 1" e
H T (Y,v)-T
M=-a,ﬁ{u(l,¥,v)-¥};v>O,OSYsl (20)
T-T X I~ e
u=___1 (10)
T g uX,0v)=0; v>00<X<1 (1)
w = - EDI(E - 11 Te - T
(& - tpitey ) & u(X,1,v) = _TfE T“ v>0,0 <X <122
v=0t (12) L aan
ug = (Tg - Te)/(Ty - Tg) (13)

where the constants which present in the above
equations can be defined as:

r, = r/(t, - 1) (23)
32_“2_+%g_;+710532_“2-q.‘?ﬁ=% (14) oo B0 o
X Y C,( Ty - Ty YMW)
%W -~ 6, w f(u) (15) 6, = K/[(1 -¢)(t, - 1% p, C,] (25)
where 2
g A Cs(l—e)(ro—ri)(Mw)(%)
f(u)=PD(u)-Pb¢ = A; (16) 8 K( E[ i EF )
Py(u) (T,-Tp*u+Tg+273
6, =h, (r, - 1;,) /K 27)
with the initial conditions:
= rs - ) K 28
uX,Y,00=1; 0<X<1,0<Y<1 (17) 4=ho (o -1;) ol
wWXY0) =1 0<X<1,0<Y<1(8) 65 = (t, - r)*/H? (29)
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The dimensionless formulation of the fluid energy
equation can be written as:
for outer flow:

u
—5=Blu(,)-u(V)1;0<Y< 1 GO

and for inner flow:

o =0, V) uMI0<Y <1 G

where for rectangular plate geometry

B, = 2h /[mCrry)] and B, =0  (32)

and for cylindrical geometry
B, = 2r.h/[ CHr?oer,)] and
B; = 2h)/(m C; 1) (33)

The problem in its dimensionless form is completely
defined. A discrete form of this problem is developed
using the (ADI) method. The main idea in this method
is to use two difference equations successively through
which the time step is always half the time increment.
There will be two finite difference equations for energy
balance equation, the first is implicit only in the X-
direction while the second is implicit only in the Y-
direction.

Accordingly, the open integration domain defined by

0<X=<1,0<Y-<1,andv > Qisreplaced bya

net whose nodal points are denoted by:

X, =G-DP; i=12,.N (349

Y, =(¢-DP; j=12,.. M (35)

v, = @-1)P, ;

n

n=123:. (36)
where P, = 1/(N-1) and , Py = 1/(M-1). Applying the

(ADI) method, the energy balance equation can be
written as:
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1
UUZ'UG l{ l 1 l] i [ "l 1]
Pz P_:Ui \ -2Uu »fUMJ —(x ey Uy.s -Upy)
] s lwt
U, -2U3+U) ] w, 2-wi ()
ij-1 ij+l ij i
B PJ2
followed by
el
U:Id_UiJz l[ 21 _x 1] [ sl 1]
e P_30l u-zu,J 2 iU+ ('TI)P—-H' > LA
5 +1 n+l + + Y
[U“ 20"+ U - pq Wyt -wy, ’] (38)
A 2
1 1
n+§_ n+’,.
where Ui,j and W, ? “ are intermediate values at

the end of the first time step.

The discrete form of mass balance equation is
developed through the application of Picard’s
approximation [6] and the result can be written as:

Wi = W expl-6, fUTP,] (39

Thus, the finite difference energy equations can be
written as:

_aij j +b!dUl,_| 1,JU1+1 )] (40)

n f;,] i,j d UJ+1+Z

followed by
n+1 +1 1
C Ul,J 1 gn‘] Unn,d D an,;ﬂ
4]
n+ l ’l"’ 1 n‘f l ’l+ 1 ( )
G x 1,1+F U l+lJ ZIJ
where
2q & 2
n n
L moap AW il ) )
1
ihis ';' 2q e % 1 (43)
2. o Rires 6§ e b SR Tt 4
L' oSm_] (Wl’.] 1».‘)
m, = P, /P2 (44)
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Table 2. Coefticients of equation (40)

Coefficient Expression Regime
ald 0 1=
0.5y P
201+ L)+ 2a,6,P | 1 - 1 =
by m; B+ 2 <j< M1
& 2
| 05y 2<i<NI
4 i-Ta+r, /P,
2(1+L/)
b;; i 2<Lj< M-I
14 0.5y
eld i_1+rc/Px
4 2 i=N
0.5y P
bij 2(1+i)+20¢»,04Px 1 + Y x
m; g 1+ 2 <j< M-
ei’j 0
Cij 0 il < N
1
fi,j Z(E‘7105)\) it= 2
b5 A
d;; 1198
h=ti < N
C. T8 .
1,
1
d. . 3<j< M2
" 1 05 A
C:: W= <N
W Y105 A
A 2 (L Tt
3 g Y1 Vs
1
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Table 2. Cont.

Coefficient Expression Regime
1 <j < M-1
Z5 - :
’J 0.5 ‘Y P Tf-(’) o Tﬂ R
zi",j+2alo3px[16”"}[11T pi=1
c I fl
Zn. .
. z" :2 < i< N-1
0.5yP T0) -Ty
-, n x o =N
Z 1,]) ZlyJ+2(1204Px {14' 1+rc } [ TI_TH
j=M-1
i g T oRy Vy by _ﬂ+rc U
T, (M) - Ty
B L [ T,
I=ran ;1 =1
T, (M) - T
n fo fl &
[ 054p, |[ T M-1)-T
n X (o}
Zni"i Zld+2a204px 1+ 1+rc ][ Tl_Tﬂ
2 T, (M) - Ty
Be A | =
1 ¥y ; g ;1=N

where : A = mj/mi
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Table 3. Coefficients of equation (41)

Coefficient Expression Regime
Gy 0 1 j=2
: 2 (71 + )
e 05 m; 1<i<N
Di,j 'Yl
G, n 3<j< M2
, 20y, + )
g 1
visd 05 m 1<i<N
2%, ¥
Cij no j=M-1
. 20y + )
g 1
HJ 05 m 1<i<N
D; . ; 0
R y i=1
Fl,_] 2( 1 B 1 ) B 2a103px 1 . O.S'YPX
05 mJ 05)\ 05 A B 1
2 2<j< Ml
Eij X 05
Gi,j 1 1 0.5y 2 < i< N-1
6 A i - 1t £y
B
] R oS }
¥ 2 <j< M-l
Gt ' 80) ==
Ei,j 1 . 0.5y
05 A i-13sg 8
2 i=N
Gi,j
8, A
2 < j< M-1
F, | 1 1] 288 0.5YP, o
O, m; 64 0, 1 +%,
El,_]
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Table 3. Cont.

Coefficient Expression Regime
. 3 i=1
Zimi S 20,0, [ OSYR|[ Tyl - Ty b
ol » 8,4 p+r|| Ty -Ty 2 <j< M2
. | s 2a,0,P, [ 0.5yP ][ T,M-1) - T,
Z,§ + |1~
Z ¥ 0, B+, T, - Ty
yj = M-l
£y, T(,M) - Ty
T, - Ty
<N
Zﬁ:l Zid ’2$J_<_M-2
Z:’_ Z:"_ T;,,(M) - Tn] ;j=M-1
s ) s ) 1 T[ e Tﬂ
i=N
1 . Na .
Z,M_ Zi”E F 2¢,0,P, e 0.5vP, ][ T, @ - Ty .2 <j < M2
“l = 0,h x|l "Tr-2g
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and
m; = P,/P? (45)

The coefficients of equations (40) and (41) are listed
in Tables (2) and (3).

The finite difference approximation of the initial
conditions leads to:
, 1l<j<M (46)
wl.=1,1<i<N |, 1<j<M 47)

The finite difference approximation of the boundary
condition for CCTT-alternative leads to:

uog=u,;-zale,p,{ulg-T;°);Tﬂ n>12<j< M (48)
17 °f
U;,,J=U;_u—2aze‘P‘{U}:J-T_f;(D__E n>12<j <M (49)
17
ur =0 n>11<isN (50)

un, = o™ " Tn s <isN 6
: Ty - Ty

Finally, the finite difference approximation of the fluid
temperature equations can be written as;
For inner flow

UFJ-+] =[1- HPy B;1 UFJ- + HPy B; Uu (52)
For outer flow
UFj+1 =[1-H Py B, UFJ- + HPy B, UNJ.(53)

The numerical solution of the problem using the ADI
method is defined by equations (40), (41), (42), (43)
and (39) whose solutions give the space-time nodal
values of temperature and hydrogen-to-metal atom ratio

H/M).
4. CASE STUDY, RESULTS AND DISCUSSIONS

The computer code "TOBAM" is used to study and
analyse the process of discharging hydrogen from
LaNisHg metal hydride storage bed. The bed is
composed of multiple of hollow cylinders of LaNisHg

metal hydride with water flowing inside the cylinders
as well as over the outer surfaces. The physical and
operating conditions [7] are presented in Table (4).

Table 4. Physical and Operating Conditions.

Item value
Initial bed temperature, °C 10.0
Reaction temperature (Ty), °C 12.7
Inlet fluid temperature (Tp), °C 80.0
Bed effective thermal conductivity cal/cm.°C. sec 0.003152
Solid heat capacity, cal./gm °C 0.1366
Solid density, gm/cm> 659
Bed void fraction 0.4
Heat of reaction per unit mass of hydrogen,
cal/gmH, 3701.94
Bed hydrogen pressure, atm. 1.0
Initial hydrogen-to-metal atom ratio (§;) 1.0
Final hydrogen-to-metal atom ratio (§g) 0.05
Water mass flux, gm/cm®. sec 10.0
Cylinder outer radius, cm 11.0
Cylinder inner radius  , cm 1.0
Cylinder height , cm 11.11

Figure (1) presents the radial temperature distribution
at 90 minutes discharging time and different
dimensionless axial distances. The concaved shape of
the temperature profile is due to the endothermic
dehydriding reaction feature of used metal hydride in
dehydriding phase. As expected, the axial temperature
is maximum at the inner and outer surfaces
(X=0,X=1) where the working fluid is in a direct
contact with those surfaces. The radial temperature
distributions are asymmetrical (minimum at about
X=0.4) due to the fact that the heat transfer areas
perpendicular to the radius are not equal.

1(c)

Figure 1. Radial temperature profiles at 90
minutes discharging time and at different
dimensionless axial distances.
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Figure (2) illustrates the distribution of hydrogen-to-
metal atom ratio (H/M) as a function of dimensionless
radial distances, X, at mid axial plane (Y=0.5) and at
different discharging time progress. It is noted that the
hydrogen is liberated sequentially from the radial
locations which close to the outer and inner surfaces.

H/M
1.2 f 1
1.0 r B 7
0.8 ]> 10 ‘ 2 \\, \ \ N i
/ 30/ \ \ \\ \
60 \ \ ¥ |
« / / / 90 / \ \ o\ D ’
i e
o. ‘ // /120 min. \ \ \ \ \
R i b v
0. 2 y . \ .\‘\ ‘
\ , g T
OAO. T e e g
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8 1.0
X
Figure 2. Radial distribution of hydrogen-to-metal

atom ratio (H/M) at mid axial plane (Y=0.5) and at
different discharging time progress.

Figure (3) presents the variation of cumulative

discharged hydrogen as the discharge time is
progressed. It can be noticed that hydrogen is
completely discharged after 136 minutes.

Acc. H (gm)
250 2(

200[—

150

of

Time (min.)

Figure 3.The cumulative discharged hydrogen versus
the discharge time.
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