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Abstract-This paper puts forward a mathematical model of transport processes in a metal hydride packed 
bed along with an analytical quantification of the frequently used assumptions. The complete model takes 
into account heat transfer by conduction, convection, mass transfer, as well as reaction kinetics and 
convective interactions between the fluid and solid phases. By analyzing several frequently used assump- 
tions, a systl:m of useful and practical analytical criteria is obtained. The criteria reveal when simplifications 
of the model are possible. The simplified models obtained by reduction of the complete model can be 
effectively used in describing transport processes in metal hydride beds within the limits determined by a 
set of analytical criteria. Specifically, criteria for the validity of local thermal equilibrium, steady-state 
approximation, the frontal model approximation, and the filtration approximation are established 

analytically. 

1. INTRODUCTION 

Application of metal hydrides (LaNi,H,, LaNiS_y 
Al,H,, FeTiH,, etc.) for different types of power 
installations is a subject of permanent interest [l-3]. 
This interest is due to high technological potentials, 
such as creating safe hydrogen storage systems (as an 
alternative to storage of liquid hydrogen), or devising 
highly effective thermochemical compressors and heat 
pumps and ecologically clean refrigeration systems (as 
an alternative to CFC refrigerators). These com- 
pounds have a unique property: under normal con- 
ditions they are able to reversibly absorb large 
amounts of hydrogen, and nothing but hydrogen, as 
they have a remarkably large hydrogen storage 
capacity [4]. 

For effective design of metal hydride installations, 
a mathematical model which effectively describes the 
physical and chemical processes in a metal hydride bed 
is needed. The main factors governing the dynamics 
of the metal hydntde bed are: heat transfer from/to 
hydration zone, hydrogen filtration through the metal 
hydride matrix and the kinetics of hydrogen sorption- 
desorption processes. In recent publications a number 
of pertinent and efl‘ective mathematical models for the 
process have been suggested. For example, in Fateev 
et al. [5] a frontal model of chemical reaction in the 

tAuthor to whom correspondence should be addressed. 

metal hydride bed is proposed. In Sun and Deng [6] 
numerical results for the calculation of heat transfer 
processes in metal hydride containers of different con- 
figurations are presented. The influence of hydrogen 
filtration on the dynamics of the processes in metal 
hydride bed is considered in refs. [7-l 11. The influence 
of the kinetics of the chemical reaction is considered 
in refs. [l&12]. 

Even though extensive studies of heat and mass 
transfer processes in metal hydride beds are presented 
in recent publications, most of the models which are 
used for describing the processes within the metal 
hydrides proceed from the assumption of local ther- 
mal equilibrium between hydrogen and hydride. 
Investigation of the local thermal equilibrium is of 
importance because temperature of hydrogen entering 
a metal hydride bed (in metal hydride heat pump or 
refrigerator) can substantially differ from temperature 
of the bed. 

In ref. [13] an analytical investigation of a wave of 
temperature difference between solid and fluid phases 
for two-phase model of porous bed is presented. In 
refs. [14-161 Vafai and Siizen presented a very general 
set of volume-averaged governing equations for non- 
thermal equilibrium condensing forced fluid flow 
through a latent heat storage porous bed and they 
have carried out a comprehensive analysis of the 
phenomenon. Our present investigation is, to a con- 
siderable extent, based on this research. We introduce 

2873 



2874 A. V. KUZNETSOV and K. VAFAI 

a 

a, 

C eff 

d 

E W 

ES 
h, 

fhyd 

A&d 
K 
ri? 
M 

P 
Pb 

Pr 

4 
I? 

Rep 

Ste 
t 
T 

Tb 

T* 

NOMENCLATURE 

thermal diffusivity, I/c,p [m’ SC’] T” temperature of upper discontinuity in 
effective thermal diffusivity of solid isobar in piecewise-linear approximation 

phase, &,f/(cp),~, b’ ~~‘1 WI 
specific surface area common to solid ATeq equilibrium temperature range of 
and gas phases [m’ m-‘1 hydration reaction [K] 
specific heat at constant pressure AT characteristic temperature interval [K] 
[J kg-’ K-‘1 V velocity vector [m SC’]. 
effective specific heat per unit volume 
[J mm3 K-‘1 
average diameter of metal hydride 
particle [m] 
heat of formation of hydride per unit 
volume [J mm’] 
activation energy [J kmoll’] 
hydrogen-to-particle heat transfer 
coefficient [w m-* K-‘1 
heat of hydration reaction 
[J kmol-’ HZ] 
heat of hydration reaction [J kg-‘] 
hydration reaction rate constant [SC’] 
sorption rate [kg mm3 SC’] 
molecular weight [kg kmol-‘1 
pressure [Pa] 
pressure which is maintained at 
hydrogen inlet-outlet boundary 

Pal 

Greek symbols 
& porosity 
Ic hydrogen concentration, that is 

hydrogen-metal atomic ratio [katom 
H/kmol intermetallide compound] 

0 dimensionless temperature, T/T* Ix = O 
0 dimensionless temperature, T/T& = ,, 
I thermal conductivity [w m-’ K-‘1 
A empirical filtration coefficient 

p absolute viscosity for hydrogen 

[kg m -’ s-l1 
P density [kg me31 
w hydrogen concentration ratio, 

<PHYI<PHXax = +nax. 

= lo5 Pa-reference pressure at the 
hydration front 
Prandtl number, ~(c,),/~, 
heat flux [w m-‘1 
universal gas constant [J kmol-’ K-l] 
particle Reynolds number, jd/p 
Stefan number, cppdT/Ehyd 
time [s] 
temperature [K] 
temperature which is maintained at the 
heat removal boundary [K] 
temperature calculated under local 
thermal equilibrium assumption [K] 

Subscripts 
b boundary 
eff effective property 

eq equilibrium state 
f hydration front 
H fixed hydrogen 
in inlet 
il inlet layer 
max maximum 
0 initial 

Y gas phase (hydrogen) 
c7 solid phase (metal hydride). 

Superscripts 
a analytical solution 
n numerical solution. 

and analyze a model which takes into account hydro- 
gen diffusion, hydration reaction kinetics, and heat 
transfer by conduction, convection, and convective 
interaction between hydrogen and hydride. The possi- 
bility of considering locally non-thermal equilibrium 
processes makes this model more general than the 
models which have been suggested in refs. [S-12] for 
heat and mass transfer processes in metal hydride bed. 
By analyzing a more generalized model under different 
assumptions, a system of analytical criteria is obtained 
establishing conditions when simplifications of the 
model are possible. The simplified models obtained 
by reduction of the full model for particular values 

of the criteria will be demonstrated to coincide with 
different models suggested in refs. [5-121. 

2. PROBLEM STATEMENT 

2.1. Assumptions 
In establishing a model for analyzing this problem, 

the following customary assumptions and sim- 
plifications are employed : 

(I) hydrogen in the hydride pores behaves as an 
ideal gas ; 

(II) natural convection effects are neglected ; 
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(III) the hydride matrix has uniform porosity and 
is isotropic; 

(IV) inter-partiscle radiation heat transfer is neg- 
lected ; 

(V) kinetics of chemical reaction is described by 
the shrinking core model [lo]. 

2.2. Governing equations 
The governing conservation equations as well as the 

thermodynamic relations are developed by utilizing 
the ‘local volume averaging’ technique [14-181. Fol- 
lowing the analysis in refs. [l&18], the volume-aver- 
aged governing equations can be written as : 

gasphase (hydrogen) continuity equation 

; MPJY) +v* ((P,>‘W) = - w> (1) 

gas phase equation of motion 

V@,)’ = - +(v,)~ (2) 

AE3 d2 is obtainkd from experimental where Q = -- 
results [9] ; (l --E:‘2 

gas phase energy equation 

&Q(cp)y y +~P,~y~cp~y<~y~y~~~y~y 

= v.[~,,,V(~~y)Yl+h,a,,[(~,)“-(~,)Yl (3) 

solidphase (metal hydride) energy equation 

(1 -a)&Jn~~ = v * [A,,V( T,)“] 

-h,a&~v>“-U’,>yl (4) 

equation of state for the hydrogen gas 

(P,>’ = <P,)~R”(T,Y’IW (5) 

continuity equation for the adsorbed hydrogen 

; ((1 -~KPHY”) = V. (&J(PHY~ + <*> (6) 

kinetic equation of hydrogen sorption-desorption is 
obtained from the results presented in ref. [lo] 

<fi) =Kexp(-I&) 

x- ((py)y)“* -P,‘i 
[( 1 - <PH)“I(PHxax)l- “3 - 1. (7) 

In all analyses in metal hydride beds it is customary 
to use the following additional assumption : 

(VII) kinetics 0): the chemical reaction are not the 
limiting factor, so instead of equation (7) it is possible 
to use equations which determine the local chemical 
equilibrium at each point between the free and fixed 
hydrogen (P,Y’ = P,~(<T~Y’, <PH)O). 

Applicability of assumption VII depends on the 
type of metal hydride used. According to refs. [5, 91 

this assumption is valid, for example, for LaNi,H, 
metal hydride. If Darcy’s law in the form of equation 
(2) is used as an equation of motion, it is possible to 
combine equations (1) and (2). Substitution of equa- 
tion (2) into equation (1) leads to : 

If more general models are employed for the flow 
(such as those discussed in Amiri and Vafai [19]) this 
simplification is not possible. The set of equations 
(3)-(g) determines the behavior of the system under 
consideration. The unknowns for this set of equations 
are <TJy, CT,)“, (PJ’, (P,>’ and (pHY. 

3. ANALYSIS 

The set of equations (3)-(g) describes a general 
model for heat and mass transfer accompanied by 
chemical reaction in a metal hydride bed. The models 
suggested in refs. [5-121 can be obtained from this 
general model once additional assumptions are made. 

It is of both theoretical and practical importance to 
obtain analytical criteria determining the conditions 
when pertinent assumptions can be applied to simplify 
the general model described by equations (3)-(g). This 
will establish the area of applicability and will allow 
the determination of simple engineering models for 
particular technical applications. Analytical criteria 
for the validity of the following assumptions/ 
approximations will be considered in this work : 

(VIII) local thermal equilibrium assumption ; 
(IX) steady state approximation ; 
(X) a frontal model approximation for the 

hydration reaction ; 
(XI) uniform hydrogen pressure approximation. 

In order to introduce strict mathematical criteria for 
the applicability of assumptions VIII-XI a systematic 
analysis will be considered based on a number of 
simplified problems which are derived from the gen- 
eral model. Each of these problems will be solved 
with and without additional assumptions leading to 
an analytical criterion. These analytical criteria and 
formulations of simplified problems employed for 
their derivation are summarized in Table 1. We will 
consider two bed configurations. For the first con- 
figuration [Fig. (la)] hydrogen inlet boundary and 
heat removal (or heating) boundary coincide : hydro- 
gen enters at the same boundary from which heat 
is extracted. The high thermal conductivity porous 
medium used in this configuration is used just for 
providing a uniform inlet for the hydrogen. In the 
second configuration [Fig. (lb)] hydrogen inlet and 
heat removal (or heating) boundaries do not coincide. 
For all simplified problems a one-dimensional 
approach is utilized : heat and mass transfer processes 
are assumed to be in the x-direction only. It is impor- 
tant to note that for either one of these configurations 
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Table 1. Analytical criteria for the validity of the assumptions 

Assumption 
Analytical criteria for the validity of 

the assumptions 

VIII-local thermal 
equilibrium 

IX-steady state 
approximation 

For heat transfer: Wu~oV&b~ KO) - T’l << 1 

6-&i 

For filtration: ?%z 
1 EAP ?;-<< 1 

1 -s P.(K,,, - ~0) RT 

X-a frontal model. 
This criterion also 

2 T(P~)- Tb 2 &yd 

characterizes assumption Different inlet boundaries additionally require: 
X’ Tf Pi-P? 

2B(T,- Tb) p; K ’ 

B B 

XI-hydrogen pressure is A - ln (~b/pd .4 - In (~dpd - Tb y. 

assumed to be the same E 
throughout the bed Pi w 

x (K~;~)P.P~(l~~“)2(~)’ << 1 
0 

XIV--convective heat 
transfer is negligibly small 
compared to conductive 

(c,)@W” << 1 

heat transfer A&d 

Formulation of the 
simplified problem 

employs the following 
assumptions 

I-V, VII, 
IX-XIII 

I-V, VII, VIII, 
x, XI, XIV 

Corresponding 

(16) 

(23) 

(24) 

I-V, VII, VIII, 
X’, XI, XIV 

I-V, VII-X, XIV 

I-V, VII, IX-XIII 

(27) 

(36) 

(34) 

(17) 

CooEng (heath 
water 

High thermal 
$eGpy porous 

/ ‘42 cooling 
water 

(he&i 

Fig. 1. (a) A schematic of metal hydride bed for which hydrogen inlet boundary and heat removal boundary 
coincide. This scheme is utilized in analyzing assumptions VIII and XIV. (b) A schematic of metal hydride 
bed for which hydrogen inlet boundary and heat removal boundary coincide. This schematic is utilized in 

analyzing assumptions IX, X and XI. 
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Fig. 2. Schematic of the problem used for calculation of 
hydrogen and hydride temperatures in a one-dimensional 

metal hydride layer. 

hydration occurs only as a result of the temperature 
distribution. That is hydration is dominated by the 
heat transfer process. 

3.1. Criterion for the validity of local thermal equi- 
librium assumption (assumption VIII) 

To estimate the influence of convective heat exch- 
ange between the gas and the solid matrix in a metal 
hydride packed bed., the scheme shown in Fig. l(a) is 
utilized. The problem shown in Fig. 2 which cor- 
responds to the scheme shown in Fig. l(a) is analyzed. 
The heat generated at the hydration front is removed 
at the left boundary x = 0. The temperature of hydro- 
gen at the inlet is T,, and the inlet pressure is Pin. 
To simplify the notations the averaging operator is 
omitted. To solve the problem analytically, in addition 
to assumptions I-V, VII, IX and X the following 
assumptions are also invoked : 

(XII) heat transfer in the gas phase is due to forced 
convection only-i.e. conduction in the gas phase is 
neglected ; 

(XIII) h, = constant-this is true for small values 
of Reynolds number. 

It should be noted that the criteria for non- 
customary assumptions, IX and X used in here will 
be established later on. Under the above-cited 
assumptions the problem is described by the following 
set of equations : 

(9) 

(10) 

(11) 

subject to the following boundary conditions 

AaT, 
c ax x=o = const. T,I,=, = ~~ 

Tylx=o = Tin Plx=t~ =pin plx=+=pf=f(Tf) 

where 

and 

p2 =h,a, 
(1 -&)A,. 

Equation (9) is obtained from using equations (2) and 
(5) in equation (1) and equations (10) and (11) are 
obtained from equations (3) and (4), respectively. The 
system of equations (9)-(11) is still complicated for 
an analytical solution, so assumption XI is also used, 
i.e. pY z pin = const. throughout the metal hydride. 
The criterion for this assumption will be listed later. 
Now the set of equations (9)-( 11) can be reduced to 
the following set 

Equation (12) is then solved analytically utilizing a 
Taylor series expansion resulting in 

T,=C,exp(-yx)+C,exp($$x) 

-[~~lx/T”] (14) 

where 

dTo 
dx x-0 

_c Pin/% 
2 Ti”P, 

c, = 
TinSI . -- 
Pin 

The x-dependency of T, is described by the first two 
terms in equation (14). The term C, exp (- (T&/p,,)x) 
essentially differs from zero only in a small neigh- 
borhood next to x = 0, where temperatures of solid and 
gas differ signiticantly. The term C, exp (‘J&~/T&)X) 
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Fig. 3. Comparisons between numerical and analytical results. Temperature distributions in a metal hydride 
bed calculated numerically (0; and 0:) and analytically (@t and O”,), and also the temperature distribution 

O* calculated under local thermal equilibrium assumption. 

differs from zero over the whole region 0 < x < xr. 
Thus as soon as local thermal equilibrium is estab- 
lished, the solution is determined by the second term 
while the first term is responsible for non-thermal 
equilibrium effects. 

The term ‘inlet layer’ is defined for this problem as 
a region next to the inlet boundary where non-thermal 
equilibrium effects are considerable. The length of the 
inlet layer xi, is estimated by determining the region 
over which the first term in equation (14) is sig- 
nificantly different than zero. This will result speci- 
fication of xi, as 

Pin xi, = 5- 
T,nB, ’ 

(15) 

The local thermal equilibrium assumption can be 
used if the length of the inlet layer is considerably less 
than the length of the metal hydride bed, that is 

Expression (16) gives the criterion for the validity of 
the assumption VIII. To check the validity of equation 
(14) used in obtaining this criterion, the solution is 
compared against the numerical solution of equations 
(10) and (11). Figure 3 shows the dimensionless tem- 
perature distribution 0 = T/T*\,, o in a metal 
hydride bed calculated numerically using equations 
(10) and (11) (0: and Oy), and using the approximate 

analytical solution (14) [Oz has been calculated 
according to equation (14) and @;-according to 
equation (13) utilizing the Taylor series expansion 
which was mentioned earlier]. The temperature dis- 
tribution O* for the local thermal equilibrium case is 
also shown in that figure. Calculations have been car- 
ried out for the following values of parameters: 
d = 3 x 10m3 m (granules), E = 0.4, pin = 5 x lo5 Pa, 
T,, = 200 K, xr = 0.01 m and A,dT,/dx(,=, = 
3.4 x lo3 W m-*. It can be seen that the approximate 
analytical solution (14) is close to the numerical solu- 
tion, and that expression (15) gives a very good esti- 
mation for the width of the inlet layer. It is interesting 
to note that the local thermal equilibrium assumption 
introduces large errors only in calculating the gas 
phase temperature 0,. But this approximation does 
not introduce any significant error when calculating 
the solid phase temperature 0,. The reason for this 
behavior is that in a metal hydride bed conductive 
heat transfer in the solid phase far exceeds convective 
heat transfer in the gas phase. This result allows intro- 
duction of an additional assumption for hydrogen- 
metal hydride systems : 

(XIV) convective heat transfer is negligibly small 
compared to conductive heat transfer in the metal 
hydride bed. 

The heat transferred by hydrogen flow through 
a metal hydride bed can be estimated by 
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3 

Fig. 4. Dependence of gas phase temperature distribution on inlet temperature of hydrogen T,,-numerical 
calculations. 

qO,, = p,(cP),vYAT,, where AT, specifies the tem- 
perature difference between the hydration front and 

(15) is no longer valid. This is expected since equations 

the inlet boundary. Consequently, assumption XIV 
(14) and (15) are obtained based on a linear expan- 
sion. Therefore, equation (15) becomes inaccurate 

can be estimated b:y the criterion when T,/Ti,, is significantly different from 1. 

(17) 

The last part of equation (17) is obtained using 
equation (14). 

Figure 4 depicts the dependence of the dimen- 
sionless gas phase temperature 

on the inlet temperature of the gas, Ti,. Values of the 
parameters used in these calculations are the same as 
the values used for Fig. 3. It can be seen that for 
relatively small deviations of T,, from T-1, = ,, (the 
curves for T,, = 300 K and T,, = 250 K) the width of 
the inlet layer incre,ases as Ti,, decreases in accordance 
with equation (15). But further decrease of T,, (the 
curves for T,, = 200 K and Tin = 50 K) results in a 
decrease in the length of inlet layer. That is, equation 

3.2. Criterion for the validity of the steady state 
approximation (assumption IX) 

To obtain a criterion for the steady state approxi- 
mation, the scheme shown in Fig. l(b) is utilized. The 
analytical solutions for the transient and steady state 
processes for the problem depicted in Fig. 5(a) are 
compared. The boundary x = L is the hydrogen inlet 
boundary, at this boundary a constant hydrogen pres- 
sure p(L, t) = pb is maintained. Heat is removed from 
the boundary x = 0. At this boundary a constant tem- 
perature T*(O, t) = T,, is maintained. Due to assump- 
tion XIV the boundary x = L can be considered to be 
insulated. Under the assumptions I-V, VII, VIII, X, 
XI, XIV mathematical formulation of the problem is 

aT* a=T* 
----=a ~ 
at a ax2 

0 < x < xl(t) 

T* = T,s(p,,, t) xf(t) < x < L (18) 

where parameter a, is described in the nomenclature. 
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Equation (18) is obtained from equation (4). The fol- 
lowing boundary and initial conditions are utilized 

T*(O, t) = Tb T*(xr, t) = Teq(Pb, G) (loa) 

A, g (Xf, t) = Eh&(f) fg (L, t) = 0 

(19b) 
K(X, 0) = KO T*(x, 0) = Teq(Pb, KO). (20) 

Exact analytical solution of the problem posed by 
equations (18)-(20) is [20] : 

Xf = /w2 (21) 

where b can be found from the following tran- 
scendental equation 

&[Te,(Pto Ko) - Tbl exP 

711/z P 
= Ehyd-a 

2 . (22) 

The steady state approximation leads to the same 
expression for the position of hydration front as the 
transient solution given by equation (21) however 
the constant p is different and is determined by the 
following expression : 

~,,A. = 2 (Teq@b, Ko) - T,)]“2 = fl. 
The steady state approximation is applicable if 

p/j x 1. After approximating the error function in 
equation (22) by an expansion the steady state 
approximation is found to be applicable if 

q 
- 

6 

1 

_ Sf” _ (Cp)bPC[Teq(Pb,Ko)-Tbl << 1 

_1 6 bbhyd 
(23) \ I 

where Ste = (c&paAT/Ebyd. Validity of the steady 
state approximation for the heat transfer process is 
then determined by the difference between tem- 
perature at the hydration front T, = T,,(p,, K,,) and 
the temperature at the boundary of the metal hydride 
container Tb. 

Physically, the Stefan number is the ratio of the 
specific heat capacity of metal hydride to the specific 
heat of the hydration reaction. Therefore, if the heat 
capacity is negligible compared to the heat of reaction, 
i.e. a small Stefan number, it is possible to assume 
that the temperature profiles at every instant are close 
to the steady state profiles. The analog of the Stefan 
number for the filtration process is the ratio of the 
mass of hydrogen which can be accumulated in the 
pores of the hydride matrix to the mass of hydrogen 
which can be released during dehydration. Therefore, 
the criterion for applying the steady state approxi- 
mation for a filtration process in a metal hydride bed 
is given by 

2Ml 1 &AP 
84 = (I-&) P,,(Kmax-Kg) R”T K ” (24) 

The maximum pressure variation in metal hydride 
bed (pb-pJmax can be employed as the characteristic 
pressure difference, Ap, in equation (24). 

3.3. Criterion for the validity of the frontal model of 
hydration reaction (assumption X) 

Assumption X allows the localization of the chemi- 
cal reaction at the hydration front. To check its appli- 
cability, the scheme shown in Fig. l(b) is utilized. To 

(a) 03) Cc) 

Fig. 5. (a) A schematic of temperature and hydrogen concentration distributions in a one-dimensional 
metal hydride layer under the assumptions I-VIII, X, XI, XIV. (b) A schematic of temperature and 
hydrogen concentration distributions in a one-dimensional metal hydride layer under the assumptions I- 
VIII, X’, XI, XIV. (c) A schematic of temperature and pressure distributions in the one-dimensional metal 

hydride layer under the assumptions I-X, XIV. 
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Fig. 6. Equilibrium isobars and their piecewise-linear approximation for LaNi,-H, system. Solid line-real 
isobars, dotted line-piecewise-linear approximation of the equilibrium isobars. 

analyze the validity of the frontal model, assumptions 
for the steady state criterion, i.e. I-V, VII, VIII, X, XI 
and XIV are employed. However, this time instead 
of assumption X, assumption X’ described below is 
utilized : 

(X’) the equilibrium isobars are approximated not 
by a constant function, as in the frontal model but by 
a piecewise-linear model. 

The equilibrium isobars and their piecewise-linear 
approximation for LaNi,-Hz system based on data 
reported in ref. [2.1] are depicted in Fig. 6. In our 
analysis the hysteresis (difference between absorption 
and desorption isobars) is neglected. In this case, the 
sorption reaction occurs not over the front but within 
a hydration zone as shown in Fig. l(b). There is no 
sorption in the region 0 < x < xr, because K = K,,,, 
however, in the region xr < x < L sorption proceeds 
[(Fig. (Sb)]. The mathematical formulation of the 
modified problem I.S : 

dT* d* T* 
at=,“<% O<x<x,(t) 

The boundary and initial conditions for this prob- 
lem are 

T*(O, t) = Tb T*l(xf, t) = T(pb) 

4x,0) = KO T(x,O) = Teq(Pb,~o). 

Due to a piecewise-linear approximation of the 
equilibrium isobars drc/dT* = const.( < 0) for 
xr(t) < x < L. This makes it possible to take into 
account the term describing heat of hydration reac- 
tion. Thus introducing the effective specific heat per 
unit volume, 

A&d dK 
GY = (CpXA - 1M,Po dT* - = (c&, + 2 

=I 

allows for a finite zone of phase change (in this par- 
ticular case, change from dehydrated to hydrated 
state). Therefore, using C,, the governing equation 
for the region xr < x < L is recasted in the same form 
as that for the 0 < x < xr region. Approximate ana- 
lytical solution for this problem follows from the work 
described in ref. [22] : 

Xf = pp (25) 

where x is found from the transcendental equation 

/ ,2 \ 

%I,) - Tb 
T&b, ~0) - %J 

= . (26) 



Equation (25) is of the same form as equation (21), 
but x and /? are found from different transcendental 
equations. The ratio fi/x characterizes the influence of 

p=~g-gx+(p~-p~L)-J2 x,<x<L 

nonzero width of the sorption zone on the dynamics P = Pi 0 < x < Xf, 
of heat transfer processes. If it is close to unity, the 
sorption zone [the hydration zone shown in Fig. 1 (b)] (28) 
may be neglected and the frontal model can be The hydrogen tlux at the hydration front is obtained 
applied. If p/x is not close to unity, then it is necessary using equations (2) and (5) : 
to take into account the real shape of the equilibrium 
isotherms by approximating them by a piecewise-lin- 9 PZ-P: 
ear approximation (as in assumption X’) or by some 

(29) 
_= -c L-X, 

other non-constant function. 
Expanding the error and complementary error where 

functions in equations (22) and (26), the following 
expression for p/x is obtained 

On the other hand, hydrogen flux can also be deter- 
X 2 T”&,) - Tb + 5 Ehyd mined by the hydration front velocity 

Thus /I/x x 1 if jf = --kf (30) 

& 2 ATeq 1 (cp)o~cATeq << 1 

where s = K~,,,--oY~~,IP,~~. 

2 T”(pJ - Tb + 2 Ehyd . (27) Equating the expressions (29) and (30) leads to 

9 Pi-P? 
)i-f=2sTr L-x, 

3.4. Criterion for the validity of the$ltration approxi- A similar analysis for heat transfer process leads to 
mation (assumption XI) the following temperature distribution in the bed 

To obtain a criterion for determining the limits of 
the above approximation, the scheme shown in Fig. T* = Ti-T, -x+Tb O<x<x, 
l(b) is utilized. A one-dimensional hydration problem 
under assumptions I-V, VII-X, XIV is considered. 
The schematic diagram for the problem is depicted in 

Xf 
(324 

T* = Tf xf < x < L. Wb) 

Fig. 5(c). As was the case for previous models the The last expression, equation (32b), which deter- 
boundary x = L is the hydrogen inlet boundary. At mines the temperature distribution between the 
this boundary a constant pressure of hydrogen hydration front and hydrogen inlet boundary is 
p(L, t) = pb is maintained. Heat is removed from the required in order to justify the frontal model. This 
left-hand boundary, x = 0, where a constant tem- assumption will be checked after the condition for 
perature boundary condition T*(O, t) = T, is main- negligible pressure variation within the metal hydride 
tained. Based on assumption XIV, the right-hand layer is established. Repeating a similar procedure for 
boundary, x = L, can be considered to be insulated. the heat transfer process as that which has just been 
Here, in contrast to the problems which were depicted carried out for the filtration process results in the 
in Fig. 5(a) and Fig. 5(b) hydrogen pressure variation following equation for if: 
between the inlet boundary and the hydration front is 
not neglected. 

1, Tf-Tb if = - 
E hyd xf 

(33) 
To derive the desired criterion, the problem is solved 

accounting for the pressure variation within the bed. The above expression was obtained by first using 
To solve the problem the procedure suggested in refs. equation (32a) to obtain the heat flux at the hydration 
[7, 81 for metal hydride elements of cylindrical form front and then equating the resulting expression with 
is employed. For the problem under consideration the a,P* 
steady state filtration equation is 1, F (xf) = Ehy& 

$I% =o ( > i.e. equation (19b). Equating expressions (31) and 
(33) results in the following relationship between tem- 
perature and pressure at the hydration front 

with boundary conditions p(L) = p,,, p(x3 = pr. The 
above equation was obtained from equation (9) AA- L-x, 

assuming constant temperature in the region 
P: = ~:--W-r-dfi~ 

W f 

xr < x < L. The pressure distribution in the layer is The desired criterion for assumption XI is then 
then simnlv found to be I I expressed in terms of the ratio (pi -p:)/pi using the 
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Table 2. Pertinent criteria which are to be met for each of the referenced models for transport processes in a metal hydride 
bed 

Model Governing equations that were used 
Analytical criteria and 
assumptions which have to be met 

Fateev et al. [5] 

Sun and Deng [6] 

Kuznetsov and Liventsov [7, 81 

Artemenko er al. [9] 

Choi and Mills [lo, 1 l] 

Solid phase energy equation 

Solid phase energy equation 

Gas phase continuity equation and solid 
phase energy equation 

Gas phase continuity equation and solid 
phase energy equation 

Gas phase continuity equation, solid phase 
energy equation and kinetic equation 

(16), (17), (23), (24), (27), (34) + 
assumption VII 

(16), (17), (34) + assumption VII 

(16), (17), (23), (24), (27), 36 + 
assumption VII 

(16) + assumption VII 

(16) 

equilibrium relati.onship between temperature and 
pressure in hydrafion zone 

B B 
A -In (p,/PCj A - ln(p,/P,) - Tb 

6, = 
> d 1 

Pb' E W 

bnax .- GdPb 
X -XIV, 

pR(1-E)2 1 2 << 1. (34) - - 
0 &3 d 

The above equation was obtained by omitting the 
term (L - xr)/xr since it is of the order of 1 for most of 
the spatial location. The criterion given by equation 
(34) shows that the filtration approximation gives the 
best results for hllgher porosities and larger particle 
diameter of the metal hydride bed. 

Now the condifion given by equation (32b) can be 
checked. This condition would be valid if the tem- 
perature gradient to the right of hydration front is 
considerably less than the temperature gradient to the 
left of hydration front, that is if 

where equation (32a) has been used to determine 
~T*/c?x~,, in eqn&ion (35). To calculate H*/~x[,: 
the pressure distribution given by equation (28) along 
with the equilibrium relationship . between tem- 
perature and pressure for the hydration region 
namely, p = PO exp [A- (B/T)], are used. This leads 
to 

aT* B Pt--P: 1 
ax x: = L4 - ln(p,/PO)]’ 2pf L - Xf 

consequently 

aT*l 
ax Ix: xf T: PI?--P: 
-= L--x, 2B(T,-Tb) p; aT* 
ax xF 

Thus the condition given by equation (32b) is sat- 
isfied when 

6, = Tf Pi-P: << 1 
2BVf-Td p: ’ 

(36) 

Thus the criterion given by equation (36) is satisfied 
if variation of hydrogen pressure within the metal 
hydride layer is small. In other words, the criterion 
given by equation (36) follows from the criterion (34). 
But the criterion given by equation (36) also has its 
own merits for problems for which hydrogen inlet 
boundary does not coincide with the heat removal 
boundary [as for the problem depicted in Fig. l(b)]. 
For such problems the criterion given by equation 
(36) determines the possibility of calculating filtration 
processes using the frontal model. From equation (36) 
it is easy to see that the frontal model is applicable to 
problems of this type if temperature variation within 
the bed is relatively large (intensive processes) and 
pressure variation is relatively small (high porosity 
and relatively large metal hydride particles). 

4. CONCLUSIONS 

Analysis carried out in this work establishes useful 
and practical criteria for several frequently used 
assumptions. Specifically, criterion for the validity of 
local thermal equilibrium, criterion for the validity of 
steady state approximation, criterion for the validity 
of the frontal model and criterion for the validity of 
the filtration approximation are established analyti- 
cally. The above-referenced set of analytical criteria 
provides a vehicle for systematic determination of 
conditions under which previous models are better 
suited for. Table 1 summarizes all the pertinent 
assumptions and the analytical criteria for the validity 
of these assumptions and Table 2 summarizes various 
pertinent models and criteria under which they are 
best suited for. 
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