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Abstract—This paper summarizes our research on modeling of metal hydride systems, examines the

fundamental limitations imposed by geometrical and thermodynamic considerations, and presents a theor-

etical model for a complete system throughout an entire cycle. Apart from the assumption of local

thermodynarnic equilibrium no major simplifying assumptions are made and the non-ideal behavior of the

hydrides is included. The nature of the heat and mass transfer processes as two coupled reactors are

optimized is elucidated. The consequences for future metal hydride heat pump design are investigated.
© 1997 Elsevier Science Ltd.

1. INTRODUCTION

Metal hydrides (MHs) are ideal for solid—sorption
heat pumps for several reasons : there are many MHs
[1, 2}; environmental concerns continue to drive
research on alternative technologies [3-5] ; and a num-
ber of thermal cycles using the rapid kinetics of MHs
[6] and the large compression ratios possible [7] have
been studied. Finally, many complex material science
and fabrication problems are being rigorously
addressed [8—10]. The basis for MHs in thermal cycles
is the van’t Hoff equation [11]:

AH(J/kmoley,)
RT(K)

AS(J/kmoley, - K)
h R

Inp.,, (atm) =

1)

which represents the thermodynamic behavior for a
two solid-phase, single gaseous phase system. Heat
pump devices using MHs are conceptually simple and
because of the large volume specific AHs and revers-
ible absorption/desorption characteristics have been
investigated experimentally and theoretically for over
two decades. Despite this, a comprehensive under-
standing of these heat pumps remains elusive. This is
due, in part, to the highly transient nature of the
heat and mass transfer processes which occur in non-
isothermal compressible flows in coupled porous reac-
tors. Experimental study of solid—sorption systems, in
general, is expensive, so there is a considerable need
for a deeper analysis. Analytical investigations have
focussed on specific aspects of a thermodynamic cycle
and dwelled on simplifying assumptions [12], typically
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focusing on a single reactor. Accompanying these
efforts has been a sequence of numerical models [13—
24].

A general review [25] indicates a lack of effort
towards understanding the process features of a com-
plete system (two coupled reactors) undergoing a
complete thermal cycle. There has been a tendency to
invoke severe idealizations in geometry, to disregard
spatial terms in the governing equations and to over-
idealize boundary conditions. In addition, there has
been little effort devoted towards understanding the
role which the highly transient and inhomogeneous
behavior, we term reactor dynamics, plays in reactor
and system optimization. This paper will address some
of these issues by examining global constraints (Sec-
tion 2), formulating a system model (Section 3) that
avoids many of the limitations imposed by earlier
work and studying a numerical solution (Section 4).
By doing so the relation between the transitional pro-
cesses and how they influence the engineering po-
tential of and problems which are likely to be en-
countered, as these systems mature further, can be
appropriately studied, as discussed in Sections 5 and 6.

2. SYSTEM

The basic system is depicted in Fig. 1(a) with a cycle
consisting of five sub-phases. One hydride, Fig. 1(c),
is chosen with AH for H, compression by a reservoir
of waste heat at T, during the phases ¢,_,, and 1,_,5;
this reactor is usually called the regenerator. The other
reactor employs a hydride, Fig. 1(b), such that at the
ambient state it is thermochemically favorable for
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A reaction prefactor

Ag core area [m?]

coefficient of performance

c heat capacity [W *s/kg* K]
E, activation energy [J/kmoley,]
f mass fraction [kg,/kg ]

Fy thermal waste fraction

g(r, ) heat generation term [J/s-mg,]

AH g f phase transition enthalpy
[J/kmoley ]

h, reactant-to-reactor conductance
[W/m?- C]

hye interstitial heat transfer coefficient
[W/m-K]

Roe exterior convection coefficient

K permeability [m?]

ks  stagnant thermal conductivity

[W/m-K]

L reactor wall thickness [m]

characteristic particle size [m]

Lr dimensionless mass source term

N, particle mass [kmoleyq/particle,]

P average cooling power [W/kgy, 4]

p( pore fluid pressure field [N/m?]

Q thermal energy [J]

r radial space coordinate [m]

R, thermal containment resistance

R perfect gas constant, 8314
[J/kmole - K]

Re, particle Reynold’s number

AS  phase transition entropy
[J/kmoley, - K]

t time coordinate [s]

t,.,, preheat phase of cycle

t,.,; charging phase

3.4 equilibriation phase

ty,s cooling phase

NOMENCLATURE

ts.¢ equilibriation phase

At timestep ; process time [s]

T(r,t) temperature [K]

T,  ambient reservoir temperature [K]

T.qa temperature of cold reservoir [K]
Tw: temperature of hot reservoir [K]
AU  internal energy change [J]

v,v  filtration velocity of hydrogen [m/s)
dV,, -continuum volume element [m},)]

x H-concentration [kmoley/kmole, ].

Gr?ek symbols

® reaction rate
source/sink term [kgy /s mf,)]
U dynamic viscosity [kg/m 5]

& hydride particle radius [m]

y molecular weight [kg/kmole]

0 density [kg/m?]

¢ hydride matrix porosity [mJ,../m¢;]
II,  dimensionless cooling potential

Q particle density [particles,,,/mg,]

A,;  regenerator efficiency

Ass % refrigerator capacity used.
Superscript

’ refers to regenerator property.
Subscripts

b binder

() refers to continuum

a,d absorption, desorption
f fluid phase

hyd hydride

n time index

S solid phase ; surface

v at constant volume

w reactor wall.

spontaneous transpiration of H, to occur from the
refrigerator (sub-phase #,_,s). The enthalpy of desorp-
tion provides cooling; the concurrent enthalpy of
absorption in the regenerator is rejected as rapidly as
possible to sustain the driving potential.

Figure 2(a, b) shows an actual reactor and its sche-
matic. The effective thermal conductivity of MH pow-
ders is insufficient for fast reactors [26] and powder
beds quickly self-densify, limiting the permeability. In
Fig. 2(a) the hydride is in the form of encapsulated
particles in a sintered cylindrical porous matrix. For
a two-component matrix five parameters specify the
properties, py.qa, Po, @, f, and &, and lead to the concept
of the local particle density :

n .
0= (particles,,q/m3,)

1 1—¢

) sng) [1 + <%> (l{Tf)}

(which will be referred to in Section 3) and the thermal
waste fraction Fg = [f/(1—-/)]* Cp,/Cp, - The design of
an MH reactor begins by comparing internal reactor
processes to the ability of the containment to transfer
heat. Doing so results in two dimensionless par-
ameters [18]:

energy transfered from the reactor

~ thermal energy stored by the reactor

@

2

AT At
=(4y) _—1——: z (ﬁ) (3a)
he e ke
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Fig. 1. (a) System diagram. (b) and (c) : selected isotherms of p,, vs concentration. Curve fits are shown
with dotted lines. ‘O’ and ‘@’ denote data for desorption and absorption, respectively.
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Fig. 2. (a) Cross-section of reactor using LaNi;; (b) one-dimensional approximation ; (c) external tempera-
ture history (vertical free convection) at a suction pressure of =10~ torr.
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Fig. 3. The potential cooling (after parasitic thermal losses) vs the maximum possible energy transferable
through the containment thermal resistance, R.. The line is parameterized by r;—r,. This paper examines
what happens as the arrow is moved to the right. At = 75 s, AT = 20°C.
I available cooling energy conductivity) and the second term advection of sens-
3

~ theoretical cooling energy

_ AU=AUy— AU, — AU,
- AU )

(3b)

The term AU is the energy change between two states
with Az and AT specified as design parameters. The
term 1/h.+ 1/h,+ L/k,, is defined as the thermal con-
tainment resistance, R, and its value determines the
operating regime of a reactor regardless of any par-
ticular cycle. For simplicity studies are frequently lim-
ited to planar geometries. Cylindrical reactors are
more suitable for fabrication and in this case IT, ~ 2/r.

Equation (3b) provides a scale for thermal losses
arising from Copa itself, of the inert matrix fraction and
of the reactor shell. Larger values of r reflect favorably
on this parameter. This has been noted, but the attend-
ant disadvantage on II, discussed above has not been
emphasized [27]. I1; is plotted against I, in Fig. 3 for
a specific value of R, corresponding to the value that
will be used in the sequel. It should be noted that
in equation (3b) the parasitic mass of specific heat
exchanger devices is not included. Without careful
consideration of this issue the slope of the par-
ameterized curve in Fig. 3 can become more negative,
considerably complicating optimization. The terms
reactor-dominated and containment-limited will be
clarified in Section 6.

3. FORMULATION

The governing equations are derived by considering
a stationary control volume of the porous continuum.
Local thermodynamic equilibrium between solid and
fluid phases (T, — T)hydA/dV, = 0 is assumed [28].
The energy balance becomes [25, 29] :

kegV2T—V (prc, To) + g

_ 6[(1 - qs)pscvs T+ ¢pfcva]
B ot

(J/m, - s).

@

The first term incorporates the Fourier conduction
flux (with k¢ = [(1 — ¢)k,+ ¢k the stagnant thermal

ible heat by the fluid phase as well as the pv work
done on the control volume. The source term g is the
thermal energy released due to the change in enthalpy
of a large number of particles. Equation (4) does not
account for dispersion phenomena. The numerical
model will be limited to one-dimensional (1-D) (radial
effects predominating) in which these can be neglec-
ted. The continuity equation for the fluid phase is
given by :
—V-@p)+¢ = ¢%?(kgnz/m?c) °s). &)
The source term ¢ represents the absorption-
/desorption effect for the fluid phase. The ideal gas
equation of state, pRT = P7n,> may be used for H,.
The proper momentum equation for the fluid phase is
problematical. For the reactants used by the authors
consideration of the particle Reynold’s number,
Re, = vpL /u = vpyL,/(TRy) (with L, taken as the
Brinkman screening distance, ./K), indicates that
Darcy’s law may be applied [18] :

Kop(r, 1)

v(r,) = — u or

O

The term ¢ is written in terms of the fundamental
particle reaction rates, @, ‘*=°‘me,, and O, “éfx,,%
using equation (2):

(p(kgH;/ §* m(sc))

r Np . kmoley, kgy,
~ 30, | |, o
2 s * particley,q * \kmoley,
particlesy,
° mg,

@)
Ny . kmoley, kgu,
=5 O | o | X, | p
2 s particle,yq kmole,
X0 (panic:eshyd>
My

where the negative sign reconciles a negative reaction
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rate (desorption) with the proper sign for a source
term. Similarly, the heat generation rate is:

g(J/S'm(ac))

kmoley,

rNo < J
2 ®. (s . particlehyd> *|AH| <kmoleuz)

particles,yy
xXQ —-—‘—3
M)

=< . (8)
kmoley,

N, . J
7@)‘1 (s . particlehyd) x|AH| <kmoleﬂz)

articles
X xQ (P = hyd)
my)

Note that absorption (positive reaction rate) rep-
resents an energy source term for an exothermic reac-
tion. The magnitude of this term can be very large
indeed as inferred from Fig. 2(c).

The boundary conditions are derived elsewhere
[25]. When coupled they are:

(coupling of pressure field) p(ry, 1) = p(re,1) (9a)

( tion of mass) (o)t P02 D) Ao
conservation ofmass) | e "5 4,

_ 1 dp(ry, 1)
T(ry,0) Or

%b)

tet,_,;,conservation of advected
energy for transpiration

to refrigerator from regenerator

(0T (ro, 8) y 7K’
or °T T\ kRu

< x p(r0’9 t) %70', t)
T(ry,t) Or
a]1("0’: t)
or

[T(rO” t) - T(rO’ t)]AO’ (9C)

=0

-

tet,_s,conservation of advected
energy for transpiration

rom refrigerator to regenerator

raT(ro"t)A _ (oY
or "~ " \k'Ru

< x p(rO’ t) a_p_(r09 t)
T(ro, 1) Or

5T(r0, t)
or

(7o, )= Ty Do g

=0

-

When the reactors are uncoupled the boundary con-

ditions are reasonably approximated as zero gradient
constraints on T and p (if the artery radius is small).

4. NUMERICAL SOLUTION

Equations (4) and (5) are coupled to local kinetic
rate equations. Together there are eight primary vari-
ables: the temperature in four domains (when the
reactor wall is included) and the pressure and con-
centration in two domains. The initial conditions are
known. The boundary conditions are well-posed,
though time-varying and complex. A finite-difference
approximation was deemed appropriate to integrate
the system. An explicit method was chosen to deal
directly with the nonlinear terms. It can be shown that
the coupled PDEs are linear in the discretized time-
derivatives of T and p, making this approach par-
ticularly convenient. Finite-difference approximations
O(Ar)*+ 0(t) were developed for all node points. The
continuity equation (5) in cylindrical coordinates is
given by:

?p op[p dp poT .
(-){pa 2 +6r[r+5;_7"6r]}+q)T

~ (o[ _pT
-(7)7-5% @
the energy equation is

k ﬂ lg.]_-' + KcPfy

il P * ror Ru
p (0P  pop

i

6T dcyn,\ dp

The discretization method is described in [25, 30-32].
For conciseness let y} = {p?, T?>T represent the solu-
tion at the discrete time nAt at the node i. For a given
node i or i’ the discretized continuity and the energy
equations may be written as linear, inhomogeneous
algebraic equations Ay/*' = C(y7), where 4 and C
are functions of n [25]. The explicit formula for the
solution at each node i or i follows: y}*' = 47'C;;
this is the goal of any finite difference scheme [33] A
number of procedures were used to check stability,
convergence, and overall satisfaction of integral bal-
ance laws [25].

Equation (3a) indicates that regardless of the wall
composition internal gradients can be ignored. A suit-
able discretization in this case is:

rfhc+rwhao(t):|

T =T, [1——2At o
pwcpw(rw_rf)

+2At lirt‘th'IlV'*‘ rwhoo(t)Treservoir(t):l' (12)

pwcpw(rgv - rlg)
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Because of their importance the discretized boundary
conditions during the coupled periods are derived
here. Consider 7,_,5. On the refrigerator side (i.e. trans-
piring side), the adiabatic (no flux) condition on tem-
perature automatically gives 77 =(4/3)T5 — (1/3)T4
and from equation (9a) p} = p}. Equation (9b) is
solved for p}. and substituted into this to give:

_ataa T
1+a,T7

n

4 (13)
where a,, @, and a; are obtained straightforwardly.
On the injection side, the emergy coupling equa-
tion is solved for T7.: Tilapi(a;—pi)+1]=
aspi(as —p)+as, where a,, as and a¢ are obtained
similarly. Solving for T7.:

n asasp' —as(p'f)2+a6
= . .
113‘14["1'—[14(171)2"'1

Equation (13) is now substituted into this to give an
expression containing only 77 :

(14

_ (1)’ A+ (T1)*B+(T1)C+D

(15
(T7)E+(T})F+G

where A through G are obtained straightforwardly.
Newton’s method is used to find the zero of equation
(15). Once T7 is found satisfying equation (15), p}
may be determined from equation (13). Auto-
matically p}. = p}. For ¢,_,, the boundary conditions
are obtained by interchanging the primed and
unprimed indices above.

5. OVERVIEW

In order to relate transient heat and mass transfer
processes to integral performance over a cycle I, was
chosen as the key optimization parameter. Five cal-
culations were run in order to investigate the cor-
respondence between Fig. 3 and the numerical results
of the formulation presented in Sections 3 and 4. This
section describes the calculations and discusses some
aspects of the general reactor dynamics prior to exam-
ining them in detail in Section 6.

The MHs LaNi,,Al,; and MmNi, ;sFe,qs (Fig. 1)
were chosen because of previous experimental work
[34] as well as availability of data [11]. The reservoir
temperatures were T, = 20 (°C), T, = 150 (°C), and
T.ow = 0 (°C). These represent reasonable values for
many engineering applications. The boundary con-
ditions included a “‘thermal switch” during ¢,_, ; which
reduced 4., between the refrigerator and the cold res-
ervoir (to the small value 10 (W/m?- K)) until the time
at which the refrigerator reactor wall temperature fell
below Tq.

The heat capacities of both hydrides were 418.6
(J/kg+K) and for the system analysis pursued here
taken as constant. The porosity was ¢ =0.15. A
hydride density of 8000 (kg/m?) was used which
resulted in a bulk density of 6000 (kg/m®) ; this is very

close to the green densities of the reactants shown
in Fig. 2(a). A value of Fy = 0.44 characterized the
reactant. The value of /. depends upon the reactor
fabrication process; little specific data is available.
Values larger than 1000 (W/m?-K) (the values used
here) reportedly require exotic techniques [35]. The
maximum external heat transfer coefficient 4,
depends on the particular system configuration.
Design issues related to 4, are of considerable import-
ance in so far as thermal capacity degrades per-
formance and introduces thermal lags [36]. A value of
2000 (W/m?-°C) was used, resulting in R, = 0.0015
(as noted in Fig. 3). The transport properties
K=5x10"" (m? and k4 =5 (W/m-K) represent
nominal values attainable using the materials prep-
aration processes of the authors and which previous
studies have shown represent the range where further
optimization in these properties is counterproductive
against efforts devoted toward increasing 4. and, in
general, reducing R, and Fg,

The kinetic rate equation used for both absorption
and desorption is:

e (i) (16)
dr Deq

Values of the activation energies for MmNi, Al s
ranging between 22.8 x 10° (J/kmoley ) to 60.2 x 10°
(J/kmoley,) were reported in [37]. The present study
used a value of 30 x 10° (J /kmoley ) for both hydrides.
It is difficult to discern values of A4, the reaction prefac-
tor, for what the authors term the intrinsic particle
kinetics. Parametric studies indicated that values
between 10° and 10° controlled the initial transient
period without affecting the following regime. Lower
values of 4 noticeably affected this regime. Based
upon these studies and correlating the transient phase
with laboratory experiments a value of 10° was used
for both hydrides.

As noted in Section 2 equilibrium MH behavior
deviates considerably from ideal Gibbsian behavior.
The hysteretic behavior has been attributed to irre-
versible (though repeatable) deformation effects [38,
39]. For realistic simulations both the plateau slope
and hysteresis must be incorporated and the approxi-
mation must be fast and invertible. The van’t Hoff
equation was modified within the plateau region with
linear corrections. For xe[x, ,x; I:

P, = p— 22 4 Alnp, - (e
nPeqH: - RT R +Alnp, Xg —Xa
In (;%) absorption
+ a a7n
0 desorption

was fitted to equilibrium data in the literature. The
plateau limits [Fig. 1(b, c¢)] were taken as constant.
Outside the plateau region (in the &« and B single-
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phase regions) the isotherms are fitted by the simplest
possible technique-—straight lines. However, this
work assumes the reaction rate ceases whenever the
boundary concentrations of the plateau region are
approached. Because of the lack of hysteresis scans in
the plateau region the model sets the reaction rate to
zero. The MH parameters used were : MmNi, sFeg g5
AH = —2.68x10" (J/kmoley ); AS = —1.085x10°
(J/kmoley, *K); Alnp, = 0.5; and In(pq /pq,) = 0.1.
LaNi,,Aly5: AH = —347x107 (I/kmoley, );
AS = —1.088x10° (J/kmole, *K); Alnp,=0.1;
and In(peq /Peq,) = 0.1.

The duration of the cycle was 250 (s) with the fol-
lowing breakdown of intermediate phases : preheating,
ti> = 50 (s); charging, t-_,, =15 (8); equilibriation,
tis = 25 (s) ;cooling, t,_,s = 75 (s) ; and equilibriation,
ts_¢ = 25 (s). Figure 4(a, b) shows the field evolution
for ¢ and x for what will be termed the optimized
system, I1, = 0.74; Fig. 4(c, d) for the poor system. ¢
and x were chosen as the most descriptive field quan-
tities to illustrate the general reactor dynamics. Note
that the regenerator reactor is plotted with a negative
radius. In Fig. 4 each plot contains both a three-
dimensional (3-D) representation and a projection
onto the r—¢ plane. The 3-D visualization is useful in

source/sink
d(p/ckt (kgny/mi3y)

i,
Radius (mm)

(a)

t, ? ] o ) 1, ;
Radius (mm)

(c)
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identifying transient peaks and spatial gradients; the
projections more clearly show the reaction fronts.

A brief description of the cycle is appropriate at
this point. The preheating phase causes rapid redis-
tribution of the absorbed H, within the regenerator.
No changes occur in the refrigerator during this
period. During the charging phase the reactors are
coupled with H, at high temperature and pressure
transpiring from the regenerator into the refrigerator
where it is absorbed. During the subsequent phase ¢;_,
4 the reactors are isolated and each rapidly brought
near T, in order to establish the largest equilibrium
desorption potential possible. This is necessary, since
the lower average reactors temperatures during the
coupled cooling phase 1, s slow the kinetics via the
Arrhenius behavior associated with equation (16).
During this phase hydrogen transfers to the regen-
erator. The H, transpiring from the refrigerator cools
the regenerator and establishes an absorption front
which propagates outward from the core. The rapid
elimination of the enthalpy of absorption at the regen-
erator wall favors an inward absorption front. The
combined effects give rise to the central depletion
region readily observed in Fig. 4(b, d). The hydrogen
transfers during the coupled phases are summarized

Absorbed
hydrogen
concentration

Radius (mm)

(b)

Absorbed

ydrog
concentration

(kmolap/kmoleny)

e

Radius (mm)

(d)

Fig. 4. Optimized system: (a) evolution of ¢ absorption/desorption term; (b) absorbed hydrogen
concentration x. Poor system: (¢) ¢; (d) x (from calculation data sampled at 1 s increments).
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Table 1. Summary of calculations

ri—ry Ar Myyg m, ny(507) Any 5 n,(1507) Ang_s
11, (mm) (mm) (kg (kg) (moley,)  (moley,) A% (moley,)  (moley) A%
0.74 4 0.20 0.05681 0.01164 0.33367 —0.10122 -33.8 0.17015  —0.12018  42.7
0.60 5 0.20 0.08099 0.01659 0.47627 —0.12189 —28.5 021970  —0.14359 358
0.51 6 0.24 0.10915 0.02236 0.64036 —0.14064 —245 027358 —0.16360  30.2
0.45 7 0.28 0.14131 0.02894 0.82924 —0.15926 —214 0.33142 —0.18339  26.2
0.40 8 0.20 0.17745 0.03635 1.04938 —0.18225 —19.2 039252 —0.20228  23.0

in Table 1. Ay is the fraction of regenerator precharge
transferred to the refrigerator during the preheating
phase. A,; is the fraction of hydrogen transferred dur-
ing the cooling phase relative to the theoretical
maximum value. Table 1 indicates that hydride uti-
lization rises significantly as IT, increases.

The large variations in T and p over the cycle and
the rapid transients which occur when the reactors are
coupled make it productive to examine the process
paths in Fig. 5. The field point selected is at r = 2.75
mm, distant from the wall reaction fronts, but situated
in the outward absorption front during z,_;. As the
point is near the core it is notable that the regenerator
of the optimized system more closely approaches 7,
prior to #,_, thus establishing a higher potential for
charging the refrigerator. In any case, Fig. 5 shows
that the regenerator undergoes much more pro-
nounced temperature fluctuations. Figure 4(b, d) also
shows severe changes in x. Based upon recent studies
[40, 41] the results presented here indicate that MH
refinement focus upon those hydrides intended for use
as regenerators. The paths also illustrate quite clearly
the reaction front formation regime that occurs during
the first few seconds when the reactors are coupled:
te[50%,52] and re€[150%,152]. It is notable that the

injection of cold H, during the stabilized cooling
regime results in the complicated regenerator process
shown.

Figure 6 shows the final performance data obtained
from all five calculations as the “arrow” in Fig. 3 is
moved into the containment resistance limited regime.
The dependent variables were calculated as follows:

Qs
COP = ———"—"— 18
Q1.2+05_5 (18)
Qas
P=——""—"— (W/k at T,
fams Moy W/ ghyd) 1d

where the Qs are the heat transfers through the reactor
boundaries and m,4 for the refrigerator is used. The
graph is essentially linear in IT, for both performance
measures. It can be seen that power dramatically
increases and is quite sensitive to I, as “predicted”
by Fig. 3. Table 1 explains this. As I1, increases the
hydrogen transferred during charging increases and
the total utilization of the theoretical storage capacity
of the refrigerator during cooling increases by a factor
of two. The reactor dynamics responsible for this
behavior will be discussed in the next section.

Teota Too Thot Teota Too Thot
50 L L
MmNiy 15Fep.85| |50~
20 50+ =50t

75,100,125 g

(atm)

0.2 T T T T T T T T T T T T
-20 0 20 40 60 80 100 125 -20 0O 20 40 60 80 100 125 150
T(©) T (C)
(a) (b)

Fig. 5. (a) Optimized system ; (b) poor system. Process paths at r = 2.75 mm. The solid lines are the ideal
van’t Hoff behavior. The dotted lines are the LTE temperature and pore pressure parameterized over ¢ for
the complete cycle. Selected times of interest are indicated.
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6. DISCUSSION OF TRANSIENT BEHAVIOR

We consider the coupled phases ¢, ,; and ¢,_,s. Fig-
ures 4 and 5 illustrate the behavior for the other
phases. Table 1 confirms the correspondence between
net transfer of H, and power and COP in accordance
with basic thermodynamic considerations. Given the
deviations from equilibrium evident in Fig. 5 it is
reasonable to ask what processes predominate.

The transport contour plots (in which molar flux
has been multiplied by area in order to eliminate the
effect of geometry) in Fig. 7(a, b) compare the extreme

cases of I, for the charging phase. They begin to
illustrate the connection between the integral results
in Table 1 and the reactor dynamics. Specifically, the
optimized system (I1, ~ 0.8) reveals a rising pickup
front extending over the entire bed progressively
increasing in magnitude and directed inward from
the energy input surface. In contrast the poor system
(I1, ~ 0.4) shows the pickup front confined near the
reactor wall. In both systems Fig. 7 shows a large
initial peak followed by a slowly declining “‘flow-
stabilized” regime. The duration of the peak is longer
for the poor system.
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Further explanation can be obtained from Fig. 7(c,
d). These show flooded contours of ¢; the dashed
contours indicate conduction energy transport. The
behavior of the pickup fronts in Fig. 7(a, b) in the
regenerators are explained by these desorption fields.
The first few seconds following coupling are char-
acterized by high rates of desorption throughout the
entire bed (simply because the thermochemical poten-
tials previously established are sufficiently homo-
geneous). Once the pressure gradients have dissipated
the average regenerator temperature has dropped sev-
eral degrees (Fig. 5) and the predominate nature of
the charging phase (with the regenerator connected to
the T, reservoir) is revealed—specifically a “‘steady-
state” desorption front is established a few zones
inward from the wall. The peak of the front remains
confined near the wall. In both systems it broadens
and declines with time. The conduction transport con-
tours show the pronounced effect that g has on the
nature of the energy transport in both regenerators.
As thermal energy enters the reactor and crosses the
depletion zone it initiates desorption. The rapid endo-
thermic reaction accompanying the f§ — « phase tran-
sition stops the conduction front and “shields” the
inner region of the regenerators from the T}, reser-
voir, despite its close proximity. On the basis of Fig.
7 it is reasonable to speak generally of a desorption
front in the regenerator where the process of H,
evolution and the endothermic phase transition
accompanying local transpiration balances thermal
conduction into the regenerator once the initial coup-
ling transient, lasting but a few seconds, has
concluded.

The development of the desorption front a few
zones inward represents a coupling between x evo-
lution and the conditions established during ¢,_,,; i.e.
referring to Fig. 4(b, d) it is seen that the initially
homogeneous concentration profile of the regenerator
is drastically altered—hydrogen transpires from the
reactor wall, advects inward and is absorbed. The
uniform ‘“hydration” zone idealization is thus an
approximation for the regenerator. The regenerator
in the poor system shows absence of any desorption
near the core in spite of a declining pressure gradient
and higher concentration. The core temperature is
simply too low for desorption to commence. The poor
system shows limited conduction transport in the non-
reacting region. At early times this is due to advection
of hot H, inward.

From an overall point of view it is important to
examine the pronounced asymmetry between the
dynamics of the refrigerator and regenerator. Hot H,
injected into the refrigerator core suppresses absorp-
tion as evident in Fig. 7(c, d) ; any absorption which
commences self-limits by the requirement that the heat
of absorption be removed. Thermochemically absorp-
tion is favored at the refrigerator wall. However, as
x increases the steep plateau slope diminishes this
potential; the competing dynamic mechanisms of
absorption and energy transport through the path of

least resistance promote the much smoother reaction
fields in the refrigerator.

The steep concentration gradients apparent in Fig.
4 and quantitatively shown in Fig. 8(a, b) illustrate
the depletion region adjacent to the wall in the regen-
erator. In the poor system the charging phase begins
with complete depletion at x(r{) ~ x;__; in the kinetic
model used no further desorption is possible. In
contrast,  x(ry, 50) = 1.8523 (kmoley/kmoleyyq).
Despite the difference at the boundary the evolution
of the desorption fronts is remarkably similar as
shown in Fig. 8(c).

Figure 5 indicates that the temperature of the regen-
erator for both systems increases for r€[52, 125] (s).
As the desorption front broadens and widens the aver-
age pore pressure increases in order to sustain the
driving potential required for absorption in the
refrigerator. In both reactors the initial cooldown
period self-limits; continued heat transfer from the
reservoir T, then causes the average regenerator
temperature and hence pressure of both systems to
rise. For the optimized system the average pressure
increases about 1.2 bar ; for the poor system about 3.1
bar. The rise in T and p for both systems implies that
rejection of the heat of absorption in the refrigerator
reactor is the overall limiting process during this
phase. Since both hydrides have the same kinetic par-
ameters the lower p and much lower T on average in
the refrigerator provide the essential reason for this
behavior.

The reactor dynamics during the cooling phase
are considerably more complicated. When initially
coupled the desorption gradient established during
the prior phase #,_,, rapidly transfers H, to the regen-
erator. This is illustrated in Fig. 9(a, b). Until the time
when T, < T4 (Fig. 9(c, d)) the refrigerator interacts
only weakly with external reservoirs; the substantial
conduction transport inward results from cooling the
reactor wall. Figure 9(a, b) shows that the cold H,
injected into the regenerator promotes an absorption
front which moves outward from the core, in contrast
to the behavior during ¢,_ ;. Simultaneously, the rejec-
tion of the enthalpy of absorption at the regenerator
wall promotes an inward moving absorption front.
The key observation is that in the optimized system
the available hydrogen is depleted within #,_ 5 [at 223
(s)]. Figure 9(b) indicates that the poor refrigerator
remains undepleted and sustains desorption. In the
optimized system once the refrigerator has been
depleted the regenerator maintains the inward pro-
gression of the absorption front at the expense of
desorption near the regenerator core.

In both systems the regenerator region enclosed
between converging absorption fronts is kinetically
stagnant despite lower x. This island is barely dis-
cernable in the optimized system, but quite prominent
in the poor system. This phenomena is due to the large
AH associated with absorption. The outward moving
front liberates heat which must be conducted through
this region. Near the regenerator wall heat is easily
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liberated to the ambient reservoir, although the ther-
mal path increases with time as complete absorption
progresses inward.

Figure 9(c, d) shows the temperature field devel-
opment. Several values of T, are indicated ; these show
the substantial influence of A.. Three observations can
be made. First, the initial rate of cooling prior to
T, < T.qq is extremely rapid and in accordance with
experimental data [Fig. 2(c)]. Secondly, following this
cooldown period the temperature field in the reactor is
homogeneous until the rate of decrease of temperature
falls and the limiting steady-state refrigerator tem-
perature is achieved. This occurs much earlier in the
optimized system along with a much lower average
reactor temperature. This in part accounts for the
high specific powers indicated in Fig. 6. Lastly, the
interplay between p,,, 7, x in the refrigerator deserves
to be mentioned. As this reactor becomes depleted the
desorption gradient falls substantially. This is noted
in Fig. 5. Specific cooling power P peaks in Fig. 9(c)
at about 190 s. On the other hand, while P of Fig.
9(d) (the poor system) is much lower, it continues to
increase with time.

It is interesting to examine the parameter aris-
ing from non-dimensionalizing equation (10):
Lr = ¢/(vp;/Ar). Lr resembles Damkdohler numbers
[42, 43]. In a reacting porous flow Lr indicates the
local thermochemical potential relative to the ability
of the matrix to advect pore fluid. The cell Lr field
is given in Fig. 10 for the cooling phase. Note that
boundary regions where v — 0 are not necessarily
included. Lr at constant r in the transpiring refriger-
ator is remarkably constant for both systems in those
regions where ¢ > 0. This is particularly so even dur-
ing the initial transient period and evidently values
near unity clearly demarcate the reaction fronts.

The conclusion to be drawn is that the constant Lr
through the initial transient (when ¢ is indeed large)
into the stabilized regime indicates the transport par-
ameter K is sufficient so that resistance to advection is
minimal. Figure 3 indicates that the optimized system
Fig. 10(a) is in the containmeni-limited regime. Yet, Fig.
3 does not consider K (nor k). The sufficiency of
the transport parameters (both K and k.;) must be
established by separate transient calculations [44] as
well as the observation concerning Lr. That is, while
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K and k.; must be asymptotically large this does not
necessarily guarantee containment-limited operation.
If I, is in what Fig. 3 terms the reactor-dominated
regime geometrical constraints and irreversibilities
associated with energy transfer through 4, and A are
the dominating system influences with II, controlling
overall performance in the designated process time A¢;
these effects subsume heat and mass transport opti-
mization in the reactors. This clearly occurs in the poor
system as demonstrated in the previous discussion.

7. SUMMARY

This paper has described the reactor dynamics for
coupled porous MH reactors over a complete cycle.
The basic principles governing reactor design and opti-
mization were discussed in Section 2. A formulation
whose major assumption is local thermodynamic equi-
librium was developed in Section 3. The qualitative
features of the numerical solution in 1-D were discussed
in Section 5. Values of I1, near unity are necessary (but
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not sufficient) for high specific power and COP. Section
6 examined the transient fields and the basic mech-
anisms operating as a system of coupled reactors was
optimized in the parameter II, for the charging and
cooling phases. It was found that the large AHs and
rapid kinetics of MHs, often referred to as desirable
characteristics, act in conjunction to produce sharp
reaction fronts which remain close to heat transfer sur-
faces. In both coupled phases the reaction fronts
occupy a much greater fraction of the reactor volume
when I, is increased. This allows a greater fraction of
the absorbed hydrogen inventory to be exchanged in a
given time Ar. It was also found that the initial transient
period cannot be ignored.

The calculations demonstrate a profound asymmetry
in the reactor dynamics between the regenerator and
the refrigerator regardless of II,. The regenerator
undergoes substantially greater fluctuations in tem-
perature and pressure, as is well known. However, the
large inhomogeneities and temporal variations of con-
centration have not been captured by less sophisticated
models. This information is likely to influence future
hydride selection for long-term operation.

The scope of this work has included optimization
with respect to IT, which was identified as a key par-
ameter in Section 2. Further work is required to address
MH properties (AH, AS), reactant design (Fy), alter-
ations in the cycle and deviations from local ther-
modynamic equilibrium. Advanced optimization cal-
culations would benefit greatly from further
experimental effort placed on experimental evaluation
of MH kinetics.
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