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Metal Hydride Heat Pumps for Upgrading Spacecraft
Waste Heat

Hae-Jin Choi* and Anthony F. Millst
University of California, Los Angeles, Los Angeles, California 90024

Spacecraft waste heat may be upgraded using a metal hydride heat pump. Thermodynaihic analysis is used to
choose suitable hydride pairs and to estimate system efficiency; promising reductions in radiator weight are
indicated. To investigate whether such reductions can be realized in practice, the dynamic response of two coupled
hydride beds is modeled accounting for heat transfer, absorption kinetics, and hydrogen flow. Parametric
calculations are reported for the Mg2 4Ni/LaNi4 9 A^ j pair, which show an optimal cycle time of 10 ~ 12 min.
Actual radiator weight savings prove to be substantially less than thermodynamic analysis estimates. Use of hydride
heat pumps shows possible merit only in the case of high sink temperatures when using hardened radiators.

Nomenclature
j/ = high-temperature hydride bed
A = area
Ac = cross-sectional area of bed
^ = low- temperature hydride bed
cb = specific heat of hydride bed
COP = coefficient of performance
COPC = Carnot cycle coefficient of performance
cpg = constant pressure specific heat of hydrogen
D* = diffusion parameter
Ea = activation energy for hydrogen diffusion through

hydride phase
EH2 = internal energy of hydrogen in the passage
hc = convective heat transfer coefficient
kb = thermal conductivity of the bed
Keff = effective Darcy permeability
Kn = Knudsen number
L = bed thickness
M =mass
m = hydrogen flow rate
Mg = molecular weight of hydrogen
mg = total amount of hydrogen transfer
mr = mass of unit area of radiator
P = hydrogen pressure
Peq = equilibrium pressure
^ = perimeter of bed
Q = heat rate
M — universal gas constant
r = reaction rate
T — temperature
Ts = effective sink temperature
/ = time
u = superficial velocity of hydrogen
w = hydrogen concentration ratio
x = useful hydrogen capacity
z = axial coordinate

Greek Symbols
AH = heat of formation of hydride
AS = entropy change of formation of hydride
@ = dimensionless temperature [ = (T-
e = emissivity

- Tt)]
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= packed bed void fraction
= overall radiator efficiency
= viscosity
= density
= Stefan-Boltzmann constant
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Subscripts
A = high-temperature hydride bed ja^
Aux = auxiliary part
B = low-temperature hydride bed ̂
H2 = hydrogen in the passage

= high
= heat engine
= heat pump
= low
= middle
= radiator
= total system with use of a heat pump
= total system without use of a heat pump

I. Introduction

SPACECRAFT power levels have risen to 10 kW and are
predicted to attain lOOkW or higher.1 Waste heat is

rejected to space by radiators. Reduction of radiator size and
weight to lower the launching cost of a spacecraft is desirable,
and heat pumps are a possible means to upgrade waste heat
temperature for this purpose. The radiator size reduction and
associated weight saving may offset the added penalties of the
weight and complexity of the heat pump.1 Grossman2 pre-
sents sample calculations for a LiBr/H2O absorption heat
pump and suggests that absorption heat pumps are promising
for space applications. The few moving parts provide for high
reliability and long lifetime, and they can be powered by
waste heat instead of electricity. However, liquid absorption
heat pumps may be difficult to operate at zero gravity; and
use of a solid absorbent is attractive. Metal hydride heat
pumps can be used over a much wider temperature range than
conventional liquid or solid absorption heat pump systems.
The major difficulties associated with the use of metal hy-
drides are the hydrogen content capacity limitation, which
is less than 2% by weight; a low thermal conductivity;
and inadequate reaction kinetics data for many candidate
hydrides.

The first step in the design of a metal hydride heat pump is
the selection of a suitable pair of hydrides. A thermodynamic
analysis was made to determine the ideal performance of a
metal hydride heat pump system. The necessary thermody-
namic properties have been tabulated by Dantzer and Orgaz3
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for 27 candidate metal alloys.These data allow the determina-
tion of the maximum operating temperature range for a given
pair of alloys, and for a chosen temperature range, a thermal
balance yields the coefficient of performance of the cycle.
Specification of the cycle time then allows the hydride bed
weight to be determined. The next step is to choose a bed
configuration and to determine an effective bed thickness that
will minimize the cycle time. Previous work, e.g., Ref. 4, has
shown that heat transfer to/from the bed and hydrogen flow
in/out of the bed are probably the rate limiting processes
because of the fast kinetics, low-hydride thermal conductivity,
and small hydride particle size (order of microns). An appro-
priate model has been reported by Choi and Mills.5 Using this
model, a computer program was developed to study the
dynamic behavior of coupled hydride beds. Parametric calcu-
lations to determine optimal design parameters for a metal
hydride heat pump are reported.

II. Thermodynamic Analysis
Figure 1 shows a schematic configuration of spacecraft

thermal control by a thermally driven heat pump. Two
sources of waste heat are considered; one is high-temperature
waste heat from a power generation system at about 700 K,
and the other is low-temperature waste heat from electronic
devices, etc., at about 300 K. Two radiators are needed to
reject this waste heat and to operate at different temperature
levels. A thermally driven heat pump run between these two
different temperatures will reduce the total radiator area,
which is one of the largest and heaviest components of the
thermal system.

The heat rejection from flat plate radiators in space can be
calculated from

(1)

Here the overall radiator efficiency v\ is the ratio of energy
rejected tb that for an isothermal radiator. In Earth orbit, an
effective sink temperature Ts can be used and is defined as the
temperature reached by an imaginary surface when it is in
thermal equilibrium with its environment. In unfavorable low
Earth orbits,, effective sink temperatures as high as 270 K
have been calculated, but usual values are in the range of 200
to 255 K.1

The total radiator area Ato, without the use of a heat
pump, is the sum of the high-temperature radiator area Ah9
and the low-temperature radiator area 4/:

Aio = Ah + Af =
- T4) 1 - T4)

When the heat pump* is used, the total radiator area is

QmA , QmJB
t — A AmB — r,ea(T4

mA - T4) r,ea(T4
mB - T4)

(2)

(3)
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Fig. 1 Thermal diagram for spacecraft waste heat rejection.

0.5 1

Hydrogen/Metal ratio

Fig. 2. Hydrogen absorption/desorption isotherms for LaNi47Al03
(annealed for 24 h at 1150°C).12
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Fig. 3 Cooling cycle of the hydride heat pump on a van't Hoff
diagram.

The radiator mass can be assumed roughly linear in radiator
area, and the ratio of the total mass of the heat pump system
to the original system mass is

M, = mrAt + Mhp + MAux =4t -
^to ^r^to ^to mrAt<

(4)

When Mt/Mto is less than one, there is merit in using the heat
pump for heat rejection.

Characteristic hydride behavior is illustrated in Fig. 2,
where absorption and desorption isotherms are shown for
several values of temperature. The plateau region, in which
there is a relatively small change in pressure with the molar
hydrogen/metal ratio, is an important feature for heat pump
application. The average pressure over the plateau is given by
van't Hoff s equation:

(5)

The heat pump consists of two beds, which are essentially
heat exchangers, one filled with the high-temperature hydride
j/, and the other with the low-temperature hydride ̂ . Figure
3 shows a van't Hoff diagram of two metal hydrides with
different P-T relations, which are to be selected as a pair to
give the desired operating temperature and pressure ranges. In
reality, hydrogen sorption is a dynamic process and equi-
librium states will not be achieved during the process, How-
ever, a thermbdynamic design based on the van't Hoff
equilibrium relation is a necessary first step. We will assume
that 1) the process is reversible, 2) thermochemical properties
are constant, and 3) reactions occur isothermally at a Constant
plateau pressure without hysteresis.

Referring to Fig. 3 the initial point of the cycle is taken as
the high-pressure and high-temperature state; alloy stf is fully
hydrided and alloy ̂  is fully dehydrided. Heat Qh is supplied
to hydride <*/ at a constant temperature Th. Hydrogen is
transferred from the hydride <$# at pressure P1 to the hydride
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@ at P2 and TmB. The hydrogen release by alloy st is
endothermic (s#Hx + Qh -> s$ + H2), whereas the hydrogen
sorption by alloy ^ is exothermic (^ 4- H2 -» ̂ //* + 2m#).
After desorption is complete, alloy s£ is cooled from Th to
rmyl using. an external heat sink. During this "precooling"
process, the hydride 3ft desorbs a certain amount of hydrogen;
the required heat of reaction is supplied by the sensible heat
capacity of the & hydride bed, which then cools to Tf with
corresponding pressure P3. Using this low- temperature I7/, the
heat of reaction g, is absorbed from the cooling load as the
hydride # releases hydrogen (@HX + g/ -># + H2). The hy-
drogen is transferred from & to jtf where the heat of reaction
QmA is given up to a heat sink at temperature TmA . After
desorption from bed 38 is complete, bed jtf is preheated to
temperature Th, while bed $ absorbs a small amount of
hydrogen: the heat of reaction given up heats bed & to
temperature TmB. The cycle thus consists of four steps: 1)
hydrogen transfer at high pressure, 1 -> 2; 2) precoolirig; 1 -» 4
for j/, 2->3 for J^; 3) hydrogen transfer at low pressure,
3->4; and 4) preheating; 4-> 1 for <*/, 3->2 for J1.

A. Thermodynamic Calculations
The thermal capacities of heat exchangers and other com-

ponents are not included in the thermodynamic analysis; also
the pressure drop required to transfer the hydrogen is ne-
glected. The energy balance equations are

Qh =

QmA =

QmB =

+ mAcb(j*Hx)-(Th-TmA) (6)

(TmA - TH) + ™8Cpg ' (TmA ~ Tt)

(7)

' (TmB -Ti)+ mgcpg • (TmB - Th)
(8)

' (Ti - TmB) (9)g, =
where the heat of formation of hydride is Ag(7) = mg A//(7),
/ = alloy j*,#, hydride 'sfHx&Hx.

The Carnot cycle efficiency for reversible operation is the
maximum efficiency attainable for given operating conditions
and is a function of working temperatures only.

COPC = (Q,IQh) = (COPhe)(COPref) = (W/Qh)

Hence

COPC^KT.-T^/T^-WKT^-T!)] (io)
The actual COP of the cycle is simply

(11)= Q,/Qh

For one cycle, Eq. (9) can be written as

= mB[xB

- TmB)

Tl - TmB)}

where XB is the hydrogen capacity of hydride bed

(cooling capacity)(icycle)mB = -—————————————————————
T,- TmB)}

^(cooling capacity)(Tcycle)
XA[XB t - TmB)}

(12)

(13)

(14)

(15)

where the cooling capacity is 2//Tcycle. The total mass of the
hydride beds is

+ mB = (XA + ^(cooling capacity)(Tcycle)
' XA[XB - TmB)} (16)

Thus the system weight is directly proportional to mass for
unit power, cycle time, and cooling capacity. If a cycle time is
specified, the hydride bed weights can be calculated. However,
to determine an optimum cycle time, a heat and mass transfer
analysis of the beds is required.6

For space application, the system must satisfy the special
temperature range requirements. A single-stage system was
chosen and required to upgrade low-temperature waste heat
at about 300 K, using high-temperature waste heat at about
700 K. TmA and TmB are fixed values at given Th and T/ to
match equilibrium pressures and can be calculated from Eq.
(5). Several possible combinations for the operating tempera-
ture range were found from the 27 candidate alloys.3 Table 1
shows results of thermodynamic calculations. The total
weight of the cooling system on a spacecraft is dominated by
the low-temperature waste heat radiator. Thus the amount by
which the temperature difference can be boosted by the heat
pump is the major factor determining the benefit of using a
heat pump. Hydride heat pumps can raise the low-tempera-
ture waste heat by around 80 K by a single stage, which is a
high value for sorption-type heat pumps.

Table 1 Sample combinations for hydride heat pump

Selected couples COP

Mg24Ni/LaNi495Mn005 670.0 537.7 384.3 300.0 0.25 0.357
Mg24Ni/LaNi49Al01 670.0 533.1 387.9 300.0 0.26 0.371
Mg24Ni/LaNi5' 670.0 543.8 379.8 300.0 0.26 0.366
Mg(LaNi5)20o//LaNi49Al01 630.0 563.4 346.0 300.0 0.33 0.478

Table 2 Radiator area and mass saving ratios for hydride heat pumps

Selected pairs 100 200 250 275

Mg24Ni/LaNi495Mn0-05

Mg2.4Ni/LaNi4.9Al0.1

Mg2.4Ni/LaNi5

Mg(LaNi5)20o/o/LaNi4.9Al0.1

At/4to .
Mt /Mto
At/Ato
Mt/Mto
At/Alo
Mt/Mio
At/Ato
Mt/Mto

0.739
0.973
0.726
0.946
0.739
0.961
0.831
1.03

0.647
0.842
0.635
0.818
0.651
0.835
0.758
0.922

0.474
0.605
0.464
0.587
0.481
0.605
0.601
0.779

0.300
0.377
0.293
0.365
0.307
0.380
0.415
0.479
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For sample calculations, a hardened radiator is used for
heat rejection, with unit mass of mr = 20 kg/m2. The cycle
time of the heat pump is assumed to be lOmin, and the
auxiliary system weight is taken as 5 kg/kW. Table 2 shows
the thermodynamic calculation results for the area and mass
saving ratio with selected hydride couples and several possible
effective sink temperatures. When the sink temperature is
high, significant savings are obtained in the radiator area and
system weight. Ideal cycle operation requires an infinite cycle
time. In a real system, a long cycle time causes low power
output, whereas a short cycle time reduces the system perfor-
mance. An optimum cycle time exists that minimizes the total
system weight including the radiator and the heat pump.

III. Coupled Hydride Beds
The potential to use metal hydride heat pumps for upgrad-

ing spacecraft waste heat was shown by the thermodynamic
analysis. However, the dynamic behavior of coupled hydride
beds must be studied to evaluate the validity of the thermody-
namic analysis and to identify the factors that limit syste,m
performance. Several attempts have been made to analyze the
coupled hydride bed problem. Mayer et al.7 attempted to
obtain the pressure variation in coupled reaction beds and
estimated the gross operating behavior/But, they used an
improper hydrogen flow model that assumed no pressure
contribution to the flow and ideal mass transfer in beds.
Bjurstrom and Suda8 used a lumped capacity thermal model
to investigate the dynamics of hydrogen transfer between
coupled hydride beds and made comparisons with experimen-
tal data. The results showed discrepancies in hydrogen flow
rate and bed temperatures at short operating times, i.e., less
than lOmin. The lumped capacity model is invalid for this
high Biot number heat conduction problem. Nagel et al.9'10

carried out extensive experiments on the dynamic behavior of
paired metal hydrides and concluded that considerable devia-
tions exist between dynamic P-T-C relations and those under
static conditions that are predicted from thermodynamic data.

A. Physical Model
Figure 4 shows two hydride beds and a connecting passage.

The system pressure and temperature are determined by am-
bient temperature conditions, which are usually controlled by
changing the flow of the secondary coolant with sets of
control valves. A planar bed model is selected for simplicity.
Hydrogen is transferred through one side of the slab, and the
heat is supplied or removed through the other. The two
different reactions occur simultaneously, one in each hydride
bed. Thus, the boundary conditions of each hydride bed are
strongly coupled and are not the same as those for a single
reaction bed under controlled pressure or mass flow rate
conditions. Ideal heat source and sink conditions are used
giving constant wall temperatures. This assumption is reason-
able when heat pipes are used for heating and cooling hydride

Table 3 Hydride heat pump cooling cycle

TH2> PH2,VH2 y*» Hydrogen Flow Passage

Step j/bed

Heating Isothermal heating
(des.)r|z=0 = rA

Precooling Sensible cooling

Cooling

Isothermal heat rejection
(abs) T\z = Q=TmB

Adiabatic cooling
dT

(des.)-

Isothermal heat rejection Isothermal cooling
(abs)r|z=0 = rm^ (des.)r|r,0 = r,

Preheating Sensible heating Adiabatic heating

(des.) (abs)f = 0

1

\ \ 1 1
Q,

Fig. 4 Schematic configuration of a hydride heat pump.
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Fig. 5 Hydride heat pump cooling cycle.

beds. Hydrogen flow friction is ignored, and the passage is
modeled as a perfectly mixed control volume.

The actual sequence of operation is as follows. Figure 5
shows a low-temperature boosting heat pump cycle, plotted
on a pressure/hydrogen concentration ratio diagram. Hys-
teresis exists between the absorption and desorption plateau
pressure, and the plateau pressures are not constant while the
hydrogen/metal ratio varies. Solid lines indicate the hot side
hydride jtf; and the dotted lines represent the cold side
hydride $. Line 1A-2A and 3B-4B are desorption lines and
3A-4A and 1B-2B are absorption lines and show the hys-
teresis and plateau slope effects. In the thermodynamic analy-
sis, the hydrogen is transferred between the st bed and the 8%
bed at the same pressure, given by the van't Hoff equation.
However, the reaction driving force is the difference between
the hydrogen gas pressure and the equilibrium pressure,
which is related to temperature by the van't Hoff equation.
The higher pressure difference AP guarantees a snorter cycle
time, but the system performance will be decreased due to the
associated temperature variation. The proper pressure differ-
ence should be determined by considering absorption/desorp-
tion hysteresis, and plateau slope, both of which lower the
pressure difference. Here, the hydrogen pressure in the con-
necting passage maintains a value that is determined by the
energy and mass balances.for the two beds. Nagel et al.9-10

call this pressure the dynamic pressure and the van't Hoff's
equilibrium pressure the static pressure. The actual reaction
driving force is the pressure difference between the dynamic
pressure and the equilibrium pressure of each hydride bed and
is called the dynamic pressure difference. Table 3 shows the
cyclic operation of the hydride heat pump.

The cycle time is an important parameter of the perfor-
mance of the system. The cyclic operation of this system is
obtained by switching temperature conditions of the hydride
beds from Thio TmA and TmA to Th and from TmB to Tj and
TI to TmB, respectively. TmA and TmB can be determined i?y
Eq. (5) when Th and T{ are given.

B. Numerical Simulation Model
A numerical model for the dynamic behavior of the cou-

pled hydride beds has been developed. It is based on a
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quasisteady hydrogen flow equation and an unsteady heat-
transfer equation with appropriate boundary conditions,
namely

(17)

(18)

(19)

dz

while the boundary conditions are

Z = L : P = P05 -kb^- = pgucpg(TQ-T) (20)

A mass balance on the hydrogen passage gives

(LA
(m/Ac)A=pgu\ZA==Q = rdz

(m/Ac)B

dmn

•r
CLB

— I — I
* ZB = ° Jo

dt

(21)

(22)

(23)

(24)

The energy balance on the hydrogen passage assumes per-
fectly insulated walls of zero heat capacity

(25)
dt

and the outside pressure of each bed is assumed to be the
same as the pressure in hydrogen passage: the pressure drop
in the gas passage is neglected.

= B z = LB (26)

Further details of the model and numerical methods may be
found in Refs. 5 and 6.

C. Results and Discussion
The Mg2.4Ni/LaNi4 9 A10! pair was chosen for detailed cal-

culations because the reaction kinetics data of the two hy-
drides are relatively well known, and these hydrides are
appropriate to the required temperature range. In addition,
they have good thermodynamic characteristics, namely, a

. w
e

0.5

i preheating step
} heating step
) precoo/ing step
) cooling step

180 360 540
Time (s)

Fig. 6 Pressure, average bed temperature and average hydrogen
concentration profiles of Mg2 4Ni/LaNi4 9Al^ t pair hydride heat pump.

1.5

0.3
if?

0.2

0.1

6 9 12 15^

Cycle time (min.)

Fig. 7 Effect of cycle time on the system COP/COPC and power
output.

small plateau slope and small hysteresis. Enhanced thermal
conductivity beds were used with a nominal effective thermal
conductivity of 5 W/m K. The hardened radiator parameters
were mr = 20 kg/m2, e = 0.8, and 77 = 0.9. The auxiliary parts
of the heat pump were taken to have a mass of raAux = 5 kg/
kW. The specific application selected in this work was to
upgrade waste heat in low Earth orbit at Tt = 300 K by high
temperature waste heat at Th = 673 K. The rejection tempera-
tures were taken to be TmA = 500 K and TmB = 375 K. The
required kinetics parameters in the shrinking core model, Eq.
(19), were established as follows: for Mg24Ni, the parameter
D* was set equal to 70.5 based on the work of Han and Lee.11

The kinetic parameter of LaNi47A10 3, D* = 175 was used for
LaNi49Al0! because no suitable kinetic data could be found.
All thermodynamic properties were based on the work by
Dantzer and Orgaz3 and Huston and Sandrock.12 Property
values used are tabulated in Table 4.

Table 4 Mg2 4Ni/LaNi4 9 Alo t heat pump properties used for the numerical calculations3'11'12

6b
Pb
COL

CP

dp
L
m^ @
kb
<0Q

[#/M]max
d(^P)/dco
fa(Pa/Pd)
D*

Void fraction
Density, kg/m3

Heat capacity of a phase, J/kg K
Heat capacity of /? phase, J/kg K
Average particle diameter, /^m
Bed thickness, mm
Bed weight, kg
Thermal conductivity, W/m K
Initial hydrogen content
Hydrogen capacity, molH/molalloy
Slope of plateau region
Pressure hysteresis
Kinetic parameter, kg/s m2 N1/2

j/bed,
Mg2.4Ni

0.5
1000.0
664.4

936.3
3.0

10.0
27.7

5.0
0.45
1.5
0.034
0.1

70.5

28 bed,
LaNi49Al01

0.5
2540.0

335.8
501.6

3.0
10.0
25.4
5.0
0.45
6.0
0.126
0.093

175.0
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Fig. 8 Radiator mass and area saving ratio as a function of cycle time.
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Fig. 9 Effect of sink temperatures on radiator mass and area saving
ratio: cycle time is 10 min.
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Fig. 10 Amount of hydrogen transferred as a function of the effective
thermal conductivity of hydride bed matrix.

Figure 6 shows the system pressure and the average bed
temperature changes with time for one cycle. The pressure
and temperature variations are periodic and are almost con-
stant for the heating and cooling steps. Abrupt changes exist
for the preheating and precooling steps. Experimental data
show smoother curves for these steps7 because rapid changes
of the wall temperature are prevented by the effect of the
auxiliary system thermal mass, which is not accounted for in
the numerical model.

In the heating step, the hydrogen concentration ratios
change quickly: the slope is steep. But the ratios vary slowly
in the cooling step. This means that the reaction kinetics are
faster in the high-pressure operating process and slow in the
low-pressure operating process. From the single bed analysis,5
we know that hydrides have fast reaction kinetics and the heat
transfer limitation is the rate limiting step. However, high-
temperature hydrides that operate in a high-temperature re-

100

2L 1 0
CL

1

0.1

——— kb=5W/mK
——. kb=10W/m K

0.5
W

Fig. 11 Dynamic hydrogen pressure as a function of hydrogen concen-
tration ratio: cycle time of 10 min.

1.5

0.5

Ts=200 K

Ts=250 K

10 15

Bed thickness (mm)

Fig. 12 Effect of bed thickness on the total radiator mass savings:
keff = 10 W/mK and a cycle time of 10 min.

gion have a large activation energy Ea. The reaction rate is
related to temperature by Arrhenius' law, Eq. (19): a high
temperature increases the reaction rate exponentially, and the
activation energy determines the slope of the reaction rate
variation with changing inverse temperature. The high-tem-
perature hydride has fast reaction kinetics in the high-temper-
ature region, but the reaction rate decreases rapidly with
temperature due to the large activation energy. In the high-
pressure operating region, the high-temperature hydride jtf
has faster reaction kinetics than the low-temperature hydride
^, and the rate limitation can be the heat transfer in the 38
bed. However, in the low-pressure operating region, the s4
bed has a quite low reaction rate, and these reaction kinetics
become the rate limiting processes: the hydrogen desorbed
from the ̂  bed cannot be absorbed into the s0 bed rapidly
enough, and the cooling step controls the overall perfor-
mance.

The influence of the cycle time on the system performance
and the power output is illustrated in Fig. 7. A higher COP
and lower cooling power were obtained with a longer cycle
time. When the cycle time is increased, the system perfor-
mance increases and the total radiator area is decreased,
whereas the cooling output is reduced and the required heat
pump weight for unit cooling load is increased. This indicates
that an optimal cycle time exists to minimize the total system
weight, which includes the radiator weight, heat pump weight,
and auxiliary plumbing weight. To enhance the hydrogen
transfer rate, a shorter period was taken for a faster reaction
step, and a longer period was used for a slower reaction step,
so as to match the total amount of hydrogen transferred. It
was found that 3 min are sufficient for the heating step, but a
longer time was needed to obtain the necessary hydrogen
transfer during the cooling step. In practice, the cooling time
will have to be the same or a multiple of the heating time for
continuous operation.

Figure 8 shows the total mass and radiator area saving
ratio as a function of cycle time at Ts = 250 K. The area
reduction ratio decreased monotonically from a value of 0.668
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for a 7-min cycle time to a value of 0.580 for 14min. The
saving ratio shows that an optimum cycle has a mass saving
ratio about 0.877 for an 11-min cycle time.

The area and mass reduction ratios at different effective
sink temperatures are shown in Fig. 9. It is observed that
large savings are obtained in the radiator area at all sink
temperatures, but no gain was found in the total weight
savings at sink temperatures less than 230 K. There are large
discrepancies between the simulation results and thermody-
namic calculation results. In the thermodynamic calculation,
75% of hydrogen is transferred, but in reality only about 25%
of hydrogen is transferred due to the limitation of reaction
kinetics.

Figure 10 shows the amount of hydrogen transferred as
a function of the effective thermal conductivity of the hy-
dride bed matrix. A substantial improvement in the amount
of hydrogen transferred is found up to a value of about
lOW/mK. From the single bed analysis,5 little further im-
provement of hydrogen transferred was expected above a
value of 5 W/m K. However, a significant increase still exists
above 5 W/m K. This feature can be explained using Fig. 11,
which shows the relations of hydrogen dynamic pressure to
hydrogen content ratio. The actual dynamic pressure is differ-
ent from the static pressure given by the vant' Hoff equi-
librium relation and is located between the expected static
pressures of coupled hydrides. The cyclic diagram shows
counterclockwise operation for the s& bed and clockwise
operation for the $ bed. For coupled bed operation, the
locations and the shapes of the diagram in the P vs w
coordinate are determined by the reaction rates in the two
beds. The width of the diagrams show the amount of hydro-
gen transferred: wider diagrams are required for higher per-
formance. The locations indicate the rate limiting step in an
operating cycle. When the reaction rates of the heating and
cooling steps are matched, the diagrams are located in the
center and form a cycle at the same location of hydrogen
content ratio w. Solid lines show this case. Dashed lines show
the results for an effective thermal conductivity of 10 W/m K.
The jtf bed works with a low hydrogen content and the & bed
operates within a high hydrogen content range. Notice that
the sorption rate is a function of the temperature, pressure,
and hydrogen concentration ratio w. A low hydrogen content
implies a high reaction rate, as given by Eq. (19). Thus the
increase of thermal conductivity eliminates not only the heat-
transfer limitation of the hydride beds, but also the reaction
kinetics limitation of the high-temperature hydride bed dl
during the cooling step. This is an interesting phenomenon for
high-temperature hydride heat pumps, and it can be used for
improving the system performance.

Figure 12 shows the effect of bed thickness. The dynamic
analysis of the Mg2.4Ni/LaNi4 9A10A pair heat pump showed
that heat transfer was not the dominant limitation, and
reaction kinetics were the rate limiting processes. As the bed
thickness increases, there is more alloy available for absorbing
hydrogen, but the weight of the bed increases for a unit heat
exchanger surface, and the effect of the pressure drop in the
hydrogen flow causes a decrease of reaction driving force in
Eq. (19). This analysis only takes the hydride bed weight into
account. The optimum bed thickness may be larger than
indicated by Fig. 12 when the weight of the heat exchanger
surface and coolant plumbing is considered.

The hydrogen content capacity limitation, which is less
than 2.0 wt% in general, is one of the major restrictions to the
use of hydride heat pumps, and it is the high-temperature
hydride that has the smaller capacity. More research is re-
quired to improve undesirable hydride properties, in particu-
lar the hydrogen content capacity and thermal conductivity.
Calculations showed that an increase of (H/M)ma^A from 1.5
to 3.0, results in a decrease of the hydride bed weight from
20.0 to 16.0 kg/kW.

IV. Conclusions
Thermodynamic analysis shows that the use of metal hy-

dride heat pumps to upgrade spacecraft waste heat has con-
siderable potential for reducing radiator weight, which may
offset the added penalties of the weight and complexity of the
heat pump. However, numerical simulation of the dynamic
response of two coupled hydride beds, accounting for heat
transfer, hydrogen flow, and reaction kinetics, gave less
promising results. Parametric calculations for the Mg24Ni/
LaNi49Al0! hydride pair show the following.

1) The sorption kinetics of the high-temperature hydride
Mg2.4Ni is the rate limiting process.

2) An optimal cycle time is about 10 ~ 12 min.
3) Augmentation of thermal conductivity up to about

lOW/mK leads to a significant improvement of the system
performance. Enhanced thermal conductivity increases not
only heat transfer but also the sorption rates of the rate
limiting hydride bed.

4) A significant difference exists between thermodynamic
calculations and complete simulation, primarily due to the
rate limiting sojption kinetics.

5) A large reduction in radiator area can be achieved. But
the merit in using hydride heat pump is questionable, due to
the system weight, particularly when the sink temperatures
are lower than about 220 K.
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