
VOL. 6, NO. 5, SEPT.-OCT. 1990 J. PROPULSION 635

Heat Pump Systems for Enhancement
of Heat Rejection from Spacecraft

Gershon Grossman*
L3 Garde, Inc., Tustin, California 92680

Temperature boosting of waste heat from spacecraft by means of heat pumps makes it possible, under some
conditions, to achieve considerable savings in radiator area and mass. This study considers several possibilities
for employing work-actuated and heat-actuated heat pumps (WAHP and HAHP, respectively) for this purpose.
In the former case, the spacecraft power source is required to generate extra power to operate the heat pump;
in the latter, use is made of the heat rejected from the power source to energize the heat pump. The mass and
area savings are calculated for a range of operating parameters including the temperatures of the waste heat
from the power source and payload and that of the effective heat sink. The dimensionless parameters governing
the behavior are determined. It is shown that for given operating conditions, a proper choice of the temperature
boost and the associated heat pump coefficient of performance leads to an optimum in radiator area and system
mass savings. A detailed cycle calculation is presented for an absorption heat pump—a particularly promising
HAHP with few moving parts. Design considerations are given for space-based WAHP and HAHP systems.

Nomenclature
A - radiator area, m2

e = power source efficiency
m = system mass, kg
mp = specific mass of power source, kg/kW
mr = specific mass of radiator, kg/m2

Q = heat rate, kW
s = solar power supplied by solar collectors per unit area,

kW/m2

T = temperature, K
W - electric power, kW

]8 = heat pump coefficient of performance
e = emissivity of radiator surface
r? = radiator fin efficiency
fi = power mass penalty parameter, Eq. (14)
a = Stefan-Boltzman coefficient, W/m2K4

0 = portion of Carnot efficiency

Subscripts and Superscripts
' = system with WAHP
" = system with HAHP
c = Carnot coefficient of performance (COP) or efficiency
e = engine part of HAHP
h = heat pump part of HAHP
/ = unit / in the system

I. Introduction

THE trend toward increasing spacecraft power has created
a growing need for effective methods to reject the waste

heat produced by power-generating and power-consuming
equipment aboard. In particular, the current Strategic Defense
Initiative (SDI) and Space Station plans for 10-100 kW of
steady electric power represent an order of magnitude increase
in waste heat compared to present and past missions. Conven-
tional radiators for such power rates become very large, and
revolutionary advances in thermal management may be re-
quired.1 One promising option for enhancing heat rejection is
the use of heat pumps to boost the radiator tempera-
ture—thereby reducing its area and mass.

Figure 1 describes schematically a typical spacecraft thermal
management system.2 The power source of efficiency e,
equipped with a radiator for rejecting its own waste heat at the
required temperature, produces electric power W distributed
to one or several payloads (e.g., electronic equipment, sen-
sors, etc.). Each of the latter is equipped with a heat acquisi-
tion unit (also known as "cold plate"), which keeps it at a
temperature low enough for its required operation. A heat
transport loop (also known as "thermal bus") transfers the
waste heat from the payloads to a common radiator for rejec
tion. The transport loop may employ a forced-circulation
fluid or a heat pipe. This method of collective payload heat
rejection requires that the transport loop be at a temperature
lower than any of the cold plates it serves. The payload radia-
tor must accordingly be kept at as low or lower temperature
and therefore requires a large area (and mass) per unit heat
rejected, generally more so than the power radiator. There-
fore, payload waste heat radiators tend to be the heaviest and
bulkiest components in a thermal management system. Since
the radiated heat rate is approximately proportional to the
fourth power of the absolute temperature, an increase in the
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Fig. 1 Schematic description of spacecraft thermal management sys-
tem (solid lines represent heat transport; broken lines represent elec-
tric power).
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radiator temperature would help reduce its size. The key idea
in this work is to show that such an increase may be effectively
achieved by a heat pump that may be energized by electric
power or by waste heat.

One of the first studies on the use of heat pumps in space
was performed by Dexter and Haskin.3 They considered the
option of an electrically driven vapor compression heat pump
using a compressor to transfer a working fluid from an evapo-
rator at the low source temperature to a condenser at a higher
(radiator) temperature. They carried out a thorough calcula-
tion of the possible mass savings with the heat pump system
compared to a pumped fluid loop, for electric power ranging
from 0-100 kWe. Assumptions were made, based on available
experience, of the power mass penalty, compressor and motor
mass, cold plate and fluid loop lines, and their variation with
the power rating. A sensitivity analysis considered the effects
of varying the source and sink temperatures, the coefficient of
performance, and the extra mass of the power plant. The
analysis showed the heat pump system to have lower mass and
lower radiator area in all cases with significant savings under
some conditions.

The electrically driven compressor heat pump is only one of
several heat pump options and not necessarily the best one. Its
use requires extra electric power from the spacecraft's power
source; there are some practical and reliability problems re-
garding the operation of compressors in space on which there
is little or no experience. A study of wider scope was carried
out by Drolen,4 who considered both work-actuated and heat-
actuated heat pumps (WAHP and HAHP, respectively), as
well as their hybrids. Recognizing that in most cases waste
heat is available from both the power source and the payload,
with the former at a considerably higher temperature, one can
utilize the former as a source of energy for an HAHP to boost
the temperature of the radiator for the latter and thus achieve
overall radiator savings. In evaluating different heat pump
options, Drolen4 calculated the available (or affordable) heat
pump mass based on radiator area savings and data on specific
mass of the radiator and power source. Using this approach,
rather than calculating the actual mass savings, made it
possible to perform the evaluation in the absence of reliable
information on the mass of heat pumps designed for space
applications. Drolen4 carried out an extensive study of the
effect of different parameters on the available heat pump mass
including radiator hardening level and geometry, payload re-
jection temperature, effective space temperature, and heat
pump efficiency. His optimization was, however, limited. No
attempt was made, for example, to find the optimum heat
pump coefficient of performance (COP) and temperature
boost which would yield maximum radiator savings under
given operating conditions. As will be shown later, in the case
of an HAHP there are two choice intermediate temperatures
(between those of the power and payload waste heats) which
affect the overall performance. Also, some of the savings
calculated in Ref. 4 came from the assumption of different
types of radiators for the power and payload, where the heat
pump's role basically amounted to the transfer of heat from a
heavy to a light radiator. This would result in radiator mass
savings even with no heat pumping at all.

Kerrebrock5 considered the payload radiator area savings
achievable by a heat engine-driven heat pump, which is
essentially an HAHP. He did calculate an optimum value for
radiator temperatures, intermediate between the power and
payload rejection temperatures, at which the heat engine and
heat pump dispose of their waste heat. Ketrebrock5 assumed a
zero sink temperature which represents radiation into deep
space but is unrealistic for low Earth orbits. As a result, he
found significant area savings possible only for large tem-
perature ratios of the power to payload waste heats. Merrigan
and Reid6 calculated the mass savings for a similar heat
engine/heat pump combination with a nonzero sink tempera-
ture using a common radiator temperature for the heat engine
and the heat pump. Neither Kerrebrock nor Merrigan and

Reid considered the associated savings in power radiator area
and mass resulting from the diversion of part of this radiator
heat toward the heat engine.

In this study, the potential radiator area and mass savings
are calculated using both WAHP and HAHP without the
limitations that had been outlined for the earlier studies. It is
shown that reasonably simple yet descriptive equations may be
derived without too many simplifying assumptions. A nondi-
mensional approach is taken where the characteristic dimen-
sionless parameters governing the behavior are developed.
Optimum conditions for operation are calculated.

The main purpose of this study has been to consider some
practical approaches to the design of space-based heat pumps.
The limitations on reliability of different rotating and recipro-
cating machinery are well known. It is shown that an absorp-
tion heat pump, which combines several favorable features
including high reliability, low mass, few or no moving parts
and good performance, may be used.

II. Area and Mass Savings with WAHP
The first option we investigate for boosting the temperature

of the payload radiator is the use of a work-actuated heat
pump of the type most commonly used in terrestrial applica-
tions. It employs a vapor compression cycle where the low-
temperature heat input causes the evaporation of a working
fluid in a low-pressure evaporator; an electrically driven com-
pressor transfers the vapor to a higher-pressure condenser,
where it gives up its heat of condensation at a correspondingly
higher temperature; the condensate is returned to the evapora-
tor to complete the cycle.7 The vapor compression cycle had
been considered by Dexter and Haskin3; we will derive expres-
sions for the area and mass savings and compare them, on the
same basis, with a case using a heat-actuated heat pump.

Figure 2 describes schematically a WAHP incorporated in
the thermal management system of the spacecraft. The indi-
vidual subunits of the system have been numbered consistently
with Fig. 1, the base case with no heat pump. Temperatures
and heat quantities pertaining to the present case are distin-
guished from those of the base case by a prime. The power
loads, cold plates, and heat transport loop shown separately in
Fig. 1 have been combined into a single box in Fig. 2. The
payload is assumed to be maintained at the same temperature
(T3 = r3) and to consume the same amount of electric power,
W, in both cases. It is further assumed that this entire power
is converted into waste heat so that Q3 = Q3 = W. The tem-
perature of the power radiator is also the same for both cases
(T2 = T2). A nonzero sink temperature T0 is assumed account-
ing for the effect of Earthshine, etc. in low Earth orbit.
Finally, it is assumed that the power and payload radiators are
both of the same type with the maximum efficiency and mini-
mum specific mass allowed by the mission. Assuming other-
wise a hardened, one-sided, and therefore heavy radiator for
one and an unhardened, two-sided and light radiator for the
other as in Ref. 4 would result in the obvious conclusion that
considerable mass saving may be achieved by transferring all
of the heat from the former to the latter.

A. Area Saving
The amounts of heat rejected by the power and payload

radiators, respectively, for the case with no heat pump (Fig. 1)
are

(la)

(Ib)

(2)

The total radiator area is, therefore

, _ i \ Qi , ft 1win-n n-n\
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Fig. 2 Schematic description of WAHP incorporated in thermal
management system.

Similarly, for the case with WAHP (Fig. 2)

, , _ 1 I" Qi 64
«jaL(7?-7o) r44-r4 (3)

The area saved, as a fraction of the original area, may hence
be expressed by

A-A' l(Ti-TS\ (714-
62-62
(r2

4-r4).
r & i+r e*

T4 T4\^~\ ,^4 T4
L y 2 ~ y o J L(J 4 y o

(4)

For the case with no heat pump, the payload heat equals that
of its radiator, Q4 = Qi= W. With the heat pump added, the
payload radiator must reject extra heat due to the electric
power input to the heat pump. The COP of the latter is
defined as the ratio of the heat input to the work input.
Denoting the coefficient of performance by /3, it is easy to
show that for a heat input Q$ = W, the required work input is
W713. Thus, the heat rejected by the payload radiator (Qi) as
well as the total power required from the power source are
both equal to W (l+/3)//3. The power source efficiency is
defined as the ratio of the electric power output to the input,
and the heat rejected from it is the difference between the two.
Denoting the power source efficiency by e> we find the reject
heat in the case with no heat pump to be Q2 = W(\ —e)/e, and
with the heat pump added Q2 = W(\ +/3)(1 -e)/(e/3). Substi-
tution of all the above in Eq. (4) yields

A-A'
A

ft (Ti*-T$)
(r3

4-r0
4>

(r2
4-r4)

(5)

The COP of the heat pump is a function of its operating
temperatures at the low and high sides T3 and T4 respectively.
The exact temperature relation depends on the working fluid,
the quality of the compression, and the condensate expansion
from the condenser to the evaporator. The more reversible
these processes, the larger /3 for given temperatures; for a
perfectly reversible Carnot heat pump, the relation is

& = T3/(Ti-T3) (6)
In selecting a heat pump for given operating conditions,

there is one degree of freedom in choosing the temperature

boost. A higher T4 would tend to reduce the radiator size but
would also lower the heat pump COP. An optimum therefore
exists which may be found by setting to zero the derivative of
(A —A')/A with respect to T4. Hence, from Eq. (5)

(7)

from which the optimum values of 0 and T4 may be found,
given their functional relation. Some of the earlier studies4'5
have suggested taking a fixed portion of the Carnot COP for
a nonideal, practical heat pump. Others3 have proposed a
formula describing the fraction of Carnot efficiency as a weak
function of the operating temperatures. For any given rela-
tion, the optimization could be carried out using Eq. (7).
Taking the former approach and assuming 0 = </>/3c, Eq. (7)
becomes

(T44-r4) (8a)

In particular, for a Carnot heat pump ($= 1)

"T* / 4
* 4 ~

2\l-e
1 + , 16/1-e

I+TU
(8b)

Figure 3a describes the optimal area saving as a function of
the dimensionless space sink to payload temperature ratio for
different values of the power to payload waste heat tempera-
tures. A power source efficiency of e = 0.3 was assumed in all
cases. Two cases have been considered: a Carnot heat pump
(</>=!) represented by the solid lines and a nonideal one with
0 = 0.75 represented by the broken lines. The optimum values
of T4 and /3 do not vary much with TQ/T^ for the cases
calculated. It is evident that the area saving increases with
T2/T3 and also with T0/T3. A singular point exists at T()/
73=1.0 showing 100% savings for all T2/T3. At this point,
with the payload temperature equal to that of the space sink,
the only possible mode of operation is with a heat pump. The
decrease in area saving with the nonideal heat pump compared
to the ideal one is more pronounced at low values of To/T3 and
T2/T3. Best results are achieved, in all of the cases, for appli-
cations where the payload temperature T3 is only slightly
above that of the available sink, as may be expected.

The heat pump must operate above a certain COP in order
to have an effect in area savings. If the value of the boosted
temperature T4 resulting from Eq. (7) or (8) is no greater than
the payload temperature T3, then there is no advantage in
using a heat pump. For a given set of operating conditions, the
critical value of below, which a WAHP does not contribute to
area saving, may be found by setting T4 = 73 in Eq. (8)

T$-T
4Ti

(9)

B. Mass Saving
Using a WAHP imposes a power mass penalty due to the

extra electric power required to energize the heat pump. Let mr
be the mass of the radiator per unit area and mp the mass of
the power source per unit power produced. (The mass of the
power source, in this context, is the combined mass of the
conversion device, heat producing device, heat collecting
device, and any other part of the power plant, excluding waste
heat radiators, required to produce one unit of electric power.)
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a)
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Fig. 3 Fraction of radiator area saved under optimal conditions using heat pumps as a function of operating temperature ratios, e = 0.3 in all
cases, a) WAHP b) HAHP, solid lines represent ideal (Carnot) heat pumps, broken lines represent nonideal case with 0 = 0.75 for WAHP and
+e = 00 = (0.75)'' for HAHP.

The combined mass of the power plant and both radiators
(power and payload) is therefore

Table 1 Space power sources4

without heat pump

m -m,.A + mpW

with heat pump

m ' = m,.A ' + mpW[(\

(10a)

(10b)

Heat
Power rejection Efficiency, Specific
output, temperature, e mass,

kWe K % kg/kWe

and, therefore, the mass saving due to the WAHP (not yet
accounting for the added mass of the heat pump itself)

Am=mr(A -A')-mpW/$ (11)

The mass saved per unit power produced, W, (which is also
the power rejected from the payload), may be expressed by

Am m,A/A ~A' nip
~W ~ ~ ~ ~ ~~

Substituting from Eq. (2) for the radiator area

62 , Q4

Nuclear reactor/
thermionic converter
(SP-100)

Solar dynamic/
Stirling cycle

Photovoltaic
solar array

Dynamic isotope
(DIPS)

100

100

100

10

994

533

350

366

7

33

18

26

27.0

76.9

30.3

77.0

Lm_mr/A-A'\\
w ei A I -TO) (7;4-^o4)J &

and substituting the values of Q2 and Q4, we finally obtain

from the one for the area saving and would depend on the
relative values of mp and (mr/et]oT%), where the latter expres-
sion is the mass of the radiator per unit power radiated at the
payload temperature T3. Typical values for mr, e and 17 are 5.0
kg/m2, 0.85, and 0.9, respectively.8 Typical values of mp are
given in Table 1 for four space power sources under consider-
ation.4 The (A -A f)/A and j3 in Eq. (10) are both functions
of the choice heat pump outlet temperature T$. Setting to zero
the derivative of (&m/W) with respect to T^ will yield the
optimum value of T$

W
mr

A-A'

\-e\ 4

(12)

(Am / W) expresses the available (or affordable) specific mass
for the heat pump following the approach proposed by
Drolen.4 Using this approach, rather than calculating the ac-
tual mass savings, makes it possible to perform the evaluation
in the absence of reliable information on the mass of heat
pumps designed for space applications. Again, an optimum
saving may be found by proper choice of the heat pump COP
and temperature boost. This optimum would generally differ

(13)

where ju, is a dimensionless power mass penalty parameter

t-[ " a *
L (mr/er,ar3

4)
(14)

For a heat pump operating at a fixed fraction of the Carnot
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COP, Eq. (13) becomes

1 +
e

4r4'3[r4'-(i-0)r3]
T4
J

In particular, for a Carnot heat pump, (c/>= 1)

(15)

lines represent an ideal Carnot heat pump, and broken lines
are for a nonideal one with 0 = 0.75. The optimum values of
T4 and 0 are generally different from those for maximum area
savings. It is evident from of Fig. 4a that the available heat
pump mass increases with T2/T3 and also with r0/r3, reaching
very high values where TQ/T3 is close to unity. The decrease in
available mass with the nonideal heat pump compared to the
ideal one is very significant for low values of TQ/T3t but
becomes small with TQ/T3 close to unity.

' '*- —W^r+^_ / / r-r-,4 T'4\ ' T"4

\-e T4_J4

(15a)

The critical value of </> under which there is no contribution to
mass saving from the use of a WAHP is found by setting
T4 = Ti in Eq. (15)

47t

I~ T4 T43 ~ ° T4— T43 °"
(16)

Figure 4a describes the available specific heat pump mass
under optimal conditions, normalized with respect to radiator
specific mass, as a function of the operating temperatures. As
in the case of the area savings, the governing temperature
ratios are (TQ/T3) and (T2/T3). A power source efficiency
e =0.3 as well as a typical value for the power mass penalty
parameter, /* = 2.0 has been assumed for all of the cases. Solid

III. Area and Mass Savings with HAHP
The heat-actuated heat pump is an important alternative to

the WAHP discussed in the previous section. Figure 5 de-
scribes schematically an HAHP incorporated in the thermal
management system of a spacecraft. The same subunit num-
bering system has been used consistently with Fig. 1, the base
case with no heat pump, and with Fig. 2, the WAHP case.
Heat quantities and temperatures pertaining to this case have
been designated by a double prime. Again, the payload is
maintained at the base case temperature (T'{ = T3) and con-
sumes the base amount of electric power, W. All of the power
is converted into waste heat ( Q3 =Qi= W), and the power
radiator temperature remains unchanged (T2 = T2).

The HAHP is described conceptually as a work-actuated
heat pump driven by a heat engine, which uses part of the
power source waste heat for its operation. We say "conceptu-
ally" since there are several options for building an HAHP,
including some in which no mechanical energy is being trans-
mitted from a "driving" to a "driven" part of the system.
One such option is based on the absorption cycle, which will
be discussed in detail later. The feature of no moving parts
(except for small, auxiliary equipment) makes the absorption
heat pump highly reliable and therefore particularly attractive

0.01
0

T I 74

0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 O.G 0.8 1-0

(T0/T3) (T0/T3)
a) b)

Fig. 4 Available specific mass for WAHP under optimal conditions as a function of operating temperature ratios, e = 0.3 in all cases, a) WAHP
with j* = 2.0, b) HAHP, solid lines represent ideal (Carnot) heat pumps, broken lines represent nonideal case with 0 = 0.75 for WAHP and
4, =40 = (0.75)" for HAHP.
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for space applications. Other options for an HAHP include a
variety of heat engines driving the compressor of a vapor-com-
pression heat pump, a heat-driven, ejector-type compression
system, thermoelectric devices, and more. The fundamental
thermodynamic principle as illustrated in Fig. 5 is, however,
the same for all of the above.

The HAHP has two radiators for heat rejection, which may
operate at two different temperatures, although in many cases
they are united and made to work at the same temperature.
We designate the temperature of the radiator serving the heat
engine portion of the HAHP by T& and that serving the heat
pump portion by T&, as shown in Fig. 5.

A. Area Saving
The area requirement for the base case with no heat pump

was given by Eq. (2). Similarly, for the case with HAHP

Both of the HAHP performance parameters, e\ and 0,, are
functions of its four operating temperatures. The exact tem-
perature relation depends on the type of cycle used, the work-
ing fluids, and design details. For reversible (Carnot) systems,
e\ and fi\ are given by

TP //

4C- (20)

For nonideal systems, fractions of these values may be taken,
which are themselves generally temperature dependent.

As in the case of a WAHP, there is some degree of freedom
in selecting an HAHP for given operating conditions. Here,
both rejection temperatures T&, and T£h may be selected to
provide maximum area saving. To do this, the functional
relation of e\ and /^ to the operating temperatures must be
known. Then, the partial derivatives of (A —A"}/A with re-
spect to Tfh and T£, are set to zero. Hence, from Eq. (19)

A " =- 62 Qte (17) 1- -4 7*4
2~ '0

de. (21)

The area saved, as a fraction of the original area, may hence
be expressed by 1 +

3/3,

A -A"
(22)

QHh (Qi-Q'i)

_e^^_Gi_
A A * A

(18)

The heat quantities in the base case were shown before to be
Q4= W and Q2= W (\-e)/e. The quantity (62-62) in the
last term of the numerator of Eq. (18) is the amount of power
source waste heat diverted from the power radiator toward the
HAHP. If we denote the COP of the heat pump portion of the
HAHP by jSj , it is easy to show that the amount of work
transferred internally in the latter from the heat engine to the
heat pump is W/$\. Further, if the efficiency of the heat
engine portion of the HAHP is e\, then J^Y0i = (62-62)^1 •
Thus, it is possible to calculate (62 — 62) as W/($\e\), and to
find 64" = ^(1 -eO/OVi) and Qfh = W(\+^)/^. Substitu-

Equations (21) and (22) may be solved for the optimum values
of T&, and T&. For certain types of HAHP, particularly those
with Rankine engine-driven vapor compression, it is reason-
able to take e\ and @i as fixed fractions 4>e and </>#, respectively,
of their corresponding Carnot values. Then, from Eq. (20)

(23)

Substitution in Eq. (21) yields

1-
T „ 4 T-4'1 4e ~ 1 0

~
(24)

l^H-
i /T4 T4

1 + ( 3 °
/I ->T A ' freA^-To

A

POWFR
SOURCE W PAYLOAD

© ©

V Q3"= W

ri~~= r '
!§-fj©

PAYLOAD PAYLOAD
POWER RADIATOR RADIATOR

RADIATOR ^ _
© '©v u.. /

nJV ( xAh"

\ (i-e,)/r3
4-r0

4\ / i + / 3 A / r 4 - r 4 \
/ j3,e, \Tti-t$J \ /3, ) \TM-n)

lt(l-e\(TS-Tf\
l ] \ e )\Tl-n)

The use of an HAHP at the optimum operating point is
subject to a limitation on the availability of waste heat from
the power source. It is easy to see that a solution of Eq. (24),
for any </>e, is T& - T2. The optimization drives the heat engine
radiator to operate at the highest possible temperature, equal
to that of its source; this makes the heat engine very inefficient
and requires very large input heat in order to generate the
motive power for the heat pump. However, the heat available
for this purpose from the power source is limited to W(\ -e)/
e, which can generate an amount of work e\W(\-e)/e.
Matching this quantity with the heat pump requirement (W/
(3}) yields the maximum heat engine sink temperature

r, J,_^ Y^-^l
'0

Fig. 5 Schematic description of HAHP incorporated in thermal
management system.

at this limit, the power radiator is eliminated completely, and
the entire amount of power source waste heat is used for
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actuation of the HAHP. Substituting T& from Eq. (25) in Eq.
(19), it is now possible to optimize with respect to T£h and find

'4\ 2
(26)

In particular, for a. Carnot heat pump cf)e = 00 = 1 and hence,
from Eq. (25) and Eq. (26)

* = T4"h = [(1 - (27)

Finally, a critical value of 4>e, 4>p below which the HAHP
becomes ineffective may be found in a way similar to that used
for the WAHP, by setting 7£ = T2,. Tfh = T3 in Eq. (26). To
do this, a relation must be assumed between </>e and <t>$ or one
of them set and the other found. For <j>e = <fe we find

1+ J1 (72
4-r4)2 (28)

Figure 3b describes the area savings under optimum con-
ditions as a function of the dimensionless space sink to pay-
load temperature ratio for different values of the power to
pay load waste heat temperatures. A power source efficiency
e=0.3. was assumed in all cases as in the analysis of the
WAHP. Again, two cases were considered: a Carnot heat
pump (</>=!) represented by the solid lines and a nonideal one
with 0(? = 0|8 = (0.75)'/:: represented by the broken lines. The
fractions of Carnot in the latter case were selected for equal-
basis comparison with the 0 = 0.75 WAHP. The optimum
values of T&, , T4h , e\9 and @} do not vary much with TQ/T3 for
the cases calculated. The behavior is very similar to that with
the WAHP (Fig. 3a). It is evident that the area saving in-
creases with T2/Ti and also with T0/T3. A singular point exists
at 7*0/r3=1.0 showing 100% savings for all .T2/T3. At this
point, with the payload temperature equal to that of the space
sink, the only possible mode of operation is with a heat pump.
Maximum area saving is achieved, in all cases, where the
payload temperature T3 is only slightly above that of the
available sink, as may be expected. A comparison of Figs. 3a
and 3b shows that for the same operating temperatures, the
savings provided by an optimal WAHP is greater by a few
percent than with an optimal HAHP.

B. Mass Saving
Unlike the case of the WAHP, there is no power mass

penalty associated with the use of an HAHP; no extra electric
power is required since the heat pump makes use of the avail-
able waste heat. The saving in system mass (excluding the heat
pump itself) in the case of an HAHP is therefore directly
proportional to the area saving and given by

Am =mr(A —A ")

which can be rewritten as

w
7? ](A-A

expresses the available specific mass for the' heat
pump. The optimum in this case coincides with the optimum
for area savings because of the proportionality relation be-
tween the two.

Figure 4b describes the available specific heat pump mass
under optimal conditions, normalized with respect to radiator
specific mass as a function of the operating temperatures. A
power source efficiency e = 0.3 has been assumed for all cases.

Solid lines represent an ideal Carnot heat pump and broken
lines are for a nonideal one with <f>e = </>£ = (0.75)'/2. The behav-
ior is qualitatively similar to that for the WAHP described in
Fig. 4a. However, for the same operating temperature, the
available mass for the HAHP is significantly greater than the
one for the WAHP. This is due primarily to the power mass
penalty associated with the latter—the need to generate extra
electric power for its operation. The difference between the
HAHP and WAHP is particularly large for the nonideal heat
pumps—greater than an order of magnitude for low sink
temperatures. This constitutes a definite advantage of the
HAHP over the WAHP.

IV. Absorption Heat Pump
A particular type of HAHP holding considerable promise

for space applications is the absorption heat pump (AHP). Its
major advantage is in the almost total absence of moving
parts, which provides for high reliability. Unlike the heat
engine-driven compression cycle discussed in the previous sec-
tion and in Refs. 5 and 6, there is no mechanical energy
involved. The cycle employs two working fluids—a refrigerant
and an absorbent—instead of the single fluid used in the vapor
compression cycle. The temperature lift occurring when one
substance is absorbed in the other provides the heat pumping
action without compression.

Absorption systems may be built with several working fluid
combinations and in a variety of cycle configurations; they
may be staged to provide higher COP or higher temperature
lifts.9 A complete discussion of the different options is outside
the scope of this article. A description of the basic, single-
stage cycle may be found in Ref. 10. Unlike the heat engine-
driven vapor compression system, the absorption system may
not be assumed to operate at a fixed portion of the Carnot
efficiency for the same operating temperatures; it has a differ-
ent operating curve, approaching Carnot for some tempera-
tures and quite different from it for others.11 To calculate its
performance, a complete cycle analysis is required for the
given working fluids and operating conditions.

In order to evaluate the capability of the AHP, a specific
application was selected in the present study—the rejection of
waste heat from steady-state, 100-kWe electronic equipment
aboard a spacecraft in low Earth orbit (LEO) to be kept at
300 K. A conceptual design of an absorption heat pump for
this purpose was carried out and the resulting radiator area
and mass savings calculated. The system prior to adding the
heat pump is as described schematically by Fig. 1 with
Q3=W=\OQ kW, r3=r4 = 300 K, r0 = 250 K. The power
source assumed for this application was the Solar Dynamic/
Stirling (Table 1) with e>=0.33, 72 = 533 K. Two-sided, un-
hardened radiators are considered with mr = 5.0 kg/m2,
e = 0.8, 77 = 0.9. Substituting these values in Eq. (2), the total
radiator area required is 649 m2 with a total mass of 3245 kg
for the total amount of heat rejected (Q2 + Q4) = 303 kW.

The system with the AHP added is described in Fig. 6. The
AHP has six main components—absorber, condenser, evapo-
rator, generator, recuperator, and precooler—with the first
two serving for heat rejection. An absorbent/refrigerant com-
bination commonly used for absorption cooling in terrestrial
applications—lithium bromide/water—has been selected.
Other working fluids, which may be more suitable for space
application, are discussed later.

Liquid refrigerant (water) enters the evaporator at state 1
and evaporates at 300 K, thereby removing heat from the
payload. The vapor at state 2 passes through the precooler and
enters the absorber where it is absorbed by a highly hygro-
scopic lithium bromide/water solution, entering concentrated
at state 3 and leaving more dilute at state 4. The solution must
be cooled during the process to reject the heat of absorption in
order to keep a low vapor pressure and high hygroscopic
capability. The rejection temperature is higher than that of the
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evaporator by the temperature lift of the working fluid pair.
The dilute solution at state 4 passes through the recuperative
heat exchanger and enters at state 5 into the generator, where
waste heat from the power source at 533 K is applied to it. This
heat causes the desorption of water from the solution recon-
centrating it to state 6. The reconcentrated solution returns to
the absorber via the recuperator. The desorbed water vapor at
state 7 condenses to state 8 in the condenser, where the heat of
condensation is rejected to space. The condensate exchanges
heat with the vapor at state 2 before returning through the
expansion valve to the evaporator. A small pumping device is
required to transfer the dilute solution from the low pressure
absorber to the higher pressure generator.

Cycle calculations were performed to define the operating
temperatures and concentrations at the different state points
and the heat quantities in the subunits. A modular computer
program capable of simulating absorption systems in different
cycle configurations and with different working fluids was
employed.12 The rejection temperatures in the absorber and
condenser may be optimized, as explained in Sec. III. In the
present case study with the LiBr/H2O working fluid, crystal-
lization sets a limit on the high solution concentration which
was selected to be 67%. The results of the cycle calculations
are given in table 2. The total radiator area, composed of the
absorber, the condenser, and the reduced power radiator is

W = 100KW

found to be

GENERATOR CONDENSER

7

100KW

A" = QA
erjo[ (TA -

= 403 m2

(30)

Fig. 6 Schematic description of AHP incorporated in thermal man-
agement system.

where Qc and QA are the heat quantities in the condenser and
absorber, respectively, and Tc and TA are their temperatures.
Note that in the absorber, the solution temperature varies, and
an average value is taken. Thus, 246 m2 of radiator area and
a corresponding mass of 1230 kg have been saved. The avail-
able mass for the generator, evaporator, recuperator, and the
auxiliary parts of the AHP is 12.3 kg/kW.

The remaining question is whether an AHP for the above
application can be built for under 12.3 kg/kW in order to
achieve a saving in overall system mass. A realistic mass
estimate for a space-based AHP is not easy since such systems
have yet to be built. The weight of conventional, single-stage
LiBr/water AHPs for terrestrial applications in the above
capacity range is about 10 kg/kW, decreasing with size.13 This
includes the weight of an absorber and a condenser over and
above the components listed in the previous paragraph under
the available AHP mass. Most of the weight is in the heat
transfer surfaces. It should be noted, however, that weight
reduction has never been an important objective in the design
of terrestrial systems. In a study conducted recently at
Brookhaven National Laboratory, Leigh et al.14 developed a
conceptual design of a double effect LiBr/water AHP made of
thin films of plastics and metals. The goal here was not weight
but rather cost reduction; nevertheless, considerable mass sav-
ings were achieved compared to conventional designs. The
mass of the heat exchange surfaces in this 25 TR machine
amounts to 0.6 kg/kW; the overall mass has been estimated at
4.2 kg/kW. A big part of this weight is in the frame and fluid
charge, both of which can be reduced considerably. Based on
these data it seems reasonable to project 3 kg/kW for the
space-based AHP; the resulting savings in overall system mass
in the above example will be 930 kg.

The above example demonstrates the possibility for reduc-
ing radiator area and mass using an absorption heat pump.
The values calculated for the savings provide only an indica-
tion of what may be achieved in practice. Considerably greater
potential exists with higher power radiator temperatures,
lower payload temperatures, and higher sink temperatures.
Working fluids other than LiBr/H2O may yield better results;
as mentioned earlier, LiBr/H2O is limited in its temperature
lift due to crystallization at the low temperatures. For given
temperatures, operating conditions of the AHP such as the
solution circulation rate may be optimized. A system design
suitable for space applications must be developed, which
would differ in some respects from the common AHP technol-
ogy. Some practical considerations are discussed next.

Table 2 AHP Operating Conditions

LiBr
State Temperature, concentration,
point

1
2
3
4
5
6
7
8
9

10

Subunit
Heat rate,

kW

°C
27.0
27.0
79.4
74.4

229.8
260.0
260.0
166.6
105.4
161.6

Evaporator

100.0

weight %
0
0

67.0
62.0
62.0
67y.O

0
0
0
0

Absorber

145.8

Pressure,
kPa
3.57
3.57
732
3.57
732
732
732
732
732
3.57

Condenser

108.0

Vapor
fraction
0.138
1.000
0.000
0.000
0.000
0.000
l.CJOO
0.000
0.000
1.000

Generator

153.8

Mass
flow rate, Enthalpy,

kg/s
0.0476
0.0476
0.5902
0.6378
0.6378
0.5902
0.0476
0.0476
0.0476
0.0476

Recuperator Precooler

186.0 12.2

kJ/kg
448.7

2550.8
227.7
191.5
483.2
542.9

2973.5
704.4
448.7

2806.5

Pump

0.29
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V. Design Considerations
A great deal of experience is available on the design and

operation of heat pumps, both WAHP and HAHP, for terres-
trial applications. An extensive literature search has revealed
no information on specific designs for space applications. The
primary concern for Earth systems is usually cost and often
physical dimensions, where the heat pump has to be shipped a
certain way or fit into a designated space. The two predomi-
nant considerations guiding the design of space-based heat
pumps are mass and reliability. Typical figures for the specific
mass of terrestrial WAHPs and HAHPs are 6.5 and 10 kg/
kW, respectively.13 A wide margin exists for further weight
reduction under a space application since low mass has never
been a major object for terrestrial systems.

The main problem in the design of a space-based WAHP is
the compressor. Usually, rotating or reciprocating machinery
operating continuously at many cps poses serious reliability
problems. On the other hand, compressors for low pressure,
high volume vapors such as water, which are problematic on
Earth could have an advantage in space. A study of an inflat-
able/retractable radiator15 has come up with a design of a
system serving the functions of a compressor and a radiator/
condenser at the same time, thus comprising the major part of
a WAHP. The above system was developed for a different
application—handling burst power. It consists of an inflatable
fabric bag, which is extended and filled with steam produced
by the waste heat released during the short power burst. As the
steam condenses, the bag is retracted and the remaining vapor
compressed to maintain a fixed saturation pressure. A special
drive mechanism is available for this purpose as well as a
sponge system for recovering the liquid condensate from the
walls of the bag. A slightly modified version of this inflatable/
retractable radiator is capable of serving as a compressor for
steam combined with a condenser. The compression process is
gentle in comparison with conventional technology and is also
performed under isothermal, rather than adiabatic conditions,
thereby eliminating the possible need for intercooling and
saving work.

Similar problems related to rotating machinery are involved
in HAHPs with heat engine-driven compressors. The absorp-
tion heat pump therefore seems more suitable for space appli-
cations as it avoids most of the problems due to moving parts.
The only device involving work—the solution pump—is very
small compared to other components, as evident from the
example in Table 2. Lightweight fabric radiators of the type
mentioned earlier may be of advantage in an AHP design. The
two subunits involving heat rejection—the absorber and con-
denser—may be made out of coated fabric. Under the inflat-
able radiator study15 a sponge system was proposed to recover
liquid from the walls of the condenser. A similar system may
be employed to deliver and recover absorbent solution to and
from the walls of a fabric absorber.

Other AHP considerations are associated with working flu-
ids. For terrestrial applications, a refrigerant with subatmo-
spheric vapor pressure is usually not desirable due to the risk
of leaks and the need for continuous purging of non-condens-
ables. In space, noncondensables do not constitute a problem,
and a low vapor pressure refrigerant would be desirable. There
is a need for an absorbent/refrigerant pair with high tempera-
ture lift. Water, with its high latent heat is a promising refrig-
erant with a number of possible absorbents.

In a spacecraft equipped with a solar power source and
employing a WAHP for reducing radiator size, the need to
generate extra power for the heat pump is sometimes associ-
ated not only with a mass penalty, as discussed earlier, but
also with added drag, particularly in low orbit, due to the
added solar collectors. For a payload requiring power W, the
added power for the WAHP is W/$ and the added solar heat
required is IV/e(3. If 5 is the amount of solar heat supplied by
the collectors per unit area, the added collector area associated
with the WAHP is W/efts. This added area may or may not

be compensated for by the reduction in radiator area. With an
HAHP using waste heat as its source of power, there is never
a need to add collector area, and drag can only be reduced.

VI. Conclusions
The radiator area and mass savings achievable through the

use of heat pumps have been calculated for WAHP and
HAHP. For given power and payload waste heat temperatures
and a given space sink temperature, there is generally a degree
of freedom in the choice of the temperature boost delivered by
the heat pump traded off against the coefficient of perfor-
mance. An optimum condition which maximizes the savings
may therefore be found. The results have been expressed in
dimensionless form and the governing parameters identified.
The fraction of radiator area saved under optimum conditions
is a function of two temperature ratios: T0/T3 (space sink to
payload) and T2/T3 (power source to payload waste heat). The
available (or affordable) heat pump mass per unit power,
normalized with respect to radiator mass per unit power, is
also a function of these two temperature ratios, but in the case
of WAHP, it depends additionally on /*, the dimensionless
power mass penalty.

Cases with ideal (Carnot) and nonideal heat pumps have
been analyzed. Both the area and mass savings under optimal
conditions increase with T0/T3 and with T2/T3. Best results are
achieved where the payload temperature is close to that of the
available sink. For the same operating temperatures, the frac-
tion of area saved is about the same for the WAHP and
HAHP with some advantage to the former. The mass saving
in the system excluding the heat pump itself, and hence the
heat pump available mass, is considerably in favor of the
HAHP, due to the power mass penalty associated with the
WAHP.

The absorption heat pump, a particular form of the HAHP,
holds considerable promise for space applications due to few
moving parts and possible lightweight design. Further devel-
opment of the AHP is needed with specific space applications
in mind, particularly in working fluids and system design.
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