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HEAT PUMP AUGMENTED RADIATOR FOR LOW-TEMPERATURE 
SPACE APPLICATIONS 

M. Olszewski U. Rockenfeller 
Oak Ridge National Laboratory Rocky Research Corporation 
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ABSTRACT 

Closed cycle, space-based heat rejection systems depend solely on 

radiation to achieve their heat dissipation function. Since the payload 

heat rejection temperature is typically 50 K above that of the radiation 

sink in near earth orbit, the size and mass of these systems can be 

appreciable. Size (and potentially mass) reductions are achievable by 

increasing the rejection temperature via a heat pump. 

Two heat pump concepts were examined to determine if radiator area 

reductions could be realized without increasing the mass of the heat re

jection system. The first was a conventional, electrically-driven vapor 

compression system. The second is an innovative concept using a solid-

vapor adsorption system driven by reject heat from the prime power sys

tem. The mass and radiator area of the heat pump/radiator systems were 

compared to that of a radiator only system to determine the merit of the 

heat pump concepts. 

Results for the compressor system indicated that the mass minimum 

occurred at a temperature lift of about 50 K and radiator area reduc

tions of 35% were realized. With a radiator specific mass of 10 kg/m^, 

the heat pump system is 15% lighter than the radiator only baseline sys

tem. 



The complex compound chemisorption systems showed more promising 

results. Using water vapor as the working fluid in a single stage heat 

amplifier resulted in optical temperature lifts exceeding 150 K. This 

resulted in a radiator area reduction of 83% with a mass reduction of 

64%. 

INTRODUCTION 

Over the past several years considerable attention has been given 

to Innovative radiator concepts to reduce the mass and area of the heat 

rejection systems for primary power systems.^~'* Recently, however, 

attention has turned to secondary radiator systems that provide cooling 

for lower temperature needs.^ Generators, power conditioning compo

nents, astronaut living spaces and heat rejection systems for closed 

cycle fuel cells are typical examples of applications with heat rejec

tion needs at or near 300 K. 

Radiation is the only means of rejecting this heat in spaced-based 

systems. Since the background temperature in low earth orbit (LEO) 

is ~250 K, the rejection of heat at 300 K requires very large radiator 

surface areas. Radiation heat transfer is governed by the Stefan-

Boltzman relationship with heat flow being proportional to the differ

ence (T^ . ^ — T**. , ). Thus, increasing the rejection temperature can 

reject sink ' o j r 

have a dramatic impact on the size and mass of the radiator. 

Higher rejection temperatures, however, can only be obtained with 

heat pump equipment. Although the implementation of heat pumps reduces 

the radiator component mass, the total system (i.e.. Grand Composite) 

mass does not necessarily decrease. This is because the heat pump 



system introduces new components whose mass must be accounted for. 

These components include the mass of the heat pump itself and the mass 

of power generation equipment (if the heat pump is driven electrically). 

In addition, second law limitations in the heat pump manifest themselves 

as an additional heat flow that must be dissipated through the radia

tor. To achieve a net mass reduction, the mass of these additional com

ponents must be outweighed by the savings in radiator mass resulting 

from the higher heat rejection temperature. 

Typical performance characteristics of heat pump cycles cause a 

trade-off dilemma which is governed by the Carnot efficiency. A high 

temperature lift (i.e., the temperature difference between the load and 

the rejection temperature) results in a high rejection temperature and a 

significant reduction in radiator area and mass. However, it also has a 

negative influence in that the coefficient of performance generally 

decreases with increasing lift. This causes the heat ratio of the heat 

pump (i.e., ratio of heat actually rejected and that of the load) to 

rise and increases the total amount of heat to be rejected. Thus, the 

full reduction in radiator area cannot be realized because of the addi

tional heat to be rejected. 

Two heat pump concepts were examined to determine if radiator area 

reductions could be realized in a mass-effective manner. The first was 

a conventional electrically-driven vapor compression system. The second 

was an innovative concept using a solid-vapor adsorption system driven 

by high-temperature reject heat from the prime power system. The cool

ing load was assumed to exist at 300 K and a space sink temperature of 



250 K was used to calculate Che heat rejection capability of the radia

tors. Radiator specific masses of 10 and 20 kg/m^ were used. The 

heavier radiator being typical for hardened heat pipe designs with the 

lower value being indicative of advanced concepts.^ The mass and radia

tor area of the heat pump/radiator system was compared to that of a 

radiator-only system to determine the merit of the heat pump concept. 

VAPOR COMPRESSION CYCLE 

The application of vapor compression equipment in space power heat 

rejection systems is likely to be very limited because of reliability 

concerns and maintenance requirements. However, a thermodynamic anal

ysis of the cycles was performed to yield performance characteristics 

(i.e., system mass and area) that served as benchmarks for comparison 

with alternate concepts. 

The temperature lift of vapor compression heat pumps is usually 

limited by the maximum compression ratio of the compressor. Lifts in 

excess of 50 K require two-stage compressors with intermediate refriger

ant cooling. An appropriate way to provide this cooling between com

pressor stages is to use liquid refrigerant injection into the gas 

flow. Overall performance of the heat pump is expressed as a coeffi

cient of performance (COP), and the heat ratio is derived from the 

COP. A cycle operating with R-11 as the refrigerant has the performance 

shown in Fig. 1. 

The Grand Composite mass (accounting for all heat pump and radiator 

mass components) was developed assuming specific masses of 9 and 



11 kg/kWg for single- and two-stage heat pumps, respectively. The 

specific mass of the power generation system was taken as 7.5 kg/kW . 

The Grand Composite mass for the single-stage and the two-stage 

heat pump is given in Fig. 2. As indicated, the total system mass has a 

minimum at a rejection temperature of ~355 K (a temperature lift of 

55 K). Any further increase in rejection temperature reduces the radia

tor mass, but these savings are more than offset by the additional mass 

associated with the increasing rejection heat flow and the increasing 

electric power requirements resulting from the drastically decreasing 

coefficient of performance. At a radiator specific mass of 20 kg/m^ 

heat rejection system mass savings of about 20% are possible. However, 

if the radiator approaches 10 kg/m^, the mass savings are marginal. 

COMPLEX COMPOUND HEAT AMPLIFIER CYCLES 

Complex compound heat amplifier cycles are based on solid-vapor re

actions wherein a gaseous working fluid, such as ammonia or water vapor 

(referred to as the ligand), is adsorbed by an inorganic salt.^ These 

systems have no moving parts and operate with the ligand in the vapor 

state. Therefore phase separation and maintenance problems associated 

with mechanical vapor compression equipment are eliminated. 

Three different complex compound heat amplifier cycles were in

vestigated. The baseline concept was the single-stage cycle. This sys

tem is operated with two complex compounds as shown in Fig. 3. From 

state 1 to state 2 complex B is heated with high temperature waste heat 

at the generator temperature T3. This results in a ligand vapor 



pressure higher than the pressure of complex A at the rejection tempera-

ure T2. Therefore, complex B undergoes an endothermic desorption 

reaction and complex A undergoes an exothermic adsorption reaction which 

releases thermal energy at the rejection temperature T2. 

After the above reaction is completed, the process moves from state 

2 to state 3 by exposing complex B to the rejection temperature T2. The 

vapor pressure of complex A at temperature T2 is higher than the vapor 

pressure of complex B, and complex B adsorbs the ligand released from 

complex A. The desorption cools complex A to the load temperature Ti 

where stationary conditions are reached. 

Moving from state 3 to state 4, complex A undergoes further desorp

tion drawing heat from the thermal load. The adsorption process in com

plex B produces energy at the rejection temperature T2. 

To move from state 4 to state 1 complex B is heated by the heat 

source to temperature T3. Complex A self-heats to temperature T2 during 

the subsequent sorption process. Then heat is released at temperature 

T2. 

The cycle operates in two sequential time periods. The engine 

reaction (State 1 to 2) takes place in period I. After switching the 

temperature from T2 to Ti and T3 to T2 the heat pump reaction takes 

place in period II. Thus, two parallel systems are required for con

tinuous operation. 

Two-stage cycles were also investigated. Staging was performed 

with respect to performance (COP) rather than lift increase. Lift stag

ing was omitted for several reasons. Preliminary calculations indicated 

that the required firing temperature was above 800 K, which is beyond 



the available waste heat temperature. Secondly, complex compound 

stability limits may be exceeded at these temperature levels. Addition

ally, the temperature lift obtained without lift staging exceeds 

100 K. Hence, there is little incentive to accept the COP degradation 

associated with lift staging in order to obtain higher lifts. 

Engine staging was performed via a GAX topping cycle and heat pump 

staging was performed via a Double Effect bottoming cycle. The two-

stage GAX cycle is operated with two complex compounds. As shown in 

Fig. 4, the pressure range stability requirements for the fluids exceed 

those of the single-stage cycle. The GAX cycle may be considered as two 

single-stage systems where the heat at "2" is not rejected but used as 

generator heat input into the second cycle, desorblng complex B at state 

3 and adsorbing complex A in state 4. Now the reverse reaction moving 

ligand from complex A to complex B (state 5 to state 6) has the combined 

mass flow resulting from the previous reactions (state 1 to 2 and state 

3 to 4). 

The modified two-stage Double Effect heat amplifier cycle is oper

ated with three complex compounds. As indicated in Fig. 5, the pressure 

range stability requirements for the fluids exceed those of the single-

stage cycle but they are not as stringent as for the GAX cycle. This is 

due to the fact that two of the three partial reactions only occur 

across the temperature lift rather than the differential between the 

firing and rejection temperatures. This cycle uses two reactions that 

provide cooling, (state 3 to 4 and state 5 to state 6) in a timely 

sequence. This allows for a reduction in hardware and minimizes thermal 

cycling losses. 



CYCLE CALCULATIONS 

The stability range of most hydrated and amraoniated complex com

pounds covers the temperature range 220 K to 700 K. In addition, the 

data base for the two ligands is more complete than for any other poten

tial ligand. Therefore, the assessment concentrated on these ligands. 

In performing the cycle calculations it was assumed that complex 

compound working pairs were available in 5 K increments and that the 

media were stable over the entire temperature range. It was further 

assumed that the complex mole mass was 150 kg/kmole and that the cycle 

initiates with the complex pair having 2 moles of ligand preadsorbed and 

that an additional 3 moles is adsorbed during operation. In addition, 

it was assumed that, with a 7 K driving potential, reaction rates would 

not limit the process. Review of the current data base for hydrated and 

ammoniated complex Indicated that these assumptions were reasonable. 

Cycles Using Ammoniated Complex Compounds — The Grand Composite 

mass of heat rejection systems using ammoniated complex compound heat 

pumps are shown in Fig. 6. The mass savings are highest with the single 

stage cycle followed by the Double Effect cycle. The performance of the 

GAX cycle is somewhat lower. The system pressures and complex media 

stability requirements are most taxing for the GAX cycle. Maximum pres

sures reach 450 psia and the complex must be stable up to 700 K. Condi

tions for the Double Effect cycle are somewhat less restrictive. Al

though the single stage cycle operates at the highest rejection tempera

ture, it can be operated at the lowest firing temperature (~650 K) and 

system pressure (~200 psi). The total mass savings of ammoniated 



complex compound heat rejection systems (compared to radiator-only re

jection) reaches ~45%. 

The radiator area savings for the three heat pump cycles are shown 

in Fig. 7. The single stage cycle can be operated at the highest heat 

rejection temperature. Although the heat pump performance (COP) is 

lower than for the two stage cycles, the single stage heat amplifier 

achieves the highest area savings. Area reductions in excess of 60% are 

obtained from the single stage cycle. 

Area savings for the Double Effect cycle are superior to those ob

tained with the GAX cycle. Since the performance of the two stage 

cycles is relatively similar, the higher rejection temperatures of the 

Double Effect cycle leads to larger radiator area reductions. 

Cycles Using Hydrated Complex Compounds — The three heat pump 

cycles were also investigated with hydrated complex compounds as the 

working pairs. Since the vapor pressure of hydrated compounds is inher

ently lower than for ammoniated compounds, the process limitations are 

now shifted to the low pressure end regarding minimum differential driv

ing pressure requirements. 

The Grand Composite mass of the heat rejection systems using the 

hydrated complex compound heat pump cycles are depicted in Fig. 8. Max

imum mass savings are achieved with the single stage cycle followed by 

the GAX cycle. The performance of the Double Effect cycle is question

able because the bottoming stage requires extremely low system pressures 

(0.014 psi) that may not be adequate to drive the sorption process. 

The total mass savings of the hydrated complex compound cycles ex

ceed the savings of ammoniated complex compounds. However, the high 



temperature stability of tlie working media needs to be confirmed. Mass 

savings in excess of 60% are possible. 

The radiator area savings of the cycles using hydrated complex com

pounds are shown in Fig. 9. Again, the highest area savings (in excess 

of 80%) are obtained with the single stage cycle. The area savings of 

the Double Effect cycle depend on the process feasibility which may be 

limited by low pressure requirements. 

CONCLUSIONS 

Low-temperature (300 K) cooling needs in space require relatively 

large radiator areas because of the small radiating temperature differ

ence. The use of coordinative solid-vapor complex compounds as working 

media in the space-based heat pump/radiator system appear to be a pro

mising concept yielding significant heat rejection system mass savings 

and radiator area reductions. Reliability gains (compared to other po

tential heat pump cycles) are also realized because the solid-vapor heat 

pumps can operate without any moving parts and do not require phase 

separation. 

The coordinative characteristic of complex compounds allows for 

temperature lifts exceeding 100 K; typical single stage lifts range from 

120 K to 160 K with GAX and double effect cycles exhibiting slightly 

lower lifts. These lifts are not achievable with mechanical compression 

cycles or liquid-vapor systems without considerable staging effort, 

which imposes large mass penalties. Performance modeling of the heat 

pump/radiator system shows that mass savings of ~50% with concurrent 



radiator area savings in excess of 80% can be attained with a complex 

compound heat pump. 
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