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Mass-Based Optimization of Thermal Management and Power
Systems for Space Applications
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Integration of new and existing technologies for thermal management will be required to meet the challenges
associated with the increased need for an efficient, lightweight, heat-rejection system. Subsystem design require-
ments, such as thermal and mass management, must be brought into the design cycle to establish an optimal
configuration. This paper provides a parametric analysis that determines the specific conditions under which a
proposed system becomes advantageous from a weight-management standpoint. The analysis can be applied to
essentially any space-operated thermally actuated heat pump providing power and/or refrigeration. By applying
the techniques demonstrated in this paper, designers can identify and optimize conceptual configurations during
the initial prototype development stages to reduce payload weight and increase financial savings. Examples of
systems to which this analysis can be applied are presented and quantified.

Nomenclature

cross-sectional area, m>

local radiant solar heat flux [Equation (24)], W/m?
mass, kg

system mass ratio (SMR)

heat-transferrate, kKW

temperature, °C

normalized temperature

work rate, kW

normalized mass per area term

emissivity

structural parameter

efficiency

mass per unit area, kg/m>

turbomachinery mass fraction

percentage of Carnot efficiency
Stephan-Boltzmann constant, 5.67 x 10~ W/m?-K*

\ < @
=1
=

L | | VT | VI I TR 1

Q W PanQSjﬂmglg Q>

Subscripts

C
col

Carnot

collector

high-temperaturereservoir source, refrigeration cycle
high-temperaturereservoir source, power cycle
power

refrigeration

radiator

ideal passive radiator
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rad,p = actual passive radiator

s = surrounding temperature reservoir source

sys = system, excluding collector and radiator

T = total

t,act = total actual system including collector and radiator

Introduction

NCREASED interest in space exploration and the drive for per-

manenthuman presencein space are placingincreasing demands
on improvements in both space power generation and space ther-
mal management capabilities. Efforts to develop lightweight space
power generation capabilities in the megawatt to gigawatt range
using a variety of technologies are in great demand. Power gener-
ation technologies being considered for space applications require
the developmentor improvement of several subsystems thatinclude
solar photovoltaic cells, solar dynamic power modules, wireless
transmission of power capabilities, integrated structure and power
distribution systems, and space environmental damage control and
safety enhancementcapability,to name a few. These subsystemsadd
to the overall system mass not only because of their inherent com-
ponent mass, but also because of the increased mass of the thermal
management system. For many space applications, of which space
power generationis but one example, a lighter thermal management
system is a strong driver in reducing the cost of the mission.

The classical design choice for thermal management is between
passive systems, in which the radiator operates at a slightly lower
temperature than the cooling load, and active systems, in which a
heat pump drives the radiator to elevated temperatures. This paper
analyzes a novel method for determining the viability of any space-
operatedthermally actuatedheat pump with power and thermal man-
agement subsystems based on a single mass parameter. This system
mass ratio (SMR) is a function of several key system parameters
and was derived from fundamental thermodynamic analysis. Sys-
tem planners can use the SMR on a particular thermally actuated
heat-rejectionsystem to determine if a weight advantage exists over
conventionalmethods currently in use. The SMR is based on a com-
parison of the overall system mass to the mass from an idealized
passive radiator.

The purpose of this work is to determine the desirable regime
of operation of such a power-refrigeration system for all potential
space applications in terms of normalized temperatures as well as
nondimensionalstructural and efficiency parameters. The SMR will
be determined as a function of these temperature ratios at particular
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values of the remaining parameters. This paper estimates the range
of each parameter for a typical thermally actuated cooling system
operating in space and creates a base model established from the
state-of-the-art average values for each of the ranges. The over-
all effect that each parameter has on the SMR is demonstrated by
increasing the variable in question by a certain percentage and ex-
amining the resulting change in the plotted curves. The results of this
processwill enable designersto make weight-savingdecisionsbased
on particular chosen values of each system parameteras well as pro-
vide a basis for optimization. Also, investigators can examine fea-
sibility and ensure total system integration of the spacecraft/prime
power system to many thermal suites while still in the conceptual
stage.

To the authors’ knowledge there does not exist a fundamental
analysis for thermally actuated systems based solely on a weight
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parameter. This paperis an attempt to address the apparentneed for
such a design methodology for space applications. Many systems
dealing with power and refrigeration management have been pro-
posed for which this analysiscan be used, including absorptionheat
systems and solar-powered vapor jet refrigeration systems. Exam-
ples of these systems are found in the works of Abrahamssonetal.,!
Alefeld and Radermacher,> Anderson,’ Chai and Lansing,* Chen,’
and Lansing and Chai.®

However, this mass-based analysis was primarily motivated by
a novel thermal management system termed the Solar Integrated
Thermal Management and Power cycle (SITMAP) investigated by
Nord et al.” This system essentially combines thermal management
and a power-producing cycle into a single self-contained unit and
can be powered entirely by solar thermal input. A jet pump serves
as the compressor in the thermal management subsystem, reduc-
ing vibration and weight while increasing reliability. Examples of
work relevantto the SITMAP investigationinclude Bredikhinet al.,
Cunningham and Dopkin,” Cunningham,'® Elger et al.,!' Fabri and
Paulon,'? Fabri and Siestrunk,'® Fairuzov and Bredikhin,'* Holladay
and Hunt,'”> Holmesetal.,'® Jiaoetal.,'” Learetal.,'®* Marinietal.,'”
Neve,?® and Sherif et al.?!

Analysis

System Definition

Figure 1 shows a schematic for the conceptual thermally actu-
ated heat pump system being considered. The power subsystem
acceptsheat from a high-temperaturesource and supplies the power
needed by the refrigeration subsystem. Both systems reject heat via
a radiator to a common heat sink. The power cycle supplies just
enough power internally to maintain and operate the refrigeration
loop. However, in principle,the power cycle could provide power for
other onboard systems if needed. Both the power and refrigeration
systems are considered generic and can be modeled by any specific
typeofheatenginesuch as the Rankine, Sterling, and Braytoncycles
for the power subsystemand gas refrigerationor vapor compression
cycles for the cooling subsystem.

Figure 2 demonstrates how simple Rankine and vapor compres-
sion cycles can be used to model the power and cooling systems,
respectively. A solar collector replaces the traditional boiler in the
Rankine cycle, and the condenseris replaced by a common radiator
to approximate potential applications operating in space. However,
this analysis is not limited to these basic heat engine systems. They
are shown only forease of referenceto the fluid stream temperatures.
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Fig. 2 Overall system with Rankine and vapor compression cycles representing the power and refrigeration cycles, respectively.
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SMR Definition

Heat pumps like those demonstrated in Figs. 1 and 2 involve
system complexity that passive systems do not have. Therefore,
to justify their use for space applications, a significant reduction
of the overall system mass must be present. It is for this reason
that an analysis was undertaken to derive a single mass parameter
as a figure-of-merit. The SMR is defined as the total system mass
normalizedto the mass of an idealized passive system. This is shown
mathematically by

o= Mo + Myaq + msys

ey

Myad,o

This equation can be separated and rewritten in terms of collector
and radiator areas

()‘-col/)"rad)Acol + Arad + msys

Arad.o Mg 0

m= @

The total system mass is divided into three terms for ease of
manipulation. The last mass term m, represents the mass of the
turbomachineryand piping presentin an active system. Also, notice
that A is defined in units of mass per area rather than the more
familiar density, which has units of mass per volume.

Solar Collector Model

The solar collector was modeled by examining the solar energy
incident on its surface. This energy is proportional to the collector
efficiency, the cross-sectionalarea thatis absorbing the flux, and the
local radiant solar heat flux Gy,,. This is shown by

Q/H = r]coleunAcol (3)

Radiator Model

The radiantenergy transferrate between the radiatorand the envi-
ronmentis givennext. For deepspace applicationsthe environmental
reservoir temperature might be neglected, but for near-planetary or
solar missions this might not be the case.

rad

Q' = 0 An(TH, — TY) 4)

In the idealized passive radiator model, ¢ = 1, and the entire sur-
face of the radiator is at the same temperature as the evaporator.
Because there is no additional thermal input, the heat transferred to
the radiator is equal to that from the evaporator. The ideal passive
area for a radiator is consistent with

Q/passive = UArad.o (T:‘ - T;‘) = Q/e (5)

Overall System Analysis

Solving Eqgs. (3-5) for the collector and the radiator areas and
substituting into the first term of Eq. (2) yields

~ Q/H Q/x Q/e msys
"= [C{ r’COleun + EO’(Tr:d — T;‘) :| /U(Te4 — T;‘) + Mrad o

(6)
A new nondimensionalterm « is introduced in Eq. (7) to further
simplify the system mass ratio:

o = )‘-col/)"rad (7)

Next an overall energy balance is performed on the active system
so that the heat transfer rate from the radiator can be expressed in
an alternative form:

Q/H + Q/e = Q/x (8)

Equation (8) is substituted into Eq. (6) to obtain

N Q. +0y 0, My
" |:O{ TICOIGSUH ! &0 (Tr:d - Tx4) :|/U(Te4 - Tx4) " Mirad.0

®)

which can be expanded to
1oy 7.\"\| aeoT?
m=- 1—| = —_—
& Q/F Te rlcoleun
e ! 1
Traa 1 = (T, /Twa)*

4
T, 1—(T,/T,)* Mgy
+ == # 4 (10)
Trad - (Tx/Trad)4 Myad 0
The thermal efficiency and the coefficient of performance for the
power and refrigerationcycles are now introducedinto the analysis.
These quantities can be related because the work output from the

power cycle is equal to the work input for the refrigeration cycle
according to the active system model.

n=w'/Qy (11)
COP = Q',/w' (12)

Solving for w’ in Eq. (11) and substitutinginto Eq. (12) allows the
coefficient of performance and thermal efficiency to be expressed
as a ratio of heat rates:

nCOP = Q',/Q'y (13)

Next, Eq. (13) is substituted into Eq. (10) and further simplified
as shown:

1| =@yl weo.T? (L ) 1
m = - _—
& TICOP r’coleun Trad 1- (Tx/Trad)4

4 4
+(£)(1 (T/T,) )}+msys "
Trad 1 - (Tx/Trad)4 Mrad,o

It is now necessary to relate the COP and the thermal efficiency
to the fluid temperatures of the radiator and the collector. To do
this, a relationshipmust be established between the limiting Carnot
cases for both parameters. With good design some fraction of the
Carnot limits is expected for the power and thermal subsystems. This
fraction or percentage of Carnot would also be a good indicator of
the system technology level. Therefore, two new system parameters

are defined so that the thermal efficiency and the COP do not exceed
the Carnot limits.

&p =n/nc (15)
» = COP/COP. (16)

It follows that the thermal efficiency of a Carnotdirectheatengine
is described by

Nec = 1- (Trad/Tcol) (17)

Similarly, it is readily shown that the coefficient of performance
for a Carnot refrigerator or air conditioneris described by

COPc =T./(Traa — To) (18)

Substituting Eqs. (15-18) into Eq. (14) and simplifying produces
the following:

o1 [1—(1./T.)*] aso T
m=-
& gPsR(l - Trad/Tcol)[Te/(Trad - Te)] r]coleun
(%) l=rmor]
T 1 = (T /THT, [ Taa) )
4
Te 1-— (Tx/Te)4 msys
* (Trad) [1 - (Tx/Trad)4i|:| * Myad, o (19)
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Next, all temperature ratios shown in Eq. (19) are normalized to
the fluid evaporator temperature. This results in three new nondi-
mensional temperature ratios being defined and allows the SMR to
be determined as a function of these ratios later on.

T(:)] = Tcol/Te (20)
Ter = rad/Te (21)
T =T,/T. (22)

These terms are introduced into Eq. (19) to give

~ 1 Tczl( rzd B 1)(1 B Tx*4) [C{KFT:‘ ( 1 ):|
== +
€ $P gR(Tc),(;l - Tr:d) KH Trzg - T5*4

S (L § QR (23)
Toa— T Mrad.o

where K, and K 5 are introducedfor convenienceto group constants.

Two more nondimensionalparameters are defined: the first repre-
sents a dimensionless structural parameter, which is a strong func-
tion of the evaporator temperature, and the second is the product of
the two fractions of the Carnot parameters introduced in Egs. (15)
and (16).

‘= asoT? (24)
B r]coleun
§r = Epkp (25)

Therefore, Eq. (23) can again be rewritten as follows:

T* | 1— T*4
}’;l:l col( rad )( 5 )[§+( - 1 4)i|
€ gT(Tc),(;l - Tr:d) Trad - TJ*

(A e (26)
Tod =T Mrad,o

The second term in Eq. (26) will now be considered. Applying
dimensional analysis to the third term on the right-hand side yields

(msys/ml.act)(ml.acl/mrad.o) = (msys/ml.act)r;l (27)

The additional mass term m, . represents the total mass of the
system being analyzed and is defined in terms of the other mass
parameters by the following:

Myact = Miad + Mol + msys (28)

Substituting Eq. (27) into Eq. (26), the latter can be written as

zl Tczl( r:d_l)(l_TxM) |:§+( - 1 )i|
€ gT(Tc),(;l - Tr:d) Tr:d - TJ*4

1 -7 Msys
+| = + i (29)
Tha— T Mt

Another nondimensional system parameter is defined next. This
parameter indicates the percentage of mass that the piping and tur-
bomachinery contribute to the overall system mass:

3

M = msys/ml.act (30)

Substituting this mass parameter into Eq. (29), the general form
of the SMR for an active system is obtained:

) 1 mﬁa%%—wq ( ! ﬂ
m = ¢+
e(1—p) & (T2, - T7,) T

col rad

1— T;*4
oo 31
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Fig. 3 Schematic of an actual passive radiator system.

Equation (31) represents the SMR in terms of seven system
parameters. Three of these parameters are based on temperature
ratios, and the remaining four are based on system properties. All
of the parameters are quantities that can be computed for a given
application.

Deep Space Applications

For applicationswhere the load temperaturecan be approximated
as zero Kelvin (deep space), the equation for the SMR reduces to
the following:

. nﬁm«4)§+(1)4+(1)4 e
(T -Tw) |\ I,
(32)

Realistic Passive Radiator Model Comparison

The figure of merit is based on the ratio between the mass of the
total system to the mass of an ideal passive radiator. The derived
equation has a limiting value of unity below which the value of
the SMR for a particular application cannot descend. However, the
values of the SMR for different systems can be compared to each
other. In particular, it is desirable if a comparison can be made to a
realistic passive radiator where there is temperature drop between
the inlet and outlet and the emissivity is not equal to unity. This
comparison will demonstrate whether a weight benefit exists over
conventional passive methods. A general schematic for an actual
passive radiator operating at the reservoir source temperature 7, is
shown below.

A similar mass-basedanalysis was performed on this system. The
result is given by

m=[1/e(1 —wI[(1-7)/(T, - T4)]  (33)

The additional temperature term 7, , represents the ratio be-
tween the actual passive radiator temperature and the temperature
of the high temperature source such that

Ter.p = Trad.p/Te (34)

For a given application of an active space-operated system, two
different mass parameters need to be computed; one for the active
system given by Eq. (31) and one for the actual passive radiator
given by Eq. (33). If the SMR for the active system falls below that
for the passivecase, the active systemunder considerationis a viable
option based on the overall reduction of system mass.

Results and Discussion
The systemmass ratio givenby Eq. (31) is a function of three tem-
perature ratios (one environmental, two system) and four structural
parameters. Estimating a range for each parameter and taking an
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overall average for all parameters, a base comparison case was cre-
ated. The effect of each individual parameter can be demonstrated
by simply changing the parameterin question by around 20% while
maintaining all other parameters at their base value. For a given
application the five structural and environmental variables will be
determined from subsystem design considerations,and the remain-
ing two system temperature ratios can be optimized to obtain the
lowest possible SMR. However, because the analysis is intended to
be universal in nature it is useful to vary each parameter in ques-
tion to illustrate all potential areas of application. An optimization
analysis can be performed on any active system once the structural
and environmental parameters are determined for the system. Tech-
nology projections can also be performed to determine crossover
points where active systems should be considered.

The range of the five structural and environmental parameters
is discussed next, beginning with the emissivity. A conservative
range of 0.78-0.95 was assumed, and an average value of 0.865 was
used in the base model for emissivity. The parameter &7, given by
Eq. (25), indicates the product of the two fractional percentages of
Carnot for the refrigeration and power cycles. The parameter was
estimated to range from 0.1 for a highly inefficient system to 0.5
for a moderately efficient system. The average &7 used for the base
model was 0.3. The structural parameter u is estimated to be around
0.5 for the base condition. This value was derived by estimating
that the mass of the piping and turbomachinery accounts for nearly
half of the overall weight of an active system. The environmental
parameter T, given by Eq. (22) was assumed to be zero for the
base model comparison. This would accurately model conditions
where a deep space thermally actuated system might operate, where
the sink temperature is approximated as zero Kelvin. However, for
applications where a system may be operating in low Earth orbit
the surrounding sink temperature might be around —60°C. This
temperature would make the nondimensional temperature term 7"
equal to around 0.7 if the evaporator temperature, by which all
temperatures are normalized, is assumed to range from 300-325 K.

The parameter ¢ given by Eq. (24) is itself a function of four vari-
ables. Each of these variables has a range and an average assumed
value. The maximum value of ¢ was obtained by combining the
highest possible combination of the four variables, and the mini-
mum value was similarly obtained by using the lowest combination
for each range of the variables. The range of each of these variables
is discussed briefly next. The term « given by Eq. (7) indicates the
mass/area ratio of the collector to that of the radiator. The state-of-
the-art collectoris estimated to be around 0.2 kg/m?, and the current
collectors can be around 2 kg/m?. An average value of 6 kg/m?> was
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used for the radiator. Therefore o has a numerical range from 0.033
to 0.333 and a base value of 0.18. The temperature of the evapo-
rator was already discussed, and the efficiency of the collector is
estimated to vary from 0.6 to 0.8. Using these ranges, a maximum
value of 0.246 was obtained for ¢. The correspondingminimum and
base values for ¢ are 0.011 and 0.129, respectively.

The actual passive model comparison given by Eq. (33)is alsoa
function of four independentparameters. Three of these parameters
also appear in Eq. (31) for the general system analysis. However,
it is important to note that these parameters are not directly related
to each other. That is, the range that applies to the parameters for
the active system’s SMR is not necessarily the same as that in the
realistic passive model. The emissivity is assumed to have a slightly
higherand morerestrictedrange of0.90-0.95. The systemmass term
is assumed to vary from 0.3 to 0.5. The environmentaltemperature
term 7" is assumedto vary from0to0.7. Thelastterm T},  indicates
the temperature drop across a realistic passive radiator. The drop is
estimated around 10%, which gives a range of around 0.9 to 0.95
for the nondimensional parameter 777, .

By definition, the SMR for any real system cannotbe smaller than
that for the ideal case, which is unity for an ideal passive radiator
operating perfectly with no additional system mass as a result of
piping. However, by applying the appropriateranges just discussed
for actual passive systems a region can be determined for which the
active system in question can be considered viable. In Figs. 4-9 a
gray shaded area indicates an approximate zone in which a realistic
radiator might operate. If the SMR for the active system in question
falls in or below this region, the active system will have a weight
advantage over conventional passive systems.

Figure 4 displays the base case in which the SMR is plotted as
a function of collector temperatures for specific values of radiator
temperature. All system parameters have values at the average of
each of their respective ranges. The range for the radiator tempera-
ture ratio was chosen to model most accurately a typical thermally
actuated system where the radiator temperature is at most double
the evaporator temperature. For a particular value of collector tem-
perature, there is observed to be a single radiator temperature that
will minimize the SMR. Also, if the SMR lies within the shaded
actual passive system region, there might be a reduction of overall
system mass when compared to more traditional passive systems.
Of course, if the value of the SMR lies below this passive region
there is a compelling mass savings advantage for the active system.

Figure 5 demonstrates the effect of increasing 7;* on the SMR.
Increasing the environmental temperature ratio to model situations
where active systems might be operating in low Earth orbit shifts
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Fig. 4 Variation of the system mass ratio (SMR) as a function of normalized collector temperature: base model.
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Fig. 5 Variation of the SMR as a function of normalized collector temperature: Effect of T, is shown by increasing its base value to 0.7.
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Fig. 6 Variation of the SMR as a function of normalized collector temperature: Effect of {7 is shown by increasing its base value by 20%.
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Fig. 7 Variation of the SMR as a function of normalized collector temperature: Effect of ¢ is shown by increasing its base value by 20%.
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Fig. 8 Variation of the SMR as a function of normalized collector temperature: Effect of 1. is shown by increasing its base value by 20%.
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Fig. 9 Variation of the SMR as a function of normalized collector temperature: Effect of € is shown by increasing its base value by 20%.

the family of curves downward and thus increases the mass savings
achievable with an active system. The values for the SMR also fall
below the shaded region for large values of collector temperature,
which indicates an absolute mass weight advantage over traditional
passive systems. The overall trends and shape of the curves remain
the same as for the base case.

Figure 6 displays the result of increasing the product of the two
Carnot parameters by 20%. As predicted, a slight increase in the
Carnot parameters results in a considerable downward shift for the
family of curves from the base case. Systems thatare highly efficient
might be able to achieve considerable weight savings for particular
values of temperature ratios. Likewise, inefficient systems might
have a more difficult task of proving an advantage over conventional
passive systems, based solely on a mass parameter.

Figure 7 demonstrates the adverse effect of increasing ¢ by 20%.
The parameter ¢ is a function of four parameters, but is most in-
fluenced by changes in « (collector mass/area ratio per radiator
mass/area ratio). This variable has the greatest range of the four
parameters based on the wide range of solar collector technology.
When a state-of-the-artcollector is used, « is decreased by a factor

of two, which also decreases ¢ by the same amount. The parame-
ter ¢ is also highly dependent on the evaporator fluid temperature.
Therefore, lower values of evaporator temperature result in shift-
ing the family of curves downward and thus decrease the values of
the SMR. The parameter ¢ has a weak dependence on emissivity
and the collector efficiency. Clearly, lightweight systems and low
evaporator temperatures favor active systems.

Figure 8 demonstratesthathigher valuesof « will have an adverse
effecton the values of the SMR. This is expected becauseincreasing
1 physicallyrelates to adding system mass, probably through piping
and turbomachinery.Obviously,as more mass is added to the system
the SMR will increase. Figure 9 shows that the radiator emissivity
has only a marginal benefit on the values of the SMR. Increasing
emissivity by around 20% shifts the family of curves downward
but not significantly. SMR appears to have a weaker dependence on
emissivity than the other parameters.

The system mass ratio is highly dependent on the temperature
ratios for the radiator and collector, as shown in Figs. 4-9. For a
particular space application the environmental and system parame-
ters, which were estimated in order to construct the figures, will be
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Fig. 10 Schematic of a thermally driven heat pump.

prescribed values. The fluid temperatures of the solar collector and
radiator can then be set so as to optimize the mass savings based on
Eq. (31). It is observed that for a given value of T, there exits a
value of T,,4 that will optimize the SMR.

Examples

Previous work by the authors’'%?! identified some new devel-

opments in the fundamentals of compressible flow two-phase jet
pumps. Previously, jet pumps of this nature were not well under-
stood. The capability now exists to perform design and optimization
as aresultof this work. We propose three concepts to take advantage
of these new developments.

Concept 1: Jet Pump System

As shown in Fig. 10, the technique is to raise the temperature of
the heat-rejection radiator, thereby lowering the required radiator
area. Less area means less mass. Past schemes to achieve a higher
radiator temperaturehave called for a vapor compression pump with
a reciprocating piston or rotor. Vibration and required input power
are a problem for these systems. These have generally not made
the weight trade because these devices and associated control elec-
tronics add more weight than the higher temperatureradiator saves.
Also, the electricity required to power the vapor compression pump
means more mass in terms of a largersolar array and other spacecraft
power managementand distributioncomponents. Our proposedsys-
tem needs a high-temperaturesource of heatto drive the thermal sys-
tem. This could be waste heat, a solar concentrator,or even a flat-plat
solar collector, depending on the load temperature. For some low-
temperature applications no solar input is needed; instead, waste
heat from room-temperature electronics will drive the cycle.

The idea here is to use a jet pump instead of a vapor compression
pump. A jet pump is a pair of concentric tubes, in which usually
the centertube consistsof a nozzle of a high-pressurejet of fluid. The
jet action creates a low-pressure suction at the nozzle opening. The
jet pump has been used in large industrial air conditioning systems,
primarily with the working fluid being steam. The jet pump weighs
very little because it is basically a pair of concentrictubes. One issue
is that the appropriatesystem temperaturerange is highly dependent
on the choice of working fluid. However, two example concepts are
presented later, which show concrete evidence of potentially real
missionadvantages.Anotherissueis the lowercomponentefficiency
of the jet pump as compared to a rotating or reciprocatingvapor com-
pressor. However, this should be traded against the mass, cost, and
no-moving-partsadvantages. A methodology for quickly assessing
these trades has been developed and is currently being investigated
by the authors as part of a NASA-sponsored research program.

Concept 2: Jet Pump/Electrically Driven Mechanical Pump

Flight qualified, long-life single-phase liquid pumps have flown
on spacecraftin the past, such as the successful Mars Pathfinder, and
will fly on spacecraftin the future, such as the International Space
Station. These pumps require spacecraftelectrical power. However,
the thermodynamicsis such that the electrical power required to af-
fect the pressure differenceis only a tiny fraction of that needed for

the more familiar vapor compression pump. The scheme essentially
retains the advantages of the thermal pump in that energy to drive
the system basically comes from the solar collector or waste heat
sources.

Concept 3: Jet Pump/Mechanical Pump/Turbine

For very large systems, such as those proposed for the Space So-
lar Power Project, a rotating turbine can be added to the system to
generate power via a Rankine cycle loop. Rankine and other power
cycles have been studied extensively for high-powerspacecraft.Re-
cent interest in the Space Solar Power concept requires that these
technologies be investigated in light of new developments in new
analysis capabilities and flight experience. Combining the thermal
managementand power generation within one system can make the
weight trade against conventional solar cells, which have been used
since the dawn of the space age. Our analysis is not restricted to the
Rankinecycle,butalso appliesto the Stirling and other powercycles,
the optimal choice depending on the particular design constraints.

Conclusions

This paper has described a parametric analysis leading to a single
mass-based parameter for any thermally actuated heat pump operat-
ing in space. With the use of this mass parameter, a comparison be-
tween active and passive systems was made to determine conditions
under which active systems possess an advantage based on mass
savings over their passive counterparts. The conditions were deter-
mined by examining the effect of each temperatureratio and system
parameter on the mass-based figure of merit. The following conclu-
sions were drawn regarding these dependenciesbased on this study:

1) Active systems should be considered, in order to minimize
weight, when low evaporator fluid temperatures are desired.

2) Active systems should be considered, in order to minimize
weight, when the collector fluid temperature is at least three or four
times greater than the evaporator fluid temperature.

3) The overall mass advantage for active systems increases as the
environmental sink temperature is increased, for constant values of
all other parameters.

4) System mass decreases rapidly with respect to the efficiency
&r of both the refrigeration and power cycles.

5) The overall mass of active systems decreases by minimizing
the structural parameter ¢. This parameter is most sensitive to solar
collector technology and the evaporator fluid temperature. Higher
collector efficiency and radiator emissivity also directly influence
this parameter.

6) Decreasing the weight of piping and turbomachinery will also
reduce the value of the system mass ratio and thus reduce the overall
system mass.

7) For specific values of each system parameter and collector
fluid temperature, there exists a radiator fluid temperature that will
optimize the mass savings for an active system.

It follows from the preceding conclusionsthat, for the configura-
tion and ranges studied, particular active systems can in fact have a
significant reduction of mass over more conventional passive sys-
tems. Currently, the mass-based parameter, SMR, is being applied
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to the SITMAP cycle, discussedin the Introductionsection, to deter-
mine the viability of such a system based on weight and economic
savings.
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