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Thermal Control System for Lunar Base Cooling
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The design of a thermal control system (TCS) for cooling a lunar base is considered. Conventional
techniques cannot be used for this purpose because of the lack of a readily available heat sink during
most of the lunar day. The temperature of the lunar surface near the equator reaches a maximum of
about 390 K during the lunar day. The projected range of temperatures for operation of sensors and
thermally conditioned habitat spaces is 270-293 K. A heat-pump-augmented TCS can be used to increase
the operating temperature of the radiator, thereby enabling heat rejection. The masses of TCSs utilizing
Rankine cycle and closed Brayton cycle heat pumps are examined in detail. The TCSs are optimized for
minimum total mass. Quantitative comparisons show that the Rankine cycle systems are less massive
than the Brayton cycle systems. The optimal total TCS mass for a Rankine cycle heat pump with Rll
as the heat pump working fluid and R717 in the rejection loop is 5940 kg at a rejection temperature of
362 K. Sensitivity analyses are performed for radiator-specific mass and power penalties.

Introduction

A DESIGN for a thermal control system (TCS) that is ca-
pable of cooling a permanently inhabited lunar base is

presented. Moderate-temperature heat (278-293 K) is to be
removed from an outpost on the moon designed to house a
crew of six humans and operate for over 10 years continuously.
Thermal control systems are essential for maintaining temper-
atures within acceptable levels in the various subsystems of
any spacecraft or space-based facility. The complex and min-
iaturized spacecraft of the future pose difficult thermal design
problems and will involve sophisticated active control equip-
ment. The excess heat is rejected from the craft into space by
radiative heat transfer. A temperature differential between the
radiator and the environment of 40-50 K is a practical mini-
mum for a radiator to be of reasonable size. For most appli-
cations, a thermal sink that is significantly cooler than the
radiator is readily available in space. The lack of a low-tem-
perature thermal sink makes the lunar base thermal cooling
problem technically challenging.

The variation of temperature on the lunar surface in areas
near the equator is shown in Fig. 1. Almost all desired loca-
tions for the frontier lunar bases are in close proximity to these
equatorial regions, where the surface temperature peaks at
about 390 K during the lunar day. The direct dissipation of
waste heat from the lunar base is not possible given the ad-
verse temperature gradient.

Several techniques for moderate-temperature thermal control
on lunar bases have been proposed, such as lunar soil thermal
storage, parabolic-shaded radiators, and heat pumps.2'5 The
effect of the lunar environment on the performance of the crit-
ical components of all the proposed systems is largely un-
known. In the thermal storage concept,4 the excess heat from
the base is pumped down, using a working fluid, to a heat
exchanger buried deep under the lunar surface. The cool lunar
soil provides the necessary low-temperature sink. The large-
scale excavation deep into the surface of the moon and a lack
of knowledge about the thermal properties of the lunar soil
deep under the surface pose implementation and design prob-
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lems. The concept of shaded lightweight radiators has been
proposed.6 Shielding the radiator from the hot lunar soil could
radically decrease the radiator operating temperature.6 The
shade must be made of specular material and the degradation
rate of specular properties with time in the lunar environment
is not known. Also, the fine dust kicked up from the surface
around the base would have a serious impact on performance.
At least for the frontier bases, a prudent approach would be
to employ systems that rely on proven terrestrial technology
and are least affected by exposure to the lunar environment.
The concept of using heat pumps meets these criteria. In this
concept, energy is supplied to the heat pump to transport heat
from a low-temperature lunar base to a radiator at a much
higher temperature. The temperature lift provided by the heat
pump is sufficient for a reasonably sized radiator to dissipate
the waste heat. The heat pump concept is also somewhat de-
pendent on the degradation rate of the radiator surface prop-
erties with time, but much less so than the shaded radiator
concept. The heat pump concept will be pursued in this article.
A simple schematic of a heat-pump-based TCS is shown in
Fig. 2.

Note that, while they are not commonplace, there are many
space applications, in addition to a lunar base, where a heat-
pump-augmented thermal control system would be beneficial.
All situations where a thermal sink with a 40-50 K temper-
ature differential is not readily available would be candidates
for the heat-pump-based TCS. Examples include lunar rovers
that have long life expectancies and a Mars lander with high
heat flux dissipation (the predominantly carbon dioxide at-
mosphere and the dust loading would make radiation difficult).
With the miniaturization of spacecraft subsystems and the push
toward smaller spacecraft, the heat pump TCS would allow for
compact radiators. The compact radiators would also be at-
tractive for military applications.
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Fig. 1 Temperature variation of the lunar surface at the
equator.1
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Fig. 2 Schematic of a heat-pump-based TCS.

Heat Pump Considerations
Several different concepts for heat-pump-based TCS for the

lunar base can be envisioned. It is possible to have a central
thermal bus, with heat pumps located at the radiator, or to have
a distributed thermal bus, with heat pumps located at the load
sources. A combination of the two concepts is also possible.
While both concepts have their inherent advantages and dis-
advantages, it has been shown that a single centralized thermal
bus system is better from a mass standpoint.4 Hence, the cen-
tralized concept will be considered in this article.

Heat pumps have been used for terrestrial applications,
such as air conditioning and refrigeration, for a long time.
For large thermal loads, heat pumps operating on the Ran-
kine, absorption, or Brayton cycles have been used. The most
common cycle for terrestrial applications is the Rankine cy-
cle, also called the vapor compression cycle. Absorption cy-
cles differ from the Rankine cycle by requiring that heat en-
ergy, not shaft work, provide the temperature lift for the heat
flux. Brayton cycle heat pumps utilize a gas coolant rather
than a phase-change material. Stirling cycle heat pumps have
been employed for cryogenic temperature ranges and low
heat loads. In this article, the Rankine cycle heat pump is
analyzed as a baseline system, followed by an analysis of the
Brayton cycle.

Both the Rankine and Brayton cycle heat pumps are work-
driven heat pumps since they require shaft work to operate.
Absorption heat pumps are heat driven and are often used in
terrestrial applications when sources of waste heat are readily
available, for example, from power or chemical plants. It
would appear that the availability of solar heat on the moon
would make such units attractive for lunar base cooling. How-
ever, plenty of moderate-temperature heat needs to be rejected
from such a heat pump and this more than offsets the advan-
tage offered by solar heat. Ammonia-water and water-lithium
bromide absorption heat pumps have been evaluated by the
authors for their suitability. They found that these heat pumps
are not competitive compared with the Rankine and Brayton
systems. For this reason, absorption heat pumps will not be
discussed in this article; the interested reader can find details
in Ref. 7.

To optimize the mass of the heat-pump-based TCS, all
promising options have to be evaluated and compared. This
comparison requires the careful choice of system operating
parameters, working fluids, and component masses. As with
all comparative studies, a common yardstick will be the basis
on which the different systems will be compared. For space
applications, the total mass of a system is a good parameter.
The single largest fraction of any space mission is the launch
cost from Earth. For this optimization study, total mass of the
TCS will be the objective function that will be minimized. For
simplification purposes, the following assumptions are made:
the systems are modeled for full-load operation, and the im-
plications and power penalties at off-design and part-load con-
ditions are not considered. However, the surface temperature
of the lunar regolith varies from 80 to 390 K during the lunar

day. This variation in the regolith temperature indicates that
the temperature lift and total heat dissipated would vary as a
function of the time of day. For this reason, the performance
of the heat pump at partial-load conditions is important and
will be studied in detail in the future. Note that, for mass
optimization and comparison of systems, the peak heat loads
and peak power requirements are the relevant metrics. While
evaluating system mass, the mass of the control components
is not accounted for since the control system masses for the
various concepts do not vary significantly and their absolute
mass is very small in comparison to the total TCS mass. Re-
dundancy requirements are also not considered here.

Problem Definition
Rankine and Brayton cycle heat pumps are considered for

moderate-temperature heat rejection from a lunar base. Anal-
ysis is performed to find the optimal system based on a cri-
terion of least total mass. The base, designed for four to eight
crew members, is presumed to have an electrical consumption
of 100 kW. It is also assumed that this base is located in an
equatorial region of the moon. The cooling load and the ac-
quisition temperature are described next.

Several studies have estimated the electrical power input of
a lunar base to be about 100 kW.3'4'8 To protect the crew and
equipment from harsh radiation and from micrometeoroid im-
pact, the walls are made of thick, insulating material and the
net heat exchange with the outside environment through the
walls is negligible. The metabolic heat generated by the crew
members (-150 W/crew member) is negligible in comparison
with that generated by the electrical input. It is assumed that
the net thermal mass within the lunar base does not vary sig-
nificantly with time and that all of the electrical energy is fi-
nally dissipated as heat. Based on these considerations, the
total cooling load for the lunar base is fixed at 100 kW.

The acquisition loop collects the excess heat from the base
and transports it to the heat pump. For safety reasons, a chilled
water loop will be used to acquire and transport the heat to
the heat pump within the habitable regions of the base. Non-
toxic trace additives may be added to water to depress its
freezing point. For this study, it was decided that a single cool-
ing loop operating at 275 K, the lower of the two Space Station
cooling loop temperatures, would be used. The variation of the
temperature of the coolant in the acquisition loop has to be
chosen such that, for a reasonable mass flow rate of coolant,
the given cooling load can be handled. With water as the cool-
ant and a 5-K variation in temperature, the mass flow rate of
the coolant in the acquisition loop would be 4.8 kg/s.

Rankine Cycle Heat Pump
A study was conducted to optimize a heat pump operating

on a Rankine cycle. Two different configurations were consid-
ered. In the first, termed case A, the heat pump is directly
connected to the rejection loop. In this configuration, the con-
denser of the heat pump and of the radiator are one and the
same, leading to mass savings. In this case, there is only one
fluid flowing through the heat pump and radiator. Figure 3
depicts a simple schematic of this configuration. Figure 4 is a
schematic for case B, where the condenser of the heat pump
exchanges heat with a coolant in a rejection loop connected to
the radiator. In addition to adding extra components to the
system, this configuration also imposes pressure and temper-
ature-drop penalties on the system. However, this configuration
offers very attractive operational advantages. In case B, it is
relatively easy to connect several modular heat pumps in par-
allel without concern about proper flow distribution. The ac-
cidental loss of refrigerant on one side of the condenser will
not affect the other side, thereby enhancing the survivability
of the overall system. In addition, repairability and incorpo-
ration of redundancy requirements are much improved. This
concept also may be particularly valuable should the radiator
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Fig. 3 Rankine cycle heat pump configuration, case A.
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Fig. 4 Rankine cycle heat pump configuration, case B.
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Fig. 5 Pressure-enthalpy diagram for a Rankine cycle heat
pump.

and/or transport lines prove susceptible to micrometeoroid
damage.

Figure 5 is a pressure-enthalpy diagram for the Rankine cy-
cle. A compressor pressurizes the working fluid from state 1
to state 2. The working fluid is cooled in a condenser from
state 2 to state 4, followed by expansion in a throttle valve to
state 5. Low-pressure liquid vaporizes in an evaporator and
attains state 1.

Compressor
The working fluid in the vapor state is compressed from

state 1 to state 2 by the compressor. Ideally, this process would
be isentropic (1-2S), but in reality it is nonisentropic (1-2)
because of the irreversibilities. The properties of the refriger-
ants used in the modeling are real properties, which were ob-
tained from an in-house computer database generated using
TPSI handbook data.9 Deviations from the ideal behavior in
the compression occur because of mechanical, electrical (mo-
tor), and electronic (controller) inefficiencies, and fluid fric-
tion. In state-of-the-art aircraft compressors of comparable
size, the overall efficiency is i7total = 0.61. Since the compressor
would be located outside the thermally conditioned space and
the radiation losses from the compressor surfaces are negligi-
ble, all of the energy supplied to the compressor goes into
compressing and heating the refrigerant. The mass of a state-
of-the-art compressor for aircraft applications is 0.45 kg for
every kilowatt of cooling load. In our application, the cooling
load will remain the same (100 kW) during the mass optimi-

zation, but the rejection heat load will vary, depending on the
temperature lift. An analysis was performed to obtain a com-
pressor specific mass of 0.202 kg for every kilowatt of rejected
heat.10

Condenser
Between states 2 and 3, the compressed, superheated vapor

cools to saturated vapor, and between 3 and 4 it condenses to
saturated liquid. Ideally, this process would be isobaric, but
because of pipe friction and configuration changes in the con-
denser (such as elbows and bends), a small pressure drop will
occur. In case A, processes 2 to 3 and 3 to 4 occur in the
radiator, since the radiator and condenser are one and the same.
The mass of the radiator and the mass of the plumbing from
the compressor (heat pump) to the radiator will be discussed
later. In case B, the condenser is a heat exchanger separating
the heat pump from the rejection loop. A specific mass of 2.72
kg for every kilowatt of heat transferred is assumed for this
two-phase heat exchanger.4 The temperature difference across
the two flows in the condenser is set to 5 K, and a pressure
drop equivalent to a 1-K temperature drop in each flow loop
through the condenser is assumed.

Throttle Valve and Evaporator
Between states 4 and 5, the refrigerant is throttled. The pro-

cess is assumed to be adiabatic. The mass of a throttle valve
is negligible in comparison to the masses of the other com-
ponents of the heat pump. From state 5 to state 1, the refrig-
erant absorbs heat from the coolant circulating in the acqui-
sition loop of the lunar base. The absorption of the cooling
load takes place in the evaporator. This process deviates from
the ideal isobaric process because of a factional pressure drop
in the condenser (assumed to be equivalent to a 1-K temper-
ature drop). The temperature differential between the coolant
in the acquisition loop and refrigerant in the evaporator is set
at 5 K. The specific mass of the evaporator is taken to be 2.72
kg for every kilowatt of cooling load.4

Rejection Loop
In case A, the plumbing from the compressor (heat pump)

to the radiator forms the rejection loop, hence, the rejection
loop coolant and the heat pump refrigerant are one and the
same. Here, the length of the loop is determined by the height
of the radiators and the distance from the heat pump to the
radiators.10 The total pressure drop in the rejection loop is
taken to be the equivalent of a 1-K temperature drop,11 since
a large pressure drop in the rejection loop would deteriorate
the overall performance of the cycle. The diameter of the pip-
ing that would permit the specified pressure drop is calculated,
and its thickness is set to be the larger of 0.5 mm or the hoop-
stress-dictated value with a safety factor of 3. It is assumed
that the piping is made of a lightweight, high-strength alumi-
num alloy with suitable coatings.

In case B, the rejection loop couples the condenser of the
heat pump to the radiator and has a mechanical pump to cir-
culate the coolant in the rejection loop. The mass of the pump
and its power penalty would have to be taken into account in
the mass estimation. The mass and power requirements are
computed using the following expressions given by Dexter and
Haskin12:

w -
pump 3600-550-7] and M^ = 5.6l

where Wpump is the pump power in horsepower, Mpump is the
mass of the pump in pounds, m is the mass flow rate in pounds
per hour, H is the pump head in feet, p is the fluid density in
pounds per cubic foot, and 17 is the pump efficiency, which is
assumed to be 0.25. The criteria used for pipe thickness, total
pressure drop, and pipe mass calculations were the same as in
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Fig. 6 COP as a function of rejection temperature for Rll and
R717.

case A. The coolant used in the rejection loop was R717 be-
cause of its superior heat transport characteristics.10

Radiator
The function of the radiator is to reject the waste heat from

the base. The heat rejected by the radiator is given by

Q =

where A is the radiator area, s is the emissivity, 17 is the fin
efficiency, a is the Stefan-Boltzmann constant, and rreject and
^sink are the radiator and sink temperatures, respectively. The
estimated peak sink temperature for a vertically mounted ra-
diator at the lunar base is 321 K (Ref. 3). Most sources point
to an e of 0.8 and an 77 of 0.7 for such radiators. Several widely
differing values are reported in the literature for specific
masses for radiators.3'4'13'14 A specific mass of 2.5 kg/m2 is as-
sumed in the present analysis for vertical two-sided radiators.
Recently, radiators with a mass as low as 1.5 kg/m2 have been
demonstrated for lunar base power system applications.15

Power Supply
The Rankine cycle requires electric power to provide the

shaft work required by the compressor. The capacity of the
power station on the lunar base would have to be increased to
provide the necessary power. A review of the literature shows
that there is no consensus on the mass penalty associated with
the power supplies.3'4'16'17 The values quoted for the SP 100
class nuclear power sources are about 30 kg/kW of electric
power. Although the SP 100 program is no longer active,
power sources with penalties on the order of 30 kg/kW of
electric power would have to be developed to make missions
such as lunar habitats feasible. For this reason, a 30 kg/kW
power penalty is chosen in this study.

Refrigerants
One pf the important issues is the choice of refrigerant for

the heat pump. The commonly used vapor compression cycle
refrigerants for terrestrial applications are Rll, R12, R113,
R114, and R717. R113 and R114 were eliminated because of
a potential for condensation of the vapor in the compressor.
Because of its low critical temperature (385 K) and low co-
efficient of performance (COP), R12 was not selected. Rll
and R717 remained as potential candidates. Using real prop-
erties for the refrigerants, the COP of the cycle is computed
for a range of rejection temperatures for these two refrigerants
and is plotted in Fig. 6.

Closed Brayton Cycle Heat Pump
This section describes the analysis of a TCS concept based

on the closed Brayton cycle heat pump. The ideal Brayton
cycle consists of two isobaric and two isentropic processes. It
uses a compressor, a turbine, and two heat exchangers, and is

similar to the Rankine cycle, except that throttling is replaced
by an isentropic expansion in the turbine and the working fluid
always remains gaseous. These differences point to the inher-
ent advantages and disadvantages of the Brayton cycle. The
energy of expansion is not wasted as in a throttling device.
Instead, it is recovered in the turbine, thereby reducing the
amount of shaft work required. Also, there exists the possibil-
ity of using a combined refrigeration and power cycle, which
would simultaneously utilize two turbines and one compressor
and effectively make use of waste heat that may be available
from the power supply subsystem. Since the working fluid
remains gaseous throughout the cycle, the mass and volume
flow rates are large. The reason is that, on a unit mass basis,
the sensible heats are small compared to the latent heats as-
sociated with a liquid-vapor phase change. The isobaric heat
exchange is not isothermal, and this may cause excessively
high compressor and low turbine outlet temperatures, in ad-
dition to decreasing cycle performance. Under most condi-
tions, it is advantageous to modify the Brayton cycle using
internal heat transfer for heat recuperation. Figures 7 and 8
depict a schematic and temperature-entropy diagram, respec-
tively, of a Brayton cycle heat pump with recuperation. An
ideal recuperator, T4 = T6, is assumed.

The thermodynamic model takes into account the inefficien-
cies of the components. In real equipment, the compression
and expansion cannot be isentropic and heat transfer will not
be isobaric. The efficiencies of the compressor and turbine,
respectively, are defined by

j rKrealand 17, = ————
^isentropic

where wisentropic is the isentropic work supplied or generated,
and wreai is the actual work supplied or generated.
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Fig. 7 Schematic of a Brayton cycle with recuperation.

Fig. 8 Temperature-entropy diagram for a Brayton cycle with
recuperation.
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The heat exchangers and recuperator will be modeled with
a relative pressure drop, and the efficiency is defined as

1?HX = (Pout ~~ Pin)/Pin

where pin is the inlet pressure and pout is the outlet pressure.
The inefficiencies represent a tradeoff between size and

mass on the one hand and performance on the other. For this
study, values of TJC = 0.8 and 17, = 0.87 are assumed. These
are the best achievable state-of-the-art efficiencies for the
equipment sizes under consideration.

It can be shown that the overall COP is

7e[l ~~ (£HX$) y y]flt

0.5

L(y-i)/r _ i] +
where <f> = p2/pi, T6 = rcool, T3 = rreject, £« = (1 - TjHxmXl -
TfcxoutXl ~ i7r*cin)(l - £,ecout), and y is the specific heat ratio
of the fluid. A 10% total pressure drop is assumed to be split
between the heat exchanger and recuperator: rjregin = 0.95,
i7r**out = 0.95, Tfcxin = 0.95, and Tfcxout = 0.95. The COP is
plotted as a function of the pressure ratio <f> in Fig. 9 for several
values of y.

For a given working fluid and cooling temperature, the COP
is a function of the rejection temperature and pressure ratio.
Analogous to the Rankine, it would be best to express COP
as a function of rejection temperature alone. This is achieved
in the following manner: from Fig. 10, it can be seen that,
corresponding to every rejection temperature, there exists one
maximum COP, occurring at a particular pressure ratio. For a
given rejection temperature, the maximum value of the COP
is chosen and the pressure ratio corresponding to this COP is
taken to be the operating pressure ratio. This procedure ensures
optimization of COP with respect to pressure ratio, thereby
reducing the number of independent variables that COP de-
pends on by one. This procedure was implemented using a
Fortran 77 code, and the results for pure helium are plotted in
Fig. 11. The COP varies almost linearly with rejection tem-
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Fig. 10 COP vs <l> for the recuperated Brayton cycle (y = 1.65).

Fig. 11 COP as a function of rejection temperature for the re-
cuperated Brayton cycle (y = 1.65).

perature. No interpolation is performed to obtain COP as a
function of rejection temperature.

In Fig. 10, note that the maximum COP for the recuperated
cycle occurs at a single constant pressure ratio (2.3:1 for he-
lium), irrespective of the condenser temperature. This is be-
cause of the assumption of an ideal recuperator, i.e., T4 = T6.

Selection of a Working Fluid
The desirable properties for the working fluid can be de-

duced from the results of the previous analysis as follows:
lower specific heat ratios y permit higher coefficients of per-
formance. Therefore, the most obvious decision is to choose a
fluid with a low y. Gases that have low molecular weights
have an advantage because of lower friction.18 However, a
lower molecular weight for the working fluid leads to increases
in the mass of the processing equipment because of decreased
fluid momentum. Working fluids with low specific heats re-
quire a larger heat exchanger. A mixture of helium and xenon
having a higher molecular weight is preferred because of the
reduced mass of the heat exchanger and the recuperator.18

Mass Optimization
Input and Output Heat Exchangers

The input heat exchanger transfers heat between the acqui-
sition loop and the heat pump. The output heat exchanger con-
veys heat between the heat pump loop and the rejection loop.
The specific mass of both heat exchangers is 2.72 kg for every
kilowatt of heat exchanged.

Recuperator
The recuperator exchanges heat between two gaseous fluids.

Hence, the area of the heat exchanger and its mass are large.
The specific mass of the recuperator has been estimated at 10
kg for every kilowatt of heat exchanged.19

Rotating Machinery
The rotating machinery consists of the turbine, compressor,

and a motor mounted on a single shaft. A specific mass of 1
kg for every kilowatt of power driving the turbine shaft is used
for this analysis. The efficiencies anticipated are rj, = 0.87 and
rjc = 0.8 (Ref. 19). This empirical formula is valid in the range
of 100-200 kW of shaft power.

Results
For the Rankine cycle, values for COP and the mass of the

piping were compared and tabulated for a range of rejection
temperatures using the mass models presented previously.
These values were imported into a spreadsheet and linearly
interpolated where necessary. The mass optimization was per-
formed using the spreadsheet. The radiator temperature, or
equivalently the heat pump temperature lift, was varied and
the masses of the various components were computed.

Figure 12 depicts an example of the trends involved in the
mass optimization. Shown here is case B with Rll as a work-
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ing fluid and R717 in the rejection loop. The two largest mass
fractions are because of the radiator and the power supply.
Radiator mass decreases sharply with increasing rejection tem-
perature because of the fourth-power temperature dependence
in the Stefan-Boltzmann law. The power supply mass in-
creases with rejection temperature. A higher temperature lift
of the heat pump requires more power to be supplied. The
opposing trends of the radiator and power supply mass govern
the overall mass optimization.

For case A, the analyses were performed for two refriger-
ants, Rll and R717. The results are shown in Fig. 13. For case
B, Rl 1 or R717 was used as the heat pump working fluid and
R717 was used as the rejection loop coolant. The results are
presented in Fig. 14. When Rll is used as the working fluid
for the heat pump, the optimal TCS mass is 6108 kg at a
radiator temperature of 371 K for case A. For case B, the
optimal TCS mass is 5940 kg at a radiator temperature of 362
K. The radiator mass is higher in case B than in case A because
of the lower radiator temperature. In addition, the condenser
mass and rejection loop pump mass add to the total TCS mass
in case B. However, the superior transport properties of R717
in the rejection loop reduces its mass significantly in case B
and results in the overall TCS mass being lower for case B
than for case A when Rll is used as the refrigerant. When
R717 is used as the working fluid in the heat pump, the optimal
mass of the TCS is 5515 kg at a radiator temperature of 362
K for case A. For case B, the corresponding values are 6392

kg and 360 K, respectively. Because of the lower radiator tem-
perature, additional heat exchanger, and rejection loop pump,
case B is more massive than case A. Among the cases consid-
ered, R717 with the case A configuration has the lowest TCS
mass, 5515 kg, followed by 5940 kg for case B with Rll as
the heat pump fluid and R717 and the rejection loop coolant.
For the additional 425 kg, the latter system offers significant
operational and safety improvements and would be the system
of choice for Rankine cycle systems.

A mass analysis for the recuperated Brayton cycle TCS has
been carried out with air, helium, and ethane as the working
fluid. Figure 15 depicts the overall Brayton cycle TCS mass
for these working fluids. The TCS mass exhibits a minimum
of 14,836 kg at a rejection temperature of 381 K for helium,
13,804 kg at 379 K for air, and 12,789 kg at 374 K for ethane.
Figure 16 shows a graphical comparison of the optimal overall
TCS masses for the Rankine and Brayton cycle systems. It is
found that the Rankine cycle system is less massive than the
Brayton cycle system.

Sensitivity analyses have been performed for radiator-spe-
cific mass and power penalties. Figure 17 shows the variation
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of optimal TCS mass and optimal rejection temperature with
radiator-specific mass for the Rankine cycle, case B. Since the
radiator mass is one of the two largest mass fractions of the
TCS, a change in radiator-specific mass has a significant im-
pact on the overall optimal mass. A four-times-larger radiator-
specific mass roughly doubles the overall optimal mass. The
optimal rejection temperature increases with radiator-specific
mass. Figure 18 shows the variation of optimal TCS mass and
optimal rejection temperature with power penalty for the Ran-
kine cycle, case B. Here, again, it is found that the optimal
TCS mass increases almost linearly with power penalty and
the rejection temperature decreases with power penalty. Both
these trends can be explained based on Fig. 12. The variation
in the heat pump and plumbing masses with rejection temper-
ature is not significant. However, the masses of the radiator
and power supply vary significantly with the rejection tem-
perature. An increase in the rejection temperature leads to a
sharp decline in the radiator mass and a large increase in the
power supply mass because of the increased temperature lift.
An increase in the specific mass of the radiator would drive
the minimum of the TCS mass to a higher rejection tempera-
ture and a large power penalty would push the rejection tem-
perature to a lower value for a minimum TCS mass.

Conclusions
Until other options, such as lunar soil thermal storage and

shaded radiators, have been thoroughly analyzed for their per-
formance in the lunar environment, a heat-pump-based TCS is
the most suitable concept for moderate-temperature heat rejec-
tion on lunar bases. Rankine and Brayton cycle systems were
analyzed as candidate cycles for the heat pump. A thorough
mass analysis using real properties of refrigerants and real
mass models and performances has been performed for the
Rankine cycle. The mass of a TCS using a Rankine cycle heat
pump that uses Rll as the heat pump fluid and R717 as the
rejection loop fluid was identified as the system of choice for
this cycle. Such a cycle rejected 100 kW of lunar base heat at
270 K to the lunar environment by raising the effective radiator
temperature to 362 K. The total mass of this TCS was 5940
kg. T.his case was used as the benchmark.

A Brayton cycle heat pump TCS was considered next. The
mass of the optimal system, 12,970 kg at a radiator tempera-
ture of 374 K, was found to be more than twice that of the
optimal Rankine system.
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