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NOMENCLATURE
Item Definition
ABS ammonia boiler subsystem
ATCS active thermal control system (ITCS plus ETCS)
COP coefficient of performance
DCSU dc switching unit
DDCU dc-to-dc converter unit
DDCU-E external DDCU
ETCS eternal thermal control system
FCA flow control @sembly
FES flash gaporator gbsystem
FLO First Lunar Outpost
GSE ground supporigeipment
GSE HX ground support equignt reat excchanger
H,O water
ISS International Space Station
ITCS internal hermal cotrol system
low alpha low solar absorptivity
LP low-power
LTL low temperature loop
LVS Loral Vought Systems
MBSU main bus switching unit
ML Mars Lander
MP/S mechanical pumpégparator
MTL moderate temperature loop
N> nitrogen (elemental)
NASA National Aeronautics and Space Administration
NH; ammonia (R717)
O, oxygen (elemental)
ORU orbital replacement unit
PO a proposedegment to be added t8S as part of thealseline ISS
evolution mission to support additional radiator ORUs
PCM phase-change material
PLB Permanent Lunar Base

Vil
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Item Definition

PV-TCS thermal control system for photovoltaic power arrays

radiating area  the total surface area of a radiator thradngth heat is rejected,
equal to theplan orprojected area for aingle-sided radiatoffor
example, a horizontal radiator mounted on a planetary surface), and
equal to twice theplan orprojected area for a two-sided radiator
(for examplethe ATCS radiatopanels on ISS's radiator ORUs or
a vertical radiator)

SO base truss segment for U.S.-led portion of ISS

S1,P1 Trussegmentsoutboard to eitheside of Segment SO on ISS, to
which theTRRJs and the structure supporting the radi@igtJs
attach directly. “S” designates atarboard segmenwhile “P”
designates a port segment.

S4, S6, P4, P6  egmentsoutboard of the solarlgha otary joints (Segments S3
and P3) on ISS which support the solar photovoltaic paways

Shuttle an alternate name for Space Transportation System

SINDA/FLUINT Systems Improved NumericdDifferencing Analyzer andFluid
Integrator, athermal andfluid analysis packagewhich uses a
network analysisapproach. This program was prepared under a
contract fromNASA Lyndon B. Johnson Spa&enter. Cullimore
and Ring Technologiesnc., continues to distribute arslipport
this product.

STS Space Transportation System (which is often called “Shuttle”)
STS-41 Space Transportati@ystem Mission 41 (Discover@)ctober 6 to
10, 1990)
TCS thermal control system
TRL technology readiness level
TRRJ thermaladiator rotary joint
TSS Thermal Synthesizer System, a theramalysispackage for space

systems. Thiprogram was developed by Lockheddssiles and
Space Company, Inc. @dunnyvale, Californiaunder a contract
from NASA Lyndon B. Johnson SpaGenter. Currenth SS is
maintained andsupported by Lockheed MartiBngineering and
Science Services of Houston, Texas.

VPGC VariablePressure GrowtlfChamber, alsknown as the Johnson
Space Center 10-foot Regeaive Life Support SystemsTest
Chamber

Z-93 a radiator surface coating

viil
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ADVANCED ACTIVE THERMAL
CONTROL SYSTEMS ARCHITECTURE STUDY

SUMMARY

STUDY OBJECTIVE

The study which follows quantifiepotential mass savings offered by various
technologies and identifies promising development initiafmeadvanced thermal control
systems. This, in turn, provides a common basis to compare many diverse technologies.

Assessmentgsire presented fdive referencemissionsconsidered to bdikely
candidates for majdnumanspaceflight initiatives beyondhe assembly ofinternational
Space Station. These include:

» International Space Station Evolution

» Space Transportation System Upgrade
» First Lunar Outpost Lander

* Permanent Lunar Base

* Mars Lander

The objective of this study is to estimate potential benfeiitsvarious proposed
and under-development thermal control technologiepdssible human missions early in
the next century. Twenty advanced thermal technologies currently under various stages of
development by the National Aeronautics and Space Administration (NA&&A&ppplied
to the referencenissions. These technologiespresent a host of potentiativanced
thermal controbystem architectures. As research and developpnegtess andhission
planningand equipment mature, this study can be revised and extenthetude new
data as well as additional technologies and mission scenarios.

STUDY METHODOLOGY

The study format compared technologies tdaseline missions using mass as a
basis. Power consumption is included directly by converting it to an equivalenismass
a missionappropriate power ass penalty. Qualitative ratingse presented faach
advanced thermal control technology. The qualitative ragige otherconsiderations,
besides mass, to be includedha technology assessments. The qualitative rating process
is fully described in Section 1.0 and the qualitative ratings are presented in Section 2.0.

Primary Assessments: Qualitative Assessments:
* equipment mass savings e volume
* power savings » ease of deployment or installation
* power converted to mass * reliability
» overall mass savings » development cost
(including equipment and power) » terrestrial use potential

Table 5.1 within thigeportgives a complete summary of mass savings while Table 2.1
provides a summary of qualitative ratings for each advanced thermal control technology.
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Eachbaselinearchitecture uses single-phase flmops to transport waste heat
from collection sites to rejection deviceMore specifically, the baselinearchitecture
assumes:

* Heat exchangers collect heat and transfer it to flow loops.

* The internal thermatontrol system collectbeat from thecabin occupied by humans.
This heat is rejected to the exterrthbrmal control system. Thaternal thermal
control system working fluid is single-phase water.

* The external thermal contrglystem collectheat from theinternal thermalontrol
system andother payloads outside theabin. Thisheat load is rejected to the
environment. The external thermal contsgktem workingfluid is a single-phase
refrigerant. Foredundancy, there are at ledsb external thermal contraystem
flow loops in each architecture.

* The heat-rejection devices assumedhmbaselinearchitecture ar@aluminum, flow-
through radiators.

This configuration is common to spacecraft currently in service. Advanced technologies
are defined as‘not used on previous or currenuman vehicles.” The technologies
considered as advanced include:

* two-phase thermal control systems * heat pipes

* lightweight radiators * heat pumps

» phase-change thermal storage * radiator shades

* rotary fluid coupler * plant chamber cooling improvements

 carbon brush heat exchanger

These technologieBjcluding several variationsiereall compared to thbaseline system

for each mission individuallwithout combiningthem. It is expected thabmbining some
technologies with others wiield additional savings. Such combinations, however, were
not considered in thigitial study. The criteria used to pare the advanced technlidbgy
for eachmissionwere availability of information practicality andmission suitability, and
engineering judgment. Certain technologies applyority certain environments or
missions, whileothertechnologies are morgenerally applicablever a wider range of
missions.

Because the study format compares various architectures eathraonly defined
baseline, it is versatile and expandable. When better information becomes available, the
affected portions of the study can teadily updated without redoing the entire effort.
Further,missionsand technologiescluding combinations ofechnologies, can also be
added without disrupting the overall study.

BASELINE MISSION DEFINITION
* International Space Station Evolution
This study assumeshat the currentnternational Space Station thermal control

system orbital replacement units will need replacement and augmentation afteyganject
20, with an overalprojectdesignlife of 30 years. The current externshermal control
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system design uses diow-through radiator orbital replacement unitstiwo clusters.
Due to micrometeoroid impacts, optical property degradation,ofimel failures, it is
assumedhat all six radiatororbital replacement unitwill be replaced. Further, it is
assumed in year 20 International Space Station will be augmentetivevitiolardynamic
power modulesincreasingthe onboard powesupply ofthe U.S.-led portion tprovide
an additional 20 kW of us@ower. This does notnclude additionapowerwhich might
be added for the thermal control system.

The baseline missioraddstwo additional radiator orbital replacement units to
handlethe increased heat load. Therefore, dhselinelnternational Space Station
evolution configuration would replace tbeginal six radiatororbital replacement units
mounted intwo clusters of three units with new equipment and add one new cluster of
two units. To mount the third cluster tfo units, a hypothetical thirttuss segment is
added in some unspecified manner.

e Space Transportation System Upgrade

This missionaddresses upgrading the current Space Transportation System, or
Shuttle, with new thermal control system components of the same or impapaddlities
as those currentlgvailable. Alternativelypne might replacethe currenwehicles with
new vehicles of similar capabilitiesThe external thermal contrsystem workindluid is
Freon 21. Iraddition to flow-through radiators, Shuttle uses evaporative cooling in both
primary and secondary cooling equipment. @hit, the radiators provid@rimary
cooling while a flashevaporator provides secondargoling by evaporatingvater and
then rejecting the steam. On orbit, Shuttle rejects up to 39.5 kW of heat from its radiators
andflashevaporator. Avehicle life of140 missions (seven flightger year for 20 years)
following upgrades is assumedhis basis 0fl40 missionscould also refer to the total
number of flights a fleet of vehicles might makeer thelife of the program. Thenass
savings are considered cumulative for the life of the vehicle(s).

e First Lunar Outpost Lander

The baseline KFst Lunar QutpostLander thermal contradystem uses w solar
absorptivity, horizontal radiator witkinglephaseliquid ammonia agshe workingfluid.
No additional cooling devicegre presumed for surface operations. The radiator upper
surface coating isilver Teflon, while thdower radiator surface is insulated to reduce
heating by the lunar surface. The user heat load fahémmal controbystem isl6.0 kW
with a mission length of up to 4%ays. Two First LunarOutpostLanders are assumed.
The mass savings are considered cumulative for both vehicles.

e Permanent Lunar Base

One proposal for a Permanent Lunar Base wduig/ three modified Space
Station modules beneath thumar surface to provideving and working spaceontinually
for a crew of three or four. The baskments wouldnclude a habitation module, a
laboratory module, and a plagtowth module. The plangrowth module would be an
integral part of thebase environmentalontrol andlife supportsystem by replenishing
atmospheric oxygen, removirg@rbondioxide, and providing som@od for the crew.

Xi
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Power for thebase would be supplied by solar photovoltgiower arrays with
regenerativduel cellsfor energy storageBaseline thermatontrol systemheat rejection
would be accomplishethrough horizontal radiators with low solabsorptivity surface
coatings. The thermal control workifigid is singlephasdiquid ammonia. The overall

thermal user load is 50 kW. Assessments for a single balse atjuatowith a project
life of 15 years are presented.

e Mars Lander

This studyconcentrates on Mars Landehile it is situated on the martian surface
for a 30-day stay. Theehiclewill have both habitation and laboratory space for a crew of
four. Thebaseline Mrs Lander thermal contrsystemuses low solar absorptivity,
vertical radiators witlsinglephasdiquid ammonia ashe workingfluid. The vehiclewill
land atthe martianequatorand generate an overall user heat load of 30 kW continuously.
One mission is assumed.

ADVANCED TECHNOLOGIES

The advanced thermal control technologmesy begrouped intoseveral general
categories based on functionalitdditionally, some othe technologies considered here
cannot be groupeavith other technologies. Thegsechnologies are placed at the end of
the list.

* Two-Phase Thermal Control Systems:

— Two-Phase Thermal Control System With Mechanical Pump/Separator
— Low-Power Two-Phase Thermal Control System

— Two-Phase Thermal Control System With Electrohydrodynamic Pumping
Capillary Pumped Loops

* Heat Pumps:

Vapor Compression Heat Pump
Solar Vapor Compression Heat Puimp
— Complex Compound Heat Pump

— Zeolite Heat Pump

* Heat Pipe Radiators:

— Arterial Heat Pipe Radiators
— Arterial Heat Pipe Radiators With Electrohydrodynamic Pumping
— Axial-Groove Heat Pipe Radiators

* Lightweight Radiators:

— Composite Flow-Through Radiators

— Composite Reflux Boiler Tube Radiators
— Composite Heat Pipe Radiators
Unfurlable Radiators

1 This isalso referred to as a vapor compression heat pump with a dedicatephstdaoltaic power
array.

Xii



Advanced Active Thermal Control Systems Architecture Study NASA TM 104822

» Other Heat Rejection Technologies:

— Phase-Change Thermal Storage
— Parabolic Radiator Shade

* Additional Technologies:

— Rotary Fluid Coupler
— Plant Chamber Cooling Improvements
— Carbon Brush Heat Exchanger

Two-phase thermal contrelstems utilize &apor andiquid mixture, as opposed
to a liquid, withinthe thermal controkystem flowloop. Upon returning from the heat-
rejection device, the workirftuid is a liquid. Upon collecting heat at various sites along
theflow loop, the workindluid vaporizes. At the end of tllew loop the workingluid
passes to the heat-rejectidavice and reliquefiesThus, by usinghe latent heat of the
working fluid more heat can be carried per mass of working fluid circulated.

Heat pumps increase the heat-rejection temperature, and thereby theadi@nof
heat rejection, at the expense of energy ingtdr mechanically drivemeat pumps, the
energy input isisually inthe form ofelectricity to drivethe compressor. Fieat-driven
heat pumps, theycle requires an input diigh temperature heathich cancome as a by
product of another process or may be generated specifically to drive the heat pump.

Heat pipes are passive, two-phase heat transfer devietsat is collected by
evaporating the internal working fluid within the evaporator. The heat pipe rejects heat by
condensing its workinfuid in the condenser. The workifigid is pumped back to the
evaporator by capillary forces acting along an internal slit or groove.

Lightweight radiators use composites and advanced material processing techniques
to producedess massive radiatamits. These technologies augified through their
dependence on common materials and processing techniques. The actual heat-rejection
mechanisms vargmong thedifferent technologies. In this study, howeuahtweight
radiators were assessed @ass1 savings as category rather thamdividually. The
different technologies presented are examples of actual lightweight radiators.

Phase-change thernstbragemelts a phase-change material to absorbsama
heat. The stored heatay berejected at a latetime whenthe primary heat-rejection
device is operating below its capacity.

A radiator shade reduces tbffectivetemperature of thenvironment to which a
heat-rejection device radiates. In particutag parabolic radiator shade reflects direct
solar irradiation away from jarotected heat-rejectiafevice and blocks infrared radiation
from the planetary surface.

Several additional technologiase unrelated to those in the other categories. The
rotary fluid coupler is a device which passes the thermal control system working fluid from
a habitat orvehicle which is fixed to a radiator whicbtates tomaintain a particular
thermal environment. Plant chamber cooling improvements include ideadutte the
mass of thehermal control equipmemtithin a plantgrowthchamber. Carbon brush heat
exchangers use numerous carbon fibers to improve conductivity across evacuated gaps.

Xiil
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RESULTS
* International Space Station Evolution

The solar vapor compression heat pudigplayed a mass savings of 32%
compared with thebaselinearchitecture. This option may bepotentially the least
disruptive to implementnce International Space Statiorully operational. Lightweight
radiators also offesignificant mass savingsFor this mission,composite flow-through
radiators or composite heat pipe radiatm@y beappropriate. The two-phase thermal
control systemsappear to offesavings of almosit0% forthis missionbut thatmay be
within the range of uncertainty fdnis type of preliminary analysis. The other
technologies, due to the uncertainty in the estimation proceguoesicesystems which,
in terms of mass, arprobably similar tothe baselineconfiguration. Theenhancing
technologies, listed here as additional technologies, can provide mass savingsiedheir
of application regardless ahe thermal controlsystem architecture selected. Though
these technologiegeld small massavings, theynay offer otherbenefits which improve
system reliability or overall operations.

Thermal Control System Mass Savings for International Space Station Evolution
Basis = 1 Upgrade

Mass[kg]
Baseline External Thermal Control System 15,600

Savings Percent
[kg] Savings

Heat Pumps
Solar Vapor Compression 5,021 32
Vapor Compression -250 -2
Lightweight Radiators 1,661 11
Two-Phase Thermal Control Systems
Capillary Pumped Loops 1,535 10
Low-Power 1,366 9
With a Mechanical Pump/Separator 1,203 8
Additional Technologies
Rotary Fluid Coupler 444 3
Carbon Brush Heat Exchanger 118 1
Heat Pipe Radiators
Arterial with Electrohydrodynamic Pumps 427 3
Arterial Heat Pipes -238 -2
Axial-Groove Heat Pipes -309 -2

2 This value does not represent the entire thermal cosgstémmass forinternationalSpace Station.
However, the omitted items, including the line masses, the line working dluiithe pumpnasses,
are similar for both the baseline architecture and each of the advanced technologies.
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e Space Transportation System Upgrade

The Space Transportation System ha®latively smallthermal controlsystem
mass. Eackehicle,however, is launched numerous timl@oughout itdife. Thus,even
small savingscan bebeneficialover thelife of a wehicle. Reducinghe mass of the
radiators byusing lightweight componentsay reduce overall thermatontrol system
mass by 11%. Composite flow-through radiators appear to be most appropriate here. A
low-power two-phase thermal contrgystem or a phase-change therstafagesystem
will provide thermal controlsystems with massesimilar to that of the baseline
architecture. The phase-change therstarage system, however, is aenhancing
technology which can bedded regardless of othienprovements tdhe thermal control
system.

Thermal Control System Mass Savings for Space Transportation System Upgrade
Basis = 140 Flights

Cumulative
Mass [kg]
Baseline External Thermal Control Systém 201,000

Savings Percent
[kg] Savings

Lightweight Radiators 22,904 11
Phase-Change Thermal Storage 11,875 6
Low-Power Two-Phase Thermal Control System 8,176 4

3 This value doesnot represent the entire thermal consystemmass for Space Transportation
System. However, the omitted items are equivalent for both the baseline archéadteaeh of the
advanced technologies.
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e First Lunar Outpost Lander

For First LunarOutpost Lander, th@arabolic radiator shade displayednass
savings of roughly30% over thdéaselinearchitecture. Assumingthat alightweight,
remotely-activated deployment scheme is developed, this technoliogglig suited for
the lunar environment nedhe equator.Lightweight radiatorsyield a mass savings of
about 28%. Any of the lightweight radiator technologiesay beused, although those
which require a vertical configuratiomay require shading oheatpumping tooperate.
Capillary pumped loops also provide aass savings close 89%. Both the low-power
two-phase thermal contrel/stem andhe solar vapor compression heat pump offess
reductions of slightly more than 10%.

Thermal Control System Mass Savings for First Lunar Outpost Lander
Basis = 2 Missions

Cumulative
Mass [kg]
Baseline External Thermal Control System 2,100

Savings Percent
[kg] Savings

Parabolic Radiator Shade 642 31
Lightweight Radiators 584 28
Capillary Pumped Loops 370 18
Low-Power Two-Phase Thermal Control System 286 14
Solar Vapor Compression Heat Pump 259 12

4 This value does not represent the entire thermal control system mass foufénsDutpost Lander.
However,the omitted items are equivalent the baseline architectuesd each of the advanced
technologies.
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¢ Permanent Lunar Base

For Permanent Lunar Base, the parabolic radiator shade and the solar vapor
compression heat pump are the most promising technologiesin@witiually offer mass
savingsgreater than 65%. Thesarge reductions in thermal contrsystem mass are
possible here because radiator shadeshaad pumps botlallow large reductions in
radiator surface area during theddle ofthe lunar day. In fact, shades and heamps
are often designated &mnablingtechnologies” for long-term lunamissions. The heat-
driven heat pumpsspecifically complex @mpound and zeolite heat pumps, provitsss
savings between 35 ad@%. Lightweight radiatorgive a mass savings 80% forthis
mission, whilethe two-phaséhermal controbystemsyield overall massesimilar to the
baseline configuration. Any of the lightweight radiator technologiemay beused,
although those which require a vertical configuration may require shading puhgang
to operate. Thedditional technologieare all enhancingechnologies whichmay be
utilized regardless ofhe thermal controlsystem architecture. Plant chamber cooling
improvementsare a collection afleas which, if implemented the assumed plagtowth
chamber, offer a significant mass savings.

Thermal Control System Mass Savings for Permanent Lunar Base
Basis = 1 Installation

Mass [kg]
Baseline External Thermal Control System 10,900

Savings Percent
[kg] Savings

Parabolic Radiator Shade 7,416 68
Heat Pumps
Solar Vapor Compression 7,321 67
Vapor Compression 7,017 64
Complex Compound 4,241 39
Zeolite 3,818 35
Lightweight Radiators 3,306 30
Additional Technologies
Plant Chamber Cooling Improvements 2,867 26
Carbon Brush Heat Exchanger 154 1
Two-Phase Thermal Control Systems
Capillary Pumped Loops 917 8
Low-Power 751 7
With a Mechanical Pump/Separator 456 4

5 This value doesiot represent the entire thermal control system roasBermanent LunaBase.
However,the omitted items are similéor boththe baseline architectuand each of the advanced
technologies.
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« Mars Lander

For Mars Landerlightweight radiators offethe greatesnhdividual mass savings
for any ofthe technologies consideredny of the lightweight radiator technologies may
be used. The projectedass savings frorihe solar vapor compression hpamp
indicate the resultingsystem mass will be comparable tive baselinearchitecture.
However, the heat pumpillvadd flexibility to the thermal controlsystem which is
beneficial considering the uncertain climate on the surface of Mars.

Thermal Control System Mass Savings for Mars Lander
Basis = 1 Mission

Mass [kg]
Baseline External Thermal Control System 2,170

Savings Percent
[kg] Savings

Lightweight Radiators 416 19
Heat Pumps
Solar Vapor Compression 127 6
Vapor Compression -425 -20
Two-Phase Thermal Control Systems
Capillary Pumped Loops 58 3
Low-Power 45 2

6 This value does not represent the entire thermal control system mass for Mars IHowlever, the

omitted items are equivalent for the baseline architecture and each of the advanced technologies.
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CONCLUSIONS

The solar vapor compression heat pump aghktweight radiators show the
greatespromise as general advanced thermal technologies which can be appiies a
range of missions.

« The vapor compression heat purspffers from highpower requirements.
However, the entirgystem compardavorably to baselinarchitectures when the
heat pump is integrated with a dedicated solar photovgi@aeer array and
operated only while the vehicle or habitat is in sunlight.

» Lightweight radiators, althoughot rigorously definedhere, offer the hope of
directly reducingthe radiator massyhich isthe single greatest masghin the
external thermal control system. In thmgtial study, four lightweight radiator
concepts are considerealjowing this technology to be applietross awide
range of missions and environments.

* The qualitative assessments, which are separate from the quantifiable mass savings,
additionally identifythe rotaryfluid coupler, the carbon brush heat exchanger, and
electrohydrodynamic pumping as promising technologies. HBweumgh these
technologies do not yield large reductions in the tb&imal controbystem mass,
they offer other benefits which may warrent consideration.

For certain missions, several other technologies deserve consideration:

» Parabolic radiator shades hayeatutility on the lunar surface. In thigirless
planetary environment, they offer teeatest potentiahass savingfor missions
at low latitudes assuming the shade surface can be maintained free of dust.

» Phase-change thernstbrage isusefulfor orbitalmissionswhere thetime during
which the vehicle must endure itsnaximum heat load isdss tharthe orbital
period.

* Two-phase thermal contrelystems offegreaterpromise for largesystems with
long flow lines. Withthe exception of International Space Station and Permanent
Lunar Base, thevehicles here aretoo small to make adequate use dhis
technology. FoPermanent Lunar Base, however, a two-phase thermal control
systemmay be avise investment, especiallytife baseavill be expanded sometime
in the future. Adlow lines lengthen and heat loads increa$®e pumpower
saved by awo-phase thermal contreystemwill be significant. Capillary pumped
loopsmay provide a mass savings eviem smaller vehicles assumirige thermal
control system is not expected to operate under high accelerations.

XiX
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Due to their extra mass, metallic heat pipes appear tpstiéed for human
missions only when thermalontrol system flowloop punctures fromexternal
debrisare expected to be a serious problem. Whemssion flies insuch an
environment, mass savings become secondary telifielity of the heat-rejection
system. Current debris predictions tloe missionshere donot consider this to be

a problem except possibly for International Space Station evolutioch flies in

low Earth orbit where thelebris problem is expected to gesatest. Further,
longer arterial heat pipes dighter per unit of radiant surface are@ombining
longer units with lighter thermal interfaces and/or electrohydrodynamic pumps also
improves the mass savings.

Heat-driven heat pumps offerass savingkbr Permanent Lunar Base compared
with the baselinearchitecture. Coupled with a source of high-temperature waste
heat, such as from andustrial process, theynay provide economical cooling.
However, heat-drivenyclesare not a®fficient as mechanically driven cyclasd,
therefore, heat-driven heat pumpg&igh more thanmechanically-drivenheat
pumps.

Several enhancing technologies appear in this study. THohsgethe rotaryfluid
coupler, plant chamber cooling improvements, dhd carbon brush heat
exchanger. Alone, they dwt offer large mass savingddowever, they also do
not require a particular thermal cont}stem architecture antherefore, can be
implemented individually or with other technologies.

This initial study identifies several promising advanced thern@introl

technologies which offeboth masssavings andther benefits compared to traditional
thermal control systemdg:uture research and development is expected to more accurately
and precisely definthese mss savings as variopgograms proceed to develdpht-

ready hardware. Fututechnical developments and additional knowledgs change
current understanding avhich these results are based. Thereftrs, study is expected

to be an ongoing effomhich will be updated as needed &low a common basis for
future programmatic decisions. Subsequeatk in this area is currentlplanned to
include a widerrange of technologies asgell as architecturesvhich combine various
technologies at the system level.
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1.0 INTRODUCTION

This studypresents advanced active thermal corgystem(ATCS) architectures
for five proposedNational Aeronautics and Space Administration (NAS&hicles and
habitats. The objective is titefine possiblalternate thermal contrelystems using new
or proposed technologies for thaghiclesand habitats and determine what nsssngs
andotherbenefits might be available. Non-mass savergs converted to massing an
appropriate penaltyFor example, goower savings isconverted to masgsing apower
mass penalty.However,manybenefitsare considerednly qualitatively. Because this is
preliminarywork, manydetails of variousehiclesand technologies are either assumed or
neglected entirely. To aid the reader, the significant assumptions are listed.

The five reference missions considered below are:
 International Space Station (ISS) Evolution
» Space Transportation System (STS or Shuttle) Upgrade
* First Lunar Outpost (FLO) Lander
* Permanent Lunar Base (PLB)
* Mars Lander (ML)

Twenty different advanced technologies in various stages of maturity are
considered for this study. The main arealiectively addressed by these technologies
include thermal transport systems, heat pumps, and radiators. However aleoabl
options, such as the rotafiyid coupler and the carbon brush heathangerfall into
categories by themselves. Because eacdheofadvanced technologies either does not
apply to all of the vehicles or habitats examined, or it is expected that the given technology
would not yield abenefit,the technologyist was pared as appropriate for each reference
mission. The advanced technologies considered for eelitle orhabitat are addressed
in Table 1.1.
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Table 1.1 Advanced Technologies Applied to Reference Missions

Reference Vehicles and Habitats
Advanced Technologies ISS STS FLO PLB ML

Two Phase Thermal Control Systems:
1. Two-Phase TCS With Mechanical Pump/Separator X X
2. Low-Power Two-Phase TCS X X X X X
3. Two-Phase TCS with Electrohydrodynamic Pumping X X K
4. Capillary Pumped Loops X X X X

Heat Pumps:
5. Vapor Compression Heat Pump X X
6. Solar Vapor Compression Heat Pump X X X
7. Complex Compound Heat Pump X
8. Zeolite Heat Pump X

Heat Pipe Radiators:

9. Arterial Heat Pipe Radiators
10. Axial-Groove Heat Pipe Radiators
11. Arterial Heat Pipes With Electrohydrodynamic Pumping X

x X

Lightweight Radiatorg: X X X X X
12. Composite Flow-Through Radiators X X X X X
13. Composite Heat Pipe Radiators X X X

14. Composite Reflux Boiler Tube Radiators X X

15. Unfurlable Radiators X X X

Other Heat Rejection Technologies:

16. Phase-Change Thermal Storage X

17. Parabolic Radiator Shade X X

Additional Technologies:

18. Rotary Fluid Coupler X

19. Plant Chamber Cooling Improvements X
20. Carbon Brush Heat Exchanger X X

Total Number of Applicable Technologies 10 3 5 11

It should benoted that thesarious advanced technologies were assumenpévate as
theorized. Because some technologies are curraotlyell-developed, theanalysis
which follows may seem speculativeHowever, as statedarlier, the purpose here is to
estimate what massavings anather benefits mightaccrue from pursuing varioudeas
for active thermal control systems which may be available in the near future.

Each of the technologies considered tlesirable and undesirakd¢tributes. To
reduce thdime spent on unproductive exercises, the techndiegyas pared t@xamine
only technologies whichwere likely to offer an advantage for a particularission.
Further, technologies weneot combined with eaclother to optimize the use of a
particular technology in thisitial work. In other words, eadlachnology was considered
individually to determine its benefits.

7 This study evaluatetightweight radiators as a class. The other architectures mentioned in this

categoryare possible implementations of a lightweigtaidiator. Those which angossibilities for

each mission are marked with an ‘x’ (small x) but they are not evaluated separately as a technology.
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Two-phase thermal control systems, according to Ufi85), are modtkely to
lower pumping requirementdor largersystems with largetheat loads. Further,
electrohydrdynamic pumpingappears appropriatanly for systemsnot operating while
the vehicle is accelerating rapidlguch as during launch or landin@apillary pumped
loops employ two-phase heat acquisition and rejectiotihédhermal controbystem flow
loop. However,unlike the other two-phase architecturasntioned abovecapillary
pumped loops dmot useany movingparts. Their main disadvantage is a reliance on
capillary pumping, which typicallgenerates a loywumping head, sthat such a system
will not operate under launch or landing accelerations.

Heatpumps are &ersatile technology which can be appliedhtostvehicles and
missions. Their majadetracting attribute is the need foredatively largepower source
or a high-temperature heat source. Further, the study here considered heat-pumping for
the entirethermal controlsystem load, andhot just for partial loads. Under these
conditions, the vapor compressioycleswere deemed &sible forall missionsexcept
Space Transportation System upgrade, thied heat-driverycleswere considerednly
for Permanent Lunar Base.

Heat pipeswhich aregenerally heaviethan flow-through radiators, are attractive
for environments wherdnigh concentrations of debrisay strike and puncture the
radiators. Of thenissionsconsidered hereynly International Space Station evolution is
projected to possibly operate in a high debris environment for long periods of time.

Lightweight radiators represent a general category where the radiators are
constructedising lighter angtrongematerials. Due to this categoryisoad nature, the
implementation of thisption for each of thenissions ieexpected taliffer. Someinitial
speculative calculationare presentedhich presume lightecomponents based upon
using flow-through radiator architectureSpecific examples of lightweighiadiators
includecomposite flow-through radiators, composite heat pipe radiators, comedisite
boiler tube radiators, anghfurlableradiators. Of thesexamples, compositeflux boiler
tube radiators andnfurlableradiators are restricted teertical deployments on planetary
surfaces. Further, the composite heat pipe radiator is also deptatiedlly when on a
planetary surfacebut they may also operate in amicrogravity environment. These
technologies are mentioned for each mission when appropriate.

Phase-change thermatorageutilizes the heat ofusion for a homogeneous
material tostorecooling or heating capacity. Here suchaterial is used in conjunction
with flow-through radiators to supplement the radiators’ heat-rejecaability by
melting the phase-changeaterial while the vehicle is in a relativelyhot thermal
environment. This technologyppears to be most attractive for situations whesehizle
is operatectontinuously in ithottestenvironment forshort periods ofime, such as for
atmospheric braking and on-orbit mission elements.

The parabolic radiator shade requires large surface areas for deployment and
absence of an atmosphere which might allow wind to deposit dust on the shade.

The rotaryfluid coupler is appropriate for situations when a tracking radiator is
necessary and less complicated radiator systems would be inadequate. This is a
consideration for orbitingehicles. On a planetary surface it is genelafigossible to
avoid all significantsources of solar radiation on the radiatsing selectiveradiator
positioning.
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Plant chamber cooling improvemerdase applicable onlyfor missions which
contain plantgrowth chambers. In the current studply Permanent Lunar Base is
projected to use a plant chamber.

Carbon brush heat exchangers have utility where ever a coldplate existshellere
were restricted to coldplates for dc-to-dc conveutats for International Space Station
evolution and Permanent Lunar Base.

At the end of each advanced technology assessment, a conjpasitative
assessment is given in additionthe overall mass savings. Assessmeamesmade infive
areas. These assessmanmte volume, ease of deployment or installatiogljability,
remaining developmermbst tobring the technology to a readindesel of atleast 6, and
potential for terrestrial applications. In situations whiti@ advanced technology is
expected to haveimilar performance to the base referenuoéession, the qualitative
assessment used is “average.” In situations where the advanced technology is expected to
differ significantly from the reference architecture, one ofwlteextreme assessments are
assigned. The developmertst isassigned a value of “lowfor estimatedemaining
development prograraosts up to oneillion dollars, “average” for costs between one
and threemillion dollars, and‘high” for costs inexcess of threenillion dollars. More
specifically, the qualitative grading assessments are described in Table 1.2.

Table 1.2 Qualitative Scores for Assessment Areas

Qualitative Score
Assessment Area -1 0 +1
Volume large average compact
Deployment (or Installation) difficult average easy
Reliability degraded average improved
Development Cost high average low
Terrestrial Use Potential none possible good

Details of the qualitative assessments giren in Section 2.0 for each advanced
technology.

To aid in assessinpe developmertdost, eactadvanced technology was assigned
a technology readinessvel rating based on NASAL991) for each referenemission. In
the most basic terms, these technology readiness level ratings are defined as:

Rating Technology Readiness Level Description

Basic principles observed and reported

Technology concept and/or application formulated

Analytical and experimental critical function / characteristic proof-of-concept
Component / breadboard validation in laboratory environment

Component / breadboard validation in relevant environment
System/subsystem model or prototype demonstration in relevant environment

System prototype demonstration in a simulated environment
System completed and flight qualified through test and demonstration
System “Flight proven”

O©COoON|OOR~WNPEF
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20 ADVANCED THERMAL CONTROL TECHNOLOGIES

This section presents the various advancedermal control technologies
considered in this study. The technologe® applied to each baselinmission
individually to assess their benefits compared wlibaselinearchitecture. Théaseline
architecture is either the present configuration faehicle orhabitat, if known, or a
defined baselineonfiguration. Thedefined baseline configurations assume a thermal
control system(TCS) with fluid flow loops to collect heat loads and flow-through
radiators to reject the heat load to space. Mapecifically, the defined baseline
configurations use an internal therroahtrol system(ITCS) flow loop with water as the
working fluid and an external thermal contsgstem(ETCS)flow loop with single-phase,
liquid ammonia ashe workingfluid. Heat exchange frorime ITCS to the ETCS is by
way of interface heat exchangers.

2.1  Two-Phase Thermal Control Systems

A two-phase TCS takes advantage of the workihgd's latent heat of
vaporization tostoreand release thermal energy. Wheat is collected by the ETCS
flow loop, the workingfluid vaporizes. The workinfuid liquefieswhen it rejects the
collected heat load to a rejection device. Compared wathgle-phase systerthe two-
phase system should usealler piping, lessvorking fluid, and correspondinglyess
pumping power, especially for larger vehicles or habitats with longer ETCS fluid lines.

Ungar (1995) comparesngle- andwo-phase TCSs for space stationse¥eral
sizes. His results indicathat two-phase TCSs are advantageous for largbicles,
comparable for medium-sized vehicles, and less effifbesimaller vehicles. In thisitial
section on technologies, a larger vehicle, sudi$&safterevolution or PLB ar@ssumed
for the qualitative assessments.

2.1.1 Two-Phase Thermal Control System With Mechanical Pump/Separator

The mechanicapump/separator (MP/S) usesntrifugal forces to separateveo-
phase stream intilquid and vapor beforpumpingthe fluid to the heat exchangers and
radiators. Thdiquid is extracted from theeriphery ofthe device by apitot pump and
delivered tathe ITCS/ETCSnterface heat exchangewhile the vapor in the centelofvs
to the radiatorsKigure 2.1). While in the radiators, the vapor condengiggrating heat
to space, and exits the radiators as a subcooled liquid.

To simplify the analysisfor this study, several assumptiars helpful. First, the
massegor two-phaselumbing, fittings, and interfadeeat exchangers aapproximately
the same ashe masses of the correspondample-phase equipmenSecond, changes in
the fluid inventory between this two-phase system and the baseline single-phase system are
not considered.
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Radiator Orbital Replacement Units

Mechanical
Pump/Separator

(Water)

Figure 2.1 An external thermal contrglystem using &wo-phase thermal contrel/stem
with mechanicalpump/separator. Thhnes through which two-phasefluid flows are
dashed and theingle-phase linearesolid. Theexamplehere presents the configuration
for International Space Station.
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Because a two-phase T@#th MP/S wasoriginally prgposed for Space Station,
much of the developmental and desigork has already been completed for a larger TCS.
For ISSevolution, this option has a technology readiriegsl (TRL) of 7. For other
referencemissionsthe TRL would be 6.Flight testing isnot considered necessary to
complete a system design. Thtlse developmertost is expected to bew. The
reliability and deployment of suchT&S should beomparable to current equipment once
development is completed. It is also expethed, due to théigh heat-transfer rates and
low power consumption associateith evaporatve coolingand condensation intevo-
phasesystem, thigechnologymay beattractive to terrestrial users. Howeverflash
tank8in an environment with gravity is a proven method which requires no input power to
separate liquid and vapor streams.

General Qualitative Assessments:

Technology Readiness Level 6
Volume average
Deployment average
Reliability average
Development Cost low
Terrestrial Use Potential none
Composite Qualitative Score 0

2.1.2 Low-Power Two-Phase Thermal Control System

The low-power (LP) two-phase TCSsganilar tothe two-phase TCS with MP/S
with the addedenefitthat only liquid ispumped. Likethe two-phase TCS with RIS,
the ETCS streanvaporizeswhile extracting heat from the ITCS. Here a two-phase
liquid/vapor mixture is delivered tdéhe radiators. However, the pumpplaced
downstream of the radiators where thid is always sulzooled. This approach reduces
the necessary pumpingower requirements and avoids thechnical complexities
associated with specialized equipment such aslP4S. For the study here, the
guantifiable differencéetween a two-phase TG8th MP/S and a LP two-pha3eCsS is
an additional reduction in pumping power associated with the latter option.

As with the previous two-phase system, the LP two-pA&38 isstill in the
developmentalstage. = However, because the LP two-phase TCS uses standard
components in an innovative arrangemtrgdevelopmentalvork should beprimarily at
the system level. Taimplify the analysisfor this study, several assumptiare helpful.
First, the masses of two-phgdambing, fittings, and interfadeeat exchangers asenilar
to the masses of the correspondsngle-phase equipmenSecond, changes in tlfiaid
inventory between this two-phasgstem andhe baseline single-phase systere not
considered.

8  Aflash tank is a chemical, dlow, processinginit with atleast one inleandtwo outlets. Thetank
itself is typically at a lower pressutieanits upstream components, so fitecess stream “flashes”
or separates into vapand liquidcomponents using gravity as the driving potenfal the
separation.

9 For ISS evolution this technology would have a TRL of 7.
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Technically, thisoption should be easier implementthan the two-phase TCS
with MP/S. However, the LP two-pha3€S has a lower TRL of 3. Thus, an average
development cost is anticipated. Terrestrial uses for this technology are not egpected
though severgbossibilities initiallysuggest themselves. One suggestion would replace a
building's air conditioning cycle with a Liwo-phase TCS. However, tloeefficient of
performance of this technology is expected taigaificantly lower than a standard heat
pump cycle attemperatures common to residential asmnmercial building cooling
applications. Further, to avoidpumping atwo-phase mixture against gravity, the
condenserwhich is in contactwith a cooler environment, must be located above the
evaporator (cooling unit) in thieuilding1°.  Thus, this technology is probabigpractical
for cooling buildings. For higher temperature applications, such iadustrial process
cooling, liquid sprays ortanks are often used. Thaditional equipment, such as
coldplates and pipindor a LP two-phase TC&ooling cyclewould be a morexpensive
alternative as long as the current technology is acceptable. Further, the petrochemical and
other industries already use somethsmgilar tothe LP two-phase TCS. For transporting
two-phase streams feash tank is used to separate the compone&iigh maythen be
pumpedindividually. Whenapplicable, thisapproach isgenerally less expensive than
subcooling a process stream. Thwjle innovative,the LP two-phase TCS and its
associated technology are not expected to inspire terrestrial uses.

General Qualitative Assessments:

Technology Readiness Level 3
Volume average
Deployment average
Reliability average
Development Cost average
Terrestrial Use Potential none
Composite Qualitative Score -1

2.1.3 Two-Phase Thermal Control System With Electrohydrodynamic Pumping

To use a two-phase TCS, thddficulty of transporting a mixture olfiquid and
vapor must be addressed. The LP two-phase TCS sub-cools the ETCS \iloidkiimg
the radiators,allowing only liquid to enter the ETCS pumps.Electrohydrodynamic
pumping would pump the entire fluid stream, regardless of its phase, by using a distributed
network of electrohydrodynamic pumps. This technology wouldabgropriate for
thermal control loopswhich were not subjected to large accelerations. Thus,

10 Radiators, for commerciatnd residentiatooling, are inappropriatdoecausethe terrestrial
environmental temperatures are too high when cooling is necessary. However, a cooling tower could
be placed on a building's roof to provide an appropriate sink for a LP two-phase TCS sysitimg,
However, cooling towerare, bynecessity, extremely heavyThus, a LPtwo-phase TCS cooling
system could probablgot beeconomicallyinstalled in an older building. Further, the additional
structural supponhecessary to implement a LP two-phase TCS in a new building is expected to be
prohibitive.
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electrohydrodynamic pumping would bBppropriate formissions in microgravitgnd on
planetary surfaces but not for vehicles subjected to launch loads.

Electrohydrodynamic pumping should have several advanfagea two-phase
TCS (Bryan, 1995). The ass of any phaseparation device could leéiminated. The
standardsingle-phase pumps could alsorbmoved, but the magminassociated with the
electrohydrodynamic pumpsvil mostly offset this benefit.  Theower for an
electrohydrodynamic pumping systemeispected to beimilar to that associatevith
mechanical pumping.The volume will be comparable tdher two-phase TCSs. The
deployment should be comparableotber TCSs. Electrohydrodynamic pumping would
be significantlymorereliablebecause this technology utilizeg@aternumber of smaller
pumps. Thuslosing a single pump is less damaging than losinmgeehanical pump in a
standard TCS. Ithis application, electrohydrodynamic pumping is immature with a TRL
of 2. Because this technology generatespgampingpressures, a test on orbitnseded
to assess its behavior in a microgravity environmétdgwever, terrestrial testing should
be sufficienfor systems deployed on a planetary surface. Thasjevelopmertost for
a two-phase TCSvith electrohydrodynamic pumping éxpected to bdigh for orbital
applications and average for planetamgsions. Electrohydrodynamic pumpimgy have
applications irthe medical fieldand in the petrochemical industriedical flows often
contain more than one phase, such as blood or a suspension of bacteria, and
electrohydrodynamic pumps would, in cases whe@umpingprocess does nalter the
fluid in the flow, provide amxcellent method of transporting these mixturésirther,
electrohydrodynamic pumping moves flowser long distances bwsing numerous
electrohydrodynamic pumps. This pumping configuration avoids introducing extreme
stresses into th8ow unlike conventional mechanical pumpingzor flows with shear
sensitive components, electrohydrodynamic pumping would be preferable to traditional
mechanical pumping. Unlikdhe LP two-phase TC®Jectrohydrodynamic pumping can
transport two-phastows without separating them into their components. Thusonme
industrial applications, electrohydrodynamic pumpimgy be anore expedient approach
than traditional techniques which separate the flow for transport.

General Qualitative Assessments:

Technology Readiness Level 2
Volume average
Deployment average
Reliability improved
Development Cost average
Terrestrial Use Potential good
Composite Qualitative Scoté +2

2.1.4 Capillary Pumped Loops

Capillary pumped loops are two-phatigermal control loopsvhich use capillary
forces to drivethe flow. More specifically, asillustrated in Figure 2.2the capillary

11 Thisassessment is for missions on a planetary surface. For orbital missialeselopment cost is
“high” and the overall score is +1.
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pumped loop acquires heat \ogporizingthe workingfluid at the evaporator and rejects
heat to theenvironment or a heat-rejection interface wttenworkingfluid condenses at

the condenser. The wickhich in American an&uropeanmplementation$? is typically
poroushigh-molecular-weight polyethylene, is normadturated witHiquid. Whenheat

is applied tothe evaporator, thiguid onthe outerdiameter of the wick evaporates and
moves as a pure vapor to the condenser, where it condenses and is subcooled. The
pumping action othe wick returns théquid to the evaporator. The reservoontains
saturated workindluid, liquid and vapor, at the desired loop pressure and, therefore,
temperature. Thussapillary pumped loops, in their standard mode of operation, are
variable conductancedevicest?® which transfer heat proportional to the rate of vapor
formation at the evaporator ang@erate asome temperature determined by the set-point
pressure of the loop.

Cullimore (1993) provides a broad overview adpillary pumped loop operating
characteristics and traits supported byezatensive literature survey. Several observations
from thiswork areapplicablehere. Of greatest importance fefecting heat fronmuman
vehiclesand habitats is theverall capacity othe capillary pumped loop. Studies (see
Cullimore, 1993) demonstrate thagpillary pumped loops can be designed to transfer
from 5 W up to 25 kWper loopusing aluminumand ammonia systemd. Further, the
heat loadmay beacquired using numerous paralevaporators and rejectefiom
numerous parallatondensers. Correspondence betweemtneber ofevaporators and
the number of condensers ot required. Using multipleevaporators and condensers
allows the capillary pumped loop to function as a thermostat for the loadsritices by
heatingthose loadshich are cooler than the loop set-point and cootinty the loads
which are warmer than the loop set-point. However, to prevecaghiary pumped loop
from shutting down>, the overall sum of the loads serviced by the loop requires cooling.

A capillary pumped loop isiot constrained by dixed geometry but is rather a
combination of components arrangedjiee a specificTCS architecturé&s. Furtherthey
can pump workingfluid 0.3 m to 3.0 magainst terrestrial gravity, depending on the
chosen wick structure arftbw geometry. Thus, assumimmgre is taken in theystem
design, capillanpumped loops could be used on a planetary surfaselhas inspace.
The only situation wherecapillary pumped loops would beompletely inappropriate are

12 The experiences from the form8oviet Union,and now Russia, differ in somsgnificant ways.
Cullimore (1993) mentions some of these differences for the interested reader. The remainder of this
description assumes American or European heritage equipment and practice.

13 If the reservoirever becomes completelifled with liquid, the capillary pumpedbop becomes a
constant conductance heat transmetvice. Traditional practice dictatethat capillary pumped
loops are designed and charged so that this cannot occur.

14 Flight-rated hardware so far has concentrateccamiing robotic probes with multiple capillary
pumped loops which transfer no more than hundreds of Watts each. An example of such a vehicle is
the EarthObserving SystenlEOS), which has three instruments. Each of the instruments, which
have maximum heat loads up to 250 Uées one ofwo redundant capillary pumpeldops to
transfer those loads to constant conductivity heat pipes (Ku, 1996).

15 A capillary pumped loop functions as a dioslith respect to heat transfer. If the heat load to be
rejected bytheloop is cooletthan thecondenser environment, the liquid line will boil, allowing the
evaporators to deprimend shutlowntheloop. The capillary pumpebtbop may berestarted later
(Cullimore, 1993).

16 As such, they are placed here with the two-phase TCSs and not with the heat pipes.
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for systems whicimust functionwhile enduring highaccelerations, such as durilagnch
or re-entry.

Direction of Fluid Flow

Vapor /

Evaporator Qout
Condenser

Vapor-Liquid Mixture

/ A Liquid
Wick

Figure 2.2 A simple implementation of a capillappmped loogCullimore, 1993). The
capillary pumped loop acquires heat\gporizingthe workingfluid at the evaporator and
rejecting heat to the environment by condensing workindyat the condenser. Theick

pulls liquidinto its pores byapillary action from thdiquid volume atits inner diameter.

As the evaporator acquires heat, ligaid onthe outediameter of the wick evaporates
and moves as alightly superheated vapor to the condenser. The reservoir contains
saturated workindluid liquid and vapor at the desired loop pressure and, therefore,
temperature. Thusapillary pumped loops, in their standard mode of operation, are
variable conductance devicewhich transfer heat proportional to the rate of vapor
formation at the evaporator angerate asome temperature determined by the set-point
pressure of the loop. (C#pry pumpedoop components are denoted by biagt while
working fluid states are given by italic text.)

Reservoir

Vapor-
Liquid
Mixture

As presented in this studgapillary pumped loops are rat@gsuming they require
no external pumpingower and in turn require ramditional equipment mass beydhat
for the baseline single-phaseCS architecture.Assumingthe capillary pumped loop is
properly sized, thiSCS does notequireany mechanical pumpirexcept possibly for
starting thesystem and/or recovering from depriming. Tmdy power input isthat for
maintainingthe temperature of the reservaihich setsthe capillary pumped loop set-
point. This power expenditure is samall fraction of the total heat load carried by the
capillarypumped loop. The actuehpillary pumped loop equipmemay be significantly
different thanthat for a omparable single-phaseECS becauseapillary pumped loop
designs must use components with low flow resistanceibtamize the overall loop

11
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pressure drop’. However, these components am necessarilynore massivethan the
corresponding single-phase components.

Quialitatively, capillarypumped loops integrated into nexghiclesand habitats
should have a volume and ease of deployment comparathie baselinearchitecturés.
The systemeliability should be improved relative tbe baselinearchitecture because the
capillary pumped loop has nmoving parts and camperatewith little externalpower
input. The developmembst forpilotedvehicles on orbital missions will legh because
a capillarypumped loop ofufficient capacity with multiplevaporators/condensers has
yet to be tested on orbit. Feystems placed on a planetary surface, terrestrial testing
should suffice so amverage developmemst isanticipated. The TRL for piloted
vehicles is 5. Applicationare currently unknown farapillary pumped loops, so no
terrestrial uses are anticipated.

General Qualitative Assessments:

Technology Readiness Level 5
Volume average
Deployment average
Reliability improved
Development Cost average
Terrestrial Use Potential none
Composite Qualitative Scote 0

2.2 Heat Pumps

Assumingthe radiating area is fixed,gaeater heat loathay berejected by either
lowering theeffective environmental, or sinkemperature or byncreasingthe radiator
surface temperatuf8. Heat pumps, as presented in this study for space applications,
effectively cool a vehicle or habitat using a refrigeration cycle and reject the work load and
the original heat load at dighertemperature. Twa@eneral classes of heat pumps are
presented. Vaparompression heat pumps usmechanically driven cycle buétround a

17 Ungar (1996) recommendkat theoverall loop pressure drapot exceed 3,447 N/Mm(0.5 Ih/in?)
based onthe Ilimited capillary pumping head available from current high-molecular-weight
polyethylene wicks.

18 Retrofitting a vehicle using a single-phase TCS with a capillary putopgdnay be difficult, if not
impossible. Thus, for installation on a pre-existing vehicle, theting for deployment should be
“difficult.”

19 Thisassessment is for missions on a planetary surface. For orbital missioleselopment cost is
“high” and the overall score is -1.

20 Heat rejection in a vacuum between a radiator and its environment, g, may be defined as:

q = nAeF;o Trgdiator - TsAi'n k

where A is the actuabdiatingsurfacearea,n is the finefficiency, € is thesurface emissivity, jHs
the view factor betweerthe radiatosurfaceand the environmeng is the Stefan-Boltzmann
constant, and Jdgaorand Tin are the radiator surface and environmental temperatures, respectively.

12
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compressofl. Theprimary utility for a vapor compressiarycle is asource ofelectricity

to run the compressor. Heat-driven heat pumpduatearound a ksemical or physical
absorption-desorptiocycleover a range of temperatures. Heredyaesconsidered use
solid/vapor adsorptiosystems with a fixedefrigerant carrier (Yerushalmi, 1992). The
primary utility necessaryor heat-drivercycles is asource ofhigh temperature heat.
Ideally, this could be obtained asste heat from somaher processuch as a nuclear
powerplant orotherindustrialprocess. However, solar concentrators can also provide a
high-temperature heat source to operateeat-driven cycle. The results héoe heat-
drivenheat pumps are based Bwert (1993)and assume solaobncentrators for the heat
source.

Generally the systems heraresized sahat heapumping is only necessary while
thevehicle orhabitat is receiving solar irradiation. Orbital vehiclesyever,mayreceive
continuous heapumping because their sunlight/shade cyelesrelatively short. For
example |SSwill have roughly a 90-minute orbital cycle witibout 30minutes in shade
for a betaangle of Odegrees. The heptimping here is also assumed to be centralized as
opposed to distributed.

2.2.1 Vapor Compression Heat Pump

With respect to an activihermal controlsystem (ATCS)heat pumps could be
used to increase the radiaftuid temperature, therelimcreasing radiatoheat rejection
and reducing the necessary radiator surface arégpioal single-stagheat pump fothis
application wouldaccept heat from the ITC®hich is atthe cycle'scold temperature, by
evaporating a workindluid. The resulting streanusually asuperheated vapor, is
compressed and passed to the condenéthin the condensewhich isthe cycle's hot
working temperature, th#uid condenses and rejects heat to the ETCS radiators at an
elevated temperature. Updeavingthe condenser, the workitigid flows through an
expansion valvéefore returning to the evaporatéigqure 2.3). Generallgnore efficient
high-lift heat pumps use more than a single stage.

The main disadvantage of the vapor compression heat pumphightpower
requirement relative tahe baselineTCS architecturesing only metalflow-through
radiators. The overall TRL forapor compression heat pump isFor application on a
planetary surface, the developmeast is expected to be low. Forbital applications,
the influence of microgravity on lubricant circulation withthe heat pump must be
resolved and tested on orbit. Thus, ddoital applicationghe developmentost ishigh.

The deployment in general should be comparableagelinearchitectures, or average.
Directly, heat pumps can be used for heating or cooling of terrestrial habitadsisirial
equipment. Further, coupled with non-chlorofluorocarbon refrigerants, this technology
may pay commercial dividendsSome workhas already been completed fanigh-lift,
multistage heat pumgdesignedfor use with lunar habitationsThis design has fewer
componentsvhich are susceptible to micrometeoroid punctures and optical degradation
than thebaselineTCS architecture. Theulnerable radiator flohoops are shorter and the

21 Another mechanical heat pumnysesthe Stirlingcycle. The Stirlingcycle hasmany of the same
attributes as a vapor compressicyctle. However, tadate, Stirling heat pumps have rogen
applied to high load or high temperature applications. Thus, they were not considered here.

13
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heat pumpitself is compact enough to take advantagelawfal shielding. Additional
components with moving parts, however, will degrade the reliability of this technology.

General Qualitative Assessments:

Technology Readiness Level 5
Volume average
Deployment average
Reliability degraded
Development Cost low
Terrestrial Use Potential good
Composite Qualitative Scofeé +1

2.2.2 Solar Vapor Compression Heat Pump

A solar heat pump uses tlsame equipment athe heat pump presented in
Section 2.2.1 except theiput power is provided by a dedicated solar photovoltaic power
array instead of from the general habitavemiclepowergrid 23. To further reduce mass,
only minimal powerconditioning equipment is provided. Thisepected taignificantly
reduce the mass of the powsant and distribution net for the heat pump. (Beert,
Keller, and Hughesl996) Further, &ypass lindor the heat pump wikllow the ETCS
to use the radiators directly when the heat pump is not in use, such akevhase is not
in sunlight. Therefore, a solar heat pump doest require any electricaktorage
(Figure 2.4).

The solar heat pump has th@me advantages #ee standard vapor compression
heat pump presented in the previous section. Howeverm#ss ofthe required
supporting power systems for the solar heat puraigmsficantly less.Because the power
system caraccount for over 90% of the assadded for the vapor compression heat
pump, reducing this mass is highly advantageous.

General Qualitative Assessments:

Technology Readiness Level 5
Volume compact
Deployment average
Reliability degraded
Development Cost low
Terrestrial Use Potential good
Composite Qualitative Sco#é +2

22 For orbital applications, the development cost is “high” for an overall score of -1.

23 This option is morecorrectly called a vapor compressibeat pump with a dedicated solar
photovoltaic power array.

24 As with the vapor compression heat purtips optionhas a “high’development cost for orbital
applications. The overall score for orbital applications is O.
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Figure 2.3 An external thermal contraystem using aapor compression heat pump.
The example here presents the configuration for International Space Station.
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2.2.3 Complex Compound Heat Pump

Heatdriven heat pumps useycles requiring asource of extremely high
temperature heat to operate. Faromplex compountieatpump,the high heat source
requires a temperature of 500 K (Yerushalmi, 19929mmonly,this heat igransported
to a headriven heat cycle using an appropriate working fluid.

In the baseline missionstudied here, no sources of waste heat are present. In
order to generate heat tiive a heat-driveeat pump, at leasivo othermethods are
available. Onemethod would generate heat from electricity generated by solar
photovoltaic power raays throughresistive heating. A second method would use a
collector to focus solar radiation on a tube containing a worfkindy This is a more
efficient technique and is assumed for the heat-driven cycles in this study.

The TCS with complex compound heat pumpsnislar tothe baseline technology
in manyareas. This heat pump will allow for more compa@diators, compared with the
baselineTCS, butthis benefit wll be partially offset bythe addition of the heat pumps.
The deployment should be comparabl¢himbaseline missionThe systenmeliability will
probably bethe same aghe baseline missiobecause heat-driven heat pumps contain
fewer components witlmoving parts than vapor compression heat pumps. The heat
pump itself has few movingarts but the collect@ystem to supply higtemperature heat
to thecycle will have a reliability amparable t@mther technologies. Because current heat
pump research is directéoward anapplication for spacehe developmertost forthis
system is expected to be averad@®hile orbital missionsare not proposed fdhis heat
pump, themicrogravity environment inot expected to affect it. The TRL is assessed at
4. Terrestrial uses could exist fmwmplex compountheat pumps as cooling devices in
heavy industries where source ofhigh temperature heat i®adily available. Examples
might includepower generationmetal processing and forging, or possibly usearid
regions where an uninterrupted source of solar energy can be readily collected.

General Qualitative Assessments:

Technology Readiness Level 4
Volume compact
Deployment average
Reliability average
Development Cost average
Terrestrial Use Potential opsible
Composite Qualitative Score +1

2.2.4 Zeolite Heat Pump

Zeolite heat pumps also use a heat-drisgabe and require &igh heat source at a
temperature of 700 K (Yerushalmi, 1992). Frtm perspective dhis report, zeolite
heat pumps havenany of the same attributes ascomplex compouncheat pumps.
Therefore, the same overall approach as for the preceding technology is employed here.
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Figure 2.4 An external thermal contraystem using &olar vapor compression heat
pump (avapor compression heat pump with a dedicated solar photoyobtaer array).
The example here presents the configuration for International Space Station.
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The TCS with zeolite heat pumpsssnilar to the baselinetechnology inmany
areas. Thisheat pump will allow for more compaetdiators, compared with thaseline
TCS, butagain this benefit will be partially offset Hye addition of the heat pumphich
are moremassivethan thecomplex compound equipment. The deployment should be
comparable to thbaseline missioand thesystem reliability will probably bthe same as
the baseline mission. Agairthe zeolite heat pumtself has few movingarts but the
collector system tosupply hightemperature heat to theycle will have a reliability
comparable to thbaselinetechnologies. Because current heat pump research is directed
toward amapplication for spacehe developmentost forthis system is expected &gain
be average. The zeolite heat pumplightly behindthe complex compountieat pump,
so the TRL is 3. As above, terrestrial uses could exist for the zeolite heat pumps as
cooling devices in heavy industries with a source of waste high-temperature heat.

General Qualitative Assessments:

Technology Readiness Level 3
Volume compact
Deployment average
Reliability average
Development Cost average
Terrestrial Use Potential possible
Composite Qualitative Score +1

2.3 Heat Pipe Radiators

Heatpipes are self-contained, two-phak®ices whichtransfer heat from a hot
source to a cold source. The hpigie evaporator vaporizes theternal workingfluid to
acquire the heat load. The vapor trawels intothe condenser aniduefiesthe working
fluid asthe heat pipe rejects the heat load to the solodce. Fomissions in thistudy,
the cold source is the environment. The workiagl travels back to the evaporator by
capillary forces,which provide theprimary pumping withirheat pipes.For agiven heat
pipe, the heat transportlimited bythe available capillary pumping capability. When the
transportlimit is exceeded, the workinfiuid may collect in the heapipe’s condenser,
rendering the unit unusable. One technique for working arthimdendency is to add
extra heat pipe capacity to ensure thatsystemtransportimit is notexceeded. Another
option is to add individual pumps to each heat pipe to increase each unit’s transport limit.

The primary advantage of arterial heat pipes, even thoaghivalent metallic
arterial heat pipesystemsare ofterheavier than corresponding metallic flow-through
radiator systems, is their redundancy which provides agdallility in envronments with
micrometeoroids and on-orbit debris. If &TCS flow line is punctured by a
micrometeoroid, the workinfiuid is expected to draiquickly to space. Spacecraft and
bases with flow-through radiators are messceptible to this because their MEIRCS
flow lines pass through the exposed digthtly protected radiators. Insmilar scenario
with arterial heat pipes, tHETCSflow lineswould be protecteavith only the heapipe
condensers exposed to on-orbit debris punctures. In this second sitdtiotine
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working fluid and capacity of a single heat pipe would be lost to a single puncture, not
that of an entire ETC8ow loop. Axial-groove hegpipes replace just the flow-through
tubeswithin radiator panels (Nguyeri992) so they damot yield a significantlymore
robustsystemfor applications where micrometeoroid and on-orbit debyasasignificant
concern.

2.3.1 Arterial Heat Pipe Radiators

Arterial heat pipe radiators are somewtliffierent fromthe current state-of-the-
art heatpipe?2®. In thisconcept, the current radiators are replaced with adxesianger
to which a number of longeat pipes are mounted. The heat exchanger collects thermal
energy fromthe ETCS loop and passes it to the Ipga¢ radiators. The heat pipes are
much longer thathe axial-groove heat pipes presented in Se2t®326. As such, the
arterial heat pipes extemudividually fromthe heat exchanger into space to reject heat.
The portion of the heat pipe tontactwith the heat exchanger, a base sec#ibout
0.91 m (3.0 ftong on 13.11-m heat pipes, is gnvaporatorwhile the remainingsection,
which isconnected to &n andrejects heat to space, is the condensgernally,the heat
pipe usexhannels shaped liked barbells to contheyfluid. The vapor travels due to a
pressure gradient within the larger channel while the liquid traviie iopposite direction
by a pressure gradiemtithin the liquid channel. The pressure gradienisthin both
channelsare supplied by capillarjorces acting along alit passagevhich connects the
two channels and runs the length of the heat pipe (Figure 2.5).

Originally Space Statioplanned to use arteribkat pipes with a two-phase TCS.
In that configuration, the ETCS heagxchangers mentioned above weCS
condensers. These ETCS condensers were to be attached to Spaceviitatibe heat
pipes werall individualorbital replacement units (ORUs). The arterial heat pipes could
be individually replaced without disturbinghe flow. Because the condensers were
relatively smallthey could beshielded from projectile impactsChus, this design offered
effective resistance to micrometeoroid and orbital debtmwvever, a major disadvantage
of this design watherelatively heavy interface or clamping mechanisad to attach the
individual heat pipe ORUs to the ETCS condensers.

25 Generally the phase “heat pipe,” when applied to spacecraft, refers to axial-groove heat pipes or
similar equipment.

26 Arterial heat pipes of at leaiur differentlength specifications have been considered or tested by
NASA. These include a 6.71-m (22-fijit [tested on orbit in SHARH], a 13.11-m (43-ft)unit
[not tested], a 14.63-m (48-ft) unit [tested on the ground in SERS], and a 15.24-m (50-ft) unit [tested
on orbit in SHARE]. Additionallythe internal designs dfiese differenarterial heapipes varied
both due to the manufacturand the timeperiod. In general, the longer desigpecifications
preceded the shorter design specifications.
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Figure 2.5 An overview of arterial heat pipes installed in a heat exchanger interface.
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The previous commentgpply toboth of the heat pipe configurations considered
below. The first configuration presented is an installation using 13.11-ft) (48¢ heat
pipes2’. Longer heat pipes during ground testing demonstrated the best heat rejection per
unit mass (Chamblisand Ewert, 1990). Thus, the 13.11-m hegpes wereoriginally
selected apart of the Space StatidoaselineATCS. Tests on orbitising al5.24-m heat
pipe28 were kss than satisfactory. ghorter heat pipe, 6.71-m (22-ft) lorfgnctioned
well when tested on orbit (Brown, Ungar, and Cornwell, 1992)

13.11-meter (43-foot) Long Arterial Heat Pipe Panels

The components for the arterial heat pipe radiaietallation using 13.11-m
panels are:

Arterial Heat Pipe Radiator Components

(Chambliss and Ewert, 1990, Mass Radiating Area
Kantara, 1989, and LTV, 1990) [kl i) [m?

ETCS Condenser (per ORU pan#l) 22.90 50.49 --

Arterial Heat Pipe ORU Panel (dr§) 39.01 86.00 7.43

Heat Pipe Working Fluid (ammonia) 1.87 4.13 --
Radiator Beam Truss (per ORU panel) 1.59 3.50 --

Total Mass and Area (per ORU panel) 65.37 144.12 7.43

The component masses, based on Kantara (1989), for the 13.11-m arterial heat pipes are:

Study Panel
Overall Length [m] 13.11
Evaporator Section: Length [m] 0.91
Mass [kg] 5.20
Condenser Section: Length [m] 12.19
Mass [kg] 33.81
Total Dry Panel Mass [kg] 39.01

The mass per radiating area is 8.80 Kg/tunfortunately, longer heat pipes usingjrailar
internal configuration tdhe 13.11-m units didot function properly during the on-orbit
SHARE test. Ifthis designivere modified toincorporate the knowledggained from the

27 This length is the longest which will fit in the payload bay of a Shuttle (STS) vehicle.

28 This is the SHARE test.

29 This is the SHARE Il test. Besides the length, the heat pipe st SHARE |l used a different
internal arrangement than the heat pipe tested during SHARE.

30 Chamblissand Ewert (1990) mentiorthat the ETCScondenser mass p&@RU panel includes
14.0 kg (30.9 Ip) for the interfacial clamping mechanism in the LTV design.

31 These valuearefor a 13.11-m (43.0-ft) LT\arterial heat pipe. The condenser is 0.30 m (12.0in.)
wide. The evaporator is 0.91 m (36.0 in.) loaugd 0.23 m (9.0 in.) wide.The panel is 0.0279 m
(2.10 in.) thick (Oren, 1995). Depending on the thickness, the LTV 13.11-m pangls) mass
from 32.91 kg to 40.88 kg. The correspondiBgumman panelsary in mass from 41.19 kg to
49.41 kg. The ETCS condenser masses per maeeR2.90 kgand 19.05 kg forthe LTV and
Grumman panels, respectively (Kantara, 1989).
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SHARE Il test, it is expected th#tis heat pipe shouldperateproperly (Ungar, 1996).
However, additional testing on orbit would still be needed to flight certify this design.

6.71-meter (22-foot) Long Arterial Heat Pipe Panels

The components for the arterial heat pipe radiasiallation using.71-mpanels

are:

Arterial Heat Pipe Radiator Components Mass Radiating Area
(LTV, 1990) [ka] [ [m?]

ETCS Condenser (per ORU pan#&l) 19.73 43.50 --

Arterial Heat Pipe ORU Panel (wef) 45.05 99.32 6.94
Radiator Beam Truss (per ORU panel) 3.81 8.39 --

Total Mass and Area (per ORU panel) 68.59 151.21 6.94

The mass per radiating area is 9.88 Kg/m

The arterial heat pipes will hatgh reliabilitydue tousing numerousdividually
sealed elements and their ease of replacement. Loss of ahsiagjgpe ORU wilhave
negligible effect on theoverall ATCSheat rejection. Furthegny one heat pipe can be
replaced muciore easilythan a flow-through radiator panel. The overall volume for
either installation of arteridheat pipe radiators isimilar to the baselineflow-through
radiators. The developmenbst of this option is low forthe 6.71-nunits because
previouswork moved them to a TRL of 8. The 13.11-m units have a TRL of &tltlut
require atest on orbit toverify properinternal circulationdue to theavailable capillary
forces. Thus, they will havelagh developmentost. Aterial heat pipes ariexible to
deploy. They can badividually replaced by astronauts on an extravehicatdivity.
Arterial heat pipes can also be manufactured as lpageis by joining severaidividual
heat pipesogether. On @lanetary body, arterial heat pipes musins&lled level to the
surface sdhat thelocal gravitydoes notsupplant the intended workirflyid circulation
path with anotheflow path. However, a horizontal orientation exposes an arterial heat
pipe tofull solar irradiation at local noomhich seriouslydegrades thisystem's ability to
reject heat. Thus, no terrestrial uses are expected for this technology.

32 The condenser has a mass of 6.80 kg (15)0dhd thenterface mechanismndsocket have a total
mass of 12.93 kg (28.5,}n
33 These valuearefor a 6.71-m (22.0-ft) LT\arterial heat pipe. The condenser is 0.61 m (24.0 in.)

wide and5.69 m (224.0 in.) long. The evaporator is 0.23 m (9.0viide. The transition zone
between the evaporator and condenser is 0.33 m (13 in.) long.
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General Qualitative Assessments:

Technology Readiness Levél 8
Volume average
Deployment average
Reliability improved
Development Cost low
Terrestrial Use Potential none
Composite Qualitative Scofe +1

2.3.2 Arterial Heat Pipe Radiators With Electrohydrodynamic Pumping

In general, heat pipes depend upmapillary forces to keep the workintuid
circulating. When the transport limit is exceeded, the working fluid may collect in the heat
pipe condenser and render the affected unit unusablenaiitainthe capacity of a heat
pipe system, designers add extra unitthad the heat transpacapacity ofall heatpipes
is sufficientfor the anticipated load. To augment the heat tranafscity ofindividual
heat pipes,Bryan (1995) proposesapplying electrohydrodynamic pumping to each
individual unit. This arrangement woufflard against the workirflpid collecting in the
condenser and ensutigat eachunit would beable to continuallyeject itsapplied heat
load. For thearterial heat pipes presented in Secfidhl, Bryan proposes that one of
two condenser extrusions be removed. Theefficiency isexpected to decreasem
0.925 to 0.763. The addedssfor electrohydrodynamic pumpsassumed equivalent to
an additionatwo extrusions in the evaporator sectioGurrently arterial heat pipdsve
two condenser extrusions andix evaporator extrusions. Additionally, the
electrohydrodynamic pumps would require 2 Wpofver per heat pipe. Further, it is
assumedhat electrohydrodynamic pumping will allothe 13.11-m heat pipes tonction
as envisioned so they fornthe basis for theanalysis here. Thus, using
electrohydrodynamic pumping for arterial heat pipes:

34 The TRL for the 6.71-m units is 8, while the TRL for the 13.11-m units is only 6.
35 This applies to the 6.71-m units. The 13.11-m units have a “higi&lopment cosind anoverall
score of -1.
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Arterial Heat Pipe Without  Arterial Heat Pipe With
Electrohydrodynamic Electrohydrodynamic
Pumping Pumping36

Evaporator Section Mass [kg] 5.20 6.93
Condenser Section Mass [kg] 33.81 22.54
Heat Pipe Working Fluid Mass [kg] 1.87 1.87
Electrohydrodynamic Pumping Power [KW] -- 0.002
Electrohydrodynamic Pumping Power as
Mass [kg] - 0.95
Total Panel Mass [kg] 40.88 32.29

The overall mass, including the ETCS interface, per radiating area is 7.64 kg/m

The overall volumdor the arterial heat pipe radiatorssightly larger than the
current baseline radiatoarchitecture due to the lowdn efficiency. However, this
differencemay not besignificant. Likearterial heat pipes, this radiator configuration
should havénigh reliability. While significantvork and some prototype testing hdeen
completed for arterial heat pipes, a reasonable amouwbi is needed to develop
working electrohydrodynamic pumps. Thtleg TRL is currently 4. Theevelopment
cost for this option is expected to bagh because this assessment is based on the
unproven 13.11-m unitehich still require on-orbit testing.Finally, theremay besome
terrestrial uses for these technologies. (See Sections 2.1.3 and 2.3.1.) Hoecatee
this is an integrated package, no assessment for terrestrial use potential is offered here.

General Qualitative Assessments:

Technology Readiness Level 4
Volume average
Deployment average
Reliability improved
Development Cost high

Terrestrial Use Potential --

Composite Qualitative Score (0)]
2.3.3 Axial-Groove Heat Pipe Radiators

Axial-groove heat pipe radiatotake advantage afpillaryforces to transfer heat
betweerhot and cold reservoirs. In practice, axial-groove heat pipes are longnitibes
longitudinal finsaround theinner wall. Each heat pipe is filled with an appropriate
working fluid and sealed on both ends. Each end is pladdérmalcontactwith either

36 For purposes dhis estimate, the heat pipe wighectrohydrodynamic pumpingses an evaporator
mass multiplier of 8/&nd acondenser mass multiplier of 2/3 times tadues forthe panel without
electrohydrodynamic pumping. The condenser mass multiplier is not one half because the facesheets
are the same for each heat pipe.
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the hot orcold reservoir. At théotend of the heat pipe, the workifigid absorbs heat
by evaporating. At the cold end of the heat pipe, the worting releases heat by
condensing tathe periphery. Physically, axial-groove heat pipesperatesimilarly to
arterial heat pipes. In axial-groove heat pipes, the Viémes through a central core
while the liquid returns in grooves betweéamnternal longitudinal fins runninthe length of
the heat pipe on the periphery. The grooves also provideitkang, or the capillary
driving force, that the slit provides in an arterial heat pipe (Figure 2.6).

Heat pipe radiator panels could be used to repleeexisting flow-through
radiator panel$or active thermal control (Nguyen, 1992). In this application, pipat
replace the flow-through tubes which join the fluid manifolds on either edge of the radiator
panels. The hot end of each heat pipe is placed in thermal owsitbaatorking fluid from
the ETCS as it enters the radiator assembly while the cold end is placed in contact with the
radiator face sheet. In practice, heat piges placed betwedwo separatananifolds
which each contain an entering and returning line for the ETCS working fluid

Heat-pipe panelare expected to be mamdiablethan conventional flow-through
radiators. A micrometeoroid puncturiagy radiatolORU panel destroyanly a single
heat pipe. However, because axial-groove heat pmgseplace the flow-througpanel
flow tubes,which have a fairljow probability ofpuncture compared with thaverall
probability of aloop puncturethis isnot asignificant consideratiofor this technology
(Christiansen, 1992). Finally, axial-grodveat pipes are a proven technology with a TRL
of 9. Axial-groove bat pipes have been usesiccessfully toreject heat on robotic
spacecraft (Nguyen, 1992). However, the TRL for an integrated radisitay axial-
groove heapipes in place of flow-through tubesosly 6. Thusthe developmentatost
for such asystem is low. Finally, theremay besome terrestrial uses for this technology.
These units resemble reflux boilers or other similar devices.

General Qualitative Assessments:

Technology Readiness Level 6
Volume average
Deployment average
Reliability average
Development Cost low
Terrestrial Use Potential possible
Composite Qualitative Score +1

2.4 Lightweight Radiators

Lightweight radiators replace conventiomahterials within radiator units with
lighter, high-strength substitutes. The strengthedficiency ofthe radiator unitsvhich
arecritical to specific missionare maintained whileéhe overall mass iseduced. Further,
by tailoringthe system specifically tds final environment, such as on a planetary surface
versus on orbit, newer radiator designs are optimized for the intended mission.
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Figure 2.6 An overview of axial-groove heat pipeésstalled in a radiator orbital
replacement unit.
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Several conceptwhich arelighter versions obther radiators arexaminedhere.
Thus, this section’siniting technologiesre the composites afabrication techniques
employed to produce each of these radiators rather than a specific heatriraciséeism
or similarequipment as inther sectionslnitially, each radiator igvaluated to determine
its relative masper surface area. These estimates provide guidangerferic estimates
of the mass savingsxpected for a particulanission when using lightweighadiators.
Such generic mass savingie employedthroughoutthis study for lightweight radiators.
Once further details fospecific lightweight radiatoconcepts becomavailable,those
concepts might be assessed individually for the various reference missions.

2.4.1 Composite Flow-Through Radiators

This lightweight radiatoiconceptapplies composite materials tbe traditional
flow-through radiator architecturel’his concept is under development to possibly replace
or supplement thevater sublimator currently used to reject heat frtme portabldife
supportsystem othe extravehiculamobility unit (Cross, 1996). The hearttbis design
employsflow-through radiator panelgilizing flow passages of rectangular cross section
formed from sheets of carbon composite material. Ablogesheet oflow passages is
placed another sheet of carbon compasigterialseparated by a thin gap. The gap is
either evacuated or filled with low-pressure nitrogen gasdait While the gap idilled
with gas, itwill provide conduction paths between the sheeflof tubes and the
separated sheet. When the gap is evacuatednthbéeat exchangmechanisnbetween
the sheet oflow passages anthe separated sheet is radiation. In other words, the
evacuated gapffectivelyacts as insulation for the sheetflofv passages. This prevents
the workingfluid from freezing (Figure 2.7)The mass per radiating area $orgle-sided
heat rejectionusing this design i8.21 kg/m. This value includes magsr themanifolds
and assumeammonia ashe workingfluid. For adouble-sided radiator panel, thess
per radiating area is 4.67 kd/after accounting for an additional gas gap cover sheet.

There areseveral issueaboutthis conceptwhich require morevork. The most
ingeniousaspect of thizoncept is the use of a gaphich mayuse either conductive or
radiant heat transfer, to control trede of heatoss from the radiating surface. This, in
turn, allowsthe user to protect the radiator framold environmentsvhile making full use
of the radiating surface fdrot environments. This is an extremely useful development.
The current designwhich is under development fgpossible use in an extravehicular
mobility unit, istoo heavy to be applied directly to vehicle babitat thermal control
architectures. However, thiesign for an extravehicularobility unit uses flow passages
which are spaced so close to eather as to render the radiafor efficiency asalmost
unity. As such, a composite flow-through radiator cquddsibly have a much lighter
massper areavhen optimized for a base or habitat. Further, thabghradiatoitself is
fairly rigid, work to datehasnot addressed the structure deployment necessary to
integrate this technology into a large TCS. Thus,dbigept is presented here because
of its general utility even though it is not ready to be applied to a vehicle or habitat TCS.

The composite flow-through radiator is imany ways identical tothe baseline
metal flow-throughradiators. As such, theolume and deploymeribr thisconcept are
expected to be average. Thadiability will also be average although the method of
protecting the radiator from episodes of frozen worKlogl within the flow passages
differs fromthat of thebaselinearchitecture. Even though the TRL is 4, tievelopment
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cost forthis technology is expected to be average becalsemainingestingmay be
completed in terrestridacilities. Terrestrial uses for this technology, or at least for the
material processing techniques used to develop these components, is highly likely.

General Qualitative Assessments:

Technology Readiness Level 4
Volume average
Deployment average
Reliability average
Development Cost average
Terrestrial Use Potential good
Composite Qualitative Score +1

2.4.2 Composite Reflux Boiler Tube Radiators

Composite reflux boiletube radiator8’ utilize thin-walled refluXubes encased in
an epoxy sleeve as radiator elements. As such, these devices require a grafig&tional
to operate efficiently. The units currently under development have a circular cross-section
with a diameter of 0.02395 m and a length of 1.143 m. The condenser section length is
1.067 m, which implies aadiating surface area of 0.08027 per unit. Because these
units arenot finned, the effectivefin efficiency is1.0. This radiator, however, wilfsee”
other portions oftself so its viewfactor to spacevill not be 1.0 as it is for planer
radiator. The exact view factor to space will depend upon the selected tube configuration.
Each unitincludes a thin-walled titaniurtube surrounded by an outer sleeveepbxy
composite. The compositeuter sleeveprovides burst support for the titanium tube.
Each unit has a mass of 0.165ikgluding 0.020 kg ofvaterwhich isthe workingfluid
(Thermacore, 1995 b). An ETG&erface for 320 tubes forsamilar deployment has an
estimated mass of 35.62 kg (Blades, 1996)

Composite Reflux Boiler Tube | Component
Unit Components [ka]
Titanium Liner / Epoxy Sleeve 0.145
Working Fluid (water) 0.020
ETCS Interface per Tube 0.111
Mass per Tube 0.276

37 An earlier reflux boilettube radiatorconcept isthe ultralightfabric reflux tuberadiator (Hurlbert,
Ewert, Graf, Keller, PauleyGuenther, and Antoniakk996). While thecomposite reflux boiletube
is a descendent of thgrevious project, it doesot share the shortcomingssociated with the
ultralight fabric reflux tube units.

38 The estimate here for the ETCS interface is based on the ultralight fabric reflux tube which is similar
in dimensions to other reflux boiler tube designs.
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Figure 2.7 The configuration for the extravehicular activity composite radiasbarticle
from Cross (1996).This concept is based on the traditiosaigle-phase, flow-through
radiator architecture. The carbon composites form the unit instedwhohum as in the
baselinearchitecture. Additionally, this radiatoffeatures a gas gaphich insulates the
flow passages when evacuated. The poridblsupportsystemfor which thisconcept is
under considerationillvuse water as its the workifigid. However, a thermal control
system radiator using th&pproach Wl probably circulate ammonia @anotherfluid
besides water.
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The overall mssper surface area for compogigflux boiler tube radiators is
3.44 kg/Mi. While planetary surfacenissionsare notexpected to operate migh debris
fields, compositereflux boilertube radiators areery similar, withregard to redundancy,
to arterial heat pipe radiators. If necessary,BRE€S interface could behielded from
debris puncturewnhile the compositeeflux boilertube radiator unitsemainexposed to
the environment. A puncture in one or even a few units waatldignificantlyreduce the
heat-rejectiorability of the overall system. Based on their architecture, compuoefitex
boiler tube radiators have improvedliability. The deployment dhe overall system is
also expected to be comparable to theselinearchitecture, although theertical
geometry of the reflux tube unitsay beadvantageous in some cases. \dlame should
be no more than that of theaselinearchitecture. The developmenbst for this
technology is low because the TRL akeady 5 andany remainingesting may be
completed in terrestridhcilities. From this applicatiomhoth thelightweight reflux boiler
tubes and the associated material processing techniques could have terrestrial uses.

General Qualitative Assessments:

Technology Readiness Level 5
Volume average
Deployment average
Reliability improved
Development Cost low
Terrestrial Use Potential good
Composite Qualitative Score +3

2.4.3 Composite Heat Pipe Radiators

Composite heat pipe radiators arelightweight variation onthe heapipes
presented in Section 2.3.3. Based here onvthr& of Juhasz and Bloomfield994) and
Juhasz and Rovang (1995), the composite pipat isconstructedrom a thin niobium-
zirconium alloy foil linercovered by a carbon-carbon compositershell. Thefoil liner
has a wall thickness @.064 millimeters which idurnace brazed to the compositeter
shell. The evaporator sectiomhich extends 0.076 m beyortde compositéiner on one
end of the unit, has a thickesall of 0.4 millimeters. The heat pipéself has a circular
cross section with a diameter of 0.025 m. The compsisgi withtwo opposing 0.05 m
wide fins,surrounds théoil liner for the length of the condenser section, 0.9F4 nThe
composite has a thermal conductivity of roughly 0.575 kW/(m*K) at 300 KThe
overall test unit is about a meter in length.

39 Theview factor to the environmerand the firefficiency ofthis radiator are unknowbut both are
less than unity. To avoid this problem, numerical analysis, correlation, or experiment are useful.
40 This heat pipe researehas funded by NASA Lewis ReseaiChnter todevelopradiators toreject
high temperature heat from power systems in space. This information is provided by Juhasz (1996).
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The components for the composite heat pipe radiator installation are:

Composite Heat Pipe Radiator Components

(Based on Juhasz and Bloomfield, 1994, Mass Radiating Ared
and Juhasz and Rovang, 1995) [ka] [m?]
ETCS Interface (per composite heat pipe) 0.111 --
Composite Heat Pipe Panel (dry) 0.322 0.2335
Working Fluid (per composite heat pipe) 0.014 --

Total Mass and Area (per composite heat pipe) 0.447 0.2335

The component masses for the composite heat pipes are (Juhasz and Rovang, 1995):

Masses of 0.99 m Component
Test Panel Components Mass [grams]
Carbon-Carbon Composite Shell 214.0
Liner Including Evaporator 41.2
End Caps 13.1

Fill Tubes 7.2
Braze 22.5
Wick 24.0
Working Fluid (liquid metaly2 13.5
Mass per Panel 335.5

The overall masper surface area for composite heige radiators is 1.91 kgfm
This unit is designed toperatevertically on a planetargurface. Because the composite
heat pipe already contains an integral wilight modifications should allow them to
function under microgravity also (Juhasz, 1996). Volkeme for thisinstallation will
probably be comparable to that tife baselinearchitecture. ignificant work and
prototype testing have been completed for compositepged, although flight-testing is
still required foranyon-orbit applications. Theurrent TRL is 5. Thus, théevelopment
cost is expected to Hew for planetary applications aimegh for orbital applications.
Like the arterial heat pipes presented in Se@i8rl, the composite hepipes detailed
here should provide lagh level of radiatoredundancy and therefore havugh reliability.
Terrestrial uses from this technology include advances in materials processitippgdus
presented for axial-groove heat pipes in Section 2.3.3.

41 The ETCS interface is assumed to be similar to the unit given by Blades (1996). See Section 2.4.2.
42 The hightemperature (800 K) application investigated by NAS#wis ResearciCenter required
liquid metal as a working fluidHowever,Juhasz and&Rovang (1995) notthat thistechnology has
been demonstrated ftie 400 K to 450 Kange using a stainlesseel foilliner anddemineralized
water as the working fluid. Both thegh temperature panend thislow temperature panel have
roughly the same mass (Juhasz, 1996).
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General Qualitative Assessments:

Technology Readiness Level 5
Volume average
Deployment average
Reliability improved
Development Cost low
Terrestrial Use Potential good
Composite Qualitative Scofé +3

2.4.4 Unfurlable Radiators

Unfurlableradiators and compositeflux boilertube radiators bothtilize reflux
boiler tubes as their base heat-rejection eleméhifurlable radiatorsdiffer from the
previous concept in that the lmitube condenser #exible instead of rigid. In fact, the
condensemvall is manufactured from a metal and plastic laminate which collapsbes
terrestrial atmospheric pressures wilea unit isnot operating (Gernert and Donovan,
1994). Wherthe unit is operating, thaternal workingfluid vapor issufficient to inflate
the condenser. As witbther reflux boilertube devicesunfurlableradiators require a
gravitationalfield to operate properly. To packagi@s concept, theunfurlableradiator
tubes would baffixed to an interfacenodule. Upon activating thECS, workingfluid
vapor would inflate the radiator unit condensers.

The prototypetest units have a circular cross-section with a diameter of
0.01905 m and aoverall length of 1.000 m. The condenser section length is 0.951 m
which implies aradiating surface area of 0.0569% per unit (Thermacore, 1995 a).
These prototypeinits arenot finned, so their effectivéin efficiency is1.0. Again, this
radiator will “see”other portions ofitself so its viewfactor to space wilhot beunity as it
is for a planer radiator. The exa@w factor to spacevill depend upon the selectedit
configuration. Each unitncludes a thin-walled polymeriim and metalaminate
condenser attached torigid evaporator base. In the completed radiator, the evaporator
units sit in arETCSinterfaceassembly which supplieke heat load. An ETCigterface
for 320 reflux boiler tubes has an estimated mass of 35.62 kg (Blades?41996)

Composite Reflux Boiler Tube

Unit Components Component
(Thermacore, 1996) (ko]
Condenser With Fiber and Cag 0.051
Evaporator, Epoxy, and Cap 0.089
Working Fluid (water) 0.012
ETCS Interface per Tube 0.111
Mass per Tube 0.263

43 This isfor planetary missions. For orbital missiotiss development cost ihigh” and theoverall
score is +1.

44 The estimate here for the ETCS interface is based on the ultralight fabric reflux tube which is similar
in dimensions to other reflux boiler tube designs.
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The overall masper surface area fanfurlableradiators is 4.62 kg/m While
planetary surfacenissionsare notexpected to operate imgh debris fields, unfurlable
radiators arevery similar, withregard to redundancy, to arterial heat pipe radiators. If
necessary, thETCSinterface could bshielded from debripunctureswhile the radiator
units remairexposed to the environment. A puncture in one or eviemw aunits would
not significantly reduce the heat-rejectatility of the overall system. The deployment of
the overall system should be easy because &tkeip is required fothis radiator. The
vertical geometry ofhereflux tube unitsnay beadvantageous in some cases. Sioeed
volume should be less than that of the baseline architecture. The developmentlasst for
technology is expected to be average because prototype testing is in progress and the
current TRL is 4. As witlotherlightweightradiators, thgrimaryterrestrial use frorthis
program will probably be advances in processing composite materials.

General Qualitative Assessments:

Technology Readiness Level 4
Volume compact
Deployment easy
Reliability improved
Development Cost average
Terrestrial Use Potential good
Composite Qualitative Score +4

2.5  Other Heat Rejection Technologies

Severalother radiator-relatetechnologies are under consideration for near-term
missions. These include using phase-change mat@é?i@lgs), to providesupplemental
cooling for short periodsequiring higher than averapeat rejection, and radiator shades,
which shield a radiator from strong irradiation sources.

2.5.1 Phase-Change Thermal Storage

To implement phase-change thermstdragewithin an ETCS, a portion of the
empty volume withirthe radiatopanels could be filled with packagesREM, or wax?*>.
These packages would be positioned around the current flow-throughwiititiesthe
radiator panels. When theshicle experiences higheat loads, thédot ETCS working
fluid could pass through these radiapanels and melthe previously solidifiedPCM,
effectively increasinghe rate of heatmoval fromthe workingfluid while the PCM
melted. Wherthe vehicle experiencew heat loads, the tubes surrounded by PCM
could be bypassed]lowing the PCM tosolidify. At leasttwo scenarios ar@ossible to
size a phase-change thermal storage device.

45 A PCM for an application is a solid at the minimum operating temperdturéhe material melts at
some temperature below the maximum system operating temperature. Thus, they mimic candle wax,
which is solid at room temperature, but melts easépar asource of flame. In fact, long-chain
alkanes, which are a class of compounds including waxes, are useful as PCMs.
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One case would presume to replace a heat-rejection sysiehmuses expendable
materials with phase-change thermmtdrage. Asystem using expendables is sized to
handle arexpected heat load for sorfieite length of timesuch aghatexperienced by a
vehicle duringaero-braking. Arexample of aheat-rejection device using expendable
materials is the ammonia boiler subsystem on STS.

A second case assumtsat phase-change thermatorage is used tprovide
auxiliary cooling in conjunction withother heat-rejectiosystems such amdiators and
heat-rejection devices using expendable materials. In particular, phase-change thermal
storage could reduce usage of &xpendable heat-rejection device, thereby reducing the
mass consumed by thvehicle46. The PCM packages aselidified whilethe radiator
rejects heat above the average orbitdlie andthe PCM is allowed tmelt to provide
additional coolingwhile the radiator is rejecting heat below the average oxataé.
Because the radiator heat loaariesaround an orbit, even whenvahicle is entirely in
full sun athighbeta angles, this approactgenerally applicable. Figure 2.8 schematically
illustrates the assumaahplementation of phase-change therstarage for Shuttle. The
PCM packages could be integrateithin the aft radiatopanelsaround theexistingtube
bundle and panel honeycorfibor in a separate unit placed either upstream or
downstream of the radiator panés

For this studytwo materialswere considered. Water has a thergeisity*° of
10.0 kg/kW*h for phase-change applications, or 18.0 kg/k\wthuding packaging®.

Water solidifies at 273.2 Kunder standard atmospheric pressure. Further, \aéger
expands upon solidifying. A long-chain alkane, or wax, such as n-dodecane, has a thermal
density of 16.8 kg/kW*h for phase-change applications, or an assuwadae of

30.2 kg/kW*h including packaging. n-Dodecansolidifies at 263.6 Kunder standard
atmospheric pressur&Vhile water is the preferrechaterial, n-dodecane is assumed to be
representative of a range of alkanes whigkencollectively,could be tailored tdnandle
phase-change loads over a wide range of temperaturégater, however, is restricted to
applications near 273.2 K.

From a qualitative perspective, phase-change thestahge offers some
advantages. The volume consumed by this system coulegbgiblebecause it couldll
volume already set aside for radiators. Installation for this system should be relatively easy
because the proposed components shaadily fit in available volume.The reliability
should be comparable to the current systems. This technology uses the passive technology

46 For example, as designed, Shuttle uses water generatée Iproduction oélectricity in itsfuel
cells as feedwater fdhe flash evaporat@ubsystem. Early ithe next centuryhowever thatwater
generated by Shuttle’s fuel cells may be tapped as a source of potable water to be delivered to ISS or
for the crew on extended-duratidgBhuttle missions.Use ofphase-change thermal storageuld
save some water which currently is consumed by the flash evaporator subsystem.

47 The panehoneycomb isalluminum andprovides additional conduction pathways farat transport
from the radiatortubes tothe radiatosurface sheet, which is a finThus, thehoneycomb is
effectively an extension of the surface fin.

48 The thermal densities used in tetsidy forestimating the mass of the phase-change thermal storage
device include packaging mass and do not assume an in-panel installation.

49 Thermal density is defined here as 1/(heat of fusion).

50 packaging mass is assumed to be 80% of the mass of the PCM.

51 The actual melting points of the various alkanes differ, thetr overall thermal densities are
assumed to be roughly similar to that of n-dodecane.
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of phase-change cooling but requires sensor unita@odnatically controlled valves, so
reliability is expected to be average. Even though phase-change tk&wragkehas been
tested on orbit historically, the TRL forissionshere is 5. Thus, theost to integratéhis
technology intoother missions should be nmore than average. Terrestrial applications
may exist for the PCMswhen packagedvithin personal protection suitfor high
temperature applications. Applicationgy also exist for cooling equipment, such as
machineryfor cutting orforming of hard materialswhich can experience extremdiigh

heat loads for shoihtervals. PCMs might also becorporated as packagimgaterials

for any item which is to be maintained at a temperature other than that of its environment.

Current Shuttle Cooling Schematic
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Revised Shuttle Cooling Schematic with Phase-Change Material Packages
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Figure 2.8 To integrate phase-change therrst@rage into Shuttle, thehase-change
material packages could be plaseithin the aft radiatopanels or in units outside of the
radiators. Taosolidify the phase-changeaterial whilethe radiators arfacing a relatively
cold environment, th&TCS flow loop, which iswarmer than thenelting point of the
phase-change material, bypasties phase-changeaterial packages bsneans of the
secondary bypadme. Whilethevehicle is in hot environment, th&TCSflow loop can
receive additional cooling by melting the previously solidified phase-change material.
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General Qualitative Assessments:

Technology Readiness Level 5
Volume compact
Deployment average
Reliability average
Development Cost average
Terrestrial Use Potential good
Composite Qualitative Score +2

2.5.2 Parabolic Radiator Shade

Parabolic radiator shades provide a means of lowetineg effective sink
temperature around a radiator alow heat rejection at temperatures associatiial
waste heafrom environmentatontrol andlife supportsystemsfor human beings. The
shadewhich has a speculapper surface and gray under surface, is designed to redirect
incident solar radiation back to spaetile directly blocking diffuselyscattered and
infrared radiation from the lunar surfa@@wvertand Clark, 1991Keller, 1994, andwert,
Graf, and Keller, 1995). More specifically, the shade's parabolic shape focuses the
incomingsolar radiation along a line above a radiator placed in the shiadegs. The
surface coatings on the lon&de ofthe shade reflethermal energy fronthe planetary
surface (Figure 2.9). The shade mustabgned suchthat the incident solar vector is
parallel tothe radiator throughout thday. Otherwise, the shadself will direct solar
radiation on to the radiator in addition &my energy directly strikinthe side of the
radiator. Because Lunenly tilts 1.53 degrees on itaxis fromthe orbital plane, a
parabolic radiator shade is idealtla¢ lunarequatorand can be readilgdapted for other
lunar sites.

The overall volume iexpected to beimilar or slightlymore compact than a
standard radiator. For lang termmission, deployment of a radiator shade should be
comparable to deployment of a larger flow-through radststem. For alander vehicle,
an extravehicular activitynay berequired toalign the shadeystem properly and this
would be mordlifficult than deployingadiators mounted on thehicle. Thereliability is
expected to be theame as standard equipmémtthe short duratiomission. For longer
missionstheissue ofdustaccumulation on the radiator shadéjch degrades thehade's
effectiveness, is more significant. Occasional replacemeiné ahade for longenissions
should alleviate this probleniThe program TRL is 5. Some additional testing is needed,
but the developmermibstremaining isaverage. Currently, no terrestrial uses are expected
for the parabolic radiator shade.
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Figure 2.9 A parabolic radiator shade around a vertieaiator. The incident solar
irradiation hittingthe upper shade surface is reflected tocal line above the radiator,

while irradiation from the planetary surface is deflecseehy bythe underside of the
shade. Endsheets guard the radiator from radiation enterting through the ends of the
shade.

General Qualitative Assessments:

Technology Readiness Level 5
Volume average
Deployment? average
Reliability average
Development Cost average
Terrestrial Use Potential none
Composite Qualitative Score -1

2.6  Additional Technologies

The heat transfer technologies presented belowualike other technologies
presented in this study.

2.6.1 Rotary Fluid Coupler

In the ISS TCS, the radiator ORUs are clusterasvon sets othree ORUs each.
Each cluster ifixed to atrusswhich rotates on a@hermal radiatorotary joint (TRRJ) to
maintainthe radiatorpanel faces parallel tthe local solarvector. This arrangement

52 For missions where a vehicle mounted system is prefethbldeployment fothis optionwould be
“difficult” yielding a Composite Qualitative Score of “-2” for this technology.
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minimizessolar absorption by the radiators. @kow ATCSfluids to pass fromwithin
ISS to the ETCS radiators, a rotary coupler is part of each TRRJ.

A rotary fluid coupler is dully rotatingdevice whichusesliquid seals to contain
and separate thmternal fluid flow channelgHarwell, 1992). Afully rotating device
allowsthe radiators talways be aligned witthe panel faces parallel tine solar vector.
The projected rotary fluid coupler mass is 10.9 kg (g \Wath an approximate volume of
0.0127 m (0.45 f). Further, the rotarfluid coupler is expected to be mordiablethan
the baselinecoupler because its components have longer sdivéseand itssmaller size
makes it less susceptible to micrometeomidcture. Also because of its sizthe rotary
fluid coupler is easier to replace. The rotiuid coupler issimilar in sizeand mass to a
pump allowing it to be readily handled by an individual astronaut.rdthey fluid coupler
also displayssome disadvantages. Theuid sealsbetween flowchannels permit low
amounts of leakage betweehannels when thewear, butthis is not asignificant
problem. Further, the rotaryfluid coupler is geometrically different frotme current
coupler. As such, it may be expensive to retrofit ISS to accept rotary fluid couplers.

Even though the previous rotauid coupler program was discontinued,
significantwork has been completed. The TRL is 7. Thereforedévelopmentatosts
should be low. This technology provides a generic, low-leakatgy coupler.
However, the rate of rotation isnited to 45degrees peminute. Therefore, terrestrial
uses may be possible in some large industrial machines.

General Qualitative Assessments:

Technology Readiness Level 7
Volume compact
Deployment easy
Reliability average
Development Cost low
Terrestrial Use Potential possible
Composite Qualitative Score +3

2.6.2 Plant Chamber Cooling Improvements

Regenerativelife support systemsare of great importance as ambling
technology for extended-duratiomissions withcrews. In particular, plant growth
chambers promise to provide future space explorers tathn food andoxygen
replenishment. The practicaspect of thisystem then becomes optimizitige edible
biomass(food) produced by a plamrowth module as a function of mass. This study
concentrates ommproving an assumed baseline chamber by adcdiace reliable/less
massive equipment in place of the baseline materials.

The baseline plant growth module for this study is patterned atstchamber at
the Lyndon B. Johnson Space CenteHauston, Texashuilt by the NASA Crew and
Thermal Systems Division.Jerng (1991) and Bart®ominick, andKallberg (1995)
provide descriptions of this chamlvehich isknown as the Johnson Space Centefobd-
RegenerativeLife Support System Test Chamberor, more recently, as th&ariable
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Pressure Growth Chamber (VPGC). The relevant overall parametieesptdntchamber
assumed here are (Jerng, 1991)

Physical Dimensions:

Chamber Volume 13.7 mi
Crop Tray Growing Area (per tray) 1.43m
Number of Crop Trays 4
Number of Lamps 32
Total Growing Area 5.72
Biomass (wheaflriticum aestivumn®4 21.7 kg
Maximum Power/Heat Loads:
Atmospheric Circulation Fan/Bloweéf 1.9 kW
Lighting:
Lamps (high pressure sodium) 12.8 kW
Ballasts 2.3 kW
Reheat”’ 3.0 kW
Total Power/Heat Load 20.0 kw
Assumed Power Usage Continuous
Power as Mass 15,000.0 kg

Figure2.10 provides a generdllustration of aportion of the plant growth
chamber. Overallthe redesigned plagtowth chamber will besimilar to the baseline
configuration. Because theulk of the chamber volume iglictated by thevolume
requirements of therop, thevolume ofthe redesignedhamber is expected to benilar
to thebaseline.Further, thadeployment is expected to biilar tothe baseline chamber.

The reliability is expected to belightly higherdue to equipmenimprovements. The
overall TRL is 5 because some testing and development has been completed. The
development cost for any additional work is expected to be low. Terrestrial uses for these
technologies are less obvious. #plied to plangrowth, theremay besome interest

within agriculturalproductscompanies and research laéspeciallyfor small, high-value
cropswhich requireclosely controlledgrowing conditions. Thus, because few terrestrial
userswill, in the foreseeable future, requa@mpletely isolated chambefsr growing

plants, there idittle anticipated terrestrial uder this technology. However, terrestrial
uses for individual components of the plant chamber assembly are possible.

53 The dimensions listed here correspond to one half of those for the overall VPGC.

54 Actual data from the VPGC using high-pressure sodium lamps.

55 Actually, theseare powerinputs forthe listedsystems. Howeveall inputpower is assumed to
eventually require rejection as heat, so these are also heat loads associated with this equipment.

56 Estimated for 45 Hertz.

57 Paul (1995). The reheat increases the temperature afrtisereambefore itreturns to the plant
growthvolume. In some cases, ¢ontrol humidity within thegrowing volume othe chamber, the
air is cooled belowthe return aistream set-point temperature. After removing ¢ixeess water
vapor, the reheat increases the air temperature before the stream returns to thevgtamieg
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General Qualitative Assessments:

Technology Readiness Level 5
Volume average
Deployment average
Reliability average
Development Cost low
Terrestrial Use Potential possible
Composite Qualitative Score +1

2.6.3 Carbon Brush Heat Exchanger

Heat exchange across an evacuated gap betweerflat plates is a common
problem. The gapffectivelyadds a resistance to heat trangfieich, insome caseshen
a vacuunfills the gap, is the controlling resistance. One solutiien an extravehicular
activity compatible interface is required, is to mount fins extending perpendidubenly
each surface boundirtpe gap. When thievo fin setsare intermeshed, a radiant fin
interface is formed and heat is transfenpecdharily by raliation. Knowleq1995) gives
the interfacial conductivity as 60 WAK) for this arrangement.

Another solution to transfer heat across the gap is to nfowntarbonfibers
extending perpendicularly frothe gap boundaries. Heatigain transferred by radiation
but also by contact conductaneéhen the fibers are allowed to intermesHhis
arrangement is a carbon brush interface. Though this arrangesieniaistothe radiant
fin interface, the interfacial conductivity increases to 2500 WK){(Knowles, 1995) due
to increased area for radiant transfer and the numebysical contact points for
conductive transfer (Figuz11).

Currently the ddo-dc ®nverter units (DDCUs)are affixed to coldplates
transferring heatising radianfin interface. Thdins, whichare made of aluminum, are
0.0508 mtall by 762 micrometers thick and run the length of the DDCU coldplatén
order tosave mass and improve DDCU coolgfficiency,the radianfin interfaces could
be replaced by carbon brush interfaces. A quick one-dimens$ieatltransfeanalysis
revealsthat this change will increasihe interfacial conductivity by almogtvo orders of
magnitude. This, irurn, yields more efficient cooling ofthe DDCUs. What further
advantage or savings this impartsié&pendent on the cooling needstiferunits on the
ETCS loop.

58 These dimensions apply to units designed for use on ISS. Other units are assumed to be comparable.
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Figure 2.10 An overall drawing ofthe Variable Pressure GrowttChamber used by
Ewert, Paul, and Barta (1995)This view showswo of eight plantgrowth traysplus the
chamber environmentabntrol equipment. The coldplate and heat exchangeliquss
water as the workinfiuid while the reheat coil is a resistance heating device. afiiogvs
indicate the mean airflow pattern within the chamber.
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Overall,the carbon brush heat exchangerédwallentproperties. Theolume of
the carbon brush interface sghtly smallerthan a radianfin interface. Units using a
carbon brush interface should be as easy to depltiyeasurrent design. The carbon
brush should be very reliable and inexpensive. Because the theoreticairithasssidea is
well developed at a TRL of 5, the developmenst is low. Foterrestrial applications,
this technology could be used to cdaigh temperature electronics. Thmajor
disadvantage of the carbon brush heat exchanger ipo$sble generation admall
particle debris agdividual fibersdetach or break updmandling(Knowles, 1995). This
may beunacceptable near electronic devices such as DDCUs bebaugarticles may
float into the electronics. Depending onother considerationssuch as component
packaging, the hazard of such particle debris may be reduced.

General Qualitative Assessments:

Technology Readiness Level 5
Volume average
Deployment average
Reliability improved
Development Cost low
Terrestrial Use Potential good
Composite Qualitative Score +3
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Figure 2.11 The radianfin and carbon brush heat exchangers. (This figuretidrawn
to scale.)

Coldplate Socket

43



Advanced Active Thermal Control Systems Architecture Study NASA TM 104822

2.7 Summary

Overall, the qualitative assessments of the various technologigs be
summarized in the following table:

Table 2.1 Summary of Qualitative Assessments for
Advanced ATCS Architecture Technologies

Qualitative Assessments  _
5 » & @t
E £ % 53 5% 3
3 2 £ g3 g2 ¢
> 8 & 5 &3
el >
2.1  Two-Phase Thermal Control Systems
2.1.1 Two-Phase Thermal Control System
With Mechanical Pump/Separator 0O O 0 +1 -1 0
2.1.2 Low-Power Two-Phase
Thermal Control System 0 0 0 0 -1 -1
2.1.3 Two-Phase Thermal Control System
With Electrohydrodynamic Pumping 0 0 +1 0 +1 +2
2.1.4 Capillary Pumped Loops 0O O +1 0 -1 0
2.2  Heat Pumps
2.2.1 Vapor Compression Heat Pump 0 O -1 +1 +1 +1
2.2.2 Solar Vapor Compression Heat Pump +1 0 -1 +1 +1 +2
2.2.3 Complex Compound Heat Pump +1 0 0 0 0 +1
2.2.4 Zeolite Heat Pump +1 0 0 0 0 +1
2.3  Heat Pipe Radiators
2.3.1 Arterial Heat Pipe Radiators 0O O +1 +1 -1 +1
2.3.2 Arterial Heat Pipe Radiators
With Electrohydrodynamic Pumpiriy 0 0 +1 -1 -- 0)
2.3.3 Axial-Groove Heat Pipe Radiators 0 O 0 +1 0 +1
2.4  Lightweight Radiators
2.4.1 Composite Flow-Through Radiators 0O O 0 0 +1 +1
2.4.2 Composite Reflux Boiler Tube Radiators 0 O +1 +1 +1 +3
2.4.3 Composite Heat Pipe Radiators 0 O +1 +1 +1 +3
2.4.4 Unfurlable Radiators +1  +1 +1 0 +1 +4
2.5  Other Heat Rejection Technologies
2.5.1 Phase-Change Thermal Storage +1 0 0 0 +1 +2
2.5.2 Parabolic Radiator Shade 0 O 0 0 -1 -1
2.6  Additional Technologies
2.6.1 Rotary Fluid Coupler +1  +1 0 +1 0 +3
2.6.2 Plant Chamber Cooling Improvements 0 0 0 +1 0 +1
2.6.3 Carbon Brush Heat Exchanger 0 O +1 +1 +1 +3

59 This is a combination afechnologies, so no assessment is providedeiwestrialuse potential.
Such assessments are provided under the individual component technologies.
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Advanced technology radiatoeghibit a widerange of masses per radiating area.
The baselineheat-rejection devices fthe referencenissions below assunfl®w-through
radiators constructed fromuminum alloys using single-phas®rking fluids. For the
vehiclesand habitats examinetthe mass per radiating arexcludingthe fin efficiency,
falls between 5.0 kg/fnand 8.5 kg/h  The table belowsummarizeshe masses per
radiating area for the various radiators presented as advanced technologiesnathese
per radiating area are based on tb&l radiatormass, including anyvorking fluid,
divided by the radiating surface area.

Table 2.2 Summary of Masses per Radiating Area
for Advanced Technology Radiators

Mass per Effective Mass
Radiating Area Fin per Radiating
[kg/m?] Efficiency  Area®0 [kg/m?]
2.3  Heat Pipe Radiators
2.3.1 13.11-m Arterial Heat Pipe Radiators 8.80 0.925 9.51
6.71-m Arterial Heat Pipe Radiators 9.88 0.925 10.68
2.3.2 Arterial Heat Pipe Radiators
With Electrohydrodynamic Pumping 7.64 0.763 10.01
2.4  Lightweight Radiators
2.4.1 Composite Flow-Through Radiators
(Single-Sided Rejection) 8.21 ~1.00 8.21
Composite Flow-Through Radiators
(Double-Sided Rejection) 4.67 ~1.00 4.67
2.4.2 Composite Reflux Boiler Tube Radiators 3.44 1.00 3.44
2.4.3 Composite Heat Pipe Radiatdts 1.91 0.97 1.96
2.4.4 Unfurlable Radiators 4.62 1.00 4.62

60 The effective mass per radiating area is the mass per radiating area divided by the fin efficiency.
61 The finefficiencylisted forthe compositeheat pipe radiator is estimatbdsed on an analysis using
the Thermal Synthesizer System (TSS) and SINDA/FLUINT. The actual value is unknown.
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3.0 ORBITAL MISSIONS

Several aspects of orbital operations are unique. Microgravity, generated by the
motion of the vehicle itself, is the only body force which applies to orbital operations. The
time constant associated with an orbitgtle is onthe order of a couple of hours less
for a low altitude orbit. This allows a frequent transition between sunlight and shade.
Finally, bythe nature of thenvironment itselfthere ardew additional natural resources
or atmosphere of any type associated with an orbital mission.

31 INTERNATIONAL SPACE STATION EVOLUTION

3.1.1 Reference Mission

This study assumeéhat the curreninternational Space Stati¢i5S) TCSORUSs
will need replacement and augmentation after year 20 (year 2&k0jming groject
genesis in 1997). Thaurrent radiator configuration sx flow-through radiator ORUs in
two clusters. Due to micrometeoroid impacts, optical property degradatiomttaerd
failures, it is assumetthatall six radiator ORUs will beeplaced. Further, it is assumed in
year 20ISS will be augmented witltwo solar dynamic power modules increasing the
onboard powesupply ofthe U.S.-led portion of ISS from 75 kW to 95 kWhis will
require an additional 20 kW of heat-rejection capability. akernate referencemission
for the advancethermal technologies below would becmnstruct arentirely new space
station.

3.1.2 Baseline Case

ATCS requirements for ISS (Howetdt al, 1994):

 Loop A and Loop B areindependent flow passages witloop A on
segment S1 andloop B onsegmentP1l. Each loop will uskquid
ammonia (NH) to carry heat from the ITCS to the heat-rejectienices
in the ETCS. (See Figure 3.1 for a schematic of the ISS ATCS.)

» Steady-state heat rejection must be greater thagual to 11.67 kW per
radiator ORU for flowrates of 0.1591 kg/s (126@/lir) per loop with an
entrance temperaturg,Tof 283.3 K (50.2F). The set-point temperature
Tspis 275.4 K (36F). This assumes an equatat load on each ETCS
loop.

» The temperature foammonia leavinghe ETCS heat-rejectiatevice
should fall between 199.8 K (-10B) and 273.7 K (38F), inclusive.

» The temperature cimmonia enterinthe ETCS heat-rejectiatevice falls
between 280.8 K (45%) and 285.9 K (54.9F), inclusive.
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Total massfor each of thesix ETCS radiator ORUs on 1S$hould be no
more than 1,080 kg (2,380 Joper ORU. Vith fluids, the current radiator
ORU mass is 1,104.9 kg (2,435.9)I62

Each radiator ORU has 129.8 §1397.2 ff) of radiating surface area for
heat transfer. The radiator mass per radiating area is 8.51 kg/m

The two ammonialoops have mass flowrates of 1.121 kg/s (8,900
and 0.958 kg/s (7,600.lthr). The corresponding total pressure drops for
each loop are 386,100 Nn{56 Ih/in?) and 296,500 N/Mm (43 Ih/in?),
respectively. Assuming #uid density of 635.9 kg/fh (which is for
saturatedliquid ammonia at 275.4 K or 3¢), the necessarypower
delivered tothe fluid is 1130 kW. The total power saside for both
pumps, whichare identical, is 2.650 kW. Therefore, theerall efficiency

of the pumping system must be at least 42.6%.

The pressure drop acrosy ORU radiatompanel set is aleast
34,470 N/m (5.0 Ib/in®) and not more than 48,260 N/fm(7.0 Ib/in®).
Assuming a fluidtemperature equal to the loop temperature, 275.4 K
(36 °F), andmaximum masglowrate through the radiators, 0.9546 kg/s
(7578 Il/hr), the mechanicalpower dissipated withinthe radiator panel
flow passages i§2.5W. Thus,assuming a pumgefficiency of 0.45,
161.1 W of pumpingpower must beavailable for flow through the
radiators in addition to other needs.

The above criteria apply when the heat load is split evenly between Loop A and Loop B.

As of March 30, 1994, Loral Vougt8ystems, theorime ETCS radiatorsub-

contractor, presented the following design information (Hoetd], 1994):

» Current Radiator Design: Each radiator ORU will use eight radiator panels.

Each radiator panel has 22 tubes in spread-spacing. In spread-spacing, the
effectivetubefin area at thganelcenter is less than for the tubes at the
extremities. Based oanalysis,the estimatedhaximumsteadystate heat
rejection is 11.67 kW per ORU for a flowrate of 0.1591 kg/s (126®tp

per path with an entrance temperatugeof 283.3 K (50.2F). The ORU

design has a mass of083.38 kg (2,399.49 ) dry and 1,123.25 kg
(2,476.35 lig)) with all fluids. The mass breakdown is:

62

See Table 3.1 for details.
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Table 3.1 ATCS Radiator ORU Hardware for ISS

NASA TM 104822

Quantity Total Item Mass
Radiator ORU Hardware per ORU kg [
Base Structure (2) 200.81 442. 79
Scissors Beam and Hinges (2) 92.76 204.$|O
Torque Panels and Arms 1) 47.26 104.24p
Cinching Mechanism (6) 23.26 51.27
Deployment Mechanism (1) 34.40 75.84
Deployment Motor (1) 11.39 25.12
Flex Hose and Manifold Set (8) 246.68 543.84
Radiator Panel Set (7 358.37 790.0f4
Radiator Panel Set (2) 50.83 112.0F
Electrical (1) 9.71 21.40
Assembly Hardware () 8.92 19.66
Boeing Furnished Equipment D) 3.99 8.9[
Total Dry Mass as of 29-Mar-94 1088.38 2399.49
(per ORU radiator)
Total Dry Mass as of 28-Sep-94 1070.0 2359.0
(per ORU radiator) (NASA, 1994)
Fluids - NH; (estimated) -- 34.86 76.86

Single-phase ammonia (MHis the workingfluid. This isthe baseline

radiator ORU design.

» Table 3.2through Table 3.8 show the overalSS

hardware masses (NASA, 1994).

ITCSand ETCS

Table 3.2 Significant Structural ATCS Hardware per ORU Cluster

Significant Structural ATCS Hardware Total Item Mass
Masses per Radiator ORU Cluster kg I
Attachment Hardware 552.9 1219.¢)
Keel Structure 95.3 210.0
Primary Truss Structure 3286.2 7244 4
Radiator Beam 1210.0 2667.6
Tank and Pump Structures 298.0 65710
TCS Structural Support 68.0 150.4)
Thermal Radiator Rotary Joint:

TRRJ 306.0 674.6

Flex Hose Coupler 158.8 350.0

TRRJ Torque Box 138.3 305.0
Total Structural TCS Hardware
per Radiator ORU Cluster 6113.5 13478
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Table 3.3 Total Active ETCS Mass in ISS Segments

Total Active ETCS Hardware Mass

in each Module (excluding structural Total Iltem Mass
members, and wiring) kg [a)
Integrated Truss Segment P1
DDCU Coldplate 51.1 112.6
Fluids (NH and N) 322.0 710.0
Instruments and Sensors 352.2 776.4
Pump Module 332.0 731.9
Radiator Beam Valves 104.2 229.8
Radiator ORUs (3) 3210.1 7077.0
Other 570.5 1257.8
Integrated Truss Segment SO
Coldplates 469.9 1036.0
Plumbing and Instruments 249.7 550.6
Integrated Truss Segment S1
DDCU Coldplate 51.1 112.6
Fluids (NH and N) 322.0 710.0
Instruments and Sensors 352.2 776.4
Pump Module 332.0 731.9
Radiator Beam Valves 104.2 229.8
Radiator ORUs (3) 3210.1 7077.0
Other 581.9 1282.8
Node 2
Heat Exchangers 209.6 462.0
Heaters 12.5 275
U. S. Habitation Module
Heat Exchangers 45.4 100.0
Other 25.9 57.1
U. S. Laboratory
Heat Exchangers 55.5 122.3
Other 4.8 10.5
Total 10968.9 24182.0

Table 3.4 Other Significant ATCS Mass in ISS

Other Significant Total Item Mass
ATCS Hardware Masses kg [a}
Piping and Plumbin§3 3363.2 7414.6
Ammonia per ETCS Loof#* 191.8 422.9
Science Power Platform RadiafSr 1000.2 2205.0

63 Estimated from Ungar (1995).
64 From Wuestling (1994).
65  Russian hardware.
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Table 3.5 Total Active ITCS Mass in ISS Segments

Total Active ITCS Hardware Mass in each Total Item Mass
Module (excluding structural members) kg b
Common US/RSA Airlock 169.4 373.5
Node 1 269.0 593.1
Node 2 416.9 919.1
U. S. Habitation Module 849.4 1872.%
U. S. Laboratory 1037.0 2286.1
Total 2741.7 6044.5

Table 3.6 Percentage of ISS ETCS Mass as a Function of Category
Excluding Structural Elements

Category Percentage of ETCS MasH
1. Coldplates 4.1

2. Heat Exchangers 2.5

3. Radiator ORUs 50.8

4. Pump Modules 5.3

5. Instruments and Sensors 6.1

6. Fluids (NH and N) 51

7. Plumbing 16.5

8. TRRJ Assemblies 9.6

Table 3.7 Percentage of ISS ETCS Mass as a Function of Category

Category Percentage of ETCS MasH
1. Coldplates 2.1
2. Heat Exchangers 1.3
3. Radiator ORUs 25.9
4. Pump Modules 2.7
5. Instruments and Sensors 3.1
6. Fluids (NH and N) 2.6
7. Plumbing 8.4
8. Primary Structure 31.6
9. TRRJ Assemblies 4.9

10. Radiator Beams 9.7

11. Other TCS Structure 2.9

12. Other 4.8
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Table 3.8 Breakdown of Mass for ISS Truss Segment P1

Total Mass for Segment P1 Module Total Item Mass
(including structural members) kg b
Additional Mechanical Equipment 112.9 248.9
Additional Wiring 1283.7 2830.1
Antennas and Cameras 375.3 827.4
Attachment Hardware 552.9 1219.0
Crew Equip. Trans. Assembly Cart B 319.8 705.1
Command and Data Handling 289.7 638.6
DDCU and Connector Box 129.2 284.9
Dedicated ETCS Equipment

DDCU Coldplate 51.1 112.6

Fluids (NH and N) 322.0 710.0

Instruments and Sensors 352.2 776.4

Pump Module 332.0 731.9

Radiator Beam Valves 104.2 229.8

Radiator ORUs (3) 3210.1 7077.0

Other 570.5 1257.8
Handholds and Worksites 253.6 559.1
P1 Keel Structure 95.3 210.0
P1 Primary Truss Structure 3286.2 7244.8
Passive TCS Equipment 129.0 284.3
Radiator Beam 1210.0 2667.6
Remote Power Controller Modules 72.2 159.2
RJMC 70.9 156.2
Support Radiator 4.5 10.0
Tank and Pump Structures 298.0 657.0
TCS Structural Support 68.0 150.0
Thermal Radiator Rotary Joint,

Torque Box, and Coupler 679.9 1498.9
Utility Distribution System

Support Structure 428.2 944.0
Total 14601.4 32190.6

Elements listed as structural orechanical memberare included in the
listings for truss P1 for reference purposes. These, allieare not
designed to be easily replaced once ISS is actually on orbit.

» The photovoltaic power arrahermal controlsystem(PV-TCS), though
separate from the central ATCSyexy similar. It istherefore appropriate
to examine mass savinfig thissystem should replacement be necessary.
Whenfully operational, ISS wilderive electricity from four solgpower
modules. Each module mountso &ternal dc-to-dc convertemnits
(DDCU-E) and a PV-TCS radiator ORU. The PV-TCS radiator ORUs are
smaller versions ofhe flow-through radiator ORUs used in the ATCS.
This study will briefly examinereplacingthe PV-TCS radiators and the
DDCU-E interfaces. Table 3.9 presents the relevant baseline masses.
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Table 3.9 Masses of Photovoltaic Power Array Thermal Control System Members

Quantity
Masses for Some PV-TCS Equipment per Item Mass
(Found on Segments S4, S6, P4, and P6) Segment kg b
dc-to-dcConverter Unit-External (2) 63.5 139.9
PV-TCS Radiator ORU 1) 618.0 1362.5

3.1.3 Implementing the Reference Mission

If one replaces and augments tB& TCSwith additional flow-through radiator
ORUs, the TCS configuratiofollowing year 20 would include eight radiatQRUSs.
These replacement radiators would be mounted/anclusters of three ORUs each and
one cluster ofwo ORUs. In addition to thewo radiatorORU clusters on segments S1
andP1, ahypothetical thirdruss segment, designated her@@swould be added to ISS

to support the radiator clustewith two ORUS.
configuration for PO.

Table3.10 shows theassumed

Table 3.10 Breakdown of Mass for Proposed Truss Segment PO

Total Mass for Segment PO Module Total Item Mass
(including structural member§§ kg [
Attachment Hardware 414.7 914.2
DDCU, Coldplate, and Connector Box 180.3 397.5
Dedicated ETCS Equipment for

Two Radiator ORUs 3260.7 7188.6
PO Primary Truss & Keel Structure 2254.3 4970.0
Passive TCS Equipment 129.0 284.3
Radiator Beam 806.7 1778.4
Tank and Pump Structures 198.7 438.0
TCS Structural Support 45.4 100.0
Thermal Radiator Rotary Joint,

Torque Box, and Coupler 679.9 1498.9
Other 2408.1 5309.0
Total 10377.8 22878.9

66 This construction for segment PO is based primarily on the values given in Table 3.8 for segment P1.
Some ofthe component massis segment P@relower to reflectattachment obnly two radiator
ORUsinstead of three Specifically,the massefor "Attachment Hardwarednd "Other" are three-

quarters of the corresponding masses listed for segment P1, which are more conservative estimates to

account for equipment which must be installed regardlesiseohumber 0ORUsincluded. The
masses for "Primary Truss & Keel Structure,” "Radi@eam,""Tank andPump Structures," and
"TCS Structural Support" are two-thirds of the corresponding masses listed for segment P1.
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Table 3.11 Summary of Active ETCS Mass to be Added in Year 20

Total Active ETCS Hardware Mass Added Total Item Mass

in Year 20 (excluding structural members) kg b

Integrated Truss Segment PO
DDCU Coldplate 51.1 112.6
Fluids (NH and N) 214.7 473.3
Instruments and Sensors 234.8 517.6
Pump Module 221.3 487.9
Radiator Beam Valves 69.5 153.2
Radiator ORUs (2) 2140.0 4718.0
Other 380.4 838.5

Total 3311.8 7301.1

This would lead to an overaf TCS equipment mass in ye&0, excluding structural
components angiping, of 14,280.7 kg (31,483.7 ) for the referencéSS evolution
mission.(SeeTable 3.3 and Tabld.11) Overall, this vehicle wuld circulate 453.3 kg
(999.5 I, of ammonia, or 226.7 k@199.7 |, per ETCS loof’. It is presumedhat
clusters with four radiator ORUs in the present radiator locationsic@reeasible for
dynamic orstructural reasonsAssuming a pumgfficiency of0.45, the powenecessary
just to pumpammoniathrough the eight radiator ORUs is 215 W. Thus, the total
pumpingpower will be 2,704 W. Thassumegowermass penalty 1476 kg/kw while
using continuous power. Thus, the power as mass is 1,287.1 kg (2,83.7.6Hb power
mass penalty (Table 3.12) may be broken down as:

Table 3.12 Breakdown of ISS Power Mass Penalty

Mass Penalty

Source [Ka/KWsyppiied
Photovoltaic Array (generation) 50
Storage

Batteries 157

Thermal Control System 80
Power Management and Distribution 54
Structure 135
Total for Continuous Power 476

Thus, the overall baseline ETCS mass for ISS evolution is 15,567.8 kg (34,321.3 Ib

A major disadvantage of this referemoession isthe need to adddditionaltruss
segments to accommodate #dditional radiator ORUs. Because these additional trusses
need to be fixed with respect to the SO truss segment, they need to eventually be located in

67  Actually, the total working fluid mass will probably be greater than the values listed here because the

ETCS fluid mass in the lines to and from the two additional radiator ORUs has not been included. If
any additional habitable segments are added inetlwdution, the ETCS fluid mass will further
increase.
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board of the solaalpharotary joints on segments S3 afR8. It ispresumedhat this
augmentation operation would require major reconstructighedbaselinelSS structure
to properly locate thadditional radiator ORUsThis would probably requirengthy and
unacceptable periods during which ISS is not fully available for use.

3.1.4 Parametric Study Using the Baseline Case

Parametric studies are often used to determine the sensitivity of a desiggt tuf a
prescribed variables. For thosevariables to whichthe design showsthe greatest
sensitivity,the greatest care must &eercised to accurately determine these valliéss
study provides bounds on the extent®% ETCSheat-rejection variation based on some
of the more common ETCS parameters.

A simple modefor theBaseline Case can be developed by considering an overall
heatbalancefor a single radiator ORUBasically,the heat lost by themmonia flowing
through the radiator tubes must be equal to the net emission by the radiator panels. Thus:

dE . . .
E = Egenerated+ E i E out
Assumptions and Restrictions:

» The heat transfer for a radiator panel is steady without internal generation.
» The difference betweethe simple average temperature of the panel

surface,Tp, and the simple average temperature ofatmenonia,T , is a
known linear function of the sink temperaturg, Here:

T-T, =-0.0500T, + 138&

The base values for this model (Andish, 1995) are:
Te ‘ T-T
K o | K ©°F

244.3 -zo\ 1.7 3
2109 -80| 33 6

* The radiator ORUin efficiency,n (Tg), is a linear function othe sink
temperature, d Here:

N(Te) = 0.00204% T,+0.380

The base values for this model (Farner, 1995, and Ungar, 1995) are:

Te | n
K o |

240.0 -27.7{ 0.87
249.8 -10.0 0.89
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* An averagespecificheat, computed at thengdle average temperature of
the ammoniag, (T), may be used for the fluid side heat transfer. Here:

(M = 0.008286W " S T+ 24XV S
kg* K kg* K

The parametric study computes the heat rejection for a radiatorddRbining
eightindividual panels. Six radiator ORUme present for the TCS on ISS. The LVS
Base Case presented below usesviaes presented by Lorslought Systems(LVS)
(Howell, et al, 1994). Theyeport a heatejection of 11.67 kW whicthe currensimple
model reproduces at a sink temperature of 245.4 K (°E3.0

Input study constants:

Stefan-Boltzman&onstant 5.67& 1011 kW/(nm™*K %)
Radiating Area 129.8 M
Infrared Emissivity8 0.90
Calculation Tolerance 0.0001

The initial casesexaminethe LVS Casedesign case) and combinationsttoé minimum
and maximumallowable ammonia madbwrates andnlet temperatures. These cases
provide bounds on the current abilities of the radiator ORU design.

LVS Case Case Al1l Case Al12

Mass Flowrate of Ammonia [kg/s] 0.1591 0.1591 0.0031
Ammonia Inlet Temperature [K] 283.3 283.3 283.3
Sink Temperature [K] 245.4 249.8 249.8
Fin Efficiency 0.88 0.89 0.89
Average Ammonia Temperature [R} 275.5 276.2 253.4
Average Panel Surface Temperature [K] 273.9 274.8 252.1
Average Ammonia Specific Heat [kW*s/kg*K] 4.71 4.71 4.52
Outlet Temperature of Ammonia [K] 267.7 269.1 223.6
Total Heat Rejection per Radiator ORU [kW] 11.68 10.66 0.84
Heat Rejection per Unit Area [kW/in 0.0900 0.0821 6.4810°

Case B11 Case B12 Case C11 Case C12

Mass Flowrate of Ammonia [kg/s] 0.1591 0.0031 0.1591 0.0031
Ammonia Inlet Temperature [K] 280.8 280.8 285.9 285.9
Sink Temperature [K] 249.8 249.8 249.8 249.8
Fin Efficiency 0.89 0.89 0.89 0.89
Average Ammonia Temperature [K] 274.3 253.3 278.2 253.6
Average Panel Surface Temperature [K] 272.9 251.9 276.7 252.2
Average Ammonia Specific Heat [kW*s/kg*K] 4.70 4.52 4.73 4.53
Outlet Temperature of Ammonia [K] 267.7 225.7 270.4 221.3
Total Heat Rejection per Radiator ORU [kW] 9.74 0.77 11.64 0.91
Heat Rejection per Unit Area [kW/in 0.0750 5.9%10° 0.0897 6.9810°

68  This value was suggested by Keller (1995 a) and is consistent with other sources for ISS.
69 This is the simple arithmetic average of ammonia inlet and outlet temperatures.
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Case A21 Case A22

Mass Flowrate of Ammonia [kg/s] 0.1591 0.0031
Ammonia Inlet Temperature [K] 283.3 283.3
Sink Temperature [K] 238.7 238.7
Fin Efficiency 0.87 0.87
Average Ammonia Temperature [K] 274.6 244.0
Average Panel Surface Temperature [K] 272.6 242.1
Average Ammonia Specific Heat [kW*s/kg*K] 4.70 4.45
Outlet Temperature of Ammonia [K] 265.8 204.8
Total Heat Rejection per Radiator ORU [kW] 13.08 1.08
Heat Rejection per Unit Area [KWAn 0.101 8.3410°

Case B21 Case B22 Case C21 Case C22

Mass Flowrate of Ammonia [kg/s] 0.1591 0.0031 0.1591 0.0031
Ammonia Inlet Temperature [K] 280.8 280.8 285.9 285.9
Sink Temperature [K] 238.7 238.7 238.7 238.7
Fin Efficiency 0.87 0.87 0.87 0.87
Average Ammonia Temperature [K] 272.6 243.9 276.6 244.3
Average Panel Surface Temperature [K] 270.7 241.9 274.6 242.3
Average Ammonia Specific Heat [kW*s/kg*K] 4.68 4.44 4.72 4.45
Outlet Temperature of Ammonia [K] 264.4 206.9 267.2 202.6
Total Heat Rejection per Radiator ORU [kW] 12.19 1.02 14.02 1.15
Heat Rejection per Unit Area [kW/in 0.0939 7.8410° 0.108 8.8%10°

Thefollowing studies increasdtie inlet ammonigemperature and varied temk
temperaturavhile holdingthe mass flowrate constant. The purpose here was to observe
how an increased thermal bus temperature affected heat rejection.

Case D11 Case D21 Case D31 Case D41

Mass Flowrate of Ammonia [kg/s] 0.1591 0.1591 0.1591 0.1591
Ammonia Inlet Temperature [K] 290.9 290.9 290.9 290.9
Sink Temperature [K] 249.8 238.7 227.6 210.9
Fin Efficiency 0.89 0.87 0.84 0.81
Average Ammonia Temperature [K] 281.9 280.4 279.1 277.7
Average Panel Surface Temperature [K] 280.6 278.4 276.6 274.4
Average Ammonia Specific Heat [kW*s/kg*K] 4.76 4.75 4.74 4.73
Outlet Temperature of Ammonia [K] 273.0 269.9 267.4 264.5
Total Heat Rejection per Radiator ORU [kW] 13.57 15.88 17.75 19.81
Heat Rejection per Unit Area [KWAn 0.105 0.122 0.137 0.153
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Case D12 Case D22 Case D32

Mass Flowrate of Ammonia [kg/s] 0.0031 0.0031 0.0031
Ammonia Inlet Temperature [K] 290.9 290.9 290.9
Sink Temperature [K] 249.8 238.7 227.6
Fin Efficiency 0.89 0.87 0.84
Average Ammonia Temperature [K] 254.0 244.6 235.6
Average Panel Surface Temperature [K] 252.6 242.7 233.1
Average Ammonia Specific Heat [kW*s/kg*K] 4.53 4.45 4.38
Outlet Temperature of Ammonia [K] 217.0 198.4 180.3
Total Heat Rejection per Radiator ORU [kW] 1.04 1.28 1.51
Heat Rejection per Unit Area [KWAn 7.99x10°  9.84x10° 0.0116

The final studies aresimilar to the previous set except that theet ammonia
temperature was variethtil the outlelammoniatemperature reached either thaximum
or minimumset-point temperature [273.7 K (88) or 199.8 K (-100F)].

Case E11 Case F21 Case G31 Case H41

Mass Flowrate of Ammonia [kg/s] 0.1591 0.1591 0.1591 0.1591
Ammonia Inlet Temperature [K] 292.3 298.3 302.8 307.5
Sink Temperature [K] 249.8 238.7 227.6 210.9
Fin Efficiency 0.89 0.87 0.84 0.81
Average Ammonia Temperature [K] 283.0 286.0 288.3 290.6
Average Panel Surface Temperature [K] 281.6 284.1 285.8 287.3
Average Ammonia Specific Heat [kW*s/kg*K] 4.77 4.79 4.81 4.83
Outlet Temperature of Ammonia [K] 273.7 273.7 273.7 273.7
Total Heat Rejection per Radiator ORU [kW] 14.12 18.75 22.30 25.94
Heat Rejection per Unit Area [kW/in 0.109 0.144 0.172 0.200

Case 112 Case J22

Mass Flowrate of Ammonia [kg/s] 0.0031 0.0031
Ammonia Inlet Temperature [K] 310.9 289.2
Sink Temperature [K] 249.8 238.7
Fin Efficiency 0.89 0.87
Average Ammonia Temperature [K] 255.3 244.5
Average Panel Surface Temperature [K] 254.0 242.6
Average Ammonia Specific Heat [kW*s/kg*K] 4.54 4.45
Outlet Temperature of Ammonia [K] 199.8 199.8
Total Heat Rejection per Radiator ORU [kW] 1.56 1.23
Heat Rejection per Unit Area [kW/in 0.0120 9.56:10°

These results are summarized graphically by Figurth®R2ghFigure 3.7.
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a function of ammonia inletemperature for a flowrate of 0.0031 kgyshich is the

minimum radiator flowrate.
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Figure 3.4 BaselineCase Parameter Study Results: Total heat rejected per radiator
orbital replacement unit as a function of ammonia itdetperature for a flowrate of
0.0031 kg/s, which is the minimum radiator flowrate.
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Figure 3.5 BaselineCase Parameter Study Results: Total heat rejected per radiator
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0.1591 kg/s,which is the maximum radiatorflowrate. The LVS Case has snk
temperature of 245.4 K and an ammonia inlet temperature of 283.3 K.
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3.1.5 Advanced ATCS Architecture for International Space Station Evolution

Currently, the assumel&S projectife is 30 years from thedate construction
begins onorbit. As noted above, the TCS radiator ORUs assumed to need
replacement in yeé0. Because theriginal architecture and the advanced architectures
which follow have servicéves inexcess of 10 years, the computedss savings i®r a
single radiator-ORU replacement. Qualitative assessments for these advanced
technologies are presented in Section 2.0.

3.1.5.1 Two-Phase Thermal Control System With Mechanical Pump/Separator

For the specific ISS evolution to a two-phase TCS with MP/% several
assumptions areelpful. Overall,the currensingle-phase plumbingndlines will not be
removed. Thesingle-phase radiator atat exchanger ORUBSill be replaced with an
equivalent number divo-phase units. Therefore, changes in the ORU rlagsmass,
and pumping power need to be considered.

Ungar (1995) presents a study compasingle-phasand two-phase TC&esigns
for space stations dfiffering sizes. His exampler a large station is the previousS.-
led Space Statiowhich containedwo more crew modules than the curré®8 design.
However, with theadditionalpower modules in yeaR0, ISSmay add somedditional
modules forhuman activities leaving it to closely resembiegar's large station. Ungar
(1995)givesthe pumpingpower for thdarge station with a two-pha3&S with MP/S71
as 0.697 kW. In ye&0, ISS will use 2.7 kW faits single-phase cascade system. From
Ungar (1995), the projected radiator areasravghly equivalent fothe two-phase TCS
with MP/Sdesign andhe correspondingingle-phase cascade dedignthe large station.
(The two-phase TC®ith MP/S design uses 9% less radiatoea.) Assumingthe two
TCSs use thesame radiatingarea, the mass for a comparable two-phase radiator is
available. Howell, et al. (1994), presents tHenal two-phase radiator ORdesign before
the ISS TCSevolved from a two-phasgystem to a single-phase cascade systéhis
two-phase radiator ORdesign (designateBevision K)uses thesame surfacarea and
roughly the same tube arrangement as the currersing§i®-phaseadiator ORUs.

Dry ORU Mass ORU Fluids Pumping Power as Mass$
Thermal Control System [kg] Mass [kg] Power [kW] [kg]
Single-Phase Cascade 1070.0 kg 34.9 kg 2.700 1285.2 kg
Two-Phase With Mechanical
Pump/Seperator 1051.0 kg 22.7 kg 0.697 331.8 kg
Total Mass Savings 19.0 kg 12.2 kg 2.00 953.4 kg

For asystem of eight radiator ORUthe total massavings is 249.6 k¢50.3 Iy,) for
hardware deleted and 953.4 kg (21019 for the reduction in required pumping power.

70 See Section 2.1.1 for details of a two-phase TCS with MP/S.
71 Ungar (1995) designates this TCS as a rotary fluid managetesite (RFMD) type two-phase
TCS.
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Specific Assessments:

Equipment Mass Savings 250 kg
Power Savings 2.00 kw
Power Savings as Mass 953 kg
Overall Mass Savings 203 kg
Composite Qualitative Score 0

3.1.5.2 Low-Power Two-Phase Thermal Control System

As in the previous sectiosgveral assumptior@genecessary to analyze a bio-
phase TCS2 for ISSevolution. Overallthe currensingle-phase plumbingndlines will
not beremoved. Thesingle-phase radiator argbat exchanger ORUs will be replaced
with an equivalent number of two-phase units. Therefore, changes in the ORtfludass,
mass, and pumpingower need to be considered. Thesedartical tothe assumptions
in the previous section. Thusjthvrespect to thenalysishere, theonly quantifiable
difference between a two-phase TCS with MP/S and a LP two-phase TCS is the additional
savings in pumpingower associatedith the latter option. Ungar (1995) presents a
pumping power value of 355 Wfor the LP two-phase TCS on a large space station.
Thus:

Dry ORU Mass ORU Fluids Pumping Power as Mass$
Thermal Control System [kg] Mass [kg] Power [kW] [kg]
Single-Phase Cascade 1070.0 kg 34.9 kg 2.700 1285.2 kg
Low-PowerTwo-Phase 1051.0 kg 22.7 kg 0.355 169.0 kg
Total Mass Savings 19.0 kg 12.2 kg 2.35 1116.2 kg

For asystem of eight radiator ORUthe total massavings is 249.6 k¢50.3 Iy,) for
lighter hardware and 1116.2 k460.8 I, for the reduction in required pumping power.

Specific Assessments:

Equipment Mass Savings 250 kg
Power Savings 2.35 kW
Power Savings as Mass 1,116 kg
Overall Mass Savings 366 kg
Composite Qualitative Score -1

3.1.5.3 Capillary Pumped Loops

Based on Section 3.1.8apillary pumped loops2 will save 2.7 kW, which is the
estimated ETC$®umping power following ISS evolution. Upon converting this to an

72 See Section 2.1.2 for details of a LP two-phase TCS.
73 See Section 2.1.4 for background on capillary pumped loops.
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equivalent masshe savings inpower is 1,285.2 kg (2,833.4.Jb As above, most of the
capillary pumped loop equipment mass is assumed soridar tothe correspondingnass

of the equipment for theingle-phaseTCS with mechanicalpumps. However, the
capillary pumped loopwill use the two-phase radiaeanels whichyield a savings of
249.6 kg (550.3 ) in lighter hardware for aystem of eight radiator ORUs. Thus, the
overall savings for this option is 1,534.8 kg (3,383y).1b

Specific Assessments:

Equipment Mass Savings 250 kg
Power Savings 2.70 kW
Power Savings as Mass 1,285 kg
Overall Mass Savings 1,535 kg
Composite Qualitative Scoré -2

3.1.5.4 Vapor Compression Heat Pump

To incorporate a vapor compression heat ptingystentor ISSevolution several
assumptions apply. The heat pump is generi@amdonia ighe workingfluid within the
radiators. The NASApecification used by LVS to sitiee radiator ORUgjiven above
by the LVS Case in the parametric study, is the sizing criterion for the heat puraly,
the design here is assumed to hawve radiator ORUs likéhe current ISRATCS
configuration.

Cold Source Temperatureg Taverage ETCS temperature) 275.5K

Temperature Lift, I - Tc 30.6 K
Hot Source Temperaturey{condenser temperature) 306.1 K
Radiator Inlet Temperaturej,T 302.0K
Environmental Temperatureg;dk 245.4 K
Total Cooling Load, @ 93.36 kW

(which is equivalent to the load from 8 LVS Case ORUS)

For a Carnogfficient heat pump, theoefficient of performance (COR)ay beexpressed
as:

74 Because ISS evolution assuntieat anexisting vehicle would be retrofit to use a capillary pumped
loop, the assessment for deployment for this mission is “difficult.” Furtieegusehis is an orbital
mission, the development cost is “high.”

75 See Section 2.2.1 for details of vapor compression heat pumps.
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For anonidealheat pump, the required work input is:

_ Qc

Wiea =———
el n COI::‘Carnot

From these equations,

Ideal Coefficient of Performance, C&4rhot 9.00
Heat Pump Efficiencyy 76 (Ewert, 1991) 0.50
Necessary Input Power, MY 20.7 kW

The ETCS radiators are modeled by the model developed for the parametric study.

Radiating Area per radiator ORU 129.8 m

Fin Efficiency 0.88

Emissivity 0.90

Radiator Mass Flowrate of Ammonia per Radiator ORU 0.1591 kg/s
Average Panel Surface Temperature 288.1 K

Heat Rejection per Unit Area 0.147 kW/m

By the first law of thermodynamics for a heat pump,
QH,reaI = VVreal'*' Q C

Total Heat Rejected by the Radiators; (& 114.1 kKW
Necessary Radiator Surface Area 7780 m
Number of Radiator ORUs Required 6

To check thatthis configuration was indeed minimum, a parametric study was
conductedusingthe model developed above (Figure 3.8). From this stilndy mass for
the heat pumpowerrequirements increases mayaickly than themass ofthe radiator
ORUs decreases. Therefore, the heat pump saa®s awerall becausige trussegment
PO may bedeleted once aufficiently hightemperaturdift is used. In this casthat
temperature lift is 30.6 K.

To account for pumping fluid through the hpamp condenser aride heapump
evaporator pumpingpower equal to 150% othat required for the radiators is added.
After deducting the radiatqgumpingpower for thebaselinecase, this results in a net
pumpingpowerincrease of 187.1 W. However, this heat pumip save mass iother
areas because the truss segment PO may be deleted entirely.

76 Percentage of Carnot coefficient of performance (COP).
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Figure 3.8 Variation of thedSS ETCS mass asfanction of heat pump temperatuife
for the LVS Case.

Net Mass Decrease Due to Vapor Total Item
Compression Heat Pump Installation Mass [kg]
Heat Pump’’ -699.1
Segment P@8 10,377.8
Mass of Power for Heat Pump, 20.7 kW -9839.6
Mass of Pump Power Due to Added

Equipment, 0.1871 kW -89.1
Total -250.0

77 The heat pump mass is the sum of its component masses. The evapuatatmdenser masses are
2.72 kg per kW of heat exchanger capacity (Swanson, Sridhar, and Gottman, 1993). The total of the
heat pump compressor and driving motor masses is taken as 31.83 (InpW4¥(@ceen, 1991).

78 See Table 3.10 for details.
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This heatpump’s maindisadvantage is an extremdligh power requirement?® but this
option does notequire adding additionatuss segments for radiator ORUs. If the heat
pumpsupports could baffixed to existingstructuresthis wouldminimize disruptions to
ISS operations.

Specific Assessments:

Equipment Mass Savings 9,679 kg
Power Savings -20.9 kW
Power Savings as Mass -9,929 kg
Overall Mass Savings -250 kg
Composite Qualitative Scofé 0

3.1.5.5 Solar Vapor Compression Heat Pump

A solar vapor compression hgatmp8!l uses thesame equipment ake heat
pump presented in SectiBril.5.4 except thanput power is provided by a dedicated
solar photovoltaic array instead of by the general station resources. Fubiyyeassa for
the heat pump will allow the ETCS to use the radiatwextly whenthe heat pump is not
in use on the darkide ofthe orbit. Therefore, a solar heat pump dogtsrequire any
electrical storage.Using the assumptiothat the powemanagement and distribution
system mass can beat by athird and the power storage mass be entirely eliminated,
the appropriate powerass penalty from Tab®12 becomes 221 kg/kW. Tipemping
power is computedising a penaltyfactor of 476 kg/kwW because continuous use is
assumed. The net mass decrease for a solar vapor compression heat pump is:

Net Mass Decrease Due to Solar Vapor Total Item
Compression Heat Pump Installation Mass [kg]
Heat Pumg#2 -699.1
Segment P83 10,377.8
Mass of Power for Heat Pump, 20.7 kW -4568.4
Mass of Pump Power Due to Added

Equipment, 0.1871 kW -89.1
Total 5021.2

79 Thepower consumptiohere is equivalent to the entire output of the sptawer modules added as
part of the upgrade to ISS in yed. While additionapower modules may be addedoffset usage
by the heat pum@nd this is thessumed scenarithis comparisomopefully puts some perspective
on the heat pump’s power consumption.

80 The deployment forthis option is“easy” becausehis technology doesot require additional
supporting trusses. However, the development cost is “high” because this is an orbital mission.

81 See Section 2.2.2 for details on solar vapor compression heat pumps.

82 See the footnotes for Section 3.1.5.4 for the heat pump sizing correlation.

83 See Table 3.10 for details.
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The solar heat pump has theme advantages tiee standard heat pump presented in the
previous section. However, the mass of the required supporting ggstemsor the
solar heat pump iabouthalf of the corresponding powenassfor the standard heat
pump. Because the powsrstemaccounts for over 90% of the mass added for the vapor
compression heat pump, reducing this mass by over half is highly advantageous.

Specific Assessments:

Equipment Mass Savings 9,679 kg
Power Savings -20.9 kW
Power Savings as Mass -4,658 kg
Overall Mass Savings @1 kg
Composite Qualitative Scofé +1

3.1.5.6 Arterial Heat Pipe Radiators

For the mission of ISS evolution, the first arterial hegiipe8> configuration
presented uses 13.11-m (43-its. These unitare the longest that wiit in the
payload bay of &huttlevehicle. Longer heat pipes during ground testing demonstrated
the best heat rejection per usitstem mass (Chamblismd Ewert, 1990). Thus, the
13.11-m heat pipes wengiginally selected apart of the Space Statidraseline ATCS.
Tests on orbit using 15.24-m heat pipfesere less than satisfactory. A shorter heat pipe,
6.71-m (22-ft) long, functionedell whentested on orbit (Brown, Ungar, abrnwell,
1992)87. The second configuration presented employs this shorter heat pipe.

13.11-meter (43-foot) Long Arterial Heat Pipe Panels

After the ISS evolution mission inyear 20, the total load rejected by thight
ETCS flow-through radiator ORUs asmk temperature of 245.4 K would be 93.39 kW.
Assuming an equivalent load for arterial heat pipes, analysis yields:

Heat Load Rejected 93.36 kW
Average ETCS Ammonia Temperature 275.5 K
Fin Efficiency (Pekrulet al, 1989) 0.925
Surface Emissivity 0.90

Temperature Drop Between the ETCS
Heat Exchanger and the Arterial

Heat Pipe (Chambliss and Ewert, 1990) 24K
Average Radiator Temperature 273.1 K
Sink Temperature 2454 K

84 The deployment forthis option is“easy” becausehis technology doesot require additional
supporting trusses. However, the development cost is “high” because this is an orbital mission.

85  See Section 2.3.1 for a description of arterial heat pipes.

86  This is the SHARE test.

87  This is the SHARE Il test. Besides the length, the heat pipe @hsted) SHARE |l used a different
internal arrangement than the heat pipe tested during SHARE.
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Arterial Heat Pipe ORU Surface Area 7.43m
Total Heat Pipe Radiating Area 1,021.55 m
Total Number of Heat Pipe ORUs 137.45

In terms of actual hardware, it is assuntieat each ETCS heaixchanger will hold six
arterial heat pipe ORUs. The ETCS heat exchangers are affixed to the mhatouss

in a linewith the arterial heat pipes extending from one side. The center of the radiator
beam truss attaches to the TRRJ interface.

Rounding the previous estimate upward, fthal configuration will use 138 heat
pipe ORUs and 2BTCS heat exchanger3hey will be deployed itwo clusters of eight
ETCS heatexchangers plus one cluster of sed€NCS heat exchangers, temain
consistent with the assumé8S reference mission.Further, themassfor the ETCS
condenser in theriginal two-phasesystem given irfsection 2.3.1 will beassumed for the
ETCS heat exchangers. The powergomping flowthrough the ETCS heatxchangers
is assumed to equal tipewer required fopumping fluidthrough the current ISS flow-
through radiator ORUsAdditionally, to instalithe 13.11-m arterial heat pipe radiators on
ISS, new radiator beartrusses will be needed. Thaseline radiator beatrusses will be
removed and the radiatbleamtruss for segment P8 will be omitted. Thus, for the
13.11-m arterial heat pipes:

Mass Savings Using ltem Mass Quantity in Total Mass
13.11-m Arterial Heat Pipes [ka] Year 20 ko]
Arterial Heat Pipe ORU -40.88 (138) -5641.4
ETCS Heat Exchanger and

Interfacial Mechanism -137.40 (23) -3160.2
Radiator Beam Truss (per ORU panel) -1.59 (138) -219.4
Total Mass for Arterial
Heat Pipe Radiators -9021.0
ISS Flow-Through Radiator ORU With
Fluids (28-Sep-94) 1104.9 (8) 8838.9
Segment PO Radiator Beam 806.7 (1) 806.7
Total Baseline Configuration Mass 9645.6
Equipment Mass Savings 624.6

The 13.11-m arterial heat pipe radiators wikld a mass savings 0624.6 kg
(1,377.0 I, in hardware compared with th8S referencemission usinglow-through
radiator ORUs.

6.71-meter (22-foot) Long Arterial Heat Pipe Panels

After the ISS evolution mission inyear 20, the total load rejected by thight
ETCS flow-through radiator ORUs asak temperature of 245.4 K would be 93.39 kW.
Assuming an equivalent load for arterial heat pipes, analysis yields:

88  See Table 3.1fbr a listing of truss segment PO.
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Heat Load Rejected

Average ETCS Ammonia Temperature

Fin Efficiency8?

Surface Emissivity

Temperature Drop Between the ETCS
Heat Exchanger and the Arterial
Heat Pipe (Chambliss and Ewert, 1990)

Average Radiator Temperature

Sink Temperature

Arterial Heat Pipe ORU Surface Area

Total Heat Pipe Radiating Area

Total Number of Heat Pipe ORUs

NASA TM 104822

93.36 kW
275.5K
0.925
0.90

2.4 K
273.1K
245.4 K
6.94 m
1021.55 m
147.20

In terms of actual hardware, it is assuntieat each ETCS heatchanger will hold four
arterial heat pipe ORUs. The ETCS heat exchangers are affixed to the mhatouss

in a linewith the arterial heat pipes extending from both sides. In fact,EEBECIS heat
exchanger hasvo sockets on each side. The end of the radla@amtruss attaches to

the TRRJ interface.

Rounding the previous estimate upward, fthal configuration will use 148 heat
pipe ORUs and 3ETCS heat exchangersThey will be deployed inwo clusters of
13 ETCS heaexchangers plus one cluster teih ETCS heat exchangers,rémain
consistent with the assumé8S reference mission.Further, themassfor the ETCS
condenser in theriginal two-phasesystem given irfsection 2.3.1 will beassumed for the
ETCS heat exchangers. The powergomping flowthrough the ETCS heaixchangers
is assumed to equal tipewer required fopumping fluidthrough the current ISS flow-
through radiator ORUsAdditionally, to installthe 6.71-m arterial heat pipe radiators on
ISS, new radiator beartmusses vl be needed. Agairthe baseline radiator beatrusses
will be removed and the radiator beam truss for segment PO will be deleted. Thus:

Mass Savings Using ltem Mass Quantity in Total Mass
6.71-m Arterial Heat Pipes [ka] Year 20 ko]
Arterial Heat Pipe ORU -45.05 (148) -6667.4
ETCS Heat Exchanger and

Interfacial Mechanism -78.92 (37) -2920.0
Radiator Beam Truss (per ORU panel) -3.81 (148) -563.9
Total Mass for Arterial
Heat Pipe Radiators -10151.3
ISS Flow-Through Radiator ORU With
Fluids (28-Sep-94) 1104.9 (8) 8838.9
Segment PO Radiator Beam 806.7 (1) 806.7
Total Baseline Configuration Mass 9645.6
Equipment Mass Savings -505.7

89

Internally, 6.71-m arterial hegiipes have four extrusions itheir evaporatorsand condensers.

Thus, eventhough these panels are widérey havethe same firefficiency asthe 13.11-m heat
pipes. The fin efficiency for the 13.11-m heat pipes is given by Peitral, (1989).
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The 6.71-m arterial heat pipe radiators will require 505.7 k@1419 l,) more in
hardware compared with the ISS reference mission using flow-through radiator ORUs.

Arterial Heat Pipe Reliability

The arterial heat pipes will hatgh reliabilitydue tousing numerousdividually
sealed elements and their ease of replacement. Loss of ahsiagjgpe ORU wilhave
negligibleeffect on ISS's overall heat rejectioRurther,any one heat pipe ORU can be
replaced much more easily than the flow-through ORUs. Christiansen (1992) phedicts
micrometeoroids and orbital debris will punctdiine flow-through radiator ORUs 1.55
times duringthe final ten years of theriginal 30-yeanSS projectife. His results are
presented below angraphically in Figure 3.9.Here the arterial heat pipastallation
using6.71-m heat pipes is selected/hile the 13.11-m option ikess massivahe shorter
heat pipes are already proven on orbit.

Time [Years]
10 20 30
Cumulative Number of Flow-Through Radiator
Perforations Due to On-Orbit Debf8 0.616 1.6 3.15

It is assumedthat any debrigpuncture to the ISS ETCS willrain the
corresponding flow loop in about two hours (Keller, 1995 a). After the hole is patched, or
the damaged section of the radiator is clogdfromthe rest of thélow loop, the
appropriate ETCS flow loop can be refilled using new ammonia, 22617 lsgpught on a
resupply flight. Further, this process will be acutely necessary because one loop
representdalf of the heat-rejectionapability ofthe U.S.-led portion of ISS. In contrast,
assuminghe ETCS heatxchangers for the arterial heat pipesvee# shieldedsuchthat
an ETCS loop puncture imlikely, puncturing debris will rendesnly a singleheatpipe
unusable. Because a single arterial heat pipe represagtd/148th of the ATCS
capacity for the U.S.-led portion ¢8S, replacing this loss isot immediately critical.
Assuming:

* Any puncture of an ETCS flow-through radiator for the U.S.-led portion of
ISS will be repaired oclosed off fromthe rest of thélow loop. (It is
assumed the radiator ORU itself will not require complete replacement.)

 The ETCS heatxchangers for the arterial heat pipes el shielded
from impacting space debris.

* Any punctured arterial heat pipe ORU will alsot bereplaced. (Its loss
will be considered insignificant.)

Then, a mass savindar the arterial heat pipe ORUs compared withbseline flow-
through radiator ORUs is equal to the mass of ammonia lost using the flow-themaih
over the final ten years of the original life of ISS.

90  From Christiansen (1992). The valioe 20 years is estimateging thecurve fit tothe datgfound
in Figure 3.9.
91 This value assumes that the ISS ATCS grows to include eight flow-through ra@Ritts. There is
191.8 kg of ammonia per ETCS loop when using six flow-through radiator ORUs (Wuestling, 1994).
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Figure 3.9 Perforations in the ISS radiator ORUs dsiraction of time. The flowoop
segments withinhe remainder oSS aresufficiently wellshieldedthat punctures due to
on-orbit debrisare notexpected during thife of the project. The data points drem
Christiansen1992) while the curves are second-orgedynomial fits tothe data. The
upper curve represents thember ofETCS loop punctures asfanction of timefor the
flow-through radiator ORUs. The lower curgivesthe number of punctures expected
for just thepanel flowtubes, whichcorresponds to theumber of punctures expected in
axial-groove heat pipes.

Mass of Ammonia per ETCS Loop 226.7 kg

Number of Flow-Through Radiator ORU
Punctures Expected in the Final 10 Years x 1.55

Mass of Ammonia Lost in the Final 10 Years
Using Flow-Through Radiators 351.3 kg

Thus, any arterial heat pipe installation will yield a mass savings of 351.3 kg over ten years
by saving ETCS loop ammonia which might be lost to space.
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The 6.71-m arterial heat pipes require 505.7 kg more for hardmnales saving
351.3 kg in ETCS workinduid when compared witthe baselineETCS. Overall, this
option is 154 kg heavier than the baseline ETCS.

Specific Assessments:

Equipment Mass Savings -505 kg
Replacement Mass Savings 351 kg
Power Savings as Mass negligible
Overall Mass Savings -154 kg
Composite Qualitative Score +1

3.1.5.7 Axial-Groove Heat Pipe Radiators

The table below presents axial-groove hmpé 92 and flow-through tube radiator
panels to reject comparable quantities of heal 3& evolution. Both radiatorORUs
have thesame surfacarea and usall the same equipment, includingianifolds and
radiator panels, except for the flow tubes/heat pipes themselves. The first design, by OAO
Corporation (Nguyen, 1982, and Swerdling, 1993)ploys 18heat pipes (outside
diameter of 0.015 m or 0.38ch) spacedevenly in each radiatgpanel. The second
design, by LoraMought Systems (Howellgt al, 1994) uses 22 flow-through tubes in
spread-spacing. The overall fin efficiencies are similar.

Tubes
Mass of Flow Tubes ey Fin
Radiator ORU Hardware I'Heat Pipes [kg]  panel  Efficiency
OAO Corporation Heat Pipe
ORU Radiator Panel S&t 143.92 18 0.872
Loral Vought Systems Flow-Through
ORU Radiator Panel S&t 105.27 22 0.88

The radiator ORU mass increase using axial-grédmad pipes is 38.65 kg (85.2%)b
This translates to an equipment mass increase of 309&Bkd’ Iy,) overall in year 20.
Because theolumedevoted to themmonia circulating withithe ETCS will decrease, a
mass savings can be obtained by deleting some ammdiia. necessanower for
pumping ammonidhrough the radiatomanifolds will increaseslightly (Nguyen, 1992)
which will roughly offset the mass savings associated with using less ammonia.

A similar masdncrease will apply tahe PV-TCS radiator ORUsAssuming the
panelset mass versus the total radiator ORU mass isatmefor the ETCS radiator

92 See Section 2.3.3 for details of axial-groove heat pipes.

93 The masdor this option includedoth heat pip@nd heat exchangerasses (Nguyen, 1992). An
extrusion is assumed to be unnecessary because it could be affixkd tbeat pipe during
fabrication.

94 The masdor this option includes th#low tubes, the extrusion used to posititwe tube within the
radiator panel, and the silver epoxy (Oren, 1995).
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ORUs and the PV-TCS radiator ORUs, an axial-groove pipatP\fTCS radiator ORU

NASA TM 104822

will increase by 38.65 kg (85.21,h This is a mass increase of 154.6(B40.8 Ioy)

upon replacing all four PV-TCS radiator ORUSs.

Specific Assessments:

Equipment Mass Savings -309 kg
Power Savings as Mass negligible
Overall Mass Savings -309 kg
Composite Qualitative Score +1
PV-TCS Assessments:

PV-TCS Equipment Mass Savings -155 kg
PV-TCS Power Savings as Mass negligible
PV-TCS Mass Savings -155 kg

3.1.5.8 Arterial Heat Pipe Radiators With Electrohydrodynamic Pumping

As noted in Section 2.3.%henthe heat transpodapacity of an arterial hepipe
is exceeded, the workinftuid collects in the condensdeavingthe unit unusable. To
prevent this, Bryan (1995) proposesapplying electrohydrodynamic pumping to each
individual unit. This arrangement woufflard against the workirfluid collecting in the
condenser and ensutiegat eachunit would beable to continuallyeject itsapplied heat
load. In terms of actual hardware, the arterial heat pipes elettirohydrodynamic
pumping will replacethe 13.11-m arterial heat pipes from Se&ibrb.6 without
electrohydrodynamic pumping. Becauiee heat pipes witblectrohydrodynamic
pumping have a lower fin efficiency, the new configuration will be:

13.11-m Arterial Heat Pipes 13.11-m Arterial Heat Pipes
Without Electrohydrodynamic With Electrohydrodynamic
Pumping®® Pumping
Heat Pipe Panel Mass [kg] 40.88 32.29
Fin Efficiency 0.925 0.763
Heat Pipe ORU 138 167
ETCS Heat Exchanger and
Interfacial Mechanism 23 28

Thus, this configuration W use 167 heat pipe ORUs and EZBCS heatexchangers.
They will be deployed intwo clusters of ten ETCS heakchangers plus one cluster of
eight ETCS heat exchangers. Aabove, the radiatobeam trusses will require
replacement, to be compatible witie arterial heat pipe architecture, andlaseline
segment PO radiatteeamtruss can be omitted. Tip@wer forpumping flowthrough the

95 From Section 3.1.5.6.
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ETCS heatxchangers is again assumed to ethual power required fggumping fluid

through the current ISS flow-through radiator ORUS.

Mass Savings Using Arterial Heat Pipes  ltem Mass Quantity in Total Mass
With Electrohydrodynamic Pumping [ka] Year 20 (ko]
13.11-m Arterial Heat Pipe ORU -31.34 (167) -5233.8
ETCS Heat Exchanger and

Interfacial Mechanism -137.40 (28) -3847.2
Radiator Beam Truss (per ORU panel) -1.59 (168) -267.1
Equipment Mass for Arterial Heat Pipe
Radiators With Electrohydrodynamic -9348.1
Pumping
Electrohydrodynamic Pumping Power as -0.95 (167) -158.7
Mass
Total Mass for Arterial Heat Pipe
Radiators With Electrohydrodynamic -9506.8
Pumping
ISS Flow-Through Radiator ORU With
Fluids (28-Sep-94) 1104.9 (8) 8838.9
Segment PO Radiator Beam Truss 806.7 (2) 806.7
Total Baseline Configuration Mass 9645.6
Equipment Mass Savings 138.8

The arterial heat pipe radiators with electrohydrodyngmoimping will yield a mass
savings of 138.8 kg (306.04p in hardware compared with thmaselinelSS reference
mission. However, as outlined in Section 3.1.5.6, arterial h@pes will save an
additional 351.3 kg byiot bsingETCS loopammoniaover thefinal ten years ofSS.

Therefore, the total overall mass savings for this option is 490.1 kg (1,08)0°% Ib

Specific Assessments:

Equipment Mass Savings
Replacement Mass Savings
Power Savings

Power Savings as Mass

Overall Mass Savings

Composite Qualitative Sco?é

298 kg
351 kg

-0.334 kW

(0)

-159 kg

490 kg

96 Because electrohydrodynamic pumping is an immature technalegynass estimates aetremely
tentativeand may be conservative. In fact, recent measurements by Bryan {h@R%e that
electrohydrodynamic pumpirgpwer consumptioper arterial heat pip@RU may bdessthan the

2.0 W assumed here.

97  This is a combined technology so no assessment is provided for terrestrial use potential.
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3.1.5.9 Lightweight Radiators

A parametric study heexamineghe potential savings from using lighter materials
for various portions of the current radiator ORISsembly. Table 3.1 givesfairly
specific mas®reakdown for a radiator ORU as of 29 March 199¢hile this design has
changed slightly since then, these values reflect the general mass distwiihtroan ISS
radiator ORU. Further, teimplify and structur¢his study,the major subassemblies can
be grouped into four categories.

Percentage of
Category Mass [kg] ORU Mass
Base Structure, Deployment, and Panel Support: 35.5
Base Structure 200.81
Scissors Beam and Hinges 92.76
Torque Panels and Arms 47.26
Cinching Mechanism 23.26
Deployment Mechanism 34.40
Flex Hose and Manifold Set 246.68 22.0
Radiator Panel Set 409.20 36.4
Additional Equipment and Fluids: 6.1
Deployment Motor 11.39
Electrical 9.71
Assembly Hardware 8.92
Fluids 34.86
Other 3.99
Total 1123.24 100.0

This study variegshe component radiator ORU mashkesarly based on the
original total massfor that category. Here the radiapamel mass iseduced up to 50%
and theflex hose andnanifoldset nassesre reduced up to 25%fhis study assumes up
to 20% mass savingsr the basetructure,deployment and pansupport. Finally, no
mass savings for the fluids and additional equipment is prestimed

Lightweight radiators, as presented heaaee purely speculative. Two factors
which will heavily influence ATCSomponent mass is the heat-rejectsystem design
and the componemhaterials. Herdéoth thedesign andhe componentaterials are, out
of necessity, vague. The desigms vague because new radiator configuratidnesh are
under developmenmay have significantlgdifferent mass requirements than current
radiator technology. Further, lighter materials ywéd additional mass savings which are
currently not quantified. Rather, this secti@ttempts to show theverall mass savings
thatmight be realized if certaibomponent radiator masses can be reduced. Some actual
lightweight radiator concepts for ISS evolution are mentioned below.

The radiator panetet mass isthe largest single componesithin the radiator
ORU. Any technologies or materials whicbduce this mass would forthe basisfor a
lightweight radiator design. Assumintpe design optimization wouldarget mass

98 See Section 2.4 fadditional general background on lightweight radiators ghesific examples of
proposed lightweight radiators.
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reductions in the radiatgpanel set, the correspondinfiex hoses andmanifolds are
assumed to decrease in mas$alt the rate of the radiatganels. Thdlex hoses are
already probably as light as possilibe the appropriate component parts. Thus, any
reduction inflex hose mass would require usisgaller channgbassages. Further, the
constraint of usinghe lightest and strongesiaterialsfor the radiatopanel set will
probably dictate that tHéex hose andnanifold materialgannot becompletely optimized
in order to maintain compatibility with the radiator panel set materials. (See Hzivedll,
(1992), for anexample of some material interaction problexasociated with a radiator
design.) The basetructure,deployment, and panslpportdesignsare driven more by
the overall volume othe radiator ORU than by theass ofthe other components. Thus,
here it is assumetthat the structural component mass be reduced lmnly 20%for a
reduction in thganel mass of 50%fFinally, the additional equipment arftlids arefixed
masses. The additional equipment iteams 6ff the shelf”, while the fluid mass is a
function of radiator volume arftlid density,both ofwhich are constant.This approach
gives an overall radiat@®dRU massreduction of 30.8%vhenthe radiatopanelsetmass
is reduced by 50% (Figu10).

Percent Reduction in Radiator Panel Mass

Category 10% 30% 50%
Base Structure, Deployment, and Panel Support [kg] 382.55 350.67 318.80
Flex Hose and Manifold Set [kg] 234.35 209.68 185.01
Radiator Panel Set [kg] 368.28 286.44 204.60
Additional Equipment [kg] 68.87 68.87 68.87
Overall Mass per Radiator ORU [kg] 1054.05 915.66 777.27
Overall Mass Reduction per Radiator ORU [kg] 69.19 207.58 345.97
Mass Reduction as a Percentage

of the Original Radiator ORU Mass [%0] 6.2 18.5 30.8
Radiator Mass Per Surface Area [kgJi#? 8.12 7.05 5.99

Consideringthe available lightweightadiators presented in Section 2.4, an ovenaks
reduction of 18.5% was selected as a representative value. Thus, theavrass for
eight radiator ORUs is 1,660.64 kg (3,661.1Q IbBecause thtow geometry should be
the same, the required pumping power is unchanged.

Two lightweight radiator conceptare appropriate for IS&solution. Thefirst
would be to substitute composite flow-through radiator parfels thebaseline
architecture. This isthe case most accurately represented byarthf/sisabove. The
second concept would be to use composite heat pipe radiators.

A similar mass savingsnay be achievefbr the PV-TCS radiator ORUSs.
Assumingthe ratio of the componentathin the PV-TCS radiator ORUs smilar to
those in the ETCS radiator ORUlightweight PVATCS radiator ORU will have a mass of
503.7 kg (1,110.4 }. This is a savings of 114.3 K852.0 Ip,) per PV-TCS radiator
ORU or 457.2 kg (1,008.04p upon replacing all four PV-TCS radiator ORUs.

9  These values are based on a radiating area of 1Z%8rmadiator ORU.
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Specific Assessments:

Equipment Mass Savings 1,661 kg
Power Savings as Mass none
Overall Mass Savings 461 kg

PV-TCS Assessments:

PV-TCS Equipment Mass Savings 457 kg
PV-TCS Power Savings as Mass none
PV-TCS Mass Savings 457 kg
1200
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—&#— Total Radiator ORU Mass

Figure 3.10 Radiator ORU mass as a function of mass reduaiithm the radiatopanel
set. StudyAssumption:For each 10% mass reduction in the radig@nel setthe mass
for the flex hoses andnanifoldsdecreases by 5% and theasa ofthe basestructure,
deployment, and panel support decreases by 4%.
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3.1.5.10 Rotary Fluid Coupler

The current ISS TCS uses a flex hose coupler witlass 0fL59 kg (350 ) and
an approximate volume of 0.634 (22.4 ff) (Harwell, 1992). Flexible hoseswithin the
flex hose coupler allow ATC8uid streams to transfer to and from the radiator ORUs
irrespective of the TRRJ's orientation. Becausdléxéble hoses wrap around a central
hub asthe TRRJ traverses, the entire radiator struchag rotate nomore than
+105 degrees before aounter-rotation is required tainwind the flexible hoses.
Additionally, the hosethemselvesare subject to fatigue. BecauS& can usually
perform the required counter-rotatiadnile it is in Earth's shadow, thieex hose coupler
has only asmall performance penalty(At some kbtaanglesthe rotationimit is reached
while ISS is still in sunlight.)

A rotary fluid couplerio is a fully rotating device whichusesliquid seals to
contain and separate tih@ernal fluid flow channelgHarwell, 1992). Afully rotating
device allowghe radiators to always ladigned withthe panel faces parallel tihe solar
vector. Because th#lexible hoses of theflex hose coupler restrict rotation of the
radiators, there are some orbital positionsvinch the bestllowable radiator ORU
alignment imotoptimal. The projected rotaflpid coupler mass is 10.9 kg (24, Jowith
an approximate volume 6£0127 m (0.45 ff). Therefore, the rotarfjuid coupler would
save 444 kg (9784 and 1.86 rh (65.9 ff) in three TRRJs when new couplers are
necessary.

Specific Assessments:

Equipment Mass Savings 444 kg
Power Savings as Mass negligible
Overall Mass Savings 444 kg
Composite Qualitative Score +3

3.1.5.11 Carbon Brush Heat Exchanger

In order to save mass and improve DDCU coddffigiency for ISSevolution, the
current radiantfin interfaces could be replaced by carbon brush interfaces. As
Section 2.6.3implies, aquick one-dimensionaheat transferanalysis revealshat this
changewill increase thaterfacial conductivity by almosivo orders of magnitudeThis,
in turn, yields more efficient cooling ofthe DDCUs. What further advantagesawings
this imparts is dependent ¢ime cooling needs a@itherunits on theETCS loop!%L. The
equipment mass savings is summarized b&aw

100 see Section 2.6.1 for details.

101 Assuming theDDCU baseplate willemain at its original temperature, themare efficient, lower
resistance interface will allow a lower ETCS flowrate past the DDCUs.

102 valuesfollowed by aquestionmark, ?, areassumed values; the actual massege not identified.
The values for the DDCUs on S1 and P1, which are known, were assumed here.
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Location Coldplate Mass Fin Mass Total Equipment
(Type of DDCU Coldplate) Quantity (each coldplate) (each coldplate) Mass Savings
SO (DDCU) 4 62.4 kg 9.86 kg? 78.9 kg?

137.6 Iby, 21.73 1,? 173.9 I
S1, P1 (DDCU) 2 51.1 kg 9.86 kg 39.4 kg

112.6 Ik, 21.73 Iy, 86.9 Iy,
S4, S6, P4, P6 8 63.5 kg 4.29 kg 68.6 kg
for PV-TCS (DDCU-E) 139.9 b, 9.46 Iy, 151.3 Ik,

The total mass savings is twice the fin mass to account for the corresgongaigpn the
coldplate socket owhich the DDCU sits. Aluminum 6061-T6 is theassumed coldplate
material with a density of 2,713 kgfrt0.098 Ipy/in®). Further,while it is assumedhat
the carbon brush heat exchangers will haegligible mass, theest of thebaseplate and
coldplate mass will remain unchanged.

Specific Assessments:

Equipment Mass Savings 118 kg
Power Savings as Mass none directly
Overall Mass Savings 118 kg
Composite Qualitative Score +3

PV-TCS Assessments:

PV-TCS Equipment Mass Savings 69 kg
PV-TCS Power Savings as Mass none directly
PV-TCS Mass Savings 69 kg

3.16 Summary

The various advanced technologies and their estimated bemeBtanmarized in
the table below for the evolution of ISS. From Secddn3, the mass of theaseline
ETCS, excluding structural components, is 15,567.8 kg. Assuming the mass
determinationghroughoutthis study have associated uncertaintieshenorder of 10%,
an overall TCS with an advanced technology would need to steaviags of at least
1,557 kg to ensure a mass savings. Further, because design and development costs are not
trivial, a mass savings of at least 25%, or 3,892 kg, is desirable. tbesecriteria, the
TCSs with advanced technologies proposed3$& evolutionmay bedivided into five
categories:

* TCSs using advanced technologies requiring a mass pgnediterthan
10% of the overall baseline ETCS mass: none.

» TCSs using advanced technologies requiring a mass penalty less than 10%
of the overall baselineETCS mass: wapor ompression &t pump
(continuously operated), arteriadt pipe radiatorgnd aial-groove heat
pipe radiators.
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» TCSs using advanced technologies with a mass savings less than 10% of
the overall baselinlEETCS mass: two-phase TCS with MP/S, hWo-
phaselrCS, arterial heat pipe radiators with electrohydrodyngmimping,
and capillary pumped loops.

» TCSs using advanced technologies with a mass savings between 10 and
25% of the overall baseline ETCS mass: lightweight radiators.

* TCSs using advanced technologies with a mass sayiegter than 25%
of the overall baseline ETCS mass: so&yor ompression éat pump.

The second and third categorieslude those technologiewhich show amass
savings or deficit less than 10% thie baselineETCS mass. These technologiesl
produce an ETCSvhich is comparable tthe baseline system.The technology in the
fourth category ipromisingbut notoutstanding for thisnission. The technology in the
fifth category shows significant promise for this mission.

For ISSevolution, anothesignificantconsideration is theme necessary tmstall
any new TCSequipment on orbit. One criterion for grouping options is whethesr
require installation of an additiontlss segment. Of the technologies discussed above,
the continuouslyperated vapocompression heat pump and the solar vapor compression
heat pump dmot requireany additionatruss segmentsWhile additionalpowersystems,
and their associated supporting trusses, are required for both of these options, it is
presumedhat these powesystems can be readityounted on either or both ends of the
U.S. truss outboard of thepha joints whilghe heat pumps are located inboard near the
current ATCS heat-rejection equipment.

Several technologies addressed in this seamn more correctlidentified as
enhancing technologies. Enhancing technologres advanced technologiehich will
uniformly deliver a mass savings or pendttly aspecified referenceissionregardless of
the type of TCS selected. These technolomjielside the rotaryfluid coupler and the
carbon brush heat exchanger. Thus:

* Enhancing technologies which require a mass penalty: none.

* Enhancing technologies whigleld a massavings: otary fluid coupler
and carbon brushelat excchanger.
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Table 3.13 Advanced Active Thermal Control System Architecture
for International Space Station Evolution

Summary of Advanced Active Thermal Control ETCS PV-TCS
SystemArchitecture for International Space Overall Mass Qual. Overall Mass Qual.
Station Evolution Savings [kg] Score Savings [kg] Score
3.1.5.1 Two-Phase Thermal Control System
With Mechanical Pump/Separator 1,203 0 -- H
3.1.5.2 Low-Powefwo-Phase
Thermal Control System 1,366 -1 - -
3.1.5.3 Capillary Pumped Loops 1,535 -2 -- H
3.1.5.4 Vapor Compression Heat Pump -250 0 -- -
3.1.5.5 Solar Vapor Compression Heat Pump 5,021 +1 -- --
3.1.5.6 Arterial Heat Pipe Radiatdf® -154 +1 - --
3.1.5.7 Axial-Groove Heat Pipe Radiators -309 +1 -155 k1
3.1.5.8 Arterial Heat Pipe Radiators
With Electrohydrodynamic Pumping 490 (0) -- -
3.1.5.9 Lightweight Radiators 1,661 -- 457 -
3.1.5.10 Rotary Fluid Coupler 444 +3 -- -
3.1.5.11 Carbon Brush Heat Exchanger 118 +3 69 12

103 This value assumes 6.71-m heat pipe units. Assuming 13.11-m heat pipe units gigésadn
overall mass savings of 625 kg and an overall qualitative score of -1.
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3.2 SPACE TRANSPORTATION SYSTEM UPGRADE

3.2.1 Reference Mission

This study assumethat the current Space TransportatiSgstem (STS), or
Shuttle,may beaupgraded or refit with newCS components as part of a program to
extend thelife of the fleet. Though les&kely, this study could alsapply to a new
replacement vehicle witlsimilar capabilities. The assumegower masspenalty is
100 kg/kW. This value assumes 56 kg/kih power generatiol* plus 44 kg/kW for
powermanagement and distribution. \#&hicle (or program)life of 140 missions (seven
flights per year for 20 yearsjollowing upgrades is assumed. The maasings are
considered cumulative for the life of the vehicle or fleet of vehicles.

3.2.2 Baseline Case

Shuttle uses several devices in its ATCScewer its wide range of operating
environments. Listed here are tin@jor components dhe Shuttle ATCSvhich reject
heat from the vehicle (FiguB11):

 Ammonia boiler subsysterfABS): This device was designddr use on
descent below 36,600 m (120,000 ft). In practice, except dutizgnah
abort, the ABS provides cooling after Shuttiends until the ground
supportpersonnel complete hookup of the grosugportequipment heat
exchanger. Simo(iL994)lists the ABS heat-rejectioability as33.2 kW
(113,200 Btu/hr).  Themaximum energy capacity, using available
ammonia, is 63,300 kW*s (60,0@&1u).

» Flashevaporatorsubsystem(FES): This device provides primary cooling
during ascentvhile Shuttle is above 42,700 m (140,000 ft), ahding
descentwhile Shuttle is above 30,500 m (100,000 ft). In thigh load
mode, the FES provides heat rejection up to 43.4 kW (148,000 Btu/hr)
(Simon, 1994). On orbityhile the payloaday doors are open, the FES
provides supplementary cooling of up 1@.4 kW (39,000 Btu/hr) in its
topping mode. Wenthe payloadloors areclosed on orbit, the FES
provides primary coolingor Shuttle in itshigh load mode. The FES
exhaustines, nozzles, antkedwatetdinesuse up to 1435.5 W fonternal
heaters to prevent in-line ice blockage.

* Ground supportequipment heat exchangdGSE HX): This device
provides coolingvhile Shuttle is on the ground, both befdaeinch and
after ground personndiook up a portableooling cart afterlanding.
Simon(1994) lists the maximumheat-rejectiorcapabilityfor the GSE HX
as 31.4 kw (107,000 Btu/hr). Jaax (198ggcifiesthe GSE HXvolume
as 7.04x 103 m® (0.249 ff) with a dry mass of 6.1 kg (13.44p

104 The power generation value corresponds to using three sets of hydrat@rygentanks during six
days on orbit. This translates to a power output of 15 kW.
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» Radiator panels: Shuttle usgig oreight radiator panels mountatside
the payloaday onorbit to reject heatWhile the payloadioors are open,
this isthe primary heat-rejection system. To incretiszeffectiveradiator
heat transfer area, the forwasdo panels on each sideay bedeployed
away from the payload doors while the aft radiators, plus the kit radiators if
they areinstalled,arefixed to the payloaday doors. These sameanels
are used, after cold-soaking, asvehicle heat sink while Shuttle is
transiting between altitudes serviced by dtiger heat-rejectioequipment
on descent.Rotter (1987) notes that the radiat@at-rejectiorcapability
is a function of the orbit altitude amadtitude. According to Jaax (1978),
the sixpanel configuration has maximum heat rejection of 22.0 kW
(75,000 Btu/hr). Physicallyhis configuration has @tal mass of 573.2 kg
(1,263.8 ly)), including the necessary Freon 21luid.  When fully
deployed, thepanels display an effectiveurface area of 114.3m
(1,229.8 ff). The mass per surface area is 5.01 kg/in theeight-panel
configuration, themaximum heat rejection is 28.1 kW (96,000 Btu/hr).
Physically,the totapanel mass is 744.7 kg (1,641.8)llwith an effective
radiator surface area of 140.4 ,511.6 f). The nmassper surface area
is 5.30 kg/m. Becausall working Shuttleflights utilize the eight panel
configuration (Rotter, 1996),this will be assumed standarébr this
analysis. The specifications for the radiator panels are (Jaax, 1978):

Overall Panel Measurements:

Length  (All): 4.60 m (15.1 ft)

Width (All: 3.20 m (10.5 ft)

Thickness (Forward or Mid-Forward Panels): 0.0229 m (0.900 in.)

(Mid-Aft or Aft Panels): 0.0127 m (0.500 in.)

Facesheet (Aluminum 2024):

Thickness: 279x% 10%m (0.011 in.)
Panel Honeycomb Core (Aluminum 5056-H39):

Density: 49.7 kg/m (3.1 Iny/ft?)
Panel Manifold Lines (Aluminum 5083):

Outer Diameter: 0.0222 m (0.875in.)

Wall Thickness: 889x 106 m (0.035 in.)

Panel Flow-Through Tubes (Aluminum 6061-T6):
Forward and Mid-Forward Panels:

Number of Tubes per Panel: 68

Outside Diameter: 0.00475 m (0.187 in.)

Wall Thickness: 508x 106 m (0.020 in.)
Mid-Aft and Aft Panels:

Number of Tubes per Panel: 26

Outside Diameter: 0.00599 m (0.236 in.)

Wall Thickness: 508x 106 m (0.020 in.)
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Figure 3.11 An overall schematic othe Space Transportati@ystem active hermal
control ystem. Thedabelsreferto: (1)aft coldplates(2) ammonia boiler subsystem,
(a) boiler, (b)ammoniastorage; (3)cabin interchangei4) flash evaporatorsubsystem,
(a) highload unit, (b) topping unit, (c) water storage; {®w proportioningmodule;
(6) fuel cellheat exchange(?) ground supporquipment heat exchanger; (8)draulics
heat exchanger(9) midbody coldplates(10) oxygen restrictor;(11) payload heat
exchanger(12) pump package (Freon 2X}t3) flow-through radiators, (ajort radiator
panels, (bport flow control assembly(c) starboard radiatgranels,(d) starboardlow
controlassembly. Onlpne Freon 21luid loop, Loop 1, isshown. The second loop is
like the first except that it serves the starboard radiators and not the port radiators.
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The breakdown of area and mass within the radiator panels is (Jaax, 1978):

Table 3.14 Effective Area Breakdown of Shuttle Radiator Panels

Shuttle Side Forward Panels Mid-Forward Mid-Aft Panels  Aft Panels
(Servicing Freon Loop) [m?] Panels [rf] [m?] [m?]

Left (Loop 1) 21.93 22.58 12.89 13.15
Right (Loop 2) 21.73 22.32 12.79 13.03
Average Effective Are&0> 21.83 22.45 12.84 13.09

Table 3.15 Mass Breakdown of Shuttle Radiator Panels

Forward Panel Mid-Forward Mid-Aft Panel Aft Panel
Iltem [kg] Panel [kg] [kg] [kg]
Facesheets 22.8 22.8 22.8 22.8
Honeycomb 15.5 15.5 8.3 8.3
Manifolds 2.0 2.0 2.0 2.0
Flow Tubes 11.4 11.4 5.6 5.6
Other Items 40.2 43.6 38.8 40.2
Fluids (Freon 21) 8.5 7.7 5.7 6.8
Total Mass per Panel 100.4 103.0 83.2 85.7

Aluminum Densities:

2024: 2770 kg/rh(0.100 lpy/in®)
5083 (Assumed): 2660 kgfr(D.096 Iky/in®)
6061-T6: 2710 kg/th(0.098 Iy/in®)

* Freon 21 pump package: Shuttle has four pumps houstdoipump
modules to circulate Freon 21 within the vehicle. The second pump in each
module is a spare andnsrmally not used.Each package has a mass of
20.3kg (44.7 Ip) and a volume of 0.180%(6.34 ff). The Freon 21
loops, excluding the accumulator, have a totallume of 0.159 th
(5.60 ff). The loopvolumesare notidentical withLoop 2 accounting for
51.8% of the totakystem volume. Fronthe pump curves in Mistrot
(1994), the current pumps have the following characteristics:

Output Mass Flowratt?®  Pressure Rise Across Pump Requiredinput Power

[kg/s] [kN/m?] [kW]

0.283 501 0.340
0.321 469 0.360
0.340 455 0.370
0.378 416 0.389

105

106

The total effective area, or sumfor all radiator panels is 140.42.m The effective area here
accounts fothe surface available to exchangeat with the environment (spaceThis does not
include a fin efficiency, which is currently unknown, so a value of 1.0 is assumed.

These flowrates include the minimum and maximum loop flowrates.
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The Shuttle ATCS component breakdowns are presented in Table 3.16 and Table 3.17.

Table 3.16 Heat-Rejection ETCS Hardware for Shuttle

Qty Maximum Heat-
per Total Iltem Mass Rejection Capability
STS ETCS Hardware STS kg I kw kBtu/hr
Ammonia Boiler: () 33.2 113.2
Equipment 27.6 60.8
Ammonia (NH) 44.3 97.6
Vent Linel07 - - - -
Flash Evaporator: Q)
FES 28.6 63.0
Ducting & Nozzles 45.8 100.9
H,O Accumulators 4.5 10.0
Feedwater Supply:
Max. Capacity 299.4 660
Min. Requirement 90.7 200
High Load Mode 43.4 148.0
Topping Only Mode 11.4 39.0
Flow Cont. Assembly 2
Dry FCA 221 48.8
FCA Fluid 14 3.0
Ground Support Equipment
Heat Exchanger (1) 6.1 13.4 31.4 107.0
Radiator Panels8
Plumbing 8.3 18.2
Fluid in Plumbing 2.0 4.5
Dry Panels (6) 529.5 1167.4 22.0 75.0
Panel Fluid 43.7 96.4
Dry Panels + Kit (8) 687.3 1515.2 28.1 96.0
Panel + Kit Fluid 57.4 126.6
Total for ETCS Heat
Rejection Hardware:
Using 6 Rad Panels 672.5 1482.5
Using 8 Rad Panels 830.3 1830.3
Other Fluids09 443 + 97.6+
90.7 200.0
Max Heat Rejection:
Ascent or Descent 43.4 148.0
On Orbit (8 Panels) 39.5 135.0
On Ground - ABS 33.2 113.2
On Ground - GSE 314 107.0

107

108

109

The references consulted did ngive a value forthe vent line, although this mass is not

insignificant.

The heat rejectiornvalues here assumihe best spacecraft attitude foadiant heatrejection

(Jaax, 1978).

This total isexpressed as AB&mmonia plus, “+”, FES feedwatefThe totalsystem Freon 21 is

included in Table 3.1Below.
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Table 3.17 Other ETCS Hardware for Shuttle

Maximum Heat-
Qty Rejection
per Total Item Mass Capability110
STS ETCS Hardware STS kg I kw kBtu/hr
Aft Coldplates (7 44.0 96.9
Max. Heat Load -29 -10.0
On-Orbit Heat Load -1.8 - 6.3
O, Restrictors (2) 1.4 3.0
Interchanger (2) 14.5 32.0 -14.2 -48.3
Payload Bay Heat
Exchanger: (1) 14.9 32.8
Max. Heat Load
Bay Doors Closed -15 -5.2
Bay Doors Open:
w/ 6 Rad Panels -6.3 -21.5
w/ 8 Rad Panels -85 -29.0
Fuel Cell Heat Exchangers 2) 14.6 32.2 -13.2 -44.9
Midbody Coldplates (2) 28.8 63.6 -14 -4.7
Hydraulics Heat Exchanger (1) 10.6 23.4 4.4 15.0
Flow Distribution:
Flow Proportioning
Module 1) 1.7 3.7
Pump Package (2) 40.6 89.5
Plumbing!11 - - - -
Total Fluids
(Freon 21 only}12 229.5 505.9
Total for Other ETCS
Hardware:
Equipment (Dry) 1711 377.1
Fluids 229.5 505.9

To be consistent with théefinitions used for 1ISSall of the equipment
listed in these tables aE CSwhile the label ITCS is reserved tdescribe
the water loop in the cabin ATCS.

Based on Tabl8.16 andTable 3.17 thebaselineETCS mass for STS upgrade
includes 1365.9 kg for equipment and 364.5 kg fiwids. An additonal 72.0 kg
represents the mass of the ETCS posystems assumintpe nominal pumpingpower
consumption is 0.720 kW. Thus, the overall baseline ETCS mass is 1437.9/&biger
or 201,306 kg for 140 flights.

110 A negative heat transfeapability denotes hardware which contributest to the TCS instead of
rejecting heat.

111 The plumbing mass is significafur a vehiclethe size of STS, but a value of the plumbing mass is
not given in the references consulted.

112 Based on a total fluid volume for Freon 21 of 0.167 (B9 f£) at 294.3 K (7€F) and anorbiter
configuration using 8 radiator panels. This is the total Freon 21 circulating within the Freon loops.
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3.2.3 Parametric Study Using the Baseline Case

Like the study presented in Section 3.1.4 for ISSmplei modelfor Shuttle
radiator heat rejection can be constructed based avvenall energy balanc®r the
radiators. Actual ST8ight data is used for amssumed baselirtase. Fothis study, the
chosen mission ISTS-41 (1990). To get an accurattimate of the heat rejecteedm
the radiators, #ime indexwas selected on orbit whéme radiatopanel exit temperatures
were above the Freon loop set-point of 276.5£1.1 K (3822 This condition implies
that the entire Freon looffow passeshrough the radiatopanels and none uses the
radiator bypass line. Suchsduation is recorded in the STS-41 data at 14 hours after
liftoff.

Assumptions and Restrictions:

» All of the Freon in both loops passes through its corresponding radiator
panel set.

» The effective radiator surfacarea for either loop idalf of the total
radiator surface area, 70.2.mThis assumethe forwardwo panels on
either side are in the deployed position.

» The difference betweethe simple average Freon 21 loop temperature
within the panels and the average radiator surface temperature is 1.5 K.

» The averagespecific heat, computed from the known properties for
Freon 21 (Mistrot, 1994)may beused for thefluid side heat transfer.
Here:

o 0 =1kW*s
T)= @.933&0.001231% 0.015515T
¢ (T) P K CBkg*K

This parametric studyomputes the heat rejection for both sets of Shuttle
radiators. The data for the STS-41 Case (Case A) dinaetly fromthatflight. At 14
hours after lift off, Discovery's radiators were rejecting 15.84 kW.

Input study constants:

Stefan-Boltzman&onstant 5.67& 1011 kW/(nm*K*)
Radiator Area per Freon Loop 70.2 m
Infrared Emissivityt13 0.76
Calculation Tolerance 0.00001

The initial caseexaminesthe STS-41 Case (Case A). Tblowing series of cases
present combinations dofie minimum and maximumallowable Freon 21 mass flowrates
and inlettemperatures. These cases provide bounds on the cabilgrds ofthe Shuttle
radiator design.

113 Jaax (1978).
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Mass Flowrate of Freon 21 [kg/s]
Freon 21 Inlet Temperature [K]
Sink Temperature [K]

Average Freon 21 Temperature [K]
Average Panel Temperature [K]

Average Freon 21 Specific Heat
[kW*s/kg*K]

Outlet Temperature of Freon 21 [K]
Loop Heat Rejection [kW]

Total Heat Rejection
per Radiator Panel Set [kW]
Heat Rejection per Area [kW/An

Mass Flowrate of Freon 21 [kg/s]
Freon 21 Inlet Temperature [K]
Sink Temperature [K]

Average Freon 21 Temperature [K]
Average Panel Temperature [K]
Average Freon 21 Specific Heat
[kW*s/kg*K]

Outlet Temperature of Freon 21 [K]
Loop Heat Rejection [kW]

Total Heat Rejection

per Radiator Panel Set [kW]

Heat Rejection per Area [kWAn

Mass Flowrate of Freon 21 [kg/s]
Freon 21 Inlet Temperature [K]
Sink Temperature [K]

Average Freon 21 Temperature [K]
Average Panel Temperature [K]
Average Freon 21 Specific Heat
[kW*s/kg*K]

Outlet Temperature of Freon 21 [K]
Loop Heat Rejection [kW]

Total Heat Rejection

per Radiator Panel Set [kW]

Heat Rejection per Area [kWAn

Case A
Loop 1/Loop 2

0.3340/0.3513
301.1/300.4
258.9/252.5
290.4/289.0
288.9/287.5

1.05/1.04
279.71277.6

7.481/8.37

15.85
0.113

Case B1A
Loop 1/Loop 2
0.2835/0.2835
283.2/283.2
199.8/199.8
265.8/265.8
264.3/264.3

1.01/1.01
248.5/248.5
9.95/9.95

19.90
0.142

Case C1A
Loop 1/Loop 2
0.2835/0.2835
322.0/322.0
199.8/199.8
293.0/293.0
291.8/291.8

1.05/1.05
264.6 / 264.6
17.11/17.11

34.22
0.244

91

Case B1B Case B1C
Loop 1/Loop 2 Loop 1/Loop 2
0.2835/0.37800.3780/0.3780
283.2/283.2 283.2/283.2
199.8/199.8 199.8/199.8
265.8/269.2 269.2 / 269.2
264.3/267.7 267.7 1 267.7

1.01/1.01 1.01/1.01
248.5/255.3 255.3/ 255.3
9.95/10.72 10.72/10.72
20.67 21.44
0.147 0.153
Case C1B Case C1C

Loop 1/Loop 2 Loop 1/Loop 2
0.2835/0.37800.3780/0.3780
322.0/322.0 322.0/322.0

199.8/199.8 199.8/199.8
293.0/298.6 298.6 / 298.6
291.8/297.1 297.1/297.1

1.05/1.06 1.06/1.06
264.6/275.3 275.3/275.3
17.11/18.76 18.76/18.76

35.87
0.255

37.51
0.267
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Mass Flowrate of Freon 21 [kg/s]
Freon 21 Inlet Temperature [K]
Sink Temperature [K]

Average Freon 21 Temperature [K]
Average Panel Temperature [K]
Average Freon 21 Specific Heat
[kW*s/kg*K]

Outlet Temperature of Freon 21 [K]
Loop Heat Rejection [kW]

Total Heat Rejection

per Radiator Panel Set [kW]

Heat Rejection per Area [kW/An

Mass Flowrate of Freon 21 [kg/s]
Freon 21 Inlet Temperature [K]
Sink Temperature [K]

Average Freon 21 Temperature [K]
Average Panel Temperature [K]
Average Freon 21 Specific Heat
[kW*s/kg*K]

Outlet Temperature of Freon 21 [K]
Loop Heat Rejection [kW]

Total Heat Rejection

per Radiator Panel Set [kW]

Heat Rejection per Area [kWAn

Mass Flowrate of Freon 21 [kg/s]
Freon 21 Inlet Temperature [K]
Sink Temperature [K]

Average Freon 21 Temperature [K]
Average Panel Temperature [K]
Average Freon 21 Specific Heat
[kW*s/kg*K]

Outlet Temperature of Freon 21 [K]
Loop Heat Rejection [kW]

Total Heat Rejection

per Radiator Panel Set [kW]

Heat Rejection per Area [kWAn

Case B2A
Loop 1/Loop 2
0.2835/0.2835
283.2/283.2
227.6/227.6
270.0/270.0
268.5/268.5

1.02/1.02
256.8 / 256.8
7.60/7.60

15.21
0.108

Case C2A
Loop 1/Loop 2
0.2835/0.2835
322.0/322.0
227.6/227.6
297.1/297.1
295.6/295.6

1.06/1.06
272.1/272.1
14.97 /1 14.97

29.93
0.213

Case B3A
Loop 1/Loop 2
0.2835/0.2835
283.2/283.2
249.8/249.8
2745/274.5
273.0/273.0

1.02/1.02
265.8/265.8
5.03/5.03

10.06
0.0716
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Case B2B Case B2C
Loop 1/Loop 2 Loop 1/Loop 2
0.2835/0.37800.3780/0.3780
283.2/283.2 283.2/283.2
227.61227.6 227.6/227.6
270.0/27252725/272.5
268.5/271.0 271.0/271.0

1.02/1.02 1.02/1.02
256.8/261.9 261.9/261.9
7.60/8.21 8.21/8.21
15.81 16.42
0.113 0.117
Case C2B Case C2C

Loop 1/Loop 2 Loop 1/Loop 2
0.2835/0.37800.3780/0.3780
322.0/322.0 322.0/322.0

227.61227.6 227.6/227.6
297.1/301.6 301.6 / 301.6
295.6 /300.1 300.1/300.1

1.06/1.07 1.07/1.07
272.1/281.3 281.3/281.3
14.97/16.43 16.43/16.43

31.40 32.86
0.224 0.234
Case B3B Case B3C

Loop 1/Loop 2 Loop 1/Loop 2
0.2835/0.37800.3780/0.3780
283.2/283.2 283.2/283.2

249.8/249.8 249.8/249.8
274.51276.2 276.2 | 276.2
273.0/274.7 274.7 1 274.7

1.02/1.02 1.02/1.02
265.8/269.1 269.1/269.1
5.03/5.44 5.4415.44
10.47 10.88
0.0746 0.0775
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Case C3A Case C3B Case C3C

Loop 1/Loop 2 Loop 1/Loop 2 Loop 1/Loop 2
Mass Flowrate of Freon 21 [kg/s] 0.2835/0.2835 0.2835/0.37800.3780/0.3780
Freon 21 Inlet Temperature [K] 322.0/322.0 322.0/322.0 322.0/322.0
Sink Temperature [K] 249.8/249.8 249.8/249.8 249.8/249.8
Average Freon 21 Temperature [K] 301.2/301.2 301.2/304.9 304.9/304.9
Average Panel Temperature [K] 299.7 /299.7 299.7/303.4 303.4/303.4
Average Freon 21 Specific Heat
[kW*s/kg*K] 1.07/1.07 1.07/1.07 1.07/1.07
Outlet Temperature of Freon 21 [K] 280.3/280.3 280.3/287.9 287.9/287.9
Loop Heat Rejection [kW] 12.61/12.61 12.61/13.87 13.87/13.87
Total Heat Rejection
per Radiator Panel Set [kW] 25.22 26.47 27.73
Heat Rejection per Area [kW/An 0.180 0.189 0.198

3.24 Advanced ATCS Architecture for Space Transportation System Upgrade

The upgraded ST&®ehiclesare projected to serve for 2@ditional years with an
average of seven flights per year, or 140 missions overall. It is expeatdideadvanced
architectures outlined belowill, once installed, lagor thelife of the upgradedehicle.
However, regulavehiclegroundmaintenance should alloany failingcomponents to be
identified and replacedhile the vehicle isnot in use. Asvith the section on ISS above,
each advanced architecture for Shuttle is assessedricallyfor overall massavings
(for 140 missions). Qualitative assessments for these advanced techrzobgiesented
in Section 2.0.

3.24.1 Low-Power Two-Phase Thermal Control System

To estimate the mass of a LP two-phase T&Sor STS upgradehis study
extrapolates predictions from Ung@k995) which gives estimatefor space stations.
Ungar (1995)includes estimatefor threedifferent vehicles usindour different TCS
architectures. Of the options presented, Shuttle losely resembles small system
with a single-phase casca@l€S. Ungaralso presents a LP two-phase TCS. The LP
two-phase TCS requires lepamping power andsmaller diameter flowines than the
single-phase cascad&S. The required radiator arear@ighly the samefor the two
systems. Thus, neglecting the flow line differences, the systems may be summarized by:

Baseline Small gstem(Ungar, 1995)
Shuttle Thermal Single-Phase Cascadg Low-Power Two-Phase
Control Sstem Thermal Control $stem| ThermalControl System
Loop 1 Loop 2 LTL LTL LTL MTL
Pump Power [kW] 0.360 0.360 0.320 0.320 0.068 0.08D
Radiator Area [ 70.2 70.2 197 197 195 195
Loop Set-Point [K] 276.5 276.5 275.2 275.2 275.2 287.2

LTL refers to the low temperature loaghile MTL refers to the moderate temperature
loop. Shuttle uses single-phasd CS which is similar tothe single-phase cascade TCS

114 gee Section 2.1.2 for details.
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given by Ungar. Comparing the Shuttle TCS with thek single-phas&€CS for asmall
system revealthat thepumpingpower per loop ilmost thesame andhe Shuttle TCS
loop set-points arapproximately hat of the LTL for thesingle-phase cascad€CS. A
comparable LP two-phaJeCS for Shuttle then would us&o LTL loops. Thepumping
power requirement for the revised Shuttle LP two-phase TCS then is 136 W. Thus:

Current Shuttle
Thermal Control

Low-Power Two-
Phase Shuttle Thermal

Change

Total Change

System Control Sstem (for 1 Mission) (140 Missions)
Pump Power [kW] 0.720 0.136 -0.584
Mass Due to
Pump Power [kg] 72.0 13.6 -58.4 -8176.0

Because theverall vehicle mass deeasesonly slightly and approximations for these
computations contaisignificantuncertainty, thewo systems effectively have equivalent
masses.

Specific Assessments (for 140 missions):

Equipment Mass Savings negligible
Power Savings 81.76 kW
Power Savings as Mass 8,176 kg
Overall Mass Savings 8,176 kg
Composite Qualitative Score -1

3.24.2 Lightweight Radiators

A parametric study here examines the potential savings from using lighter materials
for various portions of the current Shuttle radisaesembly. Tabl8.15 gives afairly
specific masdreakdown for the Shuttle radiators. Sinplify this analysis,the major
subassemblies within the Shuttle radiators can be grouped into four categories.

Mass per Side Percentage of
Category of an STS [kg] RadiatorMass
Facesheet and Honeycomb: 37.3
Facesheet 91.2
Honeycomb 47.6
Flow Tubes and Manifolds: 11.3
Flow Tubes 34.0
Manifolds 8.0
Other Items 162.8 43.7
Fluids 28.7 7.7
Total 372.3 100.0

This study varieshe component Shuttle radiator madsesarly based on the
original total mass for that category. Here ttagesheet and honeycomb masses are
reduced up to 60% and tliew tube andmanifold setmassesare reduced up to 24%.
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This study assumes up to 18% mass savimgstheritems, includinghe panelsupport
and deployment mechanisms. Finally, no mass savings for the fluids is exfected

Lightweight radiators, as presented in theport, arepurely speculative. Two
factorswhich will heavily influence ACS component assare the heat-rejecti@ystem
design andhe componentaterials. Heréoth thedesign andhe componenmaterials
are,out ofnecessityyvague. The desigrame vague because new radiator configurations
currently under developmemhay have significantlgifferent mass requirements than
current radiator technology. Furthéghter materialswill yield additional mass savings
whichare currentlyot quantified. Rather, this sectiattempts to show theverall mass
savings that might be realized if certain component radiator masses can be reduced.

As with the radiator ORUs fotSS, advanced materialare mostikely to
significantly reduce the mss ofthe panel facesheets and honeycomb. Sonass
reduction can also be expected for flloev tubes andnanifolds,but thedimensions, and
therefore mass, of these components @imarily determined by their function of
containingthe fluid within a specifiedsolume. The categoryOther tems” includes the
deployment andupport structureg/hich aresized based upaihme overall volume of the
radiators and less on their absolute m&ssll, lighter radiators should allow sonrmeass
reductions in these supporting structur&mally, the fluid mass is dunction of radiator
volume andfluid density,both of which are constant hereOverall, this study gives a
radiator mass reduction of 33.0&tenthe facesheet arftbneycomb massese reduced
by 60% (Figure8.12).

Percent Reduction
in Facesheet and Honeycomb Mass

Category 20% 40% 60%
Facesheet and Honeycomb [kg] 111.0 83.3 55.5
Flow Tubes and Manifolds [kg] 38.6 35.3 31.9
Other Items [kq] 153.0 143.3 133.5
Fluids [kg] 28.7 28.7 28.7
Overall STS Radiator Mass per Vehicle Side [kg] 3314 290.5 249.6
Overall Mass Reduction per Vehicle Side [kg] 40.9 81.8 122.7
Mass Reduction as a Percentage

of the Original Shuttle Radiator Mass [%0] 11.0 22.0 33.0
Radiator Mass Per Surface Area [kgJH-6 4.72 4.14 3.56

Consideringthe available lightweightadiators presented in Section 2.4, an ovenaks
reduction of 22.0% was selected as a representadive. Thus, the massvingsfor a
complete Shuttleehicle is 163.&kg. For thdife of the vehiclewhich is 140 missions,

this is a savings of 22,904kg. Because thidow geometry should béhe same, the
required pumping power is unchanged. For actual equipment, the composite flow-through
radiators are the only concept in the current study which are appropriate for STS upgrade.

115 gsee Section 2.4 fadditional general background on lightweight radiators ghesific examples of
proposed lightweight radiators.
116 These values assume a radiating area of 70&srfound in the deployed 8 panel configuration.
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Specific Assessments (for 140 missions):

Equipment Mass Savings 22,904 kg
Power Savings as Mass none
Overall Mass Savings 204 kg
400
o
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Figure 3.12 Shuttle radiator mss as a function of massluctionwithin the radiator
facing and honeycombThe masses heage for one ofwo equivalent sets of radiator
panels on a Shuttleehicle. Study AssumptionFor each 10%nassreduction in the
facesheets and honeycomb the mass for the flow tubesamildsdecreases by 4% and
the mass of the other items decreases by 3%.

3.24.3 Phase-Change Thermal Storage

At leasttwo scenarios arpossible to size a phase-change thest@akgedevice
for Shuttle. One case would presume to replace the ABS with phase-change thermal
storage. This would require a system size 63,300 kW*swhich isthe currentlesign
capacity for the ABS. Preliminary calculations indicate that a corresponding phase-change
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thermal storagesystem sized to replache ABS would require 175.8 kg of PCM
alonell’. The mass of &llly charged ABS, however, anly 71.9 kg. Thus, toeplace
the ABS with phase-changigermalstorage wouldead to a substantial increasevéhicle
launch mass.

A second case assumtsat phase-change thermatorage is used tprovide
auxiliary cooling in conjunction with the radiators and FES. In particular, phase-change
thermalstorage could be used to reduce FES udhgegby reducing the massaufoling
water rejected by theehicle!l8, The PCM packages aselidified while the radiator
rejects heat above the average orbitdlie andthe PCM is allowed tmelt to provide
additional coolingwhile the radiator is rejecting heat below the average oxataé.
Because the radiator heat loaatiesaround an orbit, even when Shuttleigirely infull
sun athigh beta angles, this approachgenerally applicable. Figure 2.8 schematically
illustrates an implementation of phase-change thermal storage for SHuttle

Shuttle is anextremely versatilecraft with a correspondingly complex heat-
rejection profile. Howeverany mission wilfly somewhere around planEarth. The
most advantageous heat-rejection environment would be at arggéaof 5Qlegrees,
while the most disadvantageous would be an orbit which is continually in fulFsurhis
second extreme an orbit at a batgle of 75degrees was selected. A constant altitude of
407,400 m (220 nauticatiles) and anattitude of payload-bay-to-Earth complete the
description of thevehicle thermal environmerfor thisanalysis. The radiatoinlet
temperature wakeld constant at 308.2 K (959%) and the workindluid massflowrate
was maintained at a value of 0.3&8/s (2795 Ik/hr) per loop. For these parameters,
numerical analysi¥Oyields:

Vehicle Orbital Beta Angle [degrees]
0 50 75

Average Orbital Radiator
Heat Rejection Rate [kW] 20.52 18.91 16.22
Energy Rejecteddbove the
Average Rate / Orbit [KW*s] 3117.9 3859.3 1204.1
Equivalent Mass of
FES Water / Orbit [kg}21 1.3963 1.7283 0.5392

117" The assumed PCM is water with a thermal density of 10.0 kg/kW*h.

118 As designed, Shuttle uses water, generated by producing electricity in its fuel cells, as feedwater for
the FES. Early in the next centuhgwever, water generated by Shuttle’s fuel cells may be tapped
as a source of potable water to be delivered to Space Stationtbe fwsew on extendeduration
Shuttle missions.Use ofphase-change thermal storageuld save some water which currently is
consumed by the FES.

119 gsee Section 2.5.1 for more information on phase-change thermal storage.

120 The analysis herased TSS with SINDA/FLUINT to computadiator heat rejection profilder the
310 node LTV model of Shuttle. After determining the average orbital radiator heat rejection, the
energy above and belde average heat rejectiarere determinedThe approach includes thermal
capacitance for the radiator components.

121 Based on assumingheat of vaporizatiofor waterwithin the FES of 2,233 kW*s/kg (960 Btu/lp
(Lucas, 1996).
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For this studytwo materialswere considered. Water has a therdeisity!22 of
18.0 kg/kW*hincludingpackaging. A long-chain alkane, or wax, such as n-dodecane has
a thermal density of 30.2 kg/kW*h including packaging.

Phase-Change Thermal Storage Devices Phase-Change Materials
Time Basis: 1 orbit Water n-Dodecane
Thermal Density [kg/kW*h] 10.0 16.8
Thermal Density + Packaging [kg/kw+§73 0.00500 0.00840
Beta Angle = 0 degrees:

Design PCM Load [kW*s] 3117.9 3117.9

Mass of PCM Device [kg] 15.59 26.19
Beta Angle = 50 degrees:

Design PCM Load [kW*s] 3859.3 3859.3

Mass of PCM Device [kg] 19.30 32.42
Beta Angle = 75 degrees:

Design PCM Load [kW*s] 1204.1 1204.1

Mass of PCM Device [kg] 6.02 10.11

From thedefinition ofthe referencenission,the assumerhission length is 6 days.
Assuming araverage orbital period of 90 minutes, the standasdion is 96 orbits. The
mass savings using n-dodecane as the PCM is:

Mass Savings Using Water for Vehicle Orbital Beta Angle [degrees
PCM Device per Mission 0 50 75
Mass of PCM Device [kg] 26.19 32.42 10.11
Mass of FES Water Saved [kg] 134.04 165.92 51.77
Overall Mass Savings [kg] 107.85 133.50 41.66

The worst-case scenario filnis technology would be tity a mission in fullsun at
a betaangle of 75degreeausing a vehicle with & CM device sized for a besagle of
50 degrees. Fdhis caséhe FES watesavingswould beonly 51.77 kg whiledhe PCM
device penalty would be 26.19 kgelding a mass savingger mission of 25.5&g, or
3,581.2 kg for thdife of thevehicle. In generaKhuttle wll fly at a variety of betaangles
from O up to 75 degrees or evégher in some casesAssuming this reflects the
spectrum of Shuttle operating conditions, then the average amount of FESavatbr
per missionwould be 117.24 kg. Further, assngithe PCMdevice is sized for a beta
angle of 5(degrees, the average maasingsper mission is 84.8&kg, or 11,875.3 kg for
the life of the vehicle.

Specific Assessments (for 140 missions):

Equipment Mass Savings 11,875 kg
Power Savings as Mass negligible
Overall Mass Savings 11,875 kg
Composite Qualitative Score +2

122 Thermal density is defined here as 1/(heat of fusion).
123 Including mass for packaging which is assumed as an additional 80% of the PCM mass.
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3.25 Summary

The various advanced technologies and their estimated bemeBtanmarized in
the table below for STS upgrade. From Sec3i@?2, the mass of tHeaselineETCS is
201,306 kg for 140nissions. Again, assumirige mass determinatiotigoughoutthis
study have associated uncertainties on dfger of 10%, a complete TC®ith an
advanced technology would need to shasawangs of at least 2181 kg to ensure mass
savings. Further, becausgesign and developmentsts are natrivial, a mass savings of
25%, or 50,327 kg, is desirable.Using these criteria, the TCSs with advanced
technologies proposed for STS upgrade may be divided among five categories:

* TCSs using advanced technologies requiring a mass pgnediterthan
10% of the overall baseline ETCS mass: none.

» TCSs using advanced technologies requiring a mass penalty less than 10%
of the overall baseline ETCS mass: none.

» TCSs using advanced technologies with a mass savings less than 10% of
the overall baseline ETCS mass: LP two-phase TCS.

 TCSs using advanced technologies with a mass savings between 10 and
25% of the overall baseline ETCS mass: lightweight radiators.

* TCSs using advanced technologies with a mass sayiegter than 25%
of the overall baseline ETCS mass: none.

The technology in the third category will produce an ETCS which is comparable to
the baseline system. The technology in the fourth category is promising for this mission.

One technology presented aboveraslly an enhancingechnology. In other
words, this technology wiltleliver a mass savings or penalty regardlesthef TCS
selected. Thus:

* Enhancing technologies which require a mass penalty: none.
» Enhancing technologies whigteld a massavings: phase-change thermal
storage.

Table 3.18 Advanced Active Thermal Control System Architecture
for Space Transportation System Upgrade

Summary of Advanced Activehiermal Control $stem Overall Mass Qualitative
Architecture for Space Transportation System Upgrade Savings [kg] Score
3.2.4.1L ow-PowerTwo-Phase Thermal Control System 8,176 -1
3.2.4.2 Lightweight Radiators 22,904 --
3.2.4.3 Phase-Change Thermal Storage 11,875 +2
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4.0 PLANETARY MISSIONS

Several aspects of surface operatidistinguish planetary missions froather
missions. Most obvious is the presence ofnantrivial gravity field. Further, thetime
constant associated with teenlight/shade cycle on a planetanyface is on therder of
tens to hundreds of hours. The plamstlf provides an additionaupportsurface for
equipment includingfCSs. Finally, some planets also have an atmosphéreh can
deposit material omMCS surfaces arnolffet fragilestructureswhich are best suited to a
vacuum.

4.1 FIRST LUNAR OUTPOST LANDER

4.1.1 Reference Mission

One possible approach to re-establish a human presence on Luna is to send a series
of expendable vehicles similar to those used by the Apollo program. One proposal, known
as First LunaOutpost (FLO), woulditilize two vehicles to place erew of up to four on
the lunar surface for up to 48ays (includingone lunaday andone Ilunar night.)
(Woodcock, 1993) The first transfer vehicle would carry the crew from Earth hontre
surface and then back to Earth. The second vehibleh would actually arrive on the
lunar surface beforne crew, would be pilotless lander whiclwvould serve as a habitat
while the crew is on thiunar surface. Thisecond lander is to Hmuilt around a Space
Station habitation module with appropriatedifications to make it an independent
vehicle. Thiswill be FLO Lander. In addition to the habitation module, FLO Landkkr
include a base containing landiggar and a descent motor, external tankage and ladders,
an airlock, and a complete ATCS designed for latlar day and lunar nightFor this
study, the continuous power magmalty is 616 kg/kWvhile the daytime penaltywhich
presumes solgpower generation, is 42.2 kg/lkW (Woodcock, 1993). Hexe, FLO
Landers (one for each dfvo human missionspre assumed, and maswings are
considered cumulativier bothmissions. Therew transferehicleand the Earth thuna
transfer of FLO Lander are not considered in this study.

4.1.2 Baseline Case

The baseline FLOLander ETCS vl use a low solar absorptivity, horizontal
radiatorl24 with single-phase ammonia e ETCSluid. The ITCS loop isassumed to
use water. Na@dditional cooling deviceare presumed, although somay berequired
for missionphaseother thansurface operations. The radiator upper surface coating is
silver Teflon with an assumed surfaamissivity 0f0.80 and a solaabsorptivity 0f0.10.
The lower radiator surface is insulated to reduce heating from solar irradiation reflected by
the lunar surface. The radiatdin efficiencyand masger surface area are 0.85 and

124 A study by Cross (1995) indicatéBat radiators arsignificantly less massivéhan evaporative
systems for spacecraft in near-Earth space on missions lasting more than a week.
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6.00 kg/m 125 respectively. Woodcock (1993), assing anETCSwith a heat pump,
sized the FLO Lander radiator at 63and placed it directly abovke habitation module.
Here it is assumettatany radator area in excess of 63 mill initially be folded on top
of a base radiator of 63°m The additional radiating arewill be deployed once FLO
Lander is in place on tHanar surface (Figure 4.1). The deployable radiator paawks
an assumed mager surface area of 9.00 kg/mThis higher penaltaccounts for the
additional deployment mechanisamd structure associatedth the deployable panel
segments. The heat-rejection requirement oEfRES is 16.0 kW and the totalmping
power is 0.30 kW (Woodcock, 1993). this study a heat pump it included in the
baselineETCS because hegumps are considered an advanced technology. Thus, the
baseline FLO Lander ETCS design is:

e Qverall ETCS Performance:

Heat Rejected 16.0 kW
ETCS Mass Flowrate 0.1453 kg/s
ETCS Working Fluid single-phasenanonia

* Low Solar Absorptivity, Horizontal Radiators:

Surface Emissivity 0.80

Solar Absorptivity 0.10

Fin Efficiency 0.85

Average Radiator Surface Temperature 285.0K
Average ETCS Fluid Temperature 286.5 K
Radiator Outlet Temperature 274.82 K
Radiator Inlet Temperature 298.18 K
Radiator Pressure Drop (as per ISS) 48.26 KN/m
Pump Efficiency 0.45

Pumping Power for Radiators 0.0248 kW

125 This penalty includes 5.20 kghrfor radiator panel masand 0.80 kg/ffor base structure and
support (Woodcock, 1993).
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Figure 4.1 A sketch of atypical deployableradiator, as proposed for thHeseline,
mounted ortop ofthe modified Space Station habitation module of First Lu@artpost
Lander. Thetop figure illustratesthe radiators stowed fdiight and toprotect the
radiating surfacevhile the vehicle external thermal contradystem isnot in use. The
lower figure illustratetiow the radiatorsight look when deployed. The large radiator
directly affixed to the habitation module has a radiating area of @ite the two panels
deployed on either end provide any additional radiating area.
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» Summary of ETCS Masses for a Single FLO Landshidle:

Radiator Surface Areigé 116.08 M
Base Radiator Support and Structure 50.40 kg
Radiator Panel Mass 603.62 kg
Support and Deployment for Added Panels 201.70 kg
Total Radiator Mass 855.72 kg
Deployment Motor (assumed) 10 kg
Overall Pumping Power 0.300 kw
Pumping Power as Mass 184.80 kg

Total ETCS Heat-Rejection System M&ss 1050.5 kg

The average radiator mass per surface area is 7.37 kgy/rthe baseline configuration.
Figure 4.2 presents an overall sketch of the FLO Lander ETCS referdraselone.

4.1.3 Parametric Study Using the Baseline Case

Because FLO Lander #ill in the designstage, théaselineETCS forthis study
was determined through a parameémalysis. Density and specifibeat forsingle-phase
ammoniawere determined based on the avefaf€S loop temperatunesing curveits
to existing thermodynamic data.

_=\_ [ 1=, 1= kg
p(T)= 50.002 577 ~0.233 T +858.960

¢ ()= SJ.OOG% T+ 2.99%\;1’:

In addition to the constants above, other assumed study constants are:

Stefan-Boltzman€onstant 5.676& 1011 kW/(m* K%
Solar Irradiation at Lunar Noon 1.371 kW/m
Environmental Temperature (space) 3K
Maximum Radiator Outlet Temperature

(ETCS set-point temperature) 274.82 K
ETCS Loop Temp. - Radiator Surface Temp. 15K

126 The radiatorwas sizedising thestudy presented in Sectidiil.3 below byassuming an average
radiator surface temperature of 285.0 K.

127 This totalexcludesthe mass of the ETCS working fluid, pump packae piping andittings.
While these massemre significant, their total is nekpected to change significantigtween the
baselineand theadvanced technology options discussed bel&er comparison, if an Apollo era
sublimator were used to rejecthaat load of 16 kWfor 45 days it would consume 25,500 kg of
water, not including tankage and other equipment masses.
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- LoopB
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Figure 4.2 An overall sketch othe baselineexternal thermal contradystemfor First
Lunar Outpost Lander. Two flow loops are shown because the actugthicle will
probably usewo loops as a safety precautiodowever, tosimplify calculations and
analysis,the heat load angumpingpower for both loop$has been lumped ingingle
values for the First Lunar Outpost Lander vehicle as a whole.

105



Advanced Active Thermal Control Systems Architecture Study NASA TM 104822

Because the FLO Lander radiator wa sized when this study was initiatdzhth the
surface solar absorptivity and the average radiator temperature were initially restricted to a
range of values.Both of these parameters weararied to determine their effect on the
required radiating areaWhile silverTeflon has a solar absorptivity when new0d8 to

0.09 (Peck, 1990), tHanding ofthe vehicle withthe crew and actual radiator usage over

45 dayswill degrade this coatinglightly, so a value 00.10 was assumed. The radiator
area was expected to be about twice that quoted by Woodcock (h&8&)se the
baselinewould not include aheat pump. Further, lsigherETCS loop temperaturinan

used by either ISS or Shuttle would be permitted. aAalysis ofthe requiredadiating

area is presented in Table 4.1 and Table 4.2, and graphically in Figure 4.3 and Figure 4.4.

Table 4.1 Various ETCS Flow Loop Values for First Lunar Outpost Lander
as a Function of Radiator Panel Temperature

Average Radiator Panel Temperature

275.0K 280.0K 285.0K 290.0K 295.0K 300.0K
Average ETCS Loop
Temperature [K] 276.5 281.5 286.5 2915 296.5 301.5
Average NH Specific
Heat [kW*s/(kg*K)] 4.65 4.68 4.71 4.74 4.77 4.80
Average NH
Density [kg/nd] 641.6 634.9 628.1 621.1 614.1 606.9
NH; Flowrate [kg/s] 1.0239 0.2557 0.1453 0.1011 0.0773 0.0624
Required Radiator
Pumping Power [kW] 0.1711 0.0432 0.0248 0.0175 0.0135 0.0110
Required Radiator
Area at Night [rf] 72.56 67.52 62.90 58.67 54.80 51.23

Table 4.2 Daytime First Lunar Outpost Lander Radiator Area [nf]
as a Function of Both Solar Absorptivity and Radiator Panel Temperature

Solar Average Radiator Panel Temperature

Absorptivity 275.0K 280.0K 285.0K 290.0K 295.0 K 300.0 K
0.080 125.71 111.30 99.29 89.15 80.50 73.04
0.085 131.74 116.00 103.02 92.14 82.93 75.03
0.090 138.38 121.12 107.03 95.34 85.51 77.14
0.095 145.73 126.71 111.37 98.77 88.26 79.37
0.10 153.89 132.84 116.08 102.46 91.19 81.73
0.11 173.32 147.07 126.80 110.72 97.68 86.90
0.12 198.36 164.71 139.70 120.43 105.16 92.78
0.13 231.86 187.16 155.53 132.01 113.88 99.50
0.14 278.97 216.70 175.40 146.06 124.18 107.27
0.15 350.10 257.32 201.09 163.44 136.53 116.37
0.16 469.93 316.66 235,59 185.53 151.60 127.14
0.17 714.47 411.59 284.40 214.52 170.42 140.12
0.18 1489.67 587.80 358.69 254.24 194.57 156.04
0.19 - 1027.85 485.54  312.02 226.70 176.05
0.20 - 4088.93 751.20 403.78 271.54 201.95
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Figure 4.3 Required radiator surface area to reject a 16.0 kW heatdloaty lunar
noon at thdunarequator as &unction of the average radiator surface temperature for a
horizontal, low solar absorptivity radiator on First Lu@utpost Lander. Asurface
emissivity of 0.8 and afin efficiency of0.85 are assumedSilver Tefloncoating, the
assumed surface coating, has a solar absorptivityp8fvhen new and a value 6f15 at
end-of-life.

4.1.4 Advanced ATCS Architecture for First Lunar Outpost Lander

FLO Landervehiclesare assumed here to &gendable. They will be placed on
the lunar surface and left behinohce the objectives at theianding site havebeen
accomplished. This isot tosaythat thevehicle maynot beused by more than one crew.
In fact, FLO Landemay beused multiple times by crews to caoyt studies at &ingle
lunar site,especially ifthe perishable itemsare replenished between visitddowever, to
bound this study, it is assumelbat the vehicle usage doesiot permit significant
degradation of the ETCS components either by soladiation, debris impact, or
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abrasion due to lunaoil propelled bythe thrust of othevehicles landing neardys. As

noted earlier, only two FLO Lander vehicles are presumed. Each advanced architecture is,
where applicable, assessatmericallyfor theoverall mass savings wheonmparedwith

the FLO Landebaseline. Qalitative assessments for these advanced technologies are
presented in Section 2.0.
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Figure 4.4 Required radiator surface area to reject a 16.0 kW heatdlgay lunar

noon at thdunarequator as &unction of the solar absorptivity for a horizontal, low solar
absorptivity radiator on First Lun@utpost Lander. Aurfaceemissivity of0.8 and a fin
efficiency of 0.85 are assumed. The curves represent performance for various average
radiator surface temperaturef-or comparison, the STS-41 case for Shhigle an
average radiator surface temperature of 288.3 K and the LVS Base Case for International
Space Station has an average radiator surface temperature of 273.9 K.

128 By assuming that the radiatonsll be stowed whileother vehiclesare landing or takingff, there
should be little erosion of theurface coatings due tanar soil propelled at the radiators by the
thrust of other vehicles nearby.
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4.1.41 Low-Power Two-Phase Thermal Control System

To estimate the mass of a LP two-phase ¥2Sor FLO Lander, this study
extrapolates predictions from Ung@k995) which gives estimatefor space stations.
Ungar (1995)includes estimatefor threedifferent vehicles usindour different TCS
architectures. Of the options presented, FLO Lander closely resembles amall
system with a single-phase cascade TCS. Ungar also presentwae:jhtase TCS. The
LP two-phase TCS requires lgagmpingpower andsmaller diameter floMinesthan the
single-phase cascad€S. The required radiator arearaaighly the samefor both the
single-phase cascad€S and the LP two-pha3e&S. Thusneglectingthe differences in
the flow line mass, the systems may be summarized by:

Small §stem(Ungar, 1995)

First Lunar Qutpost Single-Phase Cascadg Low-Power Two-Phase
Lander Baseline Thermal Control $stem | ThermalControl System
Thermal Control $stem LTL LTL LTL MTL
Pump Power [kW] 0.300 0.320 0.320 0.068 0.08(Q
Radiator Area [ 116.1 197 197 195 195
Loop Set-Point [K] 274.8 275.2 275.2 275.2 287.2

LTL refers to the low temperature loaghile MTL refers to the moderate temperature
loop. Actually, the baselin@CS for FLO Lander uses a pairsifigle-phase cascade, low
temperature loops. Thisted values inthe table above, however, are for the entire
baselineTCS for FLO Lander. Thugpmparing the FLO Landé&CS with the single-
phase cascadeCS for asmall systenrevealsthat thepumpingpower per loop is about
half, the FLO Lander TCS loop set-points approximatelythat of the LTL for the
single-phase cascad€S,and FLO Lander uses 37% of thiéective radiatoarea of the
single-phase cascadeCS. A canparable LP two-phas&€CS for FLO Landerthen,
would usetwo LTL loops. The totapumpingpower requirement for the revised FLO
Lander LP two-phase TCS is 68 W, which is half of the total pungungr fortwo LTL
loops on Ungar's LP two-phase TCS for a small station. Thus:

Low-Power Two-
Phase First linar

Mass Gained Using a

Low-PowerTwo-Phase Baseline kst Lunar Change Total Change

Thermal Control $stem Outpost Lander TCSOutpost Lander TCS (for 1 Vehicle) (2 Vehicles)
Pump Power [kW] 0.300 0.068 -0.232

Mass due to

Pump Power [kg] 184.8 41.9 -142.9 -285.8

Overall, the LP two-phase TCS lighter thanthe baseline single-phassascade TCS.
However, because FLO Lander is a very small vehicle, like Shuttle, a twolD@s#oes
not provide a large savings.

129 gee Section 2.1.2 for details.
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Specific Assessments (for 2 missions):

Equipment Mass Savings negligible
Power Savings 0.464 kW
Power Savings as Mass +286 kg
Overall Mass Savings 286 kg
Composite Qualitative Score -1

NASA TM 104822

4.1.4.2 Two-Phase Thermal Control System With Electrohydrodynamic Pumping

Based on thaliscussion in Sectioh.1.3, FLO Lander couldtilize atwo-phase
TCS with electrohydrodynamic pumping. Avt-phase TCSwith electrohydrodynamic
pumpingmay vield aslight mass savingsver a LP two-phase TCS. g\gnificant mass
savingsover thebaselineTCS would also be expected. However, without more data on

this technology, no mass savings estimates may be determined.

Specific Assessments (for 2 missions):

Equipment Mass Savings unknown
Power Savings as Mass unknown
Overall Mass Savings unknown
Composite Qualitative Score +2

4.1.4.3 Capillary Pumped Loops

Based on thebaselinearchitecturegiven in Section 4.1.2, aapillary pumped
loop 130 could save 0.30 kWAvhich is the estimatedETCS pumping power for a FLO
Lander. A singlecapillary pumped loopmight beused for the heat load rejectedthys

vehicle. However, such considerations dot affect themass estimatefor

this study

because theapillary pumped loop equipmentass is assumed to be comparable to the
equipment maskr thebaseline single-phaseCS architecture. Thaverall savings for
this option is 369.6 kg fotwo FLO Landers based on savipgwer forpumping and a

power mass penalty of 616 kg/kW.

Specific Assessments (for 2 missions):

Equipment Mass Savings none
Power Savings 0.30 kW
Power Savings as Mass 370 kg
Overall Mass Savings 370 kg
Composite Qualitative Score 0

130 see Section 2.1.4 for background on capillary pumped loops.
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4.1.4.4 Solar Vapor Compression Heat Pump

A vapor compression heat pump could be used to reject hediglar
temperatures so as to reduce the required radiator area. In fact, Woodcock (1993)
decided against using justadiator, as in thbaselindor FLO Lander here, and sized the
ETCSassuming arapor compression heat pump. As will be shown below, a continuous
heat pump imot necessary on Lunand, therefore, igefficient because it consumes
powerduring the night. Furthemsufficient detail ipresent in this study to consider a
non-solar heat pump separately from a solar heat pumpanghgsishere followsthat in
Section 3.1.5.4using the baseline fromSection 4.1.2 tcsize the heat pump for FLO
Lander. Some assumptions are:

» Because this is a solar hgatmp,the appropriate powerass penalty for
the heat pump power is 42.2 kg/kW.

» Because FLO Lander is compact and eserallerthan Shuttle, the heat
pump evaporator will take heatirectly fromthe ITCS through a heat
exchanger (Figure 4.5).

* The ITCS pumping power is assumed to be unchanged.

* The baselineETCS pumping power is retained and added to the ITCS
pumping powet3l,

A two-parameter parametric study (Figure 4.6) indictitasthe ETCS mass msinimized
for FLO Lander whenhe heat pump temperatdifeis 27.5 K and the ETC8uid mass
flowrate is increased to 0.368 kg/s. Specifically then:

Cold Source Temperatureg Tevaporator temperature) 286.5 K
Temperature Lift, I - Tc 275K

Hot Source Temperaturey{condenser temperature) 314.0K
Radiator Inlet Temperaturej,T 310.0K

Lunar Surface Solar Irradiation 1.371 kW/m
Environmental Temperaturegghce 3.0K

Total Cooling Load, @ 16.00 kW

Ideal Coefficient of Performance, C&4rhot 10.05

Heat Pump Efficiencyy 132 (Ewert, 1991) 0.50
Necessary Input Power, MY 3.18 kW

The ETCS radiators are represented byntloelel developed fathe parametric study in
Section 4.1.3.

Emissivity 0.80

Solar Absorptivity 0.10

Fin Efficiency 0.85
Radiator Mass Flowrate of Ammonia 0.368 kg/s

131 This accounts for the longer ITCS lines and increased ITCS pumping loads.
132 percentage of Carnot coefficient of performance (COP).
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Figure 4.5 An overall sketch ofhe First Lunar QtpostLander external thermal control
system using aolar vapor compression heat pump. Because the heatguapprator
receives headirectly fromthe internal thermatontrol systemloop, the external thermal
control system flowloop existsonly to carry heat from the heat pump condenser to the
radiators and to bypass the heat pump during the lunar night.
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Average Ammonia Temperature 300.0 K
Average Panel Surface Temperature 298.5 K
Heat Rejection per Unit Area 0.304 kW/m
Total Heat Rejected by the Radiators;, (& 19.18 kW
Radiator Mass Per Unit Area (< 63)m 6.00 kg/m
Radiator Mass Per Unit Area (> 63)m 9.00 kg/m
Necessary Radiator Surface Area During the Day 62282 m

Mass Gained by Using a

Solar Vapor Com- Baseline FLO  Solar Heat Pump Change Total Change
pression Heat Pump Lander TCS FLO Lander TCS (for 1 Vehicle) (2 Vehicles)
Radiator and

Support Mass [kg] 855.7 376.9 -478.8 -957.6
Heat Pump Mas33 [kg] -- 149.7 +149.7 +299.4
Radiator Plus

Heat Pump Mass [kg] 855.7 526.6 -329.1 -658.2
Heat Pump Power [kW] -- 3.07 +3.07

Additional Pumping

Power [kW] - 0.11 +0.11

Power as Massl[kg] -- 199.5 +199.5 +399.0
Total Mass [kg] 855.7 726.1 -129.6 -259.2

As Woodcock (1993) and the tabulation suggest, a solar vapor compressi@urhpat
offers a mass savindgsr FLO Lander. While the radiator area decreases, the added solar
array will offset this savings. The deployment should be easier betheskeployable
radiator wings have beamitted. The deploymemhotor isretained for the solar heat
pump configuration to deploy an@étract a thin protectiveovering over the radiator
surface while other vehicles are taking off or landing near FLO Lander. Thougbttire

can be lighter, it is assumed that the covering mass will offset any savings.

Specific Assessments (for 2 missions):

Equipment Mass Savings 658 kg
Power Savings -6.36 kKW
Power Savings as Mass -399 kg
Overall Mass Savings 259 kg
Composite Qualitative Scoté# +1

133 see the footnotes for Section 3.1.5.4 for the heat pump sizing correlation.
134 volume is rated as “average” fthis missionbecausehis attribute isexpected to be comparable to
the baseline architecture for the solar vapor compression heat pump.
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Figure 4.6 Variation of First Lunar GtpostLander external thermal contr®}stem mass
as a function of the vapor compression heat pump tempelifttiaed the radiator loop
masdlowrate. Thebaseline fronSection 4.1.Zormsthe basisfor this study. This study
optimized external thermal contrelstem mass withespect to both of thgariables
mentioned.
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4.1.45 Lightweight Radiators

A parametric study here is employed to identify potential mass savings through
using lighter materials for portions of the FLO LanB&CS. Unlike ISSand Shuttle, the
FLO LanderETCS is notwell defined, sahe components and categories listed here are,
out of necessity, vague.

Mass per First  Mass Percentage ¢
Category Vithin Lunar Qutpost ExternalThermal
External Thermal ControlyStem Lander Vehicle [kg] Control System
Structure and Deployment: 24.0
Base Radiator Support and Structure 50.4
Support and Deployment for Added Panels 201.7
Radiator Panels 603.6 57.5
Other Items: 18.5
Deployment Motor 10.0
Pumping Power Mass 184.8
Total 1050.5 100.0

This study varieshe component FLO Land&TCS masselnearly based on the
original mass in eactategory. The structure awgployment massese reduced by up
to 20% wherthe radiatopanel mass ieeduced by up to 40%. The ETCS workihgd
is notlisted, but it isnot expected to change as a result of lighter material components
throughout the rest of the ETCG%.

The underlying assumption ithat compositesnd other advanced materials are
mostlikely to offer a masseduction for some components of the radigi@mels such as
the honeycomb andhe facesheets. Because the radigdmelsare the single most
massive item of the FLO Lander ETCS, such savings would constraentamder of the
design. A less significant massduction is assumed for tls¢ructures andleployment
because thsizes of these componerdase primarily dictated bythe dimensions of the
radiator array. However, composites shoalldw comparable components to replace
some of the structure and deployment with lightets. Insummary, thi@pproactyields
an overalETCS mass reduction of 27.8% for a 40% reduction in the ragiate mass
(Figure 4.7).

135 gsee Section 2.4 fadditional general background on lightweight radiators ghesific examples of
proposed lightweight radiators.
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Figure 4.7 First Lunar @tpostLander radiator mass as a function of mass reduction
within the radiatopanelset. StudyAssumption:For each 10% mass reduction in the
radiators the mass for the structure and deployment decreases by 5%.
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Percent Reduction in

Category Vithin Radiator Panel Mass
External Thermal ControlyStem 20% 40%
Structure and Deployment [kg] 226.9 201.7
Radiator Panels [kg] 482.9 362.2
Other Items [kg] 194.8 194.8
Total ETCS Mass per Vehicle [kg] 904.6 758.7
Overall Mass Reduction per Vehicle [kg] 145.9 291.9
Mass Reduction as a Percentage

of the Original FLO Lander ETCS 13.9 27.8
Radiator Mass Per Surface Area [kgJi#® 6.11 4.86

Consideringthe available lightweightadiators presented in Section 2.4, an ovenaks
reduction of 27.8% was selected as a representative value. Thus, tisevimgstor one
FLO Landervehicle is 31.9 kg, or 583.8 kg for theeferencemission oftwo vehicles.
The powerrequirements W be unchanged because ti@ernal fluid dynamicsand,
therefore, the pumping power are functions of the working fluid material properties.

Because FLO Lander is a planetanyssion, any ofthe lightweight radiator
conceptsmay beaused. All of the radiators presented in Section 2.4 canldmoyed
vertically. However, vertical radiatoraway from polar regions require integratioith
either a radiator shade or a heat pump to rdijecsupport heat loads &tnar noon.
Additionally, the composite flow-through radiators could also be oriented horizdik&lly
the radiator in the baseline architecture.

Specific Assessments (for 2 missions):

Equipment Mass Savings 584 kg
Power Savings as Mass none
Overall Mass Savings 584 kg

4.1.4.6 Parabolic Radiator Shade

Parabolic radiator shades provide a means of lowetiney effective sink
temperature around a radiator dbow rejection at temperatures associated with waste
heat from environmental control and life support systems for human b¥&ings

Two possible deployments using a parabolic radiator sfuadeLO Lander at an
equatorialandingsite are presented kigure 4.8. The first would platcke shade on top
of the modified Space Station habitation module with a vertrealiator. This option is
difficult to employfor at leastwo reasons.Preliminary calculations indicathat the top
of the FLO Landewehicle has insufficientoom for a radiator shade. Furthbecause
FLO Lander is pilotless, computer guidance would nedthwdesslyposition thevehicle
on touchdown toalign the radiator's maiaxis with the local incident solarvector.

136 These valuesre based on aadiating area of 116.08mas per the baseline architectdoe FLO
Lander. Further, these values include only the radiator mass and not the Other Items in the ETCS.
137 See Section 2.5.2 for more information on parabolic radiator shades.
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Without allowing for additional equipment to adjusie radiator'slignment ortop of the
vehicle, this approach is unworkable.

Figure 4.8 Two deployments for a parabolic radiator shade. The first defheyshade

on top ofFirst LunarOutpost Lander.This option could be deployed remotddyt would

rely onthe First LunaOutpostLandervehicle positioning itself inthe propeposition
relative tothe solar vector. The secodédploysthe radiator with parabolic shade on the
lunar surface. Thisption would be carried in a box and deployed by the crew after
arrival. The positioning ofhe First LunaOutpostLandervehicle itselfwould not be
critical becausethe crewthemselves could adjushe parabolic shade and radiator
assembly to align with the solar vector.
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A second approach would use the crew to set up the radiator and shade on the
lunar surface after arrivalThis approach allowshe shade to baligned properly with
respect to théocal solarvector. Furtherpreliminary calculations indicathatthis option
requiressignificantly less masthan a vehicle-mounted installati&fd. This impliesthat
the habitat willnot beready for the crewhen they reacthe lunar surface. Because the
mission profile calldor an extravehiculaactivity only sufficientfor the crew to transfer
from the pilotedsehicle tothe habitat, the habitat should be remotely regiéabdcock,

1993). However, assuming that this readiness issue can be solved, a surface installation of
a vertical radiator with a parabolic shadethe most reasonable appro&eh The
radiator and shade combination could ¢t up aglustrated in the lowerpart of
Figure 4.8 or as a single continuous unit. In either case, endg&epsctured)should
be used to further minimize heating from surface irradiation.
For a parabolic radiator shade on the lunar surface (Ewert and Clark, 1991):

Heat Rejected 16.0 kW
Radiator Surface Temperature 285.0K
Lunar Surface
Emissivity 0.93
Absorptivity 0.93
Albedo 0.07
Solar Irradiation 1.371 kW/m

Incident Angle 90.0°
Orbital Inclination 1.52
Radiator (with silver Teflon)
Fin Efficiency 0.85
Infrared Emissivity 0.80
Solar Absorptivity 0.10
Shade
Specular Upper Surface
Emissivity 0.03
Absorptivity 0.04
Diffuse Lower Surface
Emissivity 0.81
Absorptivity 0.371
Sink Temperatur&© 155.0K

138 The preliminary mass calculations include only a modest estimate for a shade deployment based on a
surface installation. A vehicle-mounted installatiould probablyrequire more massive pointing
mechanisms.

139 To allow the habitat to beemotely readiedradiators could be vehicle-mounted whigie crew
arrives. Assuming therew arrives atunar sunrise, the unshaded radiatsisuld be sufficient to
cool the vehicle until the crew can set up the parabolic shade on a subsequent extravehicular activity.
Finally, the vehicle-mounted radiatonsight be transferred to the lunaurface for use with the
parabolic shade.

140 Keller (1995 a) computed aink temperature of 153.58 Kor a parabolic shadend radiator
assembly mounted on landervehicle 10 moff of the lunarsurface. For a shade on thear
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Radiator
Area 68.9 h
Mass Penalty (Keller, 1994) 4.5 kg/m
Mass 310.2 kg
Dimensions
Height 1.00 m
Length 34.47 m
Shade
Parabolic Arc Length! 4.59 m
Length 34.47 m
Area 158.2
Mass Penalti/? 1.1 kg/nd
Mass 174.0 kg
Total System Mas3 484.2 kg

Comparing the radiator anflexible parabolic shade with thbaseline presented in
Section 4.1.%ields:

Baseline kst First Lunar

Lunar Qutpost ~ Outpost Lander
Mass Gained by Using a Lander Thermal With Parabolic Change Total Change
Parabolic Radiator Shade Control §;stem  Radiator Shade (for 1 Vehicle) (2 Vehicles)
Radiator Area [rfi 116.1 68.9 -47.2
Radiator Mass [kg] 603.6 310.2 -293.4 -586.8
Added Panel Support &
Deployment [kg] 201.7 -- -201.7 -403.4
Shade Area [f] - 158.2 +158.2
Shade Mass [kg] -- 174.0 +174.0 +348.0
Total Mass [kg] 805.3 484.2 -321.1 -642.2

The deploymeninotor mass isetained in this configuration taccount for the mass of a
remotely removable coveringver the radiatorsvhile theyare vehicle-mounted. The
overall savings for using a parabolic radiator shade is 642.2 kg.

surfacethe effectivesink temperaturevould be slightlyhigher. The shadproperties assumed here

are beginning-of-life values which are appropriate for this mission because dust accumulation will be
negligible. This explains thdifference betweethe lower sink temperature herand the higher
value listed for the PLB shade which is sized using end-of-life shade properties. Keller used TSS.

141 A full parabolic shade is assumed. In other wotlle, shade top isven withthe radiator top and
the shade focus is at the height of the radiator.

142 This penalty includes mass for a flexible parabolic shade plus appropriate support strii¢tisre.
penalty is twicethat used by Keller (1994). The additional mass accoutits more extensive
deployment structure which will allow for the radiator and shade to be deployed quickly.

143 This value does not include mass for piping, fittings, and working fluid to and from the radiators.
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Specific Assessments (for 2 missions):

Equipment Mass Savings 642 kg
Power Savings as Mass negligible
Overall Mass Savings 642 kg
Composite Qualitative Scoté -2

4.1.5 Summary

The various advanced technologies and their estimated bemeBtanmarized in
the table below for FLO Lander. From Sectbh.2, the rass othe baselineETCS is
2,101.0 kg fortwo missions. Assuminghe mass determinatiottsroughoutthis study
have associated uncertainties on t¢nder of 10%, aroverall TCS with an advanced
technology would need to showsavings of at lea210 kg to ensure a massvings.
Further, becausgesign and developmeobsts are natrivial, a mass savings of 25%, or
525 kg, is desirableUsingthese criteria, the TCSs with advanced technolqgiesosed
for FLO Lander may be divided among five categories:

* TCSs using advanced technologies requiring a mass pgneéiterthan
10% of the overall baseline ETCS mass: none.

» TCSs using advanced technologies requiring a mass penalty less than 10%
of the overall baseline ETCS mass: none.

» TCSs using advanced technologies with a mass savings less than 10% of
the overall baseline ETCS mass: none.

 TCSs using advanced technologies with a mass savings between 10 and
25% of theoverall baselineETCS mass: LPtwo-phase TCScapillary
pumped loops, and solar vapor compression heat pump.

* TCSs using advanced technologies with a mass sayiegter than 25%
of the overall baselineETCS mass: lightweight radiators andrpbolic
radiator shade.

The technologies in the fourth category premisingbut notoutstanding fothis
mission. The technologies in tHaal category shovsignificant promisdor thismission.
However, as discussed above, the parabolic radiator shade needs to be gepjusrbyl
on the lunar surface to function properly and this may require an extravehicular activity.

144 The deployment is rated as “difficult” fahis missionbecause the mass assessment assugresva
extravehicular activity to place the parabolic shade on the lunar surface.
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Table 4.3 Advanced Active Thermal Control System Architecture
for First Lunar Outpost Lander

Summary of Advanced Activehiermal Control $stem Overall Mass Qualitative
Architecture for First Lunar Outpost Lander Savings [kg] Score
4.1.4.11 ow-PowerTwo-Phase Thermal Control System 286 -1
4.1.4.2 Two-Phase TCS with Electrohydrodynamic Pumping unknown +2
4.1.4.3 Capillary Pumped Loops 370 0
4.1.4.4 Solar Vapor Compression Heat Pump 259 +1
4.1.4.5 Lightweight Radiators 584 --
4.1.4.6 Parabolic Radiator Shade 642 -2
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4.2 PERMANENT LUNAR BASE

4.2.1 Reference Mission

In order to intensively investigate and utilize Luna, a Permanent Luna(23g
is, for expedience, necessary. Itasceivabldhat PLB couldoecome a reality sometime
early inthe next century. One proposal, as present&igure 4.9, would bury three
modified Space Station modules untkeo meters of lunar regolith and provitkang and
working spacecontinuallyfor a crew of three or four. The regolith acts as a radiation
shield for typical levels of incident irradtion. The base elements woulitlude a
habitation module, a laboratory module, and a pjaotvth module. The plant growth
module would be an integrgart of thebase environmentaiontrol andlife support
system by replenishing atmospheric oxygen and remaarigpn dioxide. The plants are
also expected to provide food for the creRower for thebase would be supplied by
photovoltaic solar arrays located near the crew's quarters olurthe surface. Base
access would be through Space Station-type nodes connected to airlocks on the surface.
BaselineATCS heat rejection would beccomplishedhrough horizontal radiatonsith
low surface solar absorptivity>. These radiators would be insulated from belasing
lunar regolith, and deployed dhe lunar surface abovéhe living areas. Theoverall
nominal ATCS heat load is projected at 50 kW with peadividual module loads of
25 kW. The ETCSIluid is single-phase liquid ammonialhe continuous powenass
penalty is 750 kg/kWwhich assumessolar photovoltaic power generatiowith
regenerativduel cell energystorage. The power magsnaltyfor “daytimeonly” power
usage is 35.3 kg/kW faglectricity taken from the main PLB power grid and 20.2 kg/kwW
for electricitytaken from a dedicated photovoltaic array (Hughes, 1995). The pifeject
is 15 years and the total mass savings computed below are for a single base.

4.2.2 Baseline Case

The baselinePLB ETCS uses low solabsorptivity, horizontal radiatorsith
single-phase liquid ammonia #se workingfluid. As illustrated in Figurd.10, each
module is serviced bywo ofthe three ETCS loops. The T@Q#flizes a single-phase
cascade similar to the TCS 1@S. Eachmodule is supplied witbhoth a low-temperature
ETCS loopinterface (LTL) and a moderate-temperat&ECS loopinterface (MTL).
Radiatorbypass valves provideTCS loop set-point temperature control. Furtieach
PLB module haswo ITCS loopsusing liquidwater as the workindluid. Additional
fittings in each PLB module allow eithéfCS loop to serviceall ofthe module's
coldplates and heat exchangeiis arrangement providextraflexibility if any one of
the ITCS or ETCS loopkil. Each ETCS loop alsbas a dedicated pump module. The
overall base ATCS heat load is 50 kBt eachmodule may have eak load up to
25 kW. A value of7.50 kg/m is assumed for the radiator mass radiating area for
horizontal radiators. Vertical radiators are assumed to use 5.6254@/his basavill

145 These are also known as low alpha, horizontal radiators.
146 The radiators on ISS, which ammpletely vehicle-mountednd use an extensive deployment
mechanism, have a mass of 8.24 kg péofradiating area. ThiSS radiatoraretwo-sided. The
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be located at thkinarequatorwhich hasthe most severtermal environment on Luna.
Here surface temperatures range from 102 K at night to 384 K at lunar(Boernt,
Peteteand Dzenitis, 1990). The solar irradiation at noon is 1.371 kWith a surface
albedo on average of 0.87. The lunar surface hdke properties of diffuse gray
surface with an emissivity of 0.93 to 094

e OQOverall ETCS Performance:

Heat Rejected 50.0 kw
ETCS Working Fluid single-phasenanonia

* Low Solar Absorptivity, Horizontal Radiato¥¥

Service Life (each set of panels) 7.5 years
Surface Coating 1ol silver Teflon
Surface Emissivity (end-oif¢) 0.86

Solar Absorptivity (end-ofife) 0.14

Fin Efficiency 0.85

Average Radiator Surface Temperature 275.0K
Radiator Surface Area (day load) 650.81 m
Radiator Surface Area (night load) 217.26 m
Mass Penalty for Dry RadiatoYs 7.50 kg/m
Radiator Panel Mass 4881.08 kg
Number of Radiator Panel Sets per Project Life 2

Total Project Radiator Mass 9765.16 kg
Radiator Working Fluid Mass Penalty (ISS) 0.358 Kg/m
Radiator Working Fluid Mass?! 232.99 kg

147

148

149

150
151

radiator on FLO Lander is als@hicle-mounted, but single-sided (it is insulated on its underside),
and has a base mass of 6.00 kg peofmadiating area when not considering the headéptoyable
panel sections. For PLB, the radiators will probably be packaged inrsameersuchthatthey can

be deployedvith minimal extravehiculaactivity time while using thdunar surface for support.
Thus, some integral mass for a deployment mechanism is appropriate. However, the overall package
is expected to be less complicated lighter than th&sS radiatorsyet heavierand possiblynore
complex than the FLO Lander radiators.

This value is characteristic of aidar mare. Surface albedo may vary betwe@r07 and0.24
according to Binder (1990).

Keller (1995 a) indicatethat surface solar absorptivitgan vary betweer0.7 and 1.0. Thus, a
diffuse gray surface is an approximation for the lunar surface.

The radiators were sized based on the parametric study given in Sectidrelo®.3

This mass penalty includes structure and deployment mass as well as actual radiator panel mass.
The ETCS working fluid is assumed to not require replacecheting theproject life except if the
original fluid issomehow lost (such dkrough a puncture in the radiators). This mass estimate is
based ordatafor the working fluid massised inthe ISS radiato©ORUs as dunction of radiating
area.

124



Advanced Active Thermal Control Systems Architecture Study NASA TM 104822

(]
(&}
I <> O
‘= =]
> °
7 E
8 e
3 =
- S
O
<
<
o
[]
(&}
£ 3
> (]
%] 2 3
@ < prd
c
>
-
<@
>
©°
(@]
» =
o P
T © %
©°
@ S
[ad o
— <
Q -
C
n o
% N
= (@]
= ~
< 3 - o
o e o E
2 a s 8
% — Py < =
T i 2 5
o (@]
= 3] | =
S S g
8
(@] c 3
° S <
£ 5 T
o Qo
=]
2
a
)
(]
2 5 S
o o (@]
[a = zZ
<

Figure 4.9 A side view ofthe Permanent Lunar Basaselinecase. Shown are the three
Space Station modules buried under 2 m of regolith. The external thermal syst&oi
uses thredlow loops (two-fault tolerant) and low solar absorptivity, horizontal radiators
with 10 mil silver Teflon surfaceoating. The power grid is also tviadlt tolerant. The
flow loops and the powedistribution lines are forillustrative purposesonly. (See
Figure4.10 for details of the external thermal control sygiembing.)
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Low Solar Absorptivity, Horizontal Radiators (2 Flow Loops Within Each)

Temperaturg
Control
Bypass Valve

&)

LTL = MTL = LTL = MTL =] LTL = MTL =
ETCS Loop B: ETCS
ETCSLOOPA - - - - - e e e e e e e m = mmmmom o= ' Loop C

Habitation Module Laboratory Module Plant Growth Module

Figure 4.10 Plumbingfor thebaselinePLB ETCS. LTL is low-temperature ETCS loop
and MTL is moderate-temperature ETCS loop. $hstem usethree ETCS loops to
give two-fault tolerance withsingle-phase liquid ammonia #se workingfluid. The
bypass valves allovior temperature control. Each module has ITCS water loops
which can benterconnected to allowll of amodule's heat load to be removed by either
the LTL heat exchanger or MTL heat exchanger. A pump mdggate pictured) is

assumed for each of the three ETCS loops.

» ETCS Working Fluid Loop Mass Flowrates:

Average ETCS Fluid Temperature 278.0 K
Radiator Outlet Temperature 274.82 K
Radiator Inlet Temperature 281.18 K

Average Ammonia Specific Heat
Total Mass Flowrate

4.62 (kW*s)/(kg*K)

(full load/eual distribution) 1.702 kg/s
Average Flowrate per Loop

(full load/eual distribution) 0.5672 kg/s
Maximum Flowrate per Loo{p?2 0.6807 kg/s

152 Thisassumes a module loadinf habitation module: 10 kW, laboratory module: 25 kidd plant
growth module: 15 kW.This arrangement includes the maximum loadorgany one module plus
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e ETCS Pump Module: Two cases were considered fpumping power
calculations. They may be summarized as:

Case Heat Load [kW] Flowrate [kg/s] Pump Efficiency
Nominal Load:
Loop A 16.67 0.5672 0.40
Loop B 16.67 0.5672 0.40
Loop C 16.67 0.5672 0.40
Maximum Load:
Loop A 12.50 0.4254 0.35
Loop B 20.00 0.6807 0.45
Loop C 17.50 0.5956 0.40
Average Ammonia Density 631.96 kg/m
Radiator Pressure Drop per Radiating Aéa 0.3718 kN/r
Radiator Pressure Drop 242.0 kN/m
Pumping Power for Radiators (day lo&d) 1.629 kW
Pumping Power for Radiators (night loagp) 0.544 kW
Estimated Effective Line LengtASS.
Loop A 25.65m
Loop B 71.10 m
Loop C 57.90 m
Line Diametef>’ 0.0236 m
Maximum Line Pumping Powép8 0.628 kW
Overall Pumping Powép® 2.26 kW
Continuous Power Mass Penalty 750 kg/kw
Daytime Only Power Mass Penalty 35.3 kg/lkw
Pumping Power as Mas® 917.3 kg
Mass of Ammonia in Lines 32.76 kg

153

154
155

156

157

158

159

160

reserves 15 kW, as specified, fbe plant gowth module. The maximum p&op load is 20 kW
assuming each loop picks up half of a module's heat load.

This penalty is based othe values for ISS whictspecify amaximum radiator pressure drop of
48.26 kN/n? for 129.8 ni of radiating area.

The nominal load yielded the greatest pumping power requirement for the radiators.

The nightload pumpingpower isthe day loadpumpingpower multiplied bythe ratio of the night
load and day load radiator areas.

These values are the sum of the estimated line lengths based on FiganesZBglus an additional
50% to account for fittings and valves.

This is the inside diameter of the ETCS lines within ISS modules. Specifically, this value is 0.93 in.
The maximum load yielded the greatest pumping power requirement for the ETCS lines.

This value includes 0.63 kW to pump ammotiaough the ETCSoops and 1.63 kW to pump
ammonia through the radiators.

Assumption: The ETCSlowrate is constant with portions ¢fie radiator either freezing and/or
being closedff at night when the heat rejection requirement is less. In pratical tehissmplies
that the pumpingpower is less ahight than duringdaylight. Thus, the continuoysower mass
penalty is applied only tthe power associatedith running thepumps continuously. Theaytime
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* Summary of Permanent Lunar Base Active Thermal Control System:

Heat Load Rejected 50.0 kw
Total Dry Radiator Mass (for 15 years) 9765.2 kg
Working Fluid Mass 265.8 kg

Pumping Power 2.26 kW
Pumping Power as Mass 917.3 kg

Total ETCS Heat-Rejection System M&&s  10,948.3 kg

The baseline radiator mass per area, based on a single set of patiatsris 7.86 kg/m
Upon considering both sets of radiator panels, this value increases to 1536 kg/m

4.2.3 Parametric Study Using the Baseline Case

PLB is still undergoing preliminary desigmork, so thebaselinefor the ETCS
assumes onlyhe values mentioned above. The actbhatelinehardwareincludes low
solar absorptivity, horizontal radiators fabricated fnoaterials likethose specified for
ISS. Several radiator surface coatings axailable, including silver Tefloand Z-93.
Additionally, the radiators could be designed for the entire prbfecif 15 years, or they
could be designed for shortertime and then replaced appropriate during scheduled
maintenance. The possible benefit of using radiators with a design life less than 15 years is
that theend-of-life surface coatingroperties woulchot be aseverelydegraded due to
environmental effects dbat theoverall radiator size could Isenaller. For this study, the
masses of the surface coatirtgemselvesvere assumedegligible compared with the
masses for the other radiator components. cofnparison of radiator designs for a
50.0 kW heat loadusing three surface coatings anmvo radiatompanel surface
temperatures is presented below and in Figur# andFigure4.12. The radiators are
deployed horizontally on the lunar surface.

Table 4.4 Total Masses for the Lunar Base Radiator [kg]
Using Various Surface Coatings and Various Total Design Lives

Design Average Radiator Panel Surface Temperature (Horizontal Units)
Radiator 275.0K 280.0 K
Panel Set 5.5 mil 10 mil 5.5 mil 10 mil
Life [years] | Silver Teflon Silver Teflon Z-93 Silver Teflon Silver Teflon Z-93
15.0 12,258.9 52,765.9 7,846.8
7.5 16,025.6 9,762.1 12,080.7 7,935.0 52,662.3
5.0 16,189.6 11,706.6 89,466.0 13,2315 9,869.6 36,157.2
2.5 23,815.1 19,181.4 73,383.3 20,403.5 16,617.0 45,731.3
1.0 50,870.4 42,955.8 133,625.2 44,4546 37,704.3 92,768.4

only power mass penalty is appliedtbe additionapower used taun the pumps during the day
when the entire radiator is in use.

161 This value doesot include masses ftine pumps, linesand fittings,but these arexpected to be
roughly the same for all PLB ATCS configurations.
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Figure 4.11 Total mass of horizontal radiator panels forlifieeof Permanent Lunar Base
(15 years) as a function of the expecthbignlife for thepanel sets. The study
assumptions are: Rejected heat load is 50 kW, the radatssper rejection area for a
dry panel is7.50 kg/m, thefin efficiency is0.85, and the radiator surface temperature is
275.0 K. The units on the vertical axis are Megagrams [Mqg].

Table 4.5 Surface Coatings as a Function of Time (Peck, 1990)

Time 5.5 mil Silver Teflon 10 mil Silver Teflon Z-93

[years] € a € a € a
0 0.78 0.08 0.89 0.09 0.90 0.17
10 0.73 0.15 0.85 0.15 0.90 0.23
30 0.65 0.20 0.81 0.20 0.90 0.30

Surface properties were estimated with seaangiér polynomials usinglatafrom Peck
(1990) to set the function constants.

In all cases the 1il silver Teflonyields desigrestimates whiclare significantly
less massivéhan those for the othéwo coatings. Thus, barring excesso@st ormass
contingencies, this is the recommended coating for this application.
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Figure 4.12 Total mass of horizontal radiator panels forlifieeof Permanent Lunar Base
(15 years) as a function of the expecthbignlife for thepanel sets. The study
assumptions are: Rejected heat load is 50 kW, the radatssper rejection area for a
dry panel is7.50 kg/m, thefin efficiency is0.85, and the radiator surface temperature is
280.0 K. The units on the vertical axis are Megagrams [Mqg].

For thebaseline, whichuses a pandemperature of 275.0 K, the leas@assive
radiators have a desidife of 7.5years. Thus, the radiatovall be replaced once as
scheduled maintenance. In addition to surface properties, the raf#isign for PLB is
sensitive tathe radiator surface temperature. Increasing the surface temperdfiues by
degrees to 280.0 K leads to a different optimal desigar this hdter case, aingle
radiator with a design life of 15 years is the least massive option.

4.2.4 Advanced ATCS Architecture for Permanent Lunar Base

The PLB will be a single base with a projecliéslof 15years. As stated above,
the radiatorswill be replaced once after 7.5 yeargnless otherwisaoted,all advanced
technologies are expected to last at least for the entire plilgeof 15years. Each
advanced architecture is, wheapplicable, assessatmerically for theoverall mass
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savings whercompared with thédaseline. Qalitative assessments for these advanced
technologies are presented in Section 2.0.

4.2.4.1 Two-Phase Thermal Control System With Mechanical Pump/Separator

To convert PLB to use a two-phase T# study extrapolates predictiofiem
Ungar (1995)which provides estimates for space stations. Ungar (188%)des a
mediumspace stationvhich is similar to PLB. Ungar'smediumstation with asingle-
phase cascad&€CS is like thébaselinePLB TCS. Ungar (1995) also presents a
comparable two-phase TCS with MP£3

PLB Total Medium Space Station (Ungar, 1995)
Baseline PLB Single-Phase Cascade Two-Phase TCS With
TCS Baseline TCS MP/S
(1 loop) TCS LTL LTL LTL MTL
Pump Power [kW] 0.753 2.260 0.615 0.615 0.299 0.33D
Radiator Area [ 216.9 650.8 395 395 390 390
Loop Set-Point [K] 274.8 274.8 275.2 275.2 275.2 287.2

LTL refers to the low temperature loaghile MTL refers to the moderate temperature
loop. The lbselineETCS for PLB uses thresingle-phase cascade, low temperature
loops. Comparing the PLBCS with thesingle-phase cascad€S for amediumstation
revealsthat thepumpingpower per loop is about 22% more for PLB and the PLB TCS
loop set-points arapproximately hat of the LTL for thesingle-phase cascad€S. A
comparable two-phaseCS with MP/S for PLB would uséwo LTL loops and one MTL
loop. The radiator arewill remain approximatelythe same. Thpumping power is
estimated to be 0.366 kW for each LTL and 0.404 kW for the NPEL Thus, the
significant savingdor this option compared witthe baselineTCS is a reduction in
pumping power.

Mass Saved by Using a Two-Phaseiimal Control Baseline TCS With Total Change
SystemWith Mechanical Pump/Separator PLB TCS MP/S for PLB for TCS
Pump Power [kW] 2.260 1.136

Mass Due to Pump Power [kij* 917.3 461.1 456.2

The two-phase TCSvith MP/S usessmaller fluid linesthan thebaseline single-phase
cascade TCS8vhich translates into an additional mass savingl@wever, thissavings is
not included here.

A more important issue related to this technology is whether PLB will end after its
initial projectlife of 15 years or will it be annitial phase for anuch larger installation?
From Ungar (1995), the two-phase TCSs offerdheatest advantage for larggstems
with long ETCS transporlines. IfPLB will end after itsnitial projectlife, then themass
savingsassociated with reduction pumpingpower is not as great asme of the other

162 Ungar (1995) refers tthis option as a rotary fluid managemetavice (RFMD) type two-phase
TCS. See Section 2.1.1 for additional details about the MP/S.

163 These values are 22% more than Ungar's values for the two-phase TCS with MP/S.

164 See Section 4.2.2 for details.
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advanced technologies presented below. However, ifWdlLR2ventually expandito a

much larger facility, a two-phase TCS will yield substantial mass sarggo reductions

in pumpingpower, linemass, and radiator mafes that largeffacility. As such, atwo-

phase TCS for PLB would be a sound investment on which to build a larger TCS at a later
date.

Specific Assessments:

Equipment Mass Savings negligible
Power Savings 1.124 kKW
Power Savings as Mass 456 kg
Overall Mass Savings 456 kg
Composite Qualitative Score 0

4.2.4.2 Low-Power Two-Phase Thermal Control System

To convert PLB to use a two-phase T®$ study extrapolates predictiofiem
Ungar (1995)which gives estimate®r space stations. Ungar (199g¢ludes amedium
space station which is similar to PLB. Ungar's medium station with a single-phase cascade
TCS is comparable to the baseline PLB TCS. A comparable LP two-phaséisCgdso
presented.

PLB Total Medium Space Station (Ungar, 1995)
Baseline PLB Single-Phase Cascadge
TCS Baseline TCS LP Two-Phase TCS
(1 loop) TCS LTL LTL LTL MTL
Pump Power [kW] 0.753 2.260 0.615 0.615 0.094 0.14
Radiator Area [ 216.9 650.8 395 395 390 390
Loop Set-Point [K] 274.8 274.8 275.2 275.2 275.2 287.2

LTL and MTL refer to low and moderate temperature loogspectively. Thdaseline
ETCS for PLB uses thresngle-phase cascade, le@mperature loops. Comparing the
TCS for PLBwith the single-phase cascad&CS for amediumstation revealshat the
pumpingpower per loop is about 22% more for PLB and the PLB TCS loop set-points
are approximately that ofhe LTL for thesingle-phase cascad€S. Acomparable LP
two-phase TCS for PLB would us&o LTL loops and one MTL loop. The radiator area
will remain approximatelthe same. Thpumpingpower is estimated to be 0.115 kW for
each LTL and 0.180 kW for the MTI66. Thus, thesignificant savinggor this option
compared with the baseline TCS is a reduction in pumping power.

165 gSee Section 2.1.2 for additional details on LP two-phase TCSs.
166 These values are 22% more than Ungar’s values for a LP two-phase TCS.
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Mass Saved by Using a Baseline LP Two-Phase Total Change
Low-PowerTwo-Phase fiermal Control $stem PLB TCS TCS for PLB for TCS
Pump Power [kW] 2.260 0.410

Mass Due to Pump Power [k’ 917.3 166.4 750.9

The LP two-phase TCS uses smaller fluid lines than the baseline single-phase cascade TCS
which translates into an additional mass saving®wever, thissavings isnot included
here.

As in the previous section, a more importeasue related to this technology is
whether PLB will end after its initial project life of 15 years or will it bengtial phase for
a much larger installation? Frodngar (1995), the two-phase TC8H8er the greatest
advantage for largsystems with lond=TCS transportines. If PLB will end after its
initial projectlife, then the massavingsassociated with reduction pumpingpower is
not as great asome of theotheradvanced technologies presented below. However, if
PLB will eventually expand into a larggcility, a two-phase TCS wilyield substantial
mass savingdue to reductions ipumpingpower, linemass, and radiator mass tbiat
larger facility. As such, a two-pha$€S for PLB would be a sounvestment omwhich
to build a larger TCS at a later date.

Specific Assessments:

Equipment Mass Savings negligible
Power Savings 1.850 kW
Power Savings as Mass 751 kg
Overall Mass Savings 751 kg
Composite Qualitative Score -1

4.2.4.3 Two-Phase Thermal Control System With Electrohydrodynamic Pumping

Based on thdiscussion in Sectio2.1.3, PLB coulditilize atwo-phase TCSvith
electrohydrodynamic pumping. Avo-phase TCSwith electrohydrodynamic pumping
may yield amass savingever a LP two-phase TCS. dgnificant mass savingw/er the
baselineTCS would also be expected. However, without more dathigtechnology,
Nno mass savings estimates may be determined.

Specific Assessments:

Equipment Mass Savings unknown
Power Savings as Mass unknown
Overall Mass Savings unknown
Composite Qualitative Score +2

167 See Section 4.2.2 for details.
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4.2.4.4 Capillary Pumped Loops

Based on Section 4.2 @apillary pumped loop®$8 will save 2.26 kWyhich is the
estimated ETCSumping power for PLB. As above, theapillary pumped loop
equipment mass is assumed to be comparable to the equiprassior thebaseline
single-phas@ CS architecture. Thus, tleeerall savingdor this option is 917.3 kg based
on saving power for pumping®.

Specific Assessments:

Equipment Mass Savings none

Power Savings 2.26 kW
Power Savings as Mass 917 kg
Overall Mass Savings 917 kg

Composite Qualitative Score 0

4.2.45 Vapor Compression Heat Pump

A vapor compression hegumpl’® could be used to reject heat hkigher
temperatures so as to reduce the required radiator area. In general,effsctive
environmentatemperature and, correspondingly, BBECS massncreases, hegiumps
are morelikely to offer a mass savingsompared with arETCS using onlyradiators.
While PLB canoperate without a heat pump, an ETCS incorporating aheap is
expected toyield a mass savingsompared with the PLBaseline. Because the PLB
ETCS is expected to be two-fault tolerattis study assumes a heat pump rejecting a
nominalload of 16.67 kW for each ETCS loop. Further, to rejettldoad of 50 kW
even after a single failuréhe actual heat pumps must each have a 25 kW capacity. The
analysis idor a single ETCS loop. Here the hpamps willoperateonly while PLB is in
sunlight drawingpower from the main PLB power grid. The appropriate powass
penaltyfor “daytimeonly” usage for this scenario 5.3 kg/kW (Hughes, 1995). The
continuous power mass penalty of 750 kg/kW applies for any continuous use.

The radiatorsmay beoriented in numerous ways. The configurations of greatest
interest are the horizontal radiator, as included im#selineTCS,and a vertical radiator.
Because PLB will have an equatorial site, vibical radiator is positioned so its radiating
areas facearth and suthwith its length parallel téhe lunarequator. Furthelhecause
the radiator rejection temperature with a heat pumipeabove 280 K, as Section 4.2.3
indicates, a single set of radiator panels designed for 15 years will be less massive than two
sets of radiator panels desigrfed 7.5 years each. Thus, the assumed surface properties
are those for 1@nil silver Teflon after 15 years of service.

168 gsee Section 2.1.4 for background on capillary pumped loops.
169 See Section 4.2.2 for details.
170 see Section 2.2.1 for background on vapor compression heat pumps.
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Horizontal Radiators

A two parameter parametric study (Figdré&3) indicatesthat the ETCS mass is
minimized for PLB using horizontalradiators wherthe heat pump temperatuife is
52.3 K and the radiatdituid massflowrate is increased to 1.27 kg/s @efCS loop.
Actually, as Figure.14 showsthis heat pump design is constrainedthy minimum
radiating area for rejecting fall heat load at night without a heat pump at an average
panel temperature of 275.0 Specifically ther(for one of three ETCS loops):

Cold Source Temperatureg Tevaporator temperature) 274.0 K
Temperature Lift, I - Tc 52.3 K
Hot Source Temperaturey{condenser temperature) 326.3K
Radiator Inlet Temperaturej,T 322.3K
Lunar Surface Solar Irradiation 1.371 kW/m
Environmental Temperaturegghce 3.0K
Effective Sink Temperaturegifx 171 265.3 K
Total Nominal Cooling Load per LoopcQ 16.67 kKW
Ideal Coefficient of Performance, C&Fhot 5.24
Heat Pump Efficiencyy 172 (Ewert, 1991) 0.50
Necessary Input Power, MY 6.36 kW

The low solar absorptivity, horizontal radiaterg simulated bythe model developed for
the parametric study.

Emissivity (end-of-life) 0.83

Solar Absorptivity (end-ofie) 0.17

Fin Efficiency 0.85
Radiator Mass Flowrate of Ammonia (per ETG8() 1.17 kg/s
Average Ammonia Temperature 316.3 K
Average Panel Surface Temperature 314.8 K
Heat Rejection per Unit Area 0.318 kW/m
Total Heat Rejected per Loop by the Radiatofs,d3 23.03 kW
Radiator Mass Per Unit Area 7.50 kg/m
Number of Radiator Panel Sets per Project Life 1
Radiator Working Fluid Mass Per Unit Area 0.36 Kg/m
Necessary Radiator Surface Area During the Day 72244 m
Necessary Radiator Surface Area at Night 7242 m

Here the radiatodesign is constrained ke radiating aremecessary to reject the
nominal load at night (Figurd.14). The powemay begrouped according to its
applicable power mass penalty.

171 Theeffectiveenvironmental sink temperature is provided Herecomparison. These computations
used the solar irradiation and the temperature of space, not the effective sink temperature.
172 percentage of Carnot coefficient of performance (COP).
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Figure 4.13 Variation of Permanent Lunar Base external thermal caystgém mass per
loop as a function of the vapor compression heat pump tempelititared the radiator
loop massflowrate. This studyused horizontal radiators. Thaseline mission from
Section 4.2.2 forms the basis for this study. The external thermal control Bystemas
optimized with respect to both variables mentioned above.
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Power Mass Penalties:

Heat Pump Power Daytime Only
Evaporator Pumping Power Daytime Only
Condenser Pumping Power Daytime Only
Radiator Pumping Power Continuous

PLB ETCS Total PLB

Mass Gained by Using Loop With ETCS With  Baseline PLB  Change for
a Vapor Compression Heat Pump Heat Pump Heat Pumps TCS PLB ETCS
Radiator Mass [kg] 543.3 1629.9 9765.2 -8135.3
Working Fluid [kg] 25.9 77.7 233.0 -155.3
Heat Pump Mas%/3 [kg] 255.1 765.3 - +765.3
Radiator, Fluid, and

Heat Pump Mass [kg] 824.3 2472.9 9998.2 -7525.3
Power:

Heat Pump [kW] 6.36 19.08 --

Evaporator Pumping Power [kW] 0.27 0.81 --

Condenser Pumping Power [KW] 0.06 0.18 --

Radiator Pumping Power [kKW] 0.12 0.36 1.63

Total Power [kW] 6.81 20.43 1.63

Mass due to Power [kg] 326.2 978.6 471.0 +507.6
Total Mass [kg] 1150.5 3451.5 10469.2 -7017.7

The ETCSline pumpingpower is unchanged. The poweilues include penaltider the
pressure drops associateidh the condenser and tlewaporator. The condenser power
penalty is 50% ofthe power tqoumpfluid through the radiators designed for use with the
heat pumpor 0.5x 0.12 kW). The evaporator powpenalty is 50% othe power to
pump fluid through théaselineradiator configuratioifor 0.5x 1.63 kW/3). The radiator
pumping power is proportional to the radiator size, in terms of radiating areapasdds
on values from ISS.

Vertical Radiators

A two-parameter parametric study (Figdré5) indicatesthat the ETCS mass is
minimized for PLB using vertical radiators when the heat pump tempéelititisré22.3 K
and the radiatofluid massflowrate is increased to 0.88 kg/s ®€FCS loop. Ayain, as
Figure4.16 shows, this heat pump design is constrained byitimumradiating area for
rejecting afull heat load at night without a heat pump at an avgrageltemperature of
275.0 K. Specifically the(for one of three ETCS loops):

Cold Source Temperatureg Tevaporator temperature) 274.0 K
Temperature Lift, I - Tc 121.6 K
Hot Source Temperaturey{condenser temperature) 395.6 K

173 see the footnotes in Section 3.1.5.4 for the heat pump sizing correlation.
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Figure 4.14 Variation of radiator area for Permanent Lunar Baese external thermal
control system loopsing horizontatadiators as a function of the vapor compression heat
pump temperaturéft and the radiator loop assflowrate. This heat pump option is
constrained by the radiator area required for rejection of the Hutikreal controbystem
heat load at night without the heat pump operating.
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Radiator Inlet Temperaturej,T 391.6 K
Effective Sink Temperature gjfk 317.1 K
Total Nominal Cooling Load per LoopcQ 16.67 kKW
Ideal Coefficient of Performance, C&Fhot 2.25
Heat Pump Efficiencyy 174 (Ewert, 1991) 0.50
Necessary Input Power, MY 14.80 kW

The low solar absorptivity, vertical radiat@r® simulated bythe model developed for the
parametric study using the appropriate higher effective sink temperature.

Emissivity (end-of-life) 0.83
Solar Absorptivity (end-of-life) 0.17
Fin Efficiency 0.85
Radiator Mass Flowrate of Ammonia (per ETG8() 0.88 kg/s
Average Ammonia Temperature 381.6 K
Average Panel Surface Temperature 380.1 K
Heat Rejection per Unit Area 0.430 kW/m
Total Heat Rejected per Loop by the Radiatofs,d3 31.46 kW
Radiator Mass Per Unit Area 5.625 kg/m
Number of Radiator Panel Sets per Project Life 1
Radiator Working Fluid Mass Per Unit Area 0.27 Kg/m
Necessary Radiator Surface Area During the Day 73111 m
Necessary Radiator Surface Area at Night 73.07m
PLB ETCS Total PLB
Mass Gained by Using Loop With ETCS With  Baseline PLB  Change for
a Vapor Compression Heat Pump Heat Pump Heat Pump TCS PLB ETCS
Radiator Mass [kg] 411.2 1233.6 9765.2 -8531.6
Working Fluid [kg] 19.7 59.1 233.0 -173.9
Heat Pump Mas%® [kg] 335.6 1006.8 - +1006.8
Radiator, FluidandHeat Pump
Mass [kg] 766.5 2299.5 9998.2 -7698.7
Power:
Heat Pump [kKW] 14.80 44.40 --
Evaporator Pumping Power [kW] 0.27 0.81 --
Condenser Pumping Power [KW] 0.06 0.18 --
Radiator Pumping Power [KW] 0.12 0.36 1.63
Total Power [kW] 15.25 45.75 1.63
Mass due to Power [kg] 624.1 1872.3 471.0 +1401.3
Total Mass [kg] 1390.6 4171.8 10469.2 -6297.4

The ETCSIline pumping power is unchanged. As above, the powalues include
penalties for the pressure drops associated with the condenser and the evaporator.

174 percentage of Carnot coefficient of performance (COP).
175 see the footnotes in Section 3.1.5.4 for the heat pump sizing correlation.
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Figure 4.15 Variation of Permanent Lunar Base external thermal caystgém mass per
loop as a function of the vapor compression heat pump tempelifitared the radiator

loop massflowrate. This study uses verticabdiators.

The external thermal control

systemmass was optimized with respect to both variables mentioned above.
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Figure 4.16 Variation of radiator area for PLB per extertte@rmal controbystemloop
using verticakadiators as a function of the vapor compression heat pump tempéitature
and the radiator loop mass flowratéhis heat pump option is constrained by the radiator
area required for rejection of the actihermal controbystemheat load at night without
the heat pump operating (solid line).

Both designs usingrapor compression heat pumps #&ss massivdhan the
baselineETCS configuration. However, the horizontal radiators provided arlassive
system than using verticeddiators. The vertical radiator unase lessnassivesimply
because they have a lower mass radiating area than the horizontal radiator units.
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However, thevertical radiatorgartially viewthe lunar surfacewvhile horizantal radiators
view onlythe Sun and space. Thmar surface radiates its energythe same frequency
bandthat the radiator uses to reject heahis rejection frequency band is associatét
the radiating surfaceisfrared emissivity. The Sun irradiates at frequencigsich are
much greater than the heat-rejection frequency band. The solar irradiation frdzprehcy
is associated with the radiating surface's solar absorptivity. Becauwsrisswity is large
compared with the solar absorptivity, theerall effective sinkemperature for theertical
radiators issignificantly greater than for the horizontal radiators. Therefore, the heat
pumps using verticatadiators use a greater temperatiftevhich requires more power
input and a larger capacity heat pump. stimmary,the configuratiorusing vertical
radiators has lighter radiatovehile the configuratiorusing horizontakadiators sees a
lower effective sinktemperature at lunar noon and usesspower and lowelcapacity
heat pumps. Thusssumingthe loss of eithgpower generatiogapacity or hegpump
units, the configuration with horizontal radiators would be the msar@able system
because it uses legower to operateand it experiencabe lowereffective sink
temperature at lunar noomhich allows this system teeject more heat without heat
pumping than the corresponding system using vertical radi&tors

Specific Assessments:

Using Horizontal Using Vertical
Radiators: Radiators:
Equipment Mass Savings 7,525 kg 7,708 kg
Power Savings -18.80 kW -44.36 KW
Power Savings as Mass -508 kg -1401 kg
Overall Mass Savings 7,017 kg 6,297 kg
Composite Qualitative Scoté’ +2

4.2.4.6 Solar Vapor Compression Heat Pump

As with ISS, the single greatest drawback of a T##g avapor compression
heat pump is th@ower requirement. Theonfiguration in the previous sectiasing
horizontal radiators consumgumbwer equivalent to 41% othe nominal load for PLB.
The configuration using verticabdiators consumegower equivalent to 92% of the
nominalload for PLB. Tominimizethe mass ofhis commodity, dedicated photovoltaic
solar arrays can be installed witie heat pumpsThis option iscalledthe solar vapor
compression hegbumpl’8  The appropriate ass penaltyor equipmentvhich will

176 At an effectivesink temperature of 265.3 K, which applis horizontal radiators, heat can be
rejected without @&eat pump at a pansurface temperature of 275 KThis is thebasis for the
baseline TCS design. However, atedfectivesink temperature of 317.1 K, the correspondiatye
for vertical radiators, nbeat can beejected without &eat pump. Therefore, on Luna horizontal
radiators display an added factor of safety compared with vertical radiators.

177" For this application the volume is “compact” compared with the baseline architecture.

178 Technically, both heat pumps presented PLB are "solar heat pumpsecause they only operate
while PLB is in sunlight and their assumed power mass does not include any mass for power storage.

142



Advanced Active Thermal Control Systems Architecture Study NASA TM 104822

require poweonly duringthe day is20.2 kg/kwW (Hughes, 1995). The continuous power
mass penalty is still 750 kg/kW.

From ananalysisstandpoint, this optiodiffers fromthe previous sectioonly in
the value ofthe ‘Haytimeonly” power masgenalty assigned. As sudhe equipment
masses, capacities, and set-points aredhesfor thesetwo options. The masses for the
power, however, wiltiffer. Thus, assming the configuration from the previous section
using horizontal radiators:

Mass Gained by Using a PLB ETCS Loop Total PLB ETCS

Solar Vapor Com- With Solar With Solar BaselinePLB Change for PLB
pression Heat Pumiy® Heat Pump Heat Pump TCS ETCS
Radiator, Fluid, and

Heat Pump Mass [kg] 824.3 2472.9 9998.2 -7525.3
Power:

Heat Pump [kW] 6.36 19.08 --

Evaporator Pumping

Power [kW] 0.27 0.81 -

Condenser Pumping

Power [kW] 0.06 0.18 -

Radiator Pumping Power

[kw] 0.12 0.36 1.63

Total Power [KW] 6.81 20.43 1.63

Mass Due to Power [kg] 225.1 675.3 471.0 +204.3
Total Mass [kg] 1049.4 3148.2 10469.2 -7321.0

The ETCSIline pumping power is unchanged. As in the previous section, the power
values include penaltider the pressure drops associawth the condenser and the
evaporator. It isassumedhat the pumping power for flow through the heapump
condensers and evaporators is supplied by the arrays dedicated to the heat pumps.

Specific Assessments:

Equipment Mass Savings 7,525 kg
Power Savings -18.80 kW
Power Savings as Mass -204 kg
Overall Mass Savings 7,321 kg
Composite Qualitative Score +2

4.2.4.7 Complex Compound Heat Pump

A complex compountieatpump180 requires a source bightemperature heat to
drive its operatingycle. The assumed methetthin this study uses eollector to focus

However, Sectiod.2.4.5 assumes power comes from the main paBergrid while Section 4.2.4.6
assumes power comes from a dedicated solar photoymiiaerarray. See also Section 2.2.2.
179 Pplease see Section 4.2.4.5 (Horizontal Radiators) for details supporting these results.
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solar radiation on a tube containing a workflugd. This isthe method assumed while
updating thework of Ewert (1993) for theomplex compoundheat pump. Ewert also
includes systems usintpe vapor compression heat pump wigntical and horizontal
radiators. Because Ewertlork differs fromthe other hegbump studies presented in
this report, his systems are all presented below.

Overall Values:
Radiator Surface Properties:

Emissivity (end-of-life) 0.83
Solar Absorptivity énd-of-life) 0.17
Fin Efficiency 0.85
Radiator Effective Sink Temperaturegjnk:
Horizontal Radiator 265 K
Vertical Radiator 317K
Radiator Mass (dry) per Radiating Area:
Horizontal 7.50 kg/f
Vertical 5.63 kg/rh
Heat Source Mass (dry) per Heat Energy Reqdited 2.4 kg/kw
Total Nominal Cooling Load, 50 kW
Power Mass Penalty 35.3 kg/kwW
Complex
Compound Vapor Compression
Heat Pump Heat Pumps
Cold Source (minimum ITCS) Temperature [K] 282 275 275
Temperature Lift [K] 78 85 85
Hot Source (radiator) Temperature [K] 360 360 360
Heat Input per Cooling Load [kKWéat inpufkWcooling 3.34 - -
Heat Source Temperature [K] 500 -- --
Peak Power Input per Cooling Load
[kWpoweylkWCoo“nd -- 0.667 0.667
Radiator Orientation vertical vertical horizontal
Heat Rejection per Cooling Load by Primary Radiator
[kWrejected(Wcooﬁnd 4.34 1.67 1.67
Heat Pump Mass per Cooling Load [kg/k¥éling 4.7 11.0 11.0

180 see Section 2.2.3 for additional background material.
181 This masgpenalty is for a solar collector which will direct solar energy into a working fluid passing
through arenclosecchannel. Thissalue is "optimistic'anddoesnot include mass fahe piping,

pumps, pumping power, or working fluid needed to trandfercollected energy to a heat-driven
heat pump.
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Complex

Compound Vapor Compression

Heat Pump Heat Pumps
Radiator Orientation vertical vertical horizontal
Heat Rejection per Unit Area [KWAn 0.268 0.268 0.475
Required Radiator Area During the Day’]m 810 312 176
Radiator Mass (dry) [kg] 4556 1750 1317
Power as Mass [kg] -- 1177 1177
Heat Pump Mass [kg] 235 550 550
Mass of Solar Collector for Heat Source [kg] 401 - -
Total Heat Pump System Mass [kg] 5192 3477 3044
For Comparison (from Section 4.2.4.5):
Total System Mass [kg] 4171 3452
Mass Savings Compared to PLB Baseline [kg] 6297 7017

Based on thesystem masses givabove, a complex compourigtat pumpusing the
analyticalprocess from Section 4.2.4.5 would have a tota$snof(4171 kg/3477 kgk
5192 kg, or 6,228 kg. Thus, compareih the mass of theaselineETCS for PLB of
10,469 kg, the complex compound heat pump will save 4,241 kg.

Specific Assessments:
Overall Mass Saving$?2 4,241 kg

Composite Qualitative Score +1
4.2.4.8 Zeolite Heat Pump

Zeolite heat pumps also use a heat-driggeie and require a high-temperature
heat sourcés3 Ewert (1993)also examined this systenkrom the perspective dhis
report, zeolite heat pumps haveany ofthe sameattributes axomplex compound heat
pumps. Therefore, theame overalbpproach as in the preceding sectioengployed
here. The previousork of Ewert (1993)may berevised for use here for the zeolite heat
pump by assuminghe high-temperature heat sourcesupplied using a solar energy
focusing collector instead efaste heat from a nuclepower plant. Again, Ewert also
includes systems usintpe vapor compression heat pump wigntical and horizontal
radiators. Because Ewertlork differs fromthe other hegbump studies presented in
this report, his systems aa presented below.

Overall Values:

Radiator Surface Properties:

Emissivity (end-of-life) 0.83
Solar Absorptivity énd-of-life) 0.17
Fin Efficiency 0.85

182 Only an overall mass savings is given because this estimate is lacking in detail.
183 See Section 2.2.4 for additional background details.
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Radiator Effective Sink Temperaturgd
Horizontal Radiator
Vertical Radiator
Radiator Mass (dry) per Radiating Area:
Horizontal
Vertical
Heat Source Mass (dry) per Heat Energy Requfred
Total Nominal Cooling Load, §
Power Mass Penalty

Zeolite Heat
Pump
Cold Source (minimum ITCS) Temperature [K] 275
Temperature Lift [K] 85
Hot Source (radiator) Temperature [K] 360
Heat Input per Cooling Load [kKWéat inpufkWcooling 2.5
Heat Source Temperature [K] 700
Peak Power Input per Cooling Load
[kWpowerkWcooling -
Radiator Orientation vertical
Heat Rejection per Cooling Load by Primary Radiator
[kWrejectedkWcooling 3.5
Heat Pump Mass per Cooling Load [kg/k¥éling 31.4
Zeolite Heat
Pump
Radiator Orientation vertical
Heat Rejection per Unit Area [KWAn 0.268
Required Radiator Area during the Day’[m 652
Radiator Mass (dry) [kg] 3674
Power as Mass [kg] --
Heat Pump Mass [kg] 1570
Mass of Solar Collector for Heat Source [kg] 300
Total Heat Pump System Mass [kg] 5544

For Comparison (from Section 4.2.4.5):
Total System Mass [kg]
Mass Savings Compared to PLB Baseline [kg]

NASA TM 104822

265 K
317 K

7.50 kg/fn
5.63 kg/rh
2.4 kg/kW
50 kW
35.3 kg/kW

Vapor Compression
Heat Pumps
275 275
85 85
360 360

0.667 0.667
vertical horizontal

1.67 1.67
11.0 11.0

Vapor Compression

Heat Pumps
vertical horizontal

0.268 0.475

312 176
1750 1317
1177 1177

550 550
3477 3044
4171 3452
6297 7017

Based on theystem masses givaove, a zeolite heat pumpingthe analyticalprocess
from Section 4.2.4.5 would have a total mass of (4171 kg/347%kgb44 kg, or
6,651 kg. Comparedith the mass of théaselineETCS for PLB of 10,469 kg, the

zeolite heat pump will save 3,818 kg.

184 This masgpenalty is for a solar collector which will direct solar energy into a working fluid passing
through arenclosecchannel. Thissalue is "optimistic'anddoesnot include mass fahe piping,
pumps, pumping power, or working fluid needed to trandfercollected energy to a heat-driven

heat pump.
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Specific Assessments:
Overall Mass Saving$> 3,818 kg

Composite Qualitative Score +1
4.2.4.9 Lightweight Radiators

A parametric studynay beused toidentify potential mass savings by using lighter
materials for portions of the PLB radiator assembly. As with FLO Lander, the PLB ETCS
is not well defined, so again the components and categories listeattdend of necessity
vague.

Category Vithin

Permanent Lunar Base Radiator AssemiBfy Mass [kg] Mass Percentage
Structure and Deployment: 30.0

Base Radiator Support Structure 1041.3

Deployment Mechanism 1952.4

Radiator Panels 6768.4 67.7
Radiator Panel Working Fluid (ammonia) 233.0 2.3
Total 9995.1 100.0

This study varieshe component PLB radiatassembly masses lineablpsed on
the original total mass in each category. The structure deployment masses are
reduced by up to 20% whdhe radiatopanel mass iseduced by up to 40%. The
radiator panel workinfuid volume will beunchanged, so the workirigid mass will be
unchangeds”.

The most importaninderlying assumption that compositeandotheradvanced
materialsare mostikely to offer significant masseduction foronly some components of
the radiator panels such as the honeycomb and the facesheets. Because thearadsator
are the single mosmassive item othe PLB radiatoassembly, such savingsould
constrain the remainder of the design. A #gsificant masseduction is assumed for the
structures and deployment becausesthes of these componemt® primarily dictated by
the dimensions othe radiator array and tlieployment scheme. However, composites
should allow comparable components to replace sonteeostructure andeployment
with lighter parts. Insummary, thisapproachyields an overalETCS mass reduction of

185 Again, only an overall mass savings is given because this estimate is lacking in detail.

186 The radiators here will be changed after yieérs as irthe baseline case. Further, asast case,
the structure and deployment will be replaced at the same time. Thus, the masses$nncsette of
radiator panelsfwo support structuresand two deploymentechanisms. As in the baseline
mission, the radiator working fluid will not require replacement. Here the overall mass per radiating
area is 7.5 kg/thfor the dry radiator panebssembly. The assumed componertmposition is:
5.2 kg/n? for radiator panels, 0.8 kgnfor the base supportstructure, and 1.5 kgAnfor
deployment. As presented abotlee radiator panel working fluid mass is 0.358 kgairadiating
area.

187 See Section 2.4 fadditional general background on lightweight radiators ghesific examples of
proposed lightweight radiators.
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33% for a 40% reduction in the radiafmnel mass (Figu#17). It is furthemssumed
that, as in thdaselinecase, PLB will uséwo sets of radiatgpanels duringhe 15 years
of theinitial project. As a worst case, the radiator support strucnde deployment
mechanisms will be replaced when the radiator panels are replaced after 7.5 years.

Percent Reduction in

Category Vithin Radiator Panel Mass
Permanent Lunar Bagtadiator Assembly 20% 40%
Structure and Deployment [kg] 2694.4 2395.0
Radiator Panels [kg] 5414.7 4061.1
Radiator Working Fluid [kg] 233.0 233.0
Overall Radiator Mass [kg] 8342.1 6689.1
Overall Mass Reduction in Radiators [kg] 1653.0 3306.0
Overall Mass Reduction as a Percentage of the

Baseline Brmanent Lunar Bageadiator Assembly 16.5 33.1
Radiator Mass Per Surface Area [kgfm 12.82 10.28

Consideringthe available lightweightadiators presented in Section 2.4, an ovenaks
reduction of 33.1% was selected as a representaive. Thus, the massavings for
PLB is 3306.0 kg for the referenca@ssion. The powerequirements will be unchanged
because the interntéiiid dynamicsand, therefore, theumpingpower argunctions of the
working fluid material properties.

Any of the lightweight radiator conceptsiay beused for a base on tHenar
surface. All of the radiators presented in Section 2.4 can be depleygdally. The
vertical radiators will require integration with either a radiator shade or a heat pump to
rejectlife support heat loads &inar noon away fronthe polar regions. However, the
composite flow-through radiators could also be oriented horizontallyhikeadiators in
the baseline architecture.

Specific Assessments:

Equipment Mass Savings 1,999 kg
Power Savings as Mass none
Overall Mass Savings 999 kg
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Figure 4.17 Permanent Lunar Base radiator mass as a function of mass redgliittion
the radiatorpanelset. StudyAssumptions: 1)For each 10% assreduction in the
radiators the masses for the support strucncethedeployment decrease by 5%, and 2)
Permanent Lunar Base will use two panel sets during the initial 15-year project life.

4.2.4.10 Parabolic Radiator Shade

The parabolic radiator sha#i8 is an excellenbption for lowering theeffective
sink temperature that @ertical radiator experiences during lunar noon at an equatorial
site189 For PLB, the radiataand shade would be deployed onlthear surface near the
buried habitation and laboratory moduleslignment of the shade and radiator is not
difficult because the entiigystem can be deployed undeman supervision.The final
system mightook something likehe lower portion oFigure 4.8 or it might be deployed

188 gee Section 2.5.2 for additional background information.
189 For a vertical radiator with thend-of-life surface properties assunabve forthe baseline mission
(emissivity of 0.86 and solar absorptivity of 0.14) the effective sink temperature is 319.6 K.
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with the radiatopanels in a single line. In eithease endsheefsot pictured)should be
included toprevent infrared surfacemissions from impinging othe radiator and to
inhibit contamination of the shade by lunar dust.

For themission using a parabolic radiatgliade, a single set wértical radiators
coatedwith silver Teflon is assumeddowever, the shade and dsploymenimechanism
will be replaced once every five yed?$ Thus, for a parabolic radiator shade at PLB:

Heat Rejected 50.0 kw
Radiator Surface Temperature 275.0K
Lunar Surface

Emissivity 0.93

Absorptivity 0.93

Albedo 0.07
Solar Irradiation 1.371 kW/m
Incident Angle 90.(
Orbital Inclination 1.53
Radiatorto1

Fin Efficiency 0.85

Infrared Emissivity 0.83

Solar Absorptivity 0.17

Shade (End-of-Life}92
Specular Upper Surface

Emissivity 0.06
Absorptivity 0.14
Diffuse Lower Surface
Emissivity 0.90
Absorptivity 0.90
Sink Temperaturé?3 195K

190 The thermalprotection value of the shade is highly sensitive to its surface properties. While the
actual material and isurface coatingareexpected to withstand continuous usetfalife of PLB,
dust accumulation is a significant concern. It is expethatipossible dust accumulation due to
humanactivitiesnearPLB can be anticipated amntrolled. However,dust accumulation due to
other aspects dhe lunar environment aurrently unknown. Thus, eelatively high rate of
replacement is assumed here for the parabolic shade to ensure its reliability.

191 The radiator is assumed to have a 15-year service life.

192 Keller (1995 a). The shade is assumed to have a 5-year service life.

193 Keller (1995 a) computed sink temperature of 188.8 Kor a verticalradiator with asurface
emissivity of 0.86 and a solar absorptivity of 0.14 using TSS.
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Radiator (with silver Teflon)

Area
Mass Penalty
Total Dry Radiator Panel Mass (one set)
Dimensions
Height
Length
Working Fluid Mass Penalty
Working Fluid Mass

Shade

Parabolic Arc LengtH4

Length

Area

Mass PenaltjP>

Mass (per parabolic radiator shade)
Shades per Project Life

Total Shade Mass

Total System Mas¥6

NASA TM 104822

292.5m
5.63 kgfm
1645.3 kg

1.0m
146.3 m
0.269 kg/m
78.7 kg

459 m
146.3 m
671.5m

0.56 kg/m

376.0 kg
3
1128.0 kg

2852.0 kg

Comparing the radiator arftéxible parabolic shade with thHeaseline mission presented

above yields:

Mass Gained by Using Baseline PLB PLB TCS

a Parabolic Radiator Shade TCS With Shade Total Change
Radiator Area [rfi 650.8 292.5

Radiator Mass per Panel Set [kg] 4881.1 1645.3

Panel Sets for Life of PLB 2 1

Total Dry Radiator Mass [kg] 9765.2 1645.3 -8119.9
Radiator Pressure Drop [kNfin 242.0 108.8

Radiator Pumping Power [kKW] 1.629 0.733

Radiator Pumping Power Mass [kg] 471.0 200.8 -270.2
Radiator Working Fluid [kg] 233.0 78.7 -154.3
Shade Area [f) -- 671.5

Shade Mass per Shade [kg] -- 376.0

Number of Shades for Life of PLB 3

Total Shade Mass [kg] -- 1128.0 +1128.0
Total Mass [kg] 10469.2 3052.8 -7416.4

194 A full parabolic shade is assumed. In other wotlds,shade top isven withthe radiator top and

195

196

the shade focus is at the height of the radiator.
This penalty includes mass for a flexible parabolic shade plus appropriate support structure
(Keller, 1994).
This value includes mass for one setadliator panels and thrgarabolic radiator shades plus one
charge of working fluid. Masses fpiping, fittings, andvorking fluid toandfrom the radiators are
not included. The pumping power mass is also omitted from this value.
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The overallsavingsfor using a parabolic radiator shade }|416.4 kg. Because PLB is a
longer missionthe issue ofdustaccumulation on the radiator shaddich degrades the
shade's effectiveness, is a significamicern. Further researchtims area shoulthdicate

how to maintain a parabolishade on théunar surface for extendedissions. Several

ideas to either decontaminate or guard the shade are under consideration (Keller, 1995 b).

Specific Assessments:

Equipment Mass Savings 7,146 kg
Power Savings 0.896 kw
Power Savings as Mass 270 kg
Overall Mass Savings &16 kg
Composite Qualitative Score -1

4.2.4.11 Plant Chamber Cooling Improvements

Regenerativelife support systemsare of great importance as amabling
technology for extended-duratiomissions withcrews. In particular, plant growth
chambers promise to provide future space explorershettin food and air ratalization.
Therefore, a plangrowth module will be included in PLB. The practiaspect ofthis
system then becomes optimizitige biomass(food) produced by a plamgirowth module
as a function of system masBhe baseline plangrowth module is in Sectio.6.2which
provides details for a unit based balf of the Johnson Space Centariable Pressure
Growth Chamber.

Several design changaege expected to reduce thasa ofthe plant module over
its baselineconfiguration. Further, eactiesign change is assumed to be completely
independent oiny other design change. As suctie savingsfor all options here are
assumed to be cumulative. Figdr&0 provides a generidlustration of aportion of the
plant growth chamber.

1) Heaters: With propemanagement othe air streandehumidi-
fication process, it should bgossible to completely eliminate any
reheat. The mass of the heaters (36.5 kg tptaythe associated
power (3.0 kWwhich is 2250.0 kg as masspay be eliminated.
Total Savings: 2,286.5 kg

2) Ducting and Vents: The current ducting and vewsich are
fabricated of metal, have a mass of 127 Using lighter
materials, such as plastic and composites, it is estiniadétdhis
mass may be cut in half. Total Savings: 62.9 kg

3) Lightbox Barriers: Theaseline lightbox barrietsetween thelant
growth lampsand the plants are tempergldss(4.76 mm thick)
and have a total mass of 6&%® Theglass barriers can be
replaced with Teflon FEP fluorocarbdiim (0.127 mm thick)
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which removes approximatebll ofthe mass associated with the
lightbox barriers (Ewert, Paul, and Barta, 1995). Total Savings: 63.8 kg

4) Coldplate Lamp Cooling: A morefficient method ofremoving
heat generated by plagtowth lamps fromthe plantthamber is to
mount thelamps oncoldplates. It is assumdatiat 40% of the
lighting heat energy can be removed by the coldplates. Tiss,
energywill not reach the planthamber atmosphere. Taaintain
the sametemperature distribution across the plant chamber, 40%
less volumetric flowrate of air is requiredhich corresponds to a
40% savings in blowepower. This corresponds to aavings of
570 kg (1.9 kW 0.4 x 750 kg/kW). The coldplates haverass
of 41.9 kg each or 167.6 kg total (four coldplates racuired).

Total Savings: 402.4 kg

5) Ballasts: Thdamp ballasts have #tal mass of 103.4 kgUsing
lighter materials it is assumedHdat this massmay becut inhalf.
Total Savings: 51.7 kg

The overall savings for all of these options is 2,867.3 kg.

Specific Assessments:

Equipment Mass Savings 47 kg
Power Savings 3.76 kW
Power Savings as Mass 2,820 kg
Overall Mass Savings @67 kg
Composite Qualitative Score +1

4.2.4.12 Carbon Brush Heat Exchanger

It is assumedhat thebaseline desigifor PLB will include DDCUsaffixed to
coldplates transferring heat to tB&CS workingfluid using radiantfin interfaces. As
presented above, radidmt interfaces are the current standarddower converteunits
aboard ISS. Here theame dimensions and masses assumed for the coldplates
associated with the converter units for PLB. Replacement of the coldplates and the
coldplate sockets mgainthe referencenissionfor this technology. According to Hughes
(1995), a representative power grid for PLB will uselve DDCUs, three ain bus
switching units(MBSU), and three dcwatching units(DCSU). While these latter two
units arefunctionally different fromDDCUSs, they arg@ower conditioning devicesvhich
depend on the same coldplate/radiant-fin structure used by the DDCUs forqoaivey.

Thus, it is assumed here that the MBSUs and DCSUs will use the same coldplate design as
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the DDCUs, andhatthis coldplate design is equivalent to an external DDCU (DDCU-E)
coldplate design designated for ISS ukits

In order tosave mass and improve DDCU cooligfficiency, the radiant fin
interfaces could be replaced by carbon brush interfaces. The equipmerganiags
assuming 18 equivalent DDCU coldplate fin masses are replaced is:

Power Conversioand/or Coldplate Mass Fin Mass (each Total Mass
Conditioning Coldplate Quantity [ka] coldplate) [kg] Savings [kg]
DDCU 12 63.5 4.29 102.96
MBSU 3 63.5 4.29 25.74
DCsSU 3 63.5 4.29 25.74

The total mass savings is twice the fin mass to account for the corresgongaigpn the
coldplate socket owhich the DDCU sits. Aluminum 6061-T6 is theassumed coldplate
material with a density of 2,713 kg/mFurtherwhile it is assumethat the carbon brush
heat exchangers will have negligible maiss,rest of théaseplate and coldplate masi
remain unchanged.

Specific Assessments:

Equipment Mass Savings 154 kg
Power Savings as Mass none directly
Overall Mass Savings 154 kg
Composite Qualitative Score +3

4.25 Summary

The various advanced technologies and their estimated bemeBtanmarized in
the table below for PLB. From Sectidr2.2, the mass of thbaselineETCS is
10,948.3 kg. Assumingthe nass determinationtroughoutthis study have associated
uncertainties on therder of 10%, a complete TG&th an advanced technology would
need to show gavings of at least,Q95 kg to ensure mass savingsFurther, because
design and developmenbsts are notrivial, a mass savings of 25%, or 2,737 kg, is
desirable. Usinghese criteria, the TCSs with advanced technologigsoged for PLB
may be divided into five categories:

* TCSs using advanced technologies requiring a mass pgnediterthan
10% of the overall baseline ETCS mass: none.

» TCSs using advanced technologies requiring a mass penalty less than 10%
of the overall baseline ETCS mass: none.

197 see SectioR.6.3 for details ofhe radiant fin designThese assumptions, though simple, should
give reasonable estimatestbe fin masdor power conversioand conditioning unitcoldplates if
the units are mounted externally. TBBCU-E from ISS was selected becaubis unit's intended
usage most nearly reflectte missiorfor whichthe units here are envisioned. Further, the
DDCU-E isthe most numerous DDCU on ISS.
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» TCSs using advanced technologies with a mass savings less than 10% of
the overall baselineETCS mass: two-phase TCS witiP/S, LP two-
phase TCS, and capillary pumped loops.

» TCSs using advanced technologies with a mass savings between 10 and
25% of the overall baseline ETCS mass: none.

* TCSs using advanced technologies with a mass sayiegter than 25%
of the overall baselind&ETCS mass: wapor @mpression éat pump, dar
vapor @mpression &éat pump, emplex @mpound heat pumpealite heat
pump, lightweight radiators, and parabolic radiator shade.

Overall, the baselinePLB ETCS isnassiveand unwieldy though it uséamiliar
and dependable technology. As such, most of the advanced technologies considered
provide asignificant mass saving®mpared to thbaselineETCS. Thetechnology in the
third categorywill produce an ETCS8vhich is comparable tthe baseline system. This
categoryincludesthe two-phase TCSs. The technologies infitted category show
significantpromise. These includee various heat pumps, the parabolic radstiade,
and lightweight radiators Within this category, théwo vapor compression heptimps
and the parabolic radiator shade offerghsatest massavings at roughly 65%The two
heat pumps using heat-driven cycles fall into a second tier with mass savings around 40%.
Several technologies addressed for PLBeseancing technologies. As before,
enhancing technologiemre advanced technologiekich will uniformly deliver a mass
savings or penalty for a specified referemsssionregardless of the type of TCS selected.
These technologies include plant chamber cooling improvementth@ndarbon brush
heat exchanger. Thus:

* Enhancing technologies which require a mass penalty: none.

» Enhancing technologies whigield a massavings: plant chamber cooling
improvements and carbon brustahecchanger.
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Table 4.6 Advanced Active Thermal Control System Architecture

for Permanent Lunar Base

Summary of Advanced Active Thermal Contrgsm Overall Mass  Qualitative
Architecture for Permanent Lunar Base Savings [kg] Score
4.2.4.1 Two-Phase Thermal Control System
With Mechanical Pump/Separator 456 0
4.2.4.2 ow-PowerTwo-Phase Thermal Control System 751 -1
4.2.4.3 Two-Phase Thermal Control System
With Electrohydrodynamic Pumping unknown +2
4.2.4.4 Capillary Pumped Loops 917 0
4.2.4.5 Vapor Compression Heat Putip 7,017 +2
4.2.4.6 Solar Vapor Compression Heat Pump 7,321 +2
4.2.4.7 Complex Compound Heat Pump 4,241 +1
4.2.4.8 Zeolite Heat Pump 3,818 +1
4.2.4.9 Lightweight Radiators 3,306 --
4.2.4.10 Parabolic Radiator Shade 7,416 -1
4.2.4.11 Plant Chamber Cooling Improvements 2,867 +1
4.2.4.12 Carbon Brush Heat Exchanger 154 +3

198 The value here ifor a configuration witthorizontal radiators.

radiators saves 6297 kg.
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43  MARS LANDER (ML)

4.3.1 Reference Mission

Mars is, ke Luna, a planetary body of extremes. Surface temperatargs
between 130 K at the height of the martian winter to 300 K during the msutiamer
(Reich andScoon, 1993). Thelanetary inclination isimilar to Earth's at 24.8 degrees.
Further, thamartian daysorrespond to 24.66 hours. Howewanlike Earth, the martian
orbit ismuchmoreelliptical. At itswarmest, duringgummer inthe southermemisphere,
Mars is 1.381 astronomical units [AU] from the Sun. Duringntlueh cooler Northern
summer, Mars reaches 1.666 AU frtme Sun (Dzenitis, 1992)Additionally, Mars has a
thin, yet significantatmosphere comprised of 96% carbon dioxide and 3% nitrogen.
Atmospheric pressures vary betw&d® and 1000 N/fi(Dzenitis, 1992). As such, Mars
cansupport windvelocities up to 30 m/s which permit hudest storms to spread over
the entire planetary surface during the southern summer (Reich and Scoon, 1993).

For aninitial humanexploration of Mars a currediesign philosophy is to use an
expendable craft which, like Apollo, is comprised of a crew transport vehiclelamdiray
vehicle. The crew transpostehicle would house thenissionpersonnelwhile in transit
from Earth orbit to an orbit around Mars. An aero-brakimapeuver would be used to
decelerate from interplanetary speeds into a stabhian orbit. The crew would then
descend to an equatorial site on thartran surface in &nding vehicleMars Lander
(ML). After a 30-day stay, the crew would return to the crew transpbitleand return
to Earth. Acapsule with an independent heat shield would atloev crew to return
directly to the Earth's surface following an interplanetary voyage from Mars.

This studyconcentrates on Miwhile it is situated on the martian surface. The
transport of ML to themartian surface iaot considered, nor is the crew trangghicle
considered. The Mitself will haveboth habitation and laboratory space for a crew of
four. Theoverall architecture will probably b@milar to FLO Lander except thathis
vehicle is not necessarigkpected tdit entirely within astandard 10-nlaunchshroud. In
fact, the combined Mars expedition vehicle will probably be assembisdtim orbit. The
ML ATCS will be designed to effectivelseject anominalload of 30 kW regardless of
environmental conditions at an equatolaaddingsite. The assumed continugogwer
mass penalty is 111 kg/kWhile the ‘taytime” only power masgenalty is 25 kg/kW.
These power mass penalties are not currently attainable and assume some improvements in
power system&9, One mission is assumed.

4.3.2 Baseline Case

The baseline MLETCS uses low solabsorptivity, vertical radiators witkingle-
phase liqguid ammonia abe workingfluid. For redundancy, thre&€TCS loops are
provided. Each loop will service two module zones in cascade. Physically, each zone may
be an individuamodule or a single moduleay besubdividedinto more than one zone.
Each loopwill be sized to handldalf of the totalnominal heat load, 15 kW, so as to

199 For purposes of comparison, tpewer mass penalties assumed for Pam based oncurrent
technology or anticipated technology from current research.
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provide complete capacity even after one fault. TG& utilizes a single-phase cascade
similar tothe TCS for ISS. Each ETCS loamctions as both low temperature and
moderate temperature service in series. shiort, those areasequiring the lowest
temperature cooling are placed upstream of tlteses with highetemperature needs.
Radiatorbypass valves provideTCS loop set-point temperature control. Furtieach
ML zone hagwo ITCS loopsusing liquidwater as the workinfuid. Additional fittings
will allow either ITCS loop toserviceall of ML's coldplatesand heat exchanger3his
arrangement provides extaxibility if any one of the ITCS or ETCS loofigil. Each
ETCS loop also has a dedicated pump module (Fiyas).

The overall base ATCS heat load is 30 kWvatue of7.50 kg/m is assumed for
the radiator mass per radiating area for horizontal radiators. Vertical radiators are
assumed to use 5.625 kgA#P. The ML will land atthe martian equatorwhich has
surface temperatures ranging from 185 K to 190 K at night to 220 K to 260 K during the
day (Reich an®coon, 1993). The solaradiation at noon varies between 0.493 k/m
at aphelion to 0.718 kW/mat perihelion. The martian surface ths properties of a
diffuse gray surface with an emissivity of 0.90 to 0.98 (Dzenitis, 1992).

¢ OQOverall ETCS Performance:

Heat Rejected 30.0 kw
ETCS Working Fluid single-phasenanonia

* Low Solar Absorptivity, Vertical Radiato?8®:

Surface Emissivity 0.8

Solar Absorptivity 0.2

Fin Efficiency 0.85
Average Radiator Surface Temperature 275.0K
Heat Rejection per Area (worst&gign case) 0.10 kW/n?
Radiator Surface Area 352.94 m
Mass Penalty for Dry Radiatc® 5.625 kg/m
Radiator Panel Mass 1985.3 kg
Radiator Working Fluid Mass Penatty 0.269 kg/m
Radiator Working Fluid Mass 94.9 kg
Total Radiator Mass (&t) 204 2080.2 kg

200 These radiator massase identical to those assunfed PLB. Theyare not as frugal as tivalues
used for a similar vehicle, FLO Lander, but rather reflect a desire to include more robustness.

201 The radiators were sized based on the parametric study given in Sectidre®.3

202 This mass penalty includes structure and deployment mass as well as actual radiator panel mass.

203 This masspenalty estimate is based datafor the working fluid mass used the ISS radiator
ORUs as a function of radiating area.

204 A comparable horizontal radiator design, basetieat rejectiomuring a dust storm, has 392.59 m
of radiating area, with a mass of 2944.4 kg for the radiator plus 140.6 kg for the working fluid.
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Two-Sided, Vertical Radiator

Temperature
Control
Bypass Valve®
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ETCS Loop B
Loop C
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Figure 4.18 Plumbingfor thebaseline Mrs Lander external thermal contsgbtem.
LTL is low temperature loop and MTL is moderate temperature loop. sy$tem uses
three external thermal contrgystemloops togive two-fault tolerance witlsingle-phase
liquid ammonia ashe workingfluid. The bypassalves allowfor temperature control.
Overall,both the radiator and th@lume occupied bthe crew arsubdivided intahree
cooling zones. Each zormmay correspond to a separaphysical device, such as a
module, or one largedevice may besubdivided. Each cooling zone htago water
internal thermatontrol systemloopswhich areinternally interconnected so thany heat
load can be serviced by either loop. A pump module is assumed for each loop.

» ETCS Working Fluid Loop Mass Flowrates:

Average ETCS Fluid Temperature 278.0 K
Radiator Outlet Temperature 274.82 K
Radiator Inlet Temperature 281.18 K
Average Ammonia Specific Heat 4.62 (kW*s)/(kg*K)
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(full load/eual distribution) 1.021 kg/s
Nominal Flowrate per Loop

(full load/eual distribution) 0.340 kg/s
Maximum Flowrate per Loop 0.510 kg/s
ETCS Pump Module:
Pump Efficiency 0.45
Average Ammonia Density 631.96 kg/m
Radiator Pressure Drop per Radiating A®a 0.3718 kN/r
Radiator Pressure Drop 131.2 kN/m
Pumping Power for Radiators 0.471 kW
Assumed Effective Line Length per Loop 40 m
Number of ETCS Loops 3
Line DiameteP06 0.0236 m
Nominal Pressure Drop Line (peob) 14.58 kN/rh
Nominal Line Pumping Power (p&rdp) 0.0174 kW
Overall Pumping Power 0.523 kW
Continuous Power Mass Penalty 111 kg/kW
Pumping Power as Mass 58.1 kg
Mass of Ammonia in Lines 33.2 kg

Summary of the Mars Lander Active Thermal Control System:

Heat Load Rejected 30.0 kw
Radiator Mass (dry) 1985.3 kg
Working Fluid Mass 128.1 kg
Pumping Power 0.523 kW
Pumping Power as Mass 58.1 kg
Total ETCS Heat-Rejection System Ma%s 2171.5 kg

The baseline radiator mass per area, including fluids, is 5.88.kg/m
4.3.3 Parametric Study Using the Baseline Case

Dzenitis (1992) presents a packagerbdels for heat transfer withhe martian
environment. For the study here, the ML radiators weized considering onlsadiation.
The radiation case igssuming no wind, a worstise scenario becauaay windwill
provide some convection coolinghich will in turn lower theeffective environmental
temperature andid heat rejection by the radiator. Further, as foun®bgnitis (1992),

205 This penalty is based othe values for ISS which specifiesraaximum radiator pressure drop of
48.26 kN/n? for 129.8 mi of radiating area.

206 This the inside diameter of the ETCS lines within ISS modules. Specifically this value is 0.93 in.

207 This value doesot include masses ftine pumps, linesand fittings,but these arexpected to be
roughly the same for all ML ATCS configurations.
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convection cooling is expected tmly account for about 10% of the heat rejected by a
radiator in a fairlystrong nartian surface wind of 10 m/sThus, heat rejectiofrom
human spacecraft on Mars will primarily be by radiant heat transfer.

Dzenitis (1992) divides the irradiation in a martian environmerdrfgiflat surface
into solar fluxes and infrared fluxes. This model, from Se&i@rof Dzenitis(1992), was
implemented, witlthe exception of Equation (2.18%, in a spreadsheet program. Heat
rejection results for bothertical and horizontal surfaces were obtained fiypeal “hot”
equatorial sité%, Data for this study conm@imarily from Dzenitig1992) andReich and
Scoon (1993). Specifically:

Surface and Orbital Location:

Orbital Position, k210 270 degrees
Surface Latitude\ 0 degrees
Time:

Local Midnight -6.16 hours
Local Sunrise,st(also assumed a9 t 0.00 hours
Local Noon, foon 6.16 hours
Time of Local High Temperature, t 7.19 hours
Local Sunsetgt 12.33 hours
Length of Local Day qhy 24.66 hours
Local Environmental Parameters Under Clear Skies (optqdhd, of 0.1):
Solar Absorptivity of Martian Surfaceg 0.7

Infrared Emissivity of Martian Surface; 0.94
Average Surface Temperaturg; 225K
Diurnal Surface Temperature VariatiéT,g 70 K
Infrared Emissivity of Martian Atmospheig, 0.225
Average Atmospheric TemperaturB, 205K

Diurnal Atmospheric Temperature VariatidT, 6.05 K

208 Equation (2.18) is a correction ftive optical depth of the atmosphere whenstiréace of interest is
not horizontal to the mean horizon. Tlelect, when included in the modegjives questionable
results for vertical surfaces, something Dzenitis noted in his paper. Whiéebtveoptical depth
for a vertical surface may differ frothat of a horizontasurface this adjustment shouldrobably be
omitted until more work in this area can be completed.

209 Environmentally, the hottest site on Marddsated 40 degrees southtbé equator during summer
in the soutern hemisphere. Thirresponds to the time when the mestere dust storms form
beginning within thesouthern hemisphere (Reich and Scoon, 1993).

210 The variables listed in this section correspond to the nomenclature employed by Dzenitis (1992).
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Local Environmental Parameters in a Dust Storm (optegaticit, of 2.8219):

Solar Absorptivity of Martian Surfaceg 0.7
Infrared Emissivity of Martian Surface; 0.94
Average Surface Temperaturg; 220K
Diurnal Surface Temperature VariatiéT,g 30.25 K
Infrared Emissivity of Martian Atmospheig, 0.83
Average Atmospheric TemperaturB, 219K
Diurnal Atmospheric Temperature VariatidT, 25.93 K
Radiator Properties:

Surface Infrared Emissivity 0.8
Surface Solar Absorptivity 0.2
Average Surface Temperature 275 K

Heretwo types of radiators arexamined. The first is a single-sided, horizontal

unit mounted oiop of ML similar tothe radiator for FLO Lander. The second ts/a-
sided, vertical unit which is also assumed tartminted ortop of ML. Table 4.7 and
Table 4.8 below presetite radiator hedtuxes as a function of tim#r atypical clear or
dusty day at a hot equatorial landing site.

Table 4.7 Daytime Heat Rejection From Mars Lander Radiators
for an Equatorial Site on a Clear Day ¢ = 0.1)

Vertical Radiator Vertical Radiator
Time of Day Horizontal Radiator Facing North/South Facing East/West
[hours] [kW/m?] [kW/m?] [kW/m?]
0.00
(Sunrise) 0.2424 0.2231 0.2231
1.23 0.2074 0.1907 0.1693
2.47 0.1712 0.1710 0.1530
3.70 0.1429 0.1491 0.1423
4.93 0.1246 0.1259 0.1344
(Noon) 6.16 0.1181 0.1082 0.1341
7.40 0.1241 0.1042 0.1127
8.63 0.1419 0.1091 0.1023
9.86 0.1697 0.1189 0.1009
11.10 0.2057 0.1350 0.1136
12.33
(Sunset) 0.2407 0.1719 0.1719
Minimum
Rejection 0.1181 0.1042 0.1009

211 Reichand Scoon (1993) not¢hat themost severe dust storobserved at &/iking landing site
corresponded to an optical thickness of roughly 3.0. Pollack, Colburn, Kaber, Carlston, and
Pidek (1979) listhe landingsites for both Viking spacecraft. Viking Lander 1 is at 228rees
north latitudeand 47.9 degreesvest longitude, while Viking Lander 2 is at 47.7 degraesth
latitude and 225.7 degree®stlongitude.
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Table 4.8 Daytime Heat Rejection From Mars Lander Radiators
for an Equatorial Site During a Dust Storm ( = 2.8)

Vertical Radiator Vertical Radiator
Time of Day Horizontal Radiator Facing North/South Facing East/West
[hours] [kW/m?] [kW/m?] [kW/m?]
0.00
(Sunrise) 0.1916 0.1879 0.1879
1.23 0.1788 0.1784 0.1784
2.47 0.1568 0.1606 0.1605
3.70 0.1283 0.1373 0.1371
4.93 0.1044 0.1167 0.1170
(Noon) 6.16 0.0899 0.1033 0.1046
7.40 0.0939 0.1042 0.1046
8.63 0.1077 0.1129 0.1127
9.86 0.1278 0.1266 0.1265
11.10 0.1457 0.1398 0.1398
12.33
(Sunset) 0.1598 0.1509 0.1509
Minimum
Rejection 0.0899 0.1033 0.1046

The fluxesfor thevertical radiator facingarth and suth are the average wealuesfor a
single surface facingonth and a second surfatacing ®uth. Likewisethe fluxesfor the
vertical radiator facingast and west are the averagevatiesfor a single surfactacing
east and a second surface facing west.

The performance of the horizontal radiator bagseral noteworthy features. In
both environments the horizontal radiator is |edfgctive at rejectindgpeat atltocal noon,
which corresponds to the greatest direct saladiation load. Further, the horizontal
radiator rejected less heat whthie direct solar load wamsostly blocked by a sevedeist
storm. This reduced performance results from receivingca higher infrared irradiation
from the atmospherehich, while filled with dust, absorbs a greater percentage of the
direct solar irradiation and then reradiates the energyfrased radiation. Because the
radiator's surface coatings are designed to reasllytransfer heat in thmfrared range,
the radiator's heat-rejection capability degrades during a dust2torm

Vertical radiatorglisplayed a variety akesults. Because of ML's position on the
equatorduring summer ithe southermemisphere, a surface facingrth never receives
any direct solar irradiationhile a surface facing auth receives direct solar irradiation
while the Sun is up. Aurface facing &streceives direct solar irradiation befdoeal
noon, and a surface facing west receives direct solar irradiation after local nodocall he
high temperature occurs shortly aftecal noon. This time is assumed in this study to
correspond to 1/24th of day after locahoon. As the results above indicateyestical
radiator will reject at least 0.1 kW/megardless of the radiator's orientation. The radiator
facing rorth and suth was moreffective on a clear dayyhile the radiatordcing east

212 Another explanation is that thaust stormblocks aradiator'sview of its coldessink, space. As
such, the radiator's performance decreases.
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and west waslightly more effective during adust storm. From thedividual surface
results(not presented), the heagjection for a radiator surfacet receivingdirect solar
irradiation degraded during dust storm because of amcrease in atmospheric infrared
irradiation. However, this degradation westially offset by an increase leat rejection
during adust storm forsurfacesnormally exposed to highetevels of direct solar
irradiation. The dust storm acted as a shaddinst the Sungspeciallyfor radiators
facing est and wesihich normally viewboth theearly morningand latesvening
sunlight.

The variation in performance between Weetical and horizontal radiatoesises
from the difference inthe effective viewfactor for each surface. The horizontal radiator
views only sky, so its performance is especially susceptible to variations in the atmospheric
infrared irradiation level However,half of the view of thevertical radiator ishe martian
surfacewhich has anore constant infrared irradiatidlux. Further, theinfraredflux of
the groundactually decreases during @gust storm because th@maximum surface
temperature is not quite as great (Reich and Scoon, 1993).

The radiator performance as a function of surface radiator temperature was also
investigated. The results are presented in tabular foifahbte 4.9throughTable4.12,
and graphically in Figuré.19 andrigure4.20. The firsfigure presents radiator area as a
function of orientation and radiator surface temperature. The séganel presents the
dry radiator mass as a function of the radiator orientation and radiator surface
temperature. The assumed fin efficiency for this study is 1.00.

Table 4.9 Required Daytime Radiator Area
for an Equatorial Site on a Clear Day ¢ = 0.1)

Vertical Radiator Vertical Radiator
Radiator Surface Horizontal Radiator Facing North/South  Facing East/West
Temperature [K] [m?] [m?] [m?]
265.0 364.1 438.4 460.4
267.5 329.8 389.6 406.9
270.0 300.7 349.7 363.5
272.5 275.7 316.3 327.6
275.0 254.0 288.0 297.4
2775 235.0 263.8 271.6
280.0 218.2 242.8 249.4
282.5 203.3 224.5 230.1
285.0 189.9 208.3 213.2

The required radiator area is a strdagction of the radiator surface temperature
for the range of temperatur@srmally associated with the rejection pfetabolic heat.
For a radiatordcing @st and west in a dust storm, the required radiator area decreases by
44% if the radiator temperature increases from 265K to 275 K. Increasing the
temperature from 275 K to 285 K decreases the required radiator area by a third for the
same radiator orientation. Henson (1995) provides similar results.
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Figure 4.19 Mars Lander radiator area as a function of radiator surface temperature for
various radiator orientations and environmental conditions. The asfinngfitiency is

1.00 for these results.
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Table 4.10 Daytime Dry Radiator Mass
for an Equatorial Site on a Clear Day ¢ = 0.1)

Vertical Radiator

Radiator Surface Horizontal Radiator Facing North/South  Vertical Radiator

Temperature [K] [ka] (ko] Facing East/West [kg
265.0 2730.8 2465.9 2589.6
267.5 2473.7 2191.7 2288.9
270.0 2255.4 1966.8 2044.7
2725 2067.8 1779.1 1842.6
275.0 1904.9 1620.1 1672.6
2775 1762.2 1483.9 1527.8
280.0 1636.3 1365.9 1403.0
282.5 1524.4 1262.8 1294.4
285.0 1424.4 1171.9 1199.1
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Figure 4.20 Mars Lander dry radiator mass as a function of radiator surface temperature
for various radiator orientations and environmental conditions. The asBurefidiency
is 1.00 for these results. The horizontal radiator useasa penalty of.50 kg/m while
the vertical radiators use a penalty of 5.625 kg/m
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Table 4.11 Required Daytime Radiator Area
for an Equatorial Site During a Dust Storm ( = 2.8)

Vertical Radiator Vertical Radiator
Radiator Surface Horizontal Radiator Facing North/South  Facing East/West
Temperature [K] [m?] [m?] [m?]
265.0 843.4 724.6 647.8
267.5 679.8 600.5 546.7
270.0 566.7 510.5 471.1
272.5 483.9 442.4 4125
275.0 420.8 389.0 365.7
2775 371.0 346.1 327.5
280.0 330.8 310.8 295.8
282.5 297.7 281.4 269.0
285.0 269.9 256.5 246.1

Table 4.12 Daytime Dry Radiator Mass
for an Equatorial Site During a Dust Storm ( = 2.8)

Vertical Radiator

Radiator Surface Horizontal Radiator Facing North/South  Vertical Radiator

Temperature [K] [ko] [ka] Facing East/West [kg
265.0 6325.1 4076.1 3643.7
267.5 5098.1 3377.6 3075.2
270.0 4250.2 2871.5 2650.0
2725 3629.5 2488.2 2320.2
275.0 3155.8 2188.0 2057.0
2775 2782.6 1946.6 1842.2
280.0 2481.1 1748.5 1663.8
282.5 2232.7 1583.0 1513.2
285.0 2024.5 1442.7 1384.6

4.3.4 Advanced ATCS Architecture for Mars Lander

ML is designed for a single 30-day stay on the martian surface at an equatorial site.
The baseline mission assumes a vertidaljble-sided radiator with single-phasamonia
as the workingfluid. Each advanced architecture is, whegplicable, assessed
numerically for theoverall mass savings whetompared with thebaseline design.
Qualitative assessments for these advanced technologies are presented in Section 2.0.

4.3.41 Low-Power Two-Phase Thermal Control System

To size a LRwo-phase TCS813 for ML this study extrapolates predictiofiem
Ungar (1995which is based owork for space stations. Ungar (199gludes asmall
space station which, tie cases presented, is closesize tothe TCS for ML. Ungar's
small station with asingle-phase cascad&€S comparewell with the baselineTCS for
ML. Ungar (1995) also presents a comparable LP two-phase TCS for the small station.

213 gee Section 2.1.2 for additional material on LP two-phase TCSs.
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ML Total Small Space Station (Ungar, 1995)
Baseline ML Single-Phase Cascadg Low-Power Two-Phase
TCS Baseline | Thermal Control $stem| ThermalControl System
(1 loop) TCS LTL LTL LTL MTL
Pump Power [kW] 0.174 0.523 0.320 0.320 0.068 0.08D
Radiator Area [ 117.6 352.9 197 197 195 195
Loop Set-Point [K] 274.8 274.8 275.2 275.2 275.2 287.2

LTL refers to the low temperature loaghile MTL refers to the moderate temperature
loop. The laselineTCS for ML uses thresingle-phase cascade, |t@mperature loops.
Upon comparing the MibaselineTCS with the single-phase cascad€S for thesmall
station several thingsre apparent. The ML TCS uses about 45%pdasgingpower

than thesmallstation with asingle-phase cascad€S. Further, the ETCS loop set-point
temperatures are about te@mefor thetwo systems. A comparable LP two-phase TCS
for ML then should usenly about 55% of th@umpingpower listed in Ungar (1995) for

a smallstation. Thus, th@umpingpower for a LTL in a LP two-phase TCS for ML
would use 0.037 kW, while a corresponding MTL loop would use 0.044 kW. A complete
LP two-phase TCS for ML will usevo LTL loops and one MTL loop with total ETCS
pumpingpower requirement of 0.118 kW. Based on Ungar (1995), the radiator area is
more dependent on the heat load rejected than on them@iByed, sdhe radiator area

for ML with a LP two-phasdCS will besimilar tothat for thebaselineTCS. Thus, LP
two-phase TCS will lead to a reduction in pumping power.

Mass Saved by Using a Lovewer Baseline Mars LP Two-Phase Total Change
Two-Phase fiermal Control $stem Lander TCS TCS for ML for TCS
Pump Power [kW] 0.523 0.118

Mass due to

Pump Power [kg] 58.1 13.1 45.0

Finally, the LPtwo-phase TCS usesmaller fluid linesthan thebaseline single-phase
cascade TCS which translates into an additional mass savings. Howevesatineseare
not included here.

Specific Assessments:

Equipment Mass Savings negligible
Power Savings 0.405 kw
Power Savings as Mass 45 kg
Overall Mass Savings 45 kg
Composite Qualitative Score -1

4.3.4.2 Two-Phase Thermal Control System With Electrohydrodynamic Pumping

Based on theliscussion in Sectioh.1.3, ML couldutilize atwo-phase TCSvith
electrohydrodynamic pumping. Avo-phase TCSwith electrohydrodynamic pumping
may yield aslight mass savingsver a LP two-phase TCS. dggnificant mass savings
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over thebaselineTCS would also be expected. However, without more datai®n
technology, no mass savings estimates may be determined.

Specific Assessments:

Equipment Mass Savings unknown
Power Savings as Mass unknown
Overall Mass Savings unknown
Composite Qualitative Score +2

4.3.4.3 Capillary Pumped Loops

Based on thebaselinearchitecturegiven in Section 4.3.2, aapillary pumped
loop 214 could save 0.523 kWiyhich is the estimated ETCRumping power for ML.
While it is possiblethat a singlecapillary pumped loopmight be employedhat does not
affect the mass estimates for this study becausmfiéary pumped loop equipmentass
is assumed to be comparable to the equipment mass foaskéne single-phase TCS
architecture. Thus, theverall savingdor this option i$58.1 kg based osavingpower
for pumping.

Specific Assessments:

Equipment Mass Savings none
Power Savings 0.523 kW
Power Savings as Mass 58 kg
Overall Mass Savings 58 kg
Composite Qualitative Score 0

4.3.4.4 Vapor Compression Heat Pump

In contrast to Luna, Marsffers a somewhat less extreme thermal environment.
The daysare only slightly longer than terrestrial days ande diurnal temperature
variations ardess extreme than on Lunalowever,using aheat pump to increase the
radiator temperature istill a reasonable idea. This sectieramines using &apor
compression heat pum continuously throughout the martian day and night.

As in the baseline mission, the ML ETCS here is two-fault tolerant and each ETCS
loop has its own heat pump. Duringminaloperation, each heat purhpndlesone third
of thenominalload, or 10 kW. However, each heat pump is sizethtulle a load 50%
greater than theominalload, or 15 kW, to allow ML tatill reject itsfull heat load after
losing one heat pump. The analysis uses a single ETCS loop for a basis.

A two parameter parametric study assuming a vertical radiator (Fdiike
indicateghat the ETCS mass iisinimizedfor ML whenthe heat pump temperatuift is

214 gee Section 2.1.4 for background on capillary pumped loops.
215 gection 2.2.1 provides additional background on vapor compression heat pumps.
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26.0 K and the radiatdituid massflowrate is increased to 1.13 kg/s @efCS loop.
Specifically ther(for one of three ETCS loops):

Cold Source Temperatureg Tevaporator temperature)
Temperature Lift, I - Tc

Hot Source Temperaturey{condenser temperature)
Radiator Inlet Temperaturej,T

Environmental Temperatureg;dk 216

Total Cooling Load per Loop, &

Ideal Coefficient of Performance, C&4rhot

Heat Pump Efficiencyy 217 (Ewert, 1991)

Necessary Input Power, ¥y

274.0K
26.0K
300.0 K

296.0 K
243.14 K

10.0 kW
10.54

0.50
1.90 kW

The vertical radiatorare simulated bythe model developed fothe parametric study.
Vertical radiators, compared to comparable horizontal units, Ihetter heatrejection
under their worst-case conditioti&

Emissivity

Solar Absorptivity

Fin Efficiency

Radiator Mass Flowrate of Ammonia (per ETCS loop)
Average Ammonia Temperature

Average Panel Surface Temperature

Heat Rejection per Unit Area

Total Heat Rejected per Loop by the Radiatog.£2
Radiator Mass Per Unit Area

Radiator Working Fluid Mass Per Unit Area
Necessary Radiator Surface Area during the Day

216

217
218

0.80
0.20
0.85
1.13 kg/s
294.4 K
292.9 K
0.149 kW/m
11.90 kW
5.625 kg/m
0.269 Kg/m
79°90 m

The sink temperature is computed fioe poorestheat rejection by a vertical radiator facing east and
west on a completelglear day. Usinghe poorestheat rejectiorfor ahorizontal radiator, which
occurs during a dust storm, the corresponding effective sink temperature is 247.23 K.

Percentage of Carnot coefficient of performance (COP).

This occurs for a vertical radiator facing eastiwest on alear day during the late afternoon.

170



Advanced Active Thermal Control Systems Architecture Study NASA TM 104822

1000
800-
S 6004
X i
(7)) .
4! ]
S 4004
200-
i )
0 10 20 30 40 50
Temperature Lift [K]
1000
; — -+
800-
32 600-
(7))
(7))
@ A\A\A—Mﬂ“‘s
= 400-
200- O0—0
’ O O
O.""I'H"'I""I" L L LB |

000 025 050 075 100 125 150
Radiator Loop Mass Flowrate [kg/s]

—T— Heat Pump Power—%¥—— Working Fluid
—O—— Heat Pump —<—— Pumping Power
—7/A—— Radiator —&#— Total

Figure 4.21 Variation of the Mars Lander ETCS mass per ETCS loopfasciion of
the vapor compression heat pump temperdiftrand the radiator loop mass flowrate.
The baseline mission frorBection 4.3.Zorms the basisfor this study. Th&TCSmass
was optimized with respect to both variables mentioned above.
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Mass Gained by Using Mars Lander Total Mars Total Baseline Change for
a Vapor Compression  ETCS Loop With Lander ETCS MarsLander Mars Lander
Heat Pump Heat Pump  With Heat Pumps TCS ETCS
Radiator Mass [kg] 449.4 1348.2 1985.3 -637.1
Working Fluid [kg] 215 64.5 94.9 -30.4
Heat Pump Mas$!9 [kg] 141.7 425.1 -- +425.1
Radiator, Fluid, and

Heat Pump Mass [kg] 612.6 1837.8 2080.2 -242.4
Power:

Heat Pump [kW] 1.90 5.70 --

Evaporator Pumping

Power [kW] 0.08 0.24 -

Condenser Pumping

Power [kW] 0.06 0.18 -

Radiator Pumping

Power [kW] 0.12 0.36 0.47

Total Power [KW] 2.16 6.48 0.47

Mass due to Power [kg] 239.8 719.4 52.2 +667.2
Total Mass [kg] 852.4 2557.2 21324 +424.8

The ETCSline pumpingpower is unchanged. The poweailues include penaltider the
pressure drops associateidh the condenser and tlewaporator. The condenser power
penalty is 50% ofthe power tqoumpfluid through the radiators designed for use with the
heat pumplor 0.5x 0.12 kW). The evaporator powpenalty is 50% othe power to

pump fluid through thebaseline radiator configuratiofor 0.5x 0.47 kW/3). As the
tabulation above indicates, a continuously operating vapor compression heat pump will be
more massive than the baseline ETCS for ML.

Specific Assessments:

Equipment Mass Savings 242 kg
Power Savings -6.01 kW
Power Savings as Mass -667 kg
Overall Mass Savings -425 kg
Composite Qualitative Score +1

4.3.4.5 Solar Vapor Compression Heat Pump

The single greatest drawback of a TG#tinuously using &apor compression
heat pump is thpower requirement. For the vapmrmpression heat pump presented in
the previous section, the power accounts for about a quarter of the totainiE88SS On
Mars it isonly necessary toperate a vapoctompression heat punwghile the vehicle or

219 gee the footnotes in Section 3.1.5.4 for the heat pump sizing correlation.
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habitat is in sunlight. Heat can be rejected at night umhgradiators. Thus, to reduce
overall system mas®r ML using avapor compression heat pump, the heat pump is
bypassed after the Sun setsaitow the ETCS workindluid to flow directly to the
radiators. During the day, the heat pump radiator loop operates normally with the radiator
working fluid flowing only between the heat pump condenser and the radiators. Here the
heat pumpsvill only operatewhile sunlight is available usirdedicated photovoltaic solar
arrays and the assumpower maspenalty is 25 kg/kWor energy consumeahly in this
mode?20, As above, the continuous power mass penalty is 111 kg/kW.

A two parameter parametric study (Figdr@2)indicatesthat the ETCS mass per
loop isminimizedfor this option wherthe heat pump temperatuifé is 28.1 K and the
radiator fluid masdlowrate is increased to 0.82 kg/s g€fCS loop. Thecontrolling
limitation is the radiator area requirecdhile the heat pump isot available, which is
78.0 nf per loop. This isthe radiating area required to reject noeninal heat load at
sunset under the least favorable environmental conditions. (See Section 4.3.3) Therefore:

Cold Source Temperatureg Tevaporator temperature) 274.0 K
Temperature Lift, I - Tc 28.1 K
Hot Source Temperaturey{condenser temperature) 302.1 K
Radiator Inlet Temperaturej,T 298.1 K
Environmental Temperaturegidk 243.14 K
Total Cooling Load per Loop, & 10.0 kW
Ideal Coefficient of Performance, C&Fhot 9.75
Heat Pump Efficiencyy 221 (Ewert, 1991) 0.50
Necessary Input Power, MY 2.05 kW

The vertical radiatorare simulated bythe model developed fothe parametric study.
Vertical radiators, compared to comparable horizontal units, lbetter heatejection
under their worst-case conditiof#s

Emissivity 0.80

Solar Absorptivity 0.20

Fin Efficiency 0.85

Radiator Mass Flowrate of Ammonia (per ETCS loop) 0.82 kg/s
Average Ammonia Temperature 295.8 K
Average Panel Surface Temperature 294.3 K
Heat Rejection per Unit Area 0.154 kW/m

220 This study has not addressed the issue of whether sufficient power can be generated by a photovoltaic
solar array if a dust storm is present. This is signifiteattause midday oMars is thermally the
hottest diurnal environmertven when a dust storm is present. As suchgd#t pumping is not
available, the radiators alomeay not be able to rejethe full heat load bthemselveduring the
entire Martianday. See Sectich2.2 for additional information on solar vapor compressieat
pumps.

221 percentage of Carnot coefficient of performance (COP).

222 This occurs for a vertical radiator facing eaistiwest on alear day during the late afternoon.
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Figure 4.22 Variation of the Mars Lander exterrthermal controbystem masper loop
as a function of the solar vapor compression heat pump tempedifatarel the radiator
loop massflowrate. Thebaseline mission fronsection 4.3.2forms the basisfor this
study. The external thermal cont®istem massvas optimized with respect to both
variables mentioned above.
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Total Heat Rejected per Loop by the Radiatos.£ 12.05 kW
Radiator Mass Per Unit Area 5.625 kg/m
Radiator Working Fluid Mass Per Unit Area 0.269 Kg/m
Necessary Radiator Surface Area during the Day (per loop) 78.05m
Necessary Radiator Surface Area at Night (per loop) 78°00 m

Here the radiatodesign is constrained ke radiating aremecessary to reject the
nominal load at sunset (Figue23). The powemay begrouped according to its

applicable power mass penalty.

Power Mass Penalties:

Heat Pump Power Daytime Only
Evaporator Pumping Power Daytime Only
Condenser Pumping Power Daytime Only
Radiator Pumping Power Continuous

Mass Gained by Using Mars Lander  Total ML ETCS  Total Baseline Change for

a Solar Vapor ETCS Loop With With Solar Heat  MarsLander Mars Lander
Compression Heat Pump Solar Heat Pump Pump TCS ETCS
Radiator Mass [kg] 439.0 1317.0 1985.3 -668.3
Working Fluid [kg] 21.0 63.0 94.9 -31.9
Heat Pump Mas$?3 [kg] 144.3 432.9 -- +432.9
Radiator, Fluid, and

Heat Pump Mass [kg] 604.3 1812.9 2080.2 -267.3
Power:

Heat Pump [kW] 2.05 6.15 --

Evaporator Pumping

Power [kW] 0.08 0.24 -

Condenser Pumping

Power [kW] 0.04 0.12 -

Radiator Pumping

Power [kW] 0.09 0.27 0.47

Total Power [KW] 2.26 6.78 0.47

Mass due to Power [kg] 64.2 192.6 52.2 +140.4
Total Mass [kg] 668.5 2005.5 21324 -126.9

The ETCSIline pumping power is unchanged. As in the previous section, the power
values include penaltiger the pressure drops associawth the condenser and the

evaporator.

As anticipated, the heat puraping solapower generation is legsassivethan a
continuallyoperating heat pump. Further, the reduction in massafisesthe solar heat
pump to be less massive than the baseline ETCS configuration.

223 gee the footnotes for Section 3.1.5.4 for the heat pump sizing correlation.
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Figure 4.23 Variation of radiator area per ETCS loop for the Mars Lander ETCS as a
function of the solar vapor compression heat pump tempetdtiaad the radiator loop

mass flowrate. The solar heat pump option is constrained by the radiator area required for
rejection of the ATCS heat load at night without the heat pump operating.
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Equipment Mass Savings 267 kg
Power Savings -6.31 kW
Power Savings as Mass -140 kg
Overall Mass Savings 127 kg
Composite Qualitative Score +2

4.3.4.6 Lightweight Radiators

To identify potential mass savings from using lighter matef@ortions of the
ML radiator assembly, parametric study is presented below. As with several previous
vehicles,the ML ETCS is in amarly designstage and isot well defined, so the
components and categories listed here are estimates.

Category Vithin Mars LandeRadiator Assembly24 Mass [kg] Mass Percentage
Structure and Deployment: 29.3

Base Radiator Support Structure 211.8

Deployment Mechanism 397.1

Radiator Panels 1376.4 66.1
Radiator Panel Working Fluid (ammonia) 94.9 4.6
Total 2080.2 100.0

This study varieshe component ML radiat@ssembly masses lineathased on
the original total mass in each category. The structure deployment masses are
reduced by up to 20% whdhe radiatopanel mass iseduced by up to 40%. The
radiator panel working fluid volume will be unchanged, so the wofkilrlgmass will also
be unchangeéks.

The most importaninderlying assumption is thabmposites andtheradvanced
materials are most likely to offer a significamiss reduction fanly some components of
the radiator panels such as the honeycomb and the facesheets. Because thearadsator
are the single mostassive item otthe ML radiatorassembly, such savingsould
constrain the remainder of the design. A #gsificant masseduction is assumed for the
structures and deployment becausesthes of these componemt® primarily dictated by
the dimensions othe radiator array and tlieployment scheme. However, composites
should allow comparable components to replace sonteeostructure andeployment
with lighter parts.

224 The overall mass pemdiating area excludinduids is 5.625 kg/rh for the dry radiator panel
assembly. The assumed componeartmposition is: 3.9 kg/Afor radiator panels, 0.6 kghtfor the
base supporstructure, andL.125 kg/m for deployment. As presented abotiee radiator panel
working fluid mass is 0.269 kghwof radiating area.

225 gSee Section 2.4 fadditional general background on lightweight radiators ghesific examples of
proposed lightweight radiators.
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Figure 4.24 ML radiator mass as a function of mass reduatigthin the radiatopanel
set. StudyAssumption:For each 10% assreduction in the radiators the masses for the
support structure and the deployment decrease by 5%.

Percent Reduction in
Radiator Panel Mass

Category Vithin Mars LandeRadiator Assembly 20% 40%
Structure and Deployment [kg] 548.0 487.1
Radiator Panels [kg] 1101.1 825.8
Radiator Working Fluid [kg] 94.9 94.9
Overall Radiator Mass [kg] 1744.0 1407.8
Overall Mass Reduction in Radiators [kg] 336.2 672.4
Mass Reduction as a Percentage

of the Original ML Radiator Assembly 16.2 32.3
Radiator Mass Per Surface Area [kgfm 4.94 3.99
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Consideringthe available lightweightadiators presented in Section 2.4, an ovenaks
reduction of 20.0% was selected as a representative value. Thus, tisavimestor ML
is 416.0 kg for the referenamission (Figuret.24). The powerequirements will be
unchanged because theernal fluid dynamicsand, therefore, th@umping power are
functions of the working fluid material properties.

Because ML is a planetamgission, any othe lightweight radiator concepts may
be used.All of the radiators presented in Section 2.4 can be depl@yedally. Unlike
the lunar missions, verticahdiatorsmay beused without additional equipmenfgain,
the composite flow-through radiators could also be oriented horizontally.

Specific Assessments:

Equipment Mass Savings 416 kg
Power Savings as Mass none
Overall Mass Savings 416 kg

4.3.5 Summary

The various advanced technologies and their estimated bemeBtammarized in
the table below for ML. From Section 4.3.2, the mass of the ba&dI@8 is 2,171.5 kg.
Again, assumingthe @ss determinatiorteroughout this study have associated
uncertainties on therder of 10%, a complete TG&th an advanced technology would
need to show aavings of at lea217 kg to ensure a mass savingsurther, because
design and developmegbsts are notrivial, a mass savings of 25%, 643 kg, Is
desirable. Usinghese criteria, the TCSs with advanced technologies proposed for ML
may be divided into five categories:

* TCSs using advanced technologies requiring a mass pgneéiterthan
10% of the overall baseline ETCS masapar @mpression &éat pump.

» TCSs using advanced technologies requiring a mass penalty less than 10%
of the overall baseline ETCS mass: none.

» TCSs using advanced technologies with a mass savings less than 10% of
the overall baselindETCS mass: LP two-phas€CsS, capillary pumped
loops, and solar vapobmpression &éat pump.

» TCSs using advanced technologies with a mass savings between 10 and
25% of the overall baseline ETCS mass: lightweight radiators.

* TCSs using advanced technologies with a mass sagiegser than 25%
of the overall baseline ETCS mass: none.

A continuouslyoperated vapaotompression heat pumpnst appropriate for ML.
The technologies in the third category will produce an EW@igh is comparable to the
baseline ETCS. The technology in the fourth category is promising for this mission.
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Table 4.13 Advanced Active Thermal Control System Architecture for Mars Lander

Summary of Advanced Activehiermal Control $stem Overall Mass  Qualitative
Architecture for Mars Lander Savings [kg] Score
4.3.4.1Low-PowerTwo-Phase Thermal Control System 45 -1
4.3.4.2 Two-Phase Thermal Control System

With Electrohydrodynamic Pumping unknown +2
4.3.4.3 Capillary Pumped Loops 58 0
4.3.4.4 VVapor Compression Heat Pump -425 +1
4.3.4.5 Solar Vapor Compression Heat Pump 127 +2
4.3.4.6 Lightweight Radiators 416 --
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5.0 CONCLUSIONS

Each section above provides conclusions witgsummary highlightinghe most
promisingset ofthermal control technologies for each referemggsion. This section
presents conclusions concerning the nsessngs, or general appropriateness, of each
advanced thermal technology acrtse spectrum afissions examined in thistudy.
Table 5.1 summarizabe massavingsfor each technology asapplies tothe various
missions.

Table 5.1 Mass Savings [kg] of Advanced Technologies
Applied to Reference Missions

Reference Vehicles and Habitats
ISS STS FLO PLB ML

Baseline ETCS Architecture Mass@$ 15,568 201,306 2,101 10,948 2,17

T

Advanced Technologies
Two Phase Thermal Control Systems (TCSs):

1. Two-Phase TCS With Mechanical Pump/Separator 1,203 456
2. Low-Power Two-Phase TCS 1,366 8,176 286 751 4b
3. Two-Phase TCS with Electrohydrodynamic Pumping unknown  unknown  unknowi
4. Capillary Pumped Loops 1,535 370 917 58
Heat Pumps:
5. Vapor Compression Heat Pump -250 7,017 125
6. Solar Vapor Compression Heat Pump 5,021 259 7,321 127
7. Complex Compound Heat Pump 4,241
8. Zeolite Heat Pump 3,818
Heat Pipe Radiators:
9. Arterial Heat Pipe Radiators -154
10. Axial-Groove Heat Pipe Radiators -309
11. Arterial Heat Pipes With Electrohydrodynamic Pumping 490
Lightweight Radiatorg2”. 1,661 22,904 584 3,306 4116
12. Composite Flow-Through Radiators X X X X X
13. Composite Heat Pipe Radiators X X X
14. Composite Reflux Boiler Tube Radiators X X
15. Unfurlable Radiators X X X

Other Heat Rejection Technologies:

16. Phase-Change Thermal Storage 11,875

17. Parabolic Radiator Shade 642 7,416
Additional Technologies:

18. Rotary Fluid Coupler 444

19. Plant Chamber Cooling Improvements 2,867
20. Carbon Brush Heat Exchanger 118 154

226 see reference missions in Sectionséh@ 4.0 for details.

227 The listed mass savingsomes fromthe generic lightweight radiator assessment while the
lightweight radiator technologies which appear appropreg® marked with an ‘X’. Actual
lightweight radiators may offer a greater or lesser mass savings than the figure listed here.
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Qualitative assessments for these technologies are presented with discussion in Section 2.0
and the assessments are summarized in Table 2.1.

From the information abovethe radiator msss per radiating area for the
individual referencemissionarchitectures arsummarized in Table 5.2. These values are
based on the total radiatamass, including anyorking fluid, divided bythe radiating
surface area.

Table 5.2 Summary of Masses per Radiating Area for Reference Mission Baseline
Thermal Control System Architectures

Mass per Effective Mass
Radiating Area Fin per Radiating
Reference Mission [kg/m?] Efficiency  Area228[kg/m’]
3.1.2 International Space Station Evolution 8.51 0.88 9.67
3.2.2 Space Transportation System Upgrade
(6-Panel Configuratiorj?? 5.01
Space Transportation System Upgrade
(8-Panel Configuration) 5.30
4.1.2 First Lunar Outpost Lander 7.37 0.85 8.67
4.2.2 Permanent Lunar Ba&¥ 7.86 0.85 9.25
4.3.2 Mars Lander 5.89 0.85 6.93

51 General

Over the spectrum ahissionspresented above, solar vapor compression heat
pumps and lightweight radiatore the mosgenerally applicable advanced thermal
control technologies. The vapor compression heat psoffers from highpower
consumption. Offsetting this drawbastapor compression heat pungrasticallyreduce
the requiredhermal control radiar area fothermal environments where rejectionlifef
support heat loads woultbrmally be difficult. The solar vapor compression hpamp
concept attempts taleal withthe compressor's powesquirement using a systems
engineering approach to integrate the heat pump with its power source in one package. In
addition to comparing favorably berms of mass to thkaselinearchitecture, the solar
vapor compression heat pumpaigplicable to a wideange of dutiesjncluding both
planetary and orbital missions. Likewise, lightweigittiators als@pply to a wide range
of planetary and orbital missions. Specific lightweight radiators may be mission-specific or
mission-type-specific. For example, compositeeflux boiler tube radiators require a
gravitational force to operate and are inappropriate for orbital missions.

The qualitative assessments are independent of the quantifiedavags. The
gualitative assessments represent a conglomeration of expert opiealrsy with
volume, ease of deploymemngliability, developmentost,and terrestrial use potential of
the various technologies. Several technologikgh did not offer large massavings

228 The effective mass per radiating area is the mass per radiating area divided by the fin efficiency.

229 Jaax (1978) provides the effective radiator area, not the actual radiator area.

230 These values reflect a single setratliator panels. For the entifé-year reference mission,
assuming two sets of radiator panels, the mass per radiating area is 1536 kg/m
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scoredhigh inthe qualitative assessments. Thaskide the rotaryfluid coupler, the

carbon brush heat exchanger, and electrohydrodynamic pumping. Thus, these assessments
indicate that thesgechnologiesmay offer other benefits and, therefore, reasons for
developing them other than their potential for saving mass.

5.2  Two-Phase Thermal Control Systems

Two-phase thermal contrelstems offegreaterpromise for largesystems with
long flow lines. Withthe exception of International Space Station and Permanent Lunar
Base, thevehicles here aretoo small to make adequate use of this technology.
Additionally, retrofitting International Space Station with a two-phase thermal control
systemmay be difficult. For Permanent Lunar Base, however, a two-phase thermal
control system may be a wise investment, especidhyg ibase W be expanded sometime
in the future. Adlow lineslengthen and heat loads increabe, mass saved bytao-
phase thermal control system could be signific&apillary pumped loops providetao-
phase thermal control architectusdnich can be economical evéor smaller vehicles.
The only major disadvantage of this speciftevo-phase thermal contr@ystem is the
relatively low pressure rise generateddapillaryforces. As such, care is requinetien
designing a capillarpumped loop for use on a planetary surfacethisdtechnology is
probably inappropriate for a thermal control system while a vehicle is accelerating during a
launch or re-entry maneuver.

53 Heat Pumps

In general, heat pumps aggtremely versatile. They depend on elevatirzgte
heat torelatively hightemperatures. High rejection temperatures in turn reduce the
thermal controbystem’s sensitivity to radiator surfgu®perties byncreasinghe driving
temperature difference between the radiator and the environment. Further, heat pumps are
not sensitive to planetary surface conditiexsept as those conditioaffect the radiator
surface properties.Design of heat pumps for use in microgravity environments is an
unsettled issue.

Vapor compression heat pumps suffer frbigh power consumption. However,
provided with asufficiently inexpensivepower source,such as a dedicated solar
photovoltaic power array, vapaeompression heat pumps offer one of the lezssive
options for many thermal control systems.

For some missions, heat-drivdreat pumps also appear to offer maasings
compared with thebaseline architectures usingnly metal flow-through radiators.
Coupled with a source of high-temperature waste heat, such as frodustnalprocess,
they may provide economical coolingHowever, they areot asefficient asthe vapor
compression heat pumps.

5.4 Heat Pipe Radiators

Due to their extra massjetal heat pipes appear tojbstified for human missions
only when thermatontrol system flowloop punctures from externdebrisare expected
to be a serious problem. Whenmassion flies insuch an environment, masavings
become secondary to theliability of the heat-rejection system. Longer heat pipies
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exhibitlower massper radiating area ratios thahorter units. As such, longer hegies

are preferred. Mass predictions systems augmented with electrohydrodynamic pumps
are lower than fosystems whiclare notaugmented because the pumps increase the heat
pipe’s transport limit over that derived from capillary forces alone. Current predictions for
the missionshere donot consider flomoop punctures from micrometeroids and on-orbit
debris to be a significant probleexcept possibly for the International Space Station
evolution mission.For International Space Station evolution, thermal controbystem
mass assuming metalleat pipe radiators will be comparablehat of thebaseline flow-
through radiator technologyAdditionally, the operationdbenefit ofgreater resistance to
thermal controflow loop punctures igained with this architecture. Table 5.3 presents
the massper radiating area for the arterial hpgte concepts along with samilar value

from the baseline architecture for International Space Station evolution.

Table 5.3 Summary of Masses per Radiating Area
for Arterial Heat Pipe Radiators

Mass per Effective Mass
Radiating Area Fin per Radiating
[kg/m?] Efficiency  Area [kg/nf]
3.1.2 International Space Station Evolution 8.51 0.88 9.67
2.3  Heat Pipe Radiators
2.3.1 13.11-m Arterial Heat Pipe Radiators 8.80 0.925 9.51
6.71-m Arterial Heat Pipe Radiators 9.88 0.925 10.68
2.3.2 Arterial Heat Pipe Radiators
With Electrohydrodynamic Pumping 7.64 0.763 10.01

5.5 Lightweight Radiators

Lightweight radiators, thougimot rigorously definedhere, offer the hope of
directly reducinghe radiator massyhich isthe single greatestass withinthe external
thermal control system.Additionally, lightweightflow-through radiators can be used
regardless of the other external thermal control system elements.

To add a more concrebasis to thispproach, foudifferent lightweight radiator
concepts are presented undbrs category. Theseclude composite flow-through
radiators and composite heat pipe radiatdnieh may beappliedfor either planetary or
orbital missions. Composite reflux boilerbe radiators andnfurlable radiators both
depend on workindluid density differencedor internal heat transport and therefore
require gravity to operate. Table 5.4 presents the mass per radiating area for each of these
concepts along with the correspondivgues fromthe baselinearchitectures of the
reference missions for comparison.
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Table 5.4 Summary of Masses per Radiating Area
for Lightweight Radiators

Mass per Effective Mass
Radiating Area Fin per Radiating
[kg/m?] Efficiency  Area [kg/nf]
Reference Missions
3.1.2 International Space Station Evolution 8.51 0.88 9.67
3.2.2 Space Transportation System Upgrade
(6-Panel Configuratiord3! 5.01
Space Transportation System Upgrade
(8-Panel Configuration) 5.30
4.1.2 First Lunar Outpost Lander 7.37 0.85 8.67
4.2.2 Permanent Lunar Base 7.86 0.85 9.25
4.3.2 Mars Lander 5.89 0.85 6.93
2.4  Lightweight Radiators
2.4.1 Composite Flow-Through Radiators
(Single-Sided Rejection) 8.21 ~1.00 8.21
Composite Flow-Through Radiators
(Double-Sided Rejection) 4.67 ~1.00 4.67
2.4.2 Composite Reflux Boiler Tube Radiators 3.44 1.00 3.44
2.4.3 Composite Heat Pipe Radiatbt$ 1.91 0.97 1.96
2.4.4 Unfurlable Radiators 4.62 1.00 4.62

5.6 Other Heat Rejection Technologies

The technologies listed under this category have rmoited applicability than

NASA TM 104822

some of theothertechnologies presented above. Phase-change thetorade isuseful
for orbital missionswhere thetime during whichthe vehicle must endure itsnaximum
heat load idess tharthe orbital period.This allowsthe phase-changkermalstorage
device to provide supplemental coolimdnile the vehicle isunder its maximum heat
loading and tosolidify the phase-changeaterial while the vehicle experiences its
minimum heat loading.

The parabolic radiator shadperatesvell on airless planetaryodies withsmall
planetary inclinations. For a lunar mission, these devices offer the greatest mass savings of

the technologiesanalyzed. While a parabolic shade could be adapted f@dher
environments, this would require additional equipmaiuding a rigidshadeassembly
and tracking equipment-or aplanetary body with an atmosphere, additional equipment
or techniques would be needed to keep dust and other debris off of the shade surface.

231 Jaax (1978) provides the effective radiator area, not the actual radiator area.
232 The finefficiencylisted forthe compositeheat pipe radiator is estimatbdsed on an analysis using
the Thermal Synthesizer System (TSS) and SINDA/FLUINT. The actual value is unknown.
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5.7  Additional Technologies

The heat transfer technologies presented underh#asingare all enhancing
technologies.While individuallythey arenot usuallyexpected tgield large massavings
for their respectivenissionsthe listed massavings is independent tife architecture of
the remainder ofthe thermal control system. Thus, these technologresextremely
useful in a supporting role to reduce the overall mass of the thermal control system.
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6.0 RECOMMENDATIONS

While this study is a goodtart, itfails to answerall questions onenight have
aboutadvanced thermal contrsystem technology. Some answems unknowablesing
the preliminary analysidormat presented here. However, other areas coulchdre
adequately addressed by additional study. The recommendahamsfollow focus on
additional analysis whichould extend and improwhe current study withouwelying on
extensive input from future research and development. As technologies matdedaand
become availabldhe study estimates could be updatedrafided. Furtheradditional
reference mission scenarios could be added aedamined asfuture missions are
contemplated.

6.1 Additional Mission Scenarios

e Human Lunar Return - Consider amalllunar habitat withroom for a crew of
two to four and a very limited mission length of 3 to 14 days.

* Permanent Lunar Base at a Lunar Pole- Consider Permanent Lunar Base
located at a lunar pole instead of an equatorial site. Soemific missions, such
as a telescope located on Luna, would prefer a polar site to an equatorial site
(Burke, 1989). Furthefinding water on Luna, if it exists, deemed morékely
at one of the poles. Suchdescovery could reduatie nass of suppliesentfrom
Earth for human operations.

» Extended Presence on Mars Consider a base at an equatorial latitude on the
martian surface built upver several missions from remotely placed vehicles. A
single thermal control system will be used for both the transit and surface phases of
the mission. A common thermabntrol architecture should employedfor all
vehicles.

 Generic Transfer Vehicles?33

— Interplanetary Vehicle for Transfer to Luna - Consider avehicle with a
capacity of three or four cremembersfor a transfemission fromEarth to
Luna.

— Orbit to Surface Transfer Vehicle for Luna - Consider avehicle for the
transfer oftwo tothree cremmembers tdhe surface of Luna and baagain
from lunar orbit.

— Combined Transfer Vehicle to Luna- Consider aehicle whichwould carry
a crew of three or four to the surface of Luna from Earth orbit and back again.

— Interplanetary Vehicle for Transfer to Mars - Consider avehicle with a
capacity of three or four crememberdfor a transfemission fromEarth to
Mars.

233 A basic study otthermal controltechnologies for transfer vehiclesight identify heat rejection
technologies whictare more generally applicable to mwoty the surface or orbital stages of a
mission, but also to the transit stages.
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6.2

— Orbit to Surface Transfer Vehicle for Mars - Consider avehicle for the
transfer oftwo tothree crewmembers tdhe surface of Mars and baagain
from martian orbit.

— Combined Transfer Vehicle to Mars- Consider avehicle whichwould carry

a crew of three or four to the surface of Mars from Earth orbit and back again.

Additional Thermal Control Technology Studies

General:

— Perform conceptual design studies &wuminum, flow-through radiators to
determine more accurately the associated equipment paassdiating area
for various radiator deployments. In particular, lookeatical and horizontal
radiator deployments on planetary surfaces such as Luna and Mars.

Two-Phase Thermal Control Systems:

— Determine the variation inass savings as a function of assup@der mass
penalty for two-phase thermal control systems. Bec#luse two-phase
thermal controkystem’sgreatestoverall benefit is taeduce thermal control
systempower requirements, theass saving®r thesesystemsare dependent
on the price of power for a mission.

— Conduct a more in-deptinalysisfor the two-phas¢éhermal controlsystems
similar tothe analysis inUngar (1995) instead of the manplistic approach
used. These studies, like Ungar (1995), wadsume and analyze a base or
vehicle architectureincluding flow line lengths, madwrates, andoumping
power. This, in turn, would permit estimates for the ETCS lines and fittings.

Heat Pumps:

— Determine the variation inass savings as a function of assup@ger mass
penalty for the vapor compression heat pumps.

— Develop estimates based on more in-depth heat pump models.

— Consider distributed heat pumping versus centralized heat pumping.

Lightweight Radiators:

— As more detailed information becomasailable for individual lightweight
radiator concepts, assess these condegisidually, when appropriate, for
each of the reference missions.

Combining Technologies:

— Combine a parabolic radiator shade witkoéar vapor compression hgatmp
and determine the leastassive system. Thigchnology wouldapply to
missions on the lunar surface.

188

NASA TM 104822



Advanced Active Thermal Control Systems Architecture Study NASA TM 104822

6.3

Combine a parabolic radiator shade witkoéar vapor compression hgatmp
using lightweightradiators in place of vertical flow-through radiators and
determine the leashassive system. Thischnology wouldapply to missions
on the lunar surface.

Combine the carbon brush heat exchanger and arterial heat vpibes
electrohydrodynamic pumping.

Combine the carbon brush heat exchanger with composite heat pipes.

Additional Mission Specific Work for Current Study

International Space Station Evolution:

Determine the variation in massvingsfor various advanced heat-rejection
technologies as a function of assumed environmental temperature.
Conduct a transierdnalysisfor the optionusing a solavapor compression
heat pump. Check to ensutet adequate heagjection can benaintained
while ISS is within the planetary shadow.

Add phase-change thermal storage.

Lunar Planetary Missions:

Determine thehermal controlsystem mass as a function of radiator surface
temperature.

Determine thehermal controlsystem mass as a function of latitude on the
lunar surface.

Consider the effect of vertical radiators in place of the horizontal radiators.
Measure thdrequency and distribution of micrometeoroid impacts duast
accumulation on the lunar surface.

Permanent Lunar Base:

Conduct an in-depth parametric study forsystem using a solavapor
compression heat pump. Consider vertical and horizontal radiatorsgnd

both the surface properties and the assumed radiator mass per radiating area.
Determine the variation in heat pumpasa as a function dieat pump
efficiency and power mass penalty.

Determine the variation in thermal contsgstem mass as a function of surface
latitude. Use a combined system with a parabolic radiator shade and a solar
vapor compression heat pump.

Mars Lander:

Replace the assumed external amigérnal thermalcontrol systems with a
single thermal contrdbop using a non-toxic workinfjuid. Possible working
fluids might includeair, carbon dioxide, owater. Thesystem mightuse a
Brayton gas cycle heat pump or a standard flow loop.
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— Consider the case where the radiator rejection temperature is allowed to rise to
that assumed for First Lunar Outpost Lander.

— Measure thdrequency and distribution of micrometeoroid impacts dost
accumulation on the martian surface.
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