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Abstract 

1.0 Introduction 

Loop Heat Pipes (LHps) =very versajileheattran&rdevices that havebeen usedforthermal umml of 
many commercial CanrmUniCati0aS satellites and NASA's spacecraft, including ICESAT, AURA, !WTFT7 
and GOES. AH fMps ament@ Servicing orbiting spacecraft have a slngle aap0r;bOrwhh a &meterof 
about 25mm. When &e heat source has a largethermal footprinf or several heat sou~ces need to be 
controlled at similar an LHP with multiple evap~rat~r~ is hghly desirable. For snaU 

o f t h e m i s ~ ~ i n m e e f i n g t h e ~ ~  oflaw spacecratt, 
mass, low power and -. Also important in the themid snbsystem clm&g=w ale the 
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minimization ofthe need far s u p p l d  electrical heaten and design flexibility which allows for 

Under NASA's Space Technology 8 (ST 8) pmgram, a minbtwe loop heat pipe (MLHP) Thermal 
Management System with multiple eMporatorsd multiple candensers has been suaxsdly developed 
to meet the requirements of small spacecraft. The MLHP Thermal Managemat System conskts ofa 
mini am^ LHP with muhrple evaporators and multiple deployable diators7 and variable emittance 
amings (3TCsj on the diams. A trreiadboard unit has 'been built for fimctiod 'es in -- md 
thermalVaCuumenviromnents ami deaKlastrated excellent performance. steady state and trausia 
analytical models bave also been developed and cornkited well with acperimental data. In iddilion, 

'onofdata scaling criteria have been established to provide a means of comparison and genedmh . 



W e e n  different L"s. The ML" T h d  Management System has reached a technology readiness 
level m) of 4. 

This paper d l  give detailed descriphons of the MLHP Thermal Management System, inctudmg desigq 
qmatlng principles, performance c- cs. technolo_qv advances and advantages. Experimental 
tests an$ model correlafion will atso be discussed. 

. .  

2.0 Description of WlLHP Thermal Management System 

2.1 overview ofthe System Design 

The h4LHP Thennai Management System consists of an MLHP with multiple evapOratOrS and multiple 
condensers, a d  deployable radiators coated with WCs. other key elements include thermoelectric 
coolers (I3X.s) on tht: I3Ip compemation chambers (CCs), a capiflary flow regulator, and an aluminum 
coupling block between the vapor line and liquid line. For the ST8 fight validation, an MLHP CoIlSisting 
of two evaporators, two condensers, a body mounted radiator and a deployable radiator will be used, as 
show-n schematically in Figure I. 
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All evaporators have an auterdkunehx of 13- The evaporatoTmass is reduced by 70 percent when 
cornparedto 25- evaporatMused in state-of-theart W s .  Small evapomtors also reduce the r e q u i d  
fluid inventmy in the LHP, andthe mass and volume oftbe thermal system. 
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as shown in Figure 3(a). In some cases, especially with lowpowers, the CC tmpemme will rise with the 
mapmator because ofthe heat leaks -the evaporatMtothe CC, and the required superheat for bubble 
generation may never be as shown in Figure 36) .  Because the oet heat load tothe eMporator 
will be small duringthe start-up transient whenthe evaporator is attackltoan instnrment, the state-of- 
the-art LHPs m a  d-s i zed  startffheater to provide a highly conoentrated heat fhm to generate fnst 
vapor bubbles locally. Ibe required starter beater power is on the order d30W to 6OW for StaSQrd 
LHPswitha25mmO.D. evapabr. FmLMPswith small evaporators,therequired staterheaterpower 
isestimarted to be between 2ow and mw. 

h 
fi 
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VECs 

Figure4 Elt!&&aticvECs 
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T%e coupling block allows the liquid returning to the evqmator/CC to absorb heat h t h e  vapor liue, 
which further reduces the TEC amtd heater power. Using feedback conttol, the unnbiwtion of the 
TEcs,vEcs, andthe umplmg blockcan minimize the TEC ccmtrol heater power. 

c 
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Each of the multiple condensers will receivean - massflmratebasedonitsthenrral 
en- 
en- willresuhmanraztomatic xrdktriion offlow rates among the cmdmsem. The multiple 
deployableradiatclrs canbeplacedatdiflbmt locations. As long astheladiatm asawhlecan dissipate 
the total heat lwd, some ofthe mdiatm canbe exposed to warm environments. By a d . .  the 
emittance, VECs can regulate heat rejection by ea& radiatmandpreventfhridfkom fieezingdurbgthe 
survival mode. n e  flow lzgdams preventvaporfiom going back tothe evaporatols, and regnlate mass 
flow rate throtigh each - - - Alltheseareaccomplished~ely,allallowing~systemto 
achieve~ped~maccordancewitbinstnrmentoperarionalscenarios. 

0 Both~aretumed<maudahighheatrateisflowiagtotheradiatols.TheVECsare 
o o m n r a n d e d f o a h i g h a r m e d i u m ~ ~ ~ o n t h e ~ s i n k t e m p e r a t u r e s .  
one -is hnmed 011 and the other istmned of€- Part ofthe Mpor generated mthe- 
auached to the 'on" i n s t n m ~  will flow tothe ev~poratol SltQched tothe 'off instnrmeaa, i-e. the 
WF" becomes a heat sink. The remaining vapor will flow to the condensem, audthe 
VECs are commanded to a medium or low emittance state depemhg on the radiatm shk 
temperatures- 

0 Bathktmmen&areturnedofF. Thespacecraftorthektrumentsaremasurvivalmode. The 
MLHP is shut down and becomes athermal switch automatically. No heat is traasrmtted . fiomthe 
instnrments to the radiams through the MLHP. 'Ihe VECS are commanded to the lowest emittance to 
heip prevem rhe iiquia h m  kzing. 

. 

2.5 Advantages offered by the MLHP 'Ibermal Management System 
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The MLHP Thermal Managenlent system offers many advantages over the conventional t.ilerInal4Xmt.rol 
systems. It can also enhance the fimctional~, performance, vemtihtv, and reliability over a statt-of-art 
LHP. These benefits can be rather sigzzlficant for the end customer. - FbidFkw 

k-  Ir __+I 

In 5almmq7 theMLHPThemd hfmagement system offers many benefits i u d  phases ofa spacecraft 
mission. Successful flight validation will bring the benefits of MLHP technology to the small satellite 

7 



arena awf wiXl greatlyrectucemmtakties and abate risk forfb-stusers. 

3.0 Breadboard MLEP Thermal Management System 

Abreadboardofthe MtfFpTherrnal Management System was built and tested m iaboratoryandthermal 
vacuum mviromnents to demonstrate aTRL of 4. The h4U-P Breadboard, shown in Figures 6 and 7, 
collslsts of two evaporators, two condensers, a common vapor tiansport line and a common liquid return 
line. Each wapommrbas an mtegral CC. BotheYaporators aremade ofal-tubing with 15 mm 
O.D. by 76.2 m length One -has atitanium wick withapore radius ofabout 3 pm, while the 
d e r  bas ani&el wick with apore radius of about 0.5 pm. Each CC is made of stainless steel tube of 
!4.%!mm Q.D. u 81.8 rn L. The P-W !&e and l ip id  !he, each 116Rmm long, are made of stainless steel 
tube with an O.D. of 3 . 3 m  and 2.2- 
respectively. Ehch cmdermx is d of 
staurless steer tube of 2- O.D. x 
762mmL. Aftawregukttmarnsistingof 
capillary wicks is insrilied at dK 
dow&reamofthecamiensers.Thefoapis 
charged with 15.5 grams of d. 

3.1 iLibm5q Test 

Figure6 PictureofMLMpBreadbod 

*?l I ?  
Figure 7 Schematic of MLHP Bmdboard with Thermocouples 
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e Sw;cessfill startup with 1OW or less to eacheviiporator 
Even heat loads tothe two evqcm&m rauging ficxn 5W/5wto 6OW/6OW 

5w/100w 
Even and mmen sink tanperaturas: 253K/253K, 293W293K, 253K/293K, 293W253K 
Ability ofthe TEGs to axdm1 the loop 

. uneven heat loads to the two evaporators: 25w/0wy ow/25wy 100W/OW, ow/lOOwy I00W/5wy 

e 

e temperirture within +1K 
Abililyof*twoeMporatorsto~heatlaads 

0 L o w ~ < r p e r a t i Q 1 w i t i l 1 o w o T l e s s t o ~ ~  

h l m b  3w h d+est&aweie d d  hi hbixitq- Tte M . . H P w a m e t  or 

between 5 w  d IOOW to each evajmmm. Low power operation included 5w/owy ow/my and 5w/5wy 
exceeded all oftheabove minimumpe&mmcereq&mmb. The loop couldbe &with heat loads 

while high power operation included 70W/70Wy 130W/OW, and OW/14OW. The TECs were able to 

E l  1, 

- 1  T E C z m  I 
t" 

The ab- ofthe TEC to cool the CC can also enhance the loop start-up suc<'~ss. Figure 10 shows tbat 

9 



am- 



evaporators and the condensers. The control heakx power for the TEC was less than 2W throughout the 
test. 

3.2 Thermal VacunmTest 

In the thermal vacuum tesf four VEG substrates, each with a dimension of 82.6mm x 17?.8mm, were 
attached to the condeaser 1 cold plate, two at the top and two at the battom. These VEC substrates were 
relatively small iabd eoaEd dissipatie onky 2OW at the maximum emittance. Budget and schedule 
CQ- - mthe Study Phase p r e v d t h e  production and testing of more VEC substraks. Aheater was 
attached to the rmderside ofone VEC substrate. During& survival mode tesf the radiator was exposed 
to diikent sink &qe&mes and the VECs were set totheir maximum and minimum emittances. The 
heater power reqaired to maintab the condenser above the fi-eezing point of the working fluid was 
measured €or each case. 

An alumimun plate of 5 3 3 m  x 438mm by 3.18m thick was attached to the Condenser 2 cold plate to 
serve as the diator. This radiator was painted black on both sides and was the mainheat dissipating 
elementdnringtheTVtest. T h e f l a t s r r r f a e e o f e a c h ~ m a s s ~ t o t h e e ~ p o r a t o r w a s m v ~  
with kapt;oa!tape. Sixcoppercryopanels wereusedas radiator sinks, two fixeachcondenser/~rand 
one fix each thermal mass. The cqqmels could be at diilkmt temperrttnres independentl Y t o  
accommodatevali~testr. 

~ 1 ~ t ; e s t s f i o m t h e L a b o r a t o r y T e s t w e r e r e p e a t e d t o v e r i f j r t h e ~ ~ m a T V ~ .  
These tes4s i n c M  even duneveaheat loads, even and uneven sink temperatma, TEC temperahne 
control, awf heat load sharing. All tests were sumxdkl and the MLHP demonstrated the same 
Ped- - - 'csasmtheLaborat0ryT'est. ThemainobjectiveofthisTVT~wasto 
demonstrate that the VECs a d d  reguiate the kmpmtme ofthe liquid exiting the condenser and 
minimize the radiator heat dissipation during the survival mode. 
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neither the W C  design nor the substrate geometries were optimized. 

Figure 12 shows the model predictions and the 
experimental data fbr two ambient tests where even 

Table 3 Required Heater Power to Maintain 
Condenser f Radiator at 230K 

*Wd vEc Heater Power to 
Temperatme EmittanOe Radiator 

~ 

hek load was appfied to botfi e v v  and the 
two Condenser sinks were kept zt 283K and 263% 
respectively. Note that the model predicts that the 
MLEIP Evaporator I d l  dry out w k t h e  heat loads 

60W/6OW for 283K heat sinks. Both pr&etions 
were within 20 percent ofthe Pest ressrlts, and were 
considered excellent. The model asstmes the wick will dry out when vapor penetrates the largest pores. 
In redity, d e  wick will not + out until a &cient m b e r  of s d r  pores have &o been penetrated. 

Figure 13 shows the model predictions wersus experknentd data €or an ambient test where bo& condenser 
sinks are kept at 273K and varying hezf foads are qpfied to the evaporators. The CC temperatures are 
not actively controlled. The mdts show that the model predictions are within 2K of most temperatures, 
and are truly arrtstanding for two-pitse How modeling. For cfarityl onIy temperatures of the two CCs are 
shown inthe figure. 

11'8W 
5.6W are greatertEran 50W150W for 263K €id a, and f 20K 

4.0 Summary md Concfnsbns 

Under New Millennium Program ST 8 Study Phase, an a d v d  MLHP Thermal Management System 
was d w e b p d .  The thermal system mnsists of an LHP with mkipie mIniatrrre evapOratOrS and multiple 
condensers, variable emittame coatings, and tfiermoeIectric coders. k combines the hctions of variable 
conductance heat pipes, thermal switches, thermal diodes, and the st&e-d&& LHPs into a single 
integrated thermal system, and offer many advantages over the state-of-the-arz L"s. A breadboard unit 
has been tested in the IaboE-atorl)r at#f thermaf v a c m ~  m v i r o w ,  and demonstrated excefferrt 
performance. steatty state aad traasiem analytical models have &a kit developed and the model 
predictions correlated well with experimental res&&. In addition, ding criteria have been established. 
The MLIB Thermal Management Syskm has thensfore ex&& TRL 4. 

The performance of capillary two-phase devices is known to be strongly influenced by gravity. The VEC 
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has never been tested m &e space en- for long tenn opemioq eitkr. The large time COIlstant 

benefits of MLHP technology to the small SpaEerraft that require low mass, low power, and compactness. 

involved in heat transfk rapires a longdudon space fbght experimemt to verify the z;erd; 
jmformance of the MLHPTherrnal Management System. Successlf fhgbt validation will brmg the 
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