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Vacuum Pressure Effect on Thermal Conductivity of KLS-1
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Abstract

South Korea, as the 10th country to join the Artemis program led by NASA, is actively supporting various researches
related to the lunar exploration. In particular, the utilization of water as a resource in the Moon has been focused since
it was discovered that ice exists at the lunar pole as a form of frozen soil. Information on the thermal conductivity
of lunar regolith can be used to estimate the existence for ice water extraction by thermal mining. In this study, the
vacuum pressure effect on thermal conductivity of KLS-1 was investigated with a DTVC (Dusty Thermal Vacuum
Chamber). The reliability of KLS-1 was reconfirmed through comparison with thermal conductivity of known standard
lunar regolith simulants such as JSC-1A. An empirical equation to assess thermal conductivity considering dry unit weight
and vacuum pressure was proposed. The results from this study can be implemented to simulate lunar cryogenic

environment using the DTVC.
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. M &

LU= vl 5==H(INASA, National Aeronautics
and Space Administration)of| 4] %1 &1 2HA 50 &
SHA} ERAEQ] o 28] A(Artemis) R TRo] A,
4=, olgalel, 5, Al SARRE, ofgtole]
£, $aetoluo] olo] 1094 Stz HolsiA Heirt
(Park, 2021). = A7 dHolA= & BAF R 4
% 71&1} HEIske] = ¢ dHE KLS-1(Korean
Lunar Simulant)©] 7H2F 9 cfsf A4k A A”E 56}
(Ryu et al., 2015; 2018; Jin et al., 2020), & P4 9]
A4 87 24 93 A4 Chung et al., 2018; 2019;
2020) 2 FR|ZALE-EISRU, In-situ Resource Utilization)
AdAQ 7 AAE 7)€ g A5H(Jin et al., 2021; Kim
et al,, 2021) & tHHOIA of=E|u| 2 22T 7]
ofal7] igt 7| 2ATE Sl Atk BRFESF
AT 652 SR A payload) S AL T
A=A (KPLO, Korea Pathfinder Lunar Orbiter)2 2022
Y 8¢ WALE R sjukela 9lom(u et al, 2013;
Kim et al, 2018), SHA1A] % 51bol NASAS] AJw=7
(ShadowCam)-2 o}2E|u|A T2 O] e S H 2] &
A SRt E E= A9 FT YA H(PSR, Permanent
Shadow Regions) &9 Z7 = s}1 Qith &9 =X
ol et 4o =0l dSFH= Sl HEA
CHNozette et al., 1996; 2001; Li et al., 2018). &2 Al
2 ARE 4 s B ofy e} 7] Zalisto] 314
Hm= ARgo] 7Fsdh alt AnE AR 4= Qlo
5 FAE S A71E S ik olA " 22 &
| 27 4 di Aito] 7hsskal 2o e A
o 1/6ntol =7 ¢7] wioll, 92 A2 U] ¢
3t Az7|1A=A w9 fEet f1F]of AtkDavid et al,

(thermal mining) 7]<ol|= &
al., 2019). E3L GHEEof
Ao A & L] FAL
a3t e e

A~
e
WE W gUnEe] ddsEl e W] ko)

(Cremers and Birkebak, 1971; Cremers, 1972; 1975;
Langseth et al., 1976; Nagihara et al., 2014; Sakatani et
al., 2017; 2018; Wasilewski et al., 2021), & £ L
e AL BAS A A 4 ol

o Al7ko] Wasjth Waha e 58AQ AR
7k 7140] Bastd] @A) ol A o] A8
U= KLS-19] & E/dof gt Brk= gt Aol
= Aol Ai KLS-19] o EAS wofsl7] $18] Im’
T o] AUt ZAFMH(DTVC, Dusty Thermal Vacuum
Chamber)E- o]-8sf Zgetel] b GHEE 4 Al
B8 Faslgch B AlAES o] ga) KLS-19] Az

FFL} AUl ME AAEES S, 0|8 §

kom0

=

Ak el Ae] AREe AuEe sokold Fast
A TR Q= dAA = syo]ti(Lu and Likos, 2004;
Mitchell and Soga, 2005; Lu and Dong, 2015). X A
Ad7]&o] =St HA A5k A HAKLu and Ge,
1996), WA w|7]& % 2](Zhang et al., 1994; Yoon et
al., 2017), X|= ¥ 1.3 7](Preene and Powrie, 2009;
Yoon et al., 2012; Park et al., 2012; Sohn et al., 2013),
Z|HkelE3-52 FH(Alzoubi et al., 2020; Jin et al., 2020)
CheFRt ool A g S a5k thRaL Stk A
oAl Hsts FAY WAUSES 2=FHi=
Ask= Ao o3 GG fAo E5o =
Aok ol o3t g ERdnh 4 54
of 93 & F sht E= & BT AN dHdol S8
3 4= QIt(De Vries, 1987; Noborio et al., 1996; Lipiec
et al,, 2007). 22 7|7} gl X320l Ee HHE
O] ARG Hrrt AHiA Y Zo s wdEm, o)= A
(Dol JehdH v} Zo] Fourier’s lawS wW-ETH Carslaw
and Jaeger, 1986).
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o714 g = DA SHHAE Fo s2= 4
ZHheat flux, Wm?), A= dAEEZ(Wm'K"), VI &
= (Km ek

AL & Ak, Ak, 319 34 pE el
AR Aoldt dAEEE 7PX1L Zo] EAo|t}. 17
U ARE A 9] @AE Sl ol e =
2 hte] mi 7)) (bulk medla)i olAFlE 97 AAE
I=(effective thermal conductivity) @S F= &8sl
912m(Lu and Dong, 2015), 1 =Eo| A HolZ 9
3 o] ke EH = (thermal conductivity)@ ARSIl
ol Abe] AAEEL LE) B oheh BEEA
(& FH, YA 7271 5), A2 Senl(ES)
%), $H0IY, 51527, YERT Sof oJaks ukc}

(Johansen, 1975; Lee et al., 2011; He et al., 2021). o|g
o AU Tele) chrer AUt GHEE o Smd
o] AetE]3l 3J+=1H|(Cote and Konrad, 2005; Lu et al.,

2007), o= FA7HAE stz SE A== oA
Helo] At A ke AR

Im, Z0] 1.3m)9] 4% ARHARFYHDIVO)S o]&
3t9It(Fig. 1). DTVCE QI3 9HES 23kt & w9
37 BAE 7R AR Yol oF 0.281m” Q1F¢

o] 1x10°Pa)2] 223+7 zx%o] 71538} Chung e
2019). =3 HA| Aol ot W7h Heke-
shroud)E ©]-8-3ff oF -190°Ce] =42 74 24| 7hs
shm, a7 HZ 7HEE Fol 2o 150°Ce) a2 2
ZAo] 753tk DTVCE Hl#2] X (venturi pump),

A4 A ERA <E:1

__(coohng

% H3(dry vacuum pump), E| &
(turbo molecular pump), Z&}t0] L FHE(cryogenic pump)

F 4 $79) 213 BLE 7T ouk, B Ao
1% A4 Ag HEekE o]8ste] th7|H(eF 101,325Pa)
o HRE] 1x10Pa7k] estn] AAEES SAshelch

AFel 2 BYAEY AHEE YL 9
KEM(Kyoto Electronics Manufacturing CO., LTD.)&]
& AT =4 A4 QTM-500(Quick Thermal
Conductivity Meter)2 AR5} TE QTM-500-2 2] A1
7bo) AAlolLt Bele] L& F71E Sgeke AR o
A (hot wire method)& 083l dAEES é—xé?_"
b dAEEE 3 ¥ S F o] gFoes
o 714l EH == S| 7Fsstr] wiZoll
T Sz wet AAls 4 2ol ZHd a4
Aol 22 ¥tk QTM-500 HloA= B =E 74
o] 7FsshHA = A Aol =Ee AT A A
o Arrh BAE= FINE RE(9F 25°Co] A-2)ollA &
Are S4S JdPsilon], s 4 ()2 £ol
AlAtEItSarslaw and Jaeger, 1986).
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Fig. 1. Testing apparatus for thermal conductivity measurement
under vacuum pressure
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(W), 11, b= ZAZNS), Ti, T A 1, o419 &&=
()=2

N7 s ZAHS E
AEE 4ol 23 Ao wekElE= PD-11 g
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2 Aol A= oF 24°CE FA| == F2A4FA
Table 10 LelH v} Zho] A1Z|A
Az STo] dHdEE u|x]=

[e)

%
gt Ads sk A= d5S fl9 AT 5
3) o] .

NASA 9] Johnson Space Centerof| 4] 7idst Q3 AHE
°] JSC-1(Mckay et al., 1994)3} 3+=+3 ol Z-LUHES]
KLS-1(Ryu et al., 2015; 2018)& ©o]-&3}4ict JSC-1
KLS-19] 7] 3pHl= ZH2F 0.11%, 0.36% =2 S35
on, AZRTHFTFL WE oF 1 82g/em’ O & A5G
ok Al AS5S T vagd e 2= ISC-19] A
FomA dymAer g 2EEA 3= ISC-1A9
3o 2 A== =X ATKNagihara et al., 2014)
0] 835tk ISC-1A= JSC-10] gt EA o7 B 4
1= ool whel NASAZFISC-19] 24 B Y=iis

Z= Z& FEZ 0 2 ORBITEC(Orbital Technologies

P DA

Table 1. Testing condition and program

Corporation)of| HEAJARS 71 QI YHEC|TE A&
A, o, A, o, A E 5 ARkeEhs B £
e o5t AYAlES E3 JSC-1A%= JSC-1 I Lunar
regolith@}0] FApdo] ERle]o] JIFAHERA 283
4= 9l8-o] ERIE| It Alshibli and Hasan, 2009; Zeng
et al., 2010).

AzGYF5F| 2 dAEE WS BAsly] 9
3l KLS-13 AMg-all AFS =afsoleh. g A4k AlA
812 23| AJAHE KLS-1(Jin et al.,, 2020)2 1% u|gke]
(¢F 0.36%) - 22 FrpH]E 7HA = A0 R YERt
2 Aol A= Fpulel gt YR FAsE e, 3
712 AZRTHYEEH1.70, 1.82, 1.94g/m’) 02 A BE X

Aokt ARBSIET] SR Aol EAISH:

330l EolZ0l ¥ L FIBL Faskt FFS

LiERdITE B o)A SaE RE GAEE 54 AF
=

o] 7] 9H(2F 101,325Pa) HE] 7x10%, 4x10*, 1x10", 7x10°,
4x10°, 1x10°, 7107, 4x10%, 1x10°Paz2 7retale = 10
TAY] AgY 2o dHEEE SASH

B Aol A DTVCe| mEAT ZES F3) 4%
QTM-5000] &4 3h= 5 wist] w2 o

BATe] A B7HE skgich whebA JSC-1 Y
KLS-19] zlg¢te] w2 dHdx=s 431 ISC-1A
o] AT = AN Nagihara et al., 2014)2} B w5}
Atk 71 A3} Fig. 29} o] oF 1.94g/em’ 2] AZTHo}5
FOoR 2AHE ISC-1A9] AS- Almxd W A
g Soll tHeliAl BestA Brslal A 3ol E-5f
i1, oF 1.82g/em’ 2 ZAJE JSC-1 & oF 1.94g/om’ 2 =

Soils Gs Dry unit weight (g/cm®) | Water content (%) | Void ratio (¢) | Porosity (%) | Room temp. (C) Note
Jsc-1 | 29 182 01 056 36.09 Reliability
1.82 0.59 36.96 verification
KLS—1 294 1.70 0.36 0.70 41.07 24 Dry unit weight
194 0.49 32.85 effect
54 E=2XErEEE=F& HM37# M8z
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Fig. 2. Thermal conductivity of JSC—1A, JSC—1, and KLS—1 under
vacuum pressure
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