1.

H3ARMZEF AL 2L — L a U R YD A Sk 167

BESEGEOREENFETMICHIT =

f g BLR ET R & BUERRAT
INBEE, SHEN, JIEEX, S0z, BENR, ELRRE
FEAZZ AR

Investigation of Rarefied Aerodynamics for
Super Low Altitude Test Satellites

Takashi Ozawa, Shunsuke Imamura, Haruo Kawasaki, Toshiyuki Suzuki, Kazuhisa Fujita,
and Masanori Sasaki (JAXA)

ABSTRACT

At Japan Aerospace Exploration Agency (JAXA), the Super Low Altitude Test Satellite (SLATS) has lately been under development in
order to extend space utilization into extremely low earth orbits. Because of the increase of aerodynamic forces acting on the satellite along
with the decrease of altitude, ion engines will be used for the purpose of maintaining the altitude and attitude of the satellite. In this work,
we develop aerodynamic database for orbital altitudes from 550 km to 150 km by carry out free-molecular and direct simulation Monte
Carlo computations for the prediction of satellite duration and the operation of altitude and attitude control. Also, we carry out surface
accommodation measurements in hypersonic rarefied wind tunnel at JAXA in order to improve the accuracy of aerodynamic prediction.
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1@ > LEO(Low Earth Orbit))& [E1f 21X & 300 km LA
EEREBLTHER, 2LV HIKEE 2 #2288 B3
DT ENTENE, T - BURABINC I T 2 H -5 i
ROmE, 7277 47 P(SAR, LIDAR )0 /NiL -
EEEHORBATEE 2D, £2, BEBRXKOEN
B2 B0, PR A& E D R TIRERE(AO) D E
2% LEO EEMEDBRE LD b REVWZ L 2R Lk
DOTHEA IR 7 &, ERFBTE o Tofkx 2
YarvORT VXN ERFLTWD, 20K RilBIKEE
(300 km L F)FHEED 70T 4 T HBFET 2R L L
U B A By 2 T a8 (Super Low Altitude Test
Satellite; SLATS) 2MER X, JAXA THEZ{T-oT15
D, SLATS I3 268 km X ¥ & i ClI#LEER 7 =
— XL LCERAL, &E 268 km 65 E 180 km D%
EERFE 7 2 — XL L CGERT 2. GERRE7 =2—XT
%, EFICAETESINFEERROBIE ST 5720,
AFm DAL X o THEERIZ 22K 2 i L, 8D
PREHERENEC X o> CHUE S E MR S D K5 I RAT
T 5. Mo T, EREEICERINE THT 5 2 & AFHEH
EICEHBETHY, FLUEERE Y = —XIZBWTHTT
o7 L= EMME D ZLick Y, HEEREZSRNTS
ZENAETHD.

% ZCARMZETIX, SLATS OZ2 ikstEa A H 4y it
(Free-Molecular; FM) fig #1 ? & DSMC (direct simulation
Monte Carlo)f##T 2 L W MRFEEL, SLATS 28 /)7 — & ~—
ADOHEEZ BIET. S OICHBYFHEE b A it E
AT DT TIEZE ) e 23 R T BB AR B R F T 5 7
&, AR T i A7 78 )AL 7 (Hypersonic Rarefied Wind Tunnel:
HRWT)"NZEN T, SLATS DOEFEMEIONKRIFEM &5
2 BNDHRY A BEH T A (Borosilicate glass; BSG), U
A X F(Polyimide; PI) DR AR ZFHIIT 5 2 L 12
£V, SLATS 21 P~ D A FMT 5.

2. WEMITFE

ARG 4% SLATS Tk 2K 1135R7.
o, HBVAELLERL, o DOHPHIZ-180°0>5 180°,
B DOEFHIZ-90°7>6 9012 B W TLEEAfMNT 21T 5. £77,
SLATS JEIROMEEE 2% 1 17T, REERe)E 0.54 m,
RFEEGSHIE 10l m? &+ 5. KKEF VI
NRLMSISE-00 E7 /v 9% H5%. AR TEET DD,

N2, Oz, N, O, Ar, He, B X U'H D 7{LFEFETH 5. & 550
km 7225 100 km D7 X—k® UL IBEOEEK 2 1T
R KA SN D X IEMEE TILHE By FIRER T
HDHN, EE 150km LV HIEL 72D & AT iEIk OB
TEHEEZOND., KBTI ETHBD TIHRMENT &
DSMC & % & 150 km (23N THTVY, SLATS D2 )45
M % FLERRAE T 5.

# 1 Geometry of SLATS

i ) ~Hk
A

R S m 0.54

g m 0.66

AT X m 2.038

Y — 5 — IV m 5.17

V=T — RV m 0.02

2. 1. BHATREN

EE D TR I, HBES TP EREE L, 8
BT Maxwell BTV ERET D, 2% 0 O BUE Rk
yEEAL, REICAFT IR0 LEIG » AR &
BUHS LTI S, -y BRI TS S RET
5. kT, BHREGHML OO DEZRETFALRRET S
72z, ¥ 3T &9 emERICK L CE AR

1 Image of SLATS.
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2 Variation of Knudsen number and temperature
along with the decrease of altitude.

3 Surface element and coordinate system.
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TIZT MITELDEYDE—A L N EFRT. BHS TR
W OFERIZ DWW TIESCHL )25 Z L. £, ko
HHED R — FTIET_XRCOHERICBWTHEE—

AV MEHELCW S, BRSO FRICEZES LT
ROVEHBERNFET 2%, BHSTHERTH-TH
B R0 1 BRI G R & MEET22 DSMC ATk R oI =R
MBAET TV 2. AFETIE, HBESTET— I Ray-
tracing FEREZ BN L, &M, BBV AORE CREX
NAHEEZ LT 5 2 LI L » T LR OMTRE 2R
JLCU\%. Ray-tracing HEREZ 1801 L 72 B B 53 T fifAT
Z ARG CIIANIE B oy T-IRAENT L B3 5.

SLATS DZE fi#r Tl 76 FE(N2, Oz, N, O, Ar, He, H)
ZER/L, FEHIE Maxwell T VEFEHRAT S, 5
JNZHBWT, REBGEMRE O 0.8~1.0, KEEE
1L 300K EIRET 5.

2. 2. DSMC & Fik

DSMC #t % 1< MOTIF(Modeling Of Transitional-Tonized
Flows) 2 — RZ {925 (MOTIF = — ROFEMIZ, STHk
NE&ZM). MOTIF 22— NI, 4+ OERBR T v
IZ NTC(Non Time Counter)is, 471 Ei2¢WrmfE€ 7 /L 1%
VHS(Variable Hard Sphere)E7 VEZEHA LTS, 61
MOTIF = — FiZiE, REKFOREE, RBEZEz v
7= BL(Borgnakke-Larsen) € 7 /L ® 23 R-T (Rotation -
Translation), V-T (Vibration - Translation) ™ /L % — 2 #4E
FTNELTHIAENLTHS. L¥ERGET VL TCE
(Total Collision Energy)E 7 L3 FIAEN TS, HEE
MZITA 7 MY — LB EEZEAL, KT 2 BE
TEEAELTWD. ZALAT v, ®VE, FAAL Y
AR, BLFEUT, BHEMAER NG DRT A =2 TKTF
LAVnWE SR LZfla v, w7 a I A—=20%
IV TTERRBICE LIS A D ATy T bR
T 5.

SLATS @ DSMC ZE/Jf#ht i, B M5 T-IRAEHT & Ak
I 7TbFHEEZBE L. £, 57O RT, V-T =XLF
— T BET D, BED 100 km BLETH Y, (LFK
IS L DN ~DOREPBATEHI 00, R T
LFBRITBE LW, KR & RO AEAETIIE
CLL(Cercignani-Lampis-Lord) < €7 /L & Maxwell €7 /L
DEERATE 50, AFTIE Maxwell E7VEFEHL, BE
EIREEI 300 K &{ET 5. F72, MOTIF TIHEROT
— ¥ X A 7% Z W ot dh 3t BB X & STL(Standard
Triangulated Language)f& =03 ffi FH 7 HE T d 5 7%, SLATS
TIESTLERE W 5.

3. HEREER
3. 1. SLATS lfikeFit

9, HIEVA 0 BB GIA o 2 B LS ERESEE
@ SLATS 2 J1{#8 % f#HT L7=. SLATS |2l & 2418
OFREEGEISEE v XA O TEMAREREFETH S
ERELT, 0.87°5 1.0 ORI CEM L7z, & 150 km (2
B 5 BB TR OFS KRG 11535k Co, H11%%k Cu,
VyFrrem—A 2 MR CuQR)EK 4 1R T. KK
LD L IITHANELL, ARREENIREL DI
T THIIMEEMREEINM L TWB Z ENbnb. F72227
BEOT vy IR RIEL, =09 &/ I L& LEGA,
PIOMREICRB W TiZy 28 0.1 1695 L KT 10%FRE%E
PR L BT D, 05, ZEAREIIuESEICH E
DEEBINRZN ERNDbND (K5 2W) . A2mE
DRELPNBENRKREVES, yIKEEOHTNREET
HD. =EL, MANNSWEAT, BRSO FIREE L
LB B D 2R b B K VKRR AR S kT &L B
KEWED, WHEERENMEL 251250 TH AR E /)
S RBHEMIZH B
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4 Comparison of (b, CL, and Cv among vy =0.8, 0.9,
and 1.0 at =0 estimated by FM.
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5 Variation in Cp, with respect to altitude with vy
=0.9 at =0 estimated by FM.
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6 Comparison of (b, CL, and Cu between FM and
DSMC at =0 and vy =0.9.

WIT, BHEGTIRENTRE % DSMC MRUTES & i L
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3. 2. SLATS#&B Y AKEH

AHTITEMA 0 EIZBWTEIBY A 2Bk SE -3
B D SLATS 28 IIFE 2 fight L7=. wiEh & Rk R mEeE
JAREL 13 0.8 05 1.0 ORI CEE L7z, & 150 km (2
B2 B H0 o TRAT ORSREUIRE, SRk, vy
FrTE—A L MEE)EM 7R, BB A3 0 D

— Gy (1)
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7 Comparison of (b, (1, and Cy among v =0.8, 0.9,
and 1.0 at @=0 estimated by FM.
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8 Variation in (b, with respect to altitude with y
=0.9 at @=0 estimated by FM.
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9 Comparison of (b, (L, and Cu between FM and
DSMC at =0 and vy =0.9.
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10  Picture of displacement measurement for
borosilicate glass in HRWT.
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11  Comparison of displacement for borosilicate
glass sphere model between the measured and
computed values as a function of surface
accommodation parameter.

75, HERBEHICLIBENMECTE RN L8
B, FEICHRIE D AR K E VR CIRIERBEREI S 25 <
B, FORBMNEE CTHDH. Ray-tracing &5
B LZRWEES, KT 50%LL LORRENEL L), HIE
H H4 Ffetit Fix DSMC fifris & Buh—& %R L
TWa. LRI EABS TREITO—FITH D2, &
BE 150 km PLETIEF_Tolf, #igY AOBEICBY
T, FEH MBS TUAETRS R T DSMC TR S & — BT
5.

3. 3. REFBEGFHHEHAER

S HICARR T, Rl R O SR ErIic L 522
MR DO R R Z M9 5729, JAXA THIEINT
VN 2 R 5 3 A e JELIR (HRW T 36 U Y C 3 i i iR
Bra{To7z. HRWT TiE, BRI O EZE I L 55N
PNFR T BE ISR LB R AF T D M R TR L, A
R FH- SR ATV G TEZ VD 2 SIS k0 FHlE
ISR RET D GRBRTIEORENIZ OV TS 9)%
SO L), TN ETHRWT TIIEERHFM & h—KR
R OFE PGSR BEH AT - CE 720y, AR TCI
SLATS DRFEMFME LT, KB/ SFRLORENFEMT
b BB DA BN T A (Borosilicate glass; BSG) 8 L O
MLI(Multi Layer Insulation)® F 45y CTH LR Y A I K
(Polyimide; PI)DZR M #E IR Z FHI L 7=, HRWT XU
FARIT 100%N,, BEREFEEIT 0.08 g/s, ~ v ERITH 11,

12 Picture of displacement measurement for
polyimide in HRWT.
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13  Comparison of displacement for polyimide
sphere model between the measured and computed
values as a function of surface accommodation
parameter.

7 X—F EIIK 0.1 DS AVHOG 17 mm
Wi RRERER & U CERERL O NI EHI 24T - 7.

10 12 BSG BRI > HRWT 2507 2 5B %, 1z
DSMC BUEFEHTIC & - TH S A7z BSG B O AL & 7
HFE RO 277, AR CILER 5 mm @ BSG ERfRAY
A L7, DSMC UEMEHNTIZ L 5 BSG B D ZEAT IR
HEGHE SRS v DR E K R VIS O LR BNEL 72 D
WEE pICHHI L CEMNRE RS, BRI o287 3
FERITN 341 mm TH Y, KMEMYTER L T H L
(2 &V BSG O mE\E IS %3 0.600.06 2345 H L7z,

wIZ, 12 12 PI ERBERL > HRWT 2807 EH B & %,
13 12 DSMC EREHTIC K - TH BTz PIERIER D27
R RO i 2 R T AR TTIXER 6.35 mm O PIEK

# 2 Surface accommodation coefficients for materials
measured by the HRWT method

Material Ax [mm] y(N2)
Stainless 13.9 0.90+0.10
Aluminum 30.9 0.80+0.06
Graphite 39.9 0.95+0.05
SiC 27.7 0.88+0.07
C/C 44.2 0.89+0.05
BSG 34.1 0.60+0.06
PI 374 0.60+0.05
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14 Comparison of (b, CL, and Cu between DSMC
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BRI 25 U7, PI ERBET O Z5A7 3RS 5213559 37.4 mm
THY, BSG DIFA LFOFEZAWTELNIZFR
2 AR50 0.60+0.05 TH - 7.

# 2122 FE T HRWT Titll & iz FEbF o 2 i B
FBE—EERT. TRNETERE - I—R R TIET LR
=AM 0.8 EARWAS, FNLIAMT 0.9 Rtk ThH 0 FKmEk
T AR O 0.8~1.0 Tdh-o7=. L2>L, BSG - Pl
DOWEM T 2 F TRE LT & 7= 3 1 2 i (25 oo i b
X HEL, HERKHEOEENREW. ZO7D, ERE
FRMNL SLATS IR TIEHUIRED 7 < F/4( #=0.9)
X0 LEL R D ATREMER B 5.

et212, HRWT OFHAIFER A E 2 T, KB/ sxv bk

S BSG EE LI23A D SLATS 22 /) 2 34l L 7=.

TRED 25— A TR SR E e LT,

(1) TNTOmERIZEBNT »250.9

(2) KBS B DR ¥ 73 0.6, FHLISME 0.9
ZOREREZR 14177, KTIIAE Y A28 0 EiZB 0T
% B ST GE6 0P RE, Bk, T
TE— A MEEDOEALERL TS, J I FADr—
Z()EHNT, F—2Q)TIZEARADEEIZL Y EW
HUMRE R TRIL, 872590 B EE THROK 20%E W)
B LD, —J7, HAN 0 EOBHAE, y—A1)ED
= ZQUE SWRRERVH I E TR 5. £, Zhb
DOFIE B B 5 T AT O 5 FIT T T oM oIz s
W T DSMC DfEFTHER L BW—&Z R LTS, HfA-
90 EirfFC=T 1y L—3% 2R U CHuEESH %
TOHAITE, R E L TRE/ 3L 0K mEGE SRR
DORBIZE Y, /7 ITFTNVENT—Z X=X y=09)IZE
THELY 20%TFRTHVLENDD. 12721, AfmOFRHE
BEIAREGHE R IX o —T 4 o SICL DB A EE L
TWRWE®, S %IIF LV~ Aa—F ¢ v 7% ITO
(Indium Tin Oxide) 2 —7 1 v 7 OB L 7T 2D ML EHRN
H5D.

4. BbHYIC

ABAL i B 1 2 BT A B (SLATS) O 7 38 22 ) ik % 4
1E B B 7Rl & DSMC fi#fTic K- TRl L, AT
JE 550 km 225 150 km OFPHIZIBNTZE ST —H _— 2R
PR L. KF—Z_X— 2% SLATS OEMICmIT T
SLATS 7u ¥ =7 FF—AIZiEESn T, A2Wrm
FERRKEWEBOLEE, PUOREN K& < FKimEhi i
FBEAEFEED F N XEATH D8, AW/ SN
LA IR O IR BIIEEE I bIRTET 52 LD
Mol Fiz, WA 0 EEFICB O TR AR KE W
Ko7, BEmICKR L TIHERBROLLENTG N — AT

1%, fEkO B BD RN CIIRREN K E S ENS M
ThHHZENbhrolz. »=09 %/ IF N, yDORFEE
WE 0.1 & Licha, ZBIHFRBORBREILIE10%ETRT
HMENDD. Fi-, AR TIE SLATS DICERMFEM & L
THRUTABT T ABIORY A I NooFKmEmEuE iR
Z MR A I B W CEHR L=, Z0fs 5, WiH
M EBHITy=06 THDZ LIHIH L. SLATS KB Sx
JU BIEO y 53 0.6 EARE U CHEIRZE Sy ik 2 311 L 7= &
A, JITNTr—REARTERKT 20%DRENET
LT LERNbmrolz. ThLORRIT, SLATS OREE
RN B L ORGABERITICBW TR ET I LERD 5.
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