KEFEMZEH WG BRHS

201543 H 26 A
KEGENLZERT —X T T —T



ARG EHT, KEEAEMZEH WG BfREHEHTT.
2 IRECAR X T IR ELTZE0.



ZDOILENE, 2010 FREITER NS K B REMZEETY —F T VT — T (WG)D 2014 F-FEETOHF
FERFE AR R A F LD TH D THS.

KEBBRAEMZEHE WG T, 2020 FARATH-0 K RO TEREFZHUC AT, BN SEZEDHELY
12, KEEREFIH UK RRATHEO = 8 R TRBR O M 2 D 7=, R85, 2014 FEEETITEH
FEFRATIEBRE TS DITITN e D72 o723, 2016 FEOFEEIZMT CHIEEF A HED TV HEZATH
%. F77, MELOS WG / Kk B EPEIRAEH AT F3E WG, DESTINY WG E&612, BARIYZ2 K B ORI TIEESR
v ary DRatEtT o2, ZRHO R IICIE-TX, 2015 422 FICFE S - 8RS A thRURES oS a A O
PRRFEIIGETDITE ST,

ALETIE, B 1 B CTKEREMZEE WG IO REH M, §2 BT AR RAM IR OHL
PRDHAREAT OAFFEEI R, 5 3 HCOKRKEREZF AL B m BRI TR, 6 4 ECKEORITIFEEI V2
ARBRIZOWTRARD, F25 5 HEL T, ZNETOANEIERIARIRAT 5.

LT BAEERE B EE WG DAL RELTREMZREDOIIZERI A HEL D DL LI, KRR
LY Y —F 27— LU TR BRI T i 80 R & 3 D3 F T T .

2015 4 3
KRIEE R 2T — L ST —
& Kb 2



KBERAMIZERE WG THE AR ORE 2L

[ Kk B zei o B A ORF 72 BR % ]
<22y, M, HEMESR, IR, MUIETEENIAE, BVE B, BEIRZE T R BR e ST B 3 A RR EHBR R HA
DOWFZERRFE DN 3 A, KEMEHEBUZMIT T EDDE P72,

(K EAATHE D 5 5 FE AT AR ]
c REERER A LTz @ ERATARER S A7 LN TIETERLL, 2016 470D FEf (2 el THEfiF A3 HE
HHENTNDHTL.

[ KEHEEI T a DR

< KB EPRRE RN IR v a BT D K BRI THE ORI TR RS v v a DS
(FRE 26 A FEHRIE A THIRRL 20 S a s N BT SR LT K B S PRR A B 33 v a1
ENAVENT S NS

‘DESTINY % Vv 7o k2R G 2 &K BIZERRI LD 7 ANIIE AT = X LADfFR v ay

DNLER

[AE° A7)

K ERAEMZEH WG CTRIZS S SUS I3 — MR E B, MR KE, fERae%r
AN B BTS2 S 1K B a— RO EH AN STV,

< K ERARIZERE WG TRIRSNIARL A VA — 22 N ETEONZ /Uy R — X%
FHIE T 2H R AL LIk EEEH~ VT o —ZHEES AT ADBI% WG BRRSND

ESTENES
BRI & AN MERE R L 26 M, AINMERS MR RCF 2 M, [EIFRSRR T A am 5 82 i, ENksE
K 3L 154 i, FEAREETE 3 15, MAFRE- AT 9 1, RE 4 (FOZMRIANCR

[77 ) —FiEE]
CFEHFERRE 9 HFOMES, FREF v NARE RFEOF —T o Fy L SATOT — R R#
R, TLE B SCHTE L E B S 2 LD T U N — T E E




BR

1. KEBREMZER WG OTFEBIOE SEA/R 1
2. KEREMZEETICIT 7RO IR 3
3. MEEKEREMMALZRITRE 27
4. KEORATHREI v a2 59
5. AMEREEEEAN 67
ZEEE e 83

FERLOBGEL e 93






F1E KXEEEMEHWCRINERLBEH

1. NEREMEROREFRREDOER

KERZHFERATT DK EMEEEZFH L K RREE~OELZITIEFITEmD. 72E20E, @REEND
RIS B E A, & LUTVE— R F OB IR CIXEBRN LW 7 O
SHO MBI N FEBLCEIUE, KBOKRER LN REAIET MBI TND. Fe, IO 228
Tr— \OEAEHFHZ FFNCHAE TEIUL, (HEFAICHERO IS FFTIZ D20 e — TR0
IR N TEHTE, QTRE T REH A~ O Rl iR B (R DEIR D D720 DFERTIZONDHIE,
LU 2EMNLIER I THDHLEE L DND. B— Y DEME 7225 & ffe iR U=l
R CEAURT N — T e MBS FEF IS E.

11 KEFRITHEDOA A=V

HERERBE L LEBR L 72 & DK B BRBE DO R ER R E L T,

1) EIEENHER E0K 13 THD

2)  KRROBEENIEF /NS (HIER ED#F 1/100)

3) KRROFHEIME (HIER LK) 3/4)

4) RROFERS D _BLRFETHD

5) KROBEMEW CEXKIE — 405 RT#)

6)  TRWEADFETD

7) FCHRRL ~UL D E

8) KBTI, BUAISILOART MV
REDRBITOND. 1D HOE S OFEWT K EMZEEFTZBL T THAIZRGEETIIH L0, EnListod
RTCOFEIIARNZ2 FENEL. 72208, HIER ETRITL QBB R TS RIC 3 E Tk B RAH %
FATTDEARET HE, BN 1/31272505, HLNHE57713 1/100 L T IZ72> TLUEWFRITTER. Fiz,
(HRTIEDHLMN) K BITITGPS NHIELRWZ &, BER T NLFEBMEZ N2 E, =7 7 — X'V OREEN
HHHZE, REPHIEFERIEHOSODITIEF AR S THD. KRBIF FTHERHSND R ~DH
MK ERZA~DZ N, BIRDRETIEREIZ OV THIERER ORI LI THS.



ZNHDKEBREDRHED DK BRI A BT 5 L TR ITONARERHEEL T FRENE L
HiILD.
1) ARV AVAEEREE TRV Gl EPEREZRE OB %
) RS OB R
)RR mMERE e s (R, WEREES, FHIRERRR L) DBR%
) (EE eSS BT 256) S tERE7e 7 a T HEE R OB
) GPS- GALEHRLCO B AARMLE - 355 - il AT LD BR%
6) HEETRNIU AT AORR
KEBOFATIREZFEBLTH7-OIIEINO O EE iR T DL BN HH0S, EOFREOMERIZH Y
TR AN LS TN,

O b= W N

2. REZFEMZEK WG RIDEM

2000 HEARHTHO K RABERER L > 3 AT B ORI FR AR O ST EARAATH = LA K R A
A2k WG AL R — DIk B Th%.

A WG O =%, KRGO FBUM B2 28 N5, MR, HEME AT, Hug s
AL O FMRAT OWIFEBR R A LoD, K RBRBEABLIEE S = &S T e i 0 FE (6 35 km
EE 1BV TRATRBR AT TH 2L/ E IS LY, KR B2 O KB TR AR T 28 ThD. Zhicdy,
2020 FARETFEDOKE TORITHAMTEIEZ D72, T D% DK EMZEME AR 72 K BRI TIHRE
Sy gl ool N,

2010 B XEHFEMZEEWG
2011 INBY K ERZEED
2012 SDEVZ Er P i

HWAEDREL
2013 W szt #in
2014

2015 W n2IFEMERG

2016 § BEERGHBO | Soiican "

2017 =i INE B A7 0D

2018 o

2019 g

2020 W B R

2021 ' ey

2022 INEL o B D
RAT AT

1.2 KEEEMZEHE O —RN~y



rh

F28 NEREMERIBEORZESEBRMOAIEHRE

1. [XCHIC

KERKEREEITRITHEICE > TREIGBES THD. 1) KRB ENHERDKI1/100, 2) 1EEMEW (OF
HIRIRAI-60C) , 3) TR, ZZJEDIFLE, 4) GPSHFFIELIRNZE, RENFETHNDH. ZOHTHIZL) 12
DONTIE, HER ECTRITL TOBHLRITHE N RIS Tk B KRR ERITTDEEET DL, 5658
JNZ/100LL FiZ7e> TLEWRIT TEAWN 28, TERIVEFRIENIICEMERE/ 3, SR E OIS,
IR OB BB NE LD, FROKRERITEEDRIT T HIRE ERE CIE, WhpAIERL A VA5 GE
W l7e0, Bif EOFRNGOBEHEMEDZE IPERENIER IZEAL T HZEN BN TND. IITOEIIZIT,
ZDOIRLA NV ZERNEHRL, SERE R OB T 20 ERHD.

KEOFRATHREZ LB T 57201213 EFEE 5 Ok 4 252 R T 20BN H DD, EOFRE DR
IZH FH 72 R L LS TNA,

ZHUCBELC, K EREMZE WG ICBW CKERI OB S G2 T T2 RE 5, KBRS T2
BLOT=DI2IX, 7V AT AL~V TEUROE I REERIZ A ESEDMLERH DN OLNER T,
FEIZ 2020 FEARATEOFT S EIF 2 BRI IvvaioxiL <, KERITIHREZ B IELIBR D54, BLko
72 IMERED 2 B E (577 up, H177 down) , HidE, HEMERII OV T VEED 3 FIEAZER L2 TR,
X EHIRIIAFAEL 72\, F- TV DIIMT D FRAT Hl A BLHI A 70 S B IR S AT IR D 728D D FEE T ST 53
HECHhD, 2O, {Y T AT ATIE, L FOTF—~<%#EL.

(DKL AV AHEREE T COEMERERE OB %

(2) F R SR (S 3 O BIF 72 B %

()KL A IV REL - 18~ ~NBUT 31T 5 i PERE [BIE R O R 22 BH 5%

(4) GPS* FALE72L D AW T AT OB

(5) Bt RAT 2 T BRIC T ABIR BV F 7 A AL T B L ONE 2R K E LB L D5
(6) A SKUAERBE T COmh=REVE B AT LAOWF T3

(7) 7 VI B OBERL I OFE O J B 11T

WG TIEINOEE R, KBEKRKFERITURRLEEZITOKERITHO LB ZBHELT, [k
B RAE MR B OSEA R 2 AR BT O ZEBH 8 (227, HEdE, M1, M, B, B7RE) 12170,
i % OHEATL 2B L Ty TRL (Technology Readiness Level) Z##5L, DRI A[REM A2~ T28%
HAJEL TV,

2. YTV RTLICBITHMAMARRE

ERICBWT, 7 VAT AL SLIZBITAEINHBE O T — <2 oW Tk 7=, ZZTIETENE D
IR DR B O DI RITHONW TR A2,

2. 1 ZEH: EBLSA/ILAHBEETCCOEERE

KEFRATHE TR &7 DAL A NV B A OIS CTIE, ZE M EREDIEF B LT 220 mbi
TW5. RIFSED H X ZO L7250 T TR ED & O 7 I8 F 3R LRI O EZ I HNIL,
B ESEDHIEARRTIHIETHD. ZOT0CET R O EBR G 28 ALK
JE R R ER/FE B H O @ RSB FECFDIZ LY, 3IRITTE DR /R TA—H EZ2 FI R ED BURZ DN T 5.
O EBR/CFDORE RAFM AN HNWDZET IEEF IR TN O EE L L2 O BRI D72
F5. 20T — 2% FLICEMREATREEAIZ A _ S =RIB AR/ N T A A0 EE L, EBR/CFD %
FWTZEOMREDOFHEAZ1TY. oI IRICBITDZE NEFEIC WL, RITI 2 —vail& 35



(FEMHEAEIED) BAR D22 TEMEER L D B0 7 a TR it L O F 72 8 2 LIl ~, KL A /12X
BRI COREZIONTT S,

2. 2 1BE BEHNERERAEE

KETITRGEED 1/100 L3280, S5 AT EATOII L EHTH 70 i B ARRE O FZBL A &
5. T, TARST LRI R b AW mERN O 7 —KH0 U T ) 7L 7
CFRP KRN GRDE VR T v 7 M, WONTAEEZREL T CFRP #5842 O H L7 I@ AT o — L — (KiK.
TEAZ L DR BRI 1SS AT ADOWFSEET). FRZEEICOWTE, ZNETFEHEE CIIEbNZED
PRIV AT 1 — )LRO B D E M S DM BN DN T, RSO B 22 B 55 C MR AU VR B S T ook
WREGHEE DZEALR0T 7 S AR DR BT — 2 X — 2D E L B

2. 3 HE BLA/ILIAHE - 5T yNBIIE TS5 HEERERE

KEBTATHE D FWRF ]} ORI Z2TRAT D FEBLDT- 0121, FRZEE I LA HEESR N R AT R THD. =
DZEITeRTVrar MR LRI THE ARES (NASA) Lix—# AL, S0 UBIRIZ [ REL 4 D08
AT L ERRNIEDS. ZOTZDIZ (A IRV A VR, mv A N RICE W TEMEREZRFIHAE, (B) % - &
BhERDET—ZOHFFERRE, (C) 1, BIkE T 1 _T0%e /) TR, BARNIEE FES Lo 7 m~
TOMERE, 728 DIERE DI R AR THD. HiES AT AMIBITHEDI D, (A)IZHOWTE, LA LA D
FPHIE, FEROL A NVZEIVH N/ NS, 1004 —F —THY, 1o, o b REWFRRBREEL 20,
ZDIH7REREE T CORMERER BRI N MALEIND.

2. 4 TR BEBEEVFILAFTUONYTI)EDEKGE LI

PEROFH HEMIL, i LI T X —EBENMEL, INEEDOTAL TV TR0, ZD79,
KR PREMZESE O/ N IR S T 2B FEE T, N BREON TR T M E
WD, E-ATHEFSE A 2 T2 558, BREENEIC Sy T VAR B CEIITHEEIE 2E O HiIK0 2 B A%
MENDI=60, HRIO ST VDB NBNIAL 2D, T D=8, ZZTIE, RO T A= MR ZTAT
VATETIR— NI AV ADOE M — 2 W, VF U LA A EMERWETHZLT 5. AT UL RE T —A
WZHWAZET, ERIMED R TED280, BEMENRNET, =X —EEOmn LRI,

FK BRI BN AT D RKGEIL, (LAY R LA XA T R RmICFEET D, K
BREANCTRWE T HH ARD BT RKIG AT MUV ITHIER EoF H 22 R S 1T 820, 16k KBz
AL THEWIRIIELNT, KGEMMEER T D58 OMEHCIE A O FE LA K iE 720, £2 T,
KEFRATHE I U7 e i 2 BB AT I TP 5. 2D TR RE D EIZFE BV Z1ERL, KR IZ
B KB gL - —T =32 — X ko T, TOREBNFMELT). AT TELNIZFE
1%, MOBIRIZEB T K EM O RGHE X FHIE T DM AIREE 725,

2. 5 k- FE:GPS - AlEtH LOBEMITS AT LOHERFE

BRAEI v al RIS EDITIIR M ORI TEREE CO G E 2B S H iz ZRk T o0 ERHDH. Ll
Guidance, Navigation and Control (GNC) ##s(Z 52 bV~ A —RE&EITH T THY, GPS 2L fthod
FERTEDLOE ORI TERY. ZOT2OEHEHRI AT TRELICEBRET R —r T —F X
—REBAEL NMNEEZBRHTIVATAB LUK L -BAE V2R AL EB2ARH AT
DERET D, T VAT LG Z D H L CREtERER 7 VT X LEREEL, RATHI g A A
TS GOMAN—T b —var w2 T 5. EUTRITEIEN 7 7 MET VAR LA TR CENE
RER LPEREREM 2T,

2. 6 FEIKRETTOSHERREEL AT LOWERFK
KEFATHEIZB W TRRERIZRTRAT R SO b2 M 5701213, 7o ~THEE T OF =260 [T
A2 BV ) SR ISR AL, —TEIREISIR D ZEB AR R THD. 72720, FRATHEIT A W AR ER



BEaRAT T D720, —KHVRIEAT 4 120 TR+ ThD. ZORFTHY, OB EOFREE, KintEx
AT HFEME M OB AR E ~IE L, VT DUER DD, 2T/ —7b— A7 (LHP) L LT D
BN s T AR WD, 22 TSR % A 9% MLHP (Multiple Evaporator LHP) Z48/EL, %3
BRINO DR ENE hHR L, OB TE T D R B EGE B AT A & ORI FIE O R B 2175,

2. 7 EBEREBEWN: RITVIaL—arn-O0ERRROEMESTMH

KEFATHRIT, ZOHN BRSO RERBE AL LELT D, 20720, KE~ORIEIZIE, 171
PN T D720 AT DIz Ee LB D D ABFFETIX, T OG- BRI TIELHFET, 7B ED
e T2 R 95, FICRRBARF OB ZEE 2 B LRI OB TRIL, EERORITRBRE R e
%, ZOERONTERERITI 2L — a7 — Ry 7L, KEIZBITHERROZEE) %2 T
A+,

3. ERRIITIRAREOBER
ZITIE 2 BETIZIR AR I 38T 2 BARA) 72 B A & DR B DUV TE BN 5.

3.1 Z&AH

KETFRITRED KL A NV ZAENT104~10°EFES N TRY, BEARIB I OB ILEDIKL A/ VA5 E
T 522 T HFE DR L Z D AN = X LOHRENNBLLESNDN, ZOL A VAEERI BT 5B B L3
WILHEDZER )5/ 2 I EHI BT DM RIEH V1T TURL.

ZZ T, WGTIE, 2KV A )V AEEBICBIT 2 EE D OB L O 0ORHEEZH L L,
KEFRATHEZ BT S/ D T2 DI+ e tERe 2 R o mMERE B O FER R I D A TV D, 22T
1%, WGTHEVMATNDZENHER I NZOBREFENTEHZ L LT 5.

(@) Z=AHAMREM EICDULNT

KEFATHE CTRIEIY & 2 DR L A 2 VXA D i T, B EmEOMmIVTHBEL 3, Eo
BT X BISI R T 3270 8 28 MR RE D B L AKX T2 28BN T L 2072 KBRS THED
EHOTDITIL, ZOIRRL A VNV REBREE T TR RN O EMEREREA LT DM ERH 5.

FRRITRITIE (N R —0 F R IA445—) Tld, kB EFZEDIRL A VAL E T Phae/rEZ M - 3
RDTFIET D, DR Theb I ZEMEREN B WEA 34 3 (Ishii Airfoil) EFFIEIL, TEH 2D THA.

Fox i, KERITHAORMEL T, ETIRXZ0OAHRITERL, ZOZEIMEREETHI L7z, BRI, H
bR KRG Z AW -2 B ORER, 7 B A T3 RKF0 L E R Z AW Z3 %R T HOER,
LES FHEICEDIEEF NG ORMEB L OEROLLE THD. ZnHD—HOREF A X 2.1 (Zxd BHI,
TR OFEMZ2 TN IEZ 208, ZOFEA K EFRITHE CHEEL TODIKHL A /L ABEEIBIZ BV TR
D CrnaxZ2H D, Comnb/NEWY, T2 BEHTH L/D ASKRE\W. AT, Sl CAals2 i o818
Ronzewn, KAV AEEEIC B W CIER ICBARM 2B Ch LW D, E-RIFFIC—HE DR/
CFD fE#TZ 8L T, fKL A /L AEEE IR T 28 _E oSO BiEA R &L H L.



I 15

e BENE o |
HBIE (e =7.1%) T smar e
Re = 2.4x104 aosl 4 1" 05 —_ 1
Cl.max = 0.92 (9 deg)
(L/D)max= 14.2 (4 deg) 0 : ‘
oL P (ISR % SOPUPTURUNIOE SORONRURPIOOY SURUPRNS: ...... LI
Re = 4.8x104 | E—— ——
Clmax = 1.04 (9.5 deg) oo Ex=—1
’ o - f __-na 05 ; ; : : ‘
(LD)max=16.5 (7 deg)  05.5c 601520 0 005 0.1 0.15 0.2 025 0.3
a [deg] C

~ Ddeg 3 deg 4 deg ‘5 deg 6 deg 8 deg 9 deg 10 deg

(a) Es HED %ﬁfﬁﬁjbit)\,@fﬁﬂ uJ:Zo2&%%0)}373%%%%%’?\5%(%%%)

IDLES with Physical Time Step

(b) LES FHRAICEDHE i _Eoiing: (FH)

009 .
o | BXBRE o Do STUAMEAEE i | BT B0 RE -]
S MRS ;5:1_2 NACAQD12 ARA
E PN o7 b GNACA0012 ARG
g 8 o0 - = ©NACA0012 ARS8
5 * o 2 ™ g FiR AR4
g B * e vy 5oL T 3 B4R ARG
8 24 * g Fs="y FF e R B ARS
&8 . Opor | ¥ B an i F BB S g o EHE AR
révzn +--* a o Qos *EHE ARG
P Y S003 FE--G- + = ARS
E " o a 9] g . ¥ 2 s §(14 @ﬁ— -------------- TR
E | 5o-0 80 fom w08 ¥t tey 2 (@ THTTTTTE
£ —
s g8 msswaw Fou = 02 ‘g 48085y
L1} = L - o o bd . ‘
0 20000 40000 60000 80000 100000 0 20000 40000 60000 20000 100000 0 20000 40000 60000 80000 100000
Reynelds Number [-] ReyneldsNumber [-] Reynokls Number [-]

(c) FFE 3 W) DZE T RePEFHR F L LR)

2.1 A HB DL S He i Bt



: Separation
P =
Separaton - l

1

Tararati - SEpaEtion
SERSDOn Reattachment

1 LAE

/7= 2 [deg] I 7= 6 [deg]
Re=2.0 x 1go4[ BITHEERFEHL YD Elit’i,fmta
(d) PIV (2 XD 3B E D O (Re=2.0x10%) (JLTK)

X 2.1 A FHHEOZET) FeERHM (-O-5%)

72120, ENTHKEFRATR ROV AT ZDT HERNLSEH72D11E, BUROZE IMEREIVHEDIC
FEIMERE (K 2 F up) 3ROHNTND. DT, @jm%ﬁ%m&ﬂfWGfiéE’?ﬁﬁﬁﬁﬂ
%%%?~<ﬁ®20®ﬁmﬁfﬁnéﬁwfwa
() =B DZES AR
(ii) ﬁ¢7A41; %22 ERem bk
Thb.

(MWZBI LTI, LT K (ISAS) & HH KZHED 7 N —TNZNLIUL/D)mx @ Cate/IMbE HEY
gL LC, BAOKEICEY A TEY IR0 —fFlL LT, K22 8L 23I2HDL57%
BHRIOMENHTETND. it;h%@F%®*%i%% FURGE (X 24) TRy R 15
DITRER LY Zh b Ot SN =BT, AHRICEXTEWEILEFE L TR, RITH
XTA%miéﬁétwwgkéﬁthwa

FlowField | |FlowField

30 © Dominated Solutions
X Ishii Airfoil(@ L/Dmax)
25 11 Non-Dominated Solutions
o ;
£ 20
o
8 15
£
£ 10
e |
5 | :
o6 -
0 0.5 1 1.5 2
Lift Coefficient

¢ 2.2. FolEAGHRFER (Ex RS) o—fF) 127



& Clwmaxl/d

mi:’)l/‘d
(a) 2 B WA biRs R (b) f5c i EANEAR D — 6
2.3, SEERAE AR R (A 5) o] D8

Re=23000

- 19. Ishii: A— R R
~ 185 #1.4 I —
- 14 Iickness 709 ot 25%0C, Camber 2.3% ot G2
ik E
Desiil
Q — T
i
Qi
Q2
C____—:_——-——=\
10 \ , \ : "
-10 b 0 5§ 10 15 20
ADA
2.4, FEBRIT X 5 oo 38 O PERERRGE Y
ICBA L TIX, MUhT A ZAZRFICIED L, KL A 2 LV XHmEkIC DEMREEZ RO HE

FRTH D TEmHEEE ZriICEE LT, M %miéﬁiokﬁéﬁﬁf%émkkﬁb
BUROREFIFEAERTIE, ZOMREZAETLEHAULMDO 1 DL LTHTE TS,

FTNT NA RNTHONWTUE, BIRIE T TlidZe <, BOBK NI (T 2B b2 tERem
AR ENTWD 32 ZiiE, Gurey Flap & RIZEDEEZFEFSLOTH Y, KL A VLV AHIC
BONTHZOEPHEETE 2.

BRES CIIRITHE S AT A 2Tl S5 X O B A GO NN, FoFEMIIEFICHES, i
%Liwﬁﬁ(ﬁfk;UTA42®mH&&)%%x%né LS8%1%, BT v 7L I
REYESRE, Z2HMEREE D ML — KA 7 2EE LB A RR T 2L ELEZ LN D.

(b) FEEEZENEFMHE
KL A NV ZEIZB W TEE D OWAIUCAELLHIEE T BLRIL, BOZE N FEICEEL 52 5. Hilz1X
PRSI, LA VR, V/Aﬁﬂﬁéﬁﬂﬂﬁ&“’i@74—hﬂ/%W—7ﬂﬂméh,k%&%



FEENDECDEIFEREG TG RORT ZdZ L1, BMRED S AMEL W) ENZBW T R E 7 E
LRV 5. D= BITE, CFD (DNS #5) EEBRO )6 Z OB OMEIIZE LA TS B0,

Fiz, KERZDPETHRKOEE ELIVE) LRI B2 52 28 NO 1 > Thh. imEIZiT
LA VBRI B W T EIRELIVDO T, BRI REREAT I AR ELHIEL O TE
D B RO ELADHIER DS KEWETFHRISILTWDKE R TR ELTERITE2 T 57-0120%, £D%
B RDVENDHD. 2O, ALK TIE, KERKBIRIZELR T2 8 AL, BRI ELZE
{LEETEDOREE P RDERE IR TS B33,

(c) 7ORSEMDFIFELETDRIRDEE

KEFATHEDZE R/ E L LClE, EEZT IR, TofiERThHD [TuT7) BHO
BRIGIK LA NV ABOEBEEBSZTDH. TOLA VA EE, FTRICHEXTH/han
Re=0(10)7>5 O(10%) EMgJA <, X HIZEEETIE, RN R 220 [EREEOREG BE X/l 72
B, MRV A IV - Em~ NIRRT A, 2O X ) BRBETICBWWT, LEHIE A
B 5 EVERE AR BANC BT A28 2 vk TSI <, FERICBLBRIE .

Z D Re=O(10*)DEIIE, BEH 72 EORITHEIKICA Y, ZAE T, ZOMHEBTHED BWER ()
OHMIMERE) X, AL I TV D BIBABSL T 13 2 0 B A RX— 2, KL A LR
B @~y BICBT 2EBOMEEZ M TWD (K2.5) B K, KWL A L XD
BN o NECE THNAICE b S E 5 2 & O DRI U HE—, BIERFERETDH TKEKRK
JBJR) Lo, BEART—FZ2%HT5 L L 612, CFD DOl END, S HICEMRE B
~DWBEAE{TH TG, BB

Re=3000 Re=6000 Re=9000
1..\\..\. T T T 1 ‘.“..‘.!....!HH!‘.’ 17|||||Hw|w||w|uw|
08 [ B e ‘ ;
g _

5
04 ]
02 : : -]

/' [——M=016] 1

0o —o 2025 |-

VA EEEE
0214 =07 |
Bl S 51‘0 ”1i5‘
12 aikg]

"

I8
Oe ol
3, 3

o

AN ESET

Y AR ——W =052
4/; —— =07

=HERER

X 2.5. ZAEDOZENNERE (Re BB LU~ v "D EE)



WIS, TRXTEDOEOOHRELITRNC, T aNTIRELHTHRRICE > TEROMREN L D
JEZALT D DN DN TDOIFFE BT > TW APPSR 2.6). K512 Z D7 0 <% AR HEELIC S
ALEEBEL, ZTORE, FEROMEENEDORICEILTI2ONEHLMNCT DI ENF—L725TK
%.

IhnETIELNZAMATIL, 7n«§%ﬁﬂiof BV O A2 R & B L2 7 5 1 ik o
TALN 2 7 b L, TuXT 2RI ET S CEVIERT AT FHDOBEITBWTHZES
PEREA A LT % LW\ H Z &b TV 5.

Lift 7ER>HY

1.2 -
aAaA “AAAa,
08 20
° oo o0 e009®
_04)
)
0 TJANIIEL
-0.4 4
[ ]
4 0 4 8 12 16 20
Angle of Attack (deg)

(a) 7T GRDN2E SIVERE
;))71 ij‘/‘?/igj}‘

4deg 6deg 8deg 10deg 12deg 14deg

e |
LB _ >
; ;x: .‘
i -
A
Down |
wash

(b) 7 BT LD DZEA

X 2.6. 7 aRIETNTEEDZE TIMEREIZ KT T 5 2

(d) &WBROZENEFE

FE, AR (a3 R EDORKY T RT AT ONTDZE F M EDEIREF O m e b A2 tEd A L
IZEERRETHIN, BRI ROZE HEEICEL THHME L2 U, TRATHIE SR ORGSR 217)
ZEIFHRT, AT ARSI DN iR TR AR,

D7, 2016 FEIZFENE T E O & E ERITRER (3ES ) 2B KO J& €T VEERKL, £D
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22 JIRPER R TG BB (%] 2.8). =AU T CFD HitEd THY(IX] 2.9), EBrEOxft, F-3%
BRCIXREE: (KL A 2V XHL, @~y B0 IS BT A3 RAE R L2 L, Z<OmMm N ELILTH
ZD- [52]-[57]

SRR DZE ) FFEIZI T DY, 2RO HUEOIR TRE WO ZET o073, EEAR AL
%%ﬁ@%ﬁ%®méf%éﬁﬁ_h%%ﬁ%<WMéﬁt TUJAﬁ®%@gimﬁQ%M%«\
DAMNRKELI2> TS, ZORKIZOWTE, & THDDS, —2I%, KEFRITHETA ORI 2T
%héxﬁmik%zﬂﬁw%ﬁgﬁf' , EBEAPTE LD TN T AL B R B AT, Tiay
ROK - HE[E dWﬁﬂm%TLia_®t®+‘iﬁﬁ%@E%%%%ﬁé L. ZOfRI
%L%abt &@&%T%é%m DL, RIVIERL A 2V XE tl#éfw%%@%zf?ﬂ%>
SO%TENEE KOF, BE)IZHGZDENRKEIHETWDEDREEEZ LS.

PRI T DEIL, 5 %ITZE MRS T 2B BT 57210 T, KERITI R A O &R HI R

B EZ TR R A BT T DU EBD.
ARERABER BEh-inhihEk E—AVMFSE

AoA [deg]
Re =33,000

HEshE Rt

[
T S,
516 mn 7 S
Jl6mm 001
‘Qv\ . //’/ X = ol N
l// 400 mﬂb;:— \_ O D 030300
XN B [deg]
[ 2.7. KQERGREREE DGR 22 ) e
0.8 000960
0:6 5’.‘. -
*
0.4 »
- ¢ & CL{Exp.)
oa " B CL(CFD)
v
SN S N N\ ‘ — ' ‘ ' ‘
SRS -10 5 8 5 10 15 20
— ® g9
\\ oo
243 E Y CFDOE 2 EDYCFDOEG LD RV—F

[X] 2.8. 2RO CFD i 5
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(e) &

UL b, ZVETOREAZMEEINOR R TEZ, KRR EM A B 5 T2 EIMNE, —&Y)
DITEZDHREEBERFRBEICLT, FINRMELIEFE ITmW. 2072, ZLOMEENSEL, %<
DI FERRREAFDZEN R T BIPALEIRFIC, [0 BB CHLMEREL 7V T LTS, 22T, R
D—ERZPRFEL TODD, ZNHDIZEALIZEL IS S CkE 52 5 L. FHlEmui-nimidzssh
HEZEIZLTHESZL.

3. 2 *ﬁia[93]-[95]

KO NIGEEITIHERDK) 1/3 THDHMN, KRBEIL 1/50~1/100 FLE THS. B KRR THEZ AL
NESHE DI, HEROMTZEME ML TEA KRBT 50, @il CRITL TR IR T H2MER DD,
BLR Tl SRR B ) S OB RO RIEZ2 TR T EE O AN TEEL <, i) R D32 35
HPMBESNTND.

ZOHEOHEE~OERITHMTHY, R~ KBELRE AT IETHD. TRbLEI0HVE
WEND, KERAERAMZZEIC W TUIER OB E(LNHEERRE CHLFENRIINLTND.

IO BRIZKIL T, WG TIEEL F D250 IOV TR E T o7, — DI, 1B Ot ZErkl R
FROMT «/INE « R TRERRSNDEIZ AT, BERMTARUET 2 HIETHY, LO—DIFRETTATF v Ik
TEEIIC OB B A G E R T2 H1ETHD.

EFTRIENZOWNTL, 7AIBLEI7 Ry 2oBEEHIV LI T g 7Y 7L 7 CFRP
(0.05mm/K) 3R FARIC LD BEEEARRGTL, CORER, H/NEA0.3mm DO~ 7 27 AHIDHL TR ELT-
INTATEREIL, A0 0.5m, %K 125mm, 8.6mm JE A DT +/IVE OIS TRI 15g () 240g/m?) % 7
BL7= (X 2.9). ZOfE RO EREMEOHEEHEREZEHL QWD S5IZ, FEF IR a2 FRABI T
L1280, A BBLOHT IV ERVAIR T 4V D FK 7 2 Fio EREE ORIEE 772, EHEOIRE Lk B
MR T D72, EMICITESREZFF OBV~ R T LG4 (V~H A B4, TREE 400MPa FLEE) 24
L, /INEOMEF CHDIE T ~ 7 17 DA 4 (AZ31) W EBEEIB S T (RO ERIE L7214, Hri/h
HaE LU THIDHUIN LA TV, FEFICIR BRI EZ ST, o~ R0 DTHE A R R E 45
AW EERVAINT OV L EFETHHNERL, 2O BB G ICEBERIAINT VLA L TR
T DR TIEH IR R - @987 £ 3 BRI A= L TR 300g/m?) OBRFEIZAREI L. (K] 2.9) 81
BERETIE, RUAIRT AV LADOFE FRICR ZIZE TN A TODRILTHS. 1EERADIRE DS & TXI
JEATBEE S 2 CWD. FTfERIC OV T, BN #RMES OF HERBR M TED SERIHER I TEH T,
ZNHORERLE T 5. GEMEH W EROBIERINEL TE, RMTER TEEEZE LTV, ERio
FHERBEMMEOMER, THTREZ & O D720 DB S OFRMERE, LBV biE R D
FEF, e BYE EOESRMETED UUTENS R ORE CTHS. F-p@a i O Rz L/, #
FEDMEFREATH T IE ThHD.

BHEITOWTIE, REMMEIRIL T T AT 7 B-OK &/ VRS B XL OIS IIAT 10— L BLO SR O - HAE
ERRAZREIL, FEEOFNEZIT > CTHIERE E O RBL ATREMEIZ DWW TRHMIEL 72 (14 2.10) . F7=, Fid
MEEFO T 5 BEARER, B RS T 16 5B a i L 72, SOITHEERER O B EREE IR,
11 i 386g/m” (H A 389g/m LA T) TIRIETHE mfaf EAFEUCI X 152 ERMEORIEL 5 T ULIC. F, B
FHERBREE T CORIAAT 1 — )L ORI (BIRIREE, Yo 73, SHEZ L) O bEii~, kK EEE
FATIv T a ~OREIT DTN AL ATV,

FFLO 2 FEIZINA T, T RTOERZEEEM T REIET2HORMELRA T, ZOREEK 2.11 12
AT BB CIIEEIZK T L CRY, 2ORYEFIEICEL T, —EORREEELNZ, EEMICIE
VAT LEREETHIETH R TREL T, MERELEREON — R 7RIS EV X, EORHM
IZOWTIA % OFREL 72> TG,
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Thickness: 0.3mm
Area density: 240g/m?

2.8. 7RI LORBEEEHID HUIN TIZ LS EREEORIE

FEESRHRRE A A To TR0 B Ui Ok
29. I HAGEEFEH LI FEZEEBLORIAINT L LFEK LZOFERALE
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Area density: 386g/m?
Length: 1.25m

X 2.10. RFBEHETRIL T T AT 78O &/ INVEEE B L OSEIEAT o— VIO SR O T 3 AR

2.11. HAMEORLE

3. 3 e 961H103]

KEFATHEO 7 0T 1L 103~ 10 FRE DL A /L ZH (Re), 0.3~0.6 D~ "NE(M)y TOIEENIN TSI
5. ZOFEED Re TEEITDMEIEREELL T, 7V RITHED/ N7 02T NI~V 7 2O~ A0

T—XN0HDD, O G HIEITMEL SV TR, HIERToO/NUEFRFE LT, K ERITHA 7 2

FIIELL F ORI 05H5.

(DVKEFATHER 7 0T T, ~o B,

QVKEFATHE 7 0T T, BRI KE im0 NI DMER 5.

KEFATHE A 7 0T % BRS04 72> CiE, HiER o/ N[ERE IC B+ A RA M E X, bit2m
\CEBE LG TOMERHD.

ZD7=H, WG T, KL ANV, @~y B CaEmWHEERN A R T I 7 a7, kT m
&?%%Béﬁ“éixéf‘%;ﬁiiﬁ%ﬂﬁ ﬂF‘?%/*‘%F’aﬁ%\é*fé:&&L WFZEBH D TET-. 22T, £
T 7T OEE, MR OV TR, RICE—ZBLUORTASOBHFEIT DN TR S,

(a) EHRETORS DRETRHH

Ta_TOFEZOVWTIE, TTIZ2. ZZH(NI TR, e IO IOV T, 10@5%&#@
LA NVAETHOWGILS Adkins & Liebeck D 51 (B85 —Z 13 ALK 22D K B KGR CTHUES) T
L, EBC T v RTORIEETT, ZOMERER SR KRR CHIE L. DR R, %{E’Mﬁ&%%ﬁ%
DS K BFATHED T 0T EFLO FIETRREHIRE ChHDOI LA R T MR TS,
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7o, 7aRXZOBEANOWTIE, FIHIOEME T, = AR CREIE1T 7278, Adkins & Liebeck D~
AT TFEOZ YA TM L=, 7 a X753 x LiIf 57Dl B OS RE{To7-. 7T aXT5)%
TR O R KEGTIIETE TS, KERITHH 70 XT3 TOLA VAR, <o BB T5, BV K
Bt m TR AR EL, HALKF KR KGR CZEOMEREE MR LT (X12.12) . F7-, KAEAZHT
L BRI T L —REE, BIEL TS, AT, = N7 vV IUhERIC BT 50 " 7MEz B LT,
#IB AR OLEBORRLIT o7, TO%IBADRRIZOVTIX, Adkins & Liebeck DL TIZEE
TERWD, 7T ua_XIVEREICRT D% 1B D% % CFD IZh>THRETLTZ (K 2.13) . ZTOFER, #%ikf
X7 aTOEAREELTZLT, TRbLaL NI NIEBRT DIEN -T2 D T, %iBAEFF>T7 L —
R&RRE, BIELTZ (X 2.14).

KEFATEMN 7 0 ~Z120%, (DERL, Q@B EREEND. ()T e ~ThWRREELE, T4,
RIANROEERD, THbbHEERBIROE &N T5. 2, Q)7 XT0AMNE £HE, T a
T RTMELA T ~DOIGR R 2 BT~ Thb.

INETOMZERRIZIBWT, 770X EHIE F L GHA2 X —AIZL72 Adkins*Liebeck 5173
FREETH DL, 3“7229’6“’%” PEREN 7 O AR MEREICERE D203 o7, 7T aXTD(1) Eah#l,
(2) EARMEDOT=OITIE, R KRGIULENREL, ZOBEOH IREDEWEBOMEHNEE THD. Fi,

FAMEREL Jﬁ“év//\%t@fﬁﬁ'%ﬁw SN EL Tz,

ZD7®, BIRF RO FIZBNT, (o BhREZKUZTH2E72) 103 =10 DL A 2V T E i
ﬂ@?“tt(rm) ZDBEDEIRE DN (] 1.0) ZRF 03B A TR R L TUD. DIk
FehfelT A LTI, KERITHH 7 a0 I SSDb L WEBINIREZINAHZET, 7aXTMEgEDm
ERWIRETES.

ERUITMA T, #%iIBAEZ DT HIE TR EEA T LI L ES T8I LD A OREA(L,
T aRIOEAM LN RETHIZ LR LT, TuXToEamibix, EiofkicraIma
VNI MEEFREIZT A, L, A RIBEROFHO%E LRERIC, RIBAICESTTaXI8RITK T
THDOT, EFE(1), QDM EREE 2 B iIBAEIRETHIENNLETHS.

Original airfoil : NEI
0
* "mu\VZO-OsC C ¢
6 M LI o
i‘{ o P 0 ¢
- J— ol c =30mm |~ *
- 3 3 1
0
Improved )
s
Y lnax=0-053c y0.0244c 0 ®  Airfoil A (Experiment) | |
\ A ‘ I o Airfoil D (Experiment)
o 03¢ | _ 0.5¢(Circulararc) ' E : : :
» < » 2

¢ =30mm -2 0 2 4 6 8 lb 12

—_< T
- -

Angle of attack,

X 2.12. 7aXTH=ZAEOLE
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(a) Original bladc
X 2.13. Fa_FPEREIC DR IB A DR D CFD

X 2.14. 7aXTOME (@) AVVFTIV A, (b) KEMO =M
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(b) BRE - SUMELE—FDRK

KEFATHEDOE EFIFID L H, BED 20%% HDHE—ZLZDORTANDOE B2 KT 5813
HTHD. 208, KETRITHEHERE T — 22 27 AOBRRIZE W T, BRENRF DT —XNEOTRE 57
ZHRL, AU BRSO B AT, RIS L T — 2 A X & it L, RT74/SOH0 LI i s Tt
AL ATREZR B TR D NI A B IR 9528 C, BB L EZ AT LA B ELTZ. ZHETICE—X DR &
BEATHT=DICLL T O FE R L. (1) B OBAE R LT WD, 7IF L 2E—F28H, (2)
T—FDOERMEFRIK T DART =& - v — 2R O i, (3)IRIREREE COBRENA Al E L CHER R
W OB EERR, (4) A7 —2 X FMEEM OBYREE F D HZ LT, BREIRFO EHIREZ T, T—X
P A AL, (5) F—FNEBICEN TG AR (7= ZOF| %) Z [ELEET A s 5 1EEZEH, (6) K&k
ANFLOBRBENZ LD HEWEREDH] . LI ED R HE LRIEL 728 — 2 &2 FH B AR L AT O 2R K AR
TAERATHEDOEAR BBV REE TEREIL, “FHRRE AR Lz, RIS, E—ZN T4 \OR&Ekx H
BELTUTORFEREHWE. (1)2 HOEF—F22—D>DRIA N TERE§ 528 TR ZH0T, (2)
TP L ABRENCTHZET, UF 23OV AT AR TR EAL, (3)BEEHIEH OO DFH R a7 %8
Bl 5D C—HFBELMNDINCEE. EERIZ LRLORGTZ KM LUIZR A\ Z3EL, BiEMkEREZIT-
7.

FRRE—HERTARNDOEFE &IT0.91kg THY, B RFEHVE &LV 30% L EOHIEN eSiizd D
O HEEED 0.81kg FTILIHIZ 0.1kg I LB ZRRIEIZH D . T—FHRTIE, FRIAKIREEIK 20 &,
AR 100 ETr—2 A7 —X DB & 0.56kg, HRHEHBES) 2360rpm, 0.167Nm OEARA KB 7-.
—J7, RIA/3TIE, 0.17kg, 116x175x10mm & FEH CT&7=. (X 2.15)

AS%bEIERE, B—2O/NEHL, EROMEIERICIIBR B EOKELED DL TETHY, KDL
725K, (VD) RTANR—RET7LX U7 VHERIE TS, (2)KEHTH 'L ABRE CX 5151295, (3)
TP ARXDEEEITD, (A)BEVEREDM FICkAE—2 A XX T %[5, (5) m—F ~DELE,
N E DRRED T TV 7 L7000 EHBE LT, AR, A7 —X @ Al REIRENDE—F A X%
T DREZREFL TS,

{(a) High power brushless motor {b) Motor driver (2 in 1}

2.15. ELIZE—42BLIOE—HFRTAN
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3. 4 EIEN04-10]

WG TIIEEIRICNIR LTSy T UDNS B L TIRITL DD, BRI IS E L7 KI5 M TR B LTt
e BBk O IE K K QMR B REth OBNVEMKGIZ D% BIELTWD. 208, BE - B R — K E
DT VB IONKEIZIE L7 KSR OB R 23R OO TND.

FPTRERITEH O R TIZONWTIRRD. NoT U2, mmR/LX—HE (Whkg), mikEL —h
FREDRROOND. RHFZETIE, TAI=T AR TAT ULV A2 MW ZII R — 7 4V AT
— 2% HEL, 10Ah FROVF U LA BEBMERIET D, ATV AO G Z 58 E AR RN ET, =
FNX—FE FEATBEIICN EL, KEFRITHEOEBUCH 535, £72 10Ah#kO/NUFH H &I 71E
L7AaW=0, o/ NFHI v a AZHEBRCED. ZOLHRERICESWT, Ny T7 Ui, &% 10Ah O
B ERIEL, ZRX—HEE 118Whikg EVIOHERIZRWVE W R LX — 2 R LT (4.1V FEERF)
(X 2.16). ZOEMIL, AEE, /A 5 EFEERE SLIM ~OB#E N RE L. S5, FBEEES 425V
IZEDDHIET, & 11Ah, TRLX—EE 129Wh/kg K LT, 722 LA ELIEINET 5720, k2
AT Z & D IRy a I OIER J7 k72 5.

AT, KEGERICIE, &5 ERE (Wkg, Wim?) 23RO BID. T2 THK 30%0D @\ WA fash R
FFbenn, BAHHK) 10pum T & - 2fik7e IMM3] KGEME L2 X— AW BE M5 KEKZHIT
IIREOX ANDBEFIEL, ZNZEEIR LT K AT MUTR KR ETVICENT 5720, KiGE O
EEZIUCREETHETHER LA BT, 2o T b R 0R A THD. AL TIE, K
BrEflE, IMM3] B/ O EZ AL T, KB KK E BB LUK AT MU E#EE 352 8T, ek
HUINHH) 9% D sh# ) FAERR LTz (X 2.17) . BARPY72 S COFRAEB NI 14mW/em? L7205,

ZIVETOWEIZEB N T, KEFRATD VAT L& AL T 572D OVEREIZEAL THARRE D RIEL %15
I TN TVCONWTE, REEEZEDD, BEAIT, ATV AEZ#HT S, EMOMER
ZRIE T, LWl FRIZEY, SR X —E O F(HEE:140-150Wh/kg) &, FHERE TOE
HRERA MM A TY. =X —EEOm BIX, MEERT OFEMLICZDEM O B b, AR R
O RELICEYEE 5.

KBEMIE, FHEAEZZE LR ED D, KA MUVTREZRR G ST EV L, Wi
DM TEAL TH—ELL EOMEZELNRIZR DR, KEREEET VOB E KB ORISR
WALIZED, ZNEFERET D, EWVHZETREEEMZERO T AT KR E ST 5025,

160 e
<150 | () X 2Bz EHEE | 10Ah
= 140 | RoT)—D4—Fok
~ 130 ~tik 184 x 154 x8.4 mm
120 | A%£100Ah
Ei] }ég (o= BE 330gLLTF
¥ 90 | .
= 80 ’h I’t’ L¥— 118Wh/kg
5D aifsonn Gl

7 ‘ ‘ ' ' S2R—h

0//20 40 60 80 100 120 KR PET/SUS/PP

B|B&E=E/ Ah
SEFHRELOIRNY—FE sfELI-FEih Dtk

2.16. SUS 73— Li-ion /X 7°Y
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Spectral)irradiance {W/m2/10nm]}

;

253 — P18
AMO) 14
===Top)of)Mars)Atmosphere) L 0.95%
oy ===Bo" om)of)Mars)Atmosphere)
\ A" enua' on)by)Mars)Atmosphere) r 0.95 =
=
2]
154 r D.SSS_-_E_
o
\  0.85 g .
3
c
F 075"
o
J - 075

\a_ - 0.65%
0%

2003 4003 6005 8005 1000% 12008

Wavelength)[nm]) - frs % 4 KEH
AMOB LUK EXREHFDOKBIRARTML IMM3JKES Et L KEXRRPTD
REEN

2.17. KR KB v

3.5 FAEEEHIMITHIZS

KETIE GPS BRIHTERNWZE, R GNLFIMEZ 2 N8, =7 7 =42V ORENRELHIL,
72 EDMETSE R E O S BIXIEE AR R THD. Tk EMIER RS O B b K ETRITHE D
FNIVEDBLENOEE THD. bhAA, MERKZEB OE(E B BEHEEZE 2L EmRREE T 528
ITHEELL, BEIRITS AT AR A T L BLN D, ZHHDZENG, KEEEHE NS OERNZF] AL
R S E OGO T et VR =R, M3 AR LA EE O N —F vt
BT DT NVAVR LD, B =y ORIEREETT o7, (X]2.18)

MZ T, KERKHFIITELT AR NTTAEL, 58O EZ LD BIER/RE DR BRI GH B8 AETHE
DS TS, KETORITIval RIS EH120E, KEKEDOLETORERTRITE A HEIZT D
FERCTAT RIS 2T LA BFTHMEENR DD, UL, RITICE > THEEA /NS 22 [ « RS 5 fRGE D K
BRBNOWTOBLIGNI D, ZZ CTETEBI L I2L —al iCHWATZD D K BELRRTT VO
SEBRRLZ. TORE, MERCTOBEERTT VEKBERICB T RGBT — 22 5bE5ILT,
KETOREERETT Ve EHRTIHIENTE. FKERKLKD CFD 5 En bk B oo 22 R O # et
PiERLE. (4 2.19)

FIoKBDOERAF DORIT TIIRELSEBNENDZENTFREIND. ZTOIHRRENSEIF LIy g
NS EDHITNE, BEAE WL BTN AR CThDH. 22 TH—F ALt & VT K8
HY AT 2B LZOMERERHMEEZ 1T 72, (X 2.20)

COHRTHRET RERLELL T, AkEFRITHOEE I — a5t TEH KRB RKE
TNEERLIZZEE, ZOETNAEHWZKBRREF TCORITII2L—a 2170, Iy var Ok
ERRETLTIEZEN BT HID. RSO KREAD DD S 2R AL TR M2 E T H XM E T AT A
LZEDOTNIAVALERR L. SBICP =TV T ET )V, 7IA T VA REUVERE 21T 7=,
ZORER, K 1.2°0 K5 CERBRHN ATRE Ch O LA R LT,

FLERBRR T AT MIINA T, KERITHEOALEHEEIZ OV TOM LD T, ZITIE, ZhvE
Tl SNz m R E O b7 — 2% Tt K BT L T AT DO~y TF o 7S5
EIZED, FRATU QW DRI A HEE 35 51 CTh b, BlRF AT, RATHICH H CE DB E DB %7
HARGEO LI T VIV RA ML DA A=Y NG ==y T T OT VAV L&, & OMGEaER % IR
EL UL T TV, (X 2.21)

BRI, KERRIIHIEORA], FHiIORBERZ T, T CERBEOXEREI Yy a2 BE L
AT a7 7 ANEERL, KEKGET N EIVEELLTINERDD. FRERBMRH T AT AT,
KERBRBECHHZE - KR D D Hht 2 FHAIL TR E JR B Z HEE FTRE Ch DI LA FHAET DM E N H 5.
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2.19. kB TOERERET /L
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Dy A ST R BT
2.20. Y —F AL F TR S 2T SO MEBE LA

Using image, IMU,
Signal

Demonstration test usin
small rotor craft in room

221. A A=V G =~ F U T ER LT EHETE T V3 R LEZ D FEHERER
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3. 6 MEIMKRRET TOSMERREERD T LRI

KEFATHEIZ B O TR 2RI T B L O B L &2 X D720 121%, T r_XTHEE H O —4#0 b0 RFTHY
IR BE RIS KK ~HEL, — EIRE IR DOZENAR Tﬁ(“(d%é 72120, FRATHEI X A IR BR B2
ERATT D128, — I 472 TIEAR 0 Th 5. ZORFTN, 1 o>BHO%EE, KinifEsH
THHE *%L&U\%%{ZM%L“\EHH%L WS BB 5D, ZDT- /L —Fb—h A7 (LHP) L LITH 52k
TGis T /S A% WD, 22 TIIEER 8% 495 LHP (Multiple Evaporator LHP, MLHP) Z/8EL, 4%
FEEH DD DFEENE N IL, Dy DB T T 5 2 R BVE B AT A % O FE OB R &1 T
el

ZOHRT, HEFEHEZA TS5 LHP BIROMFFEBAFRE X, MLodRkms i BRI T i ne 2 ik il 8 O
e (REF EH TR G R) Ik TEBSNTWA. 22T, RITHEEOE 27 L35 — RRRTE
LT, KEBREMEROBEZTT VEBEL (X 2.22), Iyvar v FIAICRsTmEAOF T, Eo
T VAT BINIVT A I B BT ODERE L. ZOREE, 7 uXT2 RIS 5E —ZDOREN
FEFNIREL, Iy ar NI E DT IREFRIFHAZ REHBR 5T EM 5072 (% 2.23) . ZAUTKHL T,
X DOMBWEEL BT, T—FDr —AZRIKERET (K 2.24), A7 —F & EEHEERTHIE
T, IRE EREI A, FFRIRERAICIAS RBLERSTZ. ZNOORRIE, T—XORIEICKBRL, 4(b)
~OFERITEEN S TND. 5%, BECEET LV OREMME, FrcEigsR B LU0y var 7 e 77 Auic
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Development of aerial deployment Comparison of the motion
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v Ay DNFIRREINT K BBV LRy ar OF 7y a R L CERSN /LK B IRAT
M2 ~7-2v v a Gl B IO DESTINY Zffi~7-3v v al gl DWWt 75,

2. MEEBEEREIIS v avITH 5k B RATRINEIE

SRR 26 AR E OB H) BRI oS al DN BRI K B S RN SRR v a MR R I, K EEAEM
ZEE WG X2 DIy va O C/NUK BARITHEIZ LD KB TORITHANFZFEAIRE LT-. ATETIE, 20
KEFATEIN TSI > a2 O TR T 5.

2.1 IyvarfgmtER7o—

ARy ialr O HBIFERO AR 72 K B FRATHE O EBLUZ AT 7o RATHIN F23EICH D, FrITKETLA
FRECEINERFEL T
(1) KRR F COEEDOZET R D SERE
(2) KERKH TOREZ E I D FEFE
DFETOEND. OO EZEIETHIEN, KIviarO HMERD, Flmo VAR EL T, KERED
BB AR  RMET DL I ANT Y I BRI TATIT EEERT 5.

S=w AP rvR KERKP TOEEOZE RN EIFSNns2E
TNV IR KBEKRRP CTORBEEHEE NN IZFESh D2 s
TIANTH I A KBEREOMIET — 222 L, o— Rl CTHIERICORET AL

Iviary—r U AOEERER 4.1 1TRT KERITRRIZT v b e VI ENICEE SN TR R
RRT N AT RANIASILD. 7ar b o VEIVEELE, KERITH#IZ T a— NIl 7 hox
AMBUBESND. NI a— Mg TR ZRBAL, BBRATE TRIC T a— Mgt TH I mAT
ZBRMGT 5. RATRERNIH 4 50 CHY, KT —X1T UHF ICLa— NICHE S35, RITHEBRKK T#%, /S
TV a— N RAELIGERET D, BREEDEEPEREL COIUIELN-T — 22— IR LU GEINE(GE
T5.

QmATHEIVEEL - TR DR

j QMATRIA (RITERR45Y) @352 21— MG
\\ @

D7av kT LEYEEL N JEfE ‘ -

e

4.1 Iyiar—rr A
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4.2 (22ZR7u— AR 3. SRATERIE, fRRrf, EZRNOIyvar AR, Jyia 20K, ¥
AT LEEK - TE A ESRANEDND.

RHREE AIRRA || #HEE || ATREHE = FE == HfEE || sIRsk
FAYR LY R Jovkix || o—s3pR || RATEREED || RiES || RTES B || oovkix || ey T
gE= LETESV T AABZES | | H1oL—2 | | 1RE—5D il =i nEo—A || aFosay
AHRgH | FPa—AFEE THHEN | | ISHEMLY | | UHFRRE o—/ 33 | | MoZ=mMIC
flsge |- ihHERRE RiTHERE [RY=" ARAT || E2uEw || TR0 | | 18T —4 | | RiTED
Eh. D ALARE [P ) =5 BEWER || EREHE | | #0813
‘9'11’7‘*116 TT5 RIS 5
e Poreerrerserrerserrere SR SUNNUSS | S— i i S’ i
wiaw ke BRR D TORITHIRIETILLESIC
B O—/SESOBBT —SEMBT A
______________________________________________
RITHEE | | 0—itD #wEnE || n—GEE | | T4
Swias HHRTT | | ERHIEE BB | | okF— | | Zo—z
TEx EHCE | |RETHIE DEE-E || 4&2WET | #5752
REMAE F Yt
gEAT
LI
U S, _f _..._.1_.._ 't' U ﬁ ....... .._...1.._..._..._... ..........

0wkl || BEAOED || RiTHBR UHFIZ &Y [ 1EJOF A ME: | | O—/i~E || 1204m, B || FS554UT
IL~ME EFEEE || #RTEE | | o— Lo 2-HEA TELHAS BT—4% ||17304m, B || oFoLay
LATL |BR-E54 || E-#ER BYHE || 28812 | | HuBEEE E-xHE EEEATL FETAHE || 02mDR | | %G (A0S0

Ex. | oAr—x || HEEEE oy vrpzEs | |BAESD || o BHOUHFE || R—2io || watee
BEER | 240k || zAcE EMTLoL | | tREEE muran (wexacs|| saok
ey Thok
42 KEFATEM ILEI Yy ar DER 7 v—
2 2 %{Z':Fﬂn

Ky arOBRITT7a bzl ta— RO/ O %2R, 400mm x 400mm x 200mm D Z2 U T 72
FIULZeB72 . ZOZEDND ER AN, HIEROE &L 2.0kg BRSO LM ENHS. Lo T,
HEE R I T TREDB AR WRIT IR L T2 (X 4.3). X 4.3 R 3EERITmEEL 1 BT >0
TN T TR 20T b ORIA TH 5.

0.4m

o
Bt

0.4m

] S
G % ﬁ ~ 1 — 0.91m
4.3 HEIRRRET OB (2132 A D INSVEIR, 135284 45 FEORIR)

ﬁﬁﬁ%ﬂ%ﬁbm\%ﬁ@*}i,m&f@mﬁ/::Ll/~va/,-f*§'é%l o 4. 4 ;,T@L % 4.3 _,TLU;A%MS
ZEE 5 T A= LA CTHIBEEE IR, B 2.0kg DL TRATIEBER 26km, T TIFREIR 4 43 /33 AT HE
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h[km]

0 5 10 15 20 25 30 35 40
*[kmm]

hikm]

0.5kg ——
1.0kg ——
20kg ——
‘fra_ 21kgxtu 1.3 ——

ffmin]

44 AT 2L —Tal R R(CL=0.28, Cp=0.04 L/D=7 %A E)

FAVIEBTVAIE T omd . 108, 2 4.1 3RITHOIKOEET VA7 X 7 THY, B
IZHWART Y a— D EBITE T2\, BINE B4 2kg FLE IO D720 I I TS SR O X572 5 /N

L BN ETHD.

# 4.1 IEKODBEETVAIH T

EERMLY  HE

F 15 (350g/m?) 200(g]
ZOMIEEY (ERIFY-T-HHEESE) 100[g]
LRRHEE 100[g]
TEAXZHR 300([g]
T—RBIEEE 100[g]
UHFX 254 250(g]
EIR 200(g]
DCDCA/\—4 200[g]
H—RE—Z(x4) & RTaA—43(x4) 200[g]
RAO—F (HA3) 100(g]
NS a—k0SSa—bh, N5 a—MERHE 100[g]
BiE)

r—7J)L$8 50[g]
?—=Iv 200[g]
a5t 2100[g]

FKAVIEET VAT T MRS &% 2kg TR TN DT D IS ik as DS B0 %/ ML

BEREPLETHD.

—/3t 0 UHF 5255 1l — " ED iR — E OF IO D X0 7efiiiE i E5e Ehii 35 T iE
Thbd. F7, K WG TBHHL, KRERZE -7 & R TalBR COLEE T E DO LEE - U % U CTRE

WA TEChHD.
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3. REJRBARBELNEMERICLDF AMEANZ X LDFBAS Y 314

3.1 HRBIOHEW

ARIyarO BB, ZIVET NASA 128V S CE7 KRG RIEFLEN SO E FHRIZE D kR OH
RT3, mEE %E(a%ﬁ:@mm DR R RE D 2% B BBk G A FHEL , K EDORKBL K
ANGED AT =X LD T 52 ThD. £, HL#LE EOKGEE R ICE28HT7Z 0 T, &
10km~%% 100km 27 —/L (X A —)V) DH ANAN—LDIEENBIUR D AT =X LZ BN T HZ 8
MR TERWZD, KEMIZEHIC I > T AN XU NNERO JAE, A, X ANREZFHAIL, 20
AN =X LRI 5.

3.2 B HE

AKIyvarD AL, KEF AN (RS AT A XU OMJT) D22 sz v kL, HRE=2Y
VT EATHZE THEL AT 7 e — T KOS ANDEIEAT = A LE IR HZEThD. A AT —/LDHF A
M ARUMZEDH AN E AT = X LFNE O RKIEEDBIB AR IR THLTD, KEMZERICL->TE
NEMTES D, AREOF Y BAEE BRI BIIRITER 1 ITELDHTND.

42 B (FEOLAMIZN>TT VA TF T )

1. Minimum a. WA ALOERRAs T =2 7T 5
AN B L OB EERFE=2 Y /L, ¥ARD [b #R A F—L0RE, BHEL, HE
BEAG, g, BREORTEZHLMNICTS =2 YTt A
¢. 7ARORENiEE=2) 7T %
2. Full A =il A, O N _\{JilL]K*ﬁju Ho| d. R "' JL}'iIHIHJlL]'I' D3Izt =41
I‘_'l—l' | 2 AL j\l][l?m].%.!(: 2y :TF‘]'H-I'_L ) N A ) N )
HDRIABG & | ¥ 2 A Ry FoRNEMEL, HEOKRR | . MZEMHIZLY, FARAN—20NHHE G
q-‘!l‘:”’j{—:’_é iJ:IIL]“ ﬁ‘il,_ JLKIH“JIIL]“ & Hui]':;‘}—[ﬂ#a—' L, & 1‘| f?‘f/[ (I:I\Ez. IFf ete) & %
D A ) = KN B 7%
3. Extra f. 7—2EHbs AT L EWET D
F—4FEHkic LY, @2 L eI L L FE L
WF—4t |~>&ﬁ L, KEOF A MEER % E A HfE
15
3.3 HWuH

S ANDRE B Z B RFE=ZV T T DMNBERHLOT, Iy a ML EP0E ThD.

ARIvar Tk, BE 400 kg @ DESTINY R(Z, BHE 200 kg DIy ar Ao —RaEHL-
DESTINY AUk 2 ERERZ, [ FROBIE BTSN CWDRE D M BRI 7 v armlry NM-V fkr v MIC
J0¥TH BRI ARE T D, KERIZBETHIETOEE T 7 7 A /VIELL FO L0 E SIS,

(1) HERBLH 7 = —X: GEJ)1A ERIA 7 > a2 K0 H BT H0E I AL, A AL T84T
HERA N 5. W RF O SERR A AR 13 1.5 ki/s 2 4BUE.

(2) EDV-EGA(Electric AV Earth Gravity Assist): XL W CTHLEZZHL, HIERF A RO ER
I A RS D,

(3) KEEB T x—X: HERAANL T ASAERETREITER T 5.

(4) EDV-MGA(Electric AV Mars Gravity Assist): KBEAA T 3A1%, BERHEEZR OV CHLEZ AL,
KEFEEREOERLEHELPRICT 2.

5) KEENFY7Fr7=—R: E[RmdE Yol TR Hill BlICRER, BXMEESE O COEoRL
KRR RIHIE ES T5.

HEEBLE KR S 17,000 km Oxf K 2R mEF EELES L. X 4.5 [ZH0ERREHFIZ, $70, £43124%
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72— ADORATHI, AV BN OTHEHEREZ £ 5. DESTINY OA HERE 60 kg (2xtL, HERREH
Pl TARICEETAETICHNERHEREIT 48 kg THAD. (ICHEHERAETOLEY =— A% ER
HEHED I THEMETHEL THIRKIHE 7 —R), HEHEIEIT 63 kg THY, KBBEAT —F L AD TR,
Ivvar A u—ROMEE G Y el BEL D ETTOZET, I EBLRTRETHD.

HUER I :°21/04/17 "EDV.EGA = . "EDV.EGA
a) n AR AR b) HuER 5 EAR > MAR
1| V.= 1.5km/s DV-MGA —— 1 = 15 t EDV-MGA —— 4
10 HiER SB @ *22/09/03 10 b f
05 V. = 3.9km/s 05
g 00 : g 0.0
> / >
-05 A / 05 / Jo S
Y4 '
10 // JORAE 2600429 a0 f T '\
- V.. =0.0km/s 15| fiEk SB
JOJE SB 1 723/08/12 |
i . 20 i . i . H ;
V.. =2.7km/s 00 05 10 15 20 20 15 10 05 00 05 10 15
A[AU] X[AU]

X 4.5 WUERRGHE. a) KETOEMSR b)KES - k2B E R

K A3 TATHIM, AV B R OVYEHESK .

L 7 = — A HEATHAM [day] AV R [m/s] HAHER R (kg
@ HIERI H NA 0 0
(2) EDV-EGA 504 1.516 24
@ HiEk — KEER 343 0 0
@ EDV-MGA 991 1,556 24
G KBE vy S F oy 365 1,051 15
il 1.838(2.203") 3,072 (4,1237) 48 (63")

IAFHERAETORT = — A EXHEED L TIT ST E DR KT — 2% RL TV,

3. 4 BEBLAOT=D DT T 87— LB L OB &

(1) JEEIH%

JE B D ENL, X ANEKERDZFEBE O, X ANAN—AOFA, JER, IAGRFE DO, REIRE
EHE IR E OB THD. JH IR TAHIERT, LTFD 5 5> THDH. BRAFEB I OB 21T
HER, WEE IR 44 1TELDENTND.

1. AR H AZ(SIMPLER) (3 1a,b)
2. BIENATZ(NAC) (5% 1b)

3. 7Y (FIRE) (3¢ 1d)

4. FEIRN A AZ(LIR) (3 1c, d)
5.USO (& 1d)
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% 4.4 BNEEBOERIGLRBEMCORE, BHBLOYAX

BNk R4 i ik i /) PA X b i i1

A% | SIMPLER <2 5kg | <4.8W <10 km/pixel
TL¥<35kg | <40W (HiZWy) |
<27W (STDBY H¥)

NAC*] 23.6kg <18.7W (ki) 80ecmx*p40cm <1 km/pixel

FIRE ~16 kg ~40 W ~50x50x50cm 2K

LIR ~0.6 kg ~TW 90x90x109mm | <2 km/pixel | <2K

USO ~2kg -5 W <1 km <2K
Mizekg | IRESE 0.05 kg 20%5x40mm 0.1K

R 0.1 kg 50%25%40mm 0.1 Pa

Rir-Hh 4 | 0.03 kg 90=18x60mm

H i 3 0.1 kg 40%30x40mm 20 W/m®

*1 NAC II R ETCH DT80, MGS/MOC DEfEz e AL TW5

(2) Mzt

WLZERE DR EN T, X ANAN—LWNEROIREE, B, JEE, ¥ ANREZERTHZ81250, X ARAR—2A

DOREEZ AN T HZETHS. Z2TIE 100km~200km FEIT LT AT B2 BN B R )5 [4]
AT D2 TRITHE) 28R 5. = N BT RIVIAZD

e

33

FEH A
2% 100kg ETEWOHiFINDG, = A

FRVERER Im [CTALERGBD. B 1m O N A7 IR AT HE/od R & U TR STk
EFRATHOM XA 4.6 1R T. W3Z 1 [ET OV AILICERD | FHcAEh b T
N 72 VTGRS AL, = NI 7R n B TRt & =14, #IRZEEL CTRIATICES. BIADE
&L Skg~10kg F2E THDH. #HEE 7 o XT2HEH L D70, EHRITHAFRETHY 100km LL_EDOFE
1TNTTRECHD. ZD I IRITES LA WG T MELOS1 D728 123 et L CE A M o Bk A
BREFHSTLFEILTHD. T2, ZOMKERENE 3 B TR @ S ERI TR O X — 272> TS,

KO TBIOVEETVAIA T %K A4S, K 4.6 17T

4.6 DESTINY v ar kBRI THE
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K 4.5 KEI-ATHEDRE T

FHEANR 2.42(m)
FHEaI—-NE 0.48(m)
FET AR 5.11
FHEFE M 1.15(m?)
AL EE 60.0(m/s)
AL 4.24(kg)
e R 95.4(km)
e/ N 54.0(m/s)
KLL A 2V A (B a— R R FHLE) 24700
FETRI 0.643
FEILHUR K 0.0439
FEGHUL 14.6
AL A4 6.79(deg.)
JEATLHE /) 1.37(N)
e KHET) 2.06(N)
Myo (1387-0) 0.113(Nm)
Kfpr /T — 132(W)
KT — 198(W)
AT T —RER 0.318(m)
A=A EI[ 7 46.3(rps)
4.6 KEFRITHOEET VA IX T
i) 7 7 1.200(kg) 28.3(%)
J- A 0.658(kg) 15.5(%)
JKF: S8 A i o 0.047(kg) 1.1(%)
EHENCEY SISy 0.036(kg) 0.9(%)
e {4 3 0.141(kg) 3.3(%)
TuTHE 0.206(kg) 4.9(%)
T ERE 0.810(kg) 19.1(%)
T B 0.436(kg) 10.3(%)
BE~—r 0.707(kg) 16.7(%)
Xl 4.240(kg) 100(%)
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FVEAE B T, K ERAATZEHE WG CTRIR LIRS (5 2 EMEHERIE0IE
HaZ)E AW CERBGIEEZTT). 72, MIBEGR T — 2 X—A g S fiE B O~y F 712k
DREFREZTTD.

728, EREOBMKRILEE 0km ZRITTHIEEAEL TRFHL T, BLHIA LK & B o Hids (<))
FUAMEARRANT A MR E) 1T U, KEKBENHROREIRDZE FMEREL 6] 957280, 2kg FEE DB
TS SRAPEE U720, MR EEREZ 300km P28 ECHIET 2N AIBEIC /R 5.

Wy var v —r A DWTEOIR 2. JE A TH ANAN— AOR AL fER%, KERITHIX
B ImEEO N BT 2SR IE TR R KRAZEAL, #IFE0 5 5 km FBEEDOEE TR
BT RINSEHEN THRITZ G5, 100 km 27— /L DX ARAR—LIZZE AL, 100~200 km UL F
ERATT D, ZOM, WG, KRR (F le), KirhU 2 (K le), HEFEF(EE le) FHIZLVH ANAR—AN
HOKGEEBNNT 5. 1556177 —H13 UHF IR ICEEAE T2 BEL WA,
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Multiobjective design exploration of a Mars Exploration Airplane
Akira Oyama (ISAS, JAXA), Koichi Yonemoto (Kyushu Institute of Technology),
Shinsuke Takeuchi (ISAS, JAXA), Hiroshi Tokutake (Kanazawa Univ.), Hiroki Nagai (Tohoku Univ.),
Shigeru Sunada (Osaka Prefecture Univ.) and Masatsugu Otsuki (ISAS, JAXA)

Key Words: Mars, Airplane, Multiobjective Design Exploration

Abstract
Designs of an airplane for Mars exploration are presented. The designs are found with the multiobjective design
exploration framework. The result shows that requirements such as flight distance of roughly 100(km), science payload of

200(g), and diameter of entry capsule of roughly 1(m) are reasonable.
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DESTINY: Understanding of Martian dust transport mechanisms
Kazunori Ogohara (University of Shiga Prefecture), Akira Oyama (ISAS/JAXA),
Hiroki Nagai (Tohoku Univ.) and Hiroshi Tokutake (Kanazawa Univ.)
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Abstract

We present a Mars exploration plan for understanding dust transport mechanisms on Mars using both an aerostationary

satellite and a Mars aircraft. Because insertion of these platforms to the aerostationary orbit usually requires large amount

of propellant, cut of science payloads is inevitable. However, this problem can be solved with a wide mass margin if a

DESTINY bus and an upgraded epsilon rocket are used. In this paper, we review the atmospheric sciences on Mars and

importance of dust in the Martian atmosphere, and summarize the orbital plan and science instruments.
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Abstract

This paper explains what is airplane for Mars exploration and introduces current research topics related to it.
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A high-performance Ishii airfoil was analyzed using both a wind-tunnel and large-eddy simulations at a low-
Reynolds-number condition (Re = 23,000). The design guidelines for an airfoil shape with a high lift-to-drag ratio
under the aforementioned condition are described by analyses of flowfields and aerodynamic characteristics of the
Ishii airfoil. Compared with conventional airfoils, such as the NACA 0012 and NACA 0002, the shape characteristic
effects of the Ishii airfoil on its flowfield and aerodynamic characteristics are discussed. The shape on the suction side
of the Ishii airfoil can cause delays in the flow separation at low angle of attacks. The separated flow reattaches, and a
separation bubble forms even when trailing-edge separation changes to leading-edge separation. The separation
bubble contributes to an increase in lift coefficient. In addition, the Ishii airfoil can gain a high positive pressure on the
pressure side as compared with the other two symmetric airfoils due to the camber near the trailing edge. On the other
hand, the pressure drag of the Ishii airfoil, which is a dominant factor of total drag, is considerably smaller than those
of the other two airfoils. It was found that the shape on the suction side as well as that on the pressure side (such as the
leading-edge roundness and the camber) are very significant in the low-Reynolds-number airfoil with a high lift-to-

drag ratio.

Nomenclature 10*-10°, it is known that the maximum lift-to-drag ratio of smooth
Cp = drag coefficient airfoils.significar.lt.ly deteriorates. Complicated flow phenqmena (i.e.,
Cpp = npressure drag coefficient separation, transition, and reattachment) occur on the wing surface
Cp, = viscous drag coefficient and.strongly affecF the aerodypamlc performance gf airfoils [5]. ¥n
Cc; =  friction coefficient particular, the laminar separation bubble plays an important role in
C, = lift coefficient determining the pressure distribution on the wing and aerodynamic
C, = pressure coefficient characteristics. For example, it is well known that the separation
M —  Mach number bubble causes a nonlinear lift curve [6,7].
Re = Reynolds number Because of these unusual flow characteristics, itis difficult to apply
a = angle of attack, deg a conventional aerodynamic design approach to the design of the
(A)a = angle deviated from the zero-lift angle of attack, deg Mars airplane wing. Therefore, for the airfoil design of Mars

I. Introduction

N AIRCRAFT-TYPE Mars explorer called “Mars airplane”

with a fixed wing has been considered as a potential system for
exploring Mars [1-4]. The Mars airplanes can explore larger regions
irrespective of the geography of Mars than the previous ground-
rover-type explorers, and they can obtain more detailed information
of the Mars surface by approaching the surface than the previous
satellite-type explorers, whereas ground-rover and satellite types
have already been used in past and current missions to Mars. One of
the flight conditions for the Mars airplane is a low-Reynolds-number
regime (i.e., 10°~10%). For a Reynolds number within the range of
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airplanes, it is indispensable to understand the aerodynamic and flow
characteristics. In particular, the airfoil shape has a large impact on
aerodynamic characteristics [8,9]. Schmitz [10,11] has suggested
three shape characteristics delivering high aerodynamic performance
in a low-Reynolds-number region.

1) A sharp leading edge fixes the separation point at the edge and
can improve its Reynolds-number dependence on the aerodynamic
performance.

2) A flat upper-surface reduces the separation region.

3) A cambered airfoil gains a higher lift than a symmetric airfoil.

The airfoil named “Ishii airfoil” is an airfoil having the aforemen-
tioned features. The Ishii airfoil was originally designed for the main
wing of a hand-launch glider by Mitsuru Ishii, who was the world
champion of the free-flight contest of hand-launch gliders. There
were two design concepts for the airfoil; one minimizes the rate
of descent, and the other minimizes the drag coefficient during the
launch. In the previous experimental and numerical studies of the
Ishii airfoil [12,13], it was confirmed that the Ishii airfoil has weak
Reynolds-number dependence on its aerodynamic performance in
the range from Re = 23, 000 to 46,000, and the high lift-to-drag ratio
L/D,,. is approximately 18. Moreover, the L /D of the Ishii airfoil at
Re = 23,000 exceeds that of SD7003, which is known as a high-
performance airfoil in the low-Reynolds-number region [14]. How-
ever, detailed mechanisms such as the association between the
flowfield and the aerodynamic characteristics of the Ishii airfoil have
not been understood well. In this study, three-dimensional large-
eddy simulation (LES) computations were conducted, and the
flowfield around the Ishii airfoil in the low-Reynolds-number regime
was evaluated. In addition, the LES results were compared with
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wind-tunnel tests for validation purposes. Furthermore, the features
of the Ishii-airfoil shape that has a higher aerodynamic performance
were discussed by comparing our previous results for thin and thick
NACA airfoils (NACA 0002 and NACA 0012) [15]. Finally, design
guidelines for further improvements to the lift and drag character-
istics were suggested.

II. Computational Setup
A. Computational Model

The shape of the Ishii airfoil is shown in Fig. 1. For reference, those
of the NACA 0012 and NACA 002 are also shown. The Ishii wing has
a maximum wing thickness ratio of 7.1% at x/c = 0.25 and a
maximum camber of 2.3% at x/c = 0.62. The Mach number M was
set to 0.2, at which the compressibility effect on the results can be
ignored. The Reynolds number was set to 23,000. The angle of attack
was changed from O to 9 deg. An ideal freestream with no fluctuations
in turbulence was assumed.

B. Computational Methods

In this present study, LANS3D [16], which was developed at
the Institute of Space and Astronautical Science/Japan Aerospace
Exploration Agency, was adopted, and three-dimensional implicit
LES were conducted. Three-dimensional compressible Navier—
Stokes equations in generalized curvilinear coordinates were em-
ployed as the governing equations. The computational mesh is shown
in Fig. 2. The spatial derivatives of convective terms were evaluated
by the sixth-order compact difference scheme. A 10th-order filtering
was used with a 0.495 filtering coefficient. For the time integration,
the second-order backward differencing converged by five subi-
terations of the alternate directional implicit symmetric Gauss—Seidel
[17] scheme was adopted. For span direction, 20% of the chord length
was computed. The grid spacing was evaluated by the wall unit after
the computation. The computational meshes were shown to satisfy
the following inequalities:

AET <25, Ant <3, ALt <15 (1)
where AET is the streamwise grid spacing, Ant is the wall-normal
minimum grid spacing, and AT is the spanwise grid spacing. Here,
the superscript plus denotes the normalized value based on the wall
unit. With these criteria, the turbulent analysis including the near wall
structure was well resolved with present computational methods [18].

————— Ishii airfoil

‘.d'“ﬁn P e i FeFawar, LU T
- = = = NACAOI2 (e irreena e
NACA0002 " “~c=cccamm======"""

Fig.1 Airfoil shape.

Fig.2 Computational grid around Ishii airfoil.

III. Experimental Setup
A. Mars Wind Tunnel

Experimental tests were performed using the Mars Wind Tunnel
(MWT) [19] at Tohoku University for the validation of our computa-
tional fluid dynamics (CFD) results, as shown in Fig. 3. The main
components of the MWT include a vacuum chamber, an induction-
type wind tunnel, and a buffer tank. The induction-type wind tunnel
was placed inside the vacuum chamber, where the pressure condition
corresponding to the Martian atmosphere could be simulated. Clean
dry air is normally used as the test gas in tests, but it can be replaced
with carbon dioxide by changing the gas supply line. This wind
tunnel was driven by a supersonic ejector with a multiple nozzle
located downstream of the test section. The ejection of high-pressure
gas from the ejector induced the flow in the test section. The gas
inside the vacuum chamber was exhausted to the buffer tank through
a connecting flexible pipe. During the test period, the pressure in the
vacuum chamber was kept constant by controlling the butterfly valve
placed in the flexible pipe. The test time was from approximately 2 to
8 s for a total pressure of 1 kPa. The results of the calibration tests
show that the flow across 75% of the test-section height is uniform,
and its dispersion is within 0.35%, whereas the velocity gradient
along the test section is almost zero. Currently, the MWT is being
operated at ordinary temperature.

B. Two-Component Balance System

The two-component balance system consists of two load cells for
lift and drag measurements and a stepping motor for changing the
angle of attack. The range of load cells for the lift measurement (A&D
AC4101-K006) and drag measurement (A&D AC4101-G600) were
60 and 6 N, respectively. The uncertain accuracies of the lift load cell
and the drag load cell were 9.0 X 10~* and 9.0 x 10™* N, respectively.

C. Pressure-Sensitive Paint Measurement

Pressure-sensitive paint (PSP) is a coating-type pressure sensor
consisting of luminescent molecules and binder. When illuminated
with light at an appropriate excitation wavelength, the sensor lumi-
nescent molecules in PSP were elevated to the excited state. The
excited molecules return to the ground state through several
photochemical processes, namely luminescence, thermal deactiva-
tion, and oxygen quenching. The principle of PSP is based on oxygen
quenching, the rate of which depends on the local oxygen concen-
tration, which is proportional to the ambient pressure. Therefore, the
surface pressure can be calculated from the luminescent intensity of
PSP. In this experiment, we used Pd(Il) meso-tetra (pentafluor-
ophenyl) porphine (PdTFPP) as the luminescent molecule and poly
1-trimethylsilyl propyne, poly(TMSP), as the binder. The PSP,
which is composed of PATFPP and poly(TMSP), is known to have
high pressure sensitivity at low-pressure conditions [20,21]. The
absorption and emission peaks of PATFPP are approximately 407 and
670 nm, respectively.

Fig. 3 Mars Wind Tunnel at Tohoku University.
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Fig. 4 Comparison of aerodynamic characteristics.

D. Experimental Test Model

A two-dimensional Ishii airfoil with a chord length of 50 mm and
span length of 100 mm was used as an experimental model. It was
made of aluminum alloy and has smooth contours. The pressure and
temperature on the test model were measured to obtain the reference
pressure and temperature correction factor for PSP measurements.
Therefore, one thermocouple and one pressure tap were provided in
the centerline of the model.

E. Experimental Condition

The Mach number was fixed approximately at 0.2, and the
Reynolds number was set approximately at 2.4 x 10*. The corre-
sponding total pressure of the flow was 11 kPa. The angle of attack
was changed from —5 to 15 deg.

IV. Results and Discussions
A. Validation of Computational-Fluid-Dynamics Simulation

Figure 4 shows a comparison of the averaged force data for the
experimental and CFD results. The CFD results agree with the experi-
mental results of lift and drag. Although there is an approximately
1 deg difference in the stall angle (the lift curve), the CFD results
capture the nonlinear lift increase that is observed in the experimental
data. The drag curve also is in reasonably good agreement with the
experiments. However, there is a slight difference in the drag for low
angle of attacks. The maximum difference in drag is approximately
130 counts. The accuracy of the drag measurement in experiments is
approximately 0.39%, whereas in our previous studies, we found
that there was a tendency to measure a slightly higher drag for small
angle of attack in the MWT measurements relative to the other
experimental data. Note that the difference in the drag of the MWT
and that of other experimental data is currently under investigation,
and the reason for this difference will be reported in the near future.

=20 " =2.0
-1.5 -1.5
-1.0 -1.0
o™ =05 o -05
0 0
0.5 0.5
l‘00 0.2 0.4 0.6 0.8 1.0 1'00 0.2
x/e
a) =3 deg b) &t = 6 deg

0.4

Pressure distributions on the wing were compared with the
experimental results, as shown in Fig. 5. The CFD pressure distri-
butions are observed to be in agreement with the experimental results
for three selected angles of attack, although the difference in the
pressure at the leading edge was observed to be due to the low image
resolution for the PSP measurement (the minimum image resolution
is 0.13 mm). We found that the flow of the CFD resultata = 9 degis
clearly different because the pressure on the upper surface at the
trailing edge does not decrease to zero. However, it is difficult to
conclusively determine whether or not the flow in the experiments is
different from the pressure data at the trailing edge because the error
in the PSP measurement around the trailing edge becomes slightly
higher due to the unsteady vortices. These pressure differences
between the CFD result and the experimental data are consistent with
the results of the lift curve for each stall angle, as shown in Fig. 4a.
From these results, we conclude that CFD results can be validated by
making a comparison with experimental data.

B. Flowfield and Aerodynamic Performance of Ishii Airfoil
1. Instantaneous Flowfields

Isosurfaces of second invariants of the velocity gradient tensor (Q-
criterion: Q = 5¢/a,,) with x-directional velocity distributions are
shown in Fig. 6 and indicate the instantaneous flowfields around the
Ishii airfoil from @ = 0 to 9 deg. The separation locations shown in
Fig. 6 were defined based on the averaged C distributions. The flow
on the pressure side was confined to the surface for all angles of
attack. Meanwhile, we found that, as the angle of attack increased,
there was a change in the flowfield on the suction side. From ¢ = Oto
3 deg, the flow was confined to the wing in large areas but separated
near the trailing edge. Then, the separation point simply moved
toward the leading edge. An interesting variation in the flowfield
occurred at a = 4 deg. First, the separation point drastically moved
toward the leading edge near the position of the maximum wing

0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

x/c x/e

c) oe=9deg

Fig.5 Comparison of pressure distribution (blue line: experiment, red line: 3DiLES).

- 110-



Downloaded by UCHU KOKU KENKYU KAIHATSU (Kiko Library), JAXA Chofu on September 9, 2014 | http://arc.aiaa.org | DOI: 10.2514/1.C032553

4 AIAA Early Edition / ANYOIJIETAL.

o =15 [deg]

o =8 [deg]

o =9 [deg]

Fig. 6 Instantaneous flowfields around Ishii airfoil.

o =5 [deg]

Fig.7 Averaged flowfields around Ishii airfoil.

thickness (x/c = 0.25). Furthermore, a coherent two-dimensional
spanwise vortex was periodically generated at the downstream. Note
that these spanwise vortices were generated by Kelvin—Helmholtz
instability. The spanwise vortex broke near x/c = 0.70, where the
separated flow is reattached to the wing. After that, the hairpinlike
vortices were formed at the trailing edge. Above a =5 deg, the
separated shear layer moves away in a vertical direction from the wing
surface with an increase in the angle of attack, and the separation point
got closer to the leading edge. In addition, the hairpinlike vortices that
were shed soon after the formation of spanwise vortices and the mixing
of the shear layer appeared to be enhanced.

2. Averaged Flowfield

The averaged flowfields around the Ishii airfoil are shown in Fig. 7.
The changes of separation and reattachment points that were
determined from the averaged C are shown in Fig. 8. Atlow angle of
attack, from a = 0 to 3 deg, the separation point around the trailing
edge moved toward the leading edge without reattachment. However,
from @ = 4 to 8 deg, the separated shear layer reattached to the wing
near the trailing edge where the hairpinlike vortices are observed in
instantaneous flowfields as shown in Fig. 6, and the separation bubble
was then formed between the separation point and the reattachment
point. Furthermore, a backflow region formed inside the separation
bubble. Compared to the instantaneous flow, this backflow region is
observed in the area where the spanwise vortices break up and
hairpinlike vortices form. In this angle-of-attack range, the separation

point gradually moved toward the leading edge as the angle of attack
increased. Also, the reattachment point slightly moved forward to the
leading edge, which is similar to the behavior exhibited by the
separation point, but the variation in the location of the reattachment
point was not as large as that for the separation point, except for

@ Separation Location
B Reattachment Location

10
°

8 e u
_gT“ ° [
,;E' 6 e ]
g o o
S 4 ° ]
2
& °
<

2 o

°
0 1)
0 0.2 0.4 0.6 0.8 1.0
x/c

Fig. 8 Separation and reattachment location defined by mean skin-
friction coefficient C; from LES.
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Fig. 9 CFD analysis of aerodynamic performance for Ishii airfoil.

a = 8 deg. This means that the separation bubble becomes slightly
longer as the angle of attack increases. This can be characterized as a
“long bubble”. Ata = 9 deg, we observed the separated shear layer
spreading up to the trailing edge without reattachment. However, a
completely separated flow such as this is also considered to be a type
of long bubble because of similarities in the pressure distributions
between a = 6 and 9 deg [22].

3. Aerodynamic Performance

The aerodynamic performance of the Ishii airfoil is shown in Fig. 9.
Compared to the potential flow (2za), the lift is comparatively high for
a wide range of angles of attack. The lift curve shows a nonlinear
increase in the lift between a« = 3 and4 deg. Upuntila = 3 deg, large
areas of the wing surface are covered by the attached flow, although
there is a trailing-edge separation without the reattachment. In
addition, the camber effect on the pressure side also contributed to
the lift argumentation. Therefore, the lift slope C; /a = 6.22/rad
(o = 0-3 deg) is as high as that of potential flow, even though the
separation occurred. Meanwhile, the flowfield also changed between
a = 3 and 4 deg, where the separated shear layer was reattached to the
surface and the separation bubble is formed. As shown in Figs. 5a and
5b, with a constant-pressure region, the pressure on the suction side
become lower than that at @ = 3 deg due to the presence of the
separation bubble. Thus, this pressure decrease on the suction side is
attributed to the lift enhancement. Besides, L /D reached a maximum
at @ = 4 deg, and L/D,,,, is approximately 18.1 (Fig. 9¢). This is
largely due to the contribution of the lift enhancement because the drag
slightly changed around a = 4 deg. As shown in Fig. 9b, the drag
polar curve does not show a drag bucket because nonlinear increase in
the lift is not significant. At « = 8 deg, the flow separated near the
leading edge and was not reattached to the wing surface.

C. Comparison with Conventional Thin and Thick Airfoils

In this section, we compare the flowfields and aerodynamic
characteristics of the Ishii airfoil with the results obtained for
conventional airfoils, the NACA 0012 and NACA 0002, which present
thick and thin airfoils, respectively. There is a degree difference of
one in the zero-lift angle of attack between the Ishii airfoil and the
symmetric airfoils, and this difference is an important consideration in
the discussion of flowfields. Therefore, Aa (which presents the angle
of deviation from the zero-lift angle of attack instead of the geometric
angle of attack) was used to compare each results.

1. Difference of Instantaneous and Averaged Flowfields

Figures 10 and 11 show a comparison between instantaneous and
averaged flowfields, respectively. At Aa = 3 deg of the Ishii airfoil,
trailing-edge separation occurred at x/c = 0.56. Besides, a spanwise
vortex was found downstream of the trailing edge, but no hairpinlike
vortex has yet been found. Compared to the flow around the Ishii
airfoil, an earlier separation occurred at x /¢ = 0.40 in the flow around
the NACA 0012. In addition, a spanwise vortex is generated and broke
near the trailing edge. Then, the hairpinlike vortices were formed. On
the other hand, a leading-edge separation was observed in the flow
around the NACA 0002.

After the leading-edge separation, spanwise vortices were
generated. However, the separated shear layer was soon reattached,
and the short separation bubble was then formed around the leading
edge. Around the reattachment point, the spanwise vortex broke and
hairpinlike vortices were formed. These hairpinlike vortices cover a
wide range of the wing.

At Aa = 6 deg, the flowfield around the Ishii airfoil such as the
separation point and the vortex structure on the suction side is
qualitatively similar to that around the NACA 0012. For the NACA

Aa Ishii Airfoil

NACAO0012

NACA0002a

Fig. 10 Comparison of instantaneous flowfields around Ishii airfoil, NACA 0012, and NACA 0002.
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NACA0012
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Fig. 11 Comparison of averaged flowfields around Ishii airfoil, NACA 0012, and NACA 0002.

0002, leading-edge separation occurred similar to the case of
Aa =3 deg, and only a reattachment point moved toward the
trailing edge. Furthermore, hairpinlike vortices developed more in a
direction away from the wing surface cover most parts of the wing.
At Aa =9 deg, for all three airfoils, the separation point slightly
moved toward the leading edge or did not move from the leading edge,
and complex hairpinlike vortices covered a large area of the wings.

2. Comparison of Aerodynamic Characteristics

Figures 12 and 13 show a comparison of the aerodynamic perfor-
mance and surface pressure distributions of three airfoils, respectively.

With regard to the lift, the Ishii airfoil has the highest lift among the
three airfoils, as shown in Fig. 12a. The thick airfoil, the NACA 0012,
does not have high lift, especially at low angle of attack. Although the
lift of the NACA 0002 is not as high as that of the Ishii airfoil, it is
comparatively high at three angles of attack. We focused particularly
on the comparison at the angles before the stall angle of attack. At
Aa =3 deg, there is no significant difference in the pressure
distribution on the suction side between the Ishii airfoil and the NACA
0012, as shown in Fig. 13a. However, the pressure distribution on the
pressure side of the NACA 0012 is markedly lower than those of the
Ishii airfoil and the NACA 0012. Therefore, the low lift of the NACA
0012 is governed largely by the low pressure on the pressure side. A
sharp leading-edge of the NACA 0002 leads to a leading-edge
separation with the negative pressure region. Also, on the pressure side,
the pressure distribution in the forward part of the NACA 0002 is
considerably high. Compared with the NACA 0002, the overall
pressure on the suction side of the Ishii airfoil is equal or slightly higher
than that of the NACA 0002. However, the pressure on the pressure
side of the Ishii airfoil is lower than that of the NACA 0002, particularly
toward the front of the airfoil, whereas the camber of the Ishii airfoil
generates positive pressure on the pressure side. As aresult, the NACA

0002 has a slightly higher lift than the Ishii airfoil due to the large
contribution of the comparatively high positive pressure in the forward
portion on the pressure side. At Aa = 6 deg, as shown in Fig. 13b, the
Ishii airfoil and the NACA 0012 have approximately the same pressure
level on the suction side, as in the case at Aa = 3 deg. A large
difference in the suction side was found in the suction peak around the
leading edge and the constant-pressure region in particular. On the
other hand, the NACA 0002 has a shorter constant-pressure region
without a suction peak, although the Ishii airfoil and the NACA 0012
have a sharp suction-peak around the leading edge and a longer
constant-pressure region. Therefore, both the Ishii airfoil and the
NACA 0012 have larger negative pressure distributions on the suction
side than that of the NACA 0002. On the pressure side, the NACA 0012
can gain only a small positive pressure. Compared with the Ishii airfoil,
the NACA 0002 has a higher positive pressure region in the forward
portion, whereas the camber of the Ishii airfoil generates a higher-
pressure region. Because these differences in the forward portion and
in the camber are almost the same, the overall pressure on the pressure
side of the NACA 0002 and the Ishii airfoil is almost the same. As a
consequence, the Ishii airfoil has the highest lift, and both the NACA
0012 and NACA 0002 have approximately the same lift.

In terms of the drag, the Ishii airfoil has the lowest drag for three
angle of attack, as shown in Fig. 12b. The drag of the NACA 0002 is
smaller than that of the NACA 0012 at Aa = 3 deg. However, the
drag of the NACA 0002 becomes larger than that of the NACA 0012
as the angle of attack increases. Details of the drag characteristics at
the angle of attack before a stall angle of attack (Aa = 3 and 6 deg)
are discussed. Figure 14 shows the total drag coefficient C, with the
decomposition into a pressure drag coefficient Cp, and a viscous drag
coefficient Cp,. We found that the difference in the viscous drag for
each airfoil was considerably small, and the gap in the pressure drag
between each airfoil was considerably large. Therefore, we can

+[shii airfoil + [shii airfoil + Ishii airfoil
B NACA0012 . * 0.12| ™ NACA0012 W NACAOOI2| &
081 4 NACA0002 “ A NACA0002 s A NACA0002 .
* 0.10 ¥
0.6 - S ) I
- o 0.08 a A~ S
S "’ A Sw o s L
04 L 0.06 S . PN
4 ! P ey g
s’ L . %
0.2 P —~ “ 5 4 — ")
A ¢ L
Oom’ .-~ i .
[ . oh )
0 3 6 9 0 3 6 ] 3 6 9
Ao [deg] Ao [deg) Ao [deg]
a) Lift curve b) Drag curve ¢) Lift/drag

Fig. 12

Comparison of aerodynamic performance.
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Fig. 13 Comparison of pressure distribution.

deduce that the difference in the pressure drag caused the difference
in the total drag between the three airfoils. Therefore, we focus on the
pressure drag of each individual airfoil.

Figure 15 shows the overall pressure drag on the pressure side and
on the suction side. At Ao = 3 deg, all airfoils show that the pressure
drag on the pressure side is higher than that on the suction side. In
particular, the NACA 0012 has a higher pressure drag on the pressure
side than do the others. These differences are due to the difference in
the shape on the pressure side because the attached flow on the
pressure side is common for all three airfoils. The important parts on
the pressure side are the shape around the leading edge and the
camber in the posterior half of the airfoil. Around the leading edge
(x/c = 0-0.05), there is a suction peak of the positive pressure
around the leading edge, as shown in Fig. 13a. The drag componentin
the forward portion is large because of the large leading-edge radius
of the NACA 0012. Furthermore, the negative pressure downstream
of the maximum thickness point of the NACA 0012 acts as drag. On
the other hand, the drag of the NACA 0002, which has the least
thickness and has the smallest leading-edge radius of the three
airfoils, is considerably low because most of the pressure on the
pressure side acts as a lift, and not drag, due to a shape that is very
similar to that of a flat plate. Despite the fact that the NACA 0002 has
the smallest leading-edge radius of the three airfoils, the Ishii airfoil
has a slightly lower pressure drag on the pressure side than that of the
NACA 0002. This is attributed to the camber effect of the Ishii airfoil.
In the forward portion of the camber (x/c = 0.40-0.60), the
horizontal component of the positive pressure component acts in the
direction of the thrust and consequently reduces the pressure drag.
Thus, the camber on the suction side not only allows for the
enhancement of the lift but also allows a reduction of the pressure
drag. On the suction side at Aa = 3 deg, the NACA 0012 has more
than twice the pressure drag than the Ishii airfoil. The flowfields and
the pressure distribution of the Ishii airfoil and the NACA 0012 are
markedly similar to each other, as shown in Figs. 10, 11, and 13.
However, the flow on the NACA 0012 separates earlier than that on
the Ishii airfoil. A subtle difference in the shape on the suction side

0.10

ulels}
BCDp
0.08| ECDv

0.06

0.04

0.02}

‘ il
ISHII wing  NACA0012 NACA0002

a) Ax =3 deg

0.00

around the separation points between the NACA 0012 and the Ishii
airfoil is due to the flatness. The Ishii airfoil with a smaller curvature
in the shape of the upper surface has a lower pressure-drag
component than that of the NACA 0002, with a larger curvature on
the suction side, particularly downstream of the maximum thickness
point. Therefore, we deduce that the flatness on the suction side
delays the trailing-edge separation and reduces the pressure drag.

With regard to the pressure side at Aa = 6 deg, the NACA 0012
has the largest pressure drag of the three airfoils for the same reason
at Aa = 3 deg. Meanwhile, unlike the case at Aa = 3 deg, the
pressure drag of the Ishii airfoil has a larger pressure drag than that of
the NACA 0002. This is due to the smaller effect of the camber that can
reduce the pressure drag in the forward portion of the camber. The
relative angle of the pressure direction to the horizontal line increases
with an increasing angle of attack. As a result, the thrust component of
the pressure in the forward portion of the camber becomes smaller at
Aa = 6 deg. Thislow camber effect results in a larger pressure drag of
the Ishii airfoil. Meanwhile, on the suction side, the pressure drag on
the suction side of the NACA 0002 becomes very large. A major factor
resulting in the markedly large pressure drag of the NACA 0002 is the
difference in shape of the leading edge. Around the leading edge,
(x/c = 0-0.1), the horizontal component of the pressure acts as a
thrust and reduces drag. Both the NACA 0012 and the Ishii airfoil have
a suction peak around the leading edge. However, only the NACA
0002 has no suction peak. The difference in the pressure at the
narrowed area around the leading edge causes a difference in the drag
reduction and has a significant impact on the drag. This means that a
relatively rounded leading-edge airfoil, such as the NACA 0012 and
the Ishii airfoil with a suction peak, can reduce drag.

V. Summary of Design Guideline for Improvement
of Aerodynamic Performance
From the previous results, important design factors that are
required to increase the lift and reduce the drag of the low-Reynolds-
number airfoil are the camber on the pressure side, the leading edge,

0.10

oCcD
BCDhp
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0.06 |

0.04 -

0.02}

ISHII wing NACAO0012 NACA0002
b)Ax = 6 deg
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Fig. 14 Pressure drag and viscous drag (C: total drag coefficient, Cp,: pressure drag coefficient, Cy,: viscous drag coefficient).
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Fig. 15 Pressure drag divided into pressure side and suction side.

and the flatness on the suction side. Each feature is summarized as

follows.

Camber: This contributes to the large lift-enhancement and the
reduction of the pressure drag, particularly in the forward
portion of the camber. However, the drag reduction effect works
for a limited range of low angle of attack.

Leading edge: On the suction side, compared to a sharp leading-
edge airfoil, a relatively rounded leading-edge, such as the Ishii
airfoil or the NACA 0012, prevents leading-edge separation.
Furthermore, it reduces the pressure drag and increases the lift
accompanying the suction peak. On the pressure side, the small
thickness and small leading-edge radius, such as those of the
NACA 0002, reduce the pressure drag and increase the lift.

Flatness on the suction side: The flatness from the maximum
thickness point to the trailing edge delays the flow separation
and reduces the pressure drag.

If the previous design guidelines are applied to the Ishii airfoil to
realize further improvement of the aerodynamic performance, it is
expected that airfoils with a flatter shape on the suction side and
thinner shape on the pressure side around the leading edge, such as
the NACA 0002, will have a higher lift-to-drag ratio than that of the
Ishii airfoil.

VI. Conclusions

In this study, to acquire design guidelines for an airfoil shape with
high lift-to-drag ratio at low Reynolds number (Re = 23,000),
flowfields and aerodynamic characteristics of the Ishii airfoil
were investigated by performing low-density wind-tunnel tests and
large-eddy simulations (LESs). Moreover, the effects of the shape
characteristics of the Ishii airfoil on its flowfield and aerodynamic
characteristics were discussed by making comparisons with the
NACA 0012 and NACA 0002.

The CFD results of aerodynamic data such as lift, drag, and the
pressure distributions were found to be in good agreement with the
experimental results. The Ishii airfoil produced a high lift even at low
angle of attack because a large portion of the upper surface was
covered with an attached flow, although trailing-edge separation
occurs. The separation point moved toward the leading edge with
increasing angle of attack.

The separated shear layer reattached to the surface at @ = 4 deg,
and the separation bubble was formed. Then, the lift nonlinearly
increased due to the formation of the separation bubble. As a result,
the Ishii airfoil had a higher lift and lower drag than those of the thin
airfoil of the NACA 0002, which is commonly known to have a high
aerodynamic performance in the low-Reynolds-number regime, and
the maximum lift-to-drag ratio then reached 18.1.

From a comparison of aerodynamics of the Ishii airfoil with the
NACA 0012 and NACA 0002, important design factors required to
improve the aerodynamic performance are found to be as follows:
1) the camber on the pressure side, 2) the flatness on the suction side,
and 3) the shape around the leading edge. There is a general tendency
to emphasize the design of the suction side, but the design of the

pressure side can lead to a much superior aerodynamic performance
at low Reynolds number.

However, airfoil characteristics in general have a strong Reynolds-
number dependency in the low-Reynolds-number region. The design
guidelines suggested in this paper are applicable for a Reynolds
number within the range 23,000 to 46,000, where the Ishii airfoil
presented small Reynolds-number dependence [12]. In an extremely
low-Reynolds-number regime (less than Re = 10, 000), other design
guidelines will be required after investigating the aerodynamic
performance and flowfields of various airfoils in detail.

Appendix: Ishii Airfoil Coordinate Data
The coordinate data of the Ishii airfoil are given in Table Al.

Table A1 Chord-normalized coordinate
data of Ishii airfoil

x/c  y/c (suction side) y/c (pressure side)

1 0.005 —0.005
0.95 0.0098 —0.0031
0.9 0.0142 —-0.0016
0.175 0.0453 —0.0258
0.15 0.0443 —-0.0254
0.125 0.043 —0.0248
0.85 0.0188 —0.0002
0.8 0.0227 0.0004
0.75 0.0268 0.0011
0.7 0.0303 0.0013
0.65 0.0338 0.0011
0.6 0.0368 0.0003
0.55 0.0392 —0.0006
0.5 0.0411 —0.0023
0.45 0.0429 —0.006
0.4 0.0446 -0.0111
0.35 0.0463 —0.0158
0.3 0.0473 —0.0198
0.275 0.0476 -0.0219
0.25 0.0473 —-0.0236
0.225 0.0468 —0.0248
0.2 0.046 —0.0254
0.1 0.041 —-0.0239
0.08 0.0384 -0.0222
0.07 0.0366 -0.0212
0.06 0.0342 -0.02
0.05 0.0314 -0.0188
0.04 0.0287 -0.0169
0.03 0.0248 —0.0145
0.025 0.0227 —0.0131
0.02 0.0201 -0.0119
0.015 0.0173 —0.0102
0.01 0.014 —0.0085
0.005 0.0098 —0.0061
0.002 0.0058 —0.0037
0.001 0.0036 —-0.0026
0 0 0
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The aim of this study is to find the optimal airfoil for Mars exploration aircraft, which requires high-lift-to-drag ratio.
However, existing airfoils for flying in the Earth’s atmosphere do not have a high enough lift-to-drag ratio in Mars flight

condition. The airfoil studied here was designed using a Genetic Algorithm (GA) and evaluated using two-dimensional

Computational Fluid Dynamics (CFD) without turbulence model (laminar). The objectives in this optimization include the

maximization of lift and minimization of drag coefficients at only angle of attack of 6 °. The Reynolds number is 2.3 x 10°

under the aircraft cruising condition. B-spline curves that connect neighboring control points express the upper and lower
surfaces of the airfoil. The results show that some typical types of airfoils excel in aerodynamic performance. Most optimal
airfoils have a large upper surface curvature or a strong curvature at the center of the lower surface. The former feature
generates a separation bubble that leads to a high negative pressure, and the latter character makes a high positive pressure.
Both phenomena generate lift force, and yield higher lift coefficient and high lift-to-drag ratio. Furthermore, most airfoils
on the Pareto front have a thickness less than 10 % of the chord length, which is suitable for the wing structure design of

the Mars aircraft.

Key Words: Optimization, Low Reynolds Number Flow, Airfoil

Nomenclature
C, . lift coefficient
Cq : drag coefficient
L o lift
D : drag
C, . surface pressure distribution
c : chord length
Re . Reynolds number
X . chordwise coordinate

coordinate normal to the chordwise
1. Introduction

Recent research and development in Japan has involved
work on the Mars exploration aircraft by a working group of
JAXA/ISAS and university researchers for the Mars
Exploration with Lander-Orbiter Synergy (MELOS) mission.
MELOS was proposed for the multi-objective planet
exploration missions anticipated in the near future. Currently,
the orbiting satellite, the orbiting satellite and rover have been
active as major spacecraft. A satellite can take surface pictures
everywhere, but image resolutions are low. On the other hand,

a rover observes Martian surface in detail, but only for flatland.

An aircraft-type explorer has an intermediate ability between
rover and satellite. It enables large area observation with
relatively high-resolution image. Aerial observation on Mars
is also expected to conduct meaningful Martian surface

surveys such as geomorphic investigations and biomagnetic
field measurements .

The order of the Reynolds number for the Mars flight
ranges from 10" to 10° owing to aircraft’s size constraint and
flight conditions. This is partially due to the low Martian
atmospheric density (which is about one-hundredth that of the
earth’s) and the low-speed flight for observation.

Many researchers have reported that the aerodynamic
characteristics of Mars flight differ considerably from that of
commercial aircrafts on the Earth owing to the flow
phenomenon, that is, it is easy to generate laminar separations
on the upper surface and more difficult to predict vortex
behaviors around the airfoil. In addition, when Reynolds
number increases, separation transit to turbulent flow and it
generates laminar separation bubbles on the upper surface of
the airfoil. The bubbles make the aerodynamic characteristics
existing  studies,
conventional airfoils of earth aircrafts cannot satisfy the
required performance for a flight on Mars .

Previous researches have investigated some important
knowledge about low Reynolds number airfoil *¥; 1) sharp
leading edge, 2) flat upper surface, 3) concave down at the
underside of airfoil, and 4) thinness. These factors have been
treated as the design guide for airfoils, which are difficult to
consider owing to their sensitivities of aerodynamic
characteristics.

Nonomura et al. and Anyoji et al. have studied Ishii airfoil.
Ishii airfoil is known as having 2), 3) and 4) features, and has
a good aerodynamic performance in both of experiment and

nonlinear. As concluded in these

Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved.
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numerical computation &7, Hence, it is regarded as the airfoil
of the main wing of Mars exploration aircraft at present. But
Oyama et al. have showed a new airfoil that yields a
lift-to-drag ratio of 17.56, which is 20 % greater than that of
Ishii, is necessary to design Mars aircraft due to weight and
size constraints .

Oyama et al. and Kanazaki et al. have studied the airfoil
design of Mars exploration aircraft using multi-objective
genetic algorithm coupled with two-dimensional thin-layer
Reynolds-averaged Navier-Stokes (RANS) solver *'”. Their
calculation methods have the advantage of low computational
cost, however, the flow fields of their calculation are probably
very different from the actual flow field. Although the
Reynolds number of Mars flight condition is low and flow
field is almost laminar flow, their calculation methods used
turbulence models. Therefore, the analyses of vortex
structures and unsteady flow are not enough.

The purpose of this study is to find new two-dimensional
optimal airfoil designs for low Reynolds number condition,
especially for Mars exploration aircraft using laminar flow
solver. In this study, airfoil shape is optimized using a
multi-objective genetic algorithm (GA) associated with
Computational Fluid Dynamics (CFD) with two-dimensional
laminar computations without turbulence model.

2. Design Approach

2.1. Problem definition

Shape parameterization is an important step in airfoil
optimization. In this study, two B-spline curves are used to
generate airfoil shapes because it enables to express various
shapes with only a few parameters. Two fixed points and six
movable control points define airfoil shape, and all points
have x and y coordinate variables (Figure 1). Fixed points
coordinates are (0, 0) for the leading edge, and (1, 0) for the
trailing edge. The upper and lower surfaces are expressed by
two fixed points and three movable points. The total number
of design parameters is twelve. Table 1 lists the upper and
lower bounds of the movable control points. The movable
scopes and area of upper control points are not symmetrical to
those of lower ones about y=0, because airfoils that have a
positive camber are likely to have good performance.

Objective functions are the maximization of lift coefficient
and the minimization of drag coefficient. Airfoils must have
the maximum thickness greater than 7 % of chord length at
somewhere because of main spar installation. On the other
hand, the minimum thickness, which is almost the same as the
trailing edge thickness, is not set because wing structure is
under discussion '".
2.2. Genetic algorithm

GA simulates the mechanism of evolution, where biological
populations (consisting of multiple individuals) evolve over
generations to adapt to a certain environment, using genetic
operators such as selection, crossover and mutation, and
consequently can bear the best individual adaptations to the
environment ',

This study uses Non-dominated Sorting Genetic Algorithm-II
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Fig. 1. Airfoil shape parameterization using B-spline curves and control
points.

Table 1. Upper and lower bounds of control points.

Control Points Upper Bounds Lower Bounds
x1 0.99 0.66
x2 0.66 0.33
x3 0.33 0.001
x4 0.33 0.001
x5 0.66 0.33
X6 0.99 0.66
yl 0.2 -0.2
y2 0.2 -0.2
y3 0.2 -0.2
y4 0.4 -0.05
yS 0.4 -0.05
y6 0.4 -0.05

(NSGA-II) "' as multi-objective optimization method.
NSGA-II has advantages for convergence speed and the
acquirement of Pareto front compared to other existing GAs.
Pareto front consists of the solutions that are not worse than any
other solutions in terms of all objective functions (Figure 2).
Figure 3 shows the algorithm of NSGA-II.
1. Preparation of parent individuals
P, denotes t-th generation of parent population. Initial
parents P; are generated randomly over the entire
design space.
2. Generation of offspring and evaluation of all
individuals
Offspring Q, is generated by using crossover and
mutation. The number of offspring is the same as that
of parents, hence, the number of individuals becomes
twice the size of limitation. The objective functions
calculate fitness for each individual.
3. Non-dominated sort
This sort selects superior solutions. Each individual is
ranked in this step. The rank number indicates the
number of superior solutions to itself plus 1, hence,
the rank 1 solutions are called ‘“non-dominated”
solutions. This step helps fast convergence because
elite solutions are surely selected. Pareto front is a
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virtual line that connects all non-dominated solutions.
4. Crowding distance sort

This sort selects solutions that can compose Pareto
front precisely for the same rank. The degree of
crowding between the individuals in the objective
function space, which is called “crowding distance,” is
considered. Solutions that have long distances
between their neighbors are selected because they
form Pareto front smoothly compared with other
solutions.

5. Gotostep 1

The selected individuals become the next parent
population Py;. This sequence terminates when
solutions are converged or iteration count limitation.

In this study, blended crossover (BLX-0.5) is used for
recombination. Mutation takes place at a probability of 10 %,
and mutation model is uniform. The both numbers of
population and generation are 100.

=
r

Objective 2

© Non-dominated Solution
® Dominated Solution

Pareto Front
(Red Line)

4mmmm= Better
y

Objective 1

4= Better

Fig. 2. Pareto front.

1. Preparation of individuals

2. Generating child individuals &

B o

Evaluation
N 7
1 2 ,8 3. Non-dominated sort
o ( Low rank = Elite )
N, 4
1 2 'X\ 4. Crowding distance sort
( Longer crowding distance = Elite )

Pt+1

Fig. 3. NSGA-II algorithm.

2.3. Aerodynamics evaluation

In the airfoil optimization process, LANS3D developed by
ISAS/JAXA is employed to evaluate aerodynamic
performance of airfoil. Two-dimensional laminar flow
calculation is conducted '”. Compressible Favre-Averaged
Navier-Stokes equation is governing equation. The convection
term is calculated by the SHUS scheme with the 3rd order

Pk 61

MUSCL interpolation, the viscous term is calculated by the
second-order accurate central-difference scheme, and the time
integral is conducted by the 2nd order ADI-SGS method. The
flow field is assumed to have a laminar flow without
turbulence. The angle of attack is a 6 °. The Mach number is
0.2, and the Reynolds number based on the chord length is set
to 2.3 x 10*. In the Reynolds number of this study, the laminar
flow calculation is confirmed to have enough analysis
accuracy when an angle of attack is less than stall angle 16).
For each design solution in the optimal process, the grid
generator using the algebraic method creates a C-typed grid:
615 grid points in a chord-wise direction and 101 grid points
in a normal direction (Figure 4).

To determine whether the optimal airfoil has a superior
aerodynamic performance when compared with existing or
conventional airfoils, Ishii airfoil is selected as benchmark. As
shown by Oyama et al. ¥, an airfoil having 20 % greater
lift-to-drag ratio than that of Ishii is necessary to design Mars
exploration aircraft. Ishii airfoil was empirically invented by
Mr. Ishii for his hand launch gliders, and has decent
performance in low Reynolds number condition. Figure 5
shows the shape of Ishii airfoil. In this study, Ishii airfoil is
also calculated with the same numerical calculation code to
compare with designed airfoils. Table 2 lists the acrodynamic
characteristics at the angle of attack with the maximum
lift-to-drag ratio. Figure 6 shows this flow chart of the
optimization method using optimization method using genetic
algorithm with computational fluid dynamics.

3. Results

3.1. Design optimization

Each of the design optimization solutions is presented by
lift coefficient (C;) versus drag coefficient (Cy), as shown in
Figure 7. A total of 47 non-dominated solutions were obtained,
with a strong trade-off between two objective functions.

:

T
T
T
F T

Fig. 4. Grid points around airfoil.

E——

< —

Fig. 5. Ishii airfoil.
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Table 2. Aerodynamic characteristics of ishii airfoil.

G Cqy L/D

0.527 0.042 12.90
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Design Airfoil Based on
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‘ Draw Mesh ‘
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‘ Solve Computational Fluid

Dynamics
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Output Aerodynamic Coefficients

Yes End
v

Create Next Generation Population (NSGA-I)

Create Offspring
Using Crossover and Mutation

‘ Unite Parents and Offspring ‘

v

‘ Non-dominated Sort ‘

v

‘ Crowding Distance Sort ‘

v

‘ Adjust Population Size ‘

v

‘ Counter = Counter + 1 ‘

Fig. 6. Flow chart of optimization method using genetic algorithm with

computational fluid dynamics.

Furthermore, most airfoils on the Pareto front have a thickness
less than 10 % of the chord length.

Since this study aims to design an airfoil that has a larger
lift-to-drag ratio than that of Ishii airfoil, airfoil shapes should
be classified by not lift and drag coefficients but lift-to-drag
ratio. However, some airfoils on Pareto front were confirmed
to have undesirable shape, for example, too large camber.
Such airfoils are difficult to manufacture and questionable in
practical performance. Since they have very large lift
coefficient, not only lift-to-drag ratio but also lift coefficient
are used to classify airfoils to exclude them. Figure 8 shows
lift coefficients versus lift-to-drag ratio of all airfoils. The red
X shows the maximum lift-to-drag ratio of the Ishii airfoil.

The non-dominated solutions are classified into the
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Fig. 8. Lift coefficient versus lift-to-drag ratio.

following three groups in order of increasing Cj;

Class 1: low drag group,

Class 2: high lift-drag-ratio group,

Class 3: high lift group.
3.2. Class 1: low drag group

Figures 9 and 10 show the time-averaged flow field and the

pressure profiles of the representative airfoil of Class 1,
respectively. Class 1 airfoils have the shape characteristics as
follows; 1) sharp leading edge to make laminar separation,
and 2) almost flat lower surface. The former generates
separated flow that makes separation bubbles. They reattach at

W -
X Ve 0.25

Fig. 9. Time-averaged flow field around the representative airfoil of

Class 1.
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Fig. 10. Surface pressure distribution of the representative airfoil of

class 1.
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Fig. 11. Time-averaged flow field around the representative airfoil of

Class 2.

the upper surface and hold high negative pressure from the
suction peak at the leading edge (Figure 10). The latter
decreases drag. And, The greater lift coefficient, the larger the
radius of the leading edge. In other words, the position of the
maximum airfoil thickness moves gradually to the leading
edge. The maximum lift-to-drag ratio of the Class 1 airfoils is
30.95, which is about 140 % higher than that of the Ishii
airfoil >>'7.

3.3. Class 2: high lift-to-drag ratio group

Figure 11 shows the average flow field around the
representative airfoil of Class 2. Airfoils of Class 2 change its
shape to obtain a higher lift coefficient while maintaining a
minimally increasing drag coefficient. There are two features;
1) shallow curve upper surface to inhibit laminar separation
which increases drag coefficient, and 2) larger lower surface
curvature than that of Class 1.

As shown in Figure 12, the surface pressure distribution of
the representative airfoil of Class 2 indicates large positive
pressure at a lower surface. This increase results in a high lift
coefficient. Thus, Class 2 airfoils obtain a high lift-to-drag
ratio. The maximum lift-to-drag ratio of the Class 2 airfoil is
36.0, which is about 179 % higher than that of the Ishii airfoil.
3.4. Class 3: high lift group

Class 3 airfoils (Figure 13) have higher lift coefficient than
those of Class 1 and 2. The maximum lift coefficient of Class
3 airfoils is 2.09, and it is four times higher than that of the
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Fig. 12. Surface pressure distribution of the representative airfoil for

Class 2.

Ishii airfoil at its maximum lift-to-drag ratio. The shapes of
Class 3 airfoils are following; 1) an archery bow like under
surface with a flap at the trailing edge to generate high
positive pressure at the lower surface as shown in Figure 14 >
'™ and 2) flat upper surface from 30 % to 70 % airfoil chord
position from the leading edge to generate large separation
bubbles which make very high negative pressure. Both two
features result in increase of lift coefficient.

Fig. 13. Time-averaged flow field around the representative airfoil of
Class 3.
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Fig. 14. Surface pressure distribution of the representative airfoil of

Class 3.
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4. Conclusions

In this paper, for flight realization of Mars exploration
aircraft, authors tried to design the optimal airfoil in low
Reynolds number flow using multi-objective genetic
algorithm coupled with two-dimensional laminar calculation.
The optimization result showed that many airfoils, which have
greater lift-to-drag ratio than that of Ishii airfoil, were found.
The airfoils on the Pareto front are classified into 3 groups,
and each airfoil of the groups has different features to have a
good performance.

This study concludes that airfoil shape optimization method
using a GA associated with CFD was successful for designing
the optimal wing design of the Mars exploration aircraft. The
next step is to study the aerodynamic flow field of the
optimized airfoil in detail. It is also necessary to conduct a
verification experiment using a wind tunnel and to test the
design with other CFD codes as well.
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Design Exploration of Airfoil Geometry for Martian Airplane
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(Tokyo Metropolitan University)

To design airfoils for novel airplanes, new knowledge of aerodynamics is required. Parametric SECtion

(PARSEQ) airfoil representation is one of the promising method for automated airfoil/wing design. However,

because the parameterization is originally carried out for transonic flow, it may be difficult to apply in unknown

conditions such as the low Reynolds number flow. In this study, the representation of the PARSEC method is

modified especially around the leading edge, and this modified method is applied to airfoil design using a

multi-objective genetic algorithm to obtain an optimal airfoil for consideration in the development of a Martian

airplane. In this study, an airfoil that can obtain a sufficient lift and glide ratio under lower thrust is considered.

The objective functions are to maximize maximum lift-to-drag ratio and to minimize drag at the maximum

lift-to-drag ratio. In this way, information on the low Reynolds number airfoil could be extracted efficiently. The

optimization results suggest that the airfoil with a sharper thickness at the leading edge and higher camber at

the trailing edge is more suitable for a Martian airplane.
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genetic algorithm: MOGA) Z##A L, HKEGH(naxl/d)
DI KAL & & DER DO E(C ,@maxt/d) D F5e/ MU R RE % gt
Wz,

(a) (b)
Fig. 2 Comparison of design result; (a)original
PARSEC, and (b)modified PARSEC.

2. {&IE PARSEC %

BRI TIIAR S v N — BICHh D RE AR L
% PARSEC {ETIE xlill FIcH 2 EEL TWDS. OVOZ0

T ORHEULTH v o= K& WEANC R LTk R
wMEEF LTLES EWSMERSS. _ODFH%E%‘:@H}W“
L7212 Fig. 3 D X D IZEAZ % v L /3— & JBL AT
5. ﬂ%ﬂ?//\—iEq. @ X o s wEBTEL, T
A—HUE, BRF v UN—(LED x, 7 FEAE, KROHRE, #%
& z FERE, BiATHD.

5
z= Zb,, xx" (2)
n=1

T, BEAaACE L TiE, (1) &Y PARSEC &R CTF
ETHBEEER LIZLDOLERIEO L O LR D8RI, T
A—& & UCHIRRERS, RREEME TO x, 7 FEE, KO
R, #igxArRETDH. Lo TIDFETI d10®ﬂﬁ
A—H CHEMERBT 5.

{EIE PARSAEC #:Tldd v > /3—% Eq. Q) TH %, EH
IAAIIMEIE PARSEC 75 1 LRI U & 9 ICERR 5.

5
z=bhy x x+2bn><x" (3)

by 13X ¥ Rk DI r. ZEFEICETHRET, i
SORIT TR OB ICET 5.

by =sgnr, x,/2.0/| (4)

sy, o

camber thickness distribution

g

Fig. 3 Airfoil definition by thickness distribution and

camber

3. KREZREMEMBEILREME

ROEERIEE LT, REREIE T%ICEE L) 2T
fie K5 Bt b (maxlld) O B KA & 2 O B O K 5T 6% %
(C,@maxi/d) D35/ IMERREZ iR < . FaE LRIBEIELL F o X 9
WET 5.

Maximize max/d

Minimize C,@maxl/d 5)
KT OIRAT G0 KE DR KEGA :UTIJJ B@ etk
ZIZ table 1 OfEZ V-, AREFHHEICI T 23855k

DOFaH A I Eh Table2 ITRT. 723, ﬁ(4)li re VAL
LD EERTTR, THUTEROF ¥ =R FE
Y Z2FHOZ L &R T. RRIZBWTIE, ZOREZMA
L7, r, WA ERLIRN— A (casel) LA L e D%
Gt — A (case2) & FNEIRIE LT,
1 ESEM
| i sl | U | 120 |
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Sk 26 AEEA ST T - - o AT AT AL

i~ v K] | M 0.48
VA 2 VZRE] | Re | 2.60x104
# i [kg/m3] p | 1.18x102
KitEtR % [Pa-s] | n | 1.36x10°
i 2 [K] T 241
HEEALL[-] Y 1.34
ﬁxm}é{iﬁ]t[J/kg- R 191.8
# 2. G Z OHIA
design variables fower upper
- radius at LE Tle 0.0001 0.006
g x-coord. of max thickness Xup 0.200 0.600
g curvature at max thickness | Zguwp -0.900 -0.400
” angle of TE Bre 0.5000 10.000
. 0.000 (casel)
camber radius at TE Ie 0.004
-0.004 (case2)
g8 x-coord. of max camber Xe 0.300 0.400
5 zcoord. of max camber Z -0.030 0.030
= curvature at max comber Zixe -0.250 0.010
zcoord. of TE Zte -0.040 0.010
angle of camber at TE Qe 4.000 15.000
4. FREtFE
4-1) EHFMEE 22 3 FFAlf FH A1

Navier-Stokes HFER A fREW-. ZOFBEFUILLTFO X H (1T
EbEns.

§I¢dv+ fF-ndszO (5)
t

Q 02

T I T O FHERNORFE, FITFEBICHAY 320k FE
DO THDH. BRI 1E LU-SGS(Lower- Upper
Symmetric Gauss- Seide) 2Rk, il O FHMG I X MUSCL
EIZ X0 @K EAL LT S s R EE0O %A L. &L
W7 /W21 Baldwin-Lomax &7 /L% 7z,

F7o, ZEWBERLICEER FIEEZ W, #EVIZ CH
Fs A2 REOTIEOIC L BEERT 5. I EITEA VI

191 /&, BENETIAIC 91 &, FEBIIC 32 M L. #HE
12X 417,
(4-2) ZBEMEENTILI Y XL (MOGA) ZN

e ciE, @O MOGA (2 LV fig X, JIREHAE
TOFAM 24T 9. MOGA IZIERIEEDTRNZ H BRI X
T HMRREI N <, HRBIE O fa 2 b 7 F e
EINOATED Y NN — % L RIS A T 5 R TE,
BETIEZHEOEMAME~O@EAB NS 5. KB TIE
MOGA Dtg B T % k5 71 MOGA (Divided Range
MOGA: DRMOGA) @% i 7z,

(4-3) WITEZETAY PCP)  WATHEET = v k

421

(parallel coordinate plot : PCPYIZZ A &T — ¥ & alffifb
D OIH ARG 77 7D—>THDH. PCP TIX, D
JERE A SPATICHDE L, 2 COLEE EHL L9 2 Tk
A O R IMED THRIZ, BRMED Bl 7o 2 8L E
7wy M A, £ UCHEET 2R EoBLRIE A« 24
ZHARTHRES. THUET X COLEE O R4 — B 5K
IRTEDHZEND, AICETOT =X 2FRT 52 LN
FRETCTH H. AW TITE BOFPAN 0.0-1.0 & EHLL,
FrLT.

t T
I
!

T
T
T
I
T
I
I
T

I
I

T
T

T

I
R

(b)
Fig. 4

RS2
RS T

5. EREtHER

AEAEICB T 2 RAMBEOR R AKX 5 127 d. ZOFE
IR, PIHIBIR & T2 A FHER LY L F LR R EHRNS
LBNTWDLZ ERNbMd. £, By v o =N KiEd
% 89 7GR 2 YR — 5 case2 DX 9 A3, casel &
D BRBERENH EL WD Z L5,

WIZ, ZOFRRNO/ONTZRKGHROT NG, 5 1R
T LI CaDIe /NS VMER%E casel & 2 ZNENX 6T
FEREHR LI, EE00H0BEX v A N—DDN
R L 7o TV D23, BIRL LTI b2 i THERR S
NIBM 25T, £, BiERMNSVWEMTH Db
Hi@ThHDH. — T, case2 Tlf casel [ZHE_TRIKLE LT
XX UN—FEMATIRI s TND RN GNDE. 25
LRI & LSS, ZHUTRifR S v N —% 5%
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Wk 26 EELFLE T  EH - AT AP RS

MCHIE LR T D LN RD.
KU, 5 THH7 case2 DIEHMEL D maxl/d O I
RO F AL ZE R 2 PCP I L0 AL L7 R a2 71
AT ZOREREIY, ZEREE KERKEE TR L&Y
BHI2DIIE, AR o BN E L, F X NI 1
IFREEH M ORI (1F1F 0), KT v o=z (TRE
b&iﬁf HEHRENEHETH DL Z B nD.
& Pareto_modified PARSEC |

0070 » Pareto_modified PARSEC 2
&

- Az
3
E aane @
% o 2 ot

s Optimum %

direction
a0
a 44 i & ki &
maxtid
(a)
wars
ware

Celtwmaxl'd
g
@
]
[+7]
fand
5
[

o600
55 an L] ™ ]

mvaxlid
()
Fig. 5 IELHMiEES. (a)casel, (b)case2.

o0ls

o.la

a.05

~-modified PARSEC 1
—modified PARSEC 2

(a)

o.la

o0rs

422

0.15

o.10

~-modified PARSEC 1
—modified PARSEC 2

-0.15

()
Fig. 6 casel & case2 THEOLN-EBOLLEL. (a) K
PRk & 2 B, (OIEFUEA T/ & 72 5 fif.

Le
&
.6
4

2

e
3 B it s & Boak
%'ﬁfﬁ o Fd} A+ #5ﬁﬂ#

e
G
Fig. 7 PCP |2 L 2 A MEL 1T I1T 2 5EHZ= M D Al
{t(case2).

6. F&EOH

AT CIXRRFH RO ECTH 5 PARSEC ikI2 7
WLT, BELF Y =00 L TER LB EEE M
WV, KETRITHH R ORGHER 21T o 72, R RHEIE 4 [H
GE LTk A2 2 B B T v 2 U XA X0 ik x
XY, HoNTBESOREYL EEIToTlz. T ORE,
VIHIEIR E L CTRFT SN TV D& L0 b B2 gk
DAV, A% v o NI S VWIENRFETH D Z
& e EORREHIFE AR DT,

X Ak
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Aerodynamics performance of wings in the propeller slipstream at low Reynolds number region

- Visualization of flow field on wing surface -

Hiroki Nagai and Fumiyasu Makino (Tohoku Univ.)

Key Words : Low Reynolds number, Propeller slipstream, Aerodynamic performance

Abstract
This studyis an investigation of the propeller slipstream interference with wing aerodynamic characteristics at

low Reynolds numbers. Wind tunnel testing was performed using a wing model of the NACAO0012 airfoil and a

two-blade propeller. The propeller was mounted in a tractor configuration. The Reynolds number was set at

4.0 x 10* based on the wing chord. Aerodynamic characteristics were measured using a three-component force balance for

various propeller rotation speeds. The flow field on the wing surface was visualized by using Temperature-Sensitive Paint.

This flow visualization technique is based on the difference between the heat transfer coefficients in laminar and turbulent

flows. The results show that the propeller slipstream prevents flow separation. A laminar separation bubble is not formed,

and therefore, the lift coefficient changes linearly and the drag coefficient is reduced.

1. [ZL®IZ

BlIfE, KEBEOH - AEE L TRITHE A
TRENEH SN TN D, TRITHEIC X D REIE, 17
B P 23 s < EARIZE ATZ - OB INCE LT b
ZeEDND, Bl KEHEEOFIEE LTS
FUBRFE B HE D BTV 5 [1-3].
ZOKEFRATHEITHE L LT e XTI 2 Hn
L2 DB ENTWEDR, KEOKKHEE T HER
DFIN005T D1 EIEFIT/INE W=D, okt hzE
DT ERE RS IR IR E e, b L <FEHD
TaRTIPREELRL, FORE, EROKELSN T
U/\7Tﬁ{}lu IANHZE LR, ZNHAEDZETIPERE
WCRETEBIZOVWTHREINTNWS., TuaXT%k
WABMERRIC RITTREIZ OV TIE, —KICHIER %
TATT 27 XTI MiEaxtge e U TR REN &
ATE[4,5]. L LKEFRITHROEE SN D TRITSR
33 E FomnhBN KL A 2 VXL THY, =
®ﬁV4/wx@%ﬁ b SN Qi = RN 3 W/

WCRIETREIZSONTED T VTS ThL TN
&w

IHNET, KL A A REEBRIC BT ARDZE T
TR VTR 2 e SR HE ST E72[6-9]. FFlT, K
77 51011 ENACA0012 M D R 2 W TR L A
IV AR BT B =R O EZ1T VY, I
BHIIEREMEN N D E W o T2k LA /L R E R
FEOMREEZ R LT, 2k, KL A 2 L0 X5 mE

B W T2 BR TH 5, i EHE OB D
jt-‘é<<5”.i“b’@\6kéh'(b\é JE R RIBEL & 1
Wi OSSR EN —EREIRREEE L, %%Ltm*
Eﬂﬁﬁ%%?é_kfﬁﬁ_ fFLIZEED,
HIBE S D AT 25 ALE TSR S5 W - SE/KHE
WoZEeThsd., £, BEFLHWHO[11,12]1%PSP
(Pressure Sensitive Paint) & FE(IN D @BEA HWT, £
WENEE EOWRNGO AL Z TV, B H B
DL, ENDEDOZET) R RIETREBEIZ DN
THREEIT-T-.

—J5, 7aXIRRICRIFETRECIONTIE, Z
NETOIICE T, 7T 2HEHOFIFICHE
LIz b2 82— ROBER T aXTH%iENER L
DERBEBLCWA DRI B2 RIT L, #o%E
TR BT 5 LV o IERER P HE STV A4,
13,14]. % 7= Howard 5 Richard 5 [15]13, ZAicd At
EHWT T XT3 ®%RigIcB T 53 m EOSERENO
HEABZFHIL, TeXTI®%RICE o TEEB LD
BEREIXERICELY 7 e 7 L— ROAELHT
LIRS E IR B 5 Z L AR LT
:®%:,Eﬁfumﬁﬁm X0 ZI0T DR,
By A v X FcfEk I HEIERBE O DN T
VZBEL uﬁ)ﬁﬁ#ﬁbﬂ“(%ﬁ. L)L, KL A
OV AR &0 D FFER R BR B TICR W T, S m el
THRIENRANRIETTHBIZOWVWTIE, ZhETHE
MERT LI TRV, 22T, Kb A /v AHGE

- 127 -



BIZBWTT RGN RO NG 2 58
ERMENMLEL D, EZORITIET v T %
DR oSS ERSCRE IR B ~5 2 5B E
FETDHZ LN, BOENMERICKITTHELZLE
T 5 L CIHEFICEELRD.

Z T, AT, KL A 0 REEBIC B
T, TaXTR%MNEDEI R LB Lo
(52 D BOEBRNHELZ AR & 5. FRICTSP
(Temperature Sensitive Paint)% V7= 3w O Wi
DAL G, TR RXTBIEN TR, BRI
FKIETHELRALNETD.

2. EBFIE

2. 1 FpEA

JER SR CE A L 7o AR A ()] 1 12R . ARSEBR
TIENACAO001232 8 0> YR T BAERY 2 (5 J1] L 7. 453
YA XL A300 mm, Z— FES0 mmeE 72> T
L. BmEANDEEEEZHWTESATEY, MEIX
T IVNABIETH D, BRI O X LTI
%, R EOES 5 &R D 72D OFRE LA,
B BEBZICH > TIEFR T BN TWD. £
BB DA J L, A O RA T L AR
AT D OOZEMBHETHNTND.

Leading edge

1. NACAQ0012 Yk o pEm

X1 2. 8x4E APC 717

2. 2 TaXIRPE—HF—

AR TIE, BRRITHAHICTRSATWD e
~{Z (Landing products, APC 8X4E)&{FfH L7=. #*
ORI Z K 2 12T, Zo7 a7 XEHEA T 7
NI THY, T— NI, EEE2032 mm, Ev
F1E106.6 mm L7 o> TWD . EERTT v T % ER#H)
T 521X, 77 v L ADCE—4 — (Maxon motor,

EC-45-flat) ZfFH L7=. &—&% —OHI#ENIZHEMH =
> kv —7— (Maxon motor, ESCON50/5) ZfiH L,
PCLar b= gDV 7 by =T ZHNTE
— X — DERE I 21T o 7.

2. 3 AR OFHAZEE

R A RJAIZE Y b T v 7 LTEBEOS5EE %X 312,
F7-, TOMENAX 47T, BERNI3S K
WCHEESNRETCHEEA T —Y 0 LICEINTE
0, oA AL AT — Y & FliE S CEET S
ZENTE B, TS O M I M 2 D1
TEY, REZSUTHERVALNAETHDH. B
AL TR O BRI SR 1202 mm (ZDINIZH 2
LBINTWD., F27uaxXTOMNER, TeXT7of
DA BART D L A 7 1) D s & R 28 S5 D HE
WCFENEN—FHTHILHICEHTEERTWS., T
T D7 L— R EBROFIR E OEREXS0 mm THD.

. IR ‘ .7’.‘

Propeller Wing model
Motor
Main stream
150
mm
End plate Three-
component

force balance

Turning table —>

X 4. FEty b7y T
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2. 4 A LIERR

AREBR T, BUESEL (Temperature Sensitive Paint,
TSP) # M\ =3 ki At Hl[16-18112 L v,
B EoORNGO AL EIT o 7. Bl EobE g
X, BiREEAE L LRSI SN D, B
Sl & ELERE S E T, BMRERNRE R,
SLIBE S E O N EMRERIIRE < D, T,
ELIREE UG O S5 N iEENC K o TEBE O KX W
RE/NSWVIRIEIR S D, IGR 22 EB BT D
NHEN"LTHLH. ZOBMEZERDEVERHAT L Z
LT, Bl EoBERBOKETEMD Z LK S.
X 51283 X 912, IR O KT IS E v 72 AR
NRFICEVBA, ETMBEN55E, BV&E
ROFEND D BB & SLFEEE SR8 IR o R
FEEALEIZZENBIN S, LB TRV EE N K
TN ENDIREEMEDLKEL, BREME T
IR/ NS VMEM & 72 5.

ZOEmEFAL, KL D EANEE O Z %
FHlT 2 Z &T, Bl LowhnGE b s 2k
MNTED., £2ITC, AERTIEIIRE —Z—%H T
B2 NEVL, B S U7 AR NGRS L 0 3
HENDRETFZF L. FoRs, BEAOFREIR
JEZFHRT 5 DICHNZDONR, TSP ThHDH. Z Dk
k2 VW, 3 EoRES M NET HEET
ZEHIL, & 2055850 5B R A & A& iy s
AV D ARACRE R & LTz

h lamniar < htulhnienl

laminar turbulent

ﬂg—/—)—;\ /

5. JEHSEARE & BB E O BVRER

2. 5. EBR&M

FEBIX, T S ELOKETLA, LK
% Re= 40,000, % a=—4deg?> H o=24degE T
2deg T O S, 2RTCEOZERFHZ1T - 72,
F = u T oRlEEEE, #ITES (=UmD) &V
TWELE., 22T, nlI7 a7 OREEEH mps, D
X7 a7 OB, ULTREETHDH. KTl
J=0.6 (6200rpm) DFEFIZHDONTIKERD.

3. BHR
K6io7ueXInELOGAEERYDGEDZES
BRrbfE R4, X7 CEE OISO LR R &
L COBGRH 3 AifE R a2 T
FT, e T EEE LRVONACA 1B HKD M
BICOWTHEmT 5. M6e@Iv, BhEin:, @
A OB &SI 2 B b E R L TS 2 b

WD, FiZoa=2 deg 7253 deg T TiE, &
W OB 5, a=3 deg 7255 deg 1ZH»
JCUE, BRI O R oeE R B R 0 55 TR
2nok bBlAl o> TWD . FEREFFICIE, a=1ldeg X
DEMICENOIRTRALND. —F, Huldh#RIc
SNTIE, o=9 deg)> 5 10deglZ /T A 2 HEPT D
MARRBEND. BB AER OIS, KR
B OB OIRT L H ) OEEINE, #EDHTE
MER0E BRI BETHLOTHD.

o TaRSHY
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Odeg 2deg

Down |
wash

s 5 8 8 8 8 & 8 8 8 [Wm)

(b) 7uxXTHY

7. i bR RS

WIZIK 7 (@Q)DEGE R A% 2D &, a =2 deglZds\»
T, AIERD> B 70% O 7B A+ T 12 B HAE O AR O FEI 3
RSN TWD. ok, HEREOREEC L -
THRA R~ DO M REMREN R & o 72728, A
MAHENRFFIIEL o lntE2bND. k»oT, =2
DB AABED R IR E, RIBERE S 22722 5.
61T, ZOHBEFERO®ZTITIE, BIRREOR T
FWEEIRA 5. T OMHEKIE, BURERO & WELT
BRENMFEL TS Z a2 RLTWA, Ukky,
o =4 deglZB I 2Em EOWNGEEGERAM LY
R2E, fifg»rbRETIEMENER, 2 — R
60% DAL IE T THRIFE L 7= 1%, FLAER L REETH
OB LTV DTN oD, ZiudsEm B R
WWREHR SN TWAZ EEZR LTS, T L
5, ZNEHITH LT G IMER OIEREIEL, #
B OERIC > TEL TS EEZLND. £z,
K 6(c) DE—AL MEEOFFEEZRD L, a =4deg
OEIZITET— Ay MEBUTADEEZRL TS, =
o =6 deglZBWTIE, F— 42 MEEOMEIZFA
EErIZiEL, ZOKOBWK T 7 7 AV ERS
& HIBEVR I AT D S0%NLE AT £ THREIL T\ D
b, FLT, a =8degk /2D & HIHEEIX

Ak E L, T— 22 MR D EOMEIZEL
LTWa., ©F Y, FEEZIEAMOHEMNE L@ o
A ~BEI L, T X o THIBEEOE S — & ik
N, BIENOEIGT~EBETHZ T, Bl EOE
TR KRELENL, T—A L MEROMES AN
HBIE~ERESLSELEEEEZOND. £ L To =
12 deg TiF, BAFEAH DA £ 0 iR AHT I HIBELIXAF1E
LTEBHT, BAEITA®GOHEEEZ LT D8k
WD, EHICEY, B0 TERE T
EEZLND.

LLEoD X 5 72, NACAO012E AR DKLzt LT,
TuT &) = 0.6 ChHlE S5 028 RIS
WTHTHDLE, FTH6@EY, SRk, 7
o TELOLE ELANT, BERICENTS. £
7o, TORKBIFRBIHEML, KEAMETOH
TR OB LR THD. S5, o =12deg LA
TOHATIE, 7aXTORNWEEICHGU R
PLTWD., LL7enb, a =3deg 7259 deg I
NI TIE, 7eXIRnngGEL0 b8 BE T L
TW5. ZTRICE > TRABHUIX, TaXI Rk
WG EJ=06 THRERUEEZ>TND. EE
— Ay MESERD L a=11deg £ TIXERIZETW
ETRSLHCELTRY, TuaXTRnpnEaic
BB NG TORB R ZITR Z 5720,

ZOZENFHEOZE IR LT, K7 (b)0EE Lo
g (BUR M) A THD L, 2RO L
LT, XTI %i0EELZ - EE EOBE R
DAL, Ty T Ur v afllE X T r vy 2l
TERRDZENDMND. ZHIE 7T 0T OEERIC X
ST, FaXT ORISR & R o 7ol S
IZHE S, ARANREL LI ThD EE X
biLd. DEVT v T Uy a I TIE, BOFHE
MO AT 2R EH M OSEERR BN 5 Z &
THDAMIFIREL 20, ¥y oo v 2T,
NS TSN 72 RF 5 M O E Ry 3o %
ZET, FEANNESL ot tBEZLND.

WA TORE T2 T &, £9a =0 deg
WIZBWT, 7Ty 7 U4 vy allO%igAIT B ER
EOREOVEABN S, Z Ok, Bk sES
FVIZHRENZ EnD, ELREERE LEKTH
LEZExbND. 2L THIGESOMEL, A
BN &SRR~ T 5. RiCa =4degk7ed &,
Ty 7Oy v 2 MOBEREESOME X, iR
7'a T 7 A VTR D LRI B T0%DNE E THE)
L, ¥ 7 0 0x vy 2l b %EATICELTE
B LIEmABINS. ShiZa =6deg 725 L, 5
RIBEREONETT v T T+ y v afile X0
vy aflilOm & bR~ BEIT S, £, a =0
deg 72H6deg 1T TIE, 7m_XT 7 LOGAEIZH
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DA BRI DR WV EIBIZ R Bz v, ZoZ &
Mo, BESUE O FRIBEETE S, TR
FLERE L TWD 2 Enbnd. KoTrFueX7%
W TIE, HEREIIER I TWARNWEFZ D,
TSR ORIEESZ 2D &, HIEEQ S E K
SN L2k, HBABERNIIEREEITR b
T, BIENREIZ oWz D, A THRIBER
DB SR SIS XD, 88 U 7= B o # i
TWOBE L, T L D EI155090 ORI e ZEL 3 41
Z B, EEATOE—RA L MEEOZELE 7R
TR LN o EEZOND. T,
T a T HEOIMINCIE, FEEHIOLFE LB,
B A O WA R o s, g, T atg
BIROAMINITHBERARN R SN TR Y, FHEEED
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1%, MRo—#HERLTWS., KiCa =8deg &72
D&, Ty Ug v ¥ a TR AT T B AU
DIRWVEIR B D . 5120 =10degk 725 &, 24
T AAE DAR NI DS RIS EDO T > 70 4 v o 2 fill
XUy a IO FICHLTEY, Z0%
FIFBGRARME DS WE E Ie > T DL 7, Bl
WAED B WEIBIZ DWW T, 2N FE TERBRICER

EREERE LI Ch L LEAbND. —F

ATRRATUT I L & 41 2 B SR DR SR, 7 e
7 72 L OB A HIBEE A TR AT ISR S VT BR o
BT &, EFICISBTWD Z s, BigREEE
BILTWHEEZDBILD. £oTC, a =8degka =
10 deg CiE, B Owi#Z B HIEE L 7= i S ELIE A5
FLTWbEEZLND., LnL, EBICERBD
FIFERE E TWDENE I NTENLTIEHZRL, ZhiZ
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Low-density wind tunnel tests are carried out using a 1/5-scale model to evaluate the aecrodynamic performance of a
Mars airplane at low Reynolds numbers (Re = 10,000-33,000). Particularly, Reynolds number dependency on the
aerodynamic characteristics and effects of the elevator are investigated. There is little change of the lift curve and the
pitching moment in the Reynolds number range from 10,000 to 33,000. The effectiveness of the elevator is not enough for
responsive pitch control. It is found that the low effectiveness of the elevator is due to a non-linearity of the lift curve of the
horizontal-tail airfoil and a thinner tail-airfoil having a large lift-curve slope can improve the pitch control.

Key Words: Mars Airplane, Low Reynolds Number, Aerodynamic Performance, Wind Tunnel Test

Nomenclature
ac . aerodynamic center
AoA angle of attack [deg]
AR . aspect ratio
c . chord length
C D 1 drag coefficient
cg : center of gravity
C L lift coefficient
m : pitching moment coefficient
D : drag [N]
L  lift [N]
lt distance from cg to ac of tail
[ w distance from cg to ac of main wing
L/D lift to drag ratio
Re : Reynolds number
0 . : elevator angle [deg]

1. Introduction

A Mars airplane with a fixed wing has been considered as
one of promising new exploration methods."™ In Martian
atmospheric flight, the Reynolds number based on the chord
length of the main wing becomes approximately 10* to 10’
due in large part to the low density of the Martian atmosphere.
In such a low Reynolds number regime, the flow around the
airfoil are vastly different from those in high Reynolds
numbers due to the viscous effects, and it is known that the
maximum lift-to-drag ratio of smooth airfoils significantly
deteriorates.” Therefore, the aerodynamic design of the main
wing is an important research issue to realize a Martian
atmospheric flight.

A great deal of research on airfoil characteristics in the

low Reynolds number region has been reported in the past
9 Schmitz'" '

characteristics leading to high aerodynamic performance in a

studies. has suggested three shape
low Reynolds number region: 1) a sharp leading edge which
fixes the separation point at the edge and can improve its
Reynolds number dependence on the aerodynamic
performance; 2) a flat upper surface which reduces the
separation region; 3) a cambered airfoil which gains a higher
lift than a symmetric airfoil. An airfoil named “Ishii airfoil” is
one of the airfoils having above features. Mr. Mitsuru Ishii
who was a world champion of a free flight contest of hand
launch gliders originally designed Ishii airfoil for a main wing
of a hand launch glider. In the previous experimental and
numerical studies of Ishii airfoil,'> ' it has been clarified that
Ishii airfoil has a high lift-to-drag ratio (L/D,,, is about 18)
and little Reynolds number dependence on its aerodynamic
performance at Re = 23,000. Oyama'® and his group designed
a Mars exploration airplane with Ishii airfoil as the main wing
using the multiobjected design exploration methodology.

In this study, to investigate aerodynamic characteristics of
the Mars airplane that was designed by Oyama and his group,
low-density wind tunnel tests were conducted in the Reynolds
number range from 10,000 to 33,000 using a 1/5-scale model.
These tests were carried out using a low-density wind tunnel,
“Planetary Atmosphere Wind Tunnel” at JAXA (Japan
Aerospace Exploration Agency) that enables aerodynamic
measurements at low Reynolds numbers down to Re = 8.8 x
10° (characteristics length = 100 mm) by depressurizing the
wind tunnel. We focused on the Reynolds number effects on
basic aerodynamic performance and the elevator effectiveness
for the pitch control. Besides, the validation study was also
conducted, compared with the results using a low-speed wind
tunnel at Kanazawa Institute of Technology (KIT).

Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved.
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2. Experimental Method

2.1. Wind tunnel

Figure 1 shows “Planetary Atmosphere Wind Tunnel
(PAWT)” at JAXA/ISAS (Institute of Space and Astronautical
Science). The specification is tabulated in Table 1. This tunnel
is a low-density circuit wind tunnel. The driving system is a
counter-rotating axial fan. The outer diameter of the propeller
is 2.6 m. In the test section, the flow outlet diameter is 1.6 m
and the flow inlet diameter is 1.9 m. The distance from the
outlet to the inlet is 3.5 m. Two rotary vacuum pumps are
connected to the wind tunnel and it takes approximately 30
minutes to reduce the pressure down to 1/10 atmosphere. Flow
calibration tests were conducted in the previous study and the
uniform flow region that is defined as a region where the flow
velocity is within # 1% dispersion from the mean flow
velocity covers approximately 35% (area with a diameter of
550 mm) in the central part of the test section at 1/10
atmosphere.

Fig. 1.

Planetary Atmosphere Wind Tunnel (PAWT).

Table 1 Specification of Planetary Atmosphere Wind Tunnel

Tunnel Type low-density closed circuit
Test Section 1600 mm (Diameter)
Total Pressure 5~100 kPa
Maximum Flow velocity 163 m/s

(1/5 atmosphere)
Working Gas Air

A low-speed wind tunnel at KIT was used for a wind tunnel
correlation and evaluation of tail airfoil performance. The
cross section of the test section is 800 mm x 800 mm. The
flow range is from 2.0 m/s to 13.0 m/s. The turbulence level is
less than 0.3% when the flow velocity is 3 m/s.

2.2. Test Model

The test model is shown in Fig. 2 and its specification is
tabulated in table 2. This model is a 1/5-scale model of a Mars
airplane made of rapid prototyping resin. The airfoil shape of
the main wing is Ishii airfoil with AR = 5.4. The main wing
dividing into inner and outer wings has a dihedral angle of 5
deg. NACAO0009 was used as both horizontal- and vertical-tail
airfoils. The planform of the tail wing is a trapezoidal shape
(Lower base: 90 mm, Upper base: 60 mm) and the distance
between each vertical-tail wing is 60 mm. The angle of the
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elevator can be changed by replacing the mounting plate with
various elevator angles. The incidence angle of the tail is zero.

Fig. 2. 1/5 Scale Model of Mars Airplane.
Table 2. Specification of 1/5 Scale Mode.
Total length 400 mm
Total width 515 mm
Airfoil Ishii airfoil
Main wing Chord length 95 mm ;
Area 48925 mm
Dihedral angle S deg
Airfoil NACA0009
Tail wing Horizontal tail area 6283 mm’
Vertical tail area 2116 X2 mm’

2.3. Measurement method and setup

Figure 3 shows a body axis coordinate system (right-handed
coordinate system) defining positive direction for the force
and moments acting on the body as well as its linear and
angular velocity vectors at the location of a center of gravity
of the body (cg). The cg is determined at the point located
30% chord length apart from the leading edge of the main
wing.

Fig. 3.

Body Axis Coordinate System.

In PAWT tests, a six-component sting force/moment
balance (LMC-6402-M, NISSHO-ELECTRIC-WORKS) was
used for the aerodynamic measurement. Aerodynamic force
acting on the body is so small that the minimum drag falls
below 1/100 of its rated capacity. Therefore, balance-system
calibration tests were preliminarily conducted by loading in
the actual measurement setup condition and then calibration
curves and each interference coefficient were obtained.
Meanwhile, in KIT tests, a three-component force/moment
balance (LMC-3501-5N, NISSHO- ELECTRIC-WORKS)
was used. The accuracy of the three-component balance is
higher than that of the six-component balance in the PAWT
because of its lower rated capacity.
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Figure 4 shows an experimental setup at the PAWT. The
test model was supported by the strut from below and installed
in a direction perpendicular to the ground. The force balance
was installed in the aft section of the strut and covered by a
windshield. The angle of attack was varied by shifting the test
model in a horizontal direction.

(a) Front side

Support strut

(b) Top side
Fig. 4. Experimental Setup at the PAWT .

2.4. Experimental Condition

The Reynolds number was changed from 10,000 to 33,000.
The characteristics length of the Reynolds number was the
chord length of the main wing of 95 mm. The wind velocity
was kept at 27 m/s in all cases and the pressure inside the
wind tunnel was changed in the range from 1/5 to 1/10
atmosphere when the Reynolds number effect was evaluated.
Also, the angle of attack was changed from -20 deg to 20 deg.
The pitching moment was evaluated at the elevator angle of 0
deg, -5 deg and -10 deg at Re = 33,000. The wind tunnel
correlation test in the low-speed wind tunnel at KIT was
carried out at only Re = 33,000.

3. Results and Discussion

3.1. Wind tunnel correlation

A comparison between the PAWT results and the KIT one
as a wind tunnel correlation at Re = 33,000 is shown in Fig. 5.

The lift-curve slope of the both results is in good agreement
though there in a little difference in the maximum lift
coefficient in high angles of attack. However, there is a large
difference of the drag-coefficient level while both drag curves
are similar in the wide angle of attack range. In particular, the
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Fig. 5. Wind tunnel correlation (Re = 33,000).

drag coefficient at the PAWT at the zero angle of attack (Cpy)
is approximately twice as large as that at the KIT. This
difference in drag coefficient is due to a support interference
effect. In the PAWT tests, the support drag correction was not
applied yet and the results include its effect. By contrast, in
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the KIT tests, the correction tests were performed and its

effect was removed from the result. As a result, the drag at the 0sl :
PAWT becomes larger than that at the KIT. The effect of Tl
support drag at the PAWT is currently under investigation. 061
The maximum lift-to-drag ratio (L/D,..) at the PAWT 04 IF‘* ;
becomes lower than that at the KIT that reaches 6.8 because of § 02)
the difference in the drag coefficients. There is a remarkable g O
difference in the drag coefficients and L/D,,, between both 0.2+
wind tunnel tests, however if the support drag effect is 04| ) ([
corrected, it is expected that the PAWT result approaches to 06| e Re=33.000
the K.IT result because the similar change in the dfag with 088 » ;E:jgiggg
changing the angle of attack can be found. Therefore, it can be L
concluded that there is a correlation between the PAWT 20 A0S 03020
AoA [deg]

results and the KIT one.
3.2. Reynolds number effect on aerodynamic performance (a) Lift curve

Figure 6 shows the Reynolds number effect on the | ‘
aerodynamic performance. Each lift curve changes little o
despite the change in the Reynolds number though there is a
small non-linearity of the lift curve at AoA = 4 deg at Re = 0.5 ¢ : .
10,000. The lift-curve slope has a high linearity in a wide 5 7
range of the angle of attack and the lift coefficient starts to S ol .ﬁ ¢ |
level off at around AoA = 10 deg where burst of a laminar RN —
separation occurs in the main wing '>. However, general stall : “ ;EZ 3;888
characteristics with a drastic lift decrease that is seen in the 0510 \.\'\\\ *_Re=10,000
much higher Reynolds number regime are not found in Fig. \\.

. . . . — SR e
6(a). Instead, the lift coefficient continues to increase up to the ‘
large angle of attack. At Re = 23,000 and 33,000, drag 1o 01 02 03 04 05
changes little while the drag at Re = 10,000 becomes larger as Cp
shown in Fig. 6(b) because the viscosity effect becomes
pronounced. As these results, the L/D,,, reaches 4.5 at AoA = (b) Drag polar
7 deg at Re = 33,000. On the other hand, the L/D,,,, at Re = R
10,000 reaches only 3.4 at most due to a larger drag than that 4l
at Re = 23,000 and 33,000. The moment coefficient about the |
center of gravity (C,.,) has no Reynolds number dependence sl
in the wide angle of attack range from AoA =-5 deg to 12 deg |
as shown in Fig. 6(d). Furthermore, the longitudinal static Q ol
~

stability derivatives ( ﬁCn;g/(?CL ) become negative. This
means that the longitudinal static stability was ensured.

&=
3.3. Effectiveness of elevator “{‘kiii\

The aerodynamic performance when the elevator angle (J,) I ‘\:/‘ || 2 Re=33000
is varied from 0 to -10 deg at Re = 33,000 are shown in Fig. 7. 4 —f ' : i:jé:ggg
The lift and drag curves do not change in the positive angle of 20 15 10 -5 0 5 10 15 20
attack though there is a difference both in lift and drag curves AoA [deg]
in the negative angle of attack.

The pitching moment characteristics are focused to evaluate (c) L/D
the effectiveness of the elevator. It is found that there is little 045

; n i Foug,,

change in the moment curve between o, = 0 deg and &, = -5 0.2 L
deg and also the trim angle does not change from around 0 0 M-..I
deg. In addition, the trim angle at &, = -10 deg is & g,
approximately 3 deg. These results indicate that the QS) 02 e
effectiveness of the elevator has a non-linearity and the 04 H e Re=33.000 Eil\\i
elevator has very little effect in low elevator-angle range less 0.6 || 1[112 - %(3),888 Ne B
than -5 deg. Therefore, the effectiveness of the elevator is 08 i — \.4»
exceedingly small. The current design requires a large 20 15 <10 55 0 5 10 15 20
elevator-angle control even for a small pitching control. To AoA [deg]

improve the effectiveness of the elevator, a design change of

. . (d) Pitching moment
the elevator is required.

Fig. 6. Reynolds number dependency on aerodynamic performance
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Fig. 7. Effectiveness of Elevator (§e= 0 - -10deg, Re = 33,000).

3.4. Design guideline for improvement of elevator
effectiveness

It can be considered as reasons for the low effectiveness of
the elevator that the interference of the vertical tail or the
fuselage wakes. As for the former, wind tunnel tests that a
distance between each vertical tail was expanded from 60 mm
to 100 mm were conducted. However, it does not affect the
effectiveness. To investigate the interference of the fuselage
wakes, the tail was lifted up so that the horizontal tail is
located above the fuselage. However, this modification also
does not affect the effectiveness. As a result of a variety of tail
design changes, the most effective factor against the pitching
moment is found to be an airfoil shape of the horizontal tail.

Figures 8 and 9 show pitching moments of the airplane
whose tail airfoils are a thin flat-plate with the thickness of
1.3% of the chord length and NACAO0006, respectively. Then,
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the planform of the horizontal tail is not changed. In the 1.3%
flat plate shown in Fig. 8, the moment curve at §, = 0 deg is
changed from that of the original design (the original tail
airfoil is NACAO0009) due to a change of the horizontal-tail
airfoil. Compared to the results of the original design shown in
Fig. 7 (c), the trim angle significantly varies even at the low
elevator angle. At 9, = -5 deg and -10 deg, the variations of the
trim angle from at §, = 0 deg are 3.5 deg and 6 deg,
respectively. Also, in NACA0006, the variations of the trim
angle from at 9, = 0 deg are 4.2 deg at §,= -5 deg and 7.8 deg
at 9, = -10 deg, respectively. Although the variation of the
trim angle of NACAO0006 is larger than that of the 1.3% flat
plate, the variation of C,. in NACA0006 when the o, is
changed is slightly smaller than that of the 1.3% flat plate. As
these results, both the 1.3% flat plate and NACA0006 which
are thinner tail airfoils than NACAO0009 can improve the
effectiveness of the elevator.

0.4
Y
0.2 k(:‘“‘
Ll
.*..-I.N‘4
¥ 0 eeltiiis..
S n.'ﬂ;
O 02 Soels.
——§e = '\"ﬁ“
de =0 deg l."lﬁ‘o
04 H m5c=5 deg .‘.}i 3
*—8e=-10 deg Sog
-0.6 1 I

-10 -5 0 5 10 15 20
AoA [deg]

Fig. 8. Pitching Moment (Tail airfoil: 1.3% flat plate, Re = 33,000).
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04 H ®3c=-5 deg
*- e =-10 deg
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AoA [deg]
Fig. 9. Pitching Moment (Tail airfoil: NACA0006, Re = 33,000) .

Figure 10 shows airfoil aerodynamic characteristics of
NACA0012, NACA0009, NACA0006 and a 1.3% flat plate at
Re = 20,000 corresponding to the vicinity of the Reynolds
number based on the tail chord length in the case of Re =
33,000 based on the main-wing chord length. In such a low
Reynolds number, it is known that a thinner airfoil has higher
lift coefficients.” In thick airfoils such as NACA0012 and
NACAO0009, non-linear increase in lift is found around at AoA
=4 deg and the lift-curve slope up to this angle of attack is
much smaller than those of thinner airfoils such as
NACAO0006 and 1.3% flat plate.

The moment coefficient about cg at the zero-lift angle of
attack of the main wing is expressed by the following
equation:
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Fig. 10.  Aerodynamic performance of tail airfoils (Re = 20,000
[based on tail chord length]).

¢,, =¢,, +LC, ,~LC,, (1)

m

The moment coefficient about the main wing’s
aerodynamic center (C,,..), the lift coefficient of the main wing
(Cpuing) and the distance from cg to ac of the main wing (/,)
and the tail (/) are constant regardless of the tail airfoil shape.
Hence, only the lift coefficient of the tail (C,.;) affects C,.,
when the tail airfoil is changed.

If a variation of the zero-lift angle of attack in each tail
airfoil shown in Fig. 10 is equal when the elevator angle is
changed, thinner airfoils with larger lift-curve slope are more
effective for the pitching control of the airplane because thin
airfoils have higher lift coefficients than those of thick airfoils
compared with each lift curve at the same angle of attack,
especially in low angles of attack. Hence, the lift-curve slope
and its linearity of the tail airfoil is a dominant factor for the
pitching control. From this perspective, the non-linear
variation of the lift-curve slope with the elevator angle is
thought to be the cause of the non-linear effectiveness of the
elevator shown in Fig. 7(c). It is considered that the lift
coefficient of the tail airfoil (NACA0009) at o, = -5 deg is not
as large as it affects the pitching moment of the airplane.
However, judging from the variation of the trim angle with the
elevator angle shown in Fig. 7(c) and Fig. 9, the lift-curve
slope and the lift curve itself of NACA0009 at §,= -10 deg is
estimated as large as the lift coefficient of NACA0006 at &, =
-5 deg. The aerodynamic performance of the tail airfoil with
control surface will be also investigated as future works.
Eventually, the validation of the horizontal tail lift-slope
coefficient and the tail volume is evaluated by a flight
simulation.

4. Conclusion

In this research, to evaluate the aerodynamic performance
of a Mars airplane at low Reynolds numbers (Re =
10,000-33,000), low-density wind tunnel tests were carried
out using a 1/5-scale model. Reynolds number dependency on
the lift curve and the pitching moment is found to be little.
However, depending on the tail airfoil, the effectiveness of the
elevator was low for responsive pitch control. The low
effectiveness of the elevator was due to low lift-curve slope
and a non-linearity of the lift curve of the horizontal-tail
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airfoil. A thinner tail airfoil with linear and large lift-curve
slope is highly effective. Therefore, the aerodynamic
performance of tail airfoil strongly affects the effectiveness of
the elevator in such a low Reynolds number region.
Improvement of the effectiveness of the elevator is expected
by changing the current tail airfoil with NACA0006 or a thin
flat plate though the thickness of the tail for the servo system
installation should be also considered.

The lateral stability and the effectiveness of the other
control surface such as aileron and rudder have been
evaluated.
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Flow field and aerodynamic performance of the Mars airplane with a complete aircraft configuration are analyzed by
RANS simulations. At the Reynolds number of 3.3x10", a flow field is solved by an unstructured three-dimensional
compressible CFD solver (LS-FLOW). Here, the Mars airplane is assumed to have the Ishii airfoil as the main wing shape.
The Ishii airfoil is known as its good performance at the low Reynolds number condition. An objective of the present study
is to clarify flow structures around a complete aircraft, for optimization of design of the Mars airplane. The results show
that the features of the aerodynamic coefficients correspond to those of experimental results and the contribution of the
main wing is significant on the aerodynamic characteristics of the entire airplane.

Key Words: Aerodynamic Performance, CFD, Low Reynolds Number, Mars Exploration

Nomenclature
b : half span of main wing
c : chord of main wing
Cp : drag coefficient
¢ : sectional lift coefficient
C, . lift coefficient
G, : pressure distribution
L/D : lift-to-drag ratio
Re : Reynolds number
a : angle of attack

1. Introduction

Current and previous missions to Mars have been
conducted by ground-based rovers and orbiters. Rovers
provide detailed data on the surface but their reach is limited
to a small area. On the other hand, orbiting sensors provide
spatially wide data but their resolution is very low. There is no
approach which has the intermediate role between rovers and
orbiters. Thus, the idea of Mars exploration by an airplane has
been discussed in JAXA/ISAS for several years.

An airplane design for Mars is very different from the
conventional airplanes on Earth. First, the Reynolds number
of the flow condition for the Mars airplane is smaller (Re=10)
than the typical airplanes on Earth (Re=10) because the
atmosphere on Mars is much thinner than that on Earth.
Second, its cruising Mach number becomes high because the
speed of sound on Mars is smaller than that on Earth and the
aircraft needs a certain cruising speed to gain sufficient
dynamic pressure for lift in the thin atmosphere. Because
aircrafts flying in such a flow condition on Earth are limited to
high-altitude airplanes, the optimum design of the Mars
airplane is not well known.

Kojima et al" have showed that thin airfoils are appropriate
at the low Reynolds number condition. The Ishii airfoil is one
of high performance airfoils. Figure 1 shows the shape of the
Ishii airfoil. The Ishii airfoil has several prominent features:
(i) the leading edge is round, (ii) the upper surface of airfoil is
flat, (iii) the lower surface of airfoil has cambered shape. Two
features (ii) and (iii) correspond to the proposition of
Schmitz” for low Reynolds number. Anyoji et al** analyzed
the aerodynamic performance of the Ishii airfoil using large
eddy simulations (LES). The results show that the Ishii airfoil
has a high lift-to-drag ratio in wide range of the angle of
attack. Thus, the Ishii airfoil is expected to be a good
candidate as the main wing of the Mars airplane.

When an airplane is designed, not only an airfoil itself but
also a wing-body configuration should be optimized. Thus,
several studies have been conducted to understand effects of a
wing-body configuration on its aerodynamic characteristics.
However, those studies mainly focus on the high Reynolds
number condition, and such effects under the low Reynolds
number condition have not been discussed well. The flow
field includes several factors, such as a laminar separation
bubble, a wing-tip vortex, a wing-body interference and others.
Therefore, the flow field might be more complicated than the
high Reynolds number condition. The optimum wing-body
configuration should be considered and the aerodynamic
characteristic should be improved.

In the present study, the flow field with a complete aircraft
configuration for the Mars airplane is simulated by Reynolds
Averaged Navier-Stokes (RANS) simulations. The simulation
result clarifies aecrodynamic performance of the current Mars
airplane design. An objective of the present study is to
evaluate aerodynamic performances of the Mars airplane with
varying the angles of attack.

Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved.
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Fig. 1. Shape of Ishii airfoil.
2. Flow Conditions

For the simulation to obtain the aerodynamic coefficient,
the angle of attack () is changed from 0 to 12 deg at intervals
of 2 deg. The Reynolds number (Re) based on the chord
length and free stream velocity is set to 3.3x10* to compare
with the experimental result.”’ The Mach number is set to 0.2
to ignore the compressibility. Reference 6) shows an effect of
the specific heat ratio is negligible in the present Mach
number region. Thus, the specific heat ratio is set to 1.4. These
conditions are summarized in Table 1.

Figure 2 shows the analysis object. Its dimension is based
on the scale model of the Mars airplane used for the
experiment. > The real Mars airplane has some propellers for a
propulsion system. For simplicity, propellers are abbreviated.
The shape of the main wing is the Ishii airfoil with aspect ratio
of 5.2. NACAO0009 is used as the tail wing. The incident angle
of both the main and tail wing is 0 deg.

Table 1. Flow conditions.

Reynolds number 3.3x10*
Mach number 0.2
Specific heat ratio 1.4

Fig. 2. Analysis object.

3. Numerical Method

3.1. Flow solver

The computational code employed in this study is
LS-FLOW: a JAXA’s in-house, compressible Navier-Stokes
solver for arbitrary polygons. Numerical fluxes for convective
terms are evaluated by the SLAU.” The flow field is assumed
to be fully turbulent, and the Spalart-Allmaras turbulence
model® is applied. Time integration is conducted by using the
LU-SGS implicit method.”
3.2. Computational grid

An unstructured grid generator called MEGG3D ™ is
employed for generation of a grid. Here, MEGG3D is able to
generate hybrid grids that consist of elements of tetrahedral,
pyramid and prism types.

10)

Tk 2

Figure 3 shows the grid with a complete aircraft
configuration for the RANS computation. The grid has
approximately 2 million nodes and 6 million elements. Near a
surface, an element type is selected to be a prism type. The
first element away from the surface is set to be 0.05c/ JRe .
The distance from the body surface to the computational outer
boundary is 20c.

4. Results and Discussions

4.1. Aerodynamic performances

The aerodynamic force coefficients as functions of « are
plotted in Fig. 4. Computational results are compared with the
experimental results.” In the two-dimensional airfoil flow
simulations performed by LES,*® the nonlinear lift curve is
observed around o = 4 deg. However, the lift curve has a
linearity at @ = 0 to 6 deg in a complete aircraft configuration.
The experimental result also shows that the lift curve is linear.
Therefore, the current design of the Mars airplane has the
linear lift coefficient for a low angle of attack regime. For
more than « = 8 deg, the lift coefficient is almost constant.
The drag coefficient curve has a similar trend to the
experimental result.

Although the computational result is slightly different
compared with the experimental result, the computational
results show a similar trend to the experimental results. Thus,
the simulation is assumed to capture the dominant feature of
flow structure.
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Fig. 4. Aerodynamic coefficients as function of .

4.2. Decomposition analysis

Figure 5 shows the half body of the Mars airplane from top
view. The surface of the Mars airplane is divided into four
panels. In Fig.5, Others represent all the additional objects on
the Mars airplane such as sensors. Figure 6 shows the
contribution of each panel to lift and drag coefficients, and
Table 2 indicates the percentage of the contribution. The lift
contribution of the main wing is more than 90% for almost all
a. The lift coefficient of the Mars airplane strongly depends
on the main wing. The drag contribution of the main wing is
more than 60% and it is the most dominant element for all c.
Thus, reducing drag of the main wing improves the
aerodynamic performance of the Mars airplane. Other panels
are almost constant with varying o compared with the drag
contribution of the main wing. At o = 6 deg (steady flight
angle), the drag contribution of all panels excluding the main
wing is approximately 24%. Among them, the contributions of
the body and tail wing are large. In order to improve the
gliding performance, it is necessary to design a low drag body
and a tail wing.

#1 : Main Wing
#2 © Body
#3 : Tail

. Others

Fig. 5. Divided panel list.
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Fig. 6. Each panel contribution to acrodynamic coefficients.

Table 2. Component ratio of aecrodynamic coefficient.
(a) Lift coefficient [%]

afdeg.] Main Wing Body Tail Others
0 101.43 5.12 -6.81 0.26
2 97.21 3.60 -1.02 0.21
4 95.40 3.13 1.29 0.18
6 94.05 3.01 2.78 0.17
8 92.55 3.27 4.02 0.16
10 91.28 3.47 5.06 0.19
12 89.32 3.60 6.83 0.25

(b) Drag coefficient [%]

o [deg.] Main Wing Body Tail Others
0 66.31 9.46 21.98 2.25
2 67.99 9.88 19.58 2.55
4 71.38 9.58 16.58 2.46
6 76.03 8.59 13.36 2.03
8 83.31 6.61 8.82 1.26
10 84.96 5.89 8.01 1.13
12 85.20 5.64 8.11 1.05

4.3. Time averaged flow fields

Figure 7 shows an oil-flow image of the main wing. At o =
0 deg, flow attaches on the upper surface, but flow separates
and reattaches on the lower surface. At o = 4 to 6 deg, the
separation and reattachment are observed on the upper surface.
Flow near a wing-tip is affected by the wing-tip vortex.
Especially at « = 4 deg, the wing-tip vortex suppresses
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Fig. 7. Time averaged surface stream line on the main wing. The lines with notifications S and R indicate the locations of separation and

reattachment. The white arrows indicate the flow direction near wall.

separation from near the wing-tip to mid-span. From o = 8 to
12 deg, the flow forms the massive separation from the
leading edge. This separation and reattachment feature for «
corresponds to those of the two-dimensional airfoil flow
computed by LES.

4.4. Three-dimensional effects on the main wing

In order to evaluate the three-dimensional effects on the
main wing, the pressure coefficient (Cp) distributions on the
wing section at @ = 6 deg (steady flight angle) are plotted in
Fig. 8. Figure 8 (a) shows the oil-flow image with the
positions of 3 locations. Subsequent figures include the result
of the two-dimensional airfoil flow plotted by dash line.
Figure 8 (b) presenting C, close to the body shows the effects
of the wing-body interference. The flow separates and
reattaches at the trailing edge. The laminar separation bubble
is longer than on mid-span. Figure 8 (c¢) presenting C, on the
mid-span shows a similar trend to the two-dimensional airfoil
flow, but the contribution to the lift coefficient from the
laminar separation bubble decreases. In Figure 8§ (d)
presenting C, close to the wing-tip, the separation and
reattachment are not observed and the integration of the
pressure coefficient on a wing-tip side is greatly decreased by
the wing-tip effect. The integration of the pressure coefficient
is lower than that of the two-dimensional airfoil flow in all
locations. It is noted in detail that the suction peak is
suppressed and the positive pressure slightly decreases on the
lower surface. Figure 9 shows the distribution of sectional lift
coefficients (¢;) as the function of normalized span position.
Sectional lift coefficients are the integration of the pressure
coefficient. It is clarified that the effect of the wing-tip is
larger than that of the wing-body interference.

The result of the two-dimensional airfoil flow shows that
the lift curve is nonlinear. When the flow regime changes
from the attached flow to the separated flow, the lift
coefficient is enhanced by the laminar separation bubble. It
was reported that this transition of the flow regime makes the
lift curve nonlinear. Although the same transition is observed

Tk 4

as shown in Fig. 7, the lift curve is linear in a complete aircraft
configuration. It is considered that the reason why the lift
curve becomes linear is due to the three-dimensional effects.
This might be because the flow change by generation of
laminar separation becomes milder due to the wing-tip effects.

5. Conclusions

The aerodynamic performance of the Mars airplane with a
complete aircraft configuration is analyzed by performing
RANS simulations. The results clarify the outline of the flow
field, how the main wing, the body, the tail wing and others
affect to the aerodynamic performance.

The decomposition analysis shows the most dominant factor
to determine the aerodynamic performance is the main wing.
The main wing has a more than 90% contribution to the lift
coefficient, and a more than 60% contribution to the drag
coefficient. To improve the aerodynamic performance of the
main wing is especially effective toward the optimum design of
the Mars airplane. The other components contribute
approximately 10 % to the lift coefficient and 10 to 40 % to the
drag coefficient. Changing the shape of these components for
reduction of drag raises the whole aerodynamic performance.

Three-dimensional effects such as the wing-body
interference and the wing-tip effect affect the flow regime on
the upper surface. These three-dimensional effects seem to be
the reason why the lift curve becomes linear.
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Abstract
Fixed-wing aircraft type Mars exploration system has been studied in Japan. The Mars exploration aircraft must be
extremely light-weighted because of the thin Martian atmospheric density and the limited payload weight of space
transportation. The objective of this research is to develop of ultra-light wing structures. Three prototypes of
ultra-lightweight wing structure were developed; magnesium structure with polyimide film skin, composite structure with
CFRP and polystyrene foam skin and all-composite structure of CFRP. In this paper, strength test of the prototype
structures are conducted. In addition, the mechanical characteristics of X-ray irradiated CFRP and adhesives are

investigated. This paper reports the newest results of these tests.
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Abstract

A development of a propulsion device of a Mars exploration airplane is being carried out. The propulsion device

consists of propellers and electric motors. It is necessary for realizing the Mars exploration airplane to reduce the device

weight. In order to reduce the weight, highly efficient propellers and motors are required. In the present paper, efforts put

into development of the propulsion device are described.
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Table 1 Weight and dimensions of motor system

Weight (kg) [”2Ei§?°“
Rotor: 0.07
Motor Stator: 0.19 Ofg;  66% 6.5
Bearing: 0.2 )
Driver 0.17 120x 180x 1.0
Instrumentation 018 )
and margin (5%) )
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Table 2 Design parameter of propeller

Forward speed U=50m/s

Tip speed ratio A=U/RQ=0.4

Number of blades B=4
Thrust

Thrust coefficient = W =0.371

Propeller radius R=025m

Q = Angular velocity of propeller (rad/s)
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Fig. 3 Blade planform
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Abstract

This paper describes the development of IMM3]J solar cells and stainless steel laminate lithium ion pouch cells, which will be
essential technologies for the Mars explorers such as airplanes and rovers. The efficiency of the IMM3J solar cells were
increased by 9% by optimizing the structure for the solar spectrum at the Martian surface. The vibration tolerance of the
stainless steel laminate pouch cells restrained by CFRP bands were demonstrated. The specific energy of 115.5 Wh/kg can be
achieved by using the demonstrated structure.
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Development of the Attitude Sensing System using Thermopile Sensors

i
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Masayuki KURIBARA, Toshiki MOCHIZUKI and Hiroshi TOKUTAKE

Key Words: Attitude Sensing System, Thermopile Sensor, Rate Gyro, Extended Kalman Filter

Abstract: An attitude sensing system using thermopile sensors and inertial sensors was proposed. The output model of the thermopile sensor was

constructed from the calibration experiment and the theoretical calculations. The estimation algorithm of the attitude angles was developed from the

sensor output models using extended Kalman filter. Because thermopile sensor output correlates with attitude to the ground directly, the error of inertial

sensors can be compensated. Additionally, the proposed system consists of commercial low-cost product. Numerical simulations and experiment were

carried out and the performance was validated. Experimental result shows that the proposed system has precision of approximately 1.2°.
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Flight control in the Mars climate

Hirotaka Hiraguri and Hiroshi Tokutake(Kanazawa University)

Key Word : Dust Devil, Control method, Disturbance Response, Mars

Abstract

A research group from Japan is considering a Mars exploration project using an airplane. The possible mission

purpose is the climate observation. A number of technical problems are involved, such as the development of available

guidance, navigation, and control systems on Mars in the unknown disturbance such as dust devil. In this presentation,

the cruise flight in the Mars climate was simulated and feasibility study was performed.
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Development of Vision-Based Self-Contained Navigation System for Mars Airplane
Hidemasa Takamura, Kentaro Arai, Masahiro Ono* and Shuichi Adachi (Keio University)

Key Words: Mars Airplane, vision-based localization, Terrain Relative Navigation, TRN, MELOS.

Abstract
In the JAXA’s proposed Mars mission, the Mars Exploration with Lander-Orbiter Synergy (MELOS), it is considered to
carry a small airplane that flies in the Mars atmosphere. This paper develops and demonstrates a vision-based localization
algorithm that is intended to be used by the Mars airplane. Observations of surface features, which are identified by the
binary robust invariant scalable keypoints (Brisk) method, are used by an Extended Kalman filter (EKF) to correct the error
of the inertial navigation system. The proposed localization algorithm is tested by an indoor experiment using a quadcopter,
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Dynamic Behaviour of Mars Airplane with Folded-Wing Deployment
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An aerial deployment technique is required for the Mars airplane to get a large wing area and compactness. A
multibody dynamics simulation program was developed to assess the safety of the dynamic behaviour during aerial
deployment. An effect of an initial deployment angle was revealed through the simulation. A pitching moment was

generated due to the drag and pitching moment acting on the right and left wings.

Nomenclature
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[XZ
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Rigid body. Object coordinates.

Coordinate transformation matrix which
change system B expression to system A
expression.

The spring moment at deployed state.

Force vector.

Generalized force vector. Superscript shows
the system.

Acceleration due to gravity.

System.

Generalized velocity of the system.

Gradient matrix to express H using K.
Gradient matrix to express H using S.
Constant vector to express H using S.

Unit matrix. Subscript shows the size.
Moment of inertia.

Product of inertia.

Inertia matrix.

Proportionality factor of the damper
moment.
Proportionality factor of the reaction
moment.

Proportionality factor of the spring moment.
Gradient matrix to express K using S.
Mass.

Mass matrix.

M 0 0
M= ]\/[I3 =10 M O

0 0 M
Generalized mass matrix. Superscript shows
the system.

Moment vector.

Moment vector due to aerodynamic force.
Moment due to damper.

Moment vector due to gravitational force.
Moment on hinge joint.

Reaction moment.

Moment due to spring.

Inertial coordinate system.

Joint point of rigid body A and B.

M < RO
<< O

N

l—‘AB

&
edeu
)‘-AB > }‘-AC

Qo
0N><M

Subscripts
A,B,C
O,rl
Agc

Others

A
A®)
T

Key Words: Mars Airplane, Multibody Dynamics, Folding Wing, Dynamic Behaviour, Low Reynolds Number

Joint point of rigid body A and C.
Position vector.
Translational velocity vector.
Coordinate axis.

Coordinate  transformation
oblique type parameters.
Infinitesimal angle. ¢ >0
Deployment angle.

Unit vector of an axis of hinge between the
body A and B (C).

Angular rate.

Zero matrix. Subscript shows the size.

matrix  for

Coordinate system. r and 1 were used for the
mass of body B and C.

Arbitrary physical quantity vector A of the
coordinate C measured from coordinate B.

Cross product operator.

a, 0 -a, a,
A= |a,| » A=| a, 0 -—a
a, —-a, a 0

Expression measured from a system that is
written on the right side of the subscript.
Time derivative of the arbitrary parameter A.
The i-th element of the arbitrary vector A.
Transposed operator.

1. Introduction

Application of an airplane for Mars exploration has been

seriously considered as a new effective exploration method .

Mars has been explored using rovers and satellites. The

former could obtain high-resolution data, however the area of

exploration was small. The latter could explore a vast area,

however obtainable data were of low resolution. By contrast,

airplanes can fly over several hundreds of kilometers, which is
impossible for rovers. In addition the airplane can get higher
resolution data than satellites because its flight altitude is
one-hundredth of that of the satellites. Hence the use of
airplanes will lead to new scientific discoveries.

Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved.
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One of the challenges of an airplane for Mars is the aerial
deployment mechanism. Atmospheric density on Mars is
one-hundredth of that on Earth. Hence the airplane for Mars
needs a large wing. However, airplanes of large sizes are
inconvenient due to the limitation of the transportation
capacity of a rocket and aeroshell. Consequently, the airplane
for Mars would require deployment mechanisms. In addition,
an aerial deployment technique can be suitable for the Mars
airplane because it allows for elimination of a take-off system
and for using the initial altitude to its advantage. Therefore
several design concepts of the Mars airplane have been
planned to deploy in the air >

Folding type is well known as a deployment mechanism
Folding type wing is folded by hinges. Because the structure is
simple, this type is lightweight and has a high reliability.

Aerial deployment of the folding wing has a risk for
instability due to aerodynamic and inertial forces. To assess
safety before the flight, a multibody dynamics simulation
program was developed and then the dynamic behaviour of

4)

the Mars airplane with folded-wing deployment was evaluated.

The effect of initial deployment angle was investigated.

2. Calculation Method
2.1. Model

Figure 1 shows a model geometry. The model consists of
three rigid bodies: center, right wing, and left wing. These
bodies are described as rigid body A, B, and C in this paper.
The center consists of a center wing, a fuselage, and a tail. The
right and left wings are assumed as a flat plate. The bodies are
connected by hinges. The hinge axes are parallel to the X axis.
The hinge has a spring to help deploying. Figure 2 shows a
deployment process. The right and left wings are folded under
the fuselage at first. Then both wings rotate around the hinges.
The rotation stops when the wings align with the center.

Table 1 shows specifications of the Mars airplane ”

o

o }
o m" V
—051 -
Y[n’l] | 0 X [m]
Fig. 1. Model geometry. Fig. 2. Deployment process.
Table 1. Specifications of the Mars airplane.
Name : Value : Unit
Mass : 4.6 : kg
Wing area | 127 m
Chord length E 0.50 E m
Spanlength . 24
Xeg 1 300 %c
C.G. Yoo o 01 m
Y /S SO 0L m
Lo 074 | kg-m?
o Ly | 042 | kgem?
Inertia matrix ! !
Iy L1+ kgm’
Iyz ' 0.012 © kg'm®

Pk 2

Specifications of the three rigid bodies are defined based on
that of the Mars airplane, as shown in table 2. Masses of the
right and left wings are set to 0.1 kg, respectively. The mass of
the center is obtained as a difference of the mass of the Mars
airplane and the right and left wings. Inertia matrices of the
right and left wings are calculated as a 0.05 m thick and
uniform-density flat plate. An inertia matrix of the center is
calculated from the values of the Mars airplane and the right
and left wings using the parallel axis theorem.

Table 2. Specifications of the rigid bodies.

Name | Rigidbody A | RigidbodyB,C | Unit
Mass ; 4.4 0.1 kg
Wing area i 0.40 i 0.40 i m’
Chord length i 0.50 i 0.50 i m
Spanlength | 080 . 0801 m

Xeo | 30 ! 300 %e
C.G. Yeg oi oi m
s Zog & . 0 0i m__
Ly | 0.62 | 0.0041 | kg m’
Inertia Ly | 042 0.0014 | kg-m?
matrix I 1.01 0.0054 kg m’
Ly 0.012 i 0 kg'm’

2.2. Equation of motion

As described above, the model is a multibody system
consisting of the three rigid bodies connected by hinges. First,
the derivation method of the equation of motion for multibody
system is discussed using velocity transformation method .
Then the equation of motion of the folding wing airplane is
derived using the method.
2.2.1. Derivation method of the Equation of motion

The velocity transformation method is applied to derive the
equation of motion for multibody system. In this method, a
multibody system is divided into several single body systems
by ignoring some restraint conditions. For example, when we
derive the equation of motion of an arm system as shown in
fig. 3(a), the arm is divided into three rigid bodies as shown in
fig. 3(b). Those equations of motion can be expressed in a
form known as the equation of motion of a single rigid body.
The velocity transformation method starts from these divided
systems and finally leads to the equation of motion of the
multibody system using restraint conditions.

// -
NN N X N\ TR RS U N
(a) Arm system. (b) Divided system.
Fig. 3. Example of the system division.

The velocity transformation method uses this equation of

motion.
M°S = F* (1)

Here, parameters are defined as shown in Eq. (2) and Eq. (3).
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M® = HM"H; )
Fo=mIfF oM s ) ©)

Generalized velocities are obtained by numerical integration
of Eq. (1).
A procedure to derive the equation of motion is:
A)Dividing system S into small system H
B) Definition of the restraint condition
C) Derivation of the equation of motion of system H
D)Definition of the generalized velocity S of system S
E) Expressing S as a linear function of H
F) Calculation of the time derivative of Hg and Hy
G)Derivation of the equation of motion using Eq. (1)-(3)
2.2.2. Application to the folding wing airplane
A) Dividing system S into small system H
A folding wing airplane system and divided system are
defined as system S and H, respectively. System S has 8
degrees of freedom (DoF); 6 DoF of center body and 2 DoF of
wing deployment angles. System H is defined as a system
which released the hinge restrictions from system S. System H
consists of the three rigid bodies and total DoF is 18.
Coordinates and points are defined as shown in fig. 4.

System S

7 xﬂy.

Degree of Freedom: 6+2=8 4

Zy
Degree of Freedom: 6 X 3=18

System H ,.
Xn‘ v x;&\rz . Xn‘ "Zc

Fig. 4. Folding wing system and divided system.

B) Definition of the restraint condition

Points P and P’, and points Q and Q’ show the same point
respectively by the hinge restraint condition. This can be
written using a position vector r.

Ipp = 03 4)
roo = 03, Q)

This restraint condition reduces 3 x 2 = 6 DoF. Hinge axis
vectors Axp and ¢ are defined as Eq. (6).

hag = Aac :[1 0 O]T (6)

This restraint condition reduces 2 x 2 =4 DoF. Hence 18 DoF
of system H is decreased to 8 DoF, i.e., DoF of the system S.
C) Derivation of the equation of motion of system H

Here we discuss the case of rigid body A. The equations of
motion are shown in Eq. (7) and Eq. (8). A translational
motion is expressed about inertial coordinate system.

MAVOA =F,, (7
FoaQ%0s + Q1,6 Q%, =N'g, (3

Pk 3

Velocity V and external force F can be expressed about rigid
body A coordinate system using coordinate transformation
matrix Copu.
Voa =CoaVou ©
Fop =ConF'on (10)

A time derivative of the velocity can be written as Eq. (11).
VOA =Coa Q0 Vioa + COAV’OA (11)

By substituting Eq. (10) and Eq. (11) into Eq. (7), we obtain
the following equation of motion expressed about rigid body
A coordinate system. Eq. (8) is rewritten for convenience.

M, Vo, + Q0 M, Vo, =F', (12)

Toal0a + Q6,5 20, =Nl (13)
“Oblique type parameters”, combined parameter of translation
and rotation, are introduced for a more simple expression.

Velocity, force, mass matrix, and angular rate with cross
product operator are written as the following equations.

VY
Vo, =[QJ (14)
O.
FV
F", :[me] (15)
04
, — M, 0y,
MA 7[03&? J’OA] (16)

ﬁ'OA 03><3 ] (1 7)

Q' = ~
o [Osxs @y,

The equation of motion of the rigid body A expressed about
rigid body A coordinate system can be written as Eq. (18).

M’AV’OA T NM YV o, =F, (1 8)

This can be also written for rigid body B and C. Finally,
equations of motion of system H are obtained as Eq. (19).

M"H=F" (19)
Here, the following parameters are used.

M,A 0 6x6 0 6x6

MY = 0., M’y 0, (20)
0o 0o M'c
Vo
H=|V",, 1)
V”OC
F'o = ‘(E”OAM,AV”OA
B =] Fogm @0, M, (22)

[ " ’ "
F ocC Q OCMCV oc

D) Definition of the generalized velocity S of system S

For the folding wing airplane, it is appropriate for a
generalized velocity of the system S to choose the triaxial
velocity, triaxial angular rate, related angular rate between
rigid body A and B, and between rigid body A and C.
E) Expressing S as a linear function of H

H, generalized velocities of the system H, are triaxial
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velocity and triaxial angular rate of each rigid body. It is
difficult to express S as a linear function of H directly. So,
intermediate system K is introduced. K, generalized velocities
of the system K, is triaxial velocity and triaxial angular rate of
the rigid body A and triaxial velocity and triaxial angular rate
of the rigid body B and C related to rigid body A. The relation
between H and K is discussed at first. Then the relation
between K and S is discussed. Finally a relation between H
and S is obtained using them.

This procedure uses a coordinate transformation matrix for
oblique type parameters as shown in Eq. (23).

C 0
r = [ N AB 3x3 ] (2 3)
@ RABCAB CAB
H is expressed by K using the coordinate transformation
matrix for oblique type parameters as shown in Eq. (24).

H=H.K (24)

This can be rewritten using submatrix as follows:

Vo4 | PR P V04
Vi |= FZB I 04 V' s (25)
V'oc r 5 c Oy I V'

Next, the relation between K and S is obtained. Restraint
conditions are considered. We obtain the following equation
using Eq. (4).

R, +Cplyp =Ty (26)
A time derivative of Eq. (26) gives
Vas= CapTor s = 05, @7
Eq. (27) is expressed about rigid body B as shown in Eq. (28).
Vs T a5 = 0 (28)
An angular rate is defined by the following equation.
Qlyp =hyp@yp (29)

An oblique type velocity which takes the restraint conditions
into account is obtained using Eq. (28) and Eq. (29).

o= [V'AB] _ [FBP’Q 'Atj
AB Q!AB QIAB (30)
= (DIFBP’ +D, );“Ab’wAB

Here, the following constants are used.

D, = L 31 D [ 054 32
1_03X3 ( ) )/ 13 ( )

K is expressed by S using Eq. (30) as shown in Eq. (33).
K=KS (33)

This can be rewritten using submatrix as follows:

V' oa I 0, (U V' oa
Vi | =] O (DIFBP’ +D, );"AE (U Wy (34)
V' 0.6 0, DIFCQ' +D, ))“AC @yc

Japan Vol. 12, No. ists29 (2014)

Finally the relation between H and S is obtained as follows:

H=H.K
=HKS (35)
=HS

Because the relation expressed as Eq. (35), Hy is 0.
F)Calculation of the time derivative of Hs and Hy

From Eq. (34), Ks is not a function of time. Therefore the
time derivative of Hg becomes

Hs = HKKS (36)
Here, the time derivative of Hy is following equation.

0 Ogs 04
H, = FZB 00 04 (37
Fi(? 06 O

The time derivative of the coordinate transformation matrix
for oblique type parameters is expressed as follows:

. C..Q 0
r,= [~ ool z ] (38)
RABCABQ AB +CABV AB CABQ AB

G) Derivation of the equation of motion using Eq. (1)-(3)

Eq. (2) and Eq. (3) can be calculated using parameters
obtained above. Eq. (1) can be solved for the time derivative
of the generalized velocity. A motion of the airplane is
obtained by numerically integrating the time derivative.
2.3. Hinge model

A moment on a hinge is dependent on the deployment angle
O4.p- The deployment angle is defined to be 0 degrees at folded
state and 180 degrees at deployed state. An infinitesimal angle
¢ is introduced. The hinge model discusses the relation
between the rigid bodies A and C. However, this discussion
can analogously be applied to the relation between the rigid
bodies A and B.

Case1:0,,<180—¢

A moment on the hinge N,; consists of moments of the
spring N,,. and the damper Ng,,,. The moment of the spring
N, is expressed as the following equation.

N, =K, (180-6,,)+C,, (39)

spr Spr

On the other hand, the moment of the damper Ny, is defined
as the following equation.

Ndamp = thi;xgeédep (40)

The moment on the hinge N, is obtained as follows:

Ny =Ny + N, (41)

Case2:180<46,,

The moment on the hinge N, consisted of the moment in
case 1 and a reaction moment N,.,.. When moments due to
aerodynamic force and gravitational force act on the
deploying direction, the reaction moment reacts at equal
magnitude in the opposite direction. In addition, the reaction
moment is defined to increase with over-deployment angle.

Moment vector due to gravitational force Ny, is expressed
using the following equation.
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N, = Clocl=(CoReo)xD, M) 42)

Moment vector due to aerodynamic force Ny, is similarly
expressed as following equation.

Nhjair =C 'o(‘ (_ (COCRCQ )X CocFroc air )+ N ’oc air (43)
The reaction moment N, is defined using Eq. (42) and (43).

Nyue =max(=N,, =N, (1) = N}, (1),0)

+ K (0, 180) “4)
Finally the moment on the hinge is obtained as follows:
Nhi = Nspr +N, damp +N, reac (45)

Case 3 :180—¢&<0,,<180
This region is introduced to connect case 1 and case 2
continuously. The reaction moment is defined as follows:

Nreac = maX(_Nsp/‘ - Ngmv(l) - le/'air(l)’o)
0,, —(180-¢) (46)
e R ——
&

The hinge moment is obtained from Eq. (45) using Eq. (46).
2.4. Other conditions

Aerodynamic characteristics are based on experimental data
of deployed state scale model ®. However, the experiment has
only been conducted for the negative elevator deflection.
Therefore aerodynamic characteristics at positive deflection
are extrapolated using the experimental data. The effect of
elevator to the pitching moment was insufficient. Hence the
effect is tripled. The aerodynamic characteristics of each rigid
body are defined to be same with the deployed state scale
model for simplicity. Therefore especially the pitching
moment acting on right and left wings is different from the flat
plate. The effect of the interference of the flow is ignored.
Hence this aerodynamic characteristics model is independent
from the deployment angle. However, the deployment angular
rate is taken into account as a Z direction velocity.

4" order Runge-Kutta method is applied as a numerical
integration method. A period of an airplane is usually more
than 0.1 seconds. Therefore a time interval is set to a
sufficiently small value, 0.005 seconds. Atmospheric density
and acceleration due to gravity can be expressed as a function
of altitude. However, these values are fixed at the value of
32,500 m height for simplicity. An initial condition is set to an
equilibrium gliding condition to suppress the unnecessary
motion. Here, the true air speed is set to 98 m/s. An angle of
attack of the center body is set to 6.7 degrees.

3. Calculation Condition

The purpose of this study is to examine the dynamic
behaviour of the aerial deployment motion. Therefore an
effect of an initial deployment angle is investigated as a first
step. The deployment angle starts from 0 degrees in actual
aerial deployment. In this case, the angle of attack of the right
(left) wing is equal and opposite compared with the center. In
addition, the deploying motion from under to side makes a
velocity relative to the air, which creates a negative angle of
attack. However, the aerodynamic characteristics at negative

Pk 5

high angle of attack were not obtained. Hence the initial
deployment angle is set to 90, 135, and 180 degrees to avoid
negative high angle of attack. Then dynamic behaviours of
Mars airplane with folded wing deployment are compared. An
elevator angle is fixed in this simulation.

4. Results and Discussion

Figure 5 shows a comparison of a longitudinal motion of
the center body. Deployment finish times are 0.4 and 0.2
seconds for initial deployment angle of 90 and 135 degrees,
respectively. As shown in fig. 5, an oscillation is generated. A
settling time of the oscillation is about 10 seconds. At the
beginning, a negative pitch rate is generated in the case of
initial deployment angle of 90 degrees. On the other hand, a
positive pitch rate is generated in the case of initial
deployment angle of 135 degrees. This difference could be
caused due to the aerodynamic drag and pitching moment
acted on the right and left wings. It ought to be caused by the
setting that aerodynamic characteristics of right and left wings
are set to that of the scale model. Hence the pitching moment
acting on the right and left wings differed from reality. This
result suggests that we need to incorporate aerodynamic
characteristics of a wing to the right and left wings.

4.1. Initial deployment angle : 90 degrees

A proposed method obtains the time derivative of the
generalized velocity by multiplying both sides of the Eq. (1)
by an inverse matrix of M®. A pitching angular acceleration of
the center body is obtained as the sum of the products of the
elements of the 5™ row of the inverse matrix of M® and vector
F°. Figure 6 shows the products of the elements. This figure
clearly shows that the 5" element mainly affects the pitching
motion at the beginning. Therefore the 5" element is
considered next. F* was defined as Eq. (3). Figure 7 shows the
products of the elements of a 5" row of H{ and vector inside
the bracket of Eq. (3). This figure clearly shows that X axis
force, i.e., a drag, acted on the right and left wings mainly
affects the 5" element of F°. Y direction distance between
center and right (left) wing is the longest at the deployment
angle of 90 degrees. The drag is affected to the wings and
therefore negative pitching moment is generated.

4.2. Initial deployment angle : 135 degrees

Figure 8 shows the products of the elements of a 5™ row of
the inverse matrix of M® and vector F°. This figure shows that
5™ element mainly affects the pitching motion at the beginning.
Therefore the 5™ element is considered next. Figure 9 shows
the products of the elements of a 5™ row of H! and vector
inside the bracket of Eq. (3). This figure clearly shows that
pitching moment acted on the right and left wings mainly
affects the 5" element of F°. Y direction distance between
center and right (left) wing is not so long as compared with
the deployment angle of 90 degrees. Therefore the effect of
the drag is weak. On the other hand, an angle of attack of the
right (left) wing is smaller than the trim angle. From the
viewpoint of a longitudinal static stability, pitching moment
due to aerodynamic moment is positive. Pitching direction
component of this moment for the center body is also positive.
This is why the positive pitching moment is generated.
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Fig. 5. Comparison of a longitudinal motion of the center body. Blue,
green, and red lines show Hdep of 180, 135, 90 degrees.
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5. Conclusion

A simulation program for aerial deployment motion of a
folding wing airplane was developed using a theory of the
multibody dynamics. The effect of an initial deployment angle
was investigated. A pitching moment was generated due to the
drag and pitching moment acting on the right and left wings.

Future works includes these things: the consideration of the
aerodynamic characteristics during the deployment through
experiment, parametric study of the input parameters.
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Preliminary Design and Thermal Analysis of a Miniature
Mars Airplane Thermal Control System
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Mars is the next milestone in our exploration of the solar system. The presence of an
atmosphere on Mars signifies that an airplane could travel in its atmosphere using the
aerodynamic forces of flight. An airplane offers the possibility to obtain high-resolution data
on a regional scale of several hundreds to thousands of kilometers, which cannot be achieved
with rovers or satellites. A conceptual design of a 3.5 kg fixed-wing, propeller-driven,
deployable miniature airplane was developed by Tohoku University and ISAS/JAXA to
study the feasibility of a Mars Airplane. This paper will describe the preliminary design and
analysis of the Mars Airplane’s thermal control system for its flight through the Martian
atmosphere. Initial analyses are discussed and results of thermal control development are
presented which detail the design process for the thermal control system.

Nomenclature

cross section

specific heat

specific heat at constant pressure
external flow

radiation configuration factor
gravity acceleration

= thermal conductance

Grashof number

= radiation thermal conductance
= heat transfer coefficient

= thermal conductivity

= Nusselt number

= length

= Prandtl number

= heat input, heat generation rate
Rayleigh number

= Reynolds number

= temperature

= velocity

= wall

= thermal diffusivity,

= coefficient of cubical expansion
= Stefan-Boltzmann constant

= viscosity

= dynamic viscosity

= density

= ambient
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I.Introduction

HE Mars Airplane is currently one of the competing proposals for the new Japanese Mars mission named Mars
Exploration with Lander Orbiter Synergy (MELOS). A working group for the MELOS mission was established
in 2008, and more than 100 researchers have joined discussing details with a launch in late 2010’s.['?

This Mars Airplane will be the first mission to deploy an atmospheric flight vehicle on another planet, and will
return high resolution-data of the Martian surface chemistry and remnant crustal magnetism. The Mars Airplane will
launch from Earth with the airplane folded inside an entry aeroshell attached to a carrier spacecraft. Fig. 1 shows a
conceptual diagram of the current mission scenario. At Mars, the
aeroshell will enter and descend into the Martian atmosphere.
When the aeroshell arrives at a predefined position, the Mars
Airplane will be released. It will deploy itself, control its attitude,
and proceed with level flight at 50 meters per second. Altitude in
flight is almost 1.5 km above the Martian surface and the
scheduled cruising range is 300 km. It will observe any Martian

Cruise

magnetic field and take pictures of a Martian surface closely e Level Flight
along a vast area during level flight.?! However, due to the a1} 50m/s
unique characteristic of flying an airplane on another planet, the ; —_—r ==

large amount of risk for most subsystems is believed to be during
the flight phase of the mission. Therefore, the design of a thermal
control system that can meet the needs of the aircraft in flight is
one of most important factors.

Figure 1. Conceptual Diagram of
the Current Mission Scenario

II. Thermal Mathematical Model

A. General thermal mathematical model

In the formal design and verification (by conducting tests) phases, a general thermal mathematical model for the
entire spacecraft is constructed from a combined conduction and radiation heat transfer equation with environmental
heating and cooling as boundary conditions. Note that heat convection transfer should be considered, in a case of
the Mars Airplane, because Mars has a thin atmosphere.

A schematic of the thermal mathematical model is shown in Fig. 2. In this modeling method, the analytical
object as a continuum is subdivided into several “nodes” as countable elements, and the nodes are connected by
“conductors”. Nodes are representative points of temperature and heat capacity, meanwhile conductors indicate heat
transfer paths between those elements. The governing equation of thermal mathematical models is heat balance
equation. Heat balance on the i-th node is described as:

N
ci%—Q,»+;{GU(TJ-—T,»)+G,»,»(T,»—E)} M

The left side of the Eq. (1) represents the heat stored on the i-th node. The first term of the right side is heat load
directly applied into the i-th node. A summation sign adds heat transfer from adjacent N nodes; G;; is thermal
conduction and convective heat transfer between the i-th and j-th node. When the cross section is constant, G; is
given as:

k

Gy =74 @

node;
In convective heat transfer, by using a heat transfer

coefficient, the G;; term is defined as: gl
On the other hand, the second term in the summation

sign is a term of radiation heat transfer. G means conductor
radiation heat transfer conductance and is given as: G
G = oF ) Figure 2. Schematic Diagram of the Thermal
v Mathematical Model

Where o is the Stefan-Boltzmann constant, and F is the
radiation configuration factor.

2
American Institute of Aeronautics and Astronautics

Copyright © 2013 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.

- 180-



Downloaded by TOHOKU UNIVERSITY on October 6, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-3349

In this study, a thermal mathematical model was constructed by using Thermal Desktop. In Thermal Desktop
which is a PC based design environment for generating thermal models, these equations are solved as simultaneous
equations based on a 3D CAD model.

B. Airplane configuration

The main configurations are defined from the mission scenario requirements, and are listed in Table 1. The
airplane’s fuselage length and wingspan were driven by the need to fit inside the entry aeroshell, which was sized to
fit the H-ITA launch shroud and maximum total mass. The Mars Airplane was restricted to 3.5 kg as a strict design
parameter to limit the impact as the payload of the rocket. By a project decision, the numbers of deployments were
limited in order to increase reliability. The Mars Airplane has one fold in each wing and another where a boom is
attached to the end of the fuselage for a tail assembly unit. Carbon Fiber Reinforced Plastic (CFRP) materials are
employed for the airplane wings and fuselage in order

. ! . . - Table 1. Main Configurations
to lighten the entire configuration. Propulsion is

. Wing Span m 2.6
conducted by propellers on each wing. Length of Fuselage m 21
The analytical model was constructed by Maximum Total Mass K 3' 5
simplifying a configuration of a flight test model."”! Fig. Material £ CF'RP
3 shows overviews of the flight test model and the -
Propulsion Propeller / DC Motor

thermal analytical model.

Tail Assembly

Pmpellt_:r Motors

a) Flight Test Model b) Thermal Analytical Model
Figure 3. Configuration Overview

C. Components Layout

Components mounted on the Mars Airplane are shown in Fig. 4. In this study, components were designed as
boxes which have an equal value of thermal mass of each component. The specifications of onboard components are
shown in Table 2. Most major airplane components have sufficient requirements to define their location. The heavy
components such as an avionics box, a battery, and a DC/DC converter should be located near the vehicle center of
gravity for wvehicle stability with the associated
electronics nearby. A pressure sensor is mounted on the
vehicle nose in order to accurately measure total
pressure during flight. Cameras, which attain high-
resolution data of Martian landscape, should be located
on the bottom surface of the fuselage. In addition, space
between the avionics box and a signal converter is
reserved for interface for the wing.

Table 2 also shows operating temperatures and heat
generation rates of various components. According to
the table, heat generation rates of component mounted
to the fuselage are not very high. The maximum heat
generation is 10.5 W generated by DC/DC converter. 2
However, a large amount of heat is generated by Figure 4. Onboard Components

3
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propeller motors mounted on each wing by a support made of CFRP.

Table 3 shows optical properties of body surface and components surface. Optical properties are defined by solar
absorptivity and infrared emissivity. Black Paint was employed as the airplane’s body paint. Also, the surface types
of the components are shown in Table 2. In the table, BOL means birth of life of the polished metals.

Table 2. Specifications of Onboard Components

Component Size (LxWxH) [mm] Main Material Weight [g] Thermal Mass [J/K]
Avionics Box 231x87x82 Aluminum 531 240.3
Battery 135x44x30 Aluminum 500 226.3
DC/DC Converter 90 x 90 x 30 Aluminum 450 203.6
Transmitter 65 x 65 x 65 Brass 170 31.9
Pressure Sensor 50 x 50 x 50 Aluminum 200 90.5
Signal Converter 90 x 65 x 25 Aluminum 150 67.9
Servo Motors 30 x 30 x 10 Black Plastic 22 25.3
Potentiometer 10 x 10 x 10 Black Plastic 8 9.2
Camera 50 x50 x 10 Aluminum 19 8.6
Propeller Motors 100 x 50 x 50 Aluminum 257 116.3
Component Min Op. Temp. [°C] | Max Op. Temp. [°C] QW] Surface
Avionics Box -40 50 4.5 Aluminum, BOL
Battery 0 30 2 Aluminum, BOL
DC/DC Converter -60 90 10.5 Aluminum, BOL
Transmitter -40 50 3.6 Brass, BOL
Pressure Sensor -50 50 3 Aluminum, BOL
Signal Converter -60 50 5 Aluminum, BOL
Servo Motors -30 50 3 Black Paint
Potentiometer -30 50 0.5 Black Paint
Camera -60 50 1 Aluminum, BOL
Propeller Motors -10 80 100 Aluminum, BOL

Table 3. Optical Properties

Downloaded by TOHOKU UNIVERSITY on October 6, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-3349

Optical Property Solar Absorptivity Infrared Emissivity a/e
Aluminum, BOL 0.15 0.05 3.00
Brass, BOL 0.31 0.03 10.33
Black Paint 0.90 0.90 1.00
ITII. Flight Thermal Environment

Due to unfamiliar nature of the Martian atmospheric environment, a vast literature review was undertaken. The
majority of the effort was spent on investigating the convection heat transfer environment in this foreign atmosphere.
According to past investigations, it is found that the Martin atmosphere composition is over 95% CO,, which
allowed the assumption that convection by pure CO, is acceptable.’! To obtain the parameters needed to make
estimates about the external forced convection and the internal natural convection for cooling of internal
components, the past study was used as reference.””’ The heat transfer coefficient of forced convection at laminar
flow was computed by using flat-plate theory. The heat transfer coefficient is given as:

Nup =hk—L=0.664ReL”2Pr”3 (0.5<Pr<15) 5)
U,L
Re, = £ (©6)
y7,
4
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@)

In this study, it was assumed that the flow field around external surfaces of the Mars Airplane is laminar flow, The
length of middle fuselage is considered as characteristic length L.

Also, natural convection was calculated by considering the empirical equation of hot surface facing up case.
Exact heat transfer coefficients should be calculated at each surface, but same value was used for all surfaces as an
assumption. The heat transfer coefficient of natural convection is given as:

ML:’;—L%CIR%”“ (10* <Ra; <4x10° :3x10'%) (8)

Constant value C, can be calculated by using Prandtl number:

3 p 1/4

r
C == 9
: 4{2.4+4.9\/Pr+5Prj ©)

Rayleigh number is written as Eq. (10), here, a is thermal diffusivity.
Ray =Gr, pr=2E, —1,)0} (10)
va

As shown in Eq. (10), the heat transfer coefficient of natural convection is a function of the temperature difference
between a component’s surface and ambient (upper surface of fuselage). Therefore, in model analysis, a heat
transfer coefficient at temperature difference 20 K was employed as an approximation. Forced convection was
reproduced as shown Fig. 5. An air temperature node was placed and connected with airplane’s fuselage and
propeller motors.

Radiation was considered by using the orbit tool provided in Thermal Desktop as shown in Fig. 6. Solar radiation
flux, mars infrared radiation temperature, and albedo was decided and shown in Table 4. However, the Mars
Airplane does not go around on orbit of the mars like a spacecraft. So, it was approximated that airplane’s position
toward sun does not change and heat flux from the sun is constant. It is planed that Mars Airplane will flight sunny
side of the mars. Therefore, the position was fixed at 0 degrees (directly under the sun).

Mars . Airplane
Forced Convection \
Conductor

|

Shadow
180°

Air Temperature ?
Node

Figure 5. Forced Convection around Airplane Figure 6. Radiation Environment on Mars

Table 4. Radiation Environment

Solar Radiation Flux W/m’ 583.4
Mars IR Temperature K 216
Albedo % 50
Position deg. 0

5
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IV. Thermal Control System Development

After constructing the thermal analytical model, the initial estimate of a Mars Airplane thermal control system
was conducted for finding a basic thermal design. Because the Mars Airplane mission is a short-duration, one-flight
mission, it was essential to design all subsystems for high reliability. However, the airframe should be designed for
low mass, due to the nature of the Mars Airplane limitation of 3.5kg. In addition to this, from an aerodynamic
perspective, pullout dynamics limit the total mass of the vehicle. Any mass saved in one subsystem can be applied to
other areas to increase performance margins or add redundancy.

A. Initial analysis

First of all, the initial model without thermal management (such as surface coating or heat spreading device) was
simulated. Table 5 shows main simulation conditions. The flight time is 30 min from start of flight. From a past
study, initial temperature of the fuselage and components is 293 K.®! Moreover, thermal contact conductance
between each component was calculated using 1 mm CO, exits in gaps. This value was determined by considering
that narrow space should exist inside each component box.

Table 5. Simulation Condition

. Temperature K 213
Martian At; h
artian Atmosphere Pressure kPa 0.7
Mach Number 0.2
. .. Reynolds Number 40000
Flight Condit - -
teht Londitions Flight Altitude km 1.5
Flight Time min 30
) Forced Convection W/m’K 3.7
Heat Transfer Coefficient -
Natural Convection W/m’K 0.46
570
—+—EODY
3360 —B— Pressure Sensor
. s || 4 .t
—#—DC/DC Comverter ’/
65 —=— Transmitter
470 || —+ Signanl Converter
31 = = =Servo Motor
_ |- Potentiom eter
39,5 e —&— Camera
420 —e—Moter
2
5 2370
el E’
s 320
ik 270
228 1
Tﬂmuerccxzfj;‘; [K], Time = ]800 se 220 : ' '
0 500 1000 1500 2000
Time [s]
a) Temperature Color Chart b) Temperature History

Figure 7. Results of Initial Analysis

Fig. 7 shows results of initial analysis. It is found that temperatures of the propeller motor are exceedingly high.
Moreover, the temperature distribution of onboard components is from 290 K to 350 K. Specifically, temperatures
of a potentiometer and a servo motor boarded inside the wing are high. Temperatures of components placed on top
of the avionics box increases slowly. On the other hand, temperature of the camera decreases to 260 K.

It is considered that convective cooling of the propeller motor is not sufficient because of the low density of the
Martian atmosphere and low flight speed. Heat generation rate of the motor is large at 100 W; however, heat
rejection to wings should be avoided because a material used as spar and rib inside the wing has high sensitivity to
hot temperature; high temperatures bring about a decrease in wing strength. Therefore, another method of propeller
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motor cooling has to be found. It is a most important task in thermal design of the Mars Airplane. Also, temperature
increases of onboard components should be resolved. The problem is small heat capacity such as with the
potentiometer and the servo motor. In addition, it is considered that a long distance from the bottom surface of the
fuselage causes temperature increases of the transmitter and the DC/DC converter.

B. Thermal contact conductance

As a solution to the wide temperature distribution over onboard components, thermal conducting sheets made of
1 mm thick silicon were inserted into spaces between each of the following components: the avionics and the battery,
the avionics and the DC/DC converter, the DC/DC converter and the transmitter; instead of CO, gap. This thermal
conducting sheet is commonly used to move heat on electronics equipment and is known as a material with high
thermal conductivities. On the contrary, a thermal insulator was placed between the bottom surface and the camera
to maintain the temperature. The reference value of thermal conductivity of these materials is shown in Table 6.
An analytical model with the thermal conducting sheets and the thermal insulator was constructed as model 2 and
simulated in a Martian thermal environment. Results are shown in Fig. 8.

Table 6. Thermal Conductivity

Material Thermal Conductivity [W/mK] | Thickness [mm]
Silicon Thermal Conducting Sheet 5.0 1
Thermal Insulator 0.042 20
570
—e—BODY
—— Pressure Sensor

520 || —&— Avionics ./.

—<— Battery

—#— DC/DC Converter

—— Transmitter /
470 | — Signanl Converter

— = —Servo Motor

|| m—— Potetttiom eter
8.8 & —&— Camera

. 420 H —e— Motor
306 E

=
2925 5
2791 g 370

H
- 320
2386 .

270 o2
- N T eI oo D
L mu?r::?ie:.r‘e [K], Time = 1800 sec 220 | | |
0 500 1000 1500 2000
Time [s]
a) Temperature Color Chart b) Temperature History

Figure 8. Results of Model 2

According to results, it is clear that high-temperature issue of the onboard components is solved and heat
removal by using thermal conducting sheets is available for thermal management of the Mars Airplane. However,
temperature of the camera had not changed in comparison with Fig. 7. It is considered that temperature of the
camera is dominated by temperature of the fuselage and convection heat transfer due to the low heat generation rate
and low heat capacity of the camera.

C. Cooling of the propeller motor

The nature of the propeller motor with the large heat generation rate makes it the top priority in the Mars Airplane
thermal control system. For a cooling system, several means can be considered. For example, heat transport to
another area by using a passive thermal control device such as heat pipes and LHPs (loop heat pipes) was considered,
but the reliability of heat pipes is unclear when it is used in a variable gravity field due to aerodynamic motion.
Another idea was an active cooling system such as two-phase mechanically pumped loop. However, this mission has
a strict limit of total mass, and it was not a successful way. Therefore, heat removal to external convective flow has
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to be made more efficient. From this perspective, it was thought that a heat sink attached to the motor was the best
way. This idea was also used in the ARES mission (Aerial Regional-scale Environmental Survey) by NASA
Langley research center for heat removal from a UHF communication system."™! In this simulation, a simple estimate
of heat sink was conducted by increase of surface area of the motor. As a configuration of the heat sink, fins were
assumed like Table 7. Number of fins was decided by considering that 3 fins are fixed on each surface except the
bottom. In this configuration, surface area became almost ten times compared to the original. A model with the
assumed heat sink was defined as model 3. o Table 7. Configuration of the Heat Sink
The results are shown in Fig. 9. Form the results, it is clear thgt Thickness mm 5
temperature of the propeller motor decreased to 320 K in Depth mm 100
comparison with Fig. 8. It means that the heat sink is a promising

. . Length mm 100
device for heat removal from the motor to external flow although in g -
. Number of Fins 9
a tradeoff study related to mass, an increase of drag should be - -
. Material Aluminum
conducted in future works.
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Figure 9. Results of Model 3

V. Conclusion

In this study, a thermal mathematical model of the Mars Airplane was developed and analyzed using data
available on the flight parameters determined from the mission scenario. This thermal mathematical model was used
to predict thermal performance and possible issues.

Initial problems on the thermal design were high temperatures of the onboard components and propeller motors.
To solve this temperature distribution of the onboard components, contact thermal conductance was changed by
using thermal conducting sheets. As a result, temperature was decreased significantly.

Furthermore, the cooling of propeller motors by utilizing a heat sink was simulated. The effect of the heat sink
was so remarkable. This method was suitable for the airplane, because it can use the external convective flow
efficiently.
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Abstract
We aim at the realization in the first half of the 2020s of a Mars airplane. The fundamental key technology to the Mars
airplane realization are researched and developed. To demonstrate the feasibility, the High-Altitude Mars Airplane Flight
Demonstration on Earth will be conducted in 2013. In this report, we present a plan summary of flight demonstration.
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Abstract

This paper presents conceptual design results of a Mars airplane for a technological demonstrator of a Mars lander. A

relation among total mass of the airplane, acroshell size, payload mass, and flight range is revealed. An airplane weighing

34.0 kg shows a maximum range of 370 km under the condition of an aeroshell diameter of 3 m and a payload mass of 3

kg.
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