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Free flight demonstrations for sample return capsules with thin aeroshell
using rubber balloons: RERA-2 & RERA-3
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ABSTRACT

Anovel atmospheric entry capsule with a thin aeroshell has been proposed for a deep space sample retum mission. The lightweight and
large aeroshell allows for efficient aerodynamic deceleration during entry at a higher altitude, leading to a decrease in acrodynamic heating,
The capsule is designed to operate without the use of parachutes. Therefore, the capsule needs to remain stable in attitude during atmospheric
entry across the entire velocity range. To access the aerodynamic stability of this capsule in low-speed condition, a free-flight experiment
RERA (Rubber balloon Experiment for Reentry capsule with thin Aeroshell) was conducted on July 8th and 9th, 2023, at the Taiki
Aerospace Research Field. Two capsules, each with a diameter of 0.8 m, were developed for this experiment, named RERA-2 and RERA-
3, respectively. RERA-1 conducted in 2022, designed with a similar concept, did not show significant oscillation in attitude. In the current
experiments, a parameter study for reproducing instability was conducted by increasing the moment of inertia and shifting the center of
gravity reward to investigate their effects on the capsule motion. The capsules were equipped with a 9-axis sensor, temperature sensor,
pressure gauges, and cameras. Measurement data were transmitted to the ground station. RERA-2 was released fiom the balloon at an
altitude of 25km, and RERA-3 at an altitude of 16 km. After several ten minutes of free flight, both capsules splashed down in the ocean.
The flow conditions during free flight were in the order of Mach 0.2 or lower and Reynolds numbers of 10°, similar to those encountered
during reentry. While the capsules exhibited oscillation during free flight, no attitude instability involving pitch-direction longitudinal rotation
was observed. Therefore, it was indicated that RERA-2 and RERA-3, like RERA-1, can fly stably in the low-speed regime. RERA-2, in
which the center of gravity was positioned rearward exhibited larger angular velocity amplitudes.
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JESeW, AATHEHEINTREY, FHIT—2 13 ERT%IE L7-. RERA-2 L& 25 km, RERA-3 |35
FE 16 km (2T LRI LUV B, Ht-oOB BRI TOOLNE FIZEKLTZ. BRI TROSM I~ >
INEO2 LT, LA JIVAREN0 OA—F—ThH Y, FEAREORITEREE & [FREE CTh o7z, AR THHISN
=7 —228Y, BEMTHICH 7 UVIEE L T2 b D0, By FHBICHERER T 5 & 5 e 2 v
IR SN2 ho 7=, ZD7=®, RERA-1 L[ U< RERA-2, RERA-3 DX CIEIEER Z 3\ CTLERNTTRE
1TT5Z EBRHALNIIR -T2, Fn, BEILEEZZRTIZER Lz RERA2 TIEL D KX el EORIEN S S
Wiz, BB U2 o X TR O R BB HEE T D 12BN 2T — 2 RS CT& 7=,

1.1Zt®»Iiz

WDV TN H— THAESN TV DTS SO N 7, HERIFER O KEE 22 AGH
FEEMN12 km/sThHHoT-. —HTARE - LEEREDOETRENLOEFEHY V) ¥ — 2T, K
SEZENHEENISkm/sIC b K520, 7B MTIX VLW E b En5. 22T, ME
RS LD RBELPORKEEOTT ny = VEFT L8O 7Y Z— 291 7%/ (SRC) 7342
RINTWDEY., =7 B vz /W K> THEREZ FIF CTEKNC L > THRNICEHEIEDHZ LT
IMBRDIKB A ERTE D, BRI T oY 2 /WX VRIS EHEEAZITZ 5720, FL 7
TATIINRNT L 2a— L ATOBEBAMNMUESN TS, FO720, ERFOSEEIZBWTZLE S
FINCZELTRITT D Z RO LN TS, FlA T VDN RZEEEZALNITHZ LI
koT, BFEHY L TINIE— I v g L OREEKIIRON FICHEL5TE 5.

RATH DA T B-NNER N2 THIETRENEEL, BEEI NS DL HDH. ZOBRITZE
N ARBEEMEIN, BTN BNEBAER T 52k > TR ENBEESEHLZENTEXT, THINBH
NTHSIZE T T 5280, BBENDZRBATEHL CLEIZLENEZOND. T2, T a— embillE
BRI CEARWIELIBEEL THEITOND. UL EDZLND, 22 /R E B O ORI L 22 F1 M D% E
fERRD I TND.

28 NARZEOREIL, FrREREBIMZEMEIC TN 2. FFLZEMHEIIN 7 '3 ik LTk
RICBITDRENTHD. FD T2 OFZ ENVEITEED Lo THMESN TEY, v v B 4.0 LA
TIZBWTEHICRZE THLIENREIN TV, BINZEMITD 7Rz LIRS T84
TOREEMETHY, FHIIZEE TH THEIIZZE THHEIXRS/2 . EiES YT ISAS B EJH %
FIALT, EFEIICBWTHR D 72V O8I L EMEEZFMEL7-. 2O T, EBEE— AN ER O
PRNE & B S AL D20, — ki~ y 8 1.3 (2B T _RCTOEBR—ATIIy M A7VIEE)
MU DT ERHERIINT-. HERDITRoBSH A T BIT DB AR L E BRI B0 T V¢l
T 7 NAS DK RO BN KBRS TS, FD 7 VIR Ll U T E A 2SRk Z L

800 mm “ 400 mm

K1 : F NN E— BT () Ll snSh 7EL (F)
TWBD, BIRD G52 D BIX R DT ENEZLIND. LIeh-> T, Hilllh 7 2L OREERIZ-OUWT
BAONZTAHIENRDHIL TS,

AR L ERRICx T 57 7 a—F LU TR ¥, i & # 41 (CFD, Computational Fluid
Dynamics)®, 77 B D3ZRFHND. IR CIIEyF HEIC 1 i E BEZ RO 7 LR
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% T, RO B ECIER, A OFHIR RS T0D. Lol EEIO B B Ol -0 3
FR ORI L > TR H AT R 2 H T2 813 TE AW, IT4ED CFD Tk EE o
HLERARAT 12 &> C H R TER B 2 AT LR 9~ D 2 LN A IS 72 > C& T2, ULy, BRHER TR
ENTEEZ EMERICHEIR TETWDHEO0, EEEORKRZEAROD L7258 65¢ L 728 B8 C o b | X IR
THY, FHHEIANDOKRESLIETHD. 77 A MBI BR M 1SR 2 LB S S R TH D3,
HHERITSEDZETERITRFOBREHILTXS. 779/ MRBRICEIVELNDLTRITT — & & B R B,
CFD ZAEMHICIE T 2281285 T, BHARLEBRR~DOH REROHIENTES.

FHEIEHROBRBIZBITL7 7 MNARIL, ERITREOFICHMA 10T AT LD O R
PHEETHD. UL, EMEICE AP RN Z 0N D720 ERESNIROND. I LKERERRITEHIn
TR RKKRERZ T 2B R TR AN CEIE T HIENFAIHETHY, MBI E i CEIUXH B
TATERBE CO/RT AL AFT 4L TND.

DL EXOARRFZE Tlaa 258Kk E - B AR TR 2 m R IS L, (R B T %= ay =
NI T L DB EMEZ T T 522 HREL TWD. 20X micky, TLAKEKE TICLs5H
FI 747325 RERA(RERA: Rubber balloon Experiment for Reentry capsule with thin Aeroshell)z 2022 475>
DL THEML TV 5. RERA @ 1 54 TH5 RERA-1 135 25 km 25D H R TH O LREATF — 2%
UG 952N C&iz. HERIZ BT 2B R L EBLGIIH LT, BIRDOEME — A MOE L LE D
B2 BB A2 A7, REBRTIEZ RERA 722D 2, 3 B4 1T RERA-2, RERA-3 #1ER%L
7. FT2, BTV TR OE &2 57D 0B E o AL, RO K BB OHEELR R
3. AERLI= A 78 % B MFRATRUBR A KRB 28 1 J2BRI510C 2023 4 7 A 8, 9 HIZHEREHE
MEL7-. ARG CIEES 2 BECHEBROBE, # 3 ETHARBROME, 5 4 ETTIANT —XOMHTHRERIC
DUWTIRRS. 5 5 B(Z{X RERA-2, RERA-3 DFER T TV 74— LT OWTREHL, 5 6 HICH 5250
7

2. [ EREE RERA D E
2.1. BEENT
B HFRATIRF O BREE & & /KIEL AT OB 2 BB AT IC K 0 B L7, RRERERZEE L7t
Nz, KKEHEEANERE L2325 2 & T, RITEREOMEM: 2 5l 5. Efgir o
SMEENCE LD D, HEAECITIADOE BEm, BEHEES, PR CZzH VT TN LS
EFRIND.

AR TILRERFETR D B HFRATIRHC D 72 VA iERER 32 2 & 2488 L, HOERBUCITE 2 R
TWB. Fz, FUMRBITEE I GFET —E L Lz, EBREIMFICEL Y 1 72 VO &3/ .0kg,
WAR2.0 kgk U7z, FPREITEARMICI0E L, B 7 AnERER L7-854A12068 Lz, L
Mo T, HIEREITR/N2.0kg/m?, FK6.6kg/m? & 72 5. FEAMEOBLEMITIZIT B I IX1S
km/s, FIHIEEEI3200 km, FREATREEE A 1E-11 deglZf%E L7z,

X2, KBIZHLEMATICE WV ERG L EHE L mED T a7 7 A, v~ v BE LA I VRO T a
T ANEENEIURT. [ERERAZE L7 HuEfR22.0 - 6.6 kg/m*OFIFHIZIBNT, FHAKEEOHE
FEIZ10 m/sEA R & BAED HivDd. 25 kma 6O B HFATICE W T 7B ARNKREBRT 5~ v " BuTHEK
TO2RRETH D72, BT HIRIKDEMIENRIT o IAR. 2, K[EKFERIZB T D114 /L
AEIITFEAREO LA ) VA EFR LA —F—Thb I b, REBRITIFTEAR & REEORIT
REZHBCEDL. 2L, BEPRETHLHT-OMEMEET— A MNIFEALT 7L LD /&<,
A UNY 3t ) | VAN
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1 WOBREHT O 5
AT % 52 RERA-2, RERA-3 (Balloon experiment) ‘ SRC (Reference model)
VI hNUT Tacode v1.127
KEET IV NRLMSISE-00 Atmosphere Model
(Q015/1/1HF 8, FESE45 deghR LSS degti i T — %)
IR, km/s 0 15
MW, km 25 200
FIHIREEE « BREE, deg (42.34, 144.08) (0, 0)
RATHREE A, deg 0 -11
HAE Em, kg 1-2 10.0
BEIRIERE, m 0.8 0.8
BB S, m? 0.50 0.50
PUREC, 0.6-1.0 1.0
BIELRERCy, kg/m’ 20-6.6 19.9
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Cz =19.9

~N
o

o
o

H
o
Reynolds number

Altitude, km

n
o 00 00
0000
oo

He oo s

©

0

1 I
80 100 120
Velocity, m/s

140

095 0.2

Mach number

0.3 04

05

X2 : RERATEIR I 7B L DO E & mEORBE X3 : RERATEIR 7o~ vl LA )V 2D %

22. 754 NEBLE A TELEERE

RERFEBRRERACIL, =7 0 v = V2 F T HHEUKRKREAND 7Tzt LT HBERITRE O LS
TR RS LT 2 L2 HE LTWD. K4 R ZE 1 BRI TiER & B A FEER
—J 2 AT, £, WMERKERKSIORT. £, HEICTEEESROBREZ LD EF7-0biC
WEF v 72179, TD%, K5O L HICTHKT Y RT DO FEICHE SN, dLAREKICHERESND.
BTN EEIZIEE v A= BHENTRBY, BT -T2l 52 Lk o TH T RVITZHE
HRITZ B9 5. 2+ o B BRITHIM 2% T, 172 BICE KT 5. REBRICTEKL
7= Hh 7R AOEIIIITDR. ZOFEBRS — 7 o A 320224E 12 FEi SH7-RERA-1YE A TH 5.
B WA CORBRICE VIEEE— A FOMKETBMIEZZTICHET D2 EICL > THRIKES DR
HIREIIZELRNL OO, REERTH IRESKET D) BHANRIN TS, D72, RERA2L
RERA-3 CIIFEAR OB EREDSMKEEIRIC B 1T 5 B HRITROBM AR L ERRIC G 2B HETH ¢ %
HEJE LTS, T AKRERICHRYE 65 EEFIROH CHIARO B LESCEME— A R &8 L7-. RERA-
2, RERA-3DFEAREERS K OVENFHASR O EZR22ZE L DD, MEEEOFURIZT=T v v /Ui
D& Lz, BEE VA XAOFEITERIE CTH S, HREAITER0.8m, HEREI0kgDHEME — b
=V REATDHH B TH DA, RERA-2, RERA-3IZER08m, MEEK2kgTH Y, WNEOHE
HHERR AR BT RIWATF o — LB TH D, D72, RERA-2, RERA-3DEMT— X o A3 FEZE
AL TR e - TRBY, HlhEY, BEEEEY & LERAKL Y IfT/NSWETHS. ZUTI A
KERERICRINDIEEHIRIZELDHDOTH .
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RERA-2, RERA-3D I 7B /LB & X6, KTIZENZEIURT. 7 LT EOduza s L, iz
zififie LTV 5. 7J7°—kzwi%¥@x%m~w§<®ﬁﬁﬁ7 L7 & A i P R, j’ootmm%@%%t#ﬂ%
THERIN TS, SR MBS S, BERT T F L2600 A T NI HEH
LTW5. %F%7/7%17v7mwmm CHDHWEITHEM L L DIIEATF 1 — L OER TE-
TWD. B AT IL6Hh A SR L CT45 degD A E THULY 117 B, L*T@Tﬁﬁ%wﬁmmﬂfw
ZHTEORIWAT o — /L CREAZHED TN D, FEOEEIZITHEAFIKE-60 (2= (BF) %
Wiz, F727 VT EETEIIRE A FHRLE 255 (7 U 7 ERRISE DOTE A AT 1S & O JE PHIZ90E & <E
(Z4%), 7 VLT EHmEOENZFHT 2 72D i M RIS ESFHE P UERIT 6 TnD. KESD
FHlRIC ) arFa—TORBREREL, b —FOMEETE IR L. EARDY
JarFa—7iE~=Ah—/L N Lo Tkt £FSSCDANNOISPAABS (Honeywell (#£)) 35 X OS5
DZJEFHHSCDRRNOOINDAAS (Honeywell (#£)) ([CEA Sz, ZEEFO S 5 —FHOFHHIFR— M
ITIEA R LS OFSE AT O T RH RICB R 2 Ff o> U a v Fa— 7 BN SNz, Zhic X v iE
HEEDOEENIETE S, KNP OEEFHOFURIT T LT EORNGE LTW5, B HEE I OFHLS
IKIEA A, JEAFHAEQB X 0@ 72371 & Rk LIChLEd 5. 7u7%§ﬁﬁ®ﬁﬁ§ﬂﬁumi
H£2200 mmD A JE EI1Z90 deghB &2, vV arFa—T7 N7 LT IZEEIZ/RD X OF%E Lz, i
LT LT DR T AIT60deg ThH 5. FEiEE) OFHLAITTF E HEICEEIC /R D X D% E L7z, RERA-
1T 7Tz RIBIR T D72, xl)E 0 & ydfillfE 0 OEMEE—A  MIFELWERE LT
23, RERA-2, RERA-3TIZZDIREZPEL TRl L7z, Bl - BT — X 2 MIRWATF o —/LERIC
DV TIE, 3YkﬁCADO)Inventor (Autodeskfh) 1T K-> TEH L, HBEMEERICOWTITER L. A
AFa—)VOBEET7 LT, YEHESENENOE R (ERE) 2% (CADfE) TR LZE%
AL, BESHITIENEAL—E L. DB LDENRE—A » FABIIARALEBRRICE 2 5%
2319 % 72%, RERA-2E RERA-3TIZRERA-1IZ%K L T10%IE 1B — A > M &2BNE B/,
RERA-2 TITE L2320 mmiZ 71272 D KX OBEIRZAERL LT, Z£D7-®, RERA-1&RERA-3ITHATH
E M FEEOE 2340 mm#EIN L T\ 5.

KV RV CHBRITRERZ BT 5720, ARFEBRTIXT ARERDHEEICEIE TR e fm &
ETH D EEE2S km b & H 7 VEET LIZ(RERA-BIZE 16 km)s H % ). Bl OHUEMRHT O 5E,
ZOBEENSDOEYEELIZE > T v /0200 FOMGEHEKICI W THEAREFRRZREDO LA /LK
BOFRITHRMIZREBRTE D Z LR INT-.

<Experimental sequence > 2000g | Balloon
@ Turn on the power
(@ Check the system operation ‘

(3 Balloon launch
(@ Ascent to the stratosphere
(® Cut the rope on command

S =)
® Free Flight — Parachute @
\,\.“ £
@ Landing in the sea R [ HK gondola

///>///// 5 %Cuner

O i Capsule

X4 : FEBrs —r A

5
(9]
=%
A
5
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2 : RERAD 72V &

RERA-1 (2022) RERA-2 RERA-3
B, kg 1.56 1.98 1.94
H# A X, mm 9800%235 9800%275 9800x235
ME AT 71— (40f5H70)

HOLE (x,y,2), mm

98tz > Y DALE (x,y,z), mm
JEFHSOQDOALE (x,y,z), mm
JEDEHREQ@OALE (x,y,z), mm
JETIEHRS@DALE (x,y,z), mm
JEDFHRE@DOALE (x,y,z), mm
W ESFHA R ONLE (x,y,2), mm

(0.9, 1.1, 128.3)
(6.9, 7.7, 140.0)

(1.5,-0.9, 147.8)
(-6.9, 4.0, 192.8)
(-197.4, -32.0, 84.5)
(-32.0, 197.4, 84.5)
(197.4, 32.0, 84.5)
(32.0, -197.4, 84.5)
(-16.8, 103.6, 233.8)

(1.4,-1.9, 121.4)
(-6.9, 4.0, 152.8)
(-184.9, -76.2, 84.5)
(-76.2, 184.9, 84.5)
(184.9, 76.2, 84.5)
(76.2, -184.9, 84.5)
(97.1, 40.0, 193.8)

XA 0 IEMEE— A > b, g mm? 1.99x10’ 2.30x10’ 2.25%10’
yllE 0T — A > b, g mm? 1.99x10’ 2.34x10’ 2.28x10’
zHlE 0 1T — A 2 b, g mm? 3.29x10’ 3.72x107 3.68x10’

(a):RERA-2

(b):RERA-3

46 : [EKFEBRT TANET IV

23. VAT AE

SR O 7 oy 7 ARSI RT. iz, KREMOBEESE 2R T. FLIZH HU-
TeCSA— RIZ/NHEEE T Z 4 FREBAICBE S NTZIHAOT La~ElTh 5. Z ZITARFERT
1 L9Hh & Bt P MTi-2 (Xsensfh) & GPSZ/EHENEO-MON  (u-bloxfh) % Btk L CHEH L 7-.
LY Y TIIIEREE, K, BEEARE L TO e OBEBEFHIT 5. B8 YO
B AR, BV OMEEZRUITTT. AHEFITREO I 7L O LIRS O &/ NE B E0E
THARE L Z2 5N TEY, e LTAREC SOV o ZREEEIIHT KX W9, &
AR T AN TEXHEEZOND. 100MKELIREETRY 7 MaEFHAI L 72 & 2 A,
IR FE1.16%107 m/s?, FAIEFE3.40x107 deg/s TH - 7-72%, AFBR CER T 2K E 1T MEE0.1
m/s’, AIEE0.1deg/sTHDH L EEXDH LN THD. iz, WEFNOZDICHOWEEE
$#ADS590 (Analog Devicestl) Z#5#k U7, FHAIEPT X M EH OMIZRRE, HE#S X OEH
ThHD. MAZT AD5S90IZ L > CTU-TeCSAR— R _EDIREE, MTi-212 X - TELEE Y S INELOIRE
RS LTV, SEIEE OBER EIEEIX-20 — 60 degCTH Y, FIAATF 1 —LZ X0 WrEL
T 5 Z & THERIEE ZRFF 95 Z £ 23 TX 5. RERA-2, RERA-3TILH72IZADS(Air data system)
ZRWTERITEBOHEE 21T 5 . ADSO 72 D IS M2 I TIE A Uikt R G 1, ADS A Al 22 7
ME, AT E L. RIS L 2B T o) E I I U-TeCSAHA — R Tk
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1 7 1 6 1 5 + 4 1 3 1 2 1 1

AA(1:5)

84.52)

TS REAEHAR

_RMERFYTF %,

I il I 13 I 3 1? q I 3 I Z I 1
(a):RERA-2
1 7 1 6 1 3 + 4 1 3 1 2 1 1
AA(1:5)
235
1933
200

EAERRS

i

(b):RERA-3
[47 : RERAG 7 & /L
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HHEZITWD . BIEOALETE R OEUFIZIZGPS (Global Positioning System) ZFIf L7z, 265D 7 A
Z OpenMVCamH7R2 (OpenMV#tt) (34 >< 7 OYCHHA R X L45 deglfiF T S TR0, K7IZ
AT DA DONLE ISR E u‘:. H AT L XESS-L220 (ENTANIYAtE) ZERM L, HREFAH3180
degll L CTH D72, HHRFATRHICITEEMAFORZR L 228 AR EROFTHE VAT THD L& X
bID. I AZIXEBRITH jﬁl‘?ﬁ’%fﬂfiw'ﬁ‘é ZEERHEMELTEY, HEBICE 5T KEOE &
REE VI Lo TR OISR T — 2 N ORIKDRAL RN T 52 LN TE L. HEHE T —
ZEET T TIXIAXARZERFZEBRG ) it S - b o 2 A Lﬂ\é M V3R B ORI BR

BTN COEERHERINTVWAIB70 (Greatbatchft) ZfEH L7-. & i32|§i<i’§§lj IEELELO
2B CRLA A CTEA L7z,
FEH R D 2R % KT /RT . SIZIRERA-2% 7R LT 52, RERA-3IC DWW T b AEALIL[FAR

T& 5. RERA-2, RERA-3: 4 Ja%ﬂ%%%%%ﬁ ITERKEZRZISOmm (WA T7E2EFT), &3152 mmT
bV, HEITNI3IkgTHD. GPST VT T OEFIZHDLT VIR EEMA v 7 AN AT 71—
NELOEHE EE & FNFNHEE S 5. RERA2 DO HE RS IZRERA-3Z L~ T40mmTs @il 3% &
Ehs. kD EMIERZFTICTS L.

Pressure gauge Temperature
6 transducer —> signal
Honeywell X3 —> power
SSCDANNO15PAABS X1 Analog Devices > RF
HSCDRRNOOINDAAS X5 AD590
input : 5.0V input : 5.0V
cFoT-T-T T STt T 1 A A
1 Non-flight items 1 v
1 1
! ! U-TeCS
1 1
. . Base board < Camera x2
1 1 input : 6.5 ~ 32V o
> . — penMV
| PC < . output : 3.3, 5.0, 12V > openmy cam H7 R2
1 1 input : 5V
1 1
! ! - == - - =-="
! ! ySensor board; | Boards with | '
! ! | Vo GPS | < GPS receiver
1 External . ! | Xsens o1 u- | | Antenna
| l | switch |, MTi-2 . uNZlc?):A’gr:C' X -
ower su input : 2.8 ~ 3.6V -
1 P PPl 1 1 ey 1 | input:2.7~3.6V | Tallysman
1 1 S T G TW1421
1 1
1 1 4 Digital signal (big)
. . vy
1 1
: : FM data
. Antenna for data
1 1 Battery x6 transmitter > o
Greatbatch, Ltd transmission
1 1  Lid. MODEL 7748DC
} 1 3870, 352P input : +6.5V
3.9V x 3 (no load)
e e e e e e e e e e e - - J

X8 : kD7 Y 7Y

%309 HilR B Y MTi-2 DR

Gyroscope Accelerometer
Standard full range 2000 deg/s 16 g
In-run bias stability 6 deg/h 40 pg
Bandwidth 230 Hz 230 Hz
Noise density 0.003 deg/s/\VHz 70 ug/NHz
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4 o FHHIE & ) E SRR
Frequency
DR, m/s? 100 Hz
T rad/s 100 Hz
s, G 100 Hz
I A —H=F 10 Hz
HK7—% (B, E7), &M, &Eit) | 10 Hz
7] 10 Hz
GPST—# 10 Hz
HH 0.1 Hz

Vs

9 : $5HHESED 2 (KX (RERA-2)

3. ERITABR - A

3.1. FRRABROBME
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