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The supersonic flow over a flexible parachute system is investigated using computational analysis. The oscillation of
the fore shock of the canopy and the periodical deformation of the canopy called “canopy area oscillation” were
observed in the experiment at ISAS/JAXA. It is the purpose of this study to simulate these oscillations as seen in
experiments. We utilize Computational Fluid Dynamics (CFD) to investigate the flow around parachute and
Computational Structure Dynamics (CSD) to interpret the consequent deformation of the canopy. The deformation of
the flexible canopy was calculated with the mass-spring-damper (MSD) model. These two calculations are coupled
together by the Immersed Boundary (IB) method. The simulation was tested at Mach 2. In this fluid-structure coupling
simulation, flow interaction between the wake generated by the capsule and the shock in front of canopy was observed.
Deformation of canopy is also calculated, and compared with experimental results.

1. Introduction
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2. Method of Simulation
A. Simulation Model
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Table.1. Simulation Model
D [mm] d[mm] L [mm]
Case AB 50 4 100

Xy /=D L CIE, MSD 7 /UL D EX 0.1[mm]
DFA TR LTS, AT a T A T 10 AR,
L7z,

B. Numerical method
1) Fluid Calculation

A Navier-Stokes HFEADMEEINCFHE SN TS, HiEK
I EASHE S k- T b S, BRRMARRE CRE ST
%, FEREMERTRIE SHUS® 12X » TEMiE 41, MUSCL® Tk
SR L SN TS, HIFRRSEN 213 Van Albada flux limiter 2 U /=
REMEFE IS 2 RO Lo TR SN D, BLET /UCo
WA CIEALIRE T /L& AVRVOEHE (Case A) & DES®
EHAWEE (Case B) #1772, FEfFEIE 3 ko TVD
Runge-Kutta scheme® 2 & o> TITHIvTW\ 5. Z OfREIIEE
RS IEEFESE LSO DILD L 0bTEY, Xue HiT,
WA T 32— R W BR RS L85 & 2R
L7z,

2) MSD model

Fx ) B—OEROFEIZIE, Mass-Spring-Damper (MSD) €5
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IFRDIFRERL, Sv / E—0BE, BEX, YL IEREND
BHEns.
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Canopy

Tension of
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Figure 2. Mass nodes on the canopy
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Figure 3. Two ways to connect between neighboring nodes

3) Immersed Boundary method
WHAFHR L v /7 B —OREFRIE Immersed Boundary (IB)i%
IZ R > THEE STV D, B IETIIMEREOBENC & Tt
REHRE TOBRROER T2 52 2BV 2B LS TV
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WD ZERETH D, AWFETIITTHAU L DFHREAT 72
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Boundary
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Figure 4. Immersed Boundary method

C. Computational condition
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MPIFFIEZAT o 7e. EI-RHRSAHE Tale 2 IRT. Ziudsd
BRFOBEERR A LT Th 5.

AFE T, ELUET VAW r—A (CaseA) & DES %
JAWzA 7 —A (Case B) 1Z20WTo S o b—yg VAT, ELik
T IO ONT B LT

Table.2. Free stream condition used in this simulation
Moo Re Po Peo To
20 2.04x10" mt 166 kPa | 21.0kPa 298K
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Figure 5. Computational grid

3. Experimental results to be compared with this simulation.

T HEIRCOFEER S ISASUAXA IZTRW T Thhr-. F5k
Tl v/ BRI OB O, ”canopy area oscillation” 73
BRIENT- (Figure 7). 3HRERICIIX v/ B —cEB S N- P A
R g TA ATTA P—IToB’NTND  (Figures). A
v arTA vl TAP—ORSIFENZI50 mm, 40 mm, #]
HoXv ) B—EALT 70 mm, 27T 12 THD. RS
Table.3 |27~

Table.3. Free stream condition in the experiment
Meo Re Po Poo To
20 1.63x10” m! 132 kPa 17.0 kPa 297 K
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Figure 6. Experiment model
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and
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Figure 7. Schlieren image of experiment

4. Results and Discussions
A. Flow structure around a supersonic parachute

EEHNT Vo — FOFAUSL 2 @) OfEE LD 5 5. —D
I3 Figure 8 (9™, C, “reconstruction flow” & FEH LS. [XIH10D
A S THOWHE D~ NEGART, T 2 TIL DES VR
RORERETS. ZIUTEEH T > 2 — NEY OFEARI i
BT, Fx / BRI R EEE AV ER Sy B
PRIV ES) 72 708, REBBUIREDME O, E7-BR
BLEENPRTALLT 0. Figure 8 DIKHETIL Cold#70.88 Th o 7.
% 9 —DOREIEIL Figure 9 IR TH DT, “separation flow” & FEHE
A%, ZHU Trailing distance (Figure 1 0 X) 2VEVMEARR, Fv /
E—HIT ORI 7'V T = A 7 ERE T L CHRE )
ATRNY oA 7 O ERERE CRRELTI5E72 E1H b
WAUET, Fv /) E—RIAICEREDRVRETH S, Z08E
X/ E—PNEBOE KL, Coldfy 023 Pt/ &, &F
2%y BN OEIMEN =8, Fx / E—=05Nn 57 L
DI LT K ARLRERBERDR A HND.

DD RIES DIRRKOEHRE Trailing distance x T
HDOD, V2 l—Ta AR TUIFER TR E ORI LD
ATV = A 7 OFHEFERR, CFD AX—L72 EOfRKIZ b RE
SEBINDHT0, V3 alb—a ABWCIEET 058N

-

Figure 8-1. Reconstruction flow (= /~}534)
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Figure 8-2. Reconstruction flow DGO E

Bow shock
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Figure 9-1. Separation flow (= /~$/34%)

Separation shock / Shock of
Bow shock / canopy

of capsule

Figure 9-2. Separation flow DFEIFOREE

B. Unsteady dynamics around supersonic parachute system

Z I CIEHEBER ST v a— MIET A IEER ZRBIGU IOV GR
NG, AR TITEFET VARV —A  (CaseA) & DES
WA —2 (CaseB) ITOWTY I alb—i g %{To7-

X LIIT Case ATV TORERZRT. Figure 10-12 (33 v /
E—OE T L 3T v a— MNEY O (FUUIHRIOEE EE AT
TH Y, Figure 13 1 ZHTIDRHEIEIECTH D, ColdPr A~ v a v
T A ATDND NP OEH SRR GEEmA IR
OEERERET ) T Fp 13 v/ B —KHEOE O D
B THOBHEOX v /) 2D DB % TH D, Figure 10
WHBID LT
Fle¥x ) BRI OEEE S TN T A ZI ko TELE R
EFRSFENARE T 2R b . EEER O L 5%+ /
E—F b0 OFEHDOEIHC L > TH ¥ /) E—DIRIRSHT 258,
T OB SN, 0¥ v ) E—OFEE b s A4
TS HER & 720, RAROEBIERG SR 45 ATREMED & 5.
Figure 13 OB OIRENI Z DX / B —RiF O & /
E—OIERIEEZ R LD, F 208 ) BEEgIC L0 ¥
Y ) E—ORTRI~D A4 L, Figure 11 D X 5 7Zefiia1~0
A G EE I Lz, S6ICF v/ B Rl ORI OIREL) K
&L, BTN Y = A 7 O EEHSE TRET 2 & 5 Al
1%, K& 7% canopy area oscillation 2385 < 47=. Figure 12 3% D

Z DR TIIFEARZ reconstruction flow & 72 5.

%20 BMERAEAEL ORI D L
A03-2
BeFaR LT, ¥/ B R OFREN D 7R ET
B 5 &, EEIHNEH L C separation flow L7225, Zobx
Xy ) E—NEOEINI TRV HFI B T35 (Figure 13 Tt=30
ms fHECRE IR TR TCOBERTRALNDG). Fx /&
—PERIMEE L 72 5720 % v / E— 3R AR TPUGE L. %
¥/ =N UT L O v /) B —Ai IR AE LS v /
E—NERDIESIN EF/- L v /) B35 e DRI E - 7.
Z D—H DL % canopy area oscillation &\, FEERTH RIBEDE
SRS (Figure 7). 7272 LEBRICBWCIIARE CIIEE
LCWRNWS AN v g T A U LR O TR 51280, =
@ canopy area oscillation 2SERANZIEMEDE D NIRRT 5 M3
Bd5.
PUIORE ZIZOWTHIEBRIC AR TR E i L 2o 72
GERTIZ04 ). Zhut¥x v ) B —DZEROSERER L DiE
NZEDHLDOTHD EEZLND.

t=8.80 ms

Figure 11. & / B —DREF A1 ~0iEEHORE T
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t=43.32 ms

Figure 12. Canopy area oscillation 1

Figure 13. HiH DB (Case A)

YRIZ Case B Ofii % Figureld-15 (o4~ DES &V V=ZHT
% reconstruction flow & 72 >7228, Z D7 —ATiEFx v / B —pil)7
DR OIRINGI, FD7-0F ¥ ) E—DEH /NS < FEH
ICEERRRE L Te otz ZHIUC K VELRET VOB L W R
Va— MOFEEFBGIIRE SEEEZT D L0vhyinole. 2
TUE TOHFZET shockiwake interaction DL = AALE COMTEE
DMEFER DZSTNC R E < Db % 2 E 35573 T, RIS
BLEET DWW TRt 2N B 5 L 3nnd. 12721
AFHEIZOW T Figure 8-1 TROLND L HICHTBAT =1
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IFRFTREEIZ 725 TR Y, BN Y TRV RTREMED H

b, FDI-HH TR THAZ DN T b HolE LTt

T HVENHD.
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HIEHALTWS., ZD72 MSD BF/NM0D/3F A—4 B2 KD
BBITREREA 5.2 5720, +CEETANERSS.

0 10 20 30 40
t [ms]
Figure 15. 5T/ DOIFE]ENE (Case B)

5. Conclusion

AT RN EEGTBERCTO/NT L 2— MY - iR
2 b—a UEITV, FUEOREE & LT reconstruction flow &
separation flow & " S>OEENR RN, FREREORSHDHZ &
WohoT=.

RT v a— NOIEEFBIZIBE L T, CaseA Tid¥Fr / B—
BT OMEEEN & T 70T = A 7 OTFPHC L AR ORERRC
TRNOIEENMBRIS . FENOOELY v /B —
DOEFRIOIE G Z 57, EEEOEBA KX 75510135k
THBHIENT- & 5 72 canopy area oscillation & B.5H7z. —5 T
DES # =4 —2 (CaseB) TIIERICF v/ B —DiE#h
FEFNTITN LD E IR oT. ZHUIH TRV T = A 7 LR OT
WA 7]V = A 7 ORRBICRE < EBE ST 5700, LT
TNEREZTZEIZR0EIBG Lol B BND. 2121
ARFHETIIFBERS TS DES %2 LES % VB RIS 74 2
D72, ATRNT A 7 BTG TE TORWRTREMED &
D ABRFET DMENDD. £2% v/ E—0D MSD TF /L8
T A2 HIEEHE AR E BE T T DR TT %
ERH 5.
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