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Take-off; (b) landing

R T4 (100 km)E JE RIS PR . 2016
SEAR, IR F R AT = U RAT IR, AT
1000 m, PV A7 AR [T ) ARG A& 2 B 4 S BB R
PEAT T HE, AR SR AR T E B AR, B,
W VR 2 W IE 7E W BB B R RLV, 5 SpaceX 7E T2
BRI & ST E RIS A e

3 e p R P T E A1 I 5 4 K I G it
BiA

3.1 KRBl kAT 52 G RERsRIE A

RLV— 585, — F 9S00 35 it €T,
25 197 N I3 v B R T R B T A R, AT R
B I A 2 NP sh N . e st 2 p,
REWLEZWR TAE, (RS < ai=H(TVC) . RCS. A
ShHIAK A T A5 22 BRI PLAE, 5w RS B AR,

3458

HEATEAS | A WML, AR R e
i 248 E B, IR BE R N, &4 E Rl B R,
WA IZ A A SRR AT IR S0 AT RS A A
SRR, HEAT 25 GNCHE il 53315 0 FR IR 3% KA T
WK, SRR AT Z B AL VE L. RS
TR [l KA T 55 2 4 47 i 4 i 4 AR ] DU Ak g A 1 30
B K HRBE RATHES, Moy X2 4 n) R s o H
TR A M KA S Bl NASARE UHE 3 5256
EWR T — BRI B 6 35015 (G-FOLD),
RLViR [n1 5 fiti . H BRK B2 A5G B AR LR AR i 75
BEAEBR A TR i — 54T 45 oh s D 50 17 H 1 4k
R R T R

RLV i [1] 5 fiti 38 5 Ko 030 d5e A8 B0 4] ) fE, 32 %2
5% RCSFR Gefu i TAE S AF L2 (] | & sl TAERT ]
FE 1R/ O TR) AT B B o B s il B o i e 4 B
A AN W S B AW, DL IS fE 2 B
Gz o AILAR AT FF s 1R B i E A BB pL Ak i B Y 2 il
HEVER AR, RIS s mg, PR uEsE
PG BB EZ MRS, Pl ik R
FAA% G5 %) BRI RN 7 12 2 38 31 I vk Wi skl 4 Wi 8 3 —
AU Y TR) 5T, SpaceX 2y 7] GNCH Ji T.#2 il Lars
Blackmore & 2 717 K 2% Acikmese® 42 i T —Fh o
WAL, HAT PR S X EA SR s
i B Ry 4 ey de P A 254G 05, . Masten/2 #] it Xombie &
A7 6 T ELAR [0 ] 5 4 ) b SR R ™ F Ak T T 1)
WFFE AR, BUS T NASA K& 1« H BR % Bl # Pk kit
R KBNS — 4. SpaceX /A w] KA I —F 4 [nl i
AR FE AR AN, 45 e AT GE 4 T e Ak Y
TFF 5T LR

5 18 -9 K i — F P4 B e IR 8] R R S A Y B
{5 Bl e B 787 7R, 3R ISRIE &, A2 B 5 R R
SZ AR PR L 3R 1] 5 JCHE R R B PR I SR 20 R,
PEATYIR] 50 v B AR VA 8 i R AR 3 & S HL T A
A 1] 45 2 T S HU D R AL T, iR O ELas R, iR ]
JE 3 B USRS 20 5 OR M AR H, 2 3R AE Tk 4
30%.

3.2 Aty EmEAE AR LR

SLBHRLVIR [0 35 Bl 25K % shHLH % 2 08 2 g
T35 T (] el 7 O 4 50 A R R 10%,
M TIREAR, RSPl KR s A F (A AR
)W B IE R ], ZOR A SIHLL TR & E S



160
140 ¢

[ o

(=T,

o o
T T

EIREE (km)

0 50 100 150 200 250 300
FE (km)
2500,

2000+

1500+

HE (mis)

1000

500+ \

Y

0 . ; i o
100 200 300 400 500 600
KiE (s)

B 7 Falcon 9 ki — TR I7R [ml 5 )y B2k

Figure7 Simulation results of recovery trajectory of Falcon 9'sfirst stage

FE R RS KR BB . R R, ki@ & sh
BILHE TR, (1 3 B AR 31 25 i P PR 4F I 250, ol
BILAC S A8 HE 7 75 283 ok 2 A T ek sE B, A
TR AR S, FREERY . AR H B R
TR AR B LA AN 25 F T AT R TAE R B
THEIT R KRS . R TAE. Bob, SRk
KNI R — R M, JCT5 2% i A Al A e )
e SR Wi 000 5 ) 4 7 o A ) . 7 T RS AR AR R 1Y
A AR ER, 5 B R K sh ML Ad R I S R
KMV AR, WA B & LB RAEAL B | i
WIS R R BRI AN A A AL S A CH AR
VR 2N T A 7S R B AR T 50m 4 g 1
BE-3M AW A K shl, KSR, %Kk shilBEig 1
18%~98%11i [l Py 47 3 L4k T 1y, HH & 2R E
SSAH FRE 1. 1% B IF AR B e T A S i 2500 2%
)1 BE-4K% BhHL, R RBEbe . WA e i
A, O E iR

3.3  ESEEREZ abBLRBEIAR
TE KT m o A v, a2l i nT S G 2 il 2%

I (kPa)
= o N oW
o 4 o O O
T
\

o

o
I

100 200 300 400 500 600
B (s)

MO (g)

100 260 3I‘JG 460 5;]0 B;]CI
fiEl (s)

B8 i/ FIBE-3 AU A S
Figure8 BE-3Engine of Blue Origin

LA Il 3 [l e bl o 2, REAT AR AR R
Wili % AL R A A5G 1) 56 SE AN 2 o D e DA BX i
PO R E RGN RE ST, T RIIES Rl B RR E 1
H1 T4 Bl SO KW R Sl HL, B HA R Z R
AR BB RE T Rl 22 i LR SR SR SRR
BEHLK, BARTWO . PTEEMA, SdeRem ., &
BEASEVELF . 5 A A SO S T -9 A 0T >R ]
Y S R 33 i 22 vh S AR I P 9B 7R . H A HAM T R R
) ¢ 6 6 o A B 72 SR ) S B AR 25 BY, v

3459



A % b B 2016FE 118 £e61% H32H

B9 SHE-9 KFFAREZEM SR (8) JRIPRE; (b) Blethas
Figure9 Landing legs of Falcon 9 rocket. (a) Deployed; (b) undeployed
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Recent progress on development trend and key technologies of
vertical take-off vertical landing reusable launch vehicle

XU DaFut, ZHANG Zhe?, WU Ké®, LI HongBing', LIN JanFeng*, ZHANG XiaoDong" &
GUO XiaoXi?®
! Aerospace System Engineering Shanghai, Shanghai 201109, China;

2 Lunar Exploration and Aerospace Engineering Center, Beijing 100037, China;
% Beijing Space Science and Technology |nformation Research Institute, Beijing 100086, China

As the Reusable Launch Vehicle can reduce the launching cost, and improve the ability of Operationally Responsive
Space (ORS), many aerospace powers in the world consider the Reusable Launch Vehicle as a main development
tendency of space transportation system. Recently, Space Exploration Technologies Corporation (SpaceX), as the
spokesman of private aerospace corporations, has attracted all the world's attention to the Reusable Launch Vehicle.
SpaceX has been developing technologies for rockets fully and rapid reusability, and several recovery tests have been
conducted on technol ogy-demonstrators and post-mission controlled-descent tests on Falcon 9 rockets' first stages, both
touchdown on the ocean platform and the land. On 22 December 2015, a Falcon 9 FT rocket of SpaceX, carrying 11
Orbcomm communications satellites, lifted off from Cape Canavera. After cutoff and stage-separation, the Falcon 9's
first stage flight back into the atmosphere and pulled off a powered landing on on Landing Zone 1, which is about 10 km
far away from the Launch Site of SLC-40, settling to a smooth tail-first touchdown, making it a significant space “first”.
After aready celebrated a successful booster landing, SpaceX had decided to attempt a landing at sea on this flight
despite available margins for areturn to land. This decision was prompted by the need to master the landing sequence for
sea-based recoveries which will be needed for about half of Falcon 9's flights when lifting heavy satellites to high-energy
orbits. On 8 April 2016, SpaceX’s Falcon 9 FT rocket, carrying CRS-8 Dragon cargo, lifted off from Cape Canaveral.
The Falcon 9's first stage has accomplished the first ever successful returning rocket on the Autonomous Spaceport
Drone Ship (ASDS). This is considered a landmark accomplishment on the road to economica interplanetary and
asteroid-to- planet space travel because it enables expensive launch vehicles to be reused. In this paper, based on the
experiments of Falcon 9, and analyzing the main projects of the Reusable Launch Vehicle abroad in the past 60 years, the
critical technologies will be researched and the results will provide references for the research of new type of space
transportation systems.

reusable launch vehicle (RLV), vertical take-off vertical landing, precision landing, development trend, key
technologies
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