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ABSTRACT

Present paper introduces the recent advances in space launch vehicle technologies. A
brief survey is given for the space development programs in civil sector with their
business model and key technologies. Advances in key technologies were reviewed in
detail with more emphasis on the electric pump cycle engine for low cost high
performance small launch vehicle, Electron, under development by Rocketlab Ltd., since
their contributions would give good lessons for rocket scientists.
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Fig. 1. AJ26-62, 1st stage engine
Antares(3]
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Table 1. Specification of Anatres 130

Version Antares 130
Stage 1 2 * AJ26-62
Stage 2 2 * Castor 30A/B
Max height (m) 419
Diameter (m) 3.9
Initial Mass (kg) 240,000
Payload to LEO (kg) 6,120

Table 2. Anatres100, 200 series engine
specification

Engine AJ26-62 | RD-180 | Castor30B
Thrust(vac.) (kN) 1,680 4150 293.4
Thrust(SL) (kN) 1510 | 3830 (Avg)

Fuel RP-1 RP-1 TP-H8299
/LOx /LOx Jaluminum
Specific Impulse

(vac.) (s) 331 338
Specific Impulse

(SL) (s) 297 s
Thrust - to -

wight ratio 137 7844

43 1483 MPa, 9 3265 kN, 94 A7k
230 s ©]t}.

LOx/kerosene 7|RFe] NK-33 AL odai
ol Al 4kslA] F HEIE ddadE 7H= FE Y
FAAZ HHE S8, ol F dLHNA o
Al Aadte g sibo]F(Staged combustion
cycle)e E=dste] A Aa ¢ ¥FHS
A =3k NK-333 %12 SpaceXAte] Merlin
1D<IZle] A7) A7A FEHA  FEHH
(Thrust-to-weight ratio)7} 1372 7Fd &2 <Az
ojom, MAAA 40d o]ifo] APAT oA
3 Hie Ve s JHAE dXeE AAZ
}.

ShATE 20149 102 28Y Antares130 HARA 7}
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ElEg ol XwAl Ajfoz W uet
Orbital ~ ScienceAl= AFE  &4E 93
Antares100 A A ZE B I A 7]1L[5] 2016
d A APAZS EEZE Antares200 LA S
M Folth old mwe} BRE P 2016 ©]
T2 A7|=HATE =3 o] AS AVIE 20159
29 Orbital ScienceAl®t ATKAFF 4 35}He]
Orbital ATKS 233} t}

Antares200 HAMAIE 19 Y235 19 <zl
RD-1919] /G AIQl 1A ot EnergomashAl2

LOx/RP-1 7]¥Fe] RD-180<171S 27] A=3t
T} RD-180 A2 2709 d&4d3t 2719 =&
2 FAE dxem FHL 3700 kN, A&zt
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Fig. 2. RD-180 engine and Atlas V[6]

Table 3. Antares, Versions and Performance

Ver Configuration Performance (kg)
i Stage | Stage Interpla
SIoN | staget . % | Leo | sso | aTo P
2 3 netary
Castor
10 | AJ6-62 |7 )
120 | AJos-g2 | O3S 4,600 | 1,500
0B , ,
121 | Ase-62 | C%| TS | 4750 | 2900
30B
Castor | Star
122 | AJ6-62 |70t | ooy 900
Castor
130 | AJR6-62 | 7 5,100
131 | AJ26-62 Cffior BTS | 5,600 | 3,600
Castor | Star
182 | AJ6-62| 0 T o 1,800 | 1,100
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QA AEFHT gk Table 39 YER}IQIEO]
Anatres100A1 8] 29| 7% 30l 1982 dFH &
B TANR Stard8A ol FHAEIFAX 7L 7}
=l Star4d8BVY GEOStar satellite bus?} 715
BTS(Bi-Propellant Third Stage)Zol 71A&
7Fste] 83U ©)xE, Antaresl00A B 2=
AFTAAe =7], n=Wste WE ki A%
o] F8E FZAI] A5t thFd Wio=m
AL S 7] 3FA A ko)

2.3 SpaceXAtel Merlin Az

2002 CEO Elon Musk®t ZA-FEA Tom
Mueller 5 10822 A3 SpaceXAte @A)
FHIAAE MerlindW-& 7tez 3 2k o
A FZILAA Faleon9 v11E &-83k3 JTh

SpaceXAt= 71E9] tiFHol1 PP H oA T
et @e AFH&o] BAstE 7]EY] i
7] AAY EolA Blojy, FHo] A FARE
A4 7lE, AFs AAE3AH EYES vEo
2 A& FuEE FHI AWNEAE ANESHS
o E=Z vsmye e TARA Az A
ULA(United Launch Alliance), Orital ATKA}S]
FEHIAAELS AL gJArotollA FAstd A}
&35t= RIH, SpaceXAle <X EE EES
A=y A, FES St vk olF ARHA
o] A58, HAlAd FHOE SpaceXAhs A=
3o AFsE T3 2 AFH A4S AF
skt AA SpaceXAte] FHIAAE &5
3 %)+ Falcon9 v1.19 AS$ Ax, 48k &3
7t 2% dFvlE-glE e Ve AR
HIyth A5, AR T2 JAEFITH
£ 1991d F=ollA ANdEo AR @ T
Ao 22Q1 b N85 W (FSW, Friction Stir
Welding)®21[7]& SpaceXAt AAHo =2 =
3k WS o] 83t¥ 1, TSTOE 243 +x& 74
ZFslo] A AHHE AAZY. FAAS &
& SHoA AA Alx"le] Agm] gANE F
AAES] &8 w3 F23 Q40]t) Falcon9
vi1el 7 ool gFE LOX/RP-1 7]k
Merlin 1DARS F4 o) FZFHI7}F 1500] dol

Table 4. Merlin 1C, 1D engine specification

Thrust - to - Weight Ratio 155:1
Combustion Pressure (MPa) 9.7
Thrust (kN) 730, 801"

Specific impulse (s) 282", 311"

*Sea level, ++Vaccum

Fig. 3. SpaceX’s circumferential Friction Stir
Welding(FSW) machinel8]
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AEFHAT4(PL, Jet Propulsion Laboratory)
ol 195038 ZAEEo] TRWAPE of&E2 =2
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Module Descent Engine)#l &l AR-&-3}51Th.
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Fig. 5. LMDE, Lunar Module Descent
Engine’s pintle injector[10]

Fig. 6. Photographs of Pintle injector Water
Flow[12]

9E T
AFE =EoA 7IE JAAEHE o] &3 A
ALD7ME 75% AE Y F Jon x5 A
Aol HIPAFAA g HE ALEIG S
o1 Aol gtk B ATHI]

AE FAIS B33 AEE 8l FalconT At
A MerlindZ 2 A-FAQ AsHda 2 4
< HAYolA F¥ ZH(deep throttling)°]l 7}
st dAade] &3 glo] IAE TPALTt
7bedt 71Ed4le] AEE BrhdeT

FA] Merlin 1C A& ©]€3F Falcon 9 A}
Aol 7] 29 v1.0S 2010d EHYAZ|IL Merlin
1C AL /NFS Merlin 1D AZE o] &=
FH8E& 60% Y 572 Falcon 9 v1ilS =&

Sl Ao

Table 5. Compare Falcon 9 v1.0 and v1.1

Version v1.0 vi.1
9xMerlin 9xMerlin
Stage 1 ic 1D
1xMerlin 1xMerlin
Stage 2 1C vaccum | 1D vaccum
Max height (m) 53 68.4
Diameter (m) 3.6 3.7
Initial Thrust (kN) 3,807 5,885
Take off mass (tonnes) 318 506
8,500 -
Payload to LEO (kg) 9,000 13,150
Payload to GTO (kg) 3,400 4,850

2.4 3D Zzlel 23 AdF HE7|=

o
o3
1 Dragong 71, 2010d wAHE AF
Fystden, FEHH™A 7ds #U
Crew Dragone 2016'd A IALE
Hd &% ZA Al (Pad abort test)S 33
ATH13].

Crew Dragona SWHH-¢] 87]19] SuperDraco’l
& AzstHT. SuperDraco 1% NTO/
MMH  7IRe]  HEH3 ARSIz
Dragon®l] &2t# o] WA Dracod R Bt} wi-¢-
FEE 73 kNo| 8-S 7HA A ok g A
AHES FEE AAE o A iy Ho
F87kA 100 ms7F A vl EA A5 A
ol &2HF sttjgt=s tE dxle] rhssiA A2
Aste] vl d¥ES =JTH15]
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o J
ofN gt N ol
2 02 ko
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Fig. 7. Crew Dragon pad abort test[14]
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Fig. 9. Super Draco engine in EOS 3D
printer[17]

AAJA Bzste= A2 AeldA AHEHAE
HHH, Crew Dragon®| SuperDracodlZle & F
g3 W B F9 =4 9 Aor) rhesto
AR A A3 FHFo] shssit wEkA
Crew Dragona A7 ol M= kAo
2 ZAF5E £ Jdon, =5 AFF SpaceXd
314 g2 $54 Red Dragondl= A2 AF
ot} ¢t Aol ZmAH AT FFo| F
8% 84FS oY wAdeE & F A%,
SuperDracodl X1 ko & SPAHRAMFIA 3o
T IdFE A AR Bl

TE3F Super DracoF-2 EOS 3D printerE

o] &3] AFE Hzxe =ZAdRoIY. U}
ZIAA Aol w2 A3 F& FJHE o
A= 443E DMLS (Direct Matal Laser

Sintering) 34< AEste] 1 oA AL
Aol t#Hol 6,900 kPa 74x ATAl AZE A
t}. SpaceXAli= SuperdracoF HAE 3D =
dHE AZgor 7YRE AFSA 284
e 43 o ZledAle Adz BrhEs
Ao, &5 o9t Ze $FRES o8 ¢F
GA g 3P e 2o nE-S A

g3 FHE Aozt Zthd
2.5 o Bl I

AA 22 d85E Bol ALHe dsFi
(LH)E  HlZ&(specific gravity) 0.07, A

(boiling point) -252924], 18 K7l& "HE7}
73145 kg/m’E QA8 Ry} AR A%

go] "ol AT AL A Eo| EAFo] Aot
H|F=go] wlg At AE4l(kerosene)d] ¢

H| 582 N3 g (Liquid Methane, LCH,)Xt}
Tha AARE FeAREd HlFeo]l 0820%
LCH,oll 28l 2dth= S 7 o] 1
g FHAAR de AdEdrh HF(specific
gravity) 0.466, =4 (boiling point) -161.6 K

¢l A3}Hh(Liquid Methane, LCHs)2 — %t
LH,9F A4 Abo]o] ofuigt A4 3 del
2 st TAA O] A BHA] @Fgkon, H=H
342 FZIA (hypergolic propellant)2}= H] w3}
of As7I7F desithes dHoR AL 2R
IE Kol AsFu AL Gl = AL o]

(=0n hn

&5A &gt
SHARE HZEo] WAAA Y] HFE& GRE
S8 wApE o ARH, FEA BHH o4

Table 6. Theoretical Performance of rocket
propellant[18]

Combustion with LOx ‘ RP-1 ‘ Methane
sea level, optimum expansion, chamber pressure
6.89 Mpa

Max Isp (s) 300.1 309.6
Mixture ratio 2.58 3.21
Chamber temperature (K) 3676 3533
bulk density (kg/m®) 1030 820
characteristic velocity (m/s) 1799 1857

vaccum expansion, £=40, chamber pressure 6.89 Mpa

Max Isp (s) 358.2 368.9
Mixture ratio 277 345
Chamber temperature (K) 3701 3563
bulk density (kg/m?) 1030 830
characteristic velocity (m/s) 1783 1838




944 B 2 55 2016, 2. azx =

RZHEoF S-FHAA A7 e 145

Table 7. Comparison of rocket propellant[20]

Ener Prop
Propellant | Isp Densgigtil/ ISRU+ | Toxicity | Cost
($/kg)
Hydrazine | 240 241 No Yes $33%
NTO/
MMH 323 388 No Yes $33%
LO,/ Non-
LCH; 364 293 Yes Toxic $
LOo Non-
LH, 455 164 Yes Toxic $$

b diFEEA o AgAE FAHeE
LO,/LCH & 7|Hhe 2 st <lzlzfdo] Xas
I Atk AAH 245 FFAIE AAE TA
A8 < e SHolM HHErE Sehatel
et ad Huel sl FAHE @
Z(coking) +A7F Aol fl= LCH.o HA @
S A=Al wiste e #A, He
Aol oA ek S 7HA vk AgTt
LNG AA@7]go] st SA2 defe] A
e A% As"a Ao die FES Bt
& F de JlEEc] MNEH, I
LCHs= A2 HT A2 59 *
3 B3 ITH19].

LCHsE ARESol QoA = shte) & ZHLE
AT B AR SHel SlojA -FAlol
AR T BN AsE FFANE F 3
£ ISRU(In-Situ Resource Utilization)7} 7}53]
o Aotk AR A9 UAnike) S =
] 2 o] 2F3lEAN(CO,) St G4 (Ho) 2l Sabatier W
< (CO; + 4H; — CHy + 2H,0) ©]-&3t] v&
o] Aiko] rhedtrh22]. whebM FAEAR B
AetAbe] A% 2A0 dg EAE ME & F
A= F2 Hickel] wEel meds Aol
7F&8EE AL Sl

W 2AA3 A A= 00dh SR vls
2] XCOR Aerospacerl, +5¢] Airbus Defense
and Space (°]%¢] EADS Astrium)A} FolA%E
TAE WA S FAZIHOZA vE 2SI
watglen, 20109 thell Sol= F=2] CASC
(China Aerospace Science and Technology
Corporation, B KRHESREA ) 3 DES]
JAXA(Japan Aerospace Exploration Agency)®ll Al
E e =2 ING 24 e Jysgih
SpaceXAte] CEO 48 wzas QIre] 34
HARE Sl AFAAZ Ao 200 tono] &
= £ 7 s DA EA e Tx
st o] AR IS Aol B 5 3l

A B K

_,_.
olf

§ } 77 H/‘/_
3 UV“ s

Cosmic Dust — »

4 L)

{ = 9
, = B p
J / / Methane

Surface Organics Outgassing

Subsurface

Fig. 10. Potential sources and sinks of
methane (CH4) on Mars[21]

£ MCT(Mars colonial transporter)E %ol
£87) Y& 71Fol 2209 LO,/RP-1 XA T
Al LOy/LCHsE ©] €3 Merlindl 3 AJg|&2KH T}
ol 2 F99 RaptordFg A3ty &z
A TAAZ T Aot

Rapterdl X1 e A9} 2bsiAl7} 714 9] &
HZ daAdzZ FF5 = full-flow T4 Alo]
F dxleo=z A3t Jrh23]. Full-flow TheA
2 Aol EE HEAA F o @ gEE 278t
of AR o]z Ato]Ee] FUF 9 ALad] 4
F7tE AtolE HA A5 LE EHoE T
o} Fig. 11 ol MCT®} SpaceXAte] oh& HApA|

Table 8. Comparison to other engine

designs[23]
Name Vacuum thrust| Vacuum specific Engine type
(kN) impulse (s)
Methane/LOx
Raptor 8,400 363 full-flow staged
combustion
merlin 801 340 RP-1/LOx gas
1D generator
merlin 610 304 RP-1/LOx gas
1C generator
10m
37m R
©oQ
(@lel®)
L QOO

Fig. 11. Comparison of the cross sections of
first-stage boosters for Falcon9 v1.0,
vi.1 and MCTI[24]
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Table 9. 2011-15 year to date launch
vehicle summary[25]

Vehicle Country 2011|2012 /2013|2014 [2015'| Total
Antares u.s. 0 0 2 3 0 5
Ariane 5 | Europe 5 7 4 6 3 |27
Atlas 5 us. 5|16 |89 ]| 43
CZz China 19 | 19 | 14 | 15 3 |70
Delta2,4 u.s. 6 | 4|3 |5 ]| 3]21
Dnepr U;{;zgae/ 1 0 2 2 1 6
Falcon 9 u.s. 0 2 3 6 6 | 17
H-2A,B Japan 3 2 2 4 2 |13
Rokot Russia 1 1 4 2 1 9
Proton Russia 9 | 11|10 8 3 | 4
R-7 Russia 19114 115 12| 9 |79
Zenit Russia 5 3 2 1 0| M

«Last update July 25, 2015

o}o] A7|nnE 3T

g, vy ke AR A A me #Alot
7b ml=re] g A EAb A AR =t
A @712 shar, vl =4k AR o8 FR
of wa}, ULAE RD-180 %& o] &3t &
A8E& EAEIE Atlas AlEe] IAAIE iAISE
= TAAE NEstedol & davt AR of
2wl BARA Aol diEEe] HFgEe Tt
A1 Y ULAANE SpaceXAbel &S An)&
AAE WA A 7IG e S AAE] Ssl
kg @ WAL H]go] $15000 7} Holrke 7|E9
Altas, Delta HALA AlB]|Z2ET & © AA|ZH 0]
H Aol RAHE WAAE wEolor & 2
270 A

olo] wtg} ULA & 20199 4 ¢85 5%
= NGLS(Next Generation Launch System)
2aPo 2 ANZE Vulcan E2AE /T Folth
Vulcan Z71¢] <22+ Blue OrigineAt= &
o= Methane ©] F A& LNG(HsH AT
2)/LOE 7I¥te® Sk BE4 <IX& 2011+
B sk 9tk BE4  <Ie HFE
Evolved Expendable Launch Vehicle (EELV) %
2a3e) e72AL WEREE AW 4 2
Ak 7% o g3t AulgAo spEE
ATh BE4 <1xe RD-180 <M1 zFo] 4tshA|
HY gtdsatelE oy 2xE FHYS oF
2,440 kN©o]al, @A) subscale?] EA7|9} o A4
7], BlRg el vy APS Y Fol| 9l
on A FE AFE AN F 20179 A A
& Fxta U

o

[t ot © go

\:-!‘\_

BE-4 Engine
Commercially developed
Made in USA

Fig. 13. Morpheus Lander[27]

Table 10. Morpheus Lander Specification

Description Size
Morph Main Engi
orpheus Main Engine LCHJLOA
Propellant
Morpheus Main Engine Thrust 24,000 N[28]
Morph Main Engi
orp eulsl ain Engine 391 §29]
Specific Impulse
Morph Main Engine B
orpheus gm ngine Burn 123 §[30]
time
Lander Payload 500 kgl31]
Dry Mass ~ 1100 kg[32]
Propellant Mass 2900 kg[33]

NASA9] F<Ql 225 Morpheus ZZAHE
M= AAWEE 7Hlo g2 3 ZAARNE 7t

3t 9th 2010 5E] A

A48 o] ZRAEL T

o 500kg®] payload® ZEHFC HletE A

< B¥E 33 9} Fig

13¢] H.o]= Morpheus
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g2F M= LCHy/LOx 714¥ke] 24 kN F¥
HD5 ZFax 1782 2~67 N F8¢ RCS
(Reaction Control System) F¥7] 4707} “&=+€
ot 2011, 2012 7 WO A ARAARE A&
JNte] e o).

2.6 Vergin GalacticAl2l 3 Z &AL

Virgin Galacticrts FHA%E 7oA AFYS
Hte] stojB = 2AS o] &3 AAHR HE&
AL, = 93 B3 r]|E2 FFEE SpaceShip
Twos 7NZFeltt. &37lo @ol 2old H
ATFxE Adste] FFEE ol FAoH, LA
o AFES AT FFTA-AEY -EF - FAF
o7 o]FojA & HgAe JNd =T A= A
g2 e

SpaceShipTwoe ZFALE X33 4 8H&
B sl 7|E IE 15 km, &5 9F 4,000
km/h o4 =A<l WhiteKnightTwo$} 2] 5 ]

8% olue] &< —?ﬂoﬂ £kl "t e
T 7020 H13=< 110 km o =23 & A
Loz AEY ?f}t} 2014d TFALY 7E
HTPB 987} 20& o4 ZrsolA =844 &EA
7 9o, °ﬂ7}i Zg]o}r] = (polyamide) Al &
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Fig. 15. SpaceShipTwo flight plan[34]

LauncherOne - Potential architecture
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Table 11. Rocket Launch cost and
success rate[43]
Vehicle Country | cost US $/kg Su?ﬁ;:es
Ariane 5 Europe 10,476 49/50
Atlas 5 u.S. 15,061 54/55
Antares u.s. 9,091 4/5
Cz-3B China 6,250 37/39
Delta 1l u.S. 8,500 151/153
Falcon Heavy | U.S. 1,509-2,358
Falon V1.0, | ;g 4,297 13/14
viA
Proton-M Russia 4,652 73/82
Soyuz-FG, U | Russia 15,556 794/814
Zenit Russia 7,181 32/36
o= Zigsta Ank e QAR BARA 7]Eol

qE3Ho= 7H‘3=}E]°1 QA 83 dAo &
)2ttt ¥ SpaceXAHE %3 o FAIe A=
< HHGLE AAEA 2 Aolth

20151 2% 1149 49 149 Z2H7F 1459z
Dragon %74 WA QF= HAF3H R FYs3t
BAG AL 7S o]&3 AR Fae A
et on, 69 28dUole 2% 4HshAl B IUH
AEFE T AAF FEo) o YA R I
3 g AT SA F WY AZOA e

Hol o]Fox 2015d 11¥ 229 SpaceXAtE
/NAE Falcon 9 v11FT (Full Thrust) E&

Falcon 9 v.1.2 E 483 LAAE o] &3} 11
7}2] Orbcomm OG2 14 117/1E A=l Y3t
A 01‘:’01]14 131-,\]_;(4] 1;]_0 ;\451_;(4 o= §4’ko]-0:]



944 B 2 55 2016, 2. azx =

RZHEoF S-FHAA A7 e 149

TARA AAES 7H7ke]l 31 vk Faleon 9
VvII1FT+= A8 9 2kshA] HAuol] &gk FX1A|
U5 F7be] & FRAF Sd3), 1, 20 B3
2 Hoy =7 v 1 87 AR FHO S
=7} 2%k AR =F =37 7 © AA A A
2®l Fo] /A= Zﬂﬁ dHA At

olof ¢4 20151 11€¥ 13¥ Blue Origin A&
Falcon 9% fAMgE W20 2 New Shepard AL
AE I1E 100 km ¢ FAE LA &, BE3 &
&/AH RS ARG T FEA st AlA
H2E UAA 193-S JFHo=E I3tk

2.8 Airbus 2t ULA 2o EZAZ A ALS ot

AirbusAt= 2025 A LALE HIEE BEAA}
4 27 Adeline(Advanced Expendable Launcher
with Innovative engine Economy)< <73t
U Adeline2 WAMA © £ & EALAS]
A FEL AXRTE 57 FHE I gEe
Mdolth AirbusAle o] ®Walo 2 wWALA A
AzFHol 10% J7FstAT 39 TAL Bl&S
°F 30% ol Y F Y& AR s
ot 27] EAAIZ NEE<Q] Ariane6 ZHAFA o))

Ot
r}L

y

HEL Ao, =8 b8 oy LAAANE F

PRPEES Delaunc@liMailOnline
Fig. 19. Adeline’s Flight[45]

Fig. 20. Prototype of Airbus Adeline[46]
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Table 12. Specification of Electron

Stage Two stage
Propellant RP-1/LOx
Lift off mass (kg) 10,500
Propellant mass (kg) 9,200
Height (m) 16
Diameter (m) 12
Top speed (kph) 27,500
Maximum engine thrust (kN) 146
Engine Equivalent power (hp) 530,000
; 500 circular
Normal orbit (km) SUn SynchTonous
Nominal payload (kg) 150

2nd stage,
payload and
fairing

"

Electron launch
system avionics

*

-

Fig. 22. Electron launch vehicle[49]
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Fig. 23. Carbon composite structures of
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Fig. 26. Rocketlab CEO Peter
Rutherford engine at

Beck with the
the basement

of the Electron launch vehicle[53]
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