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ABSTRACT

The requirements for the next-generation propulsion system and for a good propellant have
been summarized. The characteristics and effectiveness of kerosene, hydrogen, and methane,
which are the fuels that are mainly attracting attention in Korea and abroad, were compared
with each other. As a result of the comparison, methane was evaluated to be more advantageous
than other fuels in reliability, cost, reusability, maintenance, eco-friendliness, safety, lifespan,
technical difficulties, engine cycle selection, application of common bulkhead, and non-disassembly/
reassembly delivery. And in terms of performance, the specific impulse of methane is higher than
that of kerosene, so the efficiency of the launch vehicle can be increased. Methane’s properties
incluidng eco-friendliness, low-temperature combustion, long life, and maintenability make it

beneficial for reuse and for the development of multi-purpose engines.

x= =
A4 1B G AFLAG L 2UA 2AE AUAYE, TR F2 By
3} E§HE

T Qe A8 AR, F4, WgY &
.]

3
v, A, AR, I8, JL*é, T, 71€4 dolx, Az /\}Oli A, FEAY, T2
=8 9F oA tE dREG 9 #fET AoE HUHEAY. d8a A HeME ARG
HFgo] Fopx WAAL] &S FUVHNZE Ao MEe A, v daes, e, #AR
ol Hojge AL oA AAREH tEA QR Aol Aol At

Key Words: Launch Vehicle('AF4), Liquid Rocket Engine(HAZAMF), Kerosene(#| Z41), Methane
(M8, LNG(¥3}34712), Hydrogen(F4)

Nomenclature

a : Excess oxidant ratio
EX : Expander
Isp  : Specific impulse
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L : Range
LOX : Liquid oxygen

OF : Oxidizer and fuel ratio

P : Pressure
R : Gas constant
SC : Staged combustion
T : Temperature
Vv : Volume
v : Effective speed
% : Specific heat ratio
D : Density
Av  : Delta-v (max. velocity of a vehicle)
©®  : Excellent
O : Good
A : Normal
X : Bad
Subscripts
cc  : Combustion chamber
e : Exit
f : Final
i : Initial
in  : Inlet
opt : Optimal
prop : Propellant
sl : Sea level
str  : Structure
vac : Vacuum
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Table 1. Ideal characteristics of liquid rocket fuel at
OFopt and Pcc=15 MPa[9].

Oxidizer Oxygen
Formula O,
7, K 90.2
o, kg/m? 1134
Fuel Kerosine | Methane | Hydrogen
Formula CroHisa CH, H,
7, K 293.0 111.7 20.35
o, kg/m? 830.0 424.0 70.76
Expansion area ratio = 25
OF, , 2.70 3.39 4.56
et 0.8001 0.8498 0.5745
p, kg/m® 1031.9 820.9 306.3
R..J/ (kg K) 341.3 380.0 750.3
T. K 3826 3655 3193
T, K 2142 1969 1124
P, MPa 0.0693 0.0678 0.0498
y 1.142 1.146 1.227
Isp,, sec 318.8 328.4 405.1
Isp,,. sec 349.7 360.4 446.4
Expansion area ratio = 100
OF,, 2.89 3.62 5.25
a 0.8564 0.9074 0.6615
p, kg/m?® 1036.4 832.3 333.1
R,,J] (kg K) 333.1 369.7 674.6
T. K 3840 3673 3408
T, K 1846 1676 906.6
P, MPa 0.0131 0.0127 0.0085
y 1.137 1.142 1.220
Isp,,. sec 375.1 385.9 469.5

A 8] ] E (oxyliquit) 2}
= W Wk A

R e

AN NP &8 Fol mkel AHFH
o] Wag W] vige A s|ghso] ek
4 Fue 3 FARS ST 3E 5 A

* 7HA

HEHLNG)= AZA Hl8l] 7HAx %
ot FU oA wWEe €3 yuTo AZiRo
12~15MAE 7}&o] Y3, gAold AT EA
AT 2A WEe AZA thH] 2~58] o] AT}

=

%5t

Stk oA gL
A H AT, 7]
A7)#e] §A
w57k Welstn Askhsh £Esb st
354 A8 SolA fsich

o T
AZA div] Wge g8 d=rt gvoe A
ot AZRAF wgke] UE H&
I, LOXste] EgulE 18 4
(OF,,, =2.1)3 LOX-¥&(OF,
EHl=1: 08 ¥l
Table 2= A2 wge EAS HoFET,
AZA AR HAAR] e AJofo A XAt

b

>

pt



H252 HN3& 2021. 6.

AMOf LA S dzMFol| 28t A7 67

=2

T

FA AA ol et = el AZIHAT ole w
2} A4 A4 (Keldysh Research Center)ol 4]
© A&7 AFS ddeE e gAEAW
H (Multiple-criteria Decision Analysis) & A<
=41 (Analytic Hierarchy Process)S ©]-&3t
ZAA AAE ZAGoR AR AR Wi
H 24 & FP5 A tH(Table 37 4 3 10).

gArote] 27 g QX HEZFIFS &42
HE @A mgo] Azl Hlste] 99

=
.
etk

2
fz

322 A2l 4 H|w

ShoH13].
W ko] 7 9o

Table 3. Decomposition of the priorities of alternatives
by factors[5].
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Table 2. Comparison of the properties of kerosene

and methanel5].

Item (with LOX) Kerosene | Methane
Density 1044 830
(OF=2.7) | (OF=3.5)
Vaporization temp. (K) 373 110
Depen
Composition stability oelf e’ch(iS Technically
oilfield | P™¢
Specific impulse (s) 338.6* 360.4*
Cooling capacity** 60 375
(ecompositon tempy |~ 0| = 100
CO; in combustion
? gas (%) 104 5.2
Soot generation *** @) X
Choice of engine LOx rich | Any cycle
cycle cycle**** |is possible
Cost of fuel (relative) 1 0.70~0.75
Reserves Limited | Unlimited

* Methane: when Pc=10 MPa, Pa=0.022 MPa, a=0.85, $=0.965
Kerosene: when Pc=10 MPa, Pa=0.022 MPa, a=0.8, $=0.94

A0/t when T=300 K
Kkk

FhEA

when excess oxidant ratio a<1
when staged-combustion cycle

Item Methane | Kerosene
Density 0.019 0.037
Boiling point 0.065 0.032
Composition stability 0.046 0.018
Energy characteristic 0.040 0.030
Cooling properties 0.072 0.023
Thermal stability 0.078 0.022
Soot generation 0.115 0.027
CO in combustion gas 0.013 0.008
Choice of engine cycle 0.139 0.032
Operating experience 0.017 0.044
Cost of fuel 0.026 0.013
Presence of test stands 0.022 0.013
Pr ion,
transporc’)c:tlil(iil,o storage 0.018 0.018
Reserves 0.007 0.007
TOTAL 0.677 0.323

Table 4. Characteristics of the compared fuels[5].

[tem Methane Kerosene
Reliability 0.219 0.093
Maintainability 0.147 0.057
Lifespan 0.051 0.024
Production cost 0.090 0.062
Operation cost 0.108 0.044
Eco-friendly 0.021 0.009
Ballistic efficiency 0.041 0.034
TOTAL 0.677 0.323
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c HF Lol Table 5. Comparison between RD-191 and RD-0120.
AZAL HFol folgd wkste] Fays

_ o _ ., | Kerosene |Hydrogen

AL EHog st &5 2 dAZGay Unit engine | engine

T aEer shER Azl Sas o Model - | RD-191 | RD-0120
K g
FaE A, B 9 o)Fe 1ugo] St

A HAollAE AR ol FY TR oF Feature -

508 W] A-TH14].
cad Cycle - sC sC
AN AAFLE B AL 2 o5 Length T 0 155

ZFol 7t 7] wliEol A 4tiel FEAHE v Diameter m 145 243

=ed SR ddeo] aefsofo dnt Dry weight | kg | 2290 | 3449

Nozzle ratio 37.0 85.7
s AR A Chamber pressure| MPa 25.8 21.8
U oz Qe FAE FY, Ao)lF, A4 Isp(vac.) soc 337 154

& AR FHA T2 Sol FFE Aed © Thrust (vac) | MN | 2.09 1.96

SHA Ee Hlae ofE gt dibHoR Sa Thrust (sl) | MN | 1.92 152

A ARl AR 23 A% ol it Application - Angara | Energia

£3] Ze WrE st 4 FHEZo ujw 2

WHFo] FAE AR Azlel] nigte 74

:r A}g;—; 2 ;\}j 185E Ri—lsg(;ﬁi;?;?j) Table 6. [C;c;ﬂn;a]\rison between Atlas V and Delta IV

3 11D122(524070)9] d4719 HRPZE A '

o3 W TAHEER, T, ZYRE 5)9 Atlas V 400/ Delta IV M

A= 835 kgth 1530 kgolTH12].

ol 27]o} WAAdl= AZA AL RD-170

(RD-191417 A o2, RD-1913% FL3 A4

E A9 4 Azl RD-01200] Zo] A2bs []

ol ded, F AZ(RD-191, RD-0120)9] 453 Figure

g2 Table 59 Zt} RD-012001%¢] §A, =

7l 4 =& oyt 9 Fex Bsta FY

2 RD-191R.t}+ 2t}

WAL 2 XA B3 F7) Hla -
94 ol &5 HUT50 kg vs. 4540 kg)ol FALE Height (m) 58.2 63

Atlas V 401 ZAFA9} Delta IV Medium 2HAFA] Diameter 3.81 5.0

o] AT WAISE L Table 69 AASIET = Fuel Ist stage Kerosene LH,

71l A Delta TV Mo] © ZA| gk, WA 2] 27 2nd stage | LH, LH,

£ Atlas V7} 25% HAE © Uzt ol Payload to GTO (kg)] 4750 4540

Delta IV A9 19o] AFLH £247} Atlas V Liftoff mass (ton) 334 251
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Table 8. Comparison of the safety of CH; and Hi[11].

Lower lime Upper limit
Table 7. Comparison of the properties of methane Condition | Fuel (v, %) (V, %)
and hydrogen(8]. Ignition [Explosion| Ignition [Explosion
Item Unit CH, H, In oxygen 2, 4.6 15 90 %4
Molecular weight - 16.04 | 2.016 CH, | 56 15 60 61
Density kg/m® | 420 71 I the aipl | 41 18.3 59 74.2
Melting point K 90.5 13.8 CH, 5 6.3 13 15
Boiling point K 1115 | 204
Heat of Kilkg | 510 | 446 e e e s s v e
Vaporlzatlon Major scale economy with Ariane Next e
Visco Si’[y 10_6 Pas 85.4 98 > through standardization and unification —
Specific heat J/(kgK) | 3620 | 13155 4 e e = | W
Critical pressure MPa 4.64 1.29 [ Ariane 6 ) i:o ﬁ,m lm‘I‘-m 1 mnxw
Critical temperature K 191 33 V_H_ oo slgn e e

Critical density kg/m?® 129 26
kJ/ (kg K)| 518.3 4124

Gas constant

Th 1
crha W/(mK)| 0165 | 0.102
conductivity
Calorific value MJ/kg 55,5 | 141.8
Freezing point K 91 13.95

~10 launches/year
STANDARDIZED PRODUCTION

Central core

LOX or CH4
 Prometheus o

Upper stage tanks

Lower stage tanks

©

Fig. 1 Standardized tank for LOX and methane[21].
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Table 9. Volumetric specific impulse.

FUEL
With LOX
Kerosene | Methane |Hydrogen
Isp 349.7 360.4 446.4
OF ¢ 2.70 3.39 4.56

Average density| 1031.9 820.9 306.3
Specific gravity| 1.032 0.821 0.306
Volumetric Isp 361 296 137

Isp,,©1 ZotA LAF- 2B E 19l F7t2 23t
3t Ab#El(Delta 2, Delta 3, Delta 4, Ariane 3,
Ariane 4, Ariane 5, H-1, H-2, Space Shuttle %)
7 Bk

)
FAA e we ®AE wasw Fig 29
d YE2E M o A= WAl
7P AT AR AA FAE 43
Ao Ag FRA L FAE 1%l o]
A q8S &rg, Ao A9
& F27) o]He 7R

s

H|F2nt LEot vidARof olxls Hg
g3 F3A 9] A=rt 29 HgA
4L Table 102 2t}
v o] nigAgd vAe FFS FoEE
2 45E AXI, =7 vgAged v
g2 1delA Mg F& & Aok

Liquid Kerosene
o] |45

Proellant Volume

Proellant Mass

Fig. 2 Volume and mass of propellants with the
same impulse[22].

Table 10. Partial derivatives for range[23].

Stage
Characteristics
1st 2nd 3rd
dL
T’ km/s 5.5 5.8 6.8
dL km
a0’ g/ 6.0 3.0 2.0
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Table 11. Index value ¢ for stages[23].

Version
Rocket type V . = const ]L{ = const
prop prop

Single-stage rocket 0.85 0.50
Multi-stage rocket

- 1st stage 0.64 0.10

- 2nd stage 0.32 0.14

- 3rd stage 0.24 0.15

334 T d|FHI 279 oldx

27 YAHNORRE Eq 19 TS =
T Uk LARA R 9 ol F FFo] dFT
wf 3Ty WAA ZF o] Al & Table 113
Z2T}H[23,24].

Avec Isp o pf 1)

pprvp V;unk
7

“str

Qv = Ispgl M In{1+
v = Spgl’lT[f =, 10

F=mv, + (P~ B)A, ©)

Structure mass reduction (%)

°

0 2 4 6 8 10 12

Mi/ My

Fig. 3 Relative change in structure mass, equivalent
to a change in Isp by 1%.
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Table 12. Reliability comparison.

FUEL
Kerosene | Methane |Hydrogen
Reliability A O] A

With LOX
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Table 13. Performance comparison.

FUEL
Kerosene| Methane [Hydrogen|

With LOX

Stage
1
Stage
2
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Table 14. Economical efficiency comparison.

FUEL
With LOX
Kerosene | Methane |Hydrogen
Cost A O} A
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Table 15. Reusability comparison.

FUEL
With LOX
Kerosene | Methane |Hydrogen
Reusability A O] O
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Table 16. Comparison on easyness of maintenance.

FUEL
With LOX
Kerosene | Methane |Hydrogen
Maintenance A © O

46 4= &84
AR QAL 59 AL FH(Fst 150
AN Z

HAAAY =7] 7h&EAA7F Basta, Asds s
AgetE HSA| 2R FAHE o T

Fig. 4= Z 2Ho|x o] ALgH & #Aole A
221 7 11D58MFRIE, ASFFAXe A3+
2 A 2"lo] Esi)
FHANA F2RT AgAZH
5ok, Ad57F Ba9] side] RA9lA %
M= 233 HErv dolA sy
2 g5 A7 H3E & 4+ Ja, dsgaY
7t E o] &3k WA o (RCS)7} 7He 3,
idle 2= HYE & 4 oA LA &
ofygt A Y SRAM/AFEHL F

i
=2
o %
Mo —
ojft
P o

o g
JE
a

Table 17. Comparison on versatility.

FUEL
With LOX
Kerosene | Methane |Hydrogen
Versatility A (O] @)

Autonomous
control system

Fig. 4 Kerosene engine for kick stages.

Semi-Reusable Launcher s (
Sub-Orbital vehicles >,
LOx/Methane P ~
Propulsion technology

maturation Low-Cost Expandable ;
Launchers (medium or heavy)
Space exploration vehicle (zero
boil-off) o

Fig. 5 Application of Methane Propulsion Sys[27].
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Table 18. Comparison on re-ignition function.

FUEL
Kerosene | Methane
Re-ignition A (@) ©

With LOX
Hydrogen
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Table 19. Sanitary and hygienic standards of rocket
propellants[11].

Max. allowable concentration

(mg/m?)
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Wee Fr19 2w D @ s R
Gezoll wlshe] WS A3, W] WaF Hiol
WA 109 o4 Fol7h v wepa faol
et A Zwk 9)ge @48 A1)

Hazard
Fuel in the air of| in |in the water
class
a working |the of a
area air | reservoir
Kerosene 4 300 1.2 -
Hydrogen| - - - -
Methane - - - -
Oxygen - - - -

Table 20. Comparison on eco—friendliness.

FUEL
With LOX
Kerosene | Methane |Hydrogen
Eco-friendly A © ©
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A 227k Bastn

Table 21. Comparison on safety.
FUEL
With LOX
Kerosene | Methane |Hydrogen
Safety A @) x
410 513
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Table 22. Comparison on life span.
) FUEL
With LOX
Kerosene | Methane |Hydrogen
Life span o © A
411 713 dol=
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Table 23. Comparison on technical difficulty.
FUEL
With LOX
Kerosene | Methane [Hydrogen
Te'rcl'mlcal o ® A
difficulty
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Table 24. Possibility of autogenous pressurization.

FUEL
With LOX
Kerosene | Methane [Hydrogen
Aut
utogenous A ® ®
pressurization

413 AZ ApolZ HEA
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Afel o] 7HA Al A

Aot gL AbolE <zl
zZEWHE HES AR
& AET AUt AFAdel ¥ =oh add

o] =
=
b3

YUY TR

Raptor (Methane/USA)

Prometheus (Methane/EU)

Fig. 6 Example of autogenous pressurization[30].
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Table 25. Comparison in terms of engine cycles.

FUEL
With LOX
Kerosene | Methane |Hydrogen
Engine cycle A © ©
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Fig. 7 LOX/methane propulsion system for 1st stage[29].

Table 26. Application of common bulkhead.

. FUEL
With LOX
Kerosene | Methane | Hydrogen
Common A ® A
bulkhead

415 2zt o 7

HEee AZART A

2571 2005 7t 9

o
<= ¥ oty ¥4 SN AZA thu] 44

7b o ZtH12).

AZA AW Ax7)A ZF o

A 3] iskel 2]

W2 fAstelol sl wate] wEhe

=2]
o M

dAglel 980 K7HA| 0%% o

wEbA] AZA QAR
g= "hyzio] l’g—’,‘—l,}li @%Hoi
uﬂE} AL e o

Hol shyzto] @75 &

=
255

1A 512
650 K ©]
Akl

Table 27. Necessity of fim cooling.

FUEL
With LOX
Kerosene | Methane |Hydrogen
Film cooling X O] O]
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Table 28. Non-disassembly/reassambly delivery.

FUEL
Kerosene | Methane |Hydrogen

With LOX

O]
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Non-disassembly A
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Table 29. Comprehensive comparison result of fuels.

with LOX FUEL
Kerosene MethaneHydrogen|
Reliability A O] A
1st stage| O O] A
Performance

szzge A © ©
Cost A © A
Reusability A © ©)
Maintenance A ®© ©)
Versatility A ®© ©)
Re-ignition A @) ©
Eco-friendly A O ©
Safety A (@) x
Life span O O] A
Technical difficulty ) © A
g | o o[ e
Engine cycle A ®© ®©
Common bulkhead A ®© A
Film cooling X © ®©
Non d(lise /1 ir;e:rs;embly A o) o)
POUR COMMENCER : UN BON MOTEUR cn;s
MERLIN PROMETHEUS VULCAIN 2

LOX/CH4 LOX/LH2

® Less demanding than LH2
® Low coking & soot (950 K)
® Denser than H2 (2.5 times,

80% of Kero bulk density)

® simple, cheap and

@® High ISP ~ 430s
lightweight engines @ Clean combustion
® Dense fuel X Tricky cryo (20K)
® Deep throttability X Big Tank Volume
(pintle injector tech.) © Cryo, but semi cryo (110K)
X Modest IPS ~ 310s

X Coking & soot (560K)

X Pretty demanding

£ Medium IPS ~ 350s (T, TPU speed...)

Fig. 8. ESA’s fuel selection(begin with a good engine)
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Commercially available

n

Established supply chain
Enables autogenous tank pressurization BL IGIN

Low cost enables extended development test program

©

4)

5]

Hundreds of LOX/LNG ignition over a variety of conditions |~ Director of Asia-Pacific business
Ted McFarland (March 8, 2019)

6) Lower carbon emission alternative

Fig. 9 Reasons for choosing methane[31].



78 UM - >YH - oIIF - Ay HEE SIS

Kerosene SC cycle

Kerosene
Kerosene GG cycle

SC cycle

Kerosene : Upper stage of |
—_—— . Small launch vehicle ./

Space tug

Methane GG/Ex cycle

GG cycle

Methane

GG cycle (1stage)

EX cycle (2stage) Space plane Lunar lander
) o Fig. 11 Multipurpose expander cycle methane
Fig. 10 Engine improvement approach. )
g J P PP engine [33].
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