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Abstract

The performance analysis of the small satellites launch vehicle using the electric pump cycle as the upper stage
engines was performed. The first stage is the launch vehicle that uses the test launch vehicle of the Korea Space Launch
Vehicle IT and the second stage employs elecpump cycle engine that uses liquid methane and kerosene (RP-1) as fuel. A
model for the mass estimation was presented and the analysis was conducted for the range of thrust of 20 to 40 kN and
combustion pressure of 3 to 6 MPa with a nozzle expansion ratio of 60 to 100. The mixture ratio with the maximum
velocity increment was calculated and the performance of the LEO and SSO payload were calculated from the stage
mass estimation. In both the cases, liquid methane, and RP-1 showed maximum payload for 20 kN thrust, 3 MPa
combustion pressure, and the nozzle expansion ratio of 100, with a mixture ratio of 3.49 for liquid methane and 2.75
for RP-1. In addition, the ditching points of the first stage and the fairing in the LEO mission were analyzed using
ASTOS.
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Table 1 Mission Statement of Small Satellites Launch

Vehicle
Parameters Value
Launch Site Naro Space Center
Launch Azimuth 1707
. 300 km 500 km
Orbit LEO SSO
Orbital Inclination 80° 97.4°
Required AV 9,650 m/s | 10,500 m/s
Lift—off Acceleration More than 1.2 g
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As TAE A% AoR oY oz mAsglen, #4220, 30, 40 kNe| A7} A

Table 2 Specifications of 1% Stage

Parameters Value
Vacuum Thrust 744.5 kN
Sea-level Thrust 653.7 kN
Vac. Specific Impulse, Iy, 298.6 sec
Lift-off Mass 48,080 kg
(Including ?;Zigﬁaafspropellant) 5,190 kg
Mass Ratio 0.10795
Burning Time, t, 141.7 sec

Max. Diameter 2.6 m

FP oP
Motor Inverter Motor

// Oxidizer
Pump

Fig. 1 Schematics of ElecPump Cycle
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Table 3 Specifications of Upper Stage Engine 7} AmEo] Txu|7F &Aoo w niys AT GA}
Parameters Value b7 Wil & TRAE %A, v A4 FEA 2
Cycle ElecPump Fed Cycle Holg oz FTAREY, o §TetoE= B Rt
Oxidizer Liquid Oxygen A FRAAE Fgoks vl E Aol B Fo] ¥k
Oxidizer Density, p, 1132.8 kg/m® o QRS AbskAl B A8 HE, ol TEehy] 9%
RP-1 EEeH HE, Ax7), AopEr Bl wjy aea <k
Fuel Liquid Methane FRAZ AU 4 THFE ol e 2 74
800.0 kg/m? (RP-1) wel 2% A 44 =Ry
Fuel Density, pf p
423.6 kg/m” (Methane) .
3. EgH| &4
Total Impulse 15,000 kN-sec =
Thrust, F 20, 30, 40 kN | o 7 el ] N
27 upA A oW 7t Ak EFy Fo| =
750 sec | @ 20 kN o by 1°F;°lof ‘ia;ﬂr Nmoﬂ‘jﬂ Tfj °
. . v LEg =] R JoT BT &
Burning Time, t, 500 sec @ 30 kN G &%, [oE WFE mest m e AN 2 F8
375 sec @ 40 kN NAY Ee wmaT
O/F Ratio TBD
Combustion Pressure, p. | 3.0, 4.0, 5.0, 6.0 MPaA Av = go - Isy - In(me/my) )
Expansion Ratio, € 60, 80, 100
OP Inlet Pressure, pop; 0.4 MPaA Wy £E=RS Huz 7] s v
OP Outlet Pressure, pop, 1.15% p, Tz %ol Fol Az HE $8AS Folo} 3
OP Efficiency, 7,y 0.65 th v FE e A9 FA, £31], AietE, v
ED Inlet P 0.2 MPaA (RP-1) SrolH, FXA FH H dastgdd w23 E
Mt ETesSUre, Prot ) 4 \PaA (Methane) WA A 032G FEY Aol CEA[12]8 A}
FP Outlet Pressure, pgpo 1.55% p, gakgleh of W A+ RP-1 2509 49 E3H]
’ 07 RP-D 2.2~3.2, A i+ AR FAA 23] FS E
FP Efficiency, 7y, : ] 2.4~3.8 Alolo] WS Fo R At Fig. 390
0.65 (Methane) } B} } _ o
— NA A+ A A =L v 3]l wE
Motor Efficiency, fmot 0.98 nFge] WEs wAST. dagtEoel Holdss
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4o golop @13 et 2t PHEY FHE of
Helium Tank - ~ -
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Fig. 3 Specific Impulse according to O/F Ratio:
LOx-Methane

1050

LOx-RP-1
1025

1000 A

ANy

850 - LOx-Methane

825

Bulk Density [kg/m®]

800

775

750 T T T T T T T T T
22 24 26 28 30 32 34 36 38

Fig. 4 Propellants Bulk Density according to O/F Ratio
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Table 4 O/F Ratio according to Operating Conditions
LOx-Methane
E:::Z: Propellant Mass Thlg\IISt’ MIIJ;Q;,A € O/F Ratio
i 60 3.40 (3.37~3.43)
§4400 Min. at O/F=3.26 3.0 80 3.45 (3.42~3.47)
3 - 100 3.49 (3.46~3.52)
8 4350
& 1 60 3.41 (3.39~3.43)
4300 - i . -
24 26 28 30 32 34 36 38 4.0 80 3.47 (3.45~3.48)
(@) 100 3.50 (3.48~3.52)
5)420’ Propellant Tank Mass 20~40 60 3.44 (3.40~3.47)
410 5.0 80 3.48 (3.45~3.51)
%400 100 3.53 (3.51~3.55)
& 390 60 3.45 (3.43~3.47)
- o 6.0 80 3.50 (3.47~3.52)
24 26 28 3.0 (0) 3.2 34 36 38 100 3.55 (3.52~3.57)
O/F LOx-RP-1
Thrust,| pe, .
Fig.5  Mass Variation according to O/F Ratio of LOx kN | MPaA € O/F Ratio
-Methane at F = 1210 kN; pcb= 3.;;{ MPaA; 60 2.67 (2.66~2.68)
€ = 60: (a) Propellant Mass (b) Tank Mass 30 30 972 (2.71~2.72)
100 2.75 (2.74~2.76)
60 2.68 (2.67~2.69)
e 4.0 80 2.74 (2.73~2.74)
80007 100 2.77 (2.76~2.78)
20~40
2500 60 2,72 (2.71~2.72)
5.0 80 2.75 (2.74~2.76)
T 7000 100 2.79 (2.78~2.79)
E Max. at O/F=3.40 ~
S ax. at & \ MR=0.15 60 2.72 (2.72~2.72)
9 500 6.0 80 2.77 (2.75~2.78)
100 2.79 (2.78~2.80)
6000 -
Max. at O/F=3.37
MR=0.20
5500 - /”A\ 4, Aok 22k ool
2o Emoab sEoadse e A A g AT e HPAT[10]04 A
oF Ag e goz e Azl dWas, T
A & AgATeA 2HA U TF BES
Fig. 6 Av Variation according to O/F Ratio of LOx- =laelg
Methane at F = 20 kN; p, = 3.0 MPaA; TorEreA
€ =60 )
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Mo = Ky - (g - ty) (5) AT, AbstAl BEe] A9 BaF R (V)= of
Equation 5 % 6914 m, B me= AFSHAl 2 5 Vor = ru - (Vo + Vyr) (10)
o ARS Yuatn, i, A FA o gl
B Q7 48 Ao 9% A B4 7heF dF 9 AA ik, = DA (ullage)E 1H 7] 3 A
7k A (mye) & od71A1e GAERY] 7hA e u FV D Vs 47 284 2 dF 9a9 BuE
2 ofelek o] ANFRITH[14]. ou gl B Aol A Jpeke e AR |
A7h st BA e dE A2 AR o
_pTVr< Y > 7y Bl AF "ae pug s 9a fuje] 3
=
" RTje\1 =i / Dhe Ak 93 948 7302 sy gude oy
o 7
o Aol A ppot Vpi= =74 B39 sperete 9@ n
O1H], ple, Phet AF AHE M Fo] gtelolr). FH, R, .
TS, y& 71444, AFSE 9 vdn2 ofngh). Agr = dnrdy = 4 (4—V0T) (an
mAuto 2 B =R 24 AR EFEH v "
g o] Ao F Zﬂ‘@(power—constrained) %A wapa] AlslA] Blae] Ao Eq. 129}_ 7ol ZFo]x
o o] ATy oA A F(energy-constrained) 3: o, o714 §op ABHAl W] W EwAHY A
Ao A F HAE Al 1 5 & #s A o on|&e},
stojof skt A3PAG[10,15,16]9] = wjg g 2
9] é_]%k% Eq. 8‘—4 ZELO] ﬁ]ﬂ'%q Ol—EH /jloﬂ}\ﬂ Mp pat» mOTzasOT'AOT (12)
Mepae = B8 AT 270 A 2 oux AF 27 '
ABE FAN, ou, T A2, AL T ATE 2 An Wael AWE s W% FUa o
o7) 3 HAA T obehst o] FolAm, ofu) A5l Wash A A
2 83 By AF B Buy} TaEA o
Mpar = Kpat - MaX (Mp pas » MEpat) (8) t}.
Equation 8|4 =37 A 2 oA Az =1 & 3 2 a
g ohdsh 2ol 2 4 vk My = 8y - Ay = 47 (= 1V ) 9
P E Ppgr - t I o o
M = 522 Mgy = = © S, AF WA By Bq 7TREEH gow 2ol
P,bat E,bat E,bat éék_ 3’: 9;;]\—9—“:1, o].‘:-/H /g'oﬂ/ﬂ RHey TIEI)e’ pl(_)IeT‘:, 7_}7_]— 313]%
o NAGS, % B 2] gHS =
9 ANA Py 2 Epee= MEE] o] B 2 oy
A B 6ppar D Sppecs 27 MIEIE Ao & e
o ek Ea o o] = ekck V,, = e He "He (14)
'14 =8 0 &9 (kW/kg) = ]1;_]""] =5 0 01]‘;12] HT pg
e
(Whikg)olth. mhAmro @ ¢ = AAAZFS Eahu, ol
= VR e AR s Ty Was sPgeka Askdeh dwel s gEg
) Z}Zl' POT-Q’]' PFrT OE] W sé]% Egig ZL]%E% O]'EH 71:—_1—
4.2 & T=H 2 of AL okdl ANA kyr. pur B ouris 27 T
FRA WA §F2 A(shel) 7-xolBR WA ¥ z nlA, 83 YA U @ R Jr= mar)
A9 TUAL AMete] AFS AETF 5 Q). o
a8 R AEoE Uger] AAd ALEE g ) 3pury (or Vo + Prr Vy -
gk o] Z(thin-walled theory)® A&3 4 9lor, T = T g\ T = ph /S
93 A5 AAEA B 4wz W FA7} A A



114 -2
gtk 2 A] 2 A (stage frames and supports)<] My st pr \*( Popstg \°
AegFd A FA 9 A rpERe] 2Fgow { Myp,stg,ref N (pT,ref> (pvp,stg,ref) (19)
= skl vldgi, wpeka © A2 FRAe] A Gaw \ [ o \* [ Troropt \°
(mgps) 3 FA AFE ofefol 22 A7 dHght. <an'ref) <pbulk,ref) (mpmpl're)
Msrs ~ Gmax " Mpropt (16) Equation 19914 A4~ a ~ e= A&l I&FS 5+

A AAA gmee s AW 7HEEoln, AdybAl WA}
A 19 A2 T3 Fdd H 7pEmed mddi),
kA AAAA ol dAlol A w A A FERA ] AR
S A3 2EsIe AL BErbesty] wEe oA
oMz 7ol & dd Rdzry o AH FFA)
o] ARS FAE WAS AR Ve dd =
d(baseline modeD)®] © AA| FZ2A AFE mgpgrer

I Zo] & 4 9ley, olE &

# &4 Eq. 169 &
a © AA FxAe] dFe AL 4 vk

msfs =< Imax >< mpropl ) (17)

msfs,ref gmax,ref mpropl,ref
@ F2A A T e R #o] ¥ (fairing)
(Mpairing) S AA @2 A 427 g7 w2
FuAbA R ARk g4 2 A dolHE

aste] FAsgon, B ATANE 300 keow 714

b
H ool

43 o fa8 e

G e FAA 4, v B dd 3ES Sl
g owjgk 9 ME Fomr AT @ A FEA
A WAL AAAA o)W AN B F3%
A% AT WEHE AL WisHDE |F A
mazyy dRs F4at wAS AL o
52 THES A myps,)S AR v, o}
ot 22 AAVE A HIH[17]

Myp,stg ~ (va,stg)3 ~ dvp.stg M

Pbutk Y (18)

Pt Pup,stg mpropl

Oaw Pbulk * V

sl Ba. 182 0E 71E A wug wgow
& TS AFe ofe} ol At

A

&
A Abole] wldl@AE AostE Agelw, vyl 2
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Table 6 Design Parameters at F = 20 kN; p. = 3.0

MPaA; € = 100
Methane RP-1
O/F ratio 3.49 2.75
Isp, sec 367.1 356.3
Bulk density, kg/m® 825.1 1019.7
Propellant mass, kg 4,206 4,335
Propellant tank mass, kg 358 313
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Table 7 LEO Mission Trajectory Results for F = 20
kN; p. = 3.0 MPaA; € =100

Methane RP-1
1% Stage MR 0.108 0.108
Upper Stage MR 0.166 0.151
1% Stage Ditching 1314 1301
Point, km
Fairing  Ditching 1330 1323
Point, km
Payload, kg 252 270

/15’ Stage Ditching Point

Fig. 11 Vehicle Trajectory
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Fig. A Geometrical Parameters for Combustion Chamber Routing
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Table A Parameter Definition for Combustion Chamber Routing

Nozzle P _ Pcc

Stagnation ens %
y+1 y-1

Pressure (1 + yMiz) (1 + 2 Mlz)

Expansion
Ratio

+

I* = 7,C* ( z )y_
=5 y)/+1

<
[u

Characteristic
Length

[u

Thrust Coeff.
at Sea Level

T Thrust Coeff. 2 A2 r-1
Throat Area At - % ) CFvaL‘ = Zy ( - )y ' 1- ( b ) ’ + €, Pe
PccCFpac at Vacuum , y—1\y+1 Dons Pons
. Chamber A
Throat Dia. D, = J4A, /1 Volume V.=L'A, = A, (Lcylec +1/3 /Ftcotec(eya - 1)>
Chamber Chamber
Acyr = Are Dy = |44

Cylinder Area | = ! tee Cylinder Dia. cyl eyi/T
Propellant
M g - . 4,/ c Characteristic 2 %

ass rlow Mee = PensAe [ € . ot = RT ( )
Rate Velocity VYR eps /Y _)/ 1
Cylinder
Volume Veyr = Acyt Leyt

Geometrical Parameters for Routing

V. A
Loy = A_Ct_ 1/3\/?’:C0tec(62/3 - 1) / €c

R1 = 1'5R[’

Ry = (Reyr — (Ry + Ry) + Ryco0s6.) /(1 — cosb,)
LCOTL = (R1 + Rz)sinec

R,; = 0.382R,
Le = 0.8R.(\/€. — 1) + 1.5R(secOpey; — 1)/ tan (—)

Aexit = €At

Open
2

Dexit =+ 4Aexit/T






