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ABSTRACT

The expander cycle engine has advantages of high reliability and low manufacturing cost due
to its structural simplicity, but has been applied to the upper stage of launch vehicles due to its
limited thrust capability. Engines of various cycles are used in the upper stages of launch
vehicles. However, the expander cycle engine is gradually being applied to the upper stage of
not only government-led vehicles in the United States, Europe, China, and Japan, but also private
vehicles such as Blue Origin. Development of an expander cycle engine and related research are
beginning in Korea. To help understand the expander cycle and set engine requirements,
examples of expander cycle engines currently being applied to launch vehicles or being
developed for application are described.
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Table 1. Cycles applied to the upper stage engine of launch vehicles around the world[1-20].

Country Launch vehicle | Stage Engine name Propellant Cycle
USA Falcon 9 Second Merlin vacuum | LOx/kerosene Gas generator
EU Ariane 5 Upper HM7B LOx/LH, Gas generator
Russia Soyuz 2-la Third RD-0110 LOx/kerosene Gas generator
China Cz-2C Second DaFY20-1 NTO/UDMH Gas generator
USA Delta IV Heavy| Second RL10B-2 LOx/LH, Expander
USA Atlas V Second RL10C-1 LOx/LH, Expander
Japan H-2A, H-2B | Second LE-5B-2 LOx/LH, Expander
China CZ-5 Second YF-75D LOx/LH, Expander
Russia Soyuz 2-1b Third RD-0124 LOx/kerosene | Staged combustion
Russia Angara 1.2 Second RD-0124A LOx/kerosene | Staged combustion
Russia Proton-M Third RD-0213 NTO/UDMH | Staged combustion
China Ccz-7 Second YF-115 LOx/kerosene | Staged combustion
EU Vega Upper MEA NTO/UDMH Pressure-fed
USA Alpha Second Lightning LOx/kerosene Tap-off
New Zealand Electron Second | Rutherford vacuum | LOx/kerosene | Electric motor pump
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Fig. 1 Schematics of closed, open, and dual type expander cycles[30].
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Fig. 2 M10 engine layout and thrust chamber
assembly technological models[22].
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Fig. 3 Schematic of M10 enginel22].

Table 2. Required target performance and characteristics
of LM10-MIRA flight enginel39].

Propellants LOx/LNG

Thrust in vacuum [kN] 98.1
Minimum Isp in vacuum [s] 364
Total flow rate [kg/s] 27.6
Mixture ratio 34
Number of chambers 1
Thrust vector +6°
Max diameter [mm] 1300
Maximum length [mm] 1900
Weight [kg] < 2955
Number of restarts 5
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Table 3. Specification of RL10B-2 engine [8,41,42].

Thrust in vacuum [kN] 110.1
Chamber pressure [bar] 441
Mixture ratio 5.88
Isp in vacuum [s] 465.5
Cooling jacket pressure drop [bar] 17.4
Fuel flow rate [kg/s] 34
Oxidizer flow rate [kg/s] 20.6
Fuel pump speed [rpm] 37,900
Oxidizer pump speed [rpm] 15,163
Fuel pump/Oxidizer pump 104/59
discharge pressure [bar]

Injector pressure drop, 3.7/6.9
Fuel/Oxidizer [bar]

Throttling [%] 20-100

Notes:

(1) Dimensions are nnchos

(2)Dimensions inparentheses
are i millmeters
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Fig. 4 RL10B2 engine and its nozzle extension
dimensions(8].
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Fig. 5 Schematic of RL10B-2 enginel41].
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Table 4. Specification of Vinci enginel44].

Thrust in vacuum [kN] 180 130

Isp in vacuum [s] 457.2 458.2

Combustion pressure [bar] 60 45

Mixture ratio 6.1 5.5

Propellant flow rate,

LOX/LH, [kg/s] 3411/559 24.20/4.40

Nozzle outlet diameter [m] 1.84
FTP rotation speed [rpm] 90,000 70,000
OTP rotation speed [rpm] | 18,000 14,000
Height [m] 3.22

Fig. 6 Vinci engine and configuration view of Vinci
engine for ASME and for Ariane 6(44,45].
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Fig. 7 Schematic of Vinci enginel44].

Fig. 8 Additively manufactured Injector head of Vinci
enginel47].
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Table 5. Specification of LE-5B engine[52].

Thrust in vacuum [kN] 137
Mixture ratio 5.0
Isp in vacuum [s] 450
Expansion ratio 110
Chamber pressure [bar] 38.4
FTP rotation [rpm] 50,200
FTP discharge pressure [bar] 74.6
LTP rotation [rpm] 17,900
LTP discharge pressure [bar] 59.7
Max diameter [mm] 1700
Length [mm] 2700
Weight [kg] 265
Throttling [%] 60
Restart capability Yes
Burn time (normal mode) [s] 535
Design life [s] 2350
= ABA7] AelE <Rl LE-BA <xlelA
© =5 2757 B s A de 3 F
S U HomE, =BH gl Fa JA
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Fig. 9 LE-5B engine and design changes from LE-5A
to LE-5B[50,51].
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Exhaust Venturi

Fig. 10 Schematic of LE-5B engine[52].
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Table 6. Specification of LE-9 engine[24].
Thrust in vacuum [kN] 1471
Isp in vacuum [s] 425
Mixture ratio 5.9
Chamber pressure [bar] 100
Throttling [%] 63
Weight [kg] 2400
Length [m] 3.8

R

(M-

Fig. 12 Schematic of LE-9 enginel24].
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Table 7. Turbopump characteristics of LE-9 EM[56].

FTP OTP
Throttle [%] 100 63 100 63
Rotating speed [rpm]|41,600|34,800|17,000(13,300

Pump discharge
pressure [bar]

191 | 138 | 179 | 131

Pump mass flow | 50 | 354 | 303 | 190
rate [kg/s]
Turbine inlet

pressure [bar] 83 45 9.4 5.1

Turbine expansion

. 8.5 8.3 2.5 2.4
ratio

Turbine inlet a3 | 413 | 318 | 330
temperature [K]

Turbine mass flow

rate [kg/s] 9.1 49 8.3 4.5
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gloles TaaTalz Azsie] A wHlLo Thrust in vacuum [kN]
AR WA de 7 Ao w ng at thrust main stage mode 98.07
59901, 3D-FEM AL 3] Wzxjde at thrust final stage mode 49.03
z9 WAEF FAE AAselel A% wgg |l in vacuum [3] 451-463
H7ratoh24]. 2017 3€HE LE9 917 EM Mixture ratio 5.9
of ta Aldo] 3= oen, 2022d 50 QR Chamber pressure [bar] 794
gAY 2 LE9 AR AFL3E H3 WALA A Number of restarts 1-5
g 157 AN AeAPE SEATH55] Duration [s] 400-1100
Dimensions [mm]
3.6 RD-0146 <zl Length 1880-2440
RD-0146 Qlz7-& #]Aole] KBKhAOA 713k Nozzle exit diameter 960-1250
B}A7) AtelE dxlolth. FHAZE LOx/LH, Engine dry weight [kg] 196-261

Table 8. Specification of RD-0146 enginel57].
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Fig. 15 RD-0146 engine and combustion chamber
with a ribbed inner surfacel57,58].
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Oxygen boost pump
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Fig. 16 Schematic of RD-0146 engine [57].
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TA QA 4L Table 99+ 2ZtH13,60,61].

Table 9. Specification of YF-75D enginel61].

Thrust in vacuum [kN] 2x88.36
Isp in vacuum [s] 442
Mixture ratio 6.0
Mixture ratio range 5.6-6.4
Chamber pressure [bar] 41
Oxidizer flow rate [kg/s] 2x17.5
Fuel flow rate [kg/s] 2x291
Nozzle area ratio 80
Structural weight [kg] 736
Height [mm] 3151
Diameter [mm] 3302

Fig. 18 YF-79 enginel42].
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Table 10. Target specification of YF-79 engine[42].

Thrust [kN] 250
Mixture ratio 6
Isp in vacuum [s] 455.2
Throttling level [%] 60-100
Chamber pressure [bar] 70
LH, mass flow rate [kg/s] 8.0
LOy mass flow rate [kg/s] 48.0

Fig. 19 Schematic of YF-79 enginel42].
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Table 11. Summary of expander cycle engine specifications.

Engine M10 |RL10B2| Vinci | LE5B | LE-9 | RD0146 | YF-75D| YF-79 | BE-3U | BE-7
Oxidizer LOx
Fuel LCH, LH,
Cvdle tvpe Single | Single | Single | Single | Single | Single | Single | Single - Dual
Y yp Closed | Closed | Closed | Open | Open | Closed | Closed | Closed | Open -
Thrust [kN] 98.1 110.1 180 137 1471 98.07 |[2x8826| 250 |530~710| 40
Isp [s] 362 465.5 457.2 450 425 463 442 455.2 - -
Chamber - 441 60 384 | 100 79.4 41 70 - -
pressure [bar]
Mixture ratio 34 5.88 6.1 5.0 5.9 5.9 6.0 6 - -
FIP rotating - 37,900 | 90,000 | 50,200 | 41,600 | 123,200 | 65,000 | 80,000 - -
speed [rpm]
FIP flow rate| 340 | 559 - 51.6 - | 2x291 | 80 - -
[kg/s]
FTP turbine Closed | Closed | Closed ) 91 Closed | Closed | Closed ) )
flow rate [kg/s] | cycle | cycle cycle ' cycle cycle | cycle
FIP discharge| 104 - 746 | 191 - - 240 - -
pressure [bar]
OTP rotating || 45163 | 18000 | 17,900 | 17,000 | - - 20000 | - -
speed [rpm]
OTP flow rate| 206 | 3411 - 303 - 2x17.5 | 48.0 - -
[kg/s]
OTP turbine | Closed | Closed | Closed Closed | Closed | Closed
- 8.3 - -
flow rate [kg/s] | cycle | cycle cycle cycle cycle | cycle
Throttlin Fixed Deep
g 75-100% | 20-100% | 72-100% | 60-100% | 63-100% | 50-100% 60-100% | 88-100% | throt
capability thrust tling
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