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ABSTRACT
Modeling and Simulation(M&S) for a liquid propellant supply system is a technique to predict the

performance of components and systems under certain conditions based on mathematical modeling
for each component of the engine. In this paper, the basic structure of M&S for the supply system
applied to liquid rocket engines was obtained by analyzing the related research conducted. The basic
mathematical modeling of components was organized and the characteristics of each study result were
analyzed. Based on the analysis and validation results, M&S method of advanced foreign research

institutes was also identified, and factors related to its accuracy were described.
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Nomenclature
A : area (m?)
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(m*/s*/K) l : liquid
D : diameter (m) 1 . inlet
e : roughness (m) 2 : discharge
f : friction coefficient P : pump
g . gravitational acceleration (m/s?) T : turbine
AH : pump head rise (m)
h : heat transfer coefficient (W/m?/K)
K : loss coefficient .M 2
k : thermal conductivity (W/m/K)
L : power (W) A ZANNL F31A4 FF A" Modeling
1 : length (m) and Simulation(M&S)= HIFEH AL4A71A 9
M : mach number A =AA I A2HL ndysy A
Muw : heat mass of wall (kg) =S5 93 AEHoHE = Aol EAHo|tt
Mg : pump friction torque (Nm) M&SE= Az FHoA FExAdTA EEs=
m o :mass (k) Ao Hsd ARE BRSE ANH T
m : mass flow rate (kg/s) AFY] A, B 2F 9 O z3eA Y
N : pump shaft speed (rpm) =& FH7A dEstes T 2 A3 AT
Nu : Nusselt number A dAeA ZgAT olHT T84 Wil A
p : pressure (Pa) EFolAd AdE =& A3z A= 9
Pr : Prandtl number Hu ol mat FAE T FEAARE Al
Q : volumetric flow rate (m’/s) H AA A FE w2 EEYe H8E
q : heat transfer rate (W) gttt AEE 52 M&SE Bt 3Eg A
Re : Reynolds number FdZo] JMEdEE stEE 2 Az AEA
FThroatcuree © curvature radius of the throat (m) 3 RS Y F ol B AN 33
T : temperature (K) = 752 T Atk
ty : burning time (s) S RS RERC U}C’of{ ﬁl Axe] M&S A+
v : fluid flow average velocity (m/s) 7h FRE skon, 718 mdE e
% : isentropic exponent 9 AL e} A E EHZ‘L ztol 7} EA gt IRk
u : viscosity (kg/m/s) Aoz ¢FAX=TY A Wiz 43 volH
n : efficiency o W Ao s WHe T 4 FAHFY &
p : density (kg/m®) 35 dste] golBHY We] HEAol
p : power density (W/kg) 2 M&S ZEIHS HBista glon, A4
& : energy density (Ws/kg) AL ol &3 AP HOlHE HBoR T2
A HAsS AFslr £ AYgEE FEstn
Subscripts ATk [1, 2] WHE eFEAE % FAES A
Aoz FAFY =ddeo Hevt Fa »es
t : stagnation conditions 7F HoldA gkom, 43 vlolE e ¥uE F
* : conditions at nozzle throat g AFo] o]FolAA Fe AdHoltt. o3t
w : wall M&S 71Hol ©E Zpolo| 42 HA = A
g : gas o] M&S A7 2 AA Qo] Wi 7HA
© FuARE AHEE F dou, o did &
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Fig. 1 Library Method Process[1].

1.
T

SIMULATION

Universityoll 4 RL-10A-3-3A <o thd 3=
7] A AlEHeIAE Fst I m (6]
Aol AFsHRAL7], Y= SSTLolA AAHAE
4 EAFGMP-T) A 35 A= A
S ATHE]. FHEHFARI T ET Wei F[9]°]
ModelicaE AH8-3te] a19t7b2 7hehd4] 9l E
By ko] glolBeglE gt Rt
uh Qi

o

b

212 M&S 7|& 74

24 Aol 4 HAH
59 AP AE, FE,
FE R FEE 5 ATk
Hesh HEA e A8 e
52 Holx, el qlof
7 wgel PR FaH
e Axe)

o
rr

o2l
»

fr

o
I
B
lo 2
1o
o mi ol

o T
2

=
>

oy
[e5

.I.,:lo

A5
Z

ey

i

o

2
-2 o

I'_|>1_,
R
lo
iy
o 4 &2 & —
> 0 ox M xS

o X
o o
IR
o2 o Ty
e 2 o
fuo 0 2 ot fff fo O ro U X oox rlo o

_Yi
i
i+
o
o

2121 24

2 FE8a @9 =84 B4 A

Fig. 20 % 4l



42 oFd - A=y - 5S5H - 72

o/™H

5@ - =HY - oy EFFIISEI(X

2 58 Al Inputdlld mdPo] I
B EAAE BF FAEF AeAs, F

e AEE ST

fo
b
Lo

o
ox
off
X,

e 4y 4
o fr ox
il
oo
gy
2
o
i
o
rlr
A
>

4

ox [Res
o
o
u

Ao E Ao
A
2
X
ol
B

ft oo
_O‘Ll‘
=
0,

b
o

A

off
oL
)
%
=
B
[
2

o
o H
M
i
e
4
o
iy
m!)
do ol
o
X
A
™
2
Lo
z°

2
>
o

o £ o2
1o ol

o

9, o
o
bl
b b oot mv oo

P
=
ot

>
i
)
o
23

X L2 Ot
>
o fo
ox
off
e
X,
N
N
L oo T |
,
=
)
1 o
N
o)
o
iind
ol
it

>
Mo
ke
o
23
ro
s
iz
2
o
il
=
124
:Tl;“

fr fo ol off o i rlo o o 41 2
0l (E .
ot ox
L o o o

i

>
[0 ol

\FU

A

8

>
b 2

Ll

o

L
o

22
off
filo
Jines

[
>
>
)
£
i)
(m

9] M=y
oA =, AfFH
sHAl Ha og FAFANAY StEAAA
I FAe T4 Asel AFEH ©A
a7t dggth FAE ol ol &
A WMIES AR FsAEsiH HFHOR
54 W E oprled, 1 A%

oIy

[}
e ox A B b S~

e
AN oox 2 ok ot rTLo

o (&

off

N
o= 2

N
m

]

B~
>
1o
2w
B o

‘ Input |

« Steady performance

1
1

I Steady |

properties 1 |

« Operating conditions I |
1

(Objectives)

ROTTTARg Inout|

Design point

« Overall performance of
the engine

« Performance of each « Transient performance
component properties

* Performance variation of
each component

Fig. 2 Integration process of Steady/Transient M&S.
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Fig. 3 Steady/Transient Simulation Flow Chart.
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M&S AlE = g TS B4 sk & Qak& WS Table 20 YERHATE vl A
WetrEe] xdTE ALSD AAR 2AA 3 FHE 99 A% auvive] ox, BF 1%
Ag ARe A 27 d7sBe] AR 6ve exAE BAUP. H=r] g mu
vz £33 M&SATe AT 23l st B3 AR FAF Aol 4%rvte oA
o Aesta 1S 7]EskAth g HolAR HEl dF2E] A5 7% A&
o5 NASAOl A& 1990d o] ROCETSS A Btk E3 7o <1 As - g2 344
&3t RL10A-3-3A <Xg muElgste] A g AEdelde FHAT. Fig. 40 A AFH
T2 Ay gl dTE FAsAR[3, gollAe] dad hHWstE ROCETSS 344
6, 16] 838 = A FHIA vl 3o} Flight datas} Wlalste] YeERATE HnkE
o 57kA19 Aol el AdsdAe A3 A BFELE A, 7HEARE B A ol A At
. siMzAel Wels HUYT %, dsd  olF HelW, 3 9T Y, WL & &=, ¥
*e 5 1078 AsA ol e dAgkt Bl Z ETUHAME U3} e B =T
Table. 1 Features by Modeling Methods.
Element | Component Modeling Characteristics Pros and Cons App?led
method engine
Performance | Using performance |1) High-grade generality
map map under various |2) Required massive RL10A
(Experiment) conditions experimental value
Turbo v —
pump unctiona Using dynamic 1) Low development cost
. method . c .
Actuation (Dynamic coefficients through for specific engine LE-7A
elements coefficient) experiment 2) Low-grade generality
1) High dependence on
Electric Theoretical | Using performance performance coefficients
pump analysis coefficients 2) Data limits for power
and weight estimation
1) Required to obtain
Empirical friction loss analysis friction coefficient LE-7A
2) Simple modeling
Pressure 1) Simultaneous flow
. loss characteristic analysis
F.hnd 1-D CFD analysis 2) Not required to obtain RL10A
resistance performance coefficient
clements 3) High computational cost
Using experimental loss 1) Required to obtain
. . LE-7A
Differential coefficient performance coefficient
pressure Constant ratio of combustion |1) Low accuracy
chamber pressure 2) Simple modeling
Bartz eq. 1) High accuracy at high RL10A
Heat Heat temperature(Nozzle) LE-7A
transfer transfer | Colburn eq. | Emperical formulas . RL10A
s 1) High accuracy at low
elements | coefficient Dittus- . ture(Nozzle)
emperature(Nozzle
Boelter’s eq. P LE-7A
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Table. 2 ROCETS vs Test data (Steady State).

Input Value
Thrust 16375-16603 1bf
Inlet Mixture Ratio(O/F) 4.67-5.63
Fuel Tank Pressure 26.2-27.0 psia
Fuel Tank Temperature 38.5-38.6 °R
LOX Tank Pressure 35.3-36.0 psia
LOX Tank Temperature 174.7 °R

Output Error

Fuel Pump Discharge Pressure -2.72%
Fuel Pump Inlet Volumetric Flow | 0.86%
Venturi Inlet Pressure -0.53%
Turbine Inlet Temperature -2.63%
Fuel Injector Manifold Pressure -0.97%
LOX Pump Discharge Pressure -2.38%
LOX Pump Shaft Speed -0.96%
LOX Pump Inlet Volumetric Flow | 0.37%
LOX Injector Plennum Pressure -0.98%
Combustion Pressure -0.53%
I A, 7oA

g+ ESPSS #ielB & AR&3t RL-10A-3A<1
e #z7] FF ANEH)A TS FH3A
o7, 17]. ESPSS glolH 2|2 8E 7719 Wy,

B RHEE, A4, so]lz, Wiz A7
< TFA3GI, N 2 F5 A9 AAHE
A
of ok A AFage] sAAHet o)H
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(3]
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Fig. 4 ROCETS vs ESPSS vs Flight data (Chamber
Pressure of RL10A-3-3A Engine)l6, 7).

o Fuel Pump (test data)
—Fuel Pump (REDS)

x LOX Pump (test data)
—LOX Pump (REDS)

Pump Shaft Speed

Time

Fig. 5 REDS vs Ground test data (Pump Shaft
Speed of LE-7A Engine)[4].
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HIYA Y oolE]2e] vmAFo|t) AR AlFz}
As WE Mg AEx=9 FYEA eAHo=
wB eSS W3AA ZASATH ROCETSE
ZA3tol wlwsle] ESPSSE 4] Aol wukA<l
AL FARIARE 7 AZE, AlAE, THEEl

AolE wolw WA HolH} o U

wel FEET TCV MH mdis Frhste] A
FEE FHAZA7] wWEelt 2y 3] H]
HAY delHE 7 EAsi 1 9o
2 TEAN2E AF 27|29 74, Qe 3
of FsAg A, HZ sfulEeld g dREY
< 1A ¥ Fo2 BAET].
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Y JAXAN A= 2004 REDSE AR&3ho AFsHAA HAes AAst o] AH/E Y
LE7AQZ S A% - ZA A A=7] A AEY doz FAH Aedde T A e 4%
old ATFE FYSATH4]. Fig. 55 LE7A 4 WIS g &gt 2ot JF8S M&SE YA
e Fx ZF £ Q7 AFAA A9} TAE G2 HAHY 58, 5tF md 1A
Ground test data®}9] wlwo|th, =S test I AA AR 4F delHE e E 3
data®ll 7|9ale] A3} Az WH Aol AHS dese] BEAX FEVF aT7HET mH, Y8,
AASR T, ¥ M=o HIE FE WHOR FH 2E 3 ARFe AS dog 4
AsH4E& ZASAT. vln Az JM&EAAE 3 dolElE B3 FAHEFY AT WS Bistn
7F4Ee "igk Aols HolA|Rk s A Ehsh A3, FAE ZEIE Fo golEgd @
A7E Bt ddad, dad 48 =% F AN/ =73 e M&S Sl z2a9s
A3t S 7HAH, A AE rHA R VL Mt HMEAHE SRt ok =3 AP
A AT 7HE = oFte] eaE R 2 FFY FAFA Ui md™go] AP

B#d JAENAE 20180 C++& AM&3Elo] T ohekgk 2o A¥E, ASAE L HgAE
EHPT whao] A2 AN A4 M&S HolHE 7Hte g AlEdolAd AAYE HAS53
zRIHS Jdsty RS 10]. FAA Ak AAAE] A FAFE S48 % 1%7RE
849 AS dHEHE Ao GHo A 9o ¥e 0xES Hola o HE7| AE
2 AYAE Bt 2ddY ¥ Pz, EHl, A FAEY A ®Hslyt AFHL A
ArdLe Etgde 5ate mdy g U 7HEAIZE AIA, THEEAA Y] oAt Ay S
Vulcain, HM7B, SSME <z o2 #H3F3te F4 £ Eg5S Holm Yt ol A FUHA 89
F 9 4% A Hd 4%, 2%, 6%= regt o7 FEL F Aed, 1) FAA FF AA
2y P2 Bystn W oaES B Al ARG o EaA S}, H= sfug o)A
Aok 28y A5 Pz T {FFA Ho 9 AR, HE ] e e B3
15%2 225 Holsd], ol FAUAE H|IGFH =87 %S FHHoE Jledts Aol od
dog 7hgds slo] Aoz AT 10]. o] gom, (2) ¥ME MAANZL, =7Fd, A4

o] A g FF-FATAANA Tpat 92 A3l AN 22 Azt dig =S
A7) ApolF Qe T4 AEdA RdE 74 e =R 3= d9ol ds] AFoly AlF dlolE
SFATH12]. 2 TFAEF SHEARS A ddE E gHate Aol oY A EYH d4e
A Ags)a st AR A el 584 53] BASE Aol 4A ¢ WiEe|t. F3
2dS Simulink® AR, T3 25 olA A FFAz" i M&Se| HIEE FAJA
225 WH /= w3yt s w, 225 8 7171 AsiA s ol 81S Hoh FUsA B4
2 s, A&7 JtadAre) 259 b, sta, HEg mdFo] FHE  UAEE A4F
HEFIZ A5 5& 4Ry vugdFd A dolele] SRy F88 Ao AdH
sl Ae 2aE vzt gloh

gz 7

o 45 ARHL AZ37] 9%
shibel ol A NS T Ao

o ATE PG FYTSAT L A
oz Faysgon oo FA=HUL (A
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