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Optimal Selection of Fuel Bias and Propellant Residual Analysis
of a Liquid Rocket
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ABSTRACT

This paper considers the effects of propellant mixture ratio and loading errors on the
performance of a liquid rocket. Propellant residuals generated by error sources are
analyzed for a launch vehicle model whose first stage consists of a cluster rocket of four
75-tons class engines using a statistical Monte-Carlo approach and then the optimal fuel
biases minimizing residuals are computed. The results are validated through comparison

with analytic method using approximate formula, which have been applied for other space
launch vehicles.
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Fig. 1. Propellant depletion probability with
mixture ratio error : O without fuel
bias, @ with fuel bias
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Fig. 2. Residual by mixture ratio error [1]

g = Jd5S ¢ 4 Ao (moment balance ).
S 2 W™ Fig. 29} 2t
2z 98 u"lolojae FH EFW J)FOE -
v, W A A "AuE Fole Aoz
Eo] &g 229 A$ .= 112524 £F
o 227k 2% A5 Jd'E S7MA FA
3}04 SAjHl = 0.74(%) E°1€ 218360 HT 4
10)3 2o] TAMS AMESHA] 2l 4 (1)
22 AHgE Agdle Tt 2ol HF Amutol

AN

M. m—1)mp+
. (MR - 30, = 1)m MR(1+30,,)
M Ebias = 1+ MR(1—30,,)
(20)
3.2 EEH| 22} FAA B A 2
F A= EF
Tl ea Bek oy} iAol dF7 #A
A7t = AFE olsh HIsd WHez HA
AR Hiolo]AE Uad 2ol TR =T
T Ao
Plmpps < B) = P00 <my,, < R)
+P0<my, <R) (21)
o] 714
PO <my,, < R)= (22)

P(0 < mpy+dmo— MR(1+ ¢,0) (m p+dm p+ m ppins) < R)



92 oA - 2R - =8 TR A 2 T B
R om m m
= P(= M pyis— 775 < Smp— -t (mpt mpyia)eam = + — ! — % 27
Fb MR MR _ nlpbms) mRES,., mE 'rnF2 ]l/m(1+6A\,/]gl) A/m(1+€]l,/]32) ( )
R Mo
= P(= M ppjos — FRS om p— WJF M p€am < = M fhias) mOZmOI +m01 (28)
PO <myu, < R) (23) mep=mg+mg (29)
Img o
~ P=mypy,, < 6mF_ﬁ+mF5MR < R=mpy,,) M ppg > 0 < A5
(mo_mRES)
2 (22)¢} (23) 0.2 HE —=MR(1+eyy ) (30)
mgp
P(mﬁgg < R) (24)
Y My >0 A A5
~ P(= M ppjas — %S dm p— %Jr mpeam < B= M pyis) FeESE
: ? m
R 59 2 = 1+e,, 1
T Mpvias ™ rp om p— %erf?lm R— m pyjus (mF mRES*) MR( EJJRsf!/) (3)
= P( < - ) g
T all T ail I all
T a3z} g A% A 62 4 @0l s
AW oy =0y, Tt Mo o gelsha
MR
om
omy MR? +m€yp _ Cam™ME T CamMp,
metA A2 GE W 2= - €um,, = ——— (32)
all 1 2
2 FH & AT/ EEE 7HAA A (24 - -
s EEMEES JAV] AL A @) g ae A% 4 @)e A E)el dsk
- }‘\‘! (11)0]]/\-] Sf EH{\J Our= EH HO]'EE]_ == __'O] xéa*ls]_ﬂd
B2 Q5 Atk & 7o 4F £2 AN A7 o
AR wpoloj=e 2 (14)9F 22 IAITE LoAAA Iterm, my, My, (33)
93 98 SEol Fold Ae e ol A= o, _To
wolol g ARKEE Hck 1T
<1 ol L e 1 122
(MR- 1)0(]1,0& i
* 2
"M Ebias (MR+1) (25) _ M0 um, TM 0,1, 34
MR,, m,
= A = X| = SHH
V. EE{—E{_° Az =eH| A (32)¢F (34)91M 7t AZo] nominal 27l A
A 24 Tttt F
= o ol = o EJ[R]+E]\1H2
B dolde Foji @& L3 oY R ur, =y (35)
Axer ZFH2HIE A5 EH 22k&0] o ‘
WA wekeA fESAD. dd duse s NS ARe] dElME sk gyoz
of 2tspA W AR WS FEOZ AT 7 .
S5 TRt WA gds AR 24 Fe Deam,
~HYSE 492 AUuY ged 2o o) =~y (36)
A okd AAe sAE 7 dRe tebd. o
1 P FAE WS AR T gepd zola we) man exsdl wE Ba
T upolojiet A @A LAt gle B¢ F 0 L o g7 Eatu] 08w Tox po
Ao e 77} L’x‘:ﬁé}u‘j = 3tye dz =3 A= =] £
AE ZHA Eot
Mg :m(),"'mo?_]vm(l"'?lml)mﬂ (26) ey
—]liR(l%»eMRZ)sz U( WRW) ~ \/]_V (37)



43 4 B 1 9k 2015, 1.

A 32 279 44 A vholojx 4

ol

2R AR

A 93

“r

x10° stage 1

wio fuel bias
with fuel bias
with PL error

difference f probability of residual propellant less than %mp!”m

|
0 500 1000 1500
Reropetiant K9)

Fig. 3. Difference of probability of residual
propellant less than Rpropeliant

AR wholojzayt 1A #Al 22t AE A
= 7t QRlel] YA A8 mpolojzeh 3
A FA LA7E dcka FE 2 359 2 4
#E dS F Utk

9] ZARA ] JFFS Potr7] A B EF
HIE ARgShe Aok a%8A 4L B5 usH
2o Al dal FHHer AFFo] 4T
S5 Bt Fig. 32 £ =idA tFe
75T a9 RS FE2EF I A5 g
ol 4 (37)F o] Ui AXE st F AX
o2 HFe Bk A SYHA dxler &
= A% BEH 2L 37k Bl us zels
A A#E et

O A8 wpoloj2rt gle A4S

@ 18 Hpolof2Tt = AF

@ A8 Hloloj ot FA &A a7t e

= Ke
ST
s shte] dFoR A A HHAHoR
O A5k A7t e AeSs ¢ 5 3o
P EHHE S B o B 2R
HAFS & 5 Aok
V. A& 1t

£ AoMe 15 7585 A7 15 Sej=H
FE AR 2dldo] ths E£9H % S04 g
QA S AT 2HE R A BEF AR
o] 30 EFH 2AES 2(%)=2 A3, VIR F
elzE st AHEE A9 & £33 eAe 4

@7l & 1(%)7F Boh a2Ela HAbd FRA
TR ak= aekAlY B 063(%), AES AT

0.62(%) = 4733k

Figure 49} 5= 95 npojo]~ gho] mE ZH
ZF H3lES Uehdth A8 ulolojar) F71e
2} ZHREFo] st o= FEAAE T
7Fhe 54 7S ¢ & doy oM Ha
o] IFFS Hols AR uloloxrt HH AR
Hlolo] 27} Hth Table 25 FFZo] HAd e
HZ A8 vlolojx ZH A IR, FHA &
5, £ S8 W, Al ¢ A5 &3 gE

=
=
w
_Z__

[e)

54 Uehdth HA A8 ulo]o]2~9] ‘Analytic
2 2 (18)= A&t H$E  ‘Approximation’-2
21 (17)2 (23)S 4 Aol dsiA 247 ARg-she
AL F9 4ol s yEhdoh 2dH 2=
Hel A= dlA 7EdRe] A vpoloj~ W
3ol s FR1A] &8 x= A4St o] F U}
A AL A2 Y= A-E Agsign T

stage 1, Monte Carlo
1200 T

T
w/o propellant loading error
with propellant loading error

1100

1000 -

©
3
3

@
3
3

Roropeiant (£9)

\\//,...//
ptimal fuel bias

~
=]
=]

°
I

@
3
3

g

@
&
S

i i i
50 100 150 200 250 300
fuel bias (kg)

IS

Fig. 4. Effect of fuel bias to residual with
P=0.99865 : Monte Carlo method

stage 1
1200 T

T
wlo propellant loading error
with propellant loading error

1100

1000

©
S
=]

Roropetiant K9)

800

Q

ptimal fuel bias
700~ -

600 -

i i
50 100 150 200 250 300
fuel bias (kg)

Fig. 5. Effect of fuel bias to residual with
P=0.99865 : Approximation using
Gauss error function



94

oy

[e]

[e]
>4 - =24

o
-

i R i 72 T e B

nn

Table 2. Analysis results of mixture ratio
and propellant loading errors of
Stage 1

D with only mixture ratio error
Optimal fuel bias (kg)
Analytic (Approximation) Monte Carlo
152. 82 (150.51) 157. 00
Depletion probability (P=0.99865)
Fuel depletion (%) LOX depletion (%)
12.18( 12.02) 87.82( 87.98)
Residual (kg)
P=0. 99865 3sigma
583. 50 (586. 28) 412.70(412.70)
Propellant utilization (%)
P=0. 99865 3sigma
99. 54 (99. 54) 0. 32(0. 32)
Delta V variation (m/s)
P=0. 99865 3sigma
-19. 03 (~18.79) 18.39(18.16)
@ with mixture ratio

& propellant loading
Optimal fuel bias (kg)
Monte Carlo (Approximation)
198. 00 (200. 88)
Depletion probability (P=0.99865)
Fuel depletion (%) LOX depletion (%)

errors

13.39 86. 61
Residual (kg)
P=0. 99865 3sigma
748. 75 529. 31
Propellant utilization (%)
P=0. 99865 3sigma
99. 42 0.41
Delta V variation (m/s)
P=0. 99865 3sigma
-28.07 26. 00
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stage 1, Monte Carlo with PL error
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