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ABSTRACT

This paper considers the analysis of the flight performance reserve, which is
required propellant to compensate various launch vehicle performance deviations, to
inject the payload of a 3-staged launch vehicle to a circular sun synchronous orbit at
a height of 700 km. The various error sources, which affect the orbit injection
accuracy, and their uncertainty are defined first. Then the sensitivity analysis, which
has the advantage that each error source effect can be investigated independently, is
performed for the extreme *30 conditions of the launch vehicle performance errors.
Monte carlo simulations are also conducted to compute the propellant reserve, which
can consider the combined effects of each error source. Finally the obtained flight
performance reserves by the two approaches are compared and it is confirmed that
they show similar results.
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Table 1. Sensitivity analysis for required
additional propellants for each
error sources of a 3-staged
launch vehicle

ERROR SOURCES 30 LOX | Fuel
Stage 1 (ka) (kg)
Inert Mass +0.3% 1.19 0.54

-0.63% 13.18 5.98
+0.62% 6.52 2.96

Propellant Loading, LOX
Propellant Loading, Fuel

Propellant Utilization +1.0% 13.78 6.25
Thrust -2.4% 29.33 13.31
Specific Impulse -0.8% 18.07 8.20
Thrust Misalignment, pitch +0.2° 0.30 0.13
Thrust Misalignment, yaw +0.2° 2.67 1.21
Drag 11.70 11.70
Stage 2
Inert Mass +0.3% 1.93 0.87

-0.80% 13.03 5.91
+0.67% 8.30 3.76
+2.0% 26.66 12.10

Propellant Loading, LOX
Propellant Loading, Fuel
Propellant Utilization

Thrust -2.4% 8.45 3.83

Specific Impulse -0.8% 19.26 8.74

Thrust Misalignment, pitch +0.2° 0.44 0.20

Thrust Misalignment, yaw +0.2° 7.55 3.43
Stage 3

Inert Mass +0.3% 3.41 1.55

+1.29% 36.81 27.02
+0.74% 15.40 17.93
+2.0% 4572 47.00

Propellant Loading, LOX
Propellant Loading, Fuel
Propellant Utilization

Thrust +2.4% 5.40 2.45
Specific Impulse -0.8% 27.71 12.57
Thrust Misalignment, pitch -0.2° 0.15 0.07
Thrust Misalignment, yaw +0.2° 0.30 0.14
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Table 2. Flight performance reserve of a
3-staged launch vehicle via
sensitivity analysis

sgﬂggs LOX | Fuel | Propellant AV
of ka) | (ka) (kg) (m/s)
Stage 1 | 41.69 | 18.92 60.61 57.61
Stage 2 | 38.11 | 17.29 55.41 52.63
Stage 3 | 67.02 | 58.54 126.56 120.53
Total 87.65 | 63.90 151.55 146.06
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Table 3. Monte Carlo Simulation : Maximum
allowable number of depletion for
3000 samples (CL=90%)

PCS Probability of Maximum allowable
(%) Depletion(%) number of depletion

99.865 0.135 1

99.730 0.270 4

99.000 1.000 22

98.000 2.000 49

96.000 4.000 105

94.000 6.000 162

92.000 8.000 220

90.000 10.000 278
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Fig. 2. Monte Carlo Simulation : FPR
distribution for probability 99.73%
(CL (Confidence Level) = 90%)

Table 4. Flight performance reserve of a 3-staged launch vehicle via Monte Carlo simulation

for various PCS (CL=90%)

PCS Flight Performance Reserve (kg) Probability of depletion (%) Velocity
(%) LOX Fuel Total LOX Fuel Reserve
Propellant (m/s)
99.865 98 64 162 0.000 0.033 156.4
99.730 92 66 158 0.133 0.000 152.4
98.000 74 49 123 0.633 1.000 118.0
96.000 60 49 109 2.467 1.000 104.4
94.000 57 43 100 3.100 2.200 95.6
92.000 50 43 93 5.133 2.200 88.8
90.000 52 37 89 4.467 4.800 85.0




390

of
flo
o
B
R
of

ﬁ
&
=
ks
4
B
9E
iz

Required Third Stage Reserve Propellant
T T T T T

Total
160 Lox i el
- Fuel /

Reserve propellant (kg)
=
g

20 | i i i I i i i
90 91 92 93 94 95 %6 o7 98 99 100
Probability of command shutdown (%)

Fig. 3. Monte Carlo Simulation : Flight
performance reserve wrt PCS

Required Third Stage Velocity Reserve
T T T T T

=
3

o
3
—

=
S
T
~

Velocity reserve (m/s)

2 2 & 2

H 3 3 8
-

©

8
Iy

\

B090 9‘1 9‘2 E;3 9‘4 9‘5 9‘6 9‘7 9‘8 9‘9 100
Probability of command shutdown (%)
Fig. 4. Monte Carlo Simulation : Velocity
reserve wrt PCS

Lox
-~~~ Fuel

Probability of depletion (%)

0 i I i i i i i i Yoo D
90 91 92 93 94 95 9% 97 9% 99 100
Probability of command shutdown (%)

Fig. 5. Monte Carlo Simulation : Probability
of depletion wrt PCS

N

1T AtstAle} A8 2o O8A s ¢ F
A}t mRIA R FRA AR A o]
JLes A & Atk o]= Monte Carlo Al E#H olA

3

MHE =
E44 Fig 2014 & 5 ol 30 F2ol A

[ele]

J

o

2
I [ i)

82

Monte Carlo AlE#olH ZAFAZREH HPAHF

& ALrer] 9t & o=, 4kskA 8+
F A5 9% B4 AdE A dAVF de
22+ 7HAIE BEE TARSHE WRe] St o]
e, AgARI Alggoldo Rz dojxl
Hlo|E 25-F
I g olgdA HIAAPTARE
HoEA AEo]
BAA A4S Ags| metstr] olEE
&3 WHole} skl

HA, AlEdoldeERE dojzl AksAl F7}
g R A5 FF gAFE A4 FE 1T x

B4k o o AFREOT, A8 F7h BAF yol
vE 542 HE p, 2 o0 ArdEolH
E e ABBATE p (Ipl< )2 FoAzI0a 7¢
Ao 229, (xy) & FEEETTE A (2
o} o] Ao, AT £ FEL 24 (3)3 Lo
oA B ATHow, 4 3)o A= B &
E9°] 09973 o]olHA a+b7} HA7F HE a9t b
g 27 3 HR Ao mPsARE ALY
7 At
1 N P e TN A

:eXD_Q(l_Pz)[( Ix ) 2/)( x )( 9y )+( 9y )H

f(zy) 72

2mo yo }’(1 - pz)

2
P(Xz a, Y2z b)= /bm/mf(ac,y)dazdyé 0.9973
©)

kel AlEE el HolHE 2ad THAIE

Table 5. Approximation of FPR distribution
by two—dimensional Gaussian

distribution
Statistics LOX Fuel
Mean 8298 | 61.40
Standard deviation 2757 | 20.50
Max 165.21 | 125.84
Min -945 | -1.86
Correlation coefficient -0.33
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Table 6. Flight performance reserve of a 3-staged launch vehicle via Monte Carlo
simulation and two-dimensional Gaussian distributional approximation

oCsS Flight Performance Reserve (kg) Probability of depletion(%) Velocity
Reserve
(%) Total
LOX Fuel Propellant LOX Fuel (m/s)
99.865 94 68 162 0.001 0.000 156.38
99.73 88 64 152 0.200 0.033 146.51
98.00 70 50 120 0.010 0.009 115.10
96.00 63 44 107 0.021 0.020 103.43
94.00 56 42 98 0.033 0.027 93.68
92.00 54 38 92 0.038 0.042 87.87
90.00 51 36 87 0.048 0.053 83.03
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Table 7. Flight performance reserve of a
3-staged launch vehicle via Monte
Carlo simulation under the
presence of winds

Total

LOX Propellant

Fuel

f
I

4 A

o= 700 km =9 HFEVAE 3
HI ol Al F2A 231
T3t 3T v Fo A HEZ
g3t 3Ty Aol Q)
23 8RIER A% He s B
FoH ExAse] Ags FYA7I=H 8T
H A 5od froll tislA A RgkTh AR 64
T AEFolAE ez Yiiw B W
Monte Carlo 4 #H-& 247 A 835t 30y ot
A e Bl S FE Aaledon, Axpzow
ME2 FARE A7 E2ES ERASIATH

< SEiAE EAA

o 12
bl fo o ¢
@ " g o
[

oy

2
R
2
v}

ol
dor
%
=
095
ox
off
2
Jo
A
ol

F Zgrt 9lon, ol whid
o] F7t2 o]Fojxof & Zolt}. HIFPA T
4 71e2 Il Jidsts dAE] F
Al HAZE Ao AEdA HzHe WAHAE
AAlsk= 1 oM BeHR T2, EAR A
ol ozt e oY A Tlesd A 4w
EE ASHOR goylel & fofk2 dAddEnh

™ do fr ozl |
d

References

1) Bell, S. C, Ginsburg, M. A., Rao, P. P,
Monte Carlo analysis of the titan III/transfer
orbit stage guidance system for mars observer
mission. AIAA-93-3889, 1993.

2) Chandler, D. C, Smith, L. E.,
Development of the iterative guidance mode
with its application to various vehicles and
missions, /. Spacecraft Rockets 4 (7), pp-898 - 903,
1967.

3) Song, E. J., Cho, S. and Roh, W. R,
Optimal selection of fuel bias and propellant
residual analysis of a liquid rocket, [ o The
Kaen Sodely far Aeranautical and Spece Sdeces 43(1),
pp.88-95, 2015.

4) Hanson, ]J. M. and Hall, C. E., “Learning
about ARES I from Monte Carlo simulation,”
ATAA-2008-6622.

5) Hanson, J. M. R. M,
Calculating Launch vehicle flight performance
reserve, J. of Spacecraft and Rockets 49(2),
pp.353-363, 2012.

6) Hanson, J. M. and Beard, B. B.,, Applying
Monte Carlo
design and requirements
TP-2010-216447, 2010.

7) Cho, S. and Sun, B. C,, A Study on Load
Relief Attitude Command Design of Launch
Vehicle considering Upper Wind, The 15th
Space Launch Technology Symposium, 2015.

8) Justus, C. G., Jeffries, W. R., Yung, S. P.
and Johnson, D. L., The NASA/MSFC Global
Atmospheric  Model-1995 Version

NASA Technical

and Pinson,

launch vehicle
NASA

simulation to
analysis,

Reference
(GRAM-95),
4715, 1995.

Memorandum



