rfF

OTC FILE cOPY -

NAVAL POSTGRADUATE SCHOOL
Monterey , California

AD-A227 002

DTIC

ELECTE
0CT0 11990

THESIS 00

THE EFFECTS OF LIQUID PROPELLANT MOTION
ON THE

ATTITUDE STABILITY OF SPIN STABILIZED SPACECRAFT

by
Jack W. Myers, Jdr.

March 1990

Thesis Advisor: Brij N. Agrawal

Approved for public release; distribution is unlimited




UNCLASSIFIED

SECURITY CLASSIFICATON OF THIS PAGE

REPORT DOCUMENTATION PAGE

Form Approved
OMB8 No. 0704-0188

1a. REPORT SECURITY CLASSIFICATION
UNCLASSIFIED

1b. RESTRICTIVE MARKINGS

2a. SECURITY CLASSIFICATION AUTHORITY

3. DISTRIBUTION / AVAILABILITY OF REPORT

2b. DECLASSIFICATION / DOWNGRADING SCHEDULE

Approved for public release:
distribution is unlimited

4. PERFORMING ORGANIZATION REPORT NUMBER(S)

5. MONITORING ORGANIZATION REPORT NUMBER(S)

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL

7a. NAME Of MONITORING ORGANIZATION

(If applicable)

Naval Postgraduate School Code 39

Naval Postgraduate School

6c. ADDRESS (City, State, and 2IP Code)
Monterey, CA 93943-5000

7b. ADDRESS (City, State, and ZIP Code)

Monterey, CA 93943-5000

8a. NAME OF FUNDING /SPONSORING
ORGANIZATION

8b. OFFICE SYMBOL
(If applicable)

9 PROCUREMENT INSTRUMENT iDENTIFICATION NUMBER

8c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK
FELEMENT NO. NO. NO

WORK UNIT
ACCESSION NO.

11. TITLE (Include Security Classification)

THE EFFECTS OF LIQUID PROPELLANT MOTION ON THE ATTITUDE STABILITY
BILIZED SPACE CRAFT

12. PERSONAL AUTHOR(S)
Ir

13a. TYPE OF REPORT 13b. TIME COVERED
' : FROM TO

14. DATE OF REPORT (Year, Month, Day) [15. PAGE COUNT
March 1990 93

16. SUPPLEMENTARY NOTATION The views expressed in this thesis are those of the author

and do not reflect the official policy or position of the Department of
ot

17. COSATI CODES
FIELD GROUP SUB-GROUP

18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

Energy Sink Stability Criteria, Attitude
Stability of Spin Stabilized Spacecraft

19. ABSTRACT (Continue on reverse if necessary and identify by block number)
< :
An analysis of the effects of liquid motion on the attitude stability
of spin stabilized spacecraft is presented. The effects of varying the
fuel load and the asymmetry of the platform are emphasized. The energy
sink stability criteria are derived and applied to a marginally stable
spacecraft. The stability predictions based on the energy sink stability
criteria are compared to the results of a computer simulation. Based on

this comparison the limitations of the energy sink stability criteria are
identified.

20. DISTRIBUTION / AVAILABILITY OF AB5TRACT 21. ABSTRACT f%ﬁ RS’Y CLASSIFICATION

R uncLassiFieounumiTed [ same as RPT.  [Jomic users |  UNCLASS
22a. NAME OF RESPONSIBLE INOIVIDUAL Z(b. rssspnone §Includo Area Code) | 22¢. OFFICE SYMBOL
Brij N. Agrawal 408) 646-3338 AA/Ag

DO Form 1473, JUN 86 Pravious editions are obsolete. N RITY IFICATION OF THIS PA

. _an




Approved for public release; distribution is unlimited.

The Effects of Liquid Propellant Motion
on the
Attitude Stability of Spin Stabilized Spacecraft

by

Jack W. Myers, Jr.
Major, United States Army
B.S., United States Military Academy

Submitted in partial fulfillment
of the requirements for the degree of

MASTER OF SCIENCE IN ASTRONAUTICAL ENGINEERING
from the

NAVAL POSTGRADUATE SCHOOL
March 1990

Author: i>(;[j?1/tjlblkﬂ{»{;:%

Jack W. Mygés, v#.

Approved by: e A13\11kra4

Brij N. Agrawal, Thesis Advisor

-

Acctoaid . Hrae

R. Gorman, Second Reader

'6[ 9 L ‘,1,,/ [ Lty

=
téfab’E. RT“Wood,,Ch irman
Departhent of Aeronauti nd Astronautics

ii




ABSTRACT

An analysis of the effects of liquid motion on the attitude
stability of spin stabilized spacecraft is presented. The
effects of varying the fuel load and the asymmetry of the
platform are emphasized. The energy sink stability criteria
are derived and applied to a marginally stable spacecraft.
The stability predictions based on the energy sink stability
criteria are compared to the results of a computer simulation.
Based on this comparison the limitations of the energy sink

stability criteria are identified.
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I. INTRODUCTION

A. BACKGROUND

Histuricatlly, the attitude stability <onditicns =f
spinning spacecraft have been derived using the energy sink
method. A significant shortcoming of this method i3 that it

does not account for the dynamiz interaztion cf liguid mctiosn.

oy curvant  spacecraft with  large amounts cof liguid
propellant, dynamic interaction can destakilize tre
spacecraft, As a3 result, under some circumstances *he

stability prediction of the energy sink methoad can be in
error.
Despite this shortcoming, the energy sink method continues

e in wide spread use as an analytical <technique fecr

' o
o)

determining attitude stability for dual spin spacecraft. This
being the case, 1%t s essential that ‘'hre nature of the
deficiency and the conditions under which 1% occurs be

understood.

B. OBJECTIVE

The objective of this study is to investigate and more
accurately define the nature of this shortcoming.
Specifically, the case of a marginally stable, dual spin

spacecraft with a despun platform will be explored. The




Marginally stable, in terms of the energy sink stability

sonditions, means the spacecraf* has an inertia ratioc slightly
greater *than one. The percent asymmetry is defined as th

ratio of the difference of the two transverse moments of
iner*tia to +the sum of the two transverse moments of inertia
*imes 100. The fuel load is the amount of fuel! on bcecard

expressed as a fracticn cf the total £uel capacity cf the

ms perform the analysis, a computer simulation develsoped
Ly Chung TRef. 17 of a dval spin spacecraft will be used o

determine the stability of the various configurations. These

th

t*a ener

results will be compared to the predicticns ¢

stability criteria as developed by Likins in Reference 2.

C. LITERATURE REVIEW

The energy sink approach was first applied to study the

v
<

effects of energy dissipation on the stability of a fre=
spinning body in 1963 by Thomson and Reiter [Ref. 3]. This
led to the well known requirement for stability, an object
must spin about its axis with the largest principal moment of
inertia.

ITn 1966, Likins [Ref. 2] developed the energy sink

stability conditions for asymmetric, dual spin spacecraft
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momant of inertia Tn his 1%74 parzer [Sef, 47 Svencer's
anz.73i3 zorrobherated the importznce of the geomebtriz ~:zan
Yvansverse mement of inertia,

Tn 1981, Hukert "Ref, =1 conclud:zd that izing cor2 2nergy
imzteald <& +o*tal energy in the expressicn cf  ensroy

T~ 1983, Cochran and Shu [Ref. 6] used the generalized

method of averaging to study both energy dissipation and the
energy addition required *o maintain the constant spin rate

of the rotor. Their conclusions substantiated Hubert's
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hypothaesis concernin

[

0

s

2 energyy assuming that
mass motion is sufficiently small.

In Reference 1, Chung studied the application of the
energy sink method *2 the INTELSAT VI satellite, His
conclusion was that the energy sink method 4id not ~orractly

predict stability for all cases. The results of Refe

o
@
]
Q
11
~J

also a study of the INTELSAT VI s3atasllite, indicated +hat

stability decreased as the platform asymmetry increzased
The energy sink method continues 35 k2 uzed throughout the
community o determine the ztability 2f zvinning spaceszraft

* 15 necessary to understand its limi*tatiocns. It 13 heped
that this study will provide additicnal insight intz +he
energy sink method's transition zone. In othler words, where
the boundary is between accurate energy sirk predictions and

arroneous predictions.

D. ORGANIZATION OF STUDY

Chapter I1 presents the derivation of the energy sink
attitude stability criteria for an asymmetric dual spin
spacecraft, a description of the simulation used to model the
satellite motion, and a description of the satellite
configuration used for the study. <Chapter 111 describes the

development of the system parameters for the spacecraft
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II. BACKGROUND

The analysis conducted in this study involves the
comparison of the energy sink stability predictions with the
results of a computer simulation. Both require a satellite
configuration in order to define their input. This chapter
covers the derivation of the energy sink stability criteria,
a description of the simulation used for the study and a

description of the satellite configuraticn.

A. ENERGY SINK DERIVATION
The general Likins' model [Ref. 2] used to derive the
stability conditions consists of an asymmetric body P and an

axisymmetric body R (Figure 1).

A
as
C!) SYMME TRIC
' BOOY R
ASYMME TRIC
BOOY P
SPRANG &
MASS m

1]

(8N

~7
\? ‘-o ----- U QU 3.
1

4
‘A ~—
/gv DASIHPOT €

Figure 1. 1dealized dual spin system.




With the =22riinate 3vstem lzocatsd 3t the -center =f =mass cf

the tctal system, and fixed in the body P such that the center
2% mazs cf beth bodieses liez along the2 3, 31213, *he rotatisnal

equation of motion governing the system i3,
M = dH/d4dt = 92 )

where M is the total external moment exerted on the system and

H is the %to%tal angular momentum of the zyztem,
Tre a2zilting linzarized eguaticns of metion are,
Moo= I~_'.;~_ s T - ::"w__'.z: ST g 2 s
.V.'_' = I:W: + (T- - I:\.W:'J. - ::'J 1= 2 (33
M. = I;w, + I_.'w.l:. + I:w;w: - :_N_J: = 0 r4)
where I. i35 *he tctal principal axial moment of inertia of the
sysv2m, I, is *the principal axzial mcment cI in2rtiz cf the
tody 2, I- and I- are %the principal *ransverse mcments cf
inertia of *the systam, w. I3 *he axlzl cmvaonent f the
zangular valccity of the body P, w, is the relative rate at

which the body R is moving with respect o the body P, and w-
and w~ are the transverse components of the total system's
angular velocity. These three equations have four unknowns:
Wi, Wi, W, and w,. The fourth equation describes the
rotor/platform interface,

Ty = T(Wp, + W) (5)
where T, is the resultant moment of all the forces acting by

P on R about the rotor axis. Equations (2) and (3) can be
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2 3as.,

W + W~ = 0 (<)
’.:I: - c:w-_ = 0 (7)
where,
o- = (1. - T-)w, + I.w 1/T- r3)
c~ = [(I? - I_)w; + I.w.1/I- (9)
Tetting w-{2) = w~- and w-(0) = 0 yields the £cllcwing solution
t2 aguaticns (£) and (77,
W = -we (¢ /o-)sing (To0-0t 1)
1~ = W:::::(“-C:\/t (11)
Arolving the  Routh-Hurwitz  stabkility critericocn 2 the
characteristic eguation 2f eguations (¢} and (7)) shows thzt
for stability,
g-0- > 0 {(12)

Tte 2quaticns for the angular momentum and rotaticnal

kinetic energy for the system described above are,

h- = I-_'wl‘ + I:‘w:- +(I:w3 + I:W:)” (13)
2T = Iowet 4 Iawet 4 Twet 4+ Iw,t o+ 2T.wwe (14)

The nominal angular momentum is given by,

hf_' = Ipwp + I:w: (15)
and is assumed to be constant. Taking the derivative of
equations (13) and (14) with respect to time, and taking into

consideration conservation of angular momentum and assuming




an energy dissipation mechanism yields,

. - .

-

Doz o Towews A Terwewe R {Towe T YT ol = T e

+ Tww, <0 (z73
Ncw *he solutions in equations (10) and (11) are no longer
correct. However, if the effects of the energy dissipation
mechanism are f=21% slowly, a solution of the sz2me form may b2
assumed but with w- = w.(t), a slowly varying function of time,

- - . < - . - - 1 .. - 2 . - h
Fubstituting “his new 3zoluticn in*s equaticns (1¢) and 7173,

1ol zveraging cver the rzerisd Tt = 2rn/o {0 /2s) eliminates 211
Lot ke secular Yerms and results in
. . ] - .

v o - -~ ] - [ r~ e

Wawa = ~20sha(I.wWw. + Iow, )/ I-7z: Tt (23]
T = Wwa{Ig: + Ia0-)/25~ + T w.w. + T,.w.W. +
2 G elal el : -

+TwW, + Tww (19)

- rWeWq [dalda -

substituting =2quation (18) into equation (19) and intrecducing,
3+ = ha(I:0- + I-0-)/(I-70- + I-73-) (22)

a little manipulation produces,

=
"‘.
i T
e
*

- I 0w e - W)

3

= (I
rY \ .

(4]

- Ir(t'vp + w.)(op - (wy + w,.)) (21)

= P, + P,

F

where Pp and P, are the platform and rotor components of the

energy dissipation rate. It is necessary that,




L/

P r22)
0, = o = (W, + w,) (23)
so that,
.= -(I, - I.'w.0. (24)
P, = -I.(w. + w,)o, (25)
or alternately.
P./o. = -(I. - I:3w; (26)
°. /0. = -I.{w, * %) (27)

As a necessary and sufficient condition for stability,

Wwewa < 0 129)
Since o0-91 > O is also necessary for stability and k- > C by
convention, it follows that,

(2,/0,) * (P./0,) < 0O (30)
and P, are both negative, at least one of the
two of o. and o, must be positive such that the total effective
energy dissipation rate of equation (30) is negative.

In terms of the specific application to this study the

equations simplify as follows. For a system with a despun

platform and no damping mechanism on the platform, w, is

10




essentially zero and P, is zero. Therefore,

o. = Tw,/I. )
oy = 1,w,/1. (9)

and,
oy = Lu,(1;0; + 1,0,)/(Iy0, + Iyoy) (20)
he = Luw, (18)

Now,
6. = o r22)
3, = 3. - W, 123)

and the stability criteria is,
P /o, < O 300
Or, since P, must be negative,
o, >0 f21)
Substituting equations (8) and (9) into equation (20) yields,
oy = 2I,w,/(I, + I,) (32)
and substituting equation (32) into equation {(23) gives,
o, = 2I:wr/(Il + I:) - W, (33)
or, from equation (31),
w[21,/(1, + I,) - 11 >0 (34)
Dividing by w, and adding one to both sides of equaticn (34)
yields,
21,/(1, + I,) > 1 (35)

which is the familiar spin axis moment of inertia divided by

the algebraic mean transverse moment of inertia developed by

11




arts that

ikins., It i3 at this neint that Spencer as

n
in
Vi
‘
ul

the geometric mean in the denominator yields more accurate

results.

Spencer's conclusicn is based on the fact that W', the
rotor-£fixed nutaticn freguency, actually variess over %“ime as
a function of I., the transverse momen* of inertia. And he
states tha* I. varies as,

T (Qt) = T.sinwt + I:c:szﬁt (38)

where
wos T1/ (T T T, 137)
Svom sguations 717Y 2ad {(11). These variations in Wt most be
reflected in T. “~ikins neglected this in averaging over the

period to obtain equations (18) and (19). Unfortunately, this
makes the solution for an asymmetric satellite much more
complicated. Spencer does not provide a complete solution.
Instead, he presents a simplified example and shows that using
the geometric mean for I. provides a closer approximation to

simulation results.

B. SIMULATION DESCRIPTION

The computer simulation used in this study to determine
the numerical solution to the equations of motion of the
satellite was developed as a part of the work done by Chung
in Reference 1. This section provides a description of this

simulation.

12




A dual spin spacecraft can be modelled as two rigid bodies
capable of rotating relative to each other about a common
axis. This common axis passes through the mass center of the
body representing the rotor. The liquid in spherical fuel
tanks can be modelled as an axisymmetric spherical pendulum
with the hinge point at the center of the tank. The spherical
pendula can be mounted on either of the two bodies that
constitute the system (Figure 2). The energy dissipation due
to the liquid sloshing can be included in the model by
introducing viscous damping in the spherical joint of the

pendula.

COMMON AXIS | DUAL SPIN SPACECRAFT]

N

ILBY SPACECRAFT LIQUID FUEL

A typical pendulum
on the platform

A typlesl pendulum
on the rotor

Viscous spherical joints

Figure 2. Schematic of a generic dual spin spacecraft.

13




Chung applied Kane's method *o the model described abcwe

b

to determine the equations governing the dynamic behavior of
the system. This method entails defining generalized forces
called inertia forces and active forces. These forces zare
expressed as functions of the generalized speeds (rotational
velocities) of the various components of the system. The

total force acting on the system can be summari-~ed as,

is equal to the number of degrees of freedom of the system.
In this case, three for the three components of *he angular
velocity of the platform, plus one for the relative velocity

between the platform and the rotor, plus three times the

®

number of fuel tanks (each pendulum representing a fuel tank
has three degrees of freedom).

To obtain the generalized inertia forces of the system,
the contributions from the platform, rotor, and pendula are
summed . To obtain the generalized active forces of the
system, the contributions from all active forces on each part
of the system are summed. It is assumed that the resultant

of the external forces of the platform and the rotor are zero

14




and that no =xternal forces act on the pendula mounted on
either the platform or the rotor.

In addition to the generalized speeds chtainad by sclving

n

10}

the differentia! equations developed using Kane's method,
several other gquantities are useful! in understandin the
motion of the spacecraft. These include the central angular
momentum of the system, *the kinetic energy of the system, the
energy dissipated through the spherical joints of the pendula,

the weork done by the motor and the external £forces, and the

(%

nutation angle cf the system. BAll of these can be expressed
in terms of the generalized speeds.

The simulation takes as input the system parameters that
characterize the properties of the satellite being simulated.
These include the mass, moments of inertia, location and
orientation for each component of the system relative to the
center of mass, as well'as the key properties of the pendula
(length and damping coefficient). The initial conditions £or
all of tre generalized speeds and coordinates must also be
provided. The output of the simulation is a set of values
that characterize the state of the system at a given point in
time. These include the nutation angle, the kinetic energy.
the total energy, the work done by the rotor and the external

forces, the two components of the transverse angular velocity,

the platform angular velocity and the rotor angular velocity.

15




C. SATELLITE CONFIGURATION

The configuration of the satellite used in this study is
a derivative of the INTELSAT VI satellite. The satellite
consists of a platform and a symmetric rotor. There are four
fuel tanks and four oxidizer tanks mounted on the platform in

the configuration shown in Figure 3.

+

0.612 m
d)
& l

Figure 3. Arrangement of fuel and oxidizer tanks.

16
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These parameters are modified using the procedure described
in Chapter 111, Section A to obtain the configuration used in

the study (Tables II-IV).
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III. PROCEDURE

This chapter describes the methodology used cver the
courzse of the study. The first section deals with how +:
determine the 3pacecraft confi~ration and system parameters.
Secticn B8 describes how the energy 3ink ~2ritasria i3z =2ppliad
t3 2 rpscific configuration £2 determine the gstability 28 has
tanfiguration Saction T zentains tre oroeosdure S osoaning
re zimulzticn and zbhtaining the simulaticn cutput

A. SYSTEM PARAMETERS

Tn order *o investiga*te the behavior »f a mavginally

stakle spacecraft it is first necessary %o model!l 2 spacecrzft
with +this <configuration. To accomplish this, _he system

varameters of the INTELSAT VI satellite were modifiad %>

LR 3™

%)

sopriate configuration. Zne 2% *the pregrams
written by CThung in Reference 1 to support the sirnuvlation
luces as 1tz osutput a summary o2f *the INTELSAT VI svstem
parameters. To modiiy the system parameters to achieve a

/1., where I

given 1inertia ratio, T (I: + 1.)/2, the

algebraic mean of the spacecraft transverse moments of inertia
must be calculated. This is then multiplied by the inertia

ratio to determine the desired axial moment of inertia, I,.

Cor the case of a despun platform, this equates to the axial




memernt  ~f nartiaz of the wet sotor, I.. Towayayr thrhe

1 m

[

n
e

latica %takes as 143 input the dry spacecraf:t paramet=arszs.
Subtractin the old wet rotor moment onf inertia €from *he
desired moment of 1nertia yields the amcocunt %the dry roctor
axial moment of inertia must be increased. It is a general

theorem of rigid body mechanics that for a given body, the sum

:f any “wn 2% the principle moments of inertia must be greater
~han the third This must be kep®% in mind to achizve a2
re3 izt “esign Ts adhere o *his principle, ke zum 2f the

2w dry rotcor axial moment of inertis The rasult s divided
by two and added tn each 2f the dry rotor transverse moments

31U
(¥
iy
pde
D
<
QD

2f inertia, An 1additiocrnal! adiustment I3 made %o

cr
22
D
(o5
~

perfec* symmetry on the rotor. The difference between

3

D) "

rotnor transverse moments of inertia is added %o the smaller
zf *tte *+40 to make them equal. To balance the system and

maintiin the same total spacecraft transverss moments of

+ 3
- e

1]

ccvrceponding platform transverse mements <of
inertia are decremented by the same amounts as were added to

the rotor transverse moments of inertia.

B. ENERGY SINK PREDICTION

Given numerical values for I., I., I,, I., w,, and w,,

Lo}
4 - ¥

developing an energy sink prediction is a reasonably straight

forward application of the equations derived in Chapter II.
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The best way *o implement the energy sink =guatisns s zy
means of a simple spread sheet using the equations below.

h. = Tw, + Iw, (1%)

3 = [(I? - I:)w; + I:w::/:'_ (8)

g. = [(I: - I:)wp + I:w:]/I: (9)

C. = h.:(I:o: + I:c:)/(Il:o: + I-ho: (20)

O, = 0n = W, (227

.= g = (W, = ow) (227

3.3, > 0 (12)

?:/3:) (p fsy <9 r33)

and that P, and ?, are always negative. Zoncentrating on *the
zecond relaticnship, for the system being studied, P, I3 zero
and e, is negative since all of the fuel tanks are mounted cn

the rotor. Therefore, 1if o, is positive the system is
inherently stable. However, if o, i3 negative o, mus: be

positive and a nautation damper must be instaliled »n the

platform to overcome the destabilizing effect of the rotor.

C. SIMULATION PROCEDURE

To determine the stability of the system the parameter of
interest is the nutation angle, . If & grows without bound,
the system is unstable. 1If ¥ damps out to zero, the system

is stable. 1In executing the simulation, an initial transverse

22
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The firgt atepr in the study entails £inding a 3at2llite
configuration with an inertia ratioc slightly zrzatsr than cne
for which *tra2 simulaticn results indizate the zystem is

stable. BAn inertia ratio of 1.Cl is arbkitrarily chosen for

the initial! run TE th imulation results :Indizate the
system is unstable the inertia ratis mug*t bs inzr2zazsed 201 the
simulatizsn »un again. This bprocess is continusd tmtil a
stable ceonfiguraticn s found urcn whizch the ramainder 2f +he
st dy will ke based After Totarmining a stable zonfiguration

tha platform asvmmetry is varied and the sat=2llite mction I3
latad £o9r three different ZIZuel loads. The INTIZLSAT VI
satellite uses a liquid propellant rocke: €or its apogee kick

motecr and censumes nearly 75% of its fuel during this
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manzuver. The beginning of

JI zatellite upon which the study configuration iz haz=sd is
28.2%. Therefore, fue! loads o€ 26.2%, 20%, and 15% were

ctosen far this study. The initial asvmmetry was arbkitrarily
selected to be 5%. If the results indicate the system is
stable the asymmetry is increased by 5% and the simulation run

again. This process continues until the simulation results

ndicate the system is unstable.

pa.




IV. RESULTS AND ANALYSIS

£

This chapter presents the results of *he study and a

discussion of their significance. The firs* section presents
a summary cf the results o0f *the simulation runs, Section R

contains a summary of the energy sink predictions for all of

the cases simulat=d.

in

A. CSIMULATION RESULTS

s sutlined in chapter 177, +the first step in the s

ot

udy
was t2 find 2 zconfiguration for which the system was stable.

The first simulation run was for the case 0f a symmetric

ot
rh

system with an inertia ratio c£ 1.0 and a fuel locad of 26.2%.

The simulation time was set at 200 seconds. The result is
chown in Figure 4.
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th

~ -~ - 3 - T eyt .- 3 -y~
Tvcom the graph it is difficult to detarmine whaether the system

i3 stable or unstable because the simulation time was no%t of

~ufeizient la2ayth. Tather than extending the zimulatien time
to arrive a*t a more conclusive result, *the zsimulation was run

again with the damping coefficients increased by a factor of

i1

100. Figure 5 shows that this time the results are much more

UN ORBIT, 9YM, Is/1t = 1.81, co.~% t Uk

[ N T W L O VN W
A

Pr CLEG)

ol “ R

o | .

[+] 25 30 s 100 1723 150 175 200

T IMEC SEC)

I R
a

Figure 5. Initial simulation result with increased
damping.

The system is obviously unstable. From this point on, all
simulation runs were made with the damping coefficients

increased in order to minimize the main frame CPU time.
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Next the simulation was run wi*h an “-2vr*+iag vatio ~f 1.1. -
The result reveals that +the system is stable as shown in

Tigure £,

CON ORBIT, 9YM, is/it = 1.1, 26.c% FUEL
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ur2 6. Result €for an inertia ratio of 1.2 and a £-2!
s ]

Yaving achisved stability, the fuel load was changed to
22% 2and the simulation was run again=n. The system remained
stable as shown in Figure 7 so the fuel load was reduced to
15% and the simulation run again. The result still indicated
that the system was stable (Figure 8). Having achieved

stability for all three fuel loads, the next step was to begin

varying the asymmetry of the platform.
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Figure 8. Result for an inertia ratio of 1.1 and a fuel
load of 15%.
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variations can be seen in Takle V. The system

for every case simulated.

TABLE V. Simulation results, 2I,/(I. + I,) =

<

1.1.
FUEL ASYMMETRY
LOAD 5% 10% 15% 20% 25% 35% £535%
s+ s s s s s s s
20% g S S S S S S
26.2% S S S S ] S S

Tn light of *he results reported in Reference 7, the
results in Table V were surprising. However, upon re-

axamining the energy sink equations, it was discovered this

i3 exactly what should have been expected. Starting with 2
svmmetric satellite, such that I, = I. = I. +the stability

sriteria is,

2I,/(1I: + I5) > 1 (35)
To create an asymmetry, let I. = I, + a and I, = I. - a.
Substituting for I; and I, in equation (35) reduces to the
identical equation indicating the system should remain stable.
Using the geometric mean as suggested by Spencer, equation

(35) becomes,
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uting fcr I- and I- here yields,

I/(F(1.- - a”)) > 1 (40)

which has %2 te greater than the criginul inertia ratio

indizating that the system 1is getting more stable as the
asymmetry is increased. Regardless of the method used to

detarmine the average transverse moment of inertia, hoth

credict +the system zheould remain stable hesczuze I1./I. iz

jreater +*han cne. This heing the caze, 1%t was ncw n=tessil:
. - - e - 1 v . 1 5 N

5 £ind 2 vonfiguraticn which was unstable *c detarmine 1{£f *he

The sirulation was run for symmetric configurations with
inertia ratics of 1.03, 1.05. and 1.07. The results are
summarizaed In Table VI, They chow +that for a3 symmetric
spacecraft the stability cutoff falls between inertia ratics

<)
o
to
[
i
<
4
n
42

imulation results of varying inertia

"
o]
or
}s
Q

FUEL INERTIA RATIO
LOAD 1.01 1.03 1.05 1.07 1.1

Note: U = Unstable, S = Stable




ol Tan

an *he regults in Takle T, tha ~onf:

inertia ratio of 1.03 was selected to evaluate the influence
of varving the asymmetry.
The summary of these results is provided in Table VII. As

expected, the system eventually became stable as the asymmetry

was increased.

TABLE VII, Simulaticn results fcor wvarving *the
olatfcrm asymmetry

wreL ASYMMETRY

_2AD 2% 2EX 40% 5%

15% 1 1 s s

20% |5 | < S

26.2% o U S S

VYote: U = Unstabla, S = Stable

Wwhat appeared to have happened was that as the asymmetry
was increased, the inertia ratio increased enough to bhecome
greater *han the stability cutoff inertia ratio as equation
(40) indicates. To confirm this, a graph of inertia ratio
versus asymmetry was created using equation (39) toc employ the
geometric mean transverse moment of inertia (Figure 9). As
expected, it showed that for a symmetric inertia ratio of
1.03, as the platform asymmetry was increased, the inertia

ratio increased enough to become greater than the stability
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Figure 9. Inertia ratio vs. asymmetry for 26.2%, 20%,

and 15% fuel loads.

To try and pin down the stability cutoff,

was run for the symmetric case,
inertia ratios of 1.035,
to Table VI shows that the stability
a symmetric satellite is different
satellite. The simulation results

cutoff for the symmetric satellite

(Table VIII).
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Note: U = Unstable, S = Stable, M = Marginal

Tinallv, 3everal simulation runs were made with €221 123l
28 23% and 75% to investigits the effzect 28 higher fuel! lozidz,
Figher fuel lcads make the systzm more stable. T fzob tvheoos
hWigcker f£u2! l1nads lowered tha stakility cutcf®f€ inertia vztiz

TARLT IX. Simulation results of varying inextia rztio
for higher £uel loads.

TUEL INERTIA RATIO

LOAD 1.01 1.02 1.03 1.908% 1.¢7 1.

- e e . v = m s  m e W e e = e M = e an m e e dm em A e dm e en e m — ve e e s - .

Note: U = Unstable, S = Stable, M = Marginal

The results of varying the asymmetry on a configuration with
an inertia ratio of 1.01 and a fuel lcad of 75% are shown in

Table X.
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TABLE X.

Simulation results of varying

asymmetry for a

75% fuel load.
FUEL ASYMMETRY
LOAD 0% 25% 40%
N o v s
""""""" Note; U = Unstable, s = Stable
Here, as with the lower fuel loads the system became stable
as the asymmetry was increased. Graphing inertia ratio versus

asymmetry for a configuration with a 75% fue! load shows that
the stability cutoff inertia ratio in this case is betwe2n

1.012 and 1.015 (Figure 10). As with the symmetric cases, the
stability cutoff inertia ratio is significantly lower for the

higher fuel loads than for the lower fuel loads.

INERTIA RATIO VS. % ASYMMETRY
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1.0cB 7
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< 4013 e
E 1.014 a
- 1 13 l o
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4.012 d

1. 0111

4.01 1 T T T

5 15 23 » 13 33 [.>) 73
N ASTWETHY
o 9% FUEL
Figure 10. Inertia ratio vs. asymmetry for a 75% fuel

load.
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8. ENERGY SINK PREDICTIONS

As was shown in Chapter II, the esnevrgy sink stzbili+y
criteria is,
wiWy < 0 (29)
and,
(Pe/oy) + (P,/o,) < O (22)

b

here one or the other, or both, of o, or o. must be positive
gsuch tha*t eguation (30) is true. For the specific case of a

dual s59in coacecraft with 3 des

e
O g o

latform, 2quaticn 122)

"ws

I./JI. > 1
By definition, all of the enercy sink predictions for this

uwdy were stabkle since the initial requirement in defining

the ~ronfiguration was an inertia ratic slizhtly sreater than
one. It should be noted that it is irrelevant which method

is used to calculate the average transverse moment of inertia.
The energy sink predictions were incorrect for every case
where the simulation results showed the system was unstable.
For symmetric configurations with the lower fuel loads, the
energy sink predictions were incorrect when the inertia ratio
was less than 1.045. For symmetric configurations with the
higher fuel loads, the energy sink predictions were incorrect
when the inertia ratioc was less than 1.02. For the asymmetric

variations on a configuration with a symmetric inertia ratio
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V. SUMMARY AND CONCLUSIONS

This chapter presents the conclusions based on the results

presented in the Chapter IV.

A. SUMMARY

The energy sink stability criteria for a dual spin
spacecraft with a despun platform specify that the system must
have an inertia ratio greater than one. The results of this
study indicate that it is not sufficient for the system's
inertia ratio just to be greater than one. It must be greater
than one by a predictable amount. Below this stability cutoff
inertia ratio the energy sink method predicts stability when
the simulation results indicate the system is unstable.
Further, the stability cutoff inertia ratio varies inversely
with the fuel load. For the case of the lower fuel loads used
in this study the stability cutoff inertia ratio is
approximately 1.045 for a symmetric spacecraft. For the

higher fuel loads it is approximately 1.02 (Figure 11).
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Clouve 11 Tnertiaz ratis ve. fr2l losd =tcwing for
stability, inertia ratio must be greater “han one.
As <chowrn irn the development i Chapter TT, '"ikine?

Inavtia., Recall +hat Spencer 2':
incorrect and that *ke geometric mean “ransverse momert of
inertia is the key stability parameter  The ra23ults of this
study support Spencer, indicating that as the asymmetry is
increased the system becomes more stable. This trend is
predictable using the geometric mean in computing the inertia

ratio. Interestingly, the stability cutoff inertia ratio for




the asymmetric variations on a satellite with a symmetric
inertia ratio of 1.03 is around 1.035. As the asymmetry is
increased, the inertia ratio grows from the symmetric 1.03
until it eventually reaches 1.05 for a 75% platform asymmetry.
It exceeds the stability cutoff inertia ratio at 40%
asymmetric (Figure 12). It must be pointed out that while
Spencer's geometric mean transverse moment of inertia more
accurately shows the effects of asymmetry, it 1is also
inaccurate in predicting stability below the stability cutoff

inertia ratio.
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Figure 12. Inertia ratio vs. asymmetry. Calculating

inertia ratio using Likins' method vs. Spencer's method.




B. CONCLUSIONS
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APPENDIX A

SIMULATION DATA
Included here are the graphs of nutation angle versus time
for each simulated case. The graphs are ocrdered in the

sequence in which they are presented in the text.
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APPENDIX B

ENERGY SINK PREDICTIONS
Included in this appendix are the spread sheet data for

the energy sink predictions. The spread sheet takes as its

input, Wor We, Iy, I, I, and I,. The spread sheet uses the

following equations to calculate o,

h, = Ipwp + Iw, (15)

o, = [ (Ip - Iz)wp + I w.1/1, (8)

o, = [(I, = Ipw, + Tw]1/I, (9)

0y = ho(I,0, + I1,0,)/(I%0, + I,°0,) (20)
o, = 0y = W, (22)

o, = 0y ~ (wp + W) (23)

For the configurations used in this study, as long as o, is

positive, the energy sink criteria predicts stability.

"N, W Wr 1§ 12 Ir Ir ho  Sigmal Sigma2 Sigmad SigmaP  SigmaR Predict Result
EATION MUMETR (15) (&) (9 (20) (2) ()

SYMMETRIC, Is/1n = 1.0, 7% FUEL

WHINE0T 0000072 1141519 64994 64884 R012.2  6493.9 20401.29 3.138876 3.144199 3.141609 3.141536 0.000017  STABLE UNSTABLE
SYMSETRIC, Is/It = 1.0, 50% FUEL

0020692 9 00072 3141517 5995.1  9984.1 75079 5989.6 18616.99 3.138656 3.144425 3.141611 3.141538 0.000018  STABLE UNSTABLE

77




RN LD W 11 12 Ip Ir Ra Sigmal  Simma2  Sigma0  SiemP  CigmaR Predict fesult
EQUATIIN NUMBER {15) ie) (9) ) ) ')
SYMMEIRIC, Is/It = 1.201, 75% FUEL

00T 0.000072 3141519 5499.4 eA88.4 A018.7  6500.4 20421.71 3.142020 3.147347 3.144754 3.144681 0.003161  STABLE UNSTARLE
SYMMETRIC, [s/It = 1.001, 50% FUEL

6020705 0.000972 3141519 3995.1 59841 75139 5395.6 1RR25.94 3.1418C0 2.147575 2.1447°8 3144685 0.003165  STABLE UNSTASLE

SYMMETRIC, Ts/It = 1.005, 75% FUEL
A0020007 0000072 T IS 44094 #4084 9044 7 £S24.4 TORND 40 3184967 3.159935 3.157232 3.157259 0.015739  STABLE IMNSTARLE
SYMMETRIC, Is/It = 1.005, S0% fU°L

MONOCL 0.000072 3141519 S50 SRRAL TRI78 0 6019.5 18910.92 3.154324 3.160122 2.157273 2.187221 0.015701  STABLE \MSTARTE

SYMMETRIC, Ts/I% = 1.01, 75% FUEL

0021301 0.000072 3.141519  6499.4 44884 20771  65TR.8 204C5.18 3.170249 3.175623 3.173006 3.,72933 0.031414  STABLE UNSTABLE
SYMMETRIC, Ts/[t = 1.01, S0% fUst

00202 0.000072 3141513 3991 S9BALL 7347.8 6749.5 19005.17 3.170045 3.175872 2.172029 3.1729% 0.031436  STABLE UNSTABLE
SHHMETRIC, Is/It = 1.01, 26.2% FUEL

0021501 0.000072 3.141519  4469.5  4438.5  £026.9  4508.6 14164.29 3.169028 3.176846 3.173005 3.172932 0.031412  STABLE UNSTABLE

SYMHETRIC, Is/It = 1.01, 20% FURL

0.000072 3.141519 41825 4171.5 S727.1  4218.8 12253.86 3.168612 3.177168 3.173057 3.172984 0.021464  STABLE

SYMETRIC, Is/1t = 1.01, 15% FUEL

0.000072 3.141519  3350.6 3939.6 55028 2984.5 12517.78 3.168506 3.177352 3 172955 3.172923 0.031403  STABLE

25% ASYHMETRIC, Is/It = 1.01, 75% FUEL

0031301 0.000072 3.141519  6872.3 6115.5 8077.1 6558.8 20605.18 2.998231 3.369256 3.173006 3.172933 0.031413  STABLE UNSTABLE

40% ASYMETRIC, Is/It = 1.01, 75% FUEL

90031302 0.000072 3.141519  709%.1 5891.7 8077.1 6556.8 20605.18 2.903673 3.497237 3.172006 3.172933 6.031413  STABLE STABLE
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WM, W r It 12
EATLN NIEER
SYMMETRIC, Is/It - 1.4,

79 PUEL

NACOCTZ AISIY G434 64884

SYMETRIC, Is/It = 1.1, 5CY PUEL
0.000072 2141519 $995.1 £984.1

SYRMETRIC, Ts/It = 1.1, 26.2% FURL

90022001 0.000072 3.141519  1469.5 44%8.5

SYRMETRIC, Is/It = 1.1, 20% UL

0022003 2.002072 2.141519 41825 41718

CYUHCTOTA  Ta/th o 4 0 15 ©ie
P YT IR T IS Ay F e

W20 T.U0NT2 1SS 30506 3934

5% ASYMMETRIC, Is/1t = 1.1, 26.2% FUEL
0022004 9.000072 3.141517  4516.2 44118
5% ASYMMETRIC, Is/1t = 1.1, 20% FUEL
90022005 0.000072 3.141519  4227.3 41267
% ASYMMETRIC, Is/It = 1.1, 15% FUEL
70022101 9.000072 3.141513

3937 385

10% ASYMMETRIC, Ts/1t = 1.1, 26.2% FUEL

90022102 0.000072 3.141519 4862.9 4365.1
103 ASYRHETRIC, Ts/It = 1.1, 20% FUEL
90022103 0.000072 3.141519 4272 4082

10% ASYMMETRIC, [s/It = 1.1, 153 FUEL
0022104 0.000072 3.141519  4036.8 3833.4
152 ASYMMETRIC, Is/Tt = 1.1, 26.2% FUEL

90022105 0.000072 3.141519

4609.5 4318.5

BE61.6

8106.9

6428.7

4113

°857.9

£429.7

6113

£957.9

6428.7

5113

£857.9

6428.7

Ir o
{15)

Sigmap
(22)

Sigmal
(20)

Signa2
(%)

Sigmal

(8) (3)

7143.3 22441 .44 3.452776 3.458630 3.455773 3.455701 0.314181

6588.6 20698.80 3.452548 3.456894 3.45577% 3.455718 0.3141%8

4910.4 15425.58 3.45145] 3.459966 3.455776 3.455703 0.314183

4594.7 1447479 3 451161 3.460261 3.455778 3.458795 0.214185

43395 12632.26 3.450808 3.460523 3.455771 3.4556%9 0.314179

4910.4 15426.%8 3.415742 3.496590 3.455776 3.455703 0.314183

4594.7 14434.78 3.414587 3.497826 3.455778 3.455705 0.314185

4333.5 13633.36 3.413647 3.499800 3.455771 3.455699 0.314179

4910.4 15426.56 3.380803 3.523998 3.455776 3.455703 0.314183

4594.7 14434.78 3.378859 3.536128 3.455778 3.455705 0.314185

4339.6 12633.36 3.377201 3.537933 3.455771 3 455699 0.314179

4910.4 15426.58 3.346626 3.572131 3.455776 3.455703 0.314183
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STABLE

STABLE

STABLE

STesLE

STABLE

STABLE

STARLE

STARLE

STABLE

STABLE

STABLE

STABLE

SigmaR Predict 2esylt

STABLE

STABLE

STA9LE

STABLE

STARLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE




PUN NO.  Up Wr
EQUATION NUMBER

19% ASYMMETRIC, Is/It = 1.1,
80022104 0.090072 3.141519
15% ASYMETRIC, [s/1t = 1.1,
0022107 9.000072 3.141519
20% ASYMMETRIC, Is/It = 1.1,
90022108 0.000072 3.141519
20% ASYMMETRIC, Is/It = 1.1,
30022109 0.002072 3.141519
20% ASYMMETRIC, Is/It = 1.1,
90022110 0.900072 3.14151
25% ASYMMETRIC, Is/It = 1.1,
0022111 0.900072 3.141519
25% ASYMMETRIC, Is/It = 1.1,
90022112 0.000072 3.141519
25% ASYMMEIRIC, Is/It = 1.1,
90022113 0.000072 3.141519
35% ASYMMEIRIC, Is/1t = 1.1,
90022201 0.000072 3.141519
IS¢ ASYRMETRIC, Is/1t = 1.1,
90022202 0.000072 3.141519
I5% ASYMMETRIC, Is/It = 1.1,
90022203 0.000072 3.141513

55% ASYMMETOIC [s/It = 1.1,

90022204 0.000072 3.141519

11 12
N FUEL
0168 40372
15% FUEL

4080  3810.2
26.2% FUEL
4656.2 42718

20% FUEL
43615 3992.5
15% FUEL
OV R EENOLYS
26.2% FUSL
47029 4251
20% FUEL
406.3 39477
15% FUEL
6.2 U
26.2 FUEL
16850.9  4077.1
20% FUEL

847 3807
15% FUEL
4300.8  3589.4
26.2% FUEL

479%.2 4131.8

AR

5857.9

6428.7

4113

°857.9

6428.7

6113

857.9

6428.7

6113

5657.9

6428.7

Ir ho
(15)

Sigma2 Sigmad Sigmap
1) (o) (22)

Sigmat

(8) (23)

15747 1443478 3,343794 3.575367 3.455778 3.455705 0.314185

4339.6 12633.36 3.341443 3.578045 3.455771 3.45%699 0.314179

4310.4 15426 .59 3.31306] 3.611182 3.455776 3.455703 0.314183

4594.7 1443478 3.309525 3.6153%6 3.455778 3.455705 0.314185

4339.6 1263326 3306514 3.618701 3.455771 3.45%697 0.314179

4310.4 13426.%8 3.280163 3.651095 3.450776 3.455703 0.314183

4594.7 1443478 3.275877 3.656424 3.455778 3.455705 0.314185

4339.6 13633.26 3.272309 3.660865 3.455771 3.455698 0.314179

4910.4 13426.58 3.180088 3.783629 3.455776 3.435703 0.314183

4594.7 14424.78 3174512 3.791556 3.455777 3.455705 0.314185

4339.6 13633.36 3.169899 3.798142 3.455771 3.455698 0.314178

4910.4 1542658 3.216355 3.733539 3.455776 3.455703 0.314183
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STABLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE

STARLE

STABLE

STABLE

STABLE

STABLE

SigmaR Predict Pesult

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE




N, Up N i 12
ENATION MUMSER
8% ASYMMETRIC, Is/It = 1.1, 20% FUEL

40022701 0.000972 3141519 4495.8  3858.2
tsy ASPMETRIC, Ts/It = 1.1, 15% FUEL
20022202 0.000072 3.141519

4252.5 36377

SYMMETRIC, [s/It = 1.03, 75% FueL
90022701 0.000072 3.141519  4499.4  4486.4
SYMMETRIC, Is/It = 1.03, S0% FUEL

30022601 0.000072 3.141519  5395.1 5984.1
SYMMETRIC, Is/It = 1.03, 26.2% FUeL

0022402 0.000072 3.141519 44695 44%8.5
SYMETRIC, Is/It = 1.03, 20% FUEL

90022401 0.200072 3.141519 41825 41715
SYMMETRIC, [s/It = 1.03, 15% FUEL
0022304 0.000072 3.141519  395C.6  3939.6
25% ASYMMETRIC, Is/It = 1.03, 75% FUEL
90022801 0.00C072 3.141519  6856.1 61317
29% ASYHMETRIC, Is/Tt = 1.03, SC% FUEL
900228C2 0.000072 3.141519 6296.2 5683
25% ASYMMETRIC, Is/It = 1.03, 26.2% FUEL
92022501 0.000072 3.141519 47419 4186 1
2°% ASYMMETRIC, Is/It = 1.03, 20% FURL
90022502 0.000072 3.141519 44428 3911.2
25% ASYMMEIRIC, [3/1t = 1.03, 15% FUERL

90022503 0.000072 3.141519  4200.7 3689.5

113

$857.9

8207

7687.6

A116.2

5820.6

5581.7

8207

7687.6

6116.2

5820.6

§581.7

It ho
(1s)

Sigmad
(20)

Siamal

(3)

Sigmal

(8) (22) (1)

4594.7 14434 78 3.210664 2.741241 3.455777 3.455705 0.314185

4339.6 13633.36 3.205%02 1.747712 3.455771 3.45%938 0.314178

6688.7 21013.28 3.233038 3.238519 3.235849 3.235776 0.094256

6169.3 19281.53 3.232823 3.2287¢6 3.235865 3.235792 0.0%4272

4597.9 14444 .83 3.231796 3.239769 3.235851 3.2257768 0.094258

4302.3 13516.18 3.231531 3.240052 3.235859 3.235786 0.094266

4063.4 12745.€5 3.231248 3.240270 3.235826 3.235753 0.094233

6688.7 21013.28 3.064837 3.426%09 3.235848 3.235776 0.09425

6169.3 19381.53 3.078225 3.410360 3.235864 3.235792 0.094272

4597.9 14444 .83 3.046149 3.450585 3.235850 3.235778 0.094258

4302.3 13516.18 3.042203 3.455681 3.235859 3.235786 0.094266

4063.4 12765.65 3.038872 3.459913 3.235825 3.235753 0.094233

SigmaP  SigmaR Predict Result

STABLE  STABLE

STABLE  STABLE

STABLE  STABLE

STABLE

STABLE

STABLE \NSTABLE

STABLE UNSTABLE

STABLE UNSTABLE

STABLE  STABLE

STABLE  STABLE

STABLE UNSTABLE

STABLE UNSTABLE

STABLE UNSTABLE




RINND, Mo Wr 1 12
EQUATION HMRCR
40% ASTHMETRIC, Is/It = 1.03, 75% FUEL

90022804 0.000072 3.141519  7070.1 9177
492 ASYMMETRIC, Is/It = 1.03, 50% FUEL
90030101 0.000072 3.141519  4476.9  5502.3
40% ASYMHETRIC, Is/It = 1.03, 26.2% FUEL
90030102 0.000072 3.141519  4705.4  4022.6
40% ASYMKSIRIC, Is/It = 1.03, 20% FUEL
90020103 0.000072 3141519 4599 3755
40% ASYHMETRIC, Is/It = 1.03, 15% FUEL
90020104 0.000072 3.141519  4350.8  3539.4
55% ASYMMETRIC, Is/It = 1.03, 7% FUEL

0.000072 3.141519 7284.1 57037
S5 ASYMYETRIC, Is/It = 1.03, 50% FUEL
90022803 0.000072 3.141519  6657.6 5321.6
§5% ASYMHETRIC, Is/It = 1.03, 26.2% FUSL
90022504 0.000072 3.141519  5068.9 28%9.1
55% ASYMMETRIC, Is/It = 1.03, 20% FUEL
9002205 0.000072 3.141519  1755.2  3598.8
£5% ASYMHEIRIC, [s/It = 1.03, 15% FUEL

90022506 0.000072 3.141519  4500.9 3389.3

SYMETRIC, Is/It = 1,035, 26.2% FUEL
90030603 0.000072 3.141519  4469.5 44%8.5
SYMMETRIC, Is/{t = 1,035, 20t FUEL

90030604 0.000072 3.141519 41825 41715

Ip

8207

7687.6

6116.2

5820.6

5591.7

8207

7681.6

6116.2

5820.6

3581.7

6138.5

9841.5

Ir ho  Sigmal Sigma2  Sigmad

(1¢ 8 (9 (20) () ()

£688.7 21013.28 2,972072 3.550823 3.235848 3.235775 0.094255

6169.3 17281.53 2.992247 3.522357 3.235844 3.235791 0.094272

4597.9 14444 83 2.944621 3.590832 3.235850 3.22%777 0.094257

4302.3 12516.18 2.938880 3.532427 3.235858 3.235785 0.094265

4063.4 12765.65 2.934025 3.404639 3.235825 3.238752 0.074232

6688.7 21013.28 2.884758 3.584036 3.235848 3.235775 0.094255

6169.3 17381.53 2.911131 3.641959 3.235864 3.235791 0.094271

4597.9 14444.83 2.849643 3.742963 3.235849 3.225777 0.094257

4302.3 13516.18 2.842345 3.755651 3.235657 3.235785 0.094245

4063.4 12765.65 2.836190 3.766361 3.235824 3.235752 0.094232

4620.2 14514.89 3.247471 3.255483 3.251544 3.251472 0.10%952

4323.2 13591.84 3.247230 3.255792 3.251578 3.251505 0.109985

82

SignaP SigmaR Predict Result

STABLE  STABLE

STABLE  STABLE

STanLE

STASLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE  STABLE
STABLE  STABLE

STABLE  STABLE

STABLE INSTABLE

STABLE UNSTABLE




RUNND.  Np dr I
EQUATION HUMBSR
SYMMETRIC, Is/It = 1.035, 5% FUEL

90020605 0.000072 3141519 33%0.6

SYMMETRIC, Is/It = 1.04, 26.2% FUEL
90020701 0.000972 3.141519 44495
SYMMETRIC, Is/It = 1.04, 20% FUEL
70030702 0.000072 3.141519  4182.5
SHMETRIC, Is/It = 1.04, 15% FUSL

99020702 0.000C72 3.141519  39%0.6

SYPRETRIC, Ts/It = 1.045, 26.2% FUE
0020803 0.200072 3.141519  4463.5
SYMMEIRIC, [s/It = 1.045, 20% FUEL
9003084 0.000072 3.141519  4182.5
SYMHETRIC, Is/It = 1.045, I5% FUEL

90030905 0.000072 3.141519  39%0.6

SYMETRIC, [s/1t = 1.05, 75% FUEL
90022702 0.000072 3.141519  6499.4
SYMHETRIC, Is/It = 1.05, 50% FUEL
97922602 0.£00072 3.141519  59%5.1
SYW'ETRIC, Is/It = 1.05, 26.2% FUEL
90022308 0.000072 3.141519  4469.5
SYWETRIC, Is/It = 1.05, 20% FURL

90022309 0.000072 3.141519  4182.5

1929.6

4458.5

s

3939.6

4458.5

4171.5

3939.6

6689 .4

£664.1

4458.5

an.s

5601.5

6160.9

£862.4

%21.2

6183.2

5883.3

540.9

8236.9

7807.4

6205.5

5%04.1

Ir ho Sigmal  Sigra2  Sigmad CismaP  SigmaR Predict Result

(15) {8) M (0 (20 ()

4083.2 12827 .86 3.246994 3.256060 3.251593 3.251520 0.110000

4642.6 14595.26 3.262216 3.271266 3.267309 3.247236 0.125716

43441 1264750 3.262928 3.271532 3.267297 3.247225 0.125705

4102.9 12689.75 3.262659 3.271763 3.247281 3.267208 0.12°6€8

4664.9 14655.32 3.278830 3.286980 3.283003 3.282930 0.141410

4365 13713.16 3.278627 3.287272 3.283017 3.282944 0.141424

4122.6 1295164 3.278325 3.287479 3.282968 3.2928% 0.141376

6818.6 21421.37 3.295827 3.301415 3.298691 3.298618 0.1570%

6289.1 19757.90 3.295602 3.301660 3.298701 3.296628 0.157108

4687.2 14725.38 3.294565 3.302693 3.298697 3.298624 0.157104

4385.8 13778.50 3.294250 3.302937 3.298661 3.298568 0.157068
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STABLE UNSTABLE

STABLE UNSTABLE

STABLE UNSTABLE

STABLE UNSTABLE

STABLE MARGINAL

STABLE MARGINAL

STABLE MARGINAL

STARLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE

STABLE




o e Nr 1 12 Ip Ir ! Sigmal  Sigra2  Sigma0  SismaP  SigmaR Oredict Result
CRUATINY MR froy {8) (1) o (22) (22)
cpeetre (el = 108, 1 L
0223 6000072 3141519 39806 39336 5660.7  A142.4 13013.94 3.294071 2.207248 1298736 3.297443 0157143 STABLE  STABLE
25% ASYMMETRIC, Is/It = 1.05, 26.2% FUSL

022405 0.000072 3141519 47208 4197.2 62055 4687.2 14725.28 3.112997 3.508300 3.2984%% 3.238624 0.157104 STASLE  STARLE
29% ASYMMETRIC, Is/It = 1.05, 29% FueL
M022406 2000072 3141519 14224 319214 41 4385.8 13778 .50 3.108324 2.81740Q 3 2004 2 2M986R 0 187068 STADLE  STARLE

25% ASYMMETRIC, [s/It = 1.05, 153 FUEL

w2 D A00072 341519 417009 2699.3 407 4142.4 12012.74 3105178 2.517A38 2.236725 3.29R643 2.157143  STAQLE  STAPLE

SYMETRIC, Ts/1% = 1.07, 75% FUEL
MO2I703 0.000072 1141519 64994 AR5 BA%6.8  £348.5 2182916 2.358616 3.264310 3.261534 3.261461 0.219941  STARLE  STARE
SYMMETRIC, Is/Th = 1.07, 50% FUEL
90022502 9.00C072 3141515 ™G] 87841 7927.2 §408.9 20134.24 2.358380 3.364553 3.261537 3.261454 0217944  STABLE  STASLE

SYMMEIRIC, Is/It = 1.07, 26.2% FUEL

0022403 0.000072 3.141519  4469.5 4458.5 62948 4776.5 15005.92 3.357333 3.365616 3.361542 3.761470 0.219950  STABLE  STABLE
SYMMEIRIC, Te/It = 1.07, 20% FUEL

NCIUTA0.000072 3.1MIS19 41825 AI171.5  S987.7 44694 14041.14 3.357045 3.365897 3.261538 3.261445 0.219M%  STARLE  STABLE

SYMEIRIC, Te/It = 1.07, 19% FUL

90022205 0.000072 1141519 29%0.6  2939.6  5739.6  4221.2 12261.71 3.356B13 3.256186 3.361566 3.361493 0.219973 STABLE  STABLE

SYWTIRIC, [s/1t = 1.02, 75% FUEL

20022703 0.000072 3141519 4499.4 64884 8142.1  6623.8 20807.39 3.201667 3.207095 3.204452 3.204379 0.062859  STABLE  STABLE

SYMMETRIC, Is/It = 1.02, SO% FUEL

90022403 0.000072 3.141519  5%95.1 S984.1 7627.7  6109.4 19193.35 3.201434 3.207319 3.204447 3.204374 0.062854 STABLE  STABLE
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