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ABSTRACT

An analysis of the effects of liquid motion on the attitude

stability of spin stabilized spacecraft is presented. TIe

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. :NTRODUCTION

A. BACKGROUND

-isturically, the attitude stability 7:"itions C f

spinning spacecraft have been derived using the energy sink

method. A significant shortcoming of this method is that it

does not account for the dynamic interaction of liquid :otion.

To ... t zpacecraft with large amounts of li"

propel ant, dynamic interaction can destabi.ize the

spacecraft. As a result, under some circumstances the

stability prediction of the energy sink method can be in

error.

Despite this shortcoming, the energy sink method continues

t: e in wide spread use as an analytical technique for

determining attitude stability for dual spin spacecraft. This

being the case, it is essential thal The nature of the

deficiency and the conditions under which it 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

3.A



stability :f the spacecraft will be examined as e ce..

cf I atIrm asy mmetry a- I load are v.a.r.. .. e...

Marginally stable, in terms of the energy sink stability

:onditions, means the spacecraft has an inertia ratio slightly

greater than one. The percent asymmetry is defined as the

ratio of the difference of the two transverse moments of

inertia to the sum of the two transverse moments of inertia

times :00. The fuel load is the amount of fuel on bcard

exoressed as a fraction of the total fuel capacity -f 'e

spacecraft.

Tp perform the analysis, a computer simulation developed

b- C'ung rR'. of a dual spin spacecraft will be used to

determine the stability of the various configurations. These
tS W4 Irdi n f energy sink

results wil . be compared to the predictions cf th.e er i

stability criteria as developed by Likins in Reference 2.

C. LITERATURE REVIEW

The energy sink approach was first applied to study the

effects of energy dissipation on the stability of a freely

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.

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

stability conditions for asymmetric, dual spin spacecraft

2



ht <-.er .. an sfer betwen he w e e... n

wa S r-~~ e -!

... C

to the average of the rate of change of the corresponding

.nertial snin M-ne.'e went on to 7oint : .htt~ ratio

of the spin moment of inertia to the algebraic mean transverse

.ment of inertia ~was the critical :tability ouantity

:n 1972, two papers questioned iikins' concu:sionZ

:otnc tat the key ~abit Ma r.

.. -. .. . -..--.- .
-- -a to t e geometr t .an. _rz =

4P_ - iri rte th-an th-e a 'zebL-a I' -an 'r - i ese

:Dmen~4 t~ r~a n. 1 1-,74 ra -rer

an al..zi Z orboae 4h irItnoe of the- geomneI-

transverse moment of

A A
19. 31 ". ert f - ooncu that using re energy

:-.e-]-' rf to.a energy in th- expression cf energy

di sipation .m-ade the energy sink rdiotion r, d: -hl - I

.ia si atelzt wit enc g i s ia t-'q ~e :oes on the

-. atf-orm.

In 1983, Cochran and Shu FRef. 6] used the generalized

method of averaging to study both energy dissipation and the

energy addition required to maintain the constant spin rate

of the rotor. Their conclusions substantiated Hubert's

3



hypothesis concerning 7ore energy assu-.=:ng that the internal

mass motion is sufficiently small.

In Reference I, Chung studied the application of the

energy sink method t the IN TELSAT V! satellite. His

conclusion was that the energy sink method id not correctly

predict stability for all cases. The results of Reference 7,

also a study of the INTELSAT VI satellite. indicated that

stability increased as the fuel lead increased, and tha

stability decreased as the nlatform asymmetry increased.

The energy sink method continues to be user throughout the

co'-unity to determine the stabilityv of spinning spacecraft.

in crder to have confidence in the redictions of the method,

it is necessary to understand its limitations. :t is hoped

that this study will provide additional insight int: the

energy sink method's transition zone. In other words, where

the boundary is between accurate energy sink predictions and

erroneous predictions.

D. ORGANIZATION OF STUDY

Chapter II 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 III describes the

development of the system parameters for the spacecraft

4
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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 configuration.

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).

AA

tb
A SymmETnic

i / BODY P

i bAY [TW

A '--ASPOT C

Figure 1. Idealized dual spin system.
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With :'r-i- te Sst th. el o c.. . ass -

the tcta 1 system, and fixed in the body P such t.at the center

f mars of both bodies lies along the al :xi, te otationai

equation of motion governing the systemr

M = dH/dt = '2

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

H is the total angular momentum of the system.

The ng ?inea::zed equation- :f mcti:n are,

- - w_
..  - w, , 3

-- .-W 4-

- w :wQ I-w-w- - 0 (4)

where I- s the total principal axial m-,oment of inertia of the

sys .... ,.. -s the princi ,al a: I......omen e r a e

body , and T- are the princia t e moments of

inertia of the system, w- i.. s Ie ... ... - ..h.

on:-1cr Ve--city of the body P, w, is the r-lative rate at

which the body R is moving with respect to the body P, an w-

and w- are the transverse components of the total system's

angular velocity. These three equations have four unknowns:

w., wN, w., and w,. The fourth equation describes the

rotor/platform interface,

T Ir( p + (5)

where TM, is the resultant moment of all the forces acting by

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

7



fwr_-:.- n s,

W. "7-w- 0

w- 0 (7)

where,

- .)w. + I.w,/T. (3)

Lettng w-(3) :w- and w-(0) 0 yields the fc'Icw~ng sout~on

t: e-'aticns (E) and V'?

w": -w-7(c/'-sin f' ,-c, _'t)

. t.h-Hu ...... stability e r4

characteristic equation :f eq-/a cns (2 an:1 7, ws th ..

fcr stability,

0.0- > 0 (12)

The eatons or the angular momentum and rotational

kinetic energy for the system described above are,

h- ::.-w.- + I-w:- +(Tw, + Iw.) (13)

2T = :,w- + I'W!- + I w- + IrW," + 2I.wr-w (14)

The nominal angular momentum is given by,

h, = IDwp + IrWr (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

8



an energy !issipat4on mechani sm yields

4-W * - 1 ---W- :-24W

T : I-w-w, - -w 4- ILwww 4- _W, w +-

+ mww. + Lw'w' < 0 (7)

Now the solutions in equations, (10) and (11) are no longer

correct. However, if the effects of the energy dissipation

mechanism are felt slowly, a solution of the same 'o 'n may '-e

assumed but with w- = w"(t), a slowly varying function of time.

_._.. ....ing _.h s new souticn -nto equati 4 a-

.. the secuar terms and resu'.s i-.

+ Twrw Irw (19)

Substituting equation (18) into equation (19) and introducing,

. h (.c + I-a-)/(I--- 1.--) (20)

with a little manipulation produces,

- Ir(T; + wi)(o - (wn - w)) (21)

SPp + Pr

where PP and Pr are the platform and rotor components of the

energy dissipation rate. It is necessary that,

pp < 0

Pr < 0

9



- Iv

Sth = - (w. + w') (23)

so that,

P. - -_(:c - (24)

, -(W + w')a. (25)

or alternately.

l -- ( (26)

tbz ti ng Cequations (26) a nd (27)1 o equat' o )

yields,

w w : [2o- h/(!'-0 - I ')M [( /O v) L (pr/ ) ] (2 8)

As a necessary and sufficient condition for stability,

w < 0-29)

Since a.,z1 > 0 is also necessary for stability and h- > 0 by

convention, it follows that,

(P;/o) " (Pr/O,) < 0 (30)

And because P.- and P. are both negative, at least one of the

two of a. and a. 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,

0, = (3/.r)

a, - Iow,/I, (9)

and,

am= IW 1.(la. + I'a,)/(,', + 1.-0) (20)

h 1 Iw. (15)

Now,

a.= o (22)

3, 0. W, 23)

and the stability criteria is,

P'/o, < 0

Or, since P, must be negative,

a. > 0 '32

Substituting equations (8) and (9) into equation (20) yields,

a, = 21,w,/(I, + I) (32)

and substituting equation (32) into equation (23) gives,

o r = 21,w/ (I, + I,) - w, (33)

or, from equation (31),

w,[21,1(I, + I,) - 1] > 0 (34)

Dividing by w, and adding one to both sides of equation (34)

yields,

21r/(I 1  + 12) > 1 (35)

which is the familiar spin axis moment of inertia divided by

the algebraic mean transverse moment of inertia developed by

11



Likins. 1t is at this coint that Spencer asserts that -Sing

the geometric mean in the denominator yields more accurate

results.

Spencer's conclusicn is based on the fact that w, the

rotor-fixed nutation frequ'ency, actually varies over tme as

a function of '., the transverse moment of inertia. And he

states that I. varies as,

.. . .- n - t{

where.

f... _..m za ns. d Tese variations in w m~st b

re.lected in . 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 usinq

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 spac-ecraft 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.

COMLoN AXS DUAL SPIN SPACECRAFT

DR PCECRAT uquID Fu~

~A typical pendulum
~on the platform

Vl cous spherial Joita.

Figure 2. Schematic of a generic dual spin spacecraft.
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Chung applied Kane's method to the model deszribed acv'e

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 are

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 summarized as,

F, F, 0 (r = , 3... N) (8)

where N is the total number of generalized speeds, and F, and

. _ -he total generalized act --,- and iner -a forcs in

inertial space. The total nunmber cf generalize z-eeds. .,

is equal to the number of degrees of freedom of the system.

In this case, three for the three components of the 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 external forces act on the pendula mounted on

either the platform or the rotor.

In addition to the generalized speeds obtained by solving

the differential equations developed using Kane's method,

several other quantities are useful in understanding 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 work done by the motor and the external forzes, and the

nutation angle of the system. All 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 for

all of the 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.

713(02 OTKO2 rTK(03 01K33

~X
Y

71,"4 - 0 0, --R = 011863 m

25 25525

I ' . . .S "

25.hil, 25

11302250 2 OTKO3

Figure 3. Arrangement of fuel and oxidizer tanks.
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- .. t - - - - -- Z "" - -

oxidizer density = 1448.3 kg/-

oxidizer kinematic viscosity 2.92X10

The mass and inertia oroerties of a+h- Y: -:ate1

rD= - 1' are shcwn in Tah> I.

:~:~ : T~~'S tm V: mass and 4 -_-1-4± 5

'DRY) ( DRY> , 'E

MASS(Kg) 1058.2 6957' 2503 . 2.

T-(Kg-rv) 1587.1 927.0 4469.5 4192.5 7?9.

S,Kg-m) 1518.3 1166.0 4491.2 4 099 9 9.3

" -Kg-7-) 529.4 9 3*7 4458.5 41 . 39.

.0 0.0 0 . 0.0 .0

7.(Kg-m-) 44.4 -6.1 38.3 39.3 3.3

v(Kq-m-) 0.0 0.0 0.0 0.0 n.0

These parameters are modified using the procedure described

in Chapter III, Section A to obtain the configuration used in

the study (Tables II-IV).

17



(DRY) (DRY)

MASS(Kg) 1059.2 ~ 9*

1418.9 44E9.5

1 ...IKg-rm-) 1518.3 2791)1 .0 16.2

:(gv) 1024.2 1413.9 44I3 0

!4.*4 -65.1

TAPLE "l:. -tA'~''~~ ass and irer'- a -- z--t -

P LAT F O RM pmrOTOR ___t

(DRY) (DRY)

MASS(Kg) i058.9 695.7 2326.0

:!-(klg--)- 100 6 .0 1467 .3 4132. c

"-g-7n2 1518 .3 23S8 7 .9 58,20. 6

I.(Kg-mj) 1035.8 1467. 3 4171.5

I.,(g-)0.0 0.0 1 .0

Ixz(Kg-nr) 44.4 -6.1 38.3

I,7(Kg-nr) 0.0 0.0 0.0



TABE :7. 7t c4! :3t ,11i± -ass anc! ier''ia prc7ti.-
-15% fuel !cad.

PLATFORM ROTOR TTAL
(TRY) 4DRY)

MASS~r- 05.895.7 ?133.i

'* (F - V006.0 1508.1 35.

n (q-0< 1519.3 M69.4 71

950 1503.1 73

.(g m )44. 4 -7' 3



III. PROCEDURE

This chapter describes the methodology uses over the

c=urse of the study. The first section deals wit_h how t:

determine the spacecraft confJ~'ration and system parameters.
Section 3 .escribes how the energy sn - i

n f i gttion o dee t he e= .I _.t

>~r~ura~izn. 7-nta~ns he oz-l~ ;

t e ru-tin an! zlbtaining the simulatiro_ ctpout.

A. SYSTEM PARAMETERS

.n order to investigate the behavior of a marginal',

stable spacecraft it is first necessary to model a spacecraft

with this configuration. To accomplish this, -he system

parameters of the INTELSAT VI satellite were mod'ifed to

obtai h -. orozriate configuration. -ne of the prcgrams

written by Chung in Reference 1 to support the simulation

produces as it- output a summary of the INTELSAT '! system

parameters. To modify the system parameters to achieve a

given inertia ratio, !/It, where I (I, + I-)/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, Is.

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

20



M e 7rt-a of the wet -otor, . wever, the

Simulation takes as its input the dry spacecraft parameters.

Subtracting the old wet rotor moment of inertia from the

desired moment of inertia yields the amount the dry rotor

axial moment of inertia must be increased. It is a general

theorem -.f rigid body mechanics that for a given body, the sum

-f any tw- -f the principle moments of inertia must be greater

than the third. This must be kept in mind to achieve a

ea>&tz ign. 7,o adhere to this snile h um o h

dry rotcr transverse moments cf inertia is s -t .... from the

..ew cry rt:r axial moment of inertia. Ihe result is 1ivided

by two and added to each ol the dry rotor transverse moments

of inertia. An additional adjustment is made to arhieve

perfect symmetry on the rotor. The difference between the dry

rotor transverse moments of inertia is added to the sma' ler

of the two to make them equal. To balance the .ystem and

maint-in the same total spacecraft transverse moments of

:nertia, the co-rsponding platform transverse mcments cf

..ertia 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,, Ip, I, w., and w,

developing an energy sink prediction is a reasonably straight

forward application of the equations derived in Chapter II.

21



The best way to implement the energy s-:'k qat:ons -3 Zy

means of a simple spread sheet using the equations below.

h - I.w. + I.w. (15)

a , (I - .)w + :,w / (3)

. ,

a , [ ( 1 = - I . w + ". w ] I .( 9 )

a, : h..(I-o. + I,c-)/(!,'o. + >.a.) (20)

= 7. (w, w, (2

Recall that the stability criteria were,

:7.7 0 (12)

and that P. and ?- are always negative. Concentrating on the

- ond relaticnship, for the system being studied, P. is zero

and P, is negative siace all of the fue' tanks are mounted on

the rotor. Therefore, if -, is positive the sys te is

inherently stable. However, if a,. is negative o, must be

positive and a nutation damper must be installed in 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, 0. If I grows without bound,

the system is unstable. If 0 damps out to zero, the system

is stable. In executing the simulation, an initial transverse

22



rate of :D- . a__orSecond a:))Dl id t- '-

- he rst etre i- the study en ait - zi-nig a sat''

con'_:gurat on wi - a. :nerta ratio sgt> -3...ater than c

for whi -h I '  si--U' muatIcn reslts i:-d Iate the system is

stable. An inertia ratio of 1.01 is arbitrarily chosen for

the initial run. f- te,.e simu.ation r esu ts _ind .ate the

system is unstable the iert-ia ratio ms_ a- t

simulati:z run again TIs process is conti- n ' =A 't4i a

stable ccnfiguraticn is found u'cn "h i h - the maide 4f the

zt-:dy, w:'- :-e b-ased. Afe triiga aecofurin

the platform as!u.mmetry is varied and the satellite mction Is

Ssimulated for three different fuel '.oads. The :_:AT VI

satellite uses a liquid propellant rocket for its apogee kick

motor and consumes nearly 75% of its fuel during thIs

maneuver. The beginning of life fuel load fcr the INTS m

71 --atel '_ite u:pon whi4ch the z1tuidy configrto iZ.adi

26.2%. Therefore, fuel loads of 26.2%, 20%, and 15% were
chose - for this study. The inital asymmetry was aritraril y

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

indiate the system is unstable.
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:V. RESULTS AND ANALYSIS

This chapter presents the results of the study and a

discussion of their significance. The first section presents

a summary of the results of the i:ru! tion runs. Section

contains a summary of the energy sink predictions for all of

the cases simulated.

A. S:MUTLATION RESULTS

A.s outlinedin 4- apter IT, T fir4 ste in 'he st-udy

was to fin a ,figuration for which the system was stable.

The first simulation run was for the case of a symmetric

system with an inertia ratio of 1.01 and a fuel load of 26.2%.

The simulation time was set at 200 seconds. The result is

Thown in Figure 4.

ON OCRB'T " 3YM, ! / t I 0. P5 2% FUEL

3 75
3.74

73

3 7

I )m ii

a* -5 so -310 13 10 13

Figure 4. Initial simulation result.
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From the graph it is df14cu,,t to determine whether the zyztem

4s stable or unstable because the simulation time was not of

-"ffz'ent e~th ?.athe th.anet n _-.'',,,I'e than

to arrive at a more conclusive result, the -i'ation was run

again with the damping coefficients increased by a factor of

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

definitive.

uN OPBIT, SYM, Is/ It i.i., ., iI,

.1i 7UU 1--4Ui

J.3 58 -r- t

3. 67

3 62L

LJL

0 25 50 75 100 1.25 150 175 2W0

T I (SEC)

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 simulati was .... a- 7: - a ratio -f 1.1.

The result reveals that the system is stable as shown 4n

Figure 6.

ON OiRBiT, SYM, is/it = 1.1, 26.2% FUEL
iUO2Z.201

"3 43

1 I I 2 _ _ _

1.41

.3

, -- i, -l

.1.33

13 . .

3 .3 _ .. . ... ..... ........ ... ....

0 10 -0 40 50

•6. e su.t for an inertia ratio of I. I and a fuel
loae of 26.2%.

Having a-hieved stability, the fuel load was changed to

20% ind the simulation was run again. The svster. 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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ON ORBiT SYM, is/iL = 1.1, 20.6% FUEL
90022003

"1 4 2 . . . . . . . ... . .. . . . . . . . . . . .

, 3 .4~ , . V - I --- -

138 ~'__ ___ __

w.
3.3,

! . t

J3 l . I

3 3.1 ...... I................I.....
a10 20 30 40 so

T I-SEC)

Fiue 7. Result for an inertia ratio of >.1 and a fuel
load of 20%.

ON OROiT, SYM, is/it = 1.1, '15.0% F-uEL
90022002

3.3q -
3.37

0 lo 20 30 40 so

T I K C

Figure S. Result for an inertia ratio of 1.1 and a fuel
load of 15%.
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A summ,.ary of the results for a .. ' . . . rv

variations can be seen in Table V. The system remai 4_ -'k

for every case simulated.

TABLE V. Simulation results, 2 Is/(!, + 12) =
1.1.

FUEL ASYMMETRY
LOAD 5% 10% 15% 20% 25% 35% 55%

5 S S S S S S S

20% S S S S S S S

26.2% S S S S S S S

Note: U = Unstable, S = Stable

In light of the results reported in Reference 7, the

results in Table V were surprising. However, upon re-

examining the energy sink equations, it was discovered this

i exactly what should have been expected. Start-nc with a

T'!ymetric satellite, such that 1, = I, = ' the stability

criteria is,

21,/(I: + 12) > 1 (35)

To create an asymmetry, let 1, =1 + a and 12 = I, - a.

Substituting for I, and 12 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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Sbstituting fcr :- and - here yields,

- a-) > . (40)

which has to be greater than the crigin-_ inet a rati

indicating that the system is getting more stable as the

asyminetry is increased. Regardless of the method used to

determine the average transverse moment of inertia, both

oredi4 th c , ' rema4n stab'-- 1 " a ....

greater than one. T.is being the cace. it was now ne Sz

t3 find a --nfiguration which was unstable to determne

svstem wcuId 'hcome stable as the asymety was ....

The simulation was run for symmetric configurations with

n,.ert'a ratos of 1.03, 1.05. and 1.07. The results are

sunma - in .... able V. They chow that for a o mmet-ri

spacecraft the stability cutoff falls between inertia ratios

of >.03 and !.^5.

TABLE VT. Si.u 1ation results of varying inertia ratio.

FUEL INERTIA RATIO

LOAD 1.01 1.03 1.05 1.07 1.1

15% - U S S S

20% - U S S S

26.2% U U S S S

Note: U = Unstable, S = Stable
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iv n heresults in Table 7>, th r n uratirn with an

inertia ratio of 1.03 was selected to evaluate the influence

of varying the asymmetry.

The summary of these results is provided in Table VII. As

expected, the system eventually became stable as the asymmetry

was ncreased.

TABLE VII. Simulation results for varying the
71atform asymmetry.

FUEL ASYMMETRY

AD 0% 2 40%

!0% U7 U S S

26.2% U U S S

Note: U = Unstable. S = Stable

What appeared to have happened was that as the asymmetry

was increased, the inertia ratio increased enough to become

greater than the stability cutoff inertia ratio as equation

(40) indicates. To confirm this, a graph of inertia ratio

versus asymmetry was created using equation (39) to 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

30



cutoff inertia ratio that falls between 1.03 and 1.05. This

plot combined with Table VII indicate that the stability

cutoff inertia ratio falls between 1.032 and 1.035.

INEPTiA RATIO VS. % ASrMMETRr
2 1s/tI I I 21 1.03

1.05

I 041 

1.031

W 1.o 3

1. UntblJtal4

1.032
1.031 @

1 103

1.: . 2 1: 15 ]3 7 r! .15 7 r] . 3 95 -3 70 7.
;. : ~X ASTW9ETRY ~ 95 11

0 26 2% FI5) 29 ,o Y

Figure 9. Inertia ratio vs. asymmetry for 26.2%, 20%,
and 15% fuel loads.

To try and pin down the stability cutoff, the simulation

was run for the symmetric case, for all three fuel loads with

inertia ratios of 1.035, 1.04 and 1.045. Adding the results

to Table VI shows that the stability cutoff inertia ratio for

a symmetric satellite is different than for an asymmetric

satellite. The simulation results indicate the stability

cutoff for the symmetric satellite is approximately 1.045

(Table VIII).
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7A RL.E V1 I. Simu,' ti -n res-':1ts -r "aryt:2g 4:nertia ratio
of symmetric spacecraft.

FUEL INERTIA RATIO

15% - U U U M S S S

20% - U U U M S S S

25.2% U U U U M S S S

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

74-1a=1 I everal siu"ation ru.'ns were made wi '-

f~ E%% a: ! 75% to investigat= Th fet !, ihe I''

:';!_her fuel loads, make the s mtem tore ztable. ..

u1o ="=' , ads lowered st-Le 14hilty cut c f inertia rati-

ozr a ,.e tr ~a te'Ae r c rx&al 7- a'2~~

TABLE IV . Simulaticn- results of varyi.ng iertia ratio
for higher fuel loads.

F'UEL INERTIA RATIC

LOAD 1.01 1.02 1.03 i.05 1.07 1

50% U M S S S S

75% U M S S S S

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

The results of varying the asymm'etry on a configuration with

an inertia ratio of 1.01 and a fuel load 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%

75% U U 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% fuel load shows that

the stability cutoff inertia ratio in this case is between

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.

IWE qTiA PATIO VS. 96 ASYMMETIq
1 {' ! ' I 1.01

1 024 J023

22
1 . 022 Unstable Stable

1 0 R1. 7 -4 1 DI

1.014

I '113

1011t o

3 13 23 3 43 33 53 73

0 ?31t Ft~t

Figure 10. Inertia ratio vs. asymmetry for a 75% fuel
load.
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B. ENERGY SINK PREDICTIONS

As was shown in Chapter 1, te enegy sink stabi> ty

criteria is,

w w' < 0

and,

(P /o) + (Pr/ar) < o (30)

where one or the other, or both, of a. or a. must be positive

s'. zh7 th.at equation. (30) is true. For the specific case of a

dual zoi;n s ..- jthaft wit a 1...... .-p atf rm, (.. )

By definition, all of the energy sink predictions for this

Ftudy were th nce he initial requirement in defining

the zznfiTuration was an inertia ratio slighty greater 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 ratio was less than 1.02. For the asymmetric

variations on a configuration with a symmetric inertia ratio
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ec: w ~erercret ac'n

correct for asymmetries greater than 40%, and indeterminate

f--r the transition zone between '-'% and 4'% asym.vmetry. Using

Snencer's method to determine the inertia ratio, 40% asymmetry

equates to an inertia ratio 4f .O35. 17% asymmetry equates

to an inertia ratio cf_ 1.032.
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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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' .'• 3J'L L k'

-- 1-

0

t 0 -

z 0 98-4!
,j 9

"stability, inertia ratio must be greater than one.

As h Con in the development 11 Chapter !. , d' '

c. itaria can be re41c to skow 4-at 'k '<ev

o ram et er 4focr ot hIity ~red ti' s c! .0. n~ f he

moment of iner>'a t e 3'-2ebraic 'ean transverse moment of

er Recall That Spence- =>c' t--. Likins -Ie

ncorrect and that the geometric mean transverSe moment of

Inertia is the key stability parameter. The --sults of Tis

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
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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 is also

inaccurate in predicting stability below the stability cutoff

inertia ratio.

iNlk5iiA ATIO VS. % ASiMMETPI
1 1) - 1Y3, 23. 2% F.m 1

1.048

1.047

04t
1.045 0

1.044104o3 Unstable Stable

-- 03

1.042 4
1.041 -II

1 013

1.041

Fiur 1. Ineti rai0ssmety acltn

1.037/- o

1.038-1 3

1. 033 o

10]0

8ASA ETAT

Figure 12. Inertia ratio vs. asymmetry. Calculating
inertia ratio using Likins' method vs. Spencer's method.
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B. CONCLUSIONS

I t i s u nclIear why t'.e- e i s 3 1~~c<~c 7C 7

cutcff for the symmetric ~dv ~ ~i~ ~

determined or confirmed in this study is that:

(1) the energy sink stability criteria is not- '1ia1id b-elow

3 stathIlity cutoffinrt ratio which is not j-ust 3u to

~, ~t ;rater +_,!n ore.

2 1 stability 1-creases as th-e -',-el 103d4 --c

,~ :~b~i = 2ceao72 as t!he ~>fr ''~- s

I '. -encer - as correct In asertinor >a '

7cur ate to-: use the 'jeoretr,,c mean rrses -'

-::r- a than th-e al-.ebraic mnean ~0~ ce~-

~-~'~tig t!-e inertia ratio.



APPENDIX A

SIMULATION DATA

Included here are the graphs of nutation angle versus time

for each simulated case. The graphs are cirdered 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, wp, Wr, I, I21 Ip, and I r . The spread sheet uses the

following equations to calculate ar,

h0 = pwp + IrWr (15)

0, = [(Ip- I2)WP + IrWr]/Ii (8)

02 = (Ip- I 1 )w p + IrWr]/I 2  (9)

C0 = h0 ( 1 1I + 1202)/(I1101 + 12'02) (20)

Cp = 0O - wp (22)

Or = 0 - (wp + Wr) (23)

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

positive, the energy sink criteria predicts stability.

"jN ,T. WP Wr 1 12 IP Ir ho Sigmal Sigma2 SiglaO SigmaP 5igmaR Predict Result

ElTJAHT 4 W qr (iS) (8) (9) (20) (22) (23)
', EIRIC, Is/I. : 1.0, 7M F L

r'3TS01 0. T'C72 3.141519 649,4 6488.4 8012.2 6493.9 20401.29 3.138878 3.144199 3.141609 3.141536 0.000017 STBLE LMISTABLE

SYMMETRIC, Is/It = 1.0, 501 FUEL

90 J 9 0072 3.141517 5995.1 5984.1 7507.q 5989.6 18816.99 3.138656 3.144425 3.141611 3.!41538 0.000018 STABLE USTABLE
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!N N. ID Wr II 12 Ip Ir ial H a2 S; r3O S i oP rSlaR Predict Result
E7JVTTON NUMBER (IS) (8) (9) (20) (22) 21)
SYmmETRIC, Is!It = 1.001, 75% FUEL

1"03CT04 0.0C0072 3.141519 1499.4 6488.4 K18.7 6500.4 20421,71 3.142020 3.147347 3.144754 3.144681 0.003161 STABLE LNST6BLE

SYMIETRIC, Is/It 1.001, 50% FUEL

W030705 0.000072 3.141519 5?95.1 5984.1 7,13.9 5995.6 19825.94 3.1100 3147575 3.1447'8 3.144685 0.003165 STABLE UNSTABLE

SYffTRIC, Is/It 1.005, 75% FUEL

O0?00q" 0.000077 i.141519 6419.4 6498. "O14 7 6526.4 "01 10 3.197 3.159135 3.157332 3.157259 0.015739 STABLE USTABLE

SYPNETRIC, Is/It 1.005, 50% cJ5L

'770Cl 0.000072 3.14151 9 595.1 984.1 7537.9 6019.5 18110.92 3.154324 3.160122 ?.15723 ?.157221 0.015701 STABLE UNSTABLE

SYMETRIC, Is/It : 1.01, 75% FUEl-

10101301 0.0000/2 3.141519 6499.4 6488.4 9077.1 658.8 20605.18 3.170249 3.175623 3.173006 3.72?33 0.031414 STABLE UNSTABLE

Y"ETP:C, Is/It 7 1.01, 50% rEl

?0 ?1102 0.000072 3.1B1519 115.1 5181.1 7567.8 649.5 19005.17 3.170045 3.175872 3.173021 3.172956 0.031436 STABLE UNSTABLE

StMlETRIC, Is/It = 1.01, 26.2% FUEL

90021501 0.000072 3.141519 4469.5 4458.5 60269 4508.6 14164.29 3.169028 3.176846 3.173005 3.172932 0.031412 STABLE UNSTABLE

SYMMETRIC, Is/It = 1.01, 20" FUEL

0.000072 3.141519 4182.5 4,71.5 5737.1 1218.8 13253.86 3.168812 3.177168 3.173057 3.172984 0.031464 STABLE

SYMMETRIC, Is/It = 1.01, 15% FUEL

0.000072 3.141519 3?50.6 3l39.6 502.8 ?984.5 12517.78 3.168506 3.177352 3 172995 3.172923 0.031403 STABLE

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

90031301 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% ASYMMETRIC, Is/It : 1.01, 75% FUEL

90031302 0.000072 3.141519 7096.1 5891.7 8077.1 6558.8 20605.18 2.903673 3.497237 3.17006 3.172933 0.031413 STABLE STABLE
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7UN No. WA Wr 1! T2 Ip Ir o 9igmal Sigra2 Sig.TaO Sigm P Sig'jrR Predict esult
E.': 'IPN N'2ER (:) (.) () (20) (22) (23)
SYMVETRIC, Is/It - 1.1, 75% FIEL

T. CCC72 1.141519 6439.4 48 661.6 7143.3 22441.44 3.452776 3.458630 3.455773 3.455701 0.314181 STABLE STABLE

SY'"ETRIC, Is/It = 1.1, 50% FUEL

0.0(C72 2.141519 5995.1 5984.1 8106.9 6588.6 20698.80 3.452548 3.458894 3.455791 3.455718 0.314198 STABLE STABLE

SYMMETRIC, Is/It z 1.1, 26.Z- FUEL

90022 10.000072 3.141519 4469.5 4458.5 6428.7 4110.4 15426.58 3.451451 3.159166 3.455776 3.455703 0.314183 STABLE STAKLE

SYH4TRIC, Is"t = 1.1, 20" FUEL

I1A22^03 0.YN072 ?.141519 1182.5 4171.5 113 4594.7 144'4.79 3.451161 3,460261 3.455778 3.455705 0.214185 STABLE STABLE

svH"Z'ITI , T.' :./ t. 1 F I '

;002202 0.00072 3.111519 3950.6 3939.6 5857.9 4339.6 13633.36 3.45C888 3.460523 3.455771 3.45699 0.314179 STABLE STABLE

9. ASYTMMETRIC, is/It : 1.!, 26.2" FUEL

90022004 0.000072 3.141519 4516.2 4411.8 6428.7 4910.4 15426.8 3.415762 3.496590 3.455776 3.455703 0.314183 STABLE STABLE

5% ASYFMETRIC, Is/It = 1.1, 20% FUEL

90022005 0.000072 3.141519 4227.3 4126.7 6113 4594.7 14434.78 3.414587 3.497826 3.455778 3.455705 0.314185 STABLE STABLE

E% ASYMMETRIC, Is/It = 1.1, 15% FUEL

9022101 0.000072 3.141519 3993.7 396.5 !?57.9 4339.6 1333.36 3.413647 3.498800 3.455771 3.455699 0.314179 STABLE STABLE

10% ASYMMETRIC, Is/It = 1.1, 26.2% FUEL

90022102 0.000072 j.141519 4562.9 4365.1 6428.7 4910.4 15426.58 3.380803 3.523998 3.455776 3.455703 0.314183 STABLE STABLE

10% ASYMMETRIC, Ts/It = 1.1, 20% FUEL

90022103 0.000072 3.141519 4272 4082 6113 4594.7 14431.78 3.378859 3.536128 3.455778 3.455705 0.314185 STABLE STABLE

10% ASYIMETRIC, Is/It = 1.1, 15% FUEL

?0022104 0.000072 3.141519 4036.8 3853.4 5857.9 4339.6 1?633.36 3.377201 3.537933 3.455771 3 455699 0.314179 STABLE STABLE

1t5 ASYIMTRIC, Is/It : 1.1, 26.2% FUEL

90022105 0.000072 3.141519 4609.5 4318.5 6428.7 4910.4 15426.58 3.346626 3.572131 3.455776 3.455703 0.314183 STABLE STABLE
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PJN NO. Wp WT 11 12 lp IT o Sigmal Sigma2 SigmaO Sigm3P Sig aR Predict Result

EOUATION W R (15) (8) (D) (20) (22) (23)

151 ASYMMETRIC, Is/It : 1.1, 2"% FUEL

90022106 0.000072 3.141519 4316.8 4037.2 6113 1514.7 1H434.79 3.343794 3.575367 3.455778 3.455705 0.314185 STABLE STABLE

15% ASYK0iETRIC, Is/It = 1.1, 151 FUEL

q0022107 O.C00072 3.141519 4080 3810.2 5857.9 4339.6 13633.26 3.341443 3.578045 3.455771 3.455699 0.314179 STABLE STABLE

20% ASY ETRIC, Is/It = 1.1, 26.2% FUEL

90022108 0.000072 3.141519 4656.2 4271.8 6428.7 4910.4 15426.58 3.313061 3.611182 3.455776 3.455703 0.314183 STABLE STABLE

20% ASYMMETRIC, Is/It = 1.1, 20% FUEL

30022109 0.000072 3.141519 4361.5 3q92.5 6113 4594.7 14434.78 3.309525 3.615336 3.455778 3.455705 0.314185 STABLE STABLE

20% ASYM ETRIC, Is/It = 1.1, 15% FUEL

90022110 0.000172 3.141519 4121.1 3767.1 5957.9 4339.6 !63.6 3.306514 2.618T91 3.455771 3.455691 0.314179 STABLE STABLE

25% ASYP4ETRIC, Is/It = 1.1, 26.2% FUEL

90022111 0.000072 3.141519 4702.9 4225.1 6428.7 4910.4 15426.58 3.280163 3.651095 3.45:776 3.455703 0.314183 STABLE STABLE

25% ASYMMETRIC, Is/It = 1.1, 20% FUEL

90022112 0.000072 3.141519 4406.3 3947.7 6113 4594.7 14434.78 3,275877 3.656424 3.455778 3.455705 0.314185 STABLE STABLE

251 ASYM. ETRIC, Is/It : 1.1, 151 FUEL

90022113 0.000072 3.141519 416.2 3724 5857.9 4339.6 13633.26 3.272309 3.660865 3.455771 3.455698 0.314179 STAPLE STABLE

35% ASYMMETRIC, Is/It = 1.1, 26.2% FUEL

90022201 0.000072 3.141519 4850.9 4077.1 6428.7 4910.4 15426.58 3.180088 3.783629 3.455776 3.455703 0.314183 STABLE STABLE

35% ASYMMETRIC, Is/It = 1.1, 20% FUEL

90022202 0.000072 3.141519 4547 3807 6113 4594.7 14434.78 3,174512 3.791556 3.455777 3.455705 0.314185 STABLE STABLE

35% ASYMETRIC, Is/It = 1.1, 151 FUEL

90022203 0.000072 3.141519 4300.8 3589.4 5857.9 4339.6 13633.36 3.169899 3.798142 3.455771 3.455698 0.314178 STABLE STABLE

551 ASYMMwTP!C, Is/It = 1.1, 26.2% FUEL

90022204 0.000072 3.141519 4796.2 4131.8 6428.7 4910.4 15426.58 3.216355 3.733539 3.455776 3.455703 0.314183 STABLE STABLE
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1 UN '1. Yp Ar 11 12 p IT ho Sigmal Siqma2 SiimaO SignaP SigmaR PTedict Result
El'.ATI N MJM9ER (15) (8) (1) (20) (22) (23)
55% AY41ETRIC, Is/It : 1.1, '0" FUEL

1002231 0.000072 3.141519 4495.8 3858.2 6113 4594.7 14434.78 3.210664 3.741241 3.455777 3.455705 0.314185 STABLE STABLE

% ASr'IETRIC, Is/It =1.1, 15% FUEL

)0022202 0.000072 3.141519 4252.5 3637.7 5857.9 4339.6 13633.36 3.205902 3.747713 3.455771 3.455698 0.314178 STABLE STABLE

5Yf TRIC, Is/It = 1.03, 75" FUEL

9^022701 0.000072 3.141519 6499.4 6488.4 8207 6688.7 21013.28 3.233038 3.239519 3.235849 3.235776 0.094256 STABLE STABLE

SYMIOETRIC, Is/It = 1.03, 50% FUEL

90022601 0.000072 3.141519 5995.1 5984.1 7687.6 6169.3 19281.53 3.232823 3.2?8766 3.235865 3.235792 0.094272 STABLE STABLE

SYMETRIC, Is/It = 1.03, 26.2% FUEL

9C022402 0.000072 3.141519 4469.5 4458.5 6116.2 4597.9 1444.83 3.231796 3.239769 3.235851 3.235778 0.094258 STABLE NSTABLE

SYP!, TRIC, Is/It z 1.03, 20% FUEL

9022101 0.00072 3.141519 4182.5 1171.5 5820.6 4302.3 13516.18 3.231531 3.240052 3.235859 3.235786 0.094266 STABLE UNSTABLE

SYMMETRIC, Is/It : 1.03, 15% FUEL

90C22304 0.000072 3.141519 3950.6 3939.6 5581.7 1063.4 12755. 5 3.231249 3.240270 3.235826 3.235753 0.094233 STABLE UNSTABLE

25% ASYMETRIC, Is/It t 1.03, 75% FUEL

90022901 0.00C072 3.141519 6856.1 6131.7 8207 6688.7 21013.28 3.064837 3.426909 3.235848 3.235776 0.094256 STABLE STABLE

25% ASYMhTRI, Is/It m 1.03, 50% FUEL

90022802 0.000072 3.141519 6296.2 5683 7687.6 6169.3 19381.53 3.078225 3.410360 3.235864 3.235792 0.094272 STABLE STABLE

25% ASYETRIC, Is/It = 1.03, 26.2% FUEL

90022501 0.000072 3.141519 4741.9 4186.1 6116.2 4597.9 14444.83 3.046199 3.450585 3.235850 3.235778 0.094258 STABLE UNSTABLE

2% ASY1ME ZRIC, Is/It : 1.03, 20% FUEL

90022502 0.000072 3.141519 4442.8 3911.2 5820.6 4302.3 13516.18 3.042203 3.455681 3.235859 3.235786 0.094266 STABLE UNSTABLE

25% ASYm'ETRIC, [,/It r 1.03, 15 FUEL

9022503 0.000072 3.141519 4200.7 3689.5 5581.7 4063.4 12765.65 3.038872 3.459913 3.235825 3.235753 0.094233 STABLE ISTABILE
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RUN '40. Wp Wr 11 12 Ip Ir ho Sigma! Sigma2 Sigmao SigmaP SigiaR Predict Pesult
El'ATION N'J118R (u (8) (9) (20) (22) (23)
40% ASYMMETRIC, Is/It = 1.03, 75% FUEL

!(0022804 0.000072 3.141519 7070.1 5917.7 207 6688.7 21013.28 2.172072 3.550833 3.235848 3.235775 0.094255 STABLE STABLE

40% ASYMMETRIC, Is/It : 1.03, 50t FUEL

90030101 0.000072 3.141519 6476.9 5502.3 7687.6 6169.3 19381.53 2.992347 3.522357 3.235864 3.235791 0.094272 STABLE STABLE

40% ASYMMETRIC, Is/It = 1.03, 26.2% FUEL

90030102 0.000072 3.141519 4905.4 4022.6 6116.2 4597.9 14444.83 2.944621 3.590832 3.235850 3.235777 0.094237 ST62LE STABLE

40% ASYfI,_TRIC, Is/It = 1.03, 20% FUEL

900.03 0.000012 3.141519 4599 3755 820.6 4302.3 1?516.18 2.938880 3.599127 3.235858 3.235785 0.094265 STABLE STABLE

40% ASYMMETRIC, Is/It = 1.03, 15 FUEL

90020104 0.000072 3.141519 4350.8 3539.4 5591.7 4063.4 12765.65 2.934035 3.606639 3.235825 3.235752 0.094232 STAPLE STABLE

55% ASYMMETRIC, Is/It = 1.03, 751 FUEL

0.000072 3.141519 7284.1 5703.7 8207 6688.7 21013.28 2.884758 3.684056 3.235848 3.235775 0.094255 STABLE

551 ASYMMETRIC, Is/It z 1.03, 50% FUEL

90022803 0.000072 3.141519 6657.6 5321.6 7687.6 6169.3 17381.53 2.911131 3.641959 3.235864 3.235791 0.094271 STABLE STABLE

55% ASYMMETRIC, Is/It r 1.03, 26.29 FUEL

90022504 0.000072 3.141519 5068.9 3859.1 6116.2 4597.9 14444.83 2.849643 3.742963 3.235849 3.2?5777 0.094257 STABLE STABLE

55% ASYMMETRIC, Is/It m 1.03, 20. FUEL

90022505 0.000072 3.141519 4755.2 3598.8 5820.6 4302.3 13516.18 2.842345 3.755651 3.235857 3.235785 0.094265 STABLE STABLE

5%5 ASYMMETRIC, Is/It : 1.03, 15% FUEL

9002250 0.000072 3.141519 4500.9 3389.3 5581.7 4063.4 12765.65 2.836190 3.766361 3.235824 3.235752 0.094232 STABLE STABLE

SYMMETRIC, Is/It m 1.035, 26.21 FUEL

90030603 0.000072 3.141519 4469.5 4458.5 6138.5 4620.2 14514.9 3.247471 3.255483 3,251544 3.251472 0.109952 STABLE UISTABLE

SYffTRIC, Is/It = 1.035, 201 FUEL

90030604 0.000072 3.141519 4182.5 4171.5 5841.5 4323.2 13581.84 3.247230 3.255792 3.251578 3.251505 0.109985 STABLE UNSTABLE
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EWA 10N NUNBSR (15) (8) (9) (20) (22) (23)
SYMMETRIC, Is/It = 1.035, 15. FUEL

90030605 0.000072 3.141519 3950.6 3929.6 5601.5 4083.2 12827.86 3.246994 3.256060 3.251593 3.251520 0.110000 STABLE UNSTABLE

SY'ITITPIC, Is/It = 1.04, 26.2" FUEL

10030701 0.000072 3.111519 4a69.5 4458.5 6160.9 4642.6 14595.26 3.262216 3.271266 3.267309 3.267236 0.125716 STABLE UNSTABLE

SY"!ETRIC, Is/It = 1.04, 201 FUEL

90030702 0.000072 3.141519 4182.5 4171.5 5862.4 4344.1 12647.50 3.262928 3.271532 3.267297 327225 0.125705 STABLE UNSTABLE

SYMMETRIC, Is/It 1.04, 15' FUEL

90030703 0.00C072 3.141519 3950.6 3939.6 5621.2 4102.9 12889.75 3.262659 3.271769 3.2E7281 3.267208 0.125688 STABLE UNSTABLE

SYKMETRI!, Is/It = 1.045, 26.2% FUEL

002T33 0.100072 3.141519 1469.5 4458.5 6183.2 4664.9 14655.32 3.278890 3.286980 3.283003 3.282930 0.141410 STABLE MARGINAL

SYftETRIC, Is/It = 1.045, 20% FUEL

90030804 0.000072 3.141519 4182.5 4171.5 5883.3 4365 13713.16 3.278627 3.287272 3.283017 3.282944 0.141424 STABLE MARGINAL

SYMMETRIC, Is/It : 1.045, 15% FUEL

90030905 0.000072 3.141519 3950.6 3939.6 5640.9 4122.6 12951.64 3.278325 3.287479 3.282968 3.292896 0.141376 STABLE MARGINAL

SVMKJ.TRIr, Is/It 2 1.05, 75. FUEL

90022702 0.000072 3.141519 6499.4 6488.4 8336.9 6818.6 21121.37 3.295827 3.301415 3.298691 3.298618 0.157099 STALE STABLE

SYWETRIC, Is/It = 1.05, 50% FUEL

91022 02 0.C00072 3.141519 5995.1 5984.1 7807.4 6289.1 19757.90 3.295602 3.301660 3.298701 3.298628 0.157108 STABLE STABLE

SYM9KTRIC, Is/It : 1.05, 26.2% FUEL

0022308 0.000072 3.141519 4469.5 4458.5 6205.5 4687.2 14725.38 3.294565 3.302693 3.298697 3.298624 0.157104 STABLE STABLE

SYMMETRIC, Is/It : 1.05, 20% FUEL

9022?09 0.000072 3.141519 4182.5 4171.5 5904.1 4385.8 13778.50 3.294250 3.302937 3.298661 3.298588 0.157068 STABLE STABLE
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~'~ . I lWr 11 12 Ip U 5ig"jl SigW2 5ig,130 5i aP SigmaR Dredict Pesult

-iu 79!r, I-lt = 1. 5 1 l, rE'L

) .0.2273 0. nC072 3.141519 39 06 3139.6 5660.7 4142.4 13013.84 3.294071 3.303268 1.298736 3.29?653 0.157143 STABLE STABLE

25% AYW!E TRIC, Is/It = 1.05, 26.2% FUEl.

"022105 0.000072 3.141519 4710.8 4197.2 6205.5 4687.2 14775.'8 3.112597 3 508300 3.298696 3.238624 0.157104 5TAKLE STAPLE

25% ASYMETRIC, Is/It = 1.05, 20% FcL

10022106 0.00072 3.141519 4W32.4 3921.6 04.1 4385.8 13778.50 3.108524 3.5l?40 3.2'%50 '.2958 0.157068 51A0L1 ST8ALE

2 % 45Y1' 4.RIC, s/It = 1.05, 15% FUEL

.,z!207 0 0C0072 3.141519 41')0.9 ?691.3 560.7 4142.4 13013.4 3.105198 2.517838 2.2987?5 3.298663 0.157143 IA 5

0YM !ETRl, Is/I' = 1.07, 75' FUEL

'1022703 0.00072 3.141519 6499.4 6488.4 466.8 6948.5 21829.46 3.358616 3.364310 3.261534 3.61461 0.21991 5T"KE STALE

S TETR1C, Is/11 z 1.07, 50% FUEL

"102260 0.000072 3.141519 51'5.1 5984.1 7927.2 6408.9 '0134.26 3.358380 3.364553 3.'61537 3.'61464 0.211944 STABLE STABLE

SYMMETRIC, Is/It = 1.07, 26.2% FUEL

n"022403 0.000072 3.141519 4469.5 4458.5 6294.8 4776.5 15005.92 3.357333 3.365616 3.361542 3.1470 0.219950 STABLE STABLE

SY'ETRIC, ks/It = 1.07, 20% FUEL

'102404 0.000072 3.141519 4182.5 4171.5 5987.7 4469.4 14041.14 3.357045 3.365897 3.361538 3.3614 5 0.219945 SMQL! 5TABLE

SYW"ETRIC, !s/It = 1.07, 1!' FUES

9A022O5 0.000072 3.141519 3950.6 3939.6 5739.6 4221.? 13261.71 3.356813 3.366186 3.361566 3.361493 0.219973 STAPLE STABLE

YrrlrIi, Is/It : 1.02, 75% FI.PL

....703 0.000072 3.11519 6499.4 6488.4 8142.1 6623.8 208"9.39 3.201667 3.207095 3.204452 3.204379 0.062859 STABLE STABLE

SYPOIETRIC, Is/It r 1.02, 50% FUEL

qC02203 0.000072 3.141519 5995.1 5984.1 7627.7 6109.4 19193.35 3.201434 3.207319 3.204447 3.204374 0.062854 STABLE STABLE
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