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sistance and capacitive) is equated to the line terminal-pres-
sure differences;

Ldi/dt + R + 1/Cfun/dt = P — v 8)

Clement and Johnson! obtain for the cell pressure the expres-
sion

P=vy4 P — ¥l — et (cosw: + a/wsinw,)] (9)
where
A = R/2L, w = 1/LC — R¥/4L? (10)

In applying this method, the equivalent resistance of the
duct is taken from the calculations of mass flow and pressure
loss. The entrance and exit loss coefficients, K. and K., re-
spectively, are taken from London and Kays.?

For a $-scale program conducted at the Aerojet-General
Corporation’s Azusa Facility, the duct constants were calcu-
lated to be: o = 14.28 rad/sec, w = 49.4 rad/sec. The
ramp time required for the analysis was determined from gas
pressure measurements either in the ejector manifold or the
engine chamber. For the 10 tests, the average deviation from
test data were 0.16 psi (8%,) over-pressure and 0.036 sec (6%)
in response time.

Five full-scale tests with N, without SGS were evaluated
similarly. The test involved the sudden shutoff of the pri-
mary flow. The resistance of the duct with end effects in-
cluded is R = 0.792 Ibf-sec/Ib-ft2. The compliance is deter-
mined from the average change in pressure which results from
the addition of 1 Ib of gas, or by use of Eq. (5). With ETC
volume = 5925 {t3, for gaseous N, at 520°R, the compliance
(ETC + duect) is ¢ = 0.2065 1b-ft2/Ibf. Then with L =
0.2767 sec?/ft? (see Fig. 6), Eq. (11) gives (for A = 12.4 ft?,
L = 110 ft) &« = 1.43 rad/sec, and «w = 3.93 rad/sec. The
analysis shows (See Fig. 6) that ETC repressurizes to a maxi-
mum of 14.5 psia which is 1.7 psi higher than the ambient
pressure of 12.8 psia at NRDS, reaching this pressure level
1.1 after the primary flow starts to decrease. The initial
surge is followed by a series of pressure oscillations that are
effectively damped in 5.5 sec (not shown).

The ETS-1 was also tested with He to provide a more
realistic evaluation than was obtained from tests with N,.
The SGS flow was cut off as rapidly as practicable by shutting
down the steam generators simultaneously. The test results
are shown on Fig. 7. From the steam flow decay rate and the
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purge gas flow rate predicted ETC pressure is also shown on
Fig. 7. It should be noted that the predicted ETC pressure
peak occurs approximately the same time and has the same
magnitude as the measured value.

In conclusion, the results of the analytical model agree well
with the experimental data. The analytical predictions were
confirmed by both visual observation and by using oxygen
analyzers. The model can be used efficiently to modify
either the design or the operating conditions for over-all system
improvement.
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Introduction

RAVITY-GRADIENT stabilization of artificial satellites

in near-circular orbits has been well demonstrated in the

past. In this Note the capture and stabilization of a satellite
in a highly eccentric orbit is considered. The satellite under
consideration is Lidos, whose purpose is to yield geodetic
information. It has an unsymmetrical inertia ellipsoid, four
solar paddles arranged in a windmill fashion, a self-erecting
boom with end mass, permeable rods for hysteretic damping

~ and a dipole magnet for performing inversion maneuvers in

case the satellite is initially captured in the undesired mode.
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Fig.1 Coordinate transformation and angle representa-
tion.
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It is to be gravity-gradient stabilized in an orbit having
an eccentricity of 0.2 and a semimajor axis of 1.45 earth
radii.

Satellite oscillations in the plane of an elliptic orbit are
described! 2 by the following differential equation:

. d . .
— 2e sinv o8 + asing cosg = 2e siny

dv

where ¢ is the eccentricity, o = 3[(I. — I.)/I,], ¢ is the
piteh libration angle measured from the local vertical, and
v is the true anomaly. This equation has been investigated
by researchers using numerical integration and phase space
representation. The stable region is symmetrical about the
local vertical at ¥ = 0 and 7 for all ¢ and & ~ 3.1 The
region of stability becomes skewed as v varies from 0 to =
to 2w, and it shrinks as e is increased, until e reaches 0.355,
when gravity-gradient stabilization is no longer possible for
any configuration.

Consider a satellite having @ =~ 3 in an orbit with 0.2
eccentricity. 'The resulting pitch oscillations have an ampli-
tude of 0.26 rad (initial conditions of ¢ = 0, ¢ = 0.74 at
y = 0). An approximation of this result can be obtained by
solving the Mathieu equation.>=® Note that ¢ is in degrees
and ¢ is nondimensionalized by #(¢).

It is not sufficient to consider only eccentricity that pri-
marily affects pitch librations. Perturbations due to thermal
bending, solar radiation pressure, and magnetic torques must
be included. Solar radiation pressure is principally felt in
roll and yaw; the forcing function in roll has a component
with twice orbital frequency, and since the natural frequency
is also the same, resonant conditions tend to be set with a
particular combination of orbit elements and solar aspect.®
This effect, coupled. with the eccentricity effect gives rise to
large roll motion, and although the pitch motion is within
stable bounds, tumbling in roll can occur.

The theory for the attitude motion of a spacecraft has
been developed using the Lagrangian and in a form suitable
for computer simulation. External forces and torques are
included in the simulation. The solar effect consists of both
thermal distortion of the stabilizing booms and a solar radi-
ation pressure torque on the deformed spacecraft. The
gravitational torque not only provides the basic stabilizing
mechanism but also introduces attitude perturbations
through the eccentricity of the orbit. The magnetic torques
are simulated using a geomagnetic field model written in
terms of spherical harmonics. An analytical model for
hysteretic damping has been developed and is included in
the simulation.”

2
(1 4 e cosv) %—f

Attitude Simulation

The coordinate transformation and system used to define
piteh, roll, and yaw angles are shown in Fig. 1. The results
of the simulation are presented as plots of these three angles
and the total off-vertical angle as a function of time for

Table 1 Physical parameters

Orbit parameters: a = 1.45, e = 0.1992, ¢ = 96°, @ = 0°,
= 0°, 190° (sun’s right ascension and declination were zero)
Main Spacecraft: M = 13561b, I, = I, = 8.7 slug ft?, I, =
17.0 slug ft2 :
Equivalent ¢ylinder = 25.4-cm radius, 31.0 em high; surface
reflectivity = 0.8
Booms: m = 0.0154 Ib/ft

Radius of curvature due to thermal bending = 1500 ft
Surface reflectivity = (.88
Diameter = 1.27 cm

End mass: M = 5.0 1b, area = 268 em?

Solar paddles: area = 4280 em?, surface reflectivity = 0.25

Magnetic rods: volume = 17.56 cm?, diameter = 0.275 cm;
material, AEM 4750
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Fig. 2 Steady-state oscillations for 60-ft boom with 5-1b
end mass.

various combinations of physical parameters. Table 1

presents the physical properties common to all runs.

The effect of eccentricity alone is felt principally in pitch
motion. The peak amplitude is about 24° in pitch with no
oscillations in roll and yaw.

Different orbits were studied to obtain the most adverse
set of conditions that would yield an upper bound on attitude
motion.! It was found that the orbit giving resonant condi-
tions in roll was such an orbit, and the rest of this study is
based on it. A parametric steady-state study was conducted
which determined that the combination of 60-ft boom length
and 5-1b end mass was optimum. The result of this simula-
tion is shown in Fig. 2. The yaw motion occurs since the
solar paddles are arranged in a windmill fashion. The energy
associated with yaw motion, if transferred, is capable of
causing a 6° roll motion. From an attitude stability view-
point such performance is acceptable. The benefit to be
derived from the yaw motion is the smoothing of thermal
fluctuations of the satellite. External perturbations cause
no substantial change in pitch, although roll oscillations in-
crease to about 10°, and the satellite rotates in yaw at the
rate of one or two revolutions per orbit.

Transient response to an initial condition in pitch is shown
in Fig. 3 for 3 cases: two hysteretic damping rods 57 in.
long, four 57-in. rods, and a General Electric magnetically
anchored damper (damping constant of 8 X 10* dyne-cm-
sec/rad). Although the results with the GE damper are
somewhat superior than those obtained by magnetic hystere-
sis damping, scheduling limitations dictated use of the latter.
Inversion maneuvers were simulated using a dipole magnet
pointed in a direction opposite to the boom. Satisfactory
results were obtained using a magnet of strength 44,000 pole-
cms.

Stability and Capture

It is important to know the stability region before attempt~
ing to capture the satellite. For orbits with e < 0.1, the
point ¢ = 0, ¢ = —1 is always within the stable region of
the phase plane. Therefore, if the moment of inertia is ade-
quately increased anywhere in the orbit, provided ¢ is within
stable limits, then ¢ =~ —1 and the satellite is captured in
the gravity-gradient mode. This maneuver has been done
many times and is well understood.

However, when e > 0.1, the foregoing procedure does not
always insure capture, since ¢ = —1 is out of the stable
region for certain values of the true anomaly.!? Specifically,
when e = 0.2, the point ¢ = —1 is not inside the stable region
anywhere in the orbit except for a small time around apogee.
This is shown in the stroboscopic study of Fig. 4. Addition-
ally, the study of the regions of stability with different
parameters and including perturbing forces is reported else-
where.? It suffices to note, however, that the region of
stability obtained is larger than that reported before.



1458 J. SPACECRAFT

{ '”_Jn\[\,\,‘” V/\/\\‘

15 )

’ lgEﬁw A A A T A A

o ofda DAL 4 MNP el /T Pt ]
_igoly Vi VTV NYN N V—” /\J W

30

- sty

Fi b Rt

a) TWO 57-INCH HYSTERESIS RODS

v Bl VW

AN AL A A L A AAA
* ST A A M

R L v

b) FOUR 57-INCH HYSTERESIS RODS

A s DA An hns fieon Aoson fa )
@ Ofrraltaliiall Al 1 NA A EHPTe Y lzlg
_401:\‘» VRV Uy VAT VR T e VY

AGAALAR AR AL AN Ap AL A

L OE = ARATEATARVA AV AVA R VARV ARV

s aanan st i ad
AATAARY

|

P e

0 6 12 18 24 30 36 42 48 54 6
TIME (hours)

¢) GE DAMPER (k = 8 x 10° DYNE-CM-SEC/RAD)

Fig. 3 Transient responses for 60-ft boom and 5-1b end
mass, 80 days.

Because of the existence of perturbations, the exact deter-
mination of the region around ¢ = —11is difficult. Therefore,
to effect satellite capture anywhere in the orbit, the satellite
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Fig. 4 Stroboscopic study at » = 7 for an eccentricity of
0.2.

must be maneuvered into the stable region. The maneuver-
ing is achieved by using an electromagnet. The satellite
is magnetically stabilized, and the boom is erected while the
electromagnet is still on. The magnetic torque opposes the
gravitational torque and drives the satellite into the stable
region, at which time the electromagnet is turned off and
capture is effected.

The stability regions for 290° < v < 310° 310° < v <
330°, and 300° < » < 320° are shown in Fig. 5 for the stable
initial conditions, ¢ = 18°, ¢ = 0 at perigee. The equations
of attitude motion are now integrated beginning at v = 262°
and with different initial conditions. It is assumed here
that the satellite is magnetically stabilized, the boom for
appropriate inertia is erected, and the electromagnet is on.
The resulting trajectories (¢ and ¢ with time as parameter)
are superimposed on the stability charts. Trajectories ob-
tained with initial conditions of —10°, +10°, 0°, and zero
rates in each case are shown in Figs. 5a, 5b, and e,
respectlvely

Tt is seen that the attitude motion is driven inside the
stable region and stays inside for ~8 min. If the electro-
magnet and all perturbing effects are turned off during this
time interval, the satellite is captured. The exact locations
of the stability regions and attitude trajectories depend

1.0

ATTITUDE

TRAJECTORY

(time in minutes)
— v =29%° — v = 310°
—-—v=310° —=—v=330°

a) -10° INITIAL CONDITION

b) +10% INITIAL CONDITION

— v =300°
-—v=320°

) 0° INITIAL CONDITION

Fig. 5 Attitude trajectories, of different initial conditions at » = 262°, superimposed on the stability region for eccentricity

of 0.2.
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upon » and the initial conditions applied at » = ». In 6 = angular displacement, radians
any practical situation, this must be a real-time operation. A = combustion chamber gas velocity function
M = gravitation constant, ft3/sec?
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Prediction of Flight Performance of a
Throtiling, Ablative Rocket Engine

RoserT D. BAKER*
Systems Group of TRW Inc., Redondo Beach, Calif.

Nomenclature
A = cross-sectional area, in.2
C,D,E = empirical constants
Cy = nozzle thrust coefficient, dimensionless
c* = characteristic velocity, fps
F = engine vacuum thrust, 1bf
g = mass equivalence = 32.174 lbm/slug
I, = engine specific impulse, Ibf-sec/Ibm
K = hydraulic conductance
L* = chamber chavacteristic length, ft
M = mass of spacecraft, slugs
P = pressure, psia
AP = injector pressure drop, psid
r = radial distance, ft
Rm = mixture ratio, dimensionless
S = throttle position, percent of maximum
T = temperature, °R
t = measured burn time, sec
T = time required to erode a fiberglass nozzle throat 209,
sec
AV = characteristic velocity, fps
w = propellant flowrate, Ibm/sec
a = injector momentum ratio, oxidizer/fuel
8 = ratio of nozzle stagnation pressure to chamber pres-

sure, dimensionless

Presented as Paper 69-452 at the AIAA 5th Propulsion Joint
Specialist Conference, U.S. Air Force Academy, Colo., June
9-13, 1969; submitted June 4, 1969; revision received September
2 ,1969.
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Introduction

N simulating the performance of a throttling, ablative
rocket engine system, variations of performance with
respect to the engine throttle position must be considered in
addition to performance deviations produced by off-nominal
engine interface conditions and throat erosion. Performance
parameters such as vehicle AV gain, delivered impulse, and
propellant consumption are dependent upon the throttle
time profile employed during the mission as well as the initial
performance measured during acceptance tests of the engine.
If the engine is to be used on a soft-landing mission, it will
be necessary to augment the engine perforimance characteriza-
tion with the actual dynamic constraints of the dight path.
Such s capability has been developed at TRW Systems to
simulate the performance of the lunar module descent engine
(LMDE) executing a lunar landing mission (LLM).

Discussion

Analysis can be carried out assuming a fixed throttle-time
profile representing a nominal mission or the model can be
augmented with the actual dynamic equations describing
the accelerations experienced while transiting a conservative
centralized inverse square force field. Usual simplifying
assumptions for an LLM are: spherical moon without
gravitational perturbations, two-dimensional flight in the
equatorial plane, and no drag. The equations of motion for
this problem in polar coordinates are

rf 4+ (F/M) cosp + 270 = 0 1)
7 — 82 + (F/M) sing + u/r2 =0 (2

Figure 1 illustrates the directions of these acceleration
terms. The targeted speed and altitude parameters then
act as the constraints for the mission. To meet these con-
straints in the nominal case the LMDE throttle-time pro-
file is as shown in Fig. 2. The remainder of the propulsion
system simulation model can be constructed in either one of
two ways, by use of an influence coefficient model or a
nonlinear model.

Influence Coefficient Method

The most compact and simplest form is to take a linear
approach wherein the basic external performance parameters
(P.,Rm,F b, and hence [.;) are tabulated against throttle
position for nominal engine operation. Critical performance
parameters are then determined in the nominal case by inter-
polating the table based on the required throttle position.
Off-nominal conditions are accounted for by the use of linear
influence factors on the tabulated parameters. Off-nominal
conditionst are considered to be produced by external factors.

The accelerations required to meet the speed and altitude
constraints shown in Fig. 1 are augmented with the instan-
taneous mass of the vehicle and the required throttle position

T Such as off-nominal interface pressure, temperatures, gas
absorption within propellants, etc.



