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average nodding frequency of the axis of symmetry appears
to be relatively unaffected by changes in the inertia or solar
parameter.

The effect of the spin parameter a on the librational behavior
is indicated in Fig. 2b. Here again, critical values of the spin
parameter exist for which the satellite tumbles over. A large
value of the spin parameter, in general, leads" to smaller
coning angles as anticipated.

Figure 2c shows the influence of the orbital eccentricity on
the attitude motion. In general, higher values of the orbit
eccentricity result in larger amplitude motion. Unlike the
effect of the inertia and the spin parameters, no resonant
behavior is noticed for the typical system parameters con-
sidered here.

The influence of the significant orbital parameters, such as /,
<f>, o>, and the solar aspect ratio G, on the satellite performance
was also investigated. The amplitude of oscillation was
found to reduce gradually with an increase in the orbital
inclination from the ecliptic (Fig. 2d). Changes in the solar
aspect angle <f>, which depends upon the location of the line
of nodes and the apparent position of the sun, did not affect
the amplitude of librations and their frequency. The influence
of the perigee position to and the solar aspect ratio G was also
found to be insignificant.

From design considerations, it would be desirable to assess
the magnitude of the solar pressure torque that a satellite can
withstand without exceeding the permissible bound of
Iteration as governed by the mission requirements. This
bound then would establish a criterion for stability. Here,
the stability limit is purposely taken as a large value of $ = ?r/2
to emphasize the vulnerability of the satellite's performance
to the solar pressure torque.

Figure 3a shows a typical stability chart for librational
motion in a circular orbit with the solar radiation pressure
as the only excitation. The equations of motion (3) were
integrated over 15-20 orbits for a range of values of satellite
inertia and spin parameters. The resulting information
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about the maximum amplitude of the coning angle <Dn,ax was
then condensed in the form of the stability plots in the / — a
space. The analysis shows that in addition to the main
stable region for high inertia parameter values, there also
exist small isolated stable areas. However, there are substan-
tial unstable regions even for positive spin or large inertia
parameters. It is observed that the stable areas reduce
drastically, as expected, with an increase in the value of the
solar parameter.

The effect of the orbital eccentricity on the stability of
librational motion is presented in Fig. 3b. An increase in
orbital eccentricity further enhances the destabilizing influence
of the solar pressure. The effect appears to be more pro-
nounced for satellites spinning in a direction opposite to
that of the oribital motion.

Of particular significance is the conclusion that the value
of C as small as 0.5, which would physically correspond to
£-0.1 ft for INTELSAT IV category of satellites (/ ~ 0.7)
at synchronous altitude, causes the satellite to tumble over.
The critical values of eccentricity, inertia, and spin parameters
would only accentuate this behavior. Of course, in actual
practice, a higher spin rate and/or active control system would
counter this tendency. Nevertheless, the analysis clearly
brings out the fact that the solar parameter C is of the same
importance as /, a, and e in the design of the satellite attitude
control system.
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Nomenclature
Cm = (pitching moment with static interference)/^^/)
Cme = dCm/d6, static pitching moment derivative
CM0 = &CJd(ld/2V), pitch damping derivative
Cme, Cme — effective derivatives, with dynamic interference
G, H — dynamic interference factors (for synchronous oscilla-

"tion G = Cmi/Cme and H = Cme'/Cme)
i = difference between the incidence of the orbiter and

that of the booster.
IYY = moment of inertia about pitch axis

= reference length of each vehicle
q = dynamic pressure
S = reference area of each vehicle
A*, Az = longitudinal and vertical separation, respectively, be-

tween the centers of gravity, see Fig. 3

Fig. 3 Typical stability charts showing adverse influence of the
solar radiation pressure, a) e = 0; b) e = 0.1.
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V = velocity
a = mean angle of attack of the orbiter
09 $ = angular deflection in pitch and angular rate in pitch,

respectively
0 = amplitude in pitch
(j) = phase angle between motions of the orbiter and the

booster (orbiter leading)
aj = instantaneous frequency

Subscripts
@9 B == orbiter and booster, respectively

Introduction

THE dynamic interference between two vehicles flying in
the vicinity of each other may be defined as the interference

on one of the vehicles caused by the other vehicle when it
performs some motion (such as pitch oscillation) with respect
to a system of coordinates moving with the e.g. of the first
vehicle. One example of a situation when the dynamic
interference may be large is the abort separation of the early
fully reusable version of the space shuttle. It has been shown1

that the pitch damping of a space shuttle orbiter could be
dramatically changed by the dynamic interference from an
oscillating booster in close proximity. It was demonstrated
that when the two vehicles oscillated with the same frequency,
the pitch damping of the orbiter could vary between -f 13 and
— 8 times its interference-free value, depending on the phase
angle between the two motions. So far, however, no infor-
mation has been available as to the significance of the dynamic
interference on the flight behavior of any of the component
vehicles. In this Note a method is presented by means of
which the dynamic-interference effects on both the dynamic
arid static pitching-moment derivatives can be accounted
for in a flight mechanics analysis of an abort-separation
maneuver. It is shown that it is indeed realistic to expect
that the two vehicles may in some cases oscillate with the same
frequency shortly after separation and that, when this happens,
fully measurable and nonconservative effects on the orbiter
flight may occur. Although the present results refer specifically
to the abort separation of a fully reusable delta-wing shuttle,
the conclusions may be of interest also for the current, partially
reusable shuttle and, indeed, for many other situations
involving two vehicles flying in close proximity.

Analysis

In the investigation of Ref. 1 the pitching-moment deriva-
tives were measured on an oscillating orbiter in the presence of
a booster that was either stationary (causing static interference)
or performing an oscillatory motion (causing dynamic
interference). The results, which so far have been obtained
only at Mach 2 and only for one relative position of the
centers of gravity of the two vehicles, are presented here as
dynamic-interference factors G and H, which are plotted in
Fig. 1 as functions of the phase angle between the motions
of the two vehicles. By curve-fitting these functions, analy-
tical expressions for G and H were obtained. For example,
for an amplitude of 1.9° of both vehicles and for the
single set of separation parameters investigated (/ = a = 0°,
Ax// = -0.06,Az// === 0.19), we had

G = 0.83 - 0.39 cos<£ (1)
H = 2.45 + 15.0 sin(<£ + 13°) (2)

The analysis was based on the NASA Langley Research
Center (LRC) Abort Separation Program.2 This program
consists of 12 simultaneous equations of motion (6 for the
orbiter and 6 for the booster) and a matrix summarizing the
experimentally obtained static interference data for the
aerodynamic coefficients of both vehicles in the plane of
symmetry. To account for the dynamic interference effects,
effective derivatives Cme' and Cme' had to be introduced.
When the two motions were synchronous, the simple relations
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Fig. 1 Dynamic interference factors G and H (based on data of
Ref.l).

Cme' = GCmo and Cmo' = HCm& could be directly used. In
the general case of the frequencies of the two vehicles being
unequal, a cushioning factor

F= (ojp/W [where \n\ > 1, such that F< 1] (3)

was employed to provide for a gradual introduction of the
dynamic interference effect. The effective derivatives then
were

(4)

(5)
Although it is difficult to determine the exponent in Eq. (3)
experimentally, the general form of Eqs. (4) and (5) does agree
with experimental observations and a value of \n\ between 2
and 4 seems to provide a realistic representation of the varia-
tion in Cm/ and Cme with varying frequencies of the two
vehicles. In the present analysis it was assumed that \n\ =2.
Because of the limitations of the experimental data available
at the present time, the dynamic interference effect was con-
sidered only for the derivatives Cme

f and Cme of the orbiter
and only clue to the pitching motion. In a real case, the
corresponding dynamic interference on the booster derivatives
and the dynamic interference due to the simultaneous plunging
and rolling motions may also be important. As for the deriv-
atives with static interference only, Cme was allowed to
vary in accordance with the matrix, while Cme was assumed to
be approximately independent of the separation parameters
Ax, Az, and /, which was consistent with experimental data.1

The method of analysis is described by the block diagram in
Fig. 2. The initial conditions chosen had to be consistent
with the assumed values of amplitudes, frequencies and phase.
The occurrence of collision, if any, was detected by a separate
subroutine. Since in the LRC matrix the aerodynamic
data were given in the form of instantaneous coefficients,
the equivalent static pitching derivatives Cme for both the
orbiter and the booster, had tq be determined from

Cme = (Cm)matrix/(0 ~ (6)
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EFFECTIVE DERIVATIVES
(WITH DYNAMIC INTERFERENCE)

Fig. 2 Block diagram of the present method of analysis.

where the equilibrium angle 0' was obtained as the angle at
which (Cm)matrix was zero. Instantaneous frequencies for
both vehicles were introduced as

It was found that these frequencies were strong functions of
the relative position of the two vehicles and could vary sig-
ficantly during a separation maneuver. A subroutine was
developed for the recognition of the crossing-over of the
frequencies of the two vehicles and for the determination of
the phase angle at that moment; this calculated phase angle
</>caic was then compared with the value </>in initially assumed.

After the determination of the instantaneous effective
derivatives, the total pitching moment coefficient Cm

f was
calculated from

Cm
f = (8 - 8')Cme (8)

This value was then used in the next step of the program repla-
cing the value previously obtained on the basis of static
interference data for that particular set of separation para-
meters. It should be noted that the first term on the RHS of
Eq. (8) was equal to [1 + (G - l)F](Cm)matrix.

PRESENT METHOD
ORIGINAL LRC METHOD

2 TIME, sec 3

Fig. 3 Orbiter incidence, orbiter and booster frequencies, and
longitudinal and vertical separation distances for the first 4 sec after

separation.

angular motion from converging to diverging. The present
method indicates that after the initial crossover at t = 0.4 sec
the two frequencies crossed over again at / = 3.7 sec and then
remained very close, increasing the possible impact of dynamic
interference. At the same time the present method gives
considerably smaller variations in A* and Az (indicating
that the two vehicles remained close together for a longer
period of time) than can be predicted without taking dynamic
interference into account.

Results

The computations were performed for several sets of initial
separation conditions, as given by the initial values of A*
and Az, and by the initial angular deflections and angular
velocities of the two vehicles. By means of a simple trial and
error procedure the initial conditions were also made compati-
ble with the frequency, amplitude and equilibrium data
obtained from the first few steps of the computation, and also
served to obtain the phase information for the first frequency
crossover (if any). All computations pertained to an abort
separation maneuver at Mach 2 at an altitude of 60,500 ft.
In the majority of cases the separation either went smoothly,
with the two vehicles flying gradually apart, or led to a rapid
collision, without the frequencies crossing-over and, therefore,
without establishing conditions necessary for the manifestation
of the dynamic interference effects.

A few cases were found, however, where the frequencies of
the two vehicles did cross over, and the flight histories of both
vehicles were then studied in detail, using partly the present
method (with dynamic interference) and partly the unmodified
LRC program (with static interference only). An example of
such a case is given in Fig. 3, for the following initial conditions:
00= -0.35°, 6B= -3.00°, 60= -0.093rad/sec, 6B= -0.131
rad/sec, and </>in = 315°. The inclusion of dynamic inter-
ference increased the initial amplitude of the orbiter pitching
oscillation from 8° to 14° and at the same time changed the

Summary and Conclusions

The principal message of this paper is that the mutual static
interference between two vehicles flying in the proximity of
each other may cause their instantaneous frequencies to
become nearly the same, and that whenever this happens
(even if only for a short time) a strong and hitherto unaccoun-
ted-for dynamic interference may occur which could alter the
subsequent flight history of one or both of the companion
vehicles. This was demonstrated by considering the dynamic
interference of the booster on the flight behavior of the orbiter
in a hypothetical abort-separation case of the fully reusable
space shuttle. The study was of an exploratory character,
was based on very sparse experimental data and involved
certain simplifications. The results, therefore, should be
considered in a qualitative, rather than quantitative, sense.
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