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Nomenclature
b = perpendicular distance of boom root from ig
E2(£), E9(£) = nondimensional mode shapes for boom vibration

in J2, ja directions, respectively
El = flexural stiff ness of boom
h = perpendicular distance of boom root above ii, iz

plane
ii,i2,ia = principal axes of main body, i3 is nominal spin

axis
ji, J2,J3 = boom base set of axes, ji is nominal boom line
I = inertia tensor of main body
/n,/22,/33 = principal moments of inertia of main body along

iii 12, is, respectively
l(t) = length of boom
Mb,Mt = boom and tip total masses
Mm = mass of main body
M8t — total satellite mass
s = distance along boom center line from boom root to

point on boom
x = position of mass element of boom as seen in ji, J2,

js set
a3,a2,ai = Euler angles (3,2,1 sequence) relating ii, i*, is to

inertial attitude axes at main body mass center.
Axis 3 of both sets parallel in nominal spin

azD = change in spin rate
= modal amplifiers i.e., x2 = $2%, %s = &*lEz
= angle between ji and ii measured on projection of

ji in ii — i2 plane
= mass per unit length of boom
= angular velocity of main body

-main body
center of mass

p
o>

Introduction

SATELLITES employing long flexible booms for ionio-
O spheric sounding or telemetering purposes typically
have these long appendages compactly stored until the satel-
lite is in its approximate operational posture in orbit. Dur-
ing deployment, the flexible appendages will cause the main
body to despin and change its nutation — precession charac-
teristics. Moreover, the booms will be subjected to bending
moments due to environmental inputs and the inertial loading
from the main body motion. The purpose of this study is
to determine the maximum nutation-precession angles ex-
pected to remain after deployment and to find the maximum
bending moments and deflections the booms will experience.

This analysis neglects environmental inputs during deploy-
ment and considers a configuration in which all booms are
nominally perpendicular to the nominal spin axis with the
projection of their nominal line passing through the nominal
spin axis (see Fig. 1).

Josloff1 has found expressions for maximum bending
moments on deploying booms for a 'point mass' main body
and total angular momentum vector assumed to lie along a
principal axis; Lang and Honeycutt2 have found design
methods for critical values of boom bending moments during
deployment by considering the boom masses to be located at
appropriate radii of gyration; Bowers and Williams3 have
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-nominal boom line
-inertial attitude axes

Fig. 1 General satellite configuration.

studied boom deployment timing to ensure gravity-gradient
capture; Cloutier4 has simplified the study of boom deploy-
ment of heavy tip masses by neglecting boom mass. A more
rigorous analysis is presented.

Equations of Motion

The equations of motion of a configuration (elastic degrees
of freedom are discretized by modal analysis) typified in Fig. 1
are developed from Lagrange's equations

= 0 (D
in which T is the configuration kinetic energy about the
total mass center

T =

where

Z * f (* + *J

= - Z f Kq< + *MM.t]dmi J

(2)

Note that the integrals are over the entire boom mass includ-
ing unextended boom and tip mass. Moreover, U is the
boom strain energy

u = E m<\ (3)

where

_~ h
^2/p A 2
,__* I

ds = [1 + +

The equations for torque-free motion are developed from
Eq. (1) by using as generalized coordinates ai,az, 0:3, $2; and
$3;, where ai,a2, and 0:3 describe the main body motion and
$2i, $3; the boom vibrations.

The modes of vibration are found from the following con-
siderations. We consider a thin rod mounted as a cantilever
onto the satellite body as shown in Fig. 1. The differential
equation of boom shape is

_d /dx\ = T

ds \ds)
X(dx/ds)

El

where

- Pp[{x(s')-z(8)}xa].
J S

(4)

(5)
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a = (<b) x R + 2o> X (R) + <o X (<o X R) + (R),
(6)

R = q + x
Inserting Eqs. (5) and (6i) into Eq. (4), assuming that dxi/ds
^ 1, dxz/ds ^ dx2/dxi, dx^/ds ^ dx^/dxi, 2i(Mbi + Mti)/Mm
<<C 1, as well that coi, co2,d>i,d>2,co3, xj,Xz'}Xz,£3' are sufficiently
small that terms of order two and higher in these quantities
can be ignored, we obtain, with ̂  = 0,

El

(7)

- Pxi •

C02C03/& —

[-co3
2(6

[-co3
2(6 (8)

where prime (') denotes values at P' (see Fig. 1). Equations
(7) and (8) are subject to boundary conditions to be shown
shortly. Introducing the notation

€ =

X = \f =

(coico3 — a>

r = X'/X

Eqs. (7) and (8) can be written in nondimensional form. In-
tegral Eqs. (7) and (8) can be reduced to fourth-order partial
differential equations.5 Regarding I and co3 as constant, the
equations for the boom vibration and the associated boundary
conditions can be shown to have the form

2r(l

X[e

(0,0) = 0, 0, ^(1,0) = 0, (9)

e) +

2e + 2r(l

X[e + {

f (0,*) = 0, = 0,

Thus, we have partial differential equations which are forced
by the precession — nutation inputs Ni and A^2, where Ni and
A^2 are close to being periodic (for symmetric rigid body, ex-
actly periodic) with a frequency in <t> of &n. If we assume
particular solutions of the form

tf, *) =

and use

where
= -Qn2P, |Pmax| = 1, then Eqs. (9) and (10) become

Fig. 2 Boom mode shapes.

#2(0) = 0, #2'(0) = 0, E2"(l) = 0,

X
2 2r(l

X[e
(12)

= 0, £,'(0) = 0, E,"(l) = 0,
e) +

where prime (') denotes differentiation w.r.t. argument.
The solutions of the linear two point boundary value Eqs.

(11), and (12), give suitable modes to identify realistic de-
grees of freedom of boom lateral vibration under nutation —
precession inertial loading.

Solution

The configuration equations of motion, Eq. (1), are ex-
pressible as

C(t) (13)

where Y(£) is defined by

and matrices A, B, C are functions of time because lit liy li de-
pend on time during the extension history. Premultiplying
Eq. (13) by A ~l(t) we obtain

(14)

Equation (14) is integrated numerically throughout the
extension. Equations (11) and (12) are used to obtain
modes #2, Ez for the boom vibration degrees of freedom re-
quired in Eq. (1). The numerical solution of Eq. (14) is
approximated by using constant J£2, E$ through small A///.
E2 and E* are updated with the latest co3, I and average 12 n at
the beginning of each

Value

Table 1 Two boom satellite dynamics

Quantity

Greatest on magnitude, rad
Greatest «2 magnitude, rad
Spin rate after boom extension, rad/sec
Typical aimax after boom extension, rad
Typical o^max after boom extension, rad

Maximum bending moment magnitude in
plane (from out of plane vibrations), Ib-ft

Maximum bending moment magnitude nor-
mal to plane (from in plane vibration), Ib-ft

Maximum total bending moment magnitude,
Ib-ft

Greatest tip deflection magnitude out of
plane, ft

Greatest tip deflection magnitude in plane, ft

Greatest total tip deflection magnitude, ft

Boom 1

0.0206
(23.5)a

0.0362
(22.61)
0.0411
(22.61)
0.4214
(23.5)
0.7851
(22.61)
0.885
(22.61)

0.0167
0.0197
2.894
0.0165
0.0185

Boom 2

0.0206
(23.5)«
0.0357
(23.06)
0.0408
(23.06)
0.4214
(23.5)
0.7785
(23.06)
0.88
(23.06)

a Numbers in parentheses are boom lengths (ft) at which the maxima occur.
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The detailed integration is monitored continually and
maximum dimensionalized values of the desired variables in
Y(£) are displayed.

The solutions of the boundary value problems, Eqs. (11)
and (12), result in mode shapes in which greatest deflection
and curvature appear at the boom tip and root, respectively,
for all cases studied. Some typical shapes are shown in Fig. 2
for the example described later.

The integration of Eq. (14) clearly shows the main body
motion being slightly (except for despin) altered by the ef-
fects of extension and vibration of the boom. Moreover, in
cases where the instantaneous transient natural frequency of
vibration of the booms is much higher than the nutation—
precession frequency, the results show a high frequency
transient vibration of the booms being modulated by the low
frequency inertial loading they experience.

A number of cases were analyzed by the program. One
such case was a single dipole boom pair being symmetrically
extended from a main body with a nonsymmetric inertia
ellipsoid. The parameters used are as follows: In = 14.2
slug-ft2; 722 = 13.78 slug-ft2; 733 = 15.09 slug-ft2; Eli =
1.735 lb-ft2; Pi = 1.685 X 10~4 slug/ft; Mti = 4.115 X
10~4slug; I = 0.0417 fps; foinBi = 23.5 ft; &< = 1.1 ft; hi -
1.5ft; ^= 14°; ^2 = 194°

Initial coning angle = 1°
ds(0) ^ 3.3 rad/sec

The results appear in Table 1. A typical value for &„, the
nutation—precession frequency in <£, for this example varied
between 0.075 and 0.1.

If Eqs. (7) and (8) are reduced to fourth-order partial dif-
ferential equations without making the indicated simplifica-
tions in Eqs. (9) and (10), the general linearized partial dif-
ferential equations of boom motion result. Another approach
to the boom extension problem consists of solving these equa-
tions together with the equation for the conservation of the
satellite angular momentum.

Several interesting effects are evident in the dynamics of a
satellite with extending booms. For example, in-plane (j2)
vibrations are influenced by despin and Coriolis forces as well
a*s mitation. Out-of-plane (j3) vibrations are affected mainly
by nutation. The "centrifugal stiffening" is greatest for out-
of-plan€ vibrations. One result of such a combination of
effects is that in-plane vibrations are nonsymmetric and can
easily become greater than out-of-plane vibrations if the
despin rate is high, as can be seen from Table 1.

Conclusions

The analysis and program developed are useful for deter-
mining the dynamics of satellites under deployment of long
flexible booms and could be used to find the typical dynamics
during normal operation after deployment. The program
parameters are arbitrary within the confines of a spin-sta-
bilized configuration and can be specified for each boom inde-
pendently.

An example indicated that the satellite modelled should be
left with a small "coning" angle after extension, and that its
booms are not in danger of buckling. Increases in initial
coning angle result in proportionate increases in maximum
values. Thus, predictions for other initial coning angles can
easily be made from Table 1 for the satellite modelled; this is
to be expected, since the approximate equations of motion
used are linear.
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Effects of Surface Roughness on Heat
Transfer to Ablating Bodies
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Nomenclature
Cc

k
Kr
N
R
Rek
Re$
St
SI
T

roughness dimension
roughness correction factor
surface inward normal
roughness function
roughness Reynolds Number peuek/ne
momentum-thickness Reynolds Number
zero-blowing Stanton Number
blowing Stanton Number
absolute Temperature

u = tangential velocity
H = viscosity
p = density

Subscripts
between minimum and maximum values
at boundary layer edge
laminar boundary layer
turbulent boundary layer
rough surface
at wall conditions

* = reference enthalpy conditions

Introduction

TO include the effects of surface roughness on thermal re-
sponse predictions for ablating bodies, an adequate

theory must be able to account for the following: 1) effects
of surface roughness on heating and pressure distribution, and
2) characterization of roughness variation with time during
the heating environment history. The effects of surface
roughness on turbulent skin friction and heat transfer have
been studies by a number of investigators.1-4 Some results
indicate that large surface roughness increases the stagnation-
point heat transfer.5-6 Other results show that roughness
does not increase the heat transfer at the stagnation point nor
at other parts of the body when the flow remains laminar.7
For nonblowing, smooth walls the method of Persh8 provides
a reasonable correlation with experimental heating data in the
transitional boundary layer regime.9 The formation of cross-
hatching generally requires a supersonic transitional or tur-
bulent boundary layer.10 Large variation in heating expos-
ure time required for initiation of cross-hatching for different
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