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where ON = vector in direction of H of magnitude Re, OP
vector in Z direction of magnitude Re. Then

cosPN = Hz

In a similar fashion

cosMS' = RN-RS/|RS||RN| = H RS/|RSl

and

cosS'P = RS-OP/|RS||OP| = #

Using spherical trigonometry

cosS'P - cosPN cosNS'
cosPNS' = sinPN smNS'

[{|RS|2 - (RS•

tanf = RSZ(HX - HZ(RSXHX + RSVHV)

(28)

(29)

(30)

(31)

(32)

(33)

Applications
A FORTRAN program1 for the Control Data 3100 was

written to perform the preceding calculations and output day
by day tables of rise time, set time, time of closest approach,
and elevation and azimuth at time of closest approach for the
NNSS satellites. These tables have been used successfully
to predict and identify satellite passes.

The long-range accuracy of prediction is of course based
upon the stability of the broadcast precession parameters and
the accuracy of the other orbit parameters. Some study
was made of the drift over several months. Alert calculations
for four days in early March, 1969, were carried out using one
set of satellite parameters from March 1969 and one from
early June 1968. The rise (and set) times were very con-
sistently 10 min earlier with the March data. The azimuth
at tea was 2° less (average referred to the March data) with a
standard deviation of 7°.

The average change in elevation was also 2° with a standard
deviation of 7°. The elevation change was greater at greater
elevations, thus there were only 5 passes of the 140 predicted
in the four days which were not common to both sets of
alerts.

It would thus seem that alerts can be predicted for a long-
time in advance, at least nine months in our experience, and
hat the rise and set times if corrected by a fixed constant of
bout —1 min per month, can be used to identify satellite
asses.

Reference
1 Budlong, K. S., "Fortran Satellite Alert Programs for the

Control Data 3100," BI Computer Note 68-8-C, Oct. 1968,
Bedford Institute, Dartmouth, N.S., Canada.
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Nomenclature
= projected area of the component whose temperature

response is desired
= is the measured area of component 1 in the sketch made

with a viewer
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Ai = total surface area of component 1
AIPZ = projected area of component 1 to 2
AIPZ' = projected area of component 1, as seen by the illumi-

nated portion of component 2
AIPS = projected area of component 1 toward the sun
CiyCz — ^eiAur and mcp, respectively, constants in Eq. (6)
cp = specific heat of component 1
Fi-z = view factor from 1 to 2
Fi-z' = view factor from component 1 to illuminated portion

of 2
FI-S = "effective" view factor to space. This portion of the

energy that leaves 1 does not return (includes
energy which bounces off of 2 to space)

Lc = is a component length (see Fig. 3)
I/™ = measured length in the sketch corresponding to a

known length on a component
m = mass of component 1
QG = internal heat generation
Qs = aiAiPSS = direct solar heat input
QR = eAio-Ti* = radiated heat from component 1
QRS = pzcxi*AiF*'SFi-2' = reflected solar heat input
QIR = €izei2Aip2trFi-zT2* = infrared heat input from sur-

roundings
Qstored = mCpdT / dQ = thermal storage of component 1
S = solar constant
T = absolute temperature; 7\ = initial value of T\; Ti =

effective T of component 2
c*i,ai* = effective absorptances of 1 to direct from sun and to

reflected energy from 2; it is assumed that on* = ai
ei = effective emissivity of component 1
ei2,e2

1 = emissivity of component 1 as seen by component 2, and
vice versa

o- = Stephan-Boltzmann constant
^ = factor defined by Eq. (3)
0 = time

Subscripts
1 = component whose T ( 6 ) i s to be calculated
2 = rest of spacecraft

Introduction

DURING midcourse or terminal maneuvers, the spacecraft
will assume a different position with respect to the sun.

Since this position is not known prior to flight, exact thermal
predictions cannot be made beforehand. In the past, only
worst-case predictions (total eclipse or the worst-case solar
heating) were relied upon to determine if a maneuver was
acceptable. This is an acceptable answer only if tempera-
ture limits are not exceeded. If temperature limits are
exceeded with a worst-case analysis, then more accurate
predictions are needed. This Note presents a method for
quickly but accurately calculating the temperature response
of spacecraft components in a nonstandard solar orientation.

Governing Equation

The equation describing the temperature history of a
spacecraft component is

Qs + QRS + QIR + QG = QR + Qstored (1)
Equation (1) can be rewritten so that the direct solar heat

input is separate from the other heat input term as follows :
a.A^S - iMiTV = mcp(dT/d6) (2)

Here ^ is a correction factor that incorporates the infrared
heat input from the surroundings as well as the reflected
solar heat input and internal heat generation. More spe-
cifically, \// is equivalent to

^'A^'S + QG] (3)
It will be noted that ^ is a constant if the following realistic
conditions are met:

1) The temperature response of the surroundings (2)
are about the same as the response of the component of in-
terest (1) and that TI and T2 are not greatly different.
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Alternate Viewers

A

Fig. 1 Heating history of radiating isothermal solid.

2) The reflected solar input does not change during the
maneuver, or the reflected solar input is small with respect
to the other terms of Eq. (3). If this is not the case \f/ cannot
include the reflected solar input and changes in reflected
solar input will have to be evaluated as well as the direct
solar heat input change.

The constant correction factor \l/ can be obtained from
solar thermal vacuum test data of the spacecraft. Either
normal orientation steady-state or eclipse data can be used
to evaluate \f/. The steady-state and eclipse equations are

TV = Qs (4)
/wo_ rl^ //7/3 (^-\\

In addition to the aforementioned conditions, one also must be
aware that Eqs. (1) and (2) assume the component to be iso-
thermal (or all one temperature). Conduction effects to the
surrounding components also are neglected. These assump-
tions will have to be tolerated if quick predictions are to be
made. As a matter of interest, the isothermal assumption does
not seem to be too restrictive if bulk system behavior is
desired.

Upon examination of Eq. (2) it can be seen that it has the
following form:

Ci!Ti4 + C,(dT/dd) = Qs (6)
Equation (6) has been solved,172 and the solution is pre-

sented in dimensionless form in Figs. 1 and 2.

Prediction Procedures

Once the new spacecraft orientation with respect to the
sun is known, the change in solar heat input can be calcu-
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glass

Paper (dark paper gives
a clearer image)

Knowing the dimensions
of the actual component,
the areas of the sketched
component can be calculated

Fig. 3 Method of obtaining projected areas.

lated. To do this quickly and accurately, one can use a
viewer to get the new projected area toward the sun (Fig. 3).
The viewer could be one of several types. A partially
silvered mirror, a beamsplitter, or a simple device consisting
of a mirror, a plain piece of glass, and a housing could be
used. Besides the devices shown in Fig. 3, there are com-
mercially available devices such as the camera Lucida or
the camera Obscura (opaque projector) which could be used
for this use. Photographic techniques could also be used
to achieve the desired projected area.

The sketched projected areas can be measured using a
planimeter or by overlaying clear graph paper and counting
squares. Care must be taken to scale the measured area Am
to the actual area Ac using the following relationship:

Ac = Am(Lc/Lmy (7)

Fig. 2 Cooling history of radiating isothermal solid.

In order to get the changed solar input Qs, a scale model of
the spacecraft or individual components (correctly painted)
are needed. Individual components are desired as they are
larger than they would be on a model, and the resulting
sketch would also be larger and more accurate. The scale
model is needed if components are shadowed from the sun
by other parts of the spacecraft. The dimensions of the
component are needed for Eq. (7). Once the Ac's of the
various thermal coatings of the component are known, the
revised Qs is obtained by multiplying projected areas by
the absorptance and the solar constant, and summing these
individual aAcS values.

Knowing the new value of Qs for the maneuver orienta-
tion, it is a simple matter to calculate the dimensionless
parameters that are required in order to utilize the curves
presented in Figs. 1 and 2, which describe the thermal re-
sponse of a radiating isothermal solid with a heat input.
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