
VOL. 2, NO. 4, JULY-AUG. 1965 J. SPACECRAFT 537

Flight Verification of Satellite Thermodynamic Analytical
Techniques and Application to Manned Spacecraft

Louis TESTAGUZZA,* GORDON L. WOLFE,| AND JAMES DiGiORGio*
Lockheed Missiles and Space Company, Sunny vale, Calif.

The acquisition of tape-recorded thermal data from an orbiting spacecraft has provided a
means of verifying analytical methods and techniques. Continuous monitoring of the tem-
perature excursions of the vehicle structure and components led to an excellent correlation
hetween flight data and analytical predictions. This experiment also provided data, which
permitted the study of the thermal behavior and attitude of a nonoriented (tumbling) space
vehicle. It was found that inherent attitude perturbations (tumbling) caused by the earth
oblateness could be simplified, for thermal purposes, by a pitch-roll analog. A method for
determining attitude from temperature data is described. Another significant result demon-
strated the importance of knowing the exact location of each temperature sensor; one sensor,
located 7.1° from the analytical node center, recorded data 10° to 40°F above predicted tem-
peratures. The instrumentation and ground-space telemetry system used in this experiment
are described.
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Nomenclature

absorptivity, dimensionless
solar incidence angle 0 denned as angle between earth-sun

line and orbit plane
solar incidence angle co denned as angle between earth-sun

line and vehicle X axis
total 0
initial |8
earth radius, naut miles
altitude, naut miles
inclination angle
orbit number
emissivity, dimensionless
orbital position
body angle
temperature, °R or °F
electrical resistance, ohms

min, or 9% of the complete orbit. For certain orbits, such
as a north-south pass traversing the Alaska and Hawaii
tracking stations' acquisition perimeters, as much as 15
min of data have been acquired. However, the thermal
data obtained during any of these short acquisitions have
provided only sufficient data to derive the slope of the tem-
perature curve. The maximum or minimum temperature
levels experienced were never observed, and the accuracy of
predictions were never verified completely for an earth-ori-
ented vehicle.

During a recent satellite flight, a tape recorder that per-
mitted the recording of temperature data throughout com-
plete orbits was flown successfully. The temperature
excursions experienced by both structure and components
were monitored successfully during both earth-oriented and
nonoriented (tumbling) vehicle flight modes.

Introduction

IN recent years, the utilization of electronic computers and
the application of programing techniques have provided

the thermodynamicist with an effective tool for analyzing and
predicting component and structural temperatures of satel-
lites in orbit. However, the uncertainty of input data (i.e.,
vehicle equipment internal-power dissipation, conductive
and radiation resistances, view factors) has resulted in con-
servative analytical predictions necessitating imposition of
wide temperature tolerances. For critical components with
restricted limits, such as man, batteries, and certain me-
chanical and electronic systems, this wide tolerance has
made it necessary to rely on active thermal control methods
instead of passive means. Consequently, a greater penalty
has resulted in power requirements, weight, reliability, and
cost.

Prior to the present experiment, only sporadically acquired,
real-time telemetered thermal data have been made avail-
able for correlation and verification of analytical predictions.
The maximum data-acquisition time during any one pass for
a low-altitude orbiting satellite has been approximately 8
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Experiment Objectives and Description

The primary objective of the flight experiment was to
obtain sufficient temperature data from an orbiting vehicle's
surface to confirm or improve analytical methods used in
prediction and control of spacecraft thermal reactions by
accomplishing the following: 1) distribute the instrumenta-
tion over the vehicle surface to evaluate the effects of vehicle-
environment relationship, 2) obtain data for complete orbits,
3) obtain data over a sufficiently long period of time to evalu-
ate the effects of the earth-sun position change, and 4) provide
instrumentation on surfaces having different paint patterns
or surface characteristics.

The forward cone-cylinder section of an Agena vehicle sur-
face was instrumented as shown in Fig. 1. Two longitudinal
locations, each having 12 radially distributed temperature
sensors, gave reasonably good coverage for the vehicle surface
in all of the operating modes. Differently painted surfaces
were available within the instrumented section because of
normal vehicle temperature-control requirements. Instru-
mentation consisted primarily of semiconductor tempera-
ture transducers supplying commutated voltage signals to a
magnetic tape recorder. Each sensor was sampled 2j times/
sec. The tape recorder accumulated data for 1.8 consecutive
orbits each day. A high-speed readout was initiated by
ground station command. The real-time readout was less
than 385 sec, allowing some flexibility in acquisition com-
mands. During the data-acquisition periods the ground
stations simultaneously received the data being stored via
a real-time link.
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Fig. 1 Tape-recorded temperature sensor locations.

This experiment was carried aboard an Agena vehicle
launched from Vandenberg Air Force Base (VAFB) in the
spring of 1963 at 1301 Pacific Standard Time (PST) at an
inclination angle of 75°. The resulting initial ft (the angle
between the earth-sun line and the orbit plane of the vehicle)
was —50°. The beta angle shift per day was derived from
the following equation:

= [lQ[Re/(Re + h)}*-5 cos* + 1}
For each orbit,

ftT = -50 + 0.194 (NQ)
where No is the orbit number. During the first 3 days the
attitude of the vehicle was maintained with the longitudinal
axis in the orbit plane and parallel to the surface of the earth.
The vehicle then entered a tumbling mode and remained in
this mode for 11 days. The total time span covered by this
experiment was in excess of 15 days.

Method of Analysis
The temperatures are predicted analytically by conven-

tional electrical analogy networks for radiation and con-
duction. The network is solved by the Lockheed thermal
analyzer program1-2 on a 7090 IBM digital computer. The
procedures are quite well known and widely used by the
industry. The external heat rates on the vehicle skins were

120 160 200 240
ORBIT ANGLE (9 OEG)

obtained by means of additional digital programs, including
a newly developed routine for predicting instantaneous local
rates over the surface of a tumbling vehicle. Heat rates are
compared in Fig. 2 for ft = —30° at two-body angles for the
active controlled-attitude mode and the tumbling mode.
The pitching and rolling heat rates increase on a body angle
that normally would receive only earthshine, some albedo,
and little or no direct solar energy. Figure 3 shows maxi-
mum and minimum temperature profiles on the vehicle skin
for ft = —52° for both orbital modes. As expected, both
maximum and minimum are lower during the pitching/rolling
mode. This is most evident on that portion of vehicle skin
receiving direct solar energy. The large temperature step
at a body angle (#) of 45° is caused by the change in surface
finish from a low emissivity to a high emissivity. The ve-
hicle equipment arrangement is described by Fig. 4.

Discussion of Data

The need for tape-recorded data is apparent when the
limited coverage for low-altitude satellites afforded by pres-
ent tracking stations is studied. Figure 5 shows the tem-
perature fluctuation of a typical 0.1-in. magnesium skin
structure with the real-time data-acquisition times normally
available. The figure is. for ft = —46° and shows that two
tracking stations, New Hampshire and Vandenberg, can
record the lowest temperatures achieved. Because of the
earth's inclination, however, this can be done only in the
spring. Two other stations, Kodiak and Hawaii, receive
data in the middle of the temperature swing because of their
latitudes. Note that the coverage afforded would acquire
neither the maximum temperatures experienced nor data
during the cool-down period. Consequently, confirmation
of the analytical treatments has been inadequate, although
average temperatures of large thermal capacity equipment
have been in general agreement with predictions.

In the present work, tape-recorded data are compared with
predictions for two orbits; orbit 25, stabilized and hori-
zontally oriented, and orbit 191, tumbling in the orbit plane,
are selected for discussion as typical. The time-dependent
structural temperature predictions reflected the influence of
mass-material connection of the structure and equipment,
external environment, and internal-power dissipation and
duty cycles. During orbit 25, the surface element facing
the sun experienced the maximum temperature variation as
expected (Fig. 6a). The paint pattern selected allowed the
temperature at this point to fluctuate from 33° to 153°F.
Proceeding counterclockwise around the vehicle surface,
the solar heat flux is reduced, and the albedo and earth
emission is encountered. Accordingly, the maximum tem-
perature increases, and the minimum temperature rises also,
primarily because of earth emission during the "nighttime"

Fig. 2 Comparison of solar and albedo heat rates
tumbling vs stable orbit.

Fig. 3 Maximum and minimum temperature vs vehicle
body angle (forward auxiliary rack, /3 = —52°).
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Fig. 4 Equipment bay, forward auxiliary rack (view
looking forward).

portion of the orbit. Note the consistent progression of this
trend exhibited in both the flight data and the analytical
predictions (Figs. 6a-6c). Although the data in Figs. 6b
and 6c are from locations close together and in a smoothly
changing thermal environment, they are very consistent.

The data comparison continues to be favorable on the earth
side of the vehicle where energy from albedo and earth emis-
sion alternately predominate as shown in Fig. 6d; also
shown are effects of a short exposure of this surface element
to the sun as the vehicle comes out of the earth's shadow.

Figure 6e appears to show a greater discrepancy in the
data. A review of the instrumentation records showed the
sensor to be installed 7° closer to the earth-sun line and to be
receiving some solar energy. The mathematical model
node center was slightly past the tangency point in the
shadow. Therefore, the predicted temperatures show very
little change. This data comparison emphasizes the im-
portance of accurate knowledge of sensor location.

Prediction of the temperature histories of the vehicle during
its tumbling mode presents new problems. First, an apparent
roll oscillation exists in combination with the pitch tumble,
affecting local external heat rates. Second, the exact orienta-
tion of the pitch axis with respect to the orbit path is not
known precisely.

In the absence of other considerations, gyroscopic forces
on a tumbling vehicle would tend to force the pitch axis to
remain space-oriented; i.e., as the earth moves about the sun,
the vehicle pitch axis remains fixed in space and, therefore,
shifts with respect to the earth and the orbit plane. Other
phenomena, however, such as the gravity gradient, compli-
cate the dynamics of the tumbling vehicle. The gravity
gradient itself may force the pitch axis to remain earth-
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Fig. 5 Typical orbit skin-temperature fluctuation.
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Fig. 6 Skin-temperature data comparison.
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Fig. 7 Skin-temperature data comparison.

oriented. The absence of gyro telemetry during the tumbling
mode precludes definitive knowledge of the vehicle dynamics;
the results of the experiment as presented in this paper, how-
ever, indicate that the vehicle pitch axis did indeed remain
earth-oriented. If the vehicle remained space-oriented, the
angle co, which is that angle between the solar vector and the
vehicle X-X axis, would be different from ft. In an earth-
oriented vehicle co and ft are identical.

The data results for the tumbling mode are shown in Fig.
7 (orbit 191) for different locations on the skin. Predictions
are presented for an earth-oriented pitch axis and for a space-
oriented pitch axis. Figure 8 shows the two sun angles
that might result. The results in Fig. 7 indicate that the
pitch axis was oriented to the orbit plane. The experimental
data also clearly show the effects of simultaneous pitch and
the apparent oscillation in roll. Predicted temperatures
based on space orientation are lower than those based on orbit
orientation for the same location (Fig. 7 a). This is con-
sistent, because in the latter condition more energy would
be received by the vehicle at this location. These results
definitely show the effects of the pitch and roll motion as
previously described. Figure 7b shows that predicted tem-
peratures for orbit orientation correlate well with the flight-
test data. At \l/ — 258°, the surface would receive more
direct solar energy and only slightly less albedo for the space-

EARTH-SUN LINE EARTH-SUN LINE

POSITION AT ORBIT 48 POSITION AT ORBIT 230

CHANGE IN £ANGLE
EARTH'S OBLATENESS

A£= 2.1V DAY X 11 DAYS * 23°
EARTH'S TRAVEL AROUND THE SUN:

A£ - 1.0°/DAY X 11 DAYS « 11°
POSITION AT ORBIT 48

1. SOLAR HEAT RATES FOR w = -30°
2. ALBEDO HEAT RATES FOR /3 = -7°
3. SHADOW TIME FOR fi =-7

oriented (co) case than if the vehicle were earth-oriented (ft).
The data from this location (Fig. 7b) provide the strongest
proof of an earth-oriented flight.

Surface temperature fluctuations were used to determine
the pitch and roll rates during the tumbling period of the
vehicle flight. A pitch rate gyro was installed, but a cali-
bration error resulted in failure to obtain valid data. Ther-
mal response of the sensors was sufficient to determine the
pitch rate quite precisely. Any sensor that passed between
the sun vector and the pitch plane experienced a definite
and regular oscillation in temperature. The "counting"
of cycles resulted in the pitch rate determination shown in
Fig. 9.

Roll rate determination required the method described in
Fig. 10. In the data, definite discontinuities can be noted
in temperature oscillation of sensors located near the sun-line
tangency points. Note that sensors on opposite sides of
the vehicle show different temperature slopes as expected.
Point 4 on the vehicle shows a temperature sensor location in
its "normal" position, without any vehicle roll. Points 1
and 3 are those in which the vehicle rolls through the tangent
of the earth-sun line. Point 2 shows the extreme roll condi-
tion. The start of the discontinuity in temperature oscilla-
tion, point 1, was assumed to be where the sensor approached
(entered) the tangency point (because of roll). Point 3
shows the return (note the change in slope). An extensive
study of these "blips" confirmed the theory, and the roll
rate was determined

roll rate = [2(04- 01.

The pitch and oscillatory roll rate increased continuously, as
shown in Fig. 9, possibly because of a gas leak or propellant
residuals venting.

Considerable improvement could be made in obtaining the
highly transient data. In this experiment, the sensors were
attached to surfaces approximately 0.1 in. thick. By proper
selection of sensors and mounting bases, the sensitivity of
the thermal instrumentation could be improved by an order
of magnitude.

TIME (SECONDS x105)

Fig. 8 Sun angle vs j8, tumbling vehicle. Fig. 10 Determination of roll oscillation.
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Instrumentation

The thermal instrumentation selected for the experiment
was based upon certain criteria, such as location, sensor
type, mounting, and adaptability to the available telemetry
system. The telemetry-data reduction system utilized is
shown in Fig. 11 in block-diagram form. For reliability and
cross-checking purposes, information from the same commu-
tated point was received via both real-time and tape re-
corder. The real-time information was read out as the ve-
hicle passed over the tracking station. Meanwhile, the
same information was stored on a vehicle tape recorder to be
read out on some subsequent pass. The voltage-controlled
oscillators (VCO) shown in Fig. 11 were the IRIG subcarrier
band 12 for the real-time and the I RIG band F for the tape
recorder.

Temperature Sensors

The temperature sensors used for this flight experiment
were "Micro Systems Incorporated" Model TE-3-10-1000
semiconductors. Figure 12 shows a typical resistance-vs-
temperature curve. This solid-state temperature gage is a
stable, linear, rapid-response, high-sensitivity, and wide-
range device that is unique in the ability to provide high
output and rapid response over a broad temperature range.
The sensor signal conditioning, a voltage divider network,
comprised a dropping resistor and a semiconductor to pro-
vide 0 to 5 av to the telemetering system from a + 28-v d.c.
source.

The application of the sensor to the FM/FM telemetry
system consists of determining the highest value of Rt (semi-
conductor) anticipated for the corresponding highest tem-
perature expected. The dropping resistor value Rd is then
calculated so that, when Rt is at its maximum value (and
maximum temperature), the voltage output to the telemetry
system will be equal to 5 v d.c. Thus, as the temperature
decreases, and correspondingly Rt decreases, the voltage
output to the telemetry will decrease proportionally. The
end results will be a nearly linear temperature-voltage curve.

Since the point at which zero voltage is reached does not
always correspond to the lower temperature limit expected,
the full 0- to 5-v bandwidth available to the telemetry system
is not always utilized. The 0- to 5-v input signal can be
reproduced at the output with an error accuracy of ±4%
(±0.20 v) with the data reduction techniques in use. The
average voltage bandwidth utilized on the temperature cali-
bration curves for the subject vehicle was 4.0 v. Therefore,
if the calibration curve is linear, the expected uncertainty of
each temperature measurement can be computed accordingly
to the following formula:

uncertainty (°F) = (A temperature/A voltage) (±0.20 v)

Uncertainty was ±22°F for the subject experiment. In-
flight measurements are almost impossible to check. From
all of the indications, however, most of the thermal data

Table 1 Research experiment, vehicle electrical
power summary

Readin, w Readout, w

Unreg. Reg. Unreg. Reg.

Temperature sensor
Tape recorder
d.c-d.c. converter
Signal condition and comm.
Time-reference generator
Transmitter
Oscillators (3)
Mod. amp.
d.c.-d.c. converter

4.0
8.0
1.8
0.5

8.0

1.5
11.3
8.0
1.8
0.5

19.0

8.0

1.5

2.52
0.59

VOLTAGE-
CONTROLLED

VOLTAGE-
CONTROLLED

SIGNAL (0 TO 5 VD.C.) SIGNAL VS TIME

Fig. 11 Ground-space telemetry system.

appears to be considerably more accurate than the systems
analysis would guarantee. In-flight calibration points were
checked against IRIG standards to support this observation.

Equipment Power and Weight

This experiment utilized flight-qualified equipment de-
signed for general use in recording and transmitting data from
orbiting spacecraft. Accordingly, it is recognized that power
requirements and weights were not optimal. Table 1 lists
the power requirements for the complete system. Approxi-
mately 600 w-hr were expended from an available 2000.
The equipment total weight was 50.12 Ib. As mentioned
previously, this system is used on several vehicles for various
types of research experiments. Accordingly, the extra
weight added for this experiment, including batteries, was
approximately 12 Ib.

Manned Systems

The primary importance of a research experiment, such as
this, is to obtain a more definitive knowledge of space effects
on vehicle equipment. By doing so, the state of the art of
thermal analysis can be improved, thereby adding greater
reliability to the eventual manned mission. The verifi-
cation of present analytical methods provides the confidence
level necessary to incorporate the most important component
into the spacecraft system, i.e., man. Passive thermal con-
trol surfaces coupled with an attitude control system could
be used to optimize energy control for a manned vehicle.
The utilization of vehicle structure and special surface finishes
as the necessary heat exchanger is desired. Continuous
monitoring of temperatures via telemetry-tape-recorder
data systems can provide complete histories of vehicle and

Fig. 12 Typical relative resistance vs temperature for
TE-3-1000 sensor.
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component equipment conditions for more realistic design
and control decisions,
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Finite-Difference Solution of Two Variable Thermal
and Mechanical Deformation Problems

KERRY S. HAVNER*
Douglas Aircraft Company, Inc., Santa Monica, Calif.

A numerical solution of thermoelastic stress and deformation problems governed by two
linear, second-order, elliptic partial differential equations in two unknowns is presented.
The analysis is applicable to both axially symmetric solids and variable thickness plates with
temperature-dependent material properties. Body forces caused by rotation and/or tem-
perature gradients and boundary conditions corresponding to any combination of prescribed
tractions and displacements are considered. A general digital computer program based upon
a finite-difference discretization and utilizing the method of successive overrelaxation is
briefly described. Selected results from turbomachinery problems and a numerical com-
parison with the classical rotating ellipsoid are included.

Nomenclature

h — network spacing
i, j = network point
I, m = direction numbers of outward normal with respect

to the R and Z axes
r, z = point coordinates, in.
t = plate thickness, in.
u, w = displacements in R and Z directions, respectively,

in.
x, y = coordinates relative to boundary point in R and Z

directions, respectively, in.
Apq = general matrix element
C\j Cz, Cs = dimensionless material constants
E = modulus of elasticity, psi
Fi, F2 = prescribed boundary values
Fr, Fz = body forces per unit volume in R and Z directions,

respectively, lb/in.3
G = shear modulus, psi
T — temperature rise, °F
a = coefficient of thermal expansion, in./in./°F
oiki, Pi* = matrix elements
8P, dp° = elements of displacement and load vectors, respec-

tively, in.
X = Lame constant, psi = vE/(l -\- v)(l — 2v)
v = Poisson's ratio
p = mass density, Ib-secYin.4
<rr, <yz = normal stresses in R and Z directions, respectively,

psi
<rt = circumferential stress in axisymmetric solid, psi
T = shearing stress in R-Z plane, psi
w = rotational speed, rad/sec, overrelaxation factor
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1. Introduction

A NUMBER of stress and deformation problems that
occur in engineering practice can be represented mathe-

matically by linear, second-order, elliptic partial differential
equations. In particular, the extensional problem of the
thin, variable thickness plate and the problem of the axisym-
metric, three-dimensional solid can be so represented. Thus,
the mathematical models of these distinctly different physical
bodies, formulated in different geometries, can be incorpor-
ated within a general set of elliptic equations that includes
these models as special cases.

There is a great deal to be gained by this single formulation,
for the mathematical difficulties inherent in a consideration
of irregular configurations, mixed boundary conditions, and
the effect of thermal loading on material properties arise
in both the plate and the axisymmetric solid. In such
stress and deformation problems as occur in turbomachinery
elements (e.g., turbine disks and blades, axisymmetric nozzles,
etc.), thick-shell pressure vessels, and encased solid pro-
pellants, for example, these effects of configuration, tempera-
ture, and constraint can be quite important. Thus, some
sort of discretization is mandatory if the elliptic equations to
be solved are to be representative of physically significant
problems. To this purpose the finite-difference method is
chosen herein as the most feasible means of solution, affording
considerable flexibility and enabling the development of a
computer program applicable to a wide range of problems.

In recent years, numerical analyses of stress problems in
irregular, thick-walled pressure vessels and encased solid
propellants have been given by Thorns,1 Conte, Miller, and
Sensenig,2 Bijlaard and Dohrmann,3-4 and Hubka.5 In the
field of mechanical and thermal problems in rotating machin-
ery (including blade problems) analyses have been given by
Hodge and Papa,6 Chang,7 Schilhansl,8 Kobayashi and
Trumpler,9 and Fried, Reichenbach, and Chingari.10"12

The most general elasticity formulations are those by Thorns1

and Kobayashi and Trumpler,9 using South well stress func-
tions, and Conte, Miller, and Sensenig,2 Hubka,5 and Fried,12

using deformations as unknowns. The other papers make


