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Thermal Design of the Galileo Spun and Despun Science

James W. Stultz*
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109

The Galileo spacecraft consists of an orbiter and probe that have instruments to investigate the chemical com-
position and physical state of Jupiter's atmosphere, the Jovian satellites, and the structure and physical
dynamics of the Jovian magnetosphere. This article is the second of three about the thermal design of the Galileo
spacecraft. Emphasis in the paper is on the thermal design of the spun and despun science. The thermal design of
each instrument is unique and some employ radioisotope heater units. Cruise temperatures from the verification
test in the Jet Propulsion Laboratory 25-ft simulator in August 1988 are presented.

Introduction
Mission Overview

GALILEO (see Fig. 1) was at the Kennedy Space Center
(KSC) preparing for a May 1986 launch at the time of the

Challenger accident. The delay and an increase in mission time
has decreased the radioisotope thermoelectric generator
(RTG) power output significantly. A change to the inertial up-
per stage (IUS) from the more powerful Centaur G-Prime has
resulted in a trajectory that requires gravity assists once by
Venus and twice by Earth. The resulting peak solar intensity
of this roundabout trajectory is more than twice the previous
design value for the direct trajectory. Galileo returned from
KSC in February 1987 to begin the rework of the spacecraft
(S/C) thermal design. Verification of the thermal redesign was
completed in the Jet Propulsion Laboratory (JPL) 25-ft space
simulator in August and November of 1988.

Galileo was returned to KSC in May 1989 to be launched
during a 6-week launch window beginning October 12, 1989,
aboard the Space Shuttle Atlantis. (Galileo was successfully
launched on October 18, 1989.) The Venus-Earth-Earth-
gravity assists (VEEGA) trajectory to Jupiter is illustrated in
Fig. 2. What used to be a little more than a 2-yr trip to Jupiter
(1986 mission) is now 6 yr, includes two loops around the sun,
and gravity assists once by Venus and twice by Earth.1 Some
of the significant events of an example trajectory are given in
Table 1.

Science, including imaging, will be performed at Venus and
of the Earth-Moon system during each of the flybys. For a
November launch, a flyby of the asteroid 1938SD1 will occur
on the Earth-Earth leg. An early October launch enables a
flyby of asteroids Gaspra and Ida on the Earth-Earth and
Earth-Jupiter legs, respectively. About 150 days before en-
countering Jupiter the probe is released. Science is performed
on the moon lo just prior to receiving the probe atmospheric
entry data, which is immediately followed by Jupiter orbit in-
sertion. The orbital tour of the Jovian system includes several
flybys of Ganymede, Callisto, and Europa. The end of the
mission will occur in 1997.

Venus science and two observations of the Earth-Moon
system are significant bonuses for this new trajectory. How-
ever, as shown in Table 2, the resulting changes in solar inten-
sity range and RTG power output were substantial and forced
major thermal design changes to the Galileo S/C.2
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Spacecraft Configuration
NASA JPL is responsible for Galileo and the fabrication of

the Orbiter. NASA Ames Research Center is responsible for
the probe. Galileo is spin stabilized and the bus and retro pro-
pulsion module (RPM) are part of the spun segment. The
RPM was fabricated by the Space Division of Messerschmitt-
Bolkow-Blohm GMBH (MBB) and includes two 10-N
thruster/cluster boom assemblies for spin and attitude con-
trol, and a 400-N engine for Jupiter orbit insertion. MBB was
responsible for the thermal design of these assemblies, which
have significant interfaces with the central body for which
JPL was thermally responsible.3

The spun segment contains the instruments for measuring
fields and particles in space. Remote-sensing instruments are
mounted on the scan platform that is part of the despun sec-
tion. A summary of the Galileo Orbiter Science is presented in
Table 3.

Requirements
Temperature requirements for the items that drive the ther-

mal design of the spun and despun science are summarized in
Table 4. For the most part, the requirements apply to the
mechanical case that houses the item, and it can be measured
in test and during flight. For some instruments there are re-
quirements on temperature differences, temperature tran-
sients, and temperatures of specific items located within the
instrument. These requirements are not presented because the
focus of this paper is on the thermal integration of the instru-
ment into the S/C thermal design and not on the internal ther-
mal design of each instrument.

Environment
Prelaunch

The environment varies from that of room conditions to the
conditioned environment provided by the Shuttle after the
pay load bay doors are closed. With the doors closed, the
purge is 11.1 °C (52±2°F) up to the final 12 h prior to liftoff
during which the temperature is lowered to 8.3°C (47±2°F).
During the prelaunch period, the propellants are conditioned
to and maintained at the desired temperature for liftoff. This
period is nominally 5 days with the payload bay doors open
during the first 31/2 days. The Boeing Company, which pro-
vides the IUS, is responsible for the integrated thermal analy-
sis that results in the detail environment seen by Galileo during
prelaunch, launch, and abort from orbit.

Launch
Launch is from liftoff until separation from the IUS. On or-

bit, the Shuttle assumes an attitude that maintains the under-
side of the Shuttle towards the sun. First-day deployment at
liftoff plus 7 h is the baseline plan, but second-day deployment
at liftoff plus 31 h, while thermally undesirable, is feasible.
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Table 1 November 1989 VEEGA example trajectory sequence
of events

TIME TICKS:
S/C • 30 days
EARTH • 30 days
VENUS • 30 days 12/91

AV

Event

Earth launch
Venus flyby
Perihelion
Earth flyby
Perihelion
Asteroid flyby
Earth flyby
Perihelion
Probe release
Jupiter encounter

Date
Nov. 1989
Feb. 1990
Feb. 1990
Dec. 1990
Jan. 1991
March 1992
Dec. 1992
Dec. 1992
June 1995
Nov. 1995

Flyby
altitude,

km
__
19400
——
3600

——
1000
300

——
——
——

Perihelion
distance,

a.u.
0.99
0.72
0.71
0.99
0.90
——
0.99
0.98
5.28
5.28

Fig. 2 Galileo November 1989 VEEGA trajectory.

During the final orbit, tiltup and separation from the Shuttle
takes place and the IUS orients the S/C for the burns that will
place Galileo on a direct trajectory to Venus. After deploy-
ment of the science and RTG booms, the IUS orients Galileo
to the sun and spins up the S/C before separating. Boeing's in-
tegrated thermal analyses end at this point.

None of the instruments are powered during launch or
prelaunch. Instrument heaters are brought on at different
times during the launch period, and some are briefly turned
off to reduce S/C power during the dip in RTG power output.
The RTG power decreases as a result of turning off the RTG
cooling system just before separating from Atlantis. This
period lasts about 1.5 h, but before recovering, the power
from each RTG decreases by about 75 W (37%).

Cruise
Galileo is spin stabilized (3 rpm) during the remainder of the

mission. The sun cone angle is limited to ± 14 deg for sun dis-
tances less than 1 a.u. Trajectory-correction maneuvers are
done on sun-line within this range, and this attitude is main-
tained during the flyby of Venus. The scan platform (despun

Table 2 Thermal implications of VEEGA vs 1986 direct mission

Mission
1986 Direct

1989 VEEGA

Distance,
a.u.
1.0
5.2
0.68
5.3

Intensity,
suns
1.0
0.04
2.2
0.04

RTG power,
W
592a

525b

566
475

aRTG power output at the beginning of mission.
bRTG power output at the end of mission.

science) is completely shaded throughout the cruise except
during brief periods for trajectory-correction maneuvers. Dur-
ing these periods, thermal capacitance and progressively in-
creasing solar distances combine to limit the temperature ex-
cursions. The same is true for the impact of the planetary heat
pulses during the gravity-assists flybys at Venus and Earth.
Furthermore, because of the distance from the sun and the
very elliptical orbit of Galileo, the planetary inputs at Jupiter
are also insignificant except for the near infrared mapping
spectrometer (NIMS).

Contamination is a concern throughout the mission. A
nitrogen purge is maintained on each of the despun instru-
ments and the energetic particles detector (EPD), dust detector
subsystem (DDS), and plasma subsystem (PLS) up to separa-
tion from Atlantis. Each of these instruments has covers that
are commandable or ejected during the early part of the
cruise, and many of the instruments have decontamination
heaters that are brought on during the early part of the cruise
period and used periodically to flashoff contaminants.
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Table 3 Galileo orbiter science

Principal investigator/
organization

Remote sensing instruments
Solid-state imaging (SSI)

Near infrared mapping
spectrometer (NIMS)

Photopolarimeter (PPR)

UV spectrometer (UVS)

Fields and particles instruments
Magnetometers (Mags)
Plasma subsystem (PLS)
Plasmawave subsystem

(PWS)
Energetic particles detector

(EPD)
Dust detector subsystem

(DDS)
Radio science celestial

mechanics
Radio propagation

Extreme UV (EUV)

Heavy-ion counter (HIC)

M. Belton (team leader)/Kitt Peak
National Observatory

R. W. Carlson/Jet Propulsion
Laboratory

J. Hansen/Goddard Institute for
Space Studies

C. W. Hord/LASP (University
of Colorado)

M. G. Kivelson/UCLA
L. A. Frank/University of Iowa
D. A. Gurney/University

of Iowa
D. J. Williams/Applied Physics

Laboratory
E. Grun/Max Planck Institute fur

Kernphysik (FRG)
J. D. Anderson (team leader)/Jet

Propulsion Laboratory
H. Howard (team leader)/Stanford

University
C. W. Hord/LASP (University

of Colorado)
E. Stone/Caltech

Abort
A worst-case hot environment is assumed for the abort from

orbit analysis. The integrated thermal analysis assumes shuttle
doors open at liftoff plus 3 h, the return is initiated after fail-
ure to deploy Galileo on the second day, and the return land-
ing site ambient environment is characterized as a hot desert
day. All of these assumptions produce an environment that
maximizes the warmup of the propellant tanks.

Design Approach
In general, the approach was to arrive at a preliminary ther-

mal design using thermal math models (TMMs) of each instru-

MYLAR STANDOFF

Fig. 3 Mylar standoffs for blankets.

ment. If necessary, a thermal development test was performed
at the instrument level or as part of a larger assembly develop-
ment test such as the scan platform. Verification of all of the
instrument thermal designs was part of the flight spacecraft
solar thermal vacuum (STV) test performed in the JPL 25-ft
simulator.

The thermal design is unique for each instrument but relies
on temperature-control techniques proven on previous plane-
tary spacecraft: Mariners, Viking, Voyager, etc. This implies
employing the proper balance of louvers, multilayer insulation
(MLI), radioisotope heater units (RHUs) or electrical heaters,
radiators, optical finishes/coatings, etc., so that the tempera-
ture of each instrument is maintained within the allowable
limits (Ta,ble 4) throughout the mission.

Louvers
Louvers are of the type flown on previous planetary space-

craft and attach to the white-painted structure. The low-
emittance louvers, when closed, act as a radiation shield. As

Table 4 Allowable temperatures (°C) for the spun and despun science

Item
Despun science

PPR electronics
NIMS electronics
NIMS optics
NIMS focal plane array
UVS electronics
SSI

Electronics
Rear optics
Detector

Spun science
DDS sensor
Mag sensors
PLS electronics
PLS sensor section
EPD

Electronics
Log amplifier
Motor

Detectors
PWS

Preamp (magnetic field)
Preamp (electric field)
Magnetic search coils
Electric dipole antenna

Heavy-ion counter housing
EUV logic module
EUV sensor

Operating
min/max

-20/5
-20/30

-163/-118
-203/-173
- 10/30

-10/18
-10/18

-113/-107

5/45
-15/110
- 10/35
-20/35

-20/40
22/28
-30/60
-20/20

-20/90
-25/55
- 105/80
-190/151

5/40
5/50

-20/30

Flight
Nonoperating

min/max

-20/30
-20/30
- 163/50
-203/50
-20/30

- 10/30
- 10/30
- 130/50

5/45
-20/110
- 15/40
-25/40

-20/40
-20/40
-30/60
-20/20

-20/90
-40/55
- 105/80
-190/151

5/40
5/50

-20/35

Launch phase oj
min/max

35/40
35/40

/60
/60

35/40

/40
/40

——

/60
——

/50
/50

——
——

-30/60
28/32

65/70
65/70

/70
65/70

/45
/50

30/35

Preflight
)erating/nonoperating

maximum

30
30
35
35
30

35
35
35

45
60
35
35

45
45
65
25

50
55
60
55
40

——
——
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the shear-plate temperature increases, the louvers are driven
open by bimetallic actuators (on each blade) that expose the
high-emittance structure. A full louver assembly consists of
two sets of eight blades, each mounted side by side. A mini-
louver has a single blade and a double mini-louver has two
blades. Half-louvers refer to a half-louver assembly of eight
blades. Full close to full open occurs over a 13.9°C (25°F)
temperature range and the set to open point is adjustable.
Each blade is pegged to prevent it from opening beyond the
full-open position. Two separate sets of double mini-louvers,
set to open at - 5°C and 0°C, are used on the scan platform.

Blankets
Heat losses from the instruments are minimized by the use

of blankets. The MLI consists of 20 layers of 0.025-mil
aluminized (both sides) Mylar separated by Dacron net. The
outer layer is either 1.5-mil indium tin oxide (ITO) coated
carbon-filled Kapton aluminized on the inboard side or 0.5-
mil ITO-coated second surface aluminized Kapton with the
Kapton facing out. Requirements for this layer are driven by
the requirements for electrostatic discharge, atomic oxygen,
flammability, stray light (glint), handling, radiation, cleaning,
outgassing, and micrometeoroid protection. For additional
micrometeoroid protection, the outer layer may be backed up
by a layer of 2-mil aluminized Teflon. The inboard layer (layer
facing the hardware) is 1-mil aluminized (both sides) Kapton.

The MLI blankets are effective at breaking up a micromete-
oroid, but must be stoodoff from the surface being protected
sufficiently to allow the fragments to disperse before impact-
ing the primary shield (the housing of the component). Mylar
standoffs, as shown in Fig. 3 for the outboard magnetometer
(Mag), are added directly to the hardware to meet the spacing
requirement.

Radioisotope Heater Units
Many RHUs (126) are used throughout the S/C, and they

are employed on both magnetometers and the plasma wave
subsystem (PWS) electric-field preamplifier because they are
nonmagnetic. The size and heat-dissipation characteristics of a
single unit are described in Fig. 4. Its small size and almost
constant 1 W of heat dissipation makes it very attractive for

1.10

RADIOISOTOPE HEATER UNIT

0.94

S/C short on electrical power. Costs, the fact that the heat
cannot be turned off, and radiation (gamma and neutrons)
must be considered when applying RHUs.

Results
Despun-Science Thermal Design

The scan platform (Fig. 5) consists of the scan-platform
structure, the scan actuator subsystem (SAS), the gyros, and
all despun-science instruments. The scan platform is thermally
well-insulated (except for the NIMS instrument), has louvers
to control the temperature excursions during the instrument
operating modes, and has a heater located on the structure to
assist in maintaining temperatures during the nonoperating
modes. A sunshade limits the solar inputs.

NIMS is thermally isolated from the scan platform with
titanium legs and MLI and its electronics are separately
mounted. The housing is all exposed and painted white. With
essentially no heat dissipation in the instrument, the instru-
ment housing cools to less than - 118°C. A passive radiator
provided by Santa Barbara Research Center cools the detec-
tors to approximately -193°C (80 K). MLI shields (Fig. 1)
prevent the NIMS from viewing the hot RTGs that spin by 3
times per minute.

Fig. 5 Scan-platform thermal development model.

Table 5 Despun-science calculated energy balance

1986 90 92 94
JAN 1 DATES, YEARS

Fig. 4 RHU heat dissipation.

96 98

Operating
Item power, W
Energy in

uvs
SSI
PPR
NIMS Elec.
Gyro
SAS
Platform Str.

Total
Energy out

Louvers
MLI
Apertures
By struts
By cables
Sum of misc.

Total

4.4
15.5
4.5

12.0
6.0
7.0
0.0

49.4

5.0
28.3
9.2
2.8
0.7
3.4

49.4

Resulting
Nonoperating temp, °C

heaters, W Oper./nonoperating

4.0
11.4
4.5

10.0
0.0
0.0
3.0

32.9

0.9
21.9
6.6
2.4
0.5
0.6

32.9

167 -3
107 -7
137-7
20/1
227-7
137-7
117-6
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A TMM was made of the scan platform and was instrumen-
tal in establishing the preliminary thermal design. Infrared-
radiation interchange factors with the S/C were determined
with the orbital heat flux program4 and temperatures were
calculated with the improved numerical differencing analyzer
program.5 The model had less than 50 nodes and the emphasis
was on understanding the energy balance. A summary of the
calculated results are shown in Table 5.

NIMS was assumed to be a boundary node at - 123°C. Ex-
cept for NIMS, all of the other instruments are hard-mounted
to the scan-platform structure. There are other heat loss paths,
which are collectively referred to as Misc., in Table 5. These
losses are for such items as the blanket opening for the separa-
tion pads for the launch support structure, the blanket open-
ing between the platform structure and the scan actuator, the
purge supply tube/fitting, etc. Both sets of louvers were
assumed to open at -6.7°C.

Scan-Platform Thermal Development Test
The test article for the scan-platform thermal development

test is shown just before going into the chamber in Fig. 6. The
primary objective of the test was to empirically develop and
demonstrate an acceptable temperature-control design for the
scan platform. In addition to the sizing/verification of
heaters, temperature changes due to the change in solar dis-
tance, the cooling of the despun structure as a result of releas-
ing the probe, and the change in the scan-platform clock posi-
tion were also measured. All of the temperatures decreased
about 2°C between Earth and Jupiter. This was demonstrated
by heating the sun side of the MLI shade to the temperatures
expected near Earth. Cooling of the despun structure by 70°C
(from -30 to - 100°C) also lowered the temperatures about
2°C. Clocking the scan platform from the stowed position

•? m
SUN SHADE ™_

(Fig. 6) to 180° decreased all of the temperatures from 2 to
4°C.

During the course of this test, the photopolarimeter
radiometer (PPR) requested a decrease in the maximum
allowable operating temperature from 30 to 5°C. Lowering
the temperature to this range was demonstrated after isolating
the PPR from the structure with fiberglass washers, using
titanium bolts in place of the stainless steel bolts, and exposing
a portion of the housing for a radiator. A heater was added to
the PPR housing to keep it above the nonoperating lower
allowable temperature limit.

Except for the SAS heater, the test results agreed well with
the TTM. More SAS heater power (10-20%) would be re-
quired and the heater must be on at all times. For the flight
unit, an improvement in the SAS blanketing resulted in a
flight heater power increase of 8.0 W. To accommodate the
late change to the PPR, a 4.7-W heater was added to the PPR
housing and paralleled with the 3.0-W scan-platform structure
heater.

The only change made to the scan-platform thermal design
for the VEEGA mission was to the outer layer of the thermal
blankets. The separate outer layer of both the platform and
the sun side of the shade was changed to ITO-coated, second
surface, aluminized Kapton to provide some additional pro-
tection for off-sun maneuvers.

Scan-Platform Flight STV Test
Verification of the spun and despun science thermal design

occurred with the rest of the Galileo S/C in the JPL 25-ft
space simulator (Fig. 7) in August 1988. Worst-case hot and
cold test conditions were identified to bracket the performance
of the thermal design. The worst-case hot conditions com-
bined a maximum power mode for the 1989 mission with a
solar intensity of 2.2 suns. The worst-case cold conditions
combined zero solar intensity with a minimum power mode

Fig. 6 Scan-platform thermal development test. Fig. 7 Galileo in the 25-ft space simulator.
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Fig. 8 Despun-science test results.
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for the 1991 backup mission. Results for the despun science
are presented in Fig. 8.

Spun-Science Thermal Design
The following instruments received separate thermal devel-

opment tests: Mags, PWS (electric field), and PL'S. Simple but
effective TMMs were made of each instrument to arrive at the
preliminary thermal design. For all of the other spun instru-
ments, JPL provided S/C interface information and each
principal investigator was responsible for thermal modeling
and any thermal development testing performed for their
instrument.

The thermal development tests performed were unique to
each instrument, but all had the same objective of empirically
developing and demonstrating an acceptable temperature-
control design. A test scenario similar to that for the scan plat-
form was used. There were no significant changes indicated
for the flight thermal design. One unique temperature re-
sponse measured during the outboard magnetometer test illus-
trates the effect of not being able to turn off the 3 W provided
by the RHUs during the launch (Fig. 9). This response is much
worse for the inboard magnetometer (4 RHUs), that remains
inside the canister until the boom is deployed about 12 h after
liftoff for a nominal launch. The inboard magnetometer sen-
sor is predicted to peak at 90°C.

Except for the heavy ion counter (HIC) and extreme ultravi-
olet (EUV), the thermal design for each of the spun instru-
ments is individual, but employs a combination of MLI,
maybe a radiator, a shade (except for the outboard magne-
tometer), and a heater to balance the power dissipation when
the instrument is not operating. The HIC and EUV became
part of the S/C design very late and are affectionately referred
to as scab-ons. Each was hard-mounted to the upper ring of
the bus and tracks the local bus bay temperature.

Sunshades have been added or improved for all of the spun
instruments to cope with the VEEGA trajectory.2 The excep-
tion is the outboard magnetometer that had the outer layer of
the blanket changed to ITO-coated, second surface,
aluminized Kapton and an adjustment made to the radiator
area.

Spun-Science Flight STV Test
Temperatures measured during the flight STV test are

shown in Fig. 10 with the then allowable operating limits. As
expected, the maximum allowable temperature was exceeded
on the PWS dipole antenna and magnetic-field preamp. How-
ever, the inboard magnetometer exceeding the lower allowable
limit by 20 °C and having a larger-than-expected solar de-
pendency was a surprise.

Based on analysis prior to the STV test, the PWS antenna
had been requalified to a higher temperature. After the STV
test verified the analysis, the upper allowable limit was in-
creased to 151 °C. This is satisfactory for the 1989 VEEGA
trajectory, but a new antenna would have to be fabricated to
take the higher solar intensity for the 1991 backup mission.

The PWS magnetic-field preamp is located in the tower of
the high-gain antenna below low-gain antenna 1 (Fig. 1). Orig-
inally, the design relied on one RHU and an electrical heater (3
W) thermostatically controlled by the onboard computer.
Temperatures were brought back into the allowable range by
removing the RHU.

Additional testing was performed on the inboard magne-
tometer to better understand the resulting temperatures. The
tests confirmed that in the new location2 the local boom-
mounting-plate temperature was significantly warmer and
very solar dependent. Very little could be done to the exposed
edge of the plate since any addition of material may cause the
boom to hang up in the canister during deployment and re-
qualification of the boom would be necessary. The fix arrived
at was to add an additional RHU, increase the radiator area,
and requalify the magnetometer sensor to a higher level. The
resulting allowable temperature limit was increased to 110°C
for both magnetometers.
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Fig. 10 Spun-science test results.

Summary
The thermal design of the Galileo spun and despun science

has evolved through much analysis, been proven by testing,
and involved many people in its successful development.
There have been numerous delays that resulted in major
changes to the mission, the S/C and upper stages, and to the
resulting environments. Having the capability to absorb these
changes also lends credence to their readiness.
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