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Thermal Design of the Galileo Bus and Retropropulsion Module

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

This article is the third of three about the thermal design of the Galileo spacecraft (Casani, J. R., "Galileo's
New Route to Jupiter," American Astronautical Society, Boulder, CO, Oct. 1986; and Reeve, R. T., "Thermal
Redesign of the Galileo Spacecraft for a VEEGA Trajectory," AIAA Paper 89-1748, June 1989). Emphasis in
this paper is on the thermal design of the Orbiter's bus and retropropulsion module central body, which houses
the spun electronics and tankage, respectively. The thermal design of the central body is unique because it util-
izes the internally mounted shunt radiator as the primary heat source. Cruise temperatures from the verification
test in a space simulator in August 1988 are presented. Analytical results illustrating how the design responds
during launch and in the event of an abort from orbit are discussed.

Introduction

MISSION overview and spacecraft configuration are dis-
cussed in the previous article. The focus of this article is

on the retropropulsion module (RPM) and eight-bay bus
shown in Figs. 1 and 2, respectively. Unlike some previous
planetary spacecraft (S/C), the bus and RPM central body are
thermally coupled together. Temperatures of the bus and
RPM central body are maintained by the heat dissipated in the
bus electronics and by carefully managing the excess S/C power
dissipated in the shunt regulator located in the bus and in the
shunt radiator mounted on the RPM central-body structure.

Requirements
The RPM central body consists of the tankage, the propel-

lant isolation assembly (PIA), pressurant control assembly
(PCA), and spin bearing assembly. The bus, which houses all
of the spun electronics (power, attitude control, propulsion,
tape recorders, computer, etc.), is the primary interface with
the RPM central body. Thruster/cluster boom assemblies and
the 400-N engine assembly are thermally minor interfaces with
the RPM central body. Similarly, there are significant items
hard-mounted externally to the bus (star scanner electronics,
propulsion driver electronics, and the heavy-ion counter elec-
tronics), which are only limitedly addressed. Temperature re-
quirements for the items that drive the thermal design of the
bus and RPM are summarized in Table 1.

Two major requirements evolved as the design matured.
Thermal concerns with the 10-N thrusters resulted in a propel-
lant tank pressure requirement that translates into limitation
on propellant bulk temperature increase after pressurization
of less than 2°C, but for only trajectory correction maneuvers.
The requirement to maintain the propellant bulk temperature
to less than 59 °C in the event of an abort from orbit has
received significant attention. Since the Challenger accident,
emphasis on the analysis and review of the abort scenario in-
creased significantly.

These two requirements have an undesired relationship. The
time available to get cooling equipment to the abort landing
site before over-pressurization of the tanks occurs depends
upon the propellant temperature at liftoff (L). Because of the
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large thermal capacitance, the propellant temperature at lift-
off is the same as that at pressurization of the tanks, which oc-
curs shortly after the inertial upper stage (IUS) burn. The
lower the temperature at liftoff, the longer will be the
available time in the event of an abort. However, a tempera-
ture lower than the expected early cruise temperature will
jeopardize meeting the 2°C requirement.

The environment for prelaunch, launch, cruise, and abort
are discussed in a previous article.3

Design Approach
Originally the bus and RPM thermal designs were to be sep-

arate. Power dissipation in the bus electronics is usually suffi-
cient to maintain temperatures within the desired range, and
the thermal design comes down to determining what bays will
have louvers, be blanketed, or be totally exposed.

There are no electronics in the RPM from which to derive
the heat required for the thermal design. Because of the dis-
tance from the sun, solar heating, such as that used for Vik-
ing,4 was not feasible. The original baseline used 44 (1 W
each) radioisotope heater units (RHUs)3 distributed about the
central body, and electrical heaters were planned for the 400-N
engine and the 10-N thruster/cluster assemblies.

Louvers
Louvers are of the type flown on previous Jet Propulsion

Laboratory (JPL) spacecraft and attach to the white-painted
shear plates. Specifics of louvers are summarized in a previous
article.3

Blankets
Heat losses from the RPM are minimized by the use of mul-

tilayer insulation (MLI) blankets. The MLI consists of 20
layers of 0.025-mil aluminized (both sides) Mylar separated by
Dacron net. The outer layer is 1.5-mil indium tin oxide coated
carbon-filled Kapton aluminized on the inboard side. Require-
ments for this layer are driven by the nonthermal require-
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Fig. 1 Retropropulsion module.
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Fig. 2 Bus.

ments.3 For additional micrometeoroid protection, the outer
layer of the central-body blanket is 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
micrometeoroid but must standoff sufficiently from the surface
being protected to allow the fragments to disperse before impac-
ting the primary shield (the housing of the component). Special
stays stand the blanket away from the central body, and the
struts for the booms provide the required spacing for the pro-
pellant lines and cables traversing the region between the central
body and thruster/cluster. Mylar standoffs (Fig. 3) are added
directly to the bus hardware to meet the spacing requirements.

Shunt-Radiator/Central-Body Heater
Excess S/C power is dissipated in a shunt radiator that in

other S/C designs radiates the energy to space. To prevent an
undervoltage trip, there is always a power margin and some

power being dissipated by the shunt radiator. Analysis of the
40 power modes shows that a high shunt-radiator dissipation
couples with a low bus-power dissipation and a high bus-
power dissipation couples with a low shunt-radiator dissipa-
tion. The separate thermal math models of the bus and the
RPM were combined. Subsequent analyses showed that it was
feasible to thermally couple the bus and RPM central body
together and utilize the shunt radiator as the primary heat
source for maintaining temperatures within the RPM central
body. The shunt radiator is made up of lightweight film-type
heaters mounted to the central-body structure such that the
power is dissipated equally at four segments in the region op-
posite of the bus. There was a resulting weight savings and 44
RHUs were made available to be utilized elsewhere on the
spacecraft or saved for another JPL mission.

The approach for the RPM was to develop separate analyti-
cal thermal designs for the bus and RPM central body, 10-N
thruster/cluster boom assemblies, and 400-N engine assembly.
Separate thermal development tests were performed to verify
and improve the paper design. To enable separate design and
testing of the central body in the U.S. and the 10-N
thruster/cluster boom assembly in Germany, the boom cavity
was closed by an MLI blanket attached to the boom just out-
board of the pressurant tank. The combined thermal designs
were verified in the system thermal vacuum test of the flight
spacecraft in the JPL 25-ft space simulator.

Central-Body Thermal Design
A thermal mathematical model (TMM) was made of the

RPM central body and bus. The purpose of this model was to
determine the surface finishes required to minimize tempera-
ture gradients within the RPM central body. Infrared-
radiation interchange factors were determined with the orbital
heat flux program5 and temperatures were calculated with the
improved numerical differencing analyzer program.6 The
model was less than 50 nodes and the emphasis was on radia-
tion interchange between the bus, structure (central and radial
tubes and where the shunt heater is mounted), tankage, and
the PIA/PCA. Pertinent conductive paths between the bus
and structure and along the structure were represented. How-

Table 1 Allowable flight and preflight temperatures for the bus and RPM (°C)

Item
Bus

Outboard shear plate
Bays 1, 3, 5, 6, and 8
Bay 2
Bay 4
Bay 7
Star scanner housing
Propulsion driver housing
Heavy-ion counter housing

Retropropulsion module
Helium
Fuel
Oxidizer
Delta Ta

Delta Tb

Propellant isolation assembly
Pressurant control assembly
400-N engine
10-N thruster
10-N thruster cluster
Structure
Cabling
Spin bearing housing
Shunt heaters

Operating
min/max

5/50
4/45
5/30
5/47

-5/45
5/50
5/40

16/26
16/26
16/26

/5
/10

16/26
5/45

——
——

-20/75
——

-20/75
5/45
0/55

Flight

Nonoperating
min/max

——
——
5/35

——
-5/45

5/50
5/40

5/45
5/45
5/45
__

/10
5/45
5/45
5/45
5/45

-20/75
——

-20/75
5/45

——

Launch phase
min/max

'• — —
——

/50
——
——
——

/45

5/45
10/40
10/40
__
__
5/45
4/45

-20/80
-20/80
-20/75
-20/75
-20/75

——
——

Preflight
Operating/nonoperating

max

50
45
35
47
45
50
40

——
——
——
__
— _
——
——
——
——
——
——
——
45
55

Abort
max

——
——
——
——
——
——
——

——
59
59

__
——
——
——
——
——
——
——
——
——
——

aMaximum bulk temperature difference between fuel and oxidizer.
bPropellant bulk temperature increase after pressurization.



148 J. W. STULTZ J. SPACECRAFT

ever, conductive paths by way of struts, through the propel-
lants and pressurant, were neglected purposely to give worst-
case gradients.

The results of the analysis, summarized in Table 2, were in-
strumental in selecting the surface finishes for the RPM cen-
tral body. Three surface finish changes (all black) are illus-
trated in the table. The "base" case is without the
surface-finish change, while the "change" case illustrates the
resulting RPM temperatures for only the change in surface
finish. The surface IR emissivity is also shown for each case
and illustrates more vividly the change in surface finish for the
specific node affected.

For base case 1 the emittance of the tankage, central and
radial tubes, and the PIA/PCA is approximately that typical
of cleaned buffed titanium and aluminum. Two observations
from the resulting temperatures in base case 1 are 1) the large
temperature difference between the outboard and inboard
propellant tank nodes; and 2) in general, temperatures are too
cold for those items (pressurant tank and PIA/PCA) located
outboard of the central tube. To improve both of these prob-
lems, a black finish was given to both the interior and exterior
of the radial tubes and to only the exterior of the central tube.
As shown, the propellant tank gradient (inboard to outboard) is
changed from 6.9 to 1.3°C and the pressurant and PIA/PCA
temperatures were increased 5.5 and 5.3°C, respectively.

Surface properties for base case 2 are the same as those for
the change case L However, the heater power has been redis-
tributed as indicated. Temperatures for change case 2 show
the effect of blackening the interior of the central tube. This
change doubles the gradient through the propellant tanks and
would not be recommended if the RHU heater system was be-
ing used for the RPM central body. However, with the varia-
ble shunt-radiator heating system, an increase in radiation
coupling to the bus is necessary to accommodate a condition
of low shunted power.

Change 3 illustrates the effect of blackening only the side of
the assemblies that faces the central and radial tubes to im-

prove the radiation coupling to the heated areas of the RPM.
The difference between the PIA/PCA temperatures and the
radial-tube temperature is reduced from 1.4 to 0.4°C. Since
the pressurant tanks are single nodes, the effect of blackening
a portion of the inboard half of the tank could not be demon-
strated. However, results similar to the PIA/PCA will occur,
and a black-paint pattern was recommended for the inboard
half of each pressurant tank to increase the radiation coupling
to the heated portion of the central and radial structure. The
properties shown for change 3 and those resulting from paint-
ing the inboard half of the pressurant tanks black are very rep-
resentative of the surface finishes on the flight RPM central
body.

^>v....
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Fig. 3 Mylar standoffs for blankets.

Table 2 Central-body surface finish thermal result

Black radial tube exterior and
interior and black central

tube exterior only

Node
no. Description

Structure
1/3 Central tube
2/4 Central tube

26/33 Radial tube
Tankage

5/7 Oxidizer tanks, inboard
20/22 Oxidizer tanks, outboard
6/8 Fuel tanks, inboard

21/23 Fuel tanks, outboard
24/25 Pressurant tanks
16/17 PIA/PCA

9 Blanket
10 Blanket
13 Blanket
14 Blanket
15 Blanket
1 1 Spin bearing housing

12/34 Bus (boundary)

Base 1
Ea

0.1
0.1
0.1

0.3
0.3
0.3
0.3
0.3
0.1
0.06
0.06
0.06
0.06
0.06
0.06
0.8

°C

22.1
22.0
21.3

18.1
11.2
18.1
11.2
11.4
11.6
1.7

-0.3
-12.2
-9.1
-9.4
18.8
20.0

Change 1
E

0.8/0.1b

0.8/0.1
0.8

0.3
0.3
0.3
0.3
0.3
0.1
0.06
0.06
0.06
0.06
0.06
0.06
0.8

°C

20.1
20.1
18.8

17.9
16.6
17.9
16.6
16.9
16.9
1.6

-0.6
-5.1
-2.7
-2.9
18.7
20.0

Black central
tube interior

Base 2
E

0.8/0.1
0.8/0.1

0.8

0.3
0.3
0.3
0.3
0.3
0.1
0.06
0.06
0.06
0.06
0.06
0.06
0.8

°C

20.0
19.9
19.3

17.9
16.9
17.9
16.9
17.1
20.1

1.6
-0.6
-4.8
-2.4
-2.7
18.7
20.0

Change 2
E

0.8/0.8
0.8/0.8

0.8

0.3
0.3
0.3
0.3
0.3
0.1
0.06
0.06
0.06
0.06
0.06
0.06
0.8

°C

19.7
19.6
19.0

18.8
16.7
18.8
16.7
16.8
19.9
3.0
2.7

-5.1
-2.6
-2.9
19.2
20.0

Black PIA/PCA assembly
inboard only

Base 3
E

0.8
0.8
0.8

0.3
0.3
0.3
0.3
0.3
0.1
0.06
0.06
0.06
0.06
0.06
0.06
0.8

°C

16.1
16.0
15.7

14.8
13.8
14.8
13.8
13.9
17.1
3.7
3.8

-1.4
0.3
0.1

14.9
15.0

Change 3
E

0.8
0.8
0.8

0.3
0.3
0.3
0.3
0.3

0.1/0.8
0.06

' 0.06
0.06
0.06
0.06
0.06
0.8

°C

16.2
16.1
15.7

14.9
13.7
14.9
13.7
13.9
15.3
3.7
3.9

-1.7
0.1

-0.1
14.9
15.0

RPM heater power, W
Central tube
Radial tube
PIA/PCA

Total

Blanket effective emittance
Bus-RPM conductivity coupled

44
0
0

44
0
0

44
0
0

44
0
0

34
8
2

34
8
2

34
8
2

34
8
2

34
8
2

34
8
2

34
8
2

34
8
2

44

0.015 0.015
yes

44

6.015 0.015
yes

44

0.015 0.015
yes

44

0.015 0.015
yes

44

0.010 0.010
no

44

0.010 0.010
no

aE = IR hemisphere emissivity. bExterior emissivity/interior emissivity.
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Table 3 Central-body test temperatures (°C)

Fig. 4 Central-body test configuration.

Central-Body Thermal Development Test
Figure 4 shows the RPM central body attached beween a

bus simulator and the despun structure as it is being put into
the JPL 10-ft horizontal space simulator. Table 3 presents the .
temperatures measured for the simulated maximum and mini-
mum cruise conditions. This test took place approximately 4
yr after the analyses summarized in Table 2, and the shunt-
heater power and bus average temperature range used for the
design had changed. However, the tank gradients and compo-
nent temperatures relative to each other agree very well with
the earlier analyses. No design changes resulted to the central
body.

Bus Thermal Design
The TMM for the bus/RPM contains 190 nodes of which

about 40 nodes represent the RPM central body. The number
of power modes has steadily increased to the current number
of 49. The TMM accounts for the power changes in the
bus/RPM for each mode and is responsive to the expected
definition of new modes during flight. The flight power modes
were scrutinized to determine the worst-case hot and cold
steady-state modes for which to determine to what degree bays
are louvered, blanketed, exposed, or covered with a single
layer (patch radiator) of the blanket material. A summary of
the treatment for each outboard shear plate is presented in

Item (thermocouple no.)
Radial tube structure

Heater (T/C 80)
Lower (T/C 81)
Upper (T/C 82)

Central tube structure
Upper (T/C 79)
Center (T/C 71)
Lower (T/C 78)

Tankage
Fuel tank 1 maximum
Fuel tank 1 minimum
Fuel tank 1 (av)
Oxidizer tank 1 (av)
Fuel tank 2 (av)
Oxidizer tank 2 (av)
Helium tank 1 (av)
Helium tank 2 (av)
PIA/PCA 1 (T/C 27)
PIA/PCA 2 (T/C 23)
Blanket (T/C 128)
Propellant lines

maximum
minimum

SBA housing (T/C 8)
Bus simulator (av)

Shunt-radiator power, W

Cruise
minimum

11.4
12.3
15.7

16.3
14.3
12.7

14.9
13.3
14.0
14.0
14.2
13.8
13.5
13.9
14.2
13.8
11.1

12.0
11.1
13.4
20.0
17.8

Cruise
maximum

30.4
29.4
29.0

28.5
29.0
30.5

28.7
28.2
28.4
28.7
28.8
28.4
27.5
27.7
29.1
29.1
26.0

28.4
27.6
25.3
30.0
69.7

Table 4 Bus outboard shear-plate thermal treatment

Area, m2

Bay
no.
1
2
3
4
5
6
7
8

Louver type/
set point3

Full/26
——

Full/20
Half/16
Full/26

——
——

Full/26

Patch
radiator

0
0
0
0
0
0
0.14
0

MLI
0.11
0.27
0.11
0.19
0.11
0.27
0.13
0.11

aTemperature (°C) at which louvers begin to open.

Table 4. These were the treatments going into the flight S/C
solar thermal vacuum (STV) test, and no changes were made
during or after the STV test.

All of the outboard shear plates are painted white, and the
remainder, of as much of the bus structure as practicable, was
painted black to increase the radiation coupling to the central

Table 5 Heater selection and propellant temperatures for long-term power modes

Heater
RTG BM DP (2)
NIMS OP heaters
Bay C/D Shn
Bay B
BayE
NIMS shield
SSI
PCT heater no. 1
PCT heater no. 2
RCT-NIMS
Shunt heater no. 1A
Shunt heater no. IB
Propellant temper-

ature (°C)

Maximum
power,

W
15.0
78.7
8.0
4.0

12.0
26.4
15.0
14.6
8.4

24.2
45.0
45.0

——

Post
launch
(ll)a

15.0
78.7
0.0
4.0

12.0
26.4
15.0
14.6
8.4

24.2
0.0
0.0

21.5

Science
decon.

(13)
0.0

78.7
8.0
4.0

12.0
26.4
0.0
0.0
8.4

24.2
0.0
0.0

19.3

TCM
no. 1
(14)
15.0
0.0
0.0
0.0
0.0

26.4
0.0

14.6
0.0
0.0

45.0
0.0

19.5

E-V-E
cruise
(15)
0.0
0.0
8.0
4.0
0.0

26.4
0.0

14.6
0.0
0.0

45.0
45.0

19.9

Venus
flyby
(16)
0.0

N/Ab

0.0
0.0

12.0
N/A

0.0
N/A
N/A
N/A
45.0
45.0

21.3

Earth
flyby 1

(17)
15.0
N/A

0.0
4.0
0.0

N/A
15.0
N/A
N/A
N/A
45.0
0.0

20.6

E1-E2
cruise
(18)
0.0
0.0
8.0
4.0
0.0
0.0
0.0
0.0
0.0
0.0

45.0
45.0

19.5

Earth
flyby 2

(21)
0.0

N/A
0.0
0.0

12.0
N/A

0.0
N/A
N/A
N/A
45.0
0.0

19.9

E-J
cruise 1

(22)
0.0

N/A
0.0
4.0
0.0

N/A
0.0

N/A
N/A
N/A
45.0
0.0

19.6

JUP
image
(30)
15.0
N/A

0.0
0.0
0.0

N/A
0.0

N/A
N/A
N/A

0.0
0.0

19.5

RRH
AC
(31)
0.0

N/A
0.0
0.0
0.0

N/A
0.0

N/A
N/A
N/A

0.0
0.0

19.2

Orbital
cruise
(44)
15.0
N/A

8.0
4.0

12.0
N/A

0.0
N/A
N/A
N/A

0.0
0.0

19.5

Satel.
ENC
(46)
0.0

N/A
0.0
4.0
0.0

N/A
0.0

N/A
N/A
N/A

0.0
0.0

19.3
aPower mode name and number. bN/A means heater is not available due to flight rule constraint.
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Fig. 5 Galileo in the 25-ft space simulator.

body. Some of the inboard shear plates have so much cabling,
connectors, etc., that it was not necessary to paint these areas
to achieve the high emittance. Heat losses by way of the
various appendages are not negligible but minimized by the
use of low thermally conductive materials and an MLI wrap
on each strut as well as the cables running out the booms.
Because of the large bus shade, the appendage losses are
almost constant over the mission.

The TMM is comprehensive. Convective conductances in
the TMM are turned on and off as appropriate. Temperatures
predicted by the TMM agree well with the measurements made
during STV testing. Adjustment of convection coefficients
were made to fit temperature predictions and measurements
for tests performed in air just prior to launch at Kennedy
Space Center (KSC) with full propellant tanks and prior to

pumpdown for the STV test wtih tanks pressurized with
helium at 1 atm. Solar dependency during flight and the im-
pact of decreasing power from the radioisotope thermoelectric
generators (RTGs) is small but accounted for by the TMM.

Cruise-Power Management
Key to the thermal design is the management of power to

the bus/RPM central body. At the time the shunt radiator
became part of the RPM thermal design, the allowable tem-
perature increase after pressurization was 10° C, but it has
steadily shrunk to a value of approximately 2°C. Heaters ex-
ternal to the bus/RPM were identified that can be turned on
or off without causing the hardware, on which the heater is
mounted, to go out of allowable temperature limits. These
heaters have other functions, such as preventing contamina-
tion, periodic flashoff of a contaminant, and maintaining the
temperature of a deployment device periodically or only for
the launch phase. For each power mode, the excess power dis-
sipated in the shunt radiator and regulator is adjusted by se-
lecting the complement of heaters that will result in a mini-
mum change in temperature to the bulk propellant
temperature.

Table 5 illustrates the heater selection and resulting propel-
lant temperature for the long-term power modes (modes
greater than 30 h). Calculations show that, until after orbit in-
sertion, the thermal capacitance of the propellants dampen the
temperature excursions for the short-term power modes to less
than 2°C without any adjustment of the shunted power. How-
ever, all power modes will be scrutinized during flight. Propel-
lant temperatures at liftoff will be around 25 °C and cool grad-
ually to 21.5°C (mode 11) and bottom out initially at 19.3°C
during the science decontamination mode (13). As shown in
Table 5, propellant temperatures will be between 19.2 and
21.3°C for the remainder of the mission. The 21.3°C will be
reached towards the end of the 10-day Venus flyby period, and
the next highest temperature occurs during the first flyby of
Earth, which is also a brief period (20 days). Except for these
two brief periods, the propellant temperature can be maintained
constant within 1°C throughout the mission.

There are periods up to seven days during which there is no
communication with Galileo. Potential failures and the result-
ing power modes are being defined that may occur during
these periods. The TMM will evaluate these modes so that the
onboard computer will issue the heater commands to maintain
stable propellant temperatures along with the other commands
that safeguard the S/C.

Flight STV Test
Verification of the bus and RPM central-body thermal

design occurred with the rest of the Galileo S/C in the JPL 25-
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Fig. 6 Bus outboard shear plate and propellant tank STV temperatures.




