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Thermal Control of Space X-Ray Experiment

R. L. Akau* and D. W. LarsonJ
Sandia National Laboratories, Albuquerque, New Mexico

A thermal control system has been designed for the Uniformly Redundant Array (URA), which is a Shuttle-
launched scientific experiment to detect and map x-ray sources in space. The URA thermal control system must
ensure that the various components of the experiment survive and remain within operational temperature limits
when exposed to temperature extremes of space resulting from different shuttle orientations. A thermal model
was developed to simulate different orbital configurations; thermal-vacuum tests were conducted to test the
reliability of the thermal hardware and verify the thermal model. The tests and analyses indicated that the
thermal control system was able to meet the design goals.

Introduction

T he Uniformly Redundant Array (URA) is a scientific ex-
periment to detect and map x-ray sources in space. The

detector incorporates a gas scintillator proportional counter
(GSPC) and an imaging proportional counter (IPC) to provide
improved energy and spatial resolution compared to previous
conventional proportional counters in the energy range 0.1 to
60 ke V1'4. However, to obtain this resolution the temperature
constraints are severe; the detector must be maintained to
± 1°C during use. A similar x-ray detector has been tested
successfully over short periods of time during two sounding
rocket launches.5'6 Utilizing an x-ray detector over a longer-
duration space flight would provide invaluable x-ray astron-
omy data. Therefore, the URA system was developed for oper-
ation from the cargo bay of the Space Shuttle and scheduled
for a forthcoming launch.

A thermal control system has been developed for the URA
experiment, and this paper presents the design procedure used,
the development of the thermal models, and compares pre-
dicted and measured temperatures.

Description of URA Equipment
A schematic diagram of the URA experiment is shown in

Fig. 1. The URA is attached to an experimental support struc-
ture (ESS) in the Shuttle bay along with several other experi-
ments and will be operated by a payload specialist. It is
mounted to the short-equipment section (SES) of the ESS as
shown in Fig. 2 and is thermally isolated from any base-plate
temperature control. The main components are the aperture,
shroud, detector, digital electronics, power distribution box,
and camera.

The aperture and detector are bolted to base-plates consist-
ing of an inner layer of aluminum honeycomb covered on both
sides with thin sheets of aluminum. The aperture base-plate is
approximately 1.27 cm thick and the detector base-plate is 5.08
cm thick and tapers to 6.85 cm. The aperture consists of 15
hexagonal-shaped sheets of molybdenum (0.0152 cm thick)
separated by spacers and held together with a structural
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"strong-back" that provides strength and support. The
molybdenum sheets have a specified pattern of 25,000 hexago-
nal-shaped holes that must be carefully aligned to provide the
required collimation of the incoming x-rays. The temperature
gradients in the aperture must be minimized to reduce thermal
stresses and prevent warping of the molybdenum sheets. En-
closing the aperture and detector is a shroud that is approx-
imately 244 cm in length. The shroud consists of an aluminum
honeycomb structure 1.27 cm thick covered with a thin alumi-
num sheet on the inner surface. The interior of the shroud

URA EXPERIMENT
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Fig. 1 Schematic diagram of URA experiment.

SHORT EQUIPMENT
SECTION (SES)

Fig. 2 Experimental support structure.
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walls are painted black. The outside surface of the shroud has
a lead coating that is sufficient to stop 70 keV photons. The
detector and aperture base-plates and the shroud are thermally
isolated from the SES with a phenolic material that has a
thermal resistance of 9.5°C/W. The aperture and detector
base-plates and the shroud are not structurally connected to
each other and have separate mounting points to the SES.

A long-time exposure camera, which is enclosed in an alumi-
num case, is attached to a platform above the detector and
dissipates 2 W of internal heating. The camera tracks the ori-
entation of the URA experiment relative to the stars when
experimental data are being recorded and can operate from
— 54 to 70°C. However, the film can only survive a tempera-
ture range of — 18 to 49°C. A conical-shaped sunshade 83 cm
long is attached to the front of the camera case and is thermally
isolated from the camera with a phenolic material.

The URA detector is made of aluminum and consists of gas
scintillator and imaging proportional counters (GSPC and
IPC). During use it must be controlled to ± 1 °C. The nominal
operating temperature is 40°C; however, it can function up to
45 °C as long as the temperature variation is minimal while
taking data. In addition, the detector is limited to a tempera-
ture change of less than 15 °C per hour to ensure survival when
not in use. The detector dissipates a total of 13 W of internal
heat when operating. A "getter" located in the front of the
detector generates 25 W of power when in operation. The
operating time of the getter during flight will depend on the
amount of gas purification needed in the GSPC and IPC. The
detector, which is electrically isolated from the detector base-
plate, is suspended above the detector base-plate by two alumi-
num frames attached to each side of the detector.

Located in back of the URA detector are the digital electron-
ics box (EBOX) and the power distribution box (PDB), each of
which dissipate 45 W when the URA system is powered on.
The EBOX consists of module boards that are attached to a
mother board and enclosed in an aluminum case. The PDB is
cantilevered to one side of the detector and consists of a mod-
ule box (5 W internal heating) and low-voltage power supply
(40 W of internal heating) attached to an aluminum base-plate
and enclosed by an aluminum cover. The temperature limits
for the PDB and EBOX electronics range from - 10 to 70°C.

Thermal Model
To ensure that the URA experiment will interface with other

systems scheduled for the same Shuttle flight and will not
adversely affect thermal control of adjacent experiments, sev-
eral requirements must be met. These include:

1) Use a maximum of 135 W of auxiliary heating power.
2) Maintain the URA interface temperature at the contact

with the SES mount brackets between -17.8 and 37.8°C.
3) Provide a simplified thermal model of the URA that

could be integrated into a thermal systems model of the cargo
bay.

4) Ensure the survival of the experiment when exposed to
various orbital and Shuttle orientations and specify orbital
conditions that require the experiment to be shut down to
prevent overheating.

To provide design guidance, thermal models of the early
URA configuration were developed using the thermal analyzer
code SINDA.7 These models were used to investigate the ef-
fects of heater capacity and location, thermal control surface
conditions including metallized selective surfaces and multi-
layer insulation (MLI), and the temperature of other surfaces
in the Shuttle bay. Steady-state temperatures were calculated
from these early thermal models for the extreme conditions of
full sun in the bay (hot) and with the cargo bay facing space
with no solar heating (cold). These early models were then
reduced to a highly simplified but representative 20-node
model of the URA external configuration that was integrated
into the STS SPORTS8 thermal rnodel, which simulates the
thermal response of the Orbiter midsection during prelaunch,
ascent, orbit, entry, and postlanding.

Subsequent to the development of these early thermal mod-
els, a number of design changes were made to the URA. One
of the major changes was to relocate the PDB box from the top
of the shroud to its current site on the side of the detector (see
Fig. 1). To account for these modifications and provide infor-
mation on the transient thermal response of the URA, a more
detailed thermal model that permitted simulation of the time-
varying thermal environment during orbit was developed using
SINDA. The model consisted of 144 nodal points (including
boundary temperatures of Earth and space). The nodes for the
shroud and aperture, camera and sunshade, PDB, EBOX, and
radiator plate and gas system panel are illustrated in Figs. 3-7.
Included in the model are conductive and radiative heat trans-
fer, wavelength-dependent radiative properties, orbital solar,
albedo, and earthshine heat fluxes, internal heat sources due to
thermal dissipation from electrical equipment, and thermo-
statically controlled resistance heaters. For this misssion, the
Shuttle is scheduled to operate in a circular orbit at 150 n.mi.
arid at different /3 angles as shown in Fig. 8, where /3 is the
angle between the sun vector and the orbit plane.
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Fig. 3 Thermal model nodes for shroud and aperture.
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Fig. 4 Thermal model nodes for camera and sunshade.
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Thermal Control Hardware
Because the URA must be thermally isolated from the SES,

thermal control devices such as strip heaters, thermostats, and
selective surface materials (wavelength-dependent radiative
properties) are needed to maintain the experiment within the
required temperature limits during extreme conditions. The
135 W of heater power for the URA experiment were distrib-
uted, as shown in Table 1. The electrical resistive heaters are
thin, flexible, etched-foil heating elements, insulated with
Kapton, and have a pressure-sensitive adhesive for easy appli-
cation. The thermostats are bimetallic devices that are hermet-
ically sealed. A single calibrated thermostat is aligned in series
with each heater. The detector temperature is monitored with
a thermistor that controls the detector heaters to ± 1°C with
digital electronics. However, as a safety precaution, the detec-
tor heaters also include in-line thermostats that are designed to
remain closed below 57.2 ± 1.7°C and open 1-3°C above the
closing temperature. Temperature control for the other parts
of the URA is provided by the thermostats that are designed to
remain closed below 10 ± 2°C and open 1-3°C above the clos-
ing temperature. All the thermostats are designed to remain
open on temperature rise.

-»• MLI NODE

Fig. 5 Thermal model nodes for PDB.

©
I 1 -̂  MLI MODE

Fig. 6 Thermal model nodes for EBOX.

To assist in maintaining proper thermal control for the crit-
ical parts of the URA, thin sheets of metalized film with selec-
tive surfaces are used at various locations. The selective sur-
face properties provide for thermal control by permitting the
specifications of a wide range of the ratio as/e/, where as is the
solar absorptivity and e/ is the infrared emissivity. These mate-
rials either have selective surfaces on both sides or selective
surface on one side and an adhesive on the other to attach to
other surfaces. MLI, which also has selective surface proper-
ties, consists of thin layers of metallized film separated by an
intervening netting and is used to minimize radiation heat loss
and insulate the shroud, detector, camera, and the bottom of
the detector and aperture base-plates.

The MLI blanket contains eight layers of double-sided
metallized film. Each of the six inside layers of the MLI con-
sists of 0.3-mil-thick aluminized Kapton. The layers are perfo-
rated for venting during ascent. The solar absorptivity and

Table 1 Heater locations on URA experiment

Location
Aperture
Camera
Detector
Gas-control

system
EBOX
PDB

No. of heaters
3
3
6

4
3
2

Power per
heater, W

5
5
5

5
15
5

Total
power, W

15
15
30

20
45
10

— MLI NODE

Fig. 7 Thermal model nodes for radiator plate and gas-system panel.

DIRECTION OF
ORBIT MOTION

ORBIT TIME ZERO AT
ORBIT SUB-SOLAR POINT

Fig. 8 Orbital orientation of Shuttle.
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infrared emissivity values for this material are as < 0.14 and
e/ < 0.05. The aluminized Kapton material can survive temper-
ature extremes from — 251 to 288 °C without degradation. The
inside and outside layers of the MLI blanket are a bonded
composite of 0.25-mil Mylar, aluminized on one side, Dacron
netting, and a 0.5-mil Mylar layer aluminized on one side. The
Dacron netting gives added strength to the material. The radi-
ation surface properties for both sides of the material are
«5<0.14 and e/<0.08. This material is porolated (13,000
holes per square foot) for venting with holes that are barely
visible. The continuous temperature range for this material is
- 184 to 107°C. A 100% polyester netting is placed between
each layer to minimize conduction heat transfer.

Two types of selective surface adhesive tapes were used.
They included 1.0-mil aluminized Kapton tape («5=0.10,
€/ = 0.02) to minimize heat loss from the PDB cover, and a
5.0-mil aluminized Teflon tape (as = 0.14, e/ = 0.81) used on
the radiator plate, top side of the camera cover, and the top
cover of the power distribution box to enhance the radiative
heat loss and reduce the temperatures resulting from the inter-
nal dissipation of these components. Two layers of metallized
film were placed over the EBOX to serve as a radiator. This
material is aluminized on one side (ots = 0.12. e/ < 0.07) on
0.5-mil Kapton (as =0.5, e/ =0.8) and survives temperatures
from — 184° to 204°C. The selective surface adhesive tapes
could not be placed on the outer surface of the EBOX because
of its irregular surface. A single layer of metallized material is
used to cover the outer surface of the aperture, since the metal-
lized film would absorb the incoming x-rays if multiple layers
were used. This single layer provided adequate thermal insula-
tion to prevent large temperature gradients in the aperture,
whereas the metallized film (both sides) was thin enough to
allow the x-rays to pass.

Thermal-Vacuum Tests
Thermal-vacuum tests were conducted in a 7ft-diam vacuum

chamber to check the operation of the thermal control system
and to validate the thermal model. The inner wall of the vac-
uum chamber (shroud) is cooled or heated with liquid nitrogen
and rod heaters. Because of the size limitation of the vacuum
chamber, the aperture, sunshade, and shroud were not in-
cluded in the tests. These tests essentially simulate a cold or-
bital condition with no solar or albedo heat fluxes.

The system was mounted to a base-plate that could be
heated or cooled to a desired temperature. The detector and
camera were covered with the MLI. The gas-mounting plate
and EBOX were covered with single- and two-layer metallized
material, respectively. MLI was not placed between the URA
base-plate and the heating and/or cooling base-plate for this
test. However, during the actual flight MLI will be placed
below the base-plate to isolate the URA from the SES. Since
the shroud and aperture were not included in the tests, the
front of the detector was also covered with MLI. Two thermal
balance tests were conducted with the average vacuum cham-
ber wall temperatures at -73.9 and -21.1°C for the cold
and hot tests, respectively. The average base-plate tempera-
tures for the two tests were approximately 5.3 and 15°C, re-
spectively.

A total of 22 copper-constantan thermocouples were placed
at different locations on the URA to record time-temperature
data. The thermocouples located on the URA are shown in
Fig. 9. Six thermocouples were placed on the inner wall of the
vacuum chamber. The temperatures were recorded until
steady-state temperatures were obtained for each test. The
URA system also has internal temperature monitors (thermis-
tors), also shown in Fig. 9, which were recorded on a separate
data acquisition system.

Table 2 Comparison of thermocouple and thermistor temperatures

Location
Camera:

Cold test
Hot test

Detector:
Cold test
Hot test

EBOX:
Cold test
Hot test

PDB base-plate:
Cold test
Hot test

Gas-control system:
Cold test
Hot test

Temperature, °C
Thermistor Thermocouple

6.0
8.0

41.2
46.0

19.0
32.0

20.1
31.0

4.0
2.0

13.3
15.0

45.0
46.7

19.4
29.7

21.1
31.9

- 8.9
- 1.1

Table 3 Comparison of measured and predicted steady-state results

Temperature, °C

Thermocouple
number

Camera:
1
2

Detector:
3
4a

5
6

PDB:
7
8
9

17b
LBOX:

10
11
12

Radiator plate:
13

Gas-control system:
14

Model
node no.

30
32

2
3,4
4

5,6

801
108
45
700

7
11,12

9

15,18

61

^OlU ICSI

Thermocouple

12.8
15.0

46.1

43.9
45.0

22.2
20.0

- 2.2
31.7

17.8
15.6

-10.0

-20.0

- 8.9

L

Model

14.7
13.2

44.4
44.6
44.6
45.1

31.4
27.6

1.4
32.0

22.1
15.7
6.1

- 2.3

12.7

nut icsi

Thermocouple

13.9
15.0

47.2

46.1
45.0

32.8
31.1
16.1
43.3

27.2
26.7
7.2

2.2

- 1.1

Model

16.4
15.9

44.7
44.8
45.3
45.3

42.9
39.3
19.3
45.0

26.3
21.7
14.1

9.8

14.9

thermocouple 4 malfunctioned during tests. bTemperature monitor is a thermistor.
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GAS CONTROL SYSTEM

POWER DIST. BOX

TOP

BACK

~~ THERMISTOR LOCATIONS

Fig. 9 Thermocouple and thermistor locations for thermal-vacuum
test.

Discussion of Thermal-Vacuum Results
Table 2 shows a comparison of the thermistor and thermo-

couple steady-state temperatures at different locations of the
URA system. The different temperature measuring systems
compared reasonably well except for the camera section where
the thermistor temperatures were 7°C lower than the thermo-
couples. The results in Table 2 also illustrate that the detector
and camera thermocouple temperatures did not change apre-
ciably during the transition from the cold to the hot test due to
the effectiveness of the MLI.

A comparison of temperatures measured by the thermocou-
ples and predicted by the thermal model is given in Table 3.
The calculated results in Table 3 are for a low-voltage power
supply (LVPS) internal heating of 20 W. Initially, it was antic-
ipated that this power supply would produce 40 W of internal
power. However, during the tests, power measurements indi-
cated that only about 20 W were being dissipated. When the
original 40 W were used in the model, the PDB temperatures
were over 40°C higher than the measured temperatures. With
the correct internal heating rate the model temperatures were
7°C higher for the PDB base-plate (thermocouples 7 and 8),
but the PDB cover temperature (thermocouple 9) compared
very well. The LVPS temperatures from the model (node 700)
were 31.7 and 43.3°C, and the thermistor (no. 17) recorded
32.0 and 45.0 for the hot and cold tests, respectively.

The measured radiator plate temperatures were approx-
imately 18 and 7°C lower for the cold and hot tests than the
model predictions. This could be due to poor thermal contact
between the radiator plate and EBOX. The gas-control system
temperatures were 21 and 16°C lower for the cold and hot
tests, respectively, than the model predicted. This was at-
tributed to the thermal blanket not completely covering the gas
panel (i.e., gaps and openings).

During the tests, the getter on the detector was turned on for
4.5 h and the temperatures for thermocouples 3, 5, and 6
increased 5°C. Therefore, the average change in temperature
during the transition was 1.1 °C per hour. The effect of getter
thermal dissipation was also implemented into the thermal
model, and a change of 1.7 °C per hour was calculated. Since
the getter is not controlled by the thermal control system but
functions as needed to purify the gas in the GSPC and IPC, the
detector temperature will need to be monitored by the payload
specialist whenever the getter is on to prevent overheating of
the detector.

The URA detector is designed to have 30 W of heater power.
However, during thermal-vacuum tests, only 25 W of heater
power were used on the detector. The detector temperature

80.0

70.0

, 60.0

50.0

< 40.0
CC
UJ
gj 30.0
UJ
*~ 20.0

DETECTOR

——— +Z SPACE
——— +ZLV

6.0 8.0 10.0 12.0 14.0 16.0 18.0

TIME (hr)

Fig. 10 Comparison of average predicted detector temperatures for
+ ZLV and +Z space orbits.

increased from an initial temperature of 18 to 45° C at a rate
of 3°C per hour as compared to a prediction of 2°C per hour
from the model with 25 W of detector heater power. Thus,
while in flight (assuming 25 W of heater power to be conserva-
tive), the measured detector temperatures indicate that detec-
tor heaters will need to be on for at least 8 h (12.5 h from the
model) before tests can be conducted at a detector temperature
of 45°C if the initial temperature is 20°C. Tests were also
performed to verify that all of the thermostats were operating
at their prescribed set points.

Calculated URA Temperatures
Since the thermal-vacuum tests indicated that the detailed

URA thermal model predicts temperatures reasonably well,
the model was used to predict the system temperatures for
extreme operating orbital conditions. A thermal design report9

specified that the hottest and coldest operating environments
were, respectively, 1) +ZLV orbit, when cargo bay has a
maximum heat load (facing Earth with albedo and earthshine
at j8 = 0), and 2) when the cargo bay is looking at space with
no solar heat flux, at + Z space.

The thermal model assumes that when the cargo bay faces
space there is no albedo and earthshine on the URA, and when
the cargo bay faces Earth there are only albedo and earthshine
external heat fluxes. URA temperatures were calculated until
quasi-steady-state conditions were achieved. Table 4 shows the
maximum and minimum temperatures for the extreme operat-
ing conditions and the overall maximum and minimum tem-
peratures. The results are for a detector operating temperature
of 45 ± 1°C and 30 W of detector heater power.

The results in Table 4 show that the detector operated at
44.9 ± 1.5°C, which is above the required temperature con-
straint of ± 1°C. However, the ± 1.5°C temperature varia-
tion is realistic and will not degrade the accuracy of the detec-
tor measurements. For the + Z space orbit, 12 h were required
to heat the detector (30-W heater power) from 18 to 45°C, and
only 8 h were required for the + ZLV orbit. A comparison of
the detector temperature response for the two orbits is illus-
trated in Fig. 10. The overall predicted maximum and mini-
mum temperatures from Table 4 and the required operational
temperature limits are shown in Table 5. The maximum and
minimum temperatures for the EBOX (39.3 and 1.1 °C) and
the PDB low-voltage power supply (45.2 and 21.3°C) were well
within the desired operating temperature range of — 10 to
70°C. Also, the camera maximum and minimum calculated
temperatures were 23.7 and — 4.8°C, respectively; the film
cartridge temperature range was 17.1 to 6.3°C. The desired
operating temperature range is — 54 to 70 °C for the camera
and — 18 to 49°C for the camera film. The thermal interface
between the URA contact points to the SES mount brackets
ranged from - 0.3 to 36.6°C (detector and aperture base-
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Table 4 Maximum and minimum predicted temperatures for extreme operating conditions

Temperature, °C
+ Z space + ZLV

Location Maximum Minimum Maximum Minimum
Overall

Maximum Minimum
Detector
EBOX
PDB LVPS
Aperture
Shroud
Camera
Film cartridge
Aperture

base-plate
Detector

base-plate

45.9
19.4
21.3
10.2
15.6
15.1
9.4
2.3

25.2

44.8
1.1

21.3
10.2
9.4

- 4.8
6.3

- 0.3

3.3

46.4
39.3
45.2
19.2
25.3
23.7
17.1
24.7

36.3

43.4
24.8
45.2
19.2
21.4
12.0
15.9
19.8

25.1

46.4
39.3
45.2
19.2
25.3
23.7
17.1
24.7

36.3

43.4
1.1

21.3
10.2
9.4

- 4.8
6.3

- 0.3

3.3

Table 5 Comparison of predicted overall extreme temperatures
____ and operational temperature limits

Temperature, °C

Predicted Design

Location Maximum Minimum Maximum Minimum

Detector
EBOX
PDB LVPS
Camera
Film cartridge
Detector and

aperture
baseplates

46.4
39.3
45.2
23.7
17.1

36.6

43.4
1.1

21.3
- 4.8

6.3

- 0.3

46.0
70.0
70.0
70.0
49

37.8

44.0
-10.0
-10.0
-54.0
-18.0

-17.8

plates), which falls within the specified constraints of — 17.8
and 37.8°C.

It is anticipated that the URA will not operate during orbital
configurations that result in full sun in the cargo bay. Never-
theless, temperatures were calculated for this orbital configu-
ration to determine if the system could operate in such a con-
dition and to assure that the maximum expected temperatures
did not exceed survivable (nonoperational) limits. The detector
heating rate from 18 to 45° C was approximately the same as
that predicted for the + ZLV orbit condition (3.4°C per hour).
The predicted temperatures for most locations on the system
during full sun were generally lower than temperatures calcu-
lated for the + ZLV orbit. However, the shroud and aperture
temperatures continued to increase after 12 h, which caused
the detector to go above its desired operating temperature, but
not above survivable conditions. Therefore, the URA experi-
ment could be operated during the early portions of a full-sun
configuration, but could not be operated continuously in that
condition.

Conclusions
The testing and analyses of the URA control system indicate

that all of the components will remain within operational tem-
perature limits when in use and within survivable limits when
not in use. Furthermore, the thermal interface requirements
with the spacecraft can be met. However, the desired opera-
tional temperature constraint of ± 1°C on the detector ap-
pears to exceed the capabilities of this system. Temperature
variations of ± 1.5°C at the detector appear to be realistic and
will provide for reasonable accuracy for the detector measure-
ments. In addition, since the overall limitation of available
heater power leads to an allocation of 30 W for the detector,
the thermal mass associated with the detector can be heated
only at approximately 3.4°C per hour. Therefore, several
(8-12) hours will be required to heat the detector from initial
ambient conditions to operational conditions. Also, once the

detector is at temperature, if the getter is operating it will
produce a detector temperature change of 1.1 to 1.7°C per
hour. Since the getter functions independently from the ther-
mal control system, the detector temperature will need to be
monitored by the payload specialist whenever the getter is in
operation to prevent the detector from overheating.
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