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Overview of Multilayer Metal Insulation Development for Small
Stirling Convertors at NASA Glenn Research Center

Daniel D. Goodell, Nicholas A. Schifer, and Scott D. Wilson
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Summary

A small Stirling convertor is currently under development at the NASA Glenn Research Center to
produce 1 W of electrical power from 8 W of heat. Previous radioisotope power systems (RPSs) made use
of the general-purpose heat source (GPHS), which produces 250 W of heat but is unsuitable for a 1-W
Stirling convertor. The only other qualified heat source available is the lightweight radioisotope heating
unit (LWRHU), which produces 1 W of heat and is primarily used to provide heat to electronics and
instrumentation to maintain their appropriate operating temperature. Unfortunately, the LWRHU has a
heat flux of 272 W/m? compared with the GPHS heat flux of 6,000 W/m?, which significantly increases
the demands on the insulation to ensure that enough of the heat produced is available to the convertor and
not lost to the environment. An analysis was performed that showed that the insulation must have an
effective thermal conductivity of 0.005 W/m-K or better for the system to function. A multilayer metal
insulation package was designed, and a prototype was fabricated and tested to investigate the feasibility of
this design. While the prototype did not meet the requirements perfectly, the lessons learned are being
used to generate an improved thermal model using the test data so that a second iteration can be
developed that will meet the performance requirements with much higher confidence.

Introduction

There is a need for a low-power radioisotope power system (RPS) to power small sensor packages
and repeaters for use in deep space and other areas where solar power is unfeasible. A small Stirling
convertor with a nominal electrical power output of 1 W is being developed at the NASA Glenn Research
Center to meet this need. This convertor would require approximately 6.5 W of heat to operate. There are
only two space-qualified heat sources available to provide heat for an RPS system: the general-purpose
heat source (GPHS) and the lightweight radioisotope heating unit (LWRHU). The GPHS produces 250 W
of heat and is not suitable for a 1-W power system. The LWRHU produces 1 W of heat, so multiple units
could be used to provide the required heat input to the convertor. The GPHS was designed to provide heat
to a radioisotope thermoelectric generator to temperatures greater than 1,000 °C and has a heat flux
through its surface of approximately 6,000 W/m?. The LWRHU was designed to supply auxiliary heat to
electronics and only provides 272 W/m?. The large surface area of the LWRHU relative to the power
output puts greater demands on the insulation, requiring a lower effective thermal conductivity than that
used by GPHS-based systems to minimize the heat loss. Previously used insulation includes
Microtherm® (Promat Research and Technology) high-temperature insulation with a thermal
conductivity of approximately 0.02 W/m-K. Analysis of a proposed LWRHU heat source and convertor
shows that the insulation must have a thermal conductivity of approximately 0.005 W/m-K (Ref. 1) to
ensure that enough heat is provided to the convertor.
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Design and Fabrication

It was determined that a prototype insulation assembly that utilized all the dimensions, features, and
interfaces of the final convertor system should be developed so that any unexpected difficulties in the
implementation could be found as early in the development process as possible. Previous work on similar
insulation intended for use in the Advanced Stirling Radioisotope Generator project discovered some
difficulties during manufacturing and testing that had not been foreseen (Ref. 2). The prototype Stirling
convertor mechanical design was complete before beginning the insulation design process. Therefore, all
the mechanical dimensions of the insulation package could be designed to be compatible with the Stirling
prototype. Additionally, although the prototype would be dimensionally accurate, some expensive and
time-consuming features could be omitted so that the performance can be understood. The inexpensive
prototype was not expected to meet all the performance requirements; however, the knowledge gained
would allow for a second, higher fidelity prototype that will have a high probability of achieving the
required effective thermal conductivity.

Early in the design process, the insulation prototype was divided into three physical components that
were manufactured and designed separately and integrated into the final test package:

1. The thermal simulator, to simulate the operating Stirling convertor and its thermal and physical
interfaces

2. The heat source, which will electrically simulate the eight LWRHUS that are proposed as the heat
source

3. The insulation package, which contains several layers of closely spaced, low-emissivity titanium foils
suitable for pumping down to a vacuum and containing the necessary mounting points for the heat
source and the thermal simulator

Thermal Simulator

The thermal simulator, shown in Figure 1, was designed and manufactured by NASA with the same
dimensions and thermal conductivity of the Stirling convertor at the design hot-end temperature of
350 °C. Additionally, the ability to measure the hot-end temperature and heat flow through the thermal
simulator was considered necessary to understand how much heat is lost through the convertor versus
how much is consumed by the convertor. The simulator was designed in two parts so that the dimensions
and the thermal conductivity could be the same as the prototype Stirling convertor. The two parts
consisted of an outer shell of higher thermal conductivity 410 stainless steel and an inner rod of Inconel®
625 with lower thermal conductivity. The thermal simulator was designed to have the same thermal
conductivity as the operating Stirling convertor by adjusting the ratio of cross-sectional areas for the shell
and the rod. Four equally spaced thermocouples were added to the rod to allow for calculation of the heat
flow through the thermal simulator via Fourier’s law.

An essential feature of the insulation package that was defined early on was the interface between the
heat source and the Stirling convertor. The prototype Stirling convertor was designed to have the
minimum practical wall thickness to limit thermal conduction losses; however, this thin wall limits the
ability of the Stirling convertor to support mechanical loads. The heat source was designed to be
radiatively coupled to the Stirling convertor to prevent the heat source from causing any additional
mechanical load on the Stirling convertor. The radiative coupling will result in slightly higher heat source
temperatures than a direct conductive coupling, which will increase the demands on the insulation. The
thermal simulator was fitted with an 81-mm- (3.19-in.-) diameter heat collector plate. The heat collector
plate was grit blasted to increase the emissivity and to provide the necessary surface for the radiative heat
transfer. The emissivity of a representative sample of 410 stainless steel was measured at approximately
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Figure 1.—Cross section of the thermal simulator.

0.55. A ConFlat® (Agilent Technologies, Inc.) flange was welded to the outside of the thermal simulator
so that it could be disassembled from the insulation test package to allow for inspection, modification, or
replacement of internal components.

Electrical Heat Source

The electrical heat source shown in Figure 2 was designed at Glenn to simulate the dimensions, heat
produced, and thermal properties of the eight LWRHUSs. The electrical heat source was designed to have
approximately the same outer dimensions as eight LWRHUSs arranged in two stacks of four, as shown in
Figure 3. Arranging the LWRHUS in this manner allows the insulation package outer diameter to be no
larger than the diameter of the Stirling convertor. The core of the heat source is a machined piece of
POCO® AXF-5Q graphite (Poco Graphite, Inc.), which has similar thermal properties to the outer shell
of the LWRHU. The block contains four holes to accommodate 9.525-mm (3/8-in.) diameter cartridge
heaters. Hermetically sealed cartridge heaters were chosen to limit the potential for outgassing and to
reduce pump-down times. Two circular bus bars that were made from Nickel 201 were welded to the
cartridge heater leads to provide electrical contact. The graphite block is slightly longer than the
LWRHUs to accommodate the electrical connections to the cartridge heaters.

At the bottom of the heat source is an oxidized copper plate that will radiate heat to the heat collector
plate on the thermal simulator. The oxidized copper surface has an estimated emissivity of 0.88. Several
small hemispherical bumps around the perimeter of the emitter plate will provide point contacts against
the inner layer of the insulation package. These features will radially constrain the heat source in the
insulation package, resulting in the minimum thermal conduction from the heat source to the insulation.
At the top of the electrical heat source is a thin titanium tube that will attach to the inner surface of the
insulation. This tube will provide axial support to the heat source and maintain the correct spacing of the
emitter plate and the thermal simulator.
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Figure 2.—Cross section of the electrical heat source. Figure 3.—Arrangement of eight lightweight

radioisotope heating units used as heat
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Insulation Package

The final insulation package is shown in Figure 4. It was designed and manufactured by Peregrine
Falcon Corp. of Pleasanton, California. The design and fabrication of the cylindrical insulation canister
and final integration of the Glenn-provided heat source and thermal simulator were accomplished at
Peregrine prior to being sent to Glenn for testing. The insulation is made of 10 layers of 0.254-mm-
(0.010-in.-) thick titanium foils separated by a 0.127-mm- (0.005-in.-) diameter wire. Only approximately
one-and-a-half turns of this wire were used between each layer of titanium in the cylindrical section to
minimize direct conduction losses through the wire. A cylinder of thicker stainless steel was used as the
innermost layer to provide structural support to the inner components. The outer shell of the insulation
assembly was made from thicker stainless steel and functions as a vacuum vessel that can be evacuated to
provide the low gas density that is necessary for the operation of the insulation. A ConFlat® flange that
mates with the thermal simulator was welded to the end of the outer shell. A feedthrough for the heat
source electrical power and four 1.59-mm (1/16-in.) Swagelok® (Swagelok Company) fittings were
welded into the end cap to provide a port to connect to a vacuum pump and to accommodate three type-K
thermocouples used to monitor the temperature of the heat source and adjacent areas during testing.

A feature that was omitted from the prototype but is expected to be necessary for the insulation
package to meet the low thermal conductivity requirements is the polishing and vapor deposition of gold
onto the titanium foils. The polished gold surface would significantly lower the emissivity of the surface
and reduce the heat loss through radiation. This feature would have added time and expense, and it was
considered a higher priority to understand the conductive losses and manufacturability of the insulation.
The impact of reducing the emissivity of the titanium shields is predictable and easily modeled, whereas
many of the conductive losses are through point and line contacts and are difficult to model accurately.
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Figure 5.—Axisymmetric model used for the thermal analysis.

Modeling and Analysis

During the manufacturing of the insulation package, Vantage Partners, LLC of Brook Park, Ohio,
performed a thermal analysis of the insulation package design to predict its performance. The analysis
was performed using a simplified axisymmetric model of the insulation (Figure 5) using COMSOL
Multiphysics® (Comsol AB) Version 5.3a. The simplified model did not include most of the conductive
losses through the insulation; however, all the radiative features were included. Several cases were run at
different ambient conditions and different titanium shield emissivities. A few cases were run omitting
some features of the insulation, such as the axial shields around the thermal simulator or the radiative gap
between the emitter and collector plates. Table I shows a summary of the results of this initial analysis.
The analysis shows that the insulation has the potential to meet the requirements if the titanium shield
emissivity is sufficiently low. Additional cases of the model will be run in conjunction with the testing to
help understand the magnitude of the conductive and radiative losses through the shields.

NASA/TM—2020-220379 5



TABLE I.—RESULTS OF INITIAL THERMAL ANALYSIS

Case Notes Cold- Ambient | Emitter | Collector Foil Heat Collector Heat Heat Heat loss Total
no. end temp., | emissivity | emissivity | emissivity | source temp., | through | through | through | heat lost,
temp., °C temp., °C collector, | rejector, | insulation, w
°C °oC w w w
1 Room temp. 50 20 0.88 0.55 0.07 383.60 350.31 6.27 6.80 1.33 8.13
ambient
2 Deep space 50 =270 382.54 349.75 6.27 5.13 3.00 8.13
ambient
3 Deep space (a) =270 462.25 443.15 6.02 .00 8.71 8.71
ambient, no
rejector temp.
4 Room temp. (a) 20 477.63 460.00 5.98 .00 8.82 8.82
ambient, no
rejector temp. v \4 v
5 Lunar (a) 50 0.88 0.55 0.07 484.00 449.00 5.95 0.00 8.86 8.86
ambient, no
rejector temp.
6 50 °C rejector, 50 (a) 384.00 332.68 6.28 8.13 .00 8.13
no ambient
loss
7 50 °C rejector, 50 (a) 380.73 329.85 6.28 8.07 .00 8.07
no ambient
loss and no
axial foils v v v
8 Foil emissivity 50 50 0.88 0.55 0.04 423.55 393.40 7.13 8.17 0.36 8.53
sweeps
9 .06 424.63 384.75 7.01 8.19 47 8.66
10 .08 418.85 378.44 6.92 8.23 .56 8.79
11 .1 414.40 373.57 6.84 8.29 .64 8.93
12 12 410.83 369.66 6.79 8.34 1 9.05
13 .14 407.88 366.44 6.74 8.39 .78 9.17
14 v v v v v .16 405.40 363.72 6.70 8.45 .84 9.29
15 High 50 (a) 0.998 0.998 0.07 370.59 355.14 6.49 8.13 0.00 8.13
emissivity
emitter and
rejector
16 Perfect 50 50 (a) (a) 343.00 343.00 6.96 7.36 .39 7.75
conduction
17 20 °C cold- 20 20 .88 .55 366.38 329.43 6.32 7.59 43 8.02
end temp.
18 Thermocouple (a) 20 .88 .55 430.61 408.79 6.07 7.90 .68 8.58
rod replaced
with
*Kaowool™ v
Disabled.

®Kaowool™ insulation material (Thermal Ceramics, Inc.).
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Testing

Peregrine Falcon Corporation completed the assembly of the insulation and integration of the heat
source and thermal simulator. Peregrine also performed basic testing to ensure that the vacuum vessel did
not leak and that all the electrical feedthroughs were functional. The insulation package was then sent to
Glenn to install the remainder of the test instrumentation, integrate it into the test hardware, and complete
the testing. Thermocouples were installed in the thermocouple rod, and several additional surface-mount
thermocouples were added to the outside of the insulation canister and the cold end of the thermal
simulator (Figure 6). Tgon™ 800 (Laird Technologies), a thermal interface material, was placed at the tip
of the thermocouple rod, and a thermal grease was placed at the cold-end interface to ensure that good
thermal contact was made. A cooling jacket was attached to the cold end of the thermal simulator and
plumbed to a refrigerated circulator to precisely control the cold-end temperature using distilled water as
a coolant. The heat source was connected to a direct-current power supply that was controlled by a
proportional-integral—derivative (PID) temperature controller that used the rod thermocouple as feedback.
This allows the hot- and cold-end temperatures of the thermal simulator to be adjusted so that several data
points can be gathered to determine the insulation performance. The 1.59-mm (1/16-in.) feedthrough was
connected to an oil-free turbomolecular pumping station and used to evacuate the insulation package prior
to testing and to monitor the vacuum level during testing.

During the initial pump down of the insulation, it was realized that the 1.59-mm- (1/16-in.-) diameter
feedthrough size resulted in longer pump-down times. It was estimated that it would take several days for
the insulation to be evacuated to 10~ torr, which was considered sufficient to accomplish the testing. The
insulation was evacuated for 4 days prior to the initial heating. After heating to 100 °C, the insulation
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Figure 6.—Thermocouple (tc) locations (ambient, cold-end (ce), heat source (hs), insulation canister (can), and rod).
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outer canister temperatures reached nearly 50 °C. This indicated that the performance was not reaching
the levels that were anticipated for the prototype. It was uncertain whether the insulation was not
evacuating properly, or there was some other reason for higher heat loss than anticipated. The insulation
was allowed to evacuate for 2 more weeks. Additional discussions with the vendor revealed that the
cylindrical titanium foils required heat treatment to relieve stress during manufacturing, and this process
resulted in the oxidation of the titanium foils. Unoxidized titanium has an anticipated emissivity of
approximately 0.1, whereas oxidized titanium is expected to have an emissivity of 0.6. This oxidation was
not removed prior to the final assembly and had a major impact on the performance of the insulation.

Following a 2-week pump down, the insulation was heated again to gather data. Upon heating,
significant outgassing occurred. This required additional waiting periods of several days before the level
recorded by the vacuum pump returned to the original level. Because the insulation performance was
below expectations, the thermal simulator was also not able to be heated to the 350 °C operating
temperature of the Stirling convertor. Data was taken at the highest power level and at temperatures that
were considered safe for the insulation package. The preliminary results of the evacuated thermal testing
are shown in Table II.

TABLE II.—INITIAL RESULTS OF EVACUATED THERMAL TESTING OF INSULATION

Test condition (rod_tc 1 temperature)
100 °C 100 °C 150 °C 200 °C 250 °C
(evacuated | (evacuated for
for 4 days) 1 mo.)
Thermocouple locations
hs_tc_1,°C 141.56 143.01 205.87 267.14 333.63
hs_tc 2,°C 97.39 92.70 147.78 197.48 251.26
hs_te 3,°C 73.29 73.41 110.22 149.23 187.79
can_tc 1, °C 47.72 39.63 73.01 73.85 90.07
can_tc 2, °C 47.5 38.65 72.88 72.23 88.16
can_tc 3, °C 41.6 35.06 64.15 62.58 75.57
rod_tc_1,°C 100.0 99.06 150.32 200.17 251.18
rod_tc_2,°C 79.06 80.70 117.46 157.56 196.86
rod_tc_3, °C 57.76 60.93 84.18 111.90 138.30
rod_tc_4, °C 34.89 39.24 48.50 60.54 71.85
ce tc_1,°C 22.26 25.90 28.69 29.97 31.73
ce tc 2,°C ] e 2685 | - 28.72 29.95
ambient_tc, °C 26.05 26.85 33.88 37.98 41.72
Properties

Heater voltage, V 31.39 23.03 42.15 42.61 52.30
Heater current, A 0.50 0.36 0.65 0.64 0.74
Heater power, W 15.60 8.27 27.52 27.47 38.78
Heat through thermocouple 1.69 1.56 2.66 3.65 4.69
rod (calc.), W
Radiative heat flow from heat source 1.44 1.62 3.06 5.24 8.97
to thermal simulator (calc.), W
Heat loss through insulation (calc.), W 13.91 6.71 24.86 23.82 34.09
Heat loss through insulation, percent 89.17 90.62 90.33 86.71 87.91
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Concluding Remarks

Although the insulation package did not perform as originally expected, several lessons were learned
that will help in the design and testing of the second iteration, ensuring that it will have a better
probability of achieving the performance required. First is that the 1.59-mm- (1/16-in.-) diameter port
needs to be increased to achieve a better vacuum and reduce pump-down times. A much larger port
should be installed for future testing. Measurement and verification of the vacuum level inside the
insulation package is desirable if this can be implemented without a significant impact on insulation
performance. Additionally, the emissivity of the titanium shields is critical. If the emissivity is too high, it
could compromise the insulation package. These emissivities should be measured during fabrication to
ensure that they meet requirements.

There are several options for the next steps in the testing of this insulation package. The insulation
can be disassembled and the emissivities of the various internal components measured to provide
additional data so that the thermal model can be updated. The existing test package could be disassembled
and the oxidation chemically removed from the titanium shields, which could then be reassembled to
improve their emissivity. Additional testing can be done to measure the impacts of the improvement in
this emissivity on the performance of the insulation package.

For the next design iteration, the improved thermal model could be used to help give accurate targets
for several design features with a much higher confidence level. Resulting predictions of the conductive
and radiative losses will be used to optimize the number of layers of titanium foil required and allow the
appropriate emissivity for the titanium shields to be determined. The thickness and design of the inner
structural layer will also be optimized to reduce thermal losses from the heat source to the cold end of the
thermal simulator. These improvements should result in an insulation package that meets the thermal
design requirements of the proposed 1-W Stirling generator system.
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