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Abstract

The NASA Glenn Research Center (GRC) has been testing high-efficiency free-piston Stirling
convertors for potential use in radioisotope power systems since 1999. Stirling convertors are being
operated for many years to demonstrate a radioisotope power system capable of providing reliable power
for potential multiyear missions. Techniques used to monitor the convertors for change in performance
include measurements of temperature, pressure, energy addition, and energy rejection. Micro-porous bulk
insulation is used in the Stirling convertor test setup to minimize the loss of thermal energy from the
electric heat source to the environment. The insulation is characterized before extended operation,
enabling correlation of the net thermal energy addition to the convertor. Aging micro-porous bulk
insulation changes insulation efficiency, introducing errors in the correlation for net thermal energy
addition. A thin-film heat flux sensor was designed and fabricated to directly measure the net thermal
energy addition to the Stirling convertor. The fabrication techniques include slipcasting and using
Physical Vapor Deposition (PVD). One-micron-thick noble metal thermocouples measure temperature on
the surface of an alumina ceramic disk and heat flux is calculated. Fabrication, integration, and test results
of a thin-film heat flux sensor are presented.

Nomenclature
ASC Advanced Stirling Convertor
ASC-E Advanced Stirling Convertor Engineering Unit
ASC-E2 Advanced Stirling Convertor Engineering Unit, second generation
Alumina Aluminum Oxide
Auvs. Pt Gold Versus Platinum
CAD Computer-Aided Design
emf Electromotive Force
GRC Glenn Research Center
PVD Physical Vapor Deposition
Pt-13% Rh Platinum-13% Rhodium
Ptvs. Pd Platinum Versus Palladium
RTD Resistance-Temperature Detector

1.0 Introduction

NASA Glenn Research Center (GRC) has been testing high-efficiency free-piston Stirling convertors
for potential use in radioisotope power systems since 1999. Stirling convertors are being operated for
many years to demonstrate a radioisotope power system capable of providing reliable power for
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long-duration missions of up to 14 yr. Accelerated
life testing can be performed to provide life and
reliability data but this type of testing is often :
performed on individual components and is not .
possible with a complete Stirling convertor because B8  collector
the parameter used to accelerate the life of one : ;
component may be detrimental to another component
(Ref. 1). Reliable operation can be characterized by
changes in performance or degradation but must be
characterized with convertors under nominal
operation typical of a mission, not under off-nominal
conditions (Ref. 2).

GRC has had Stirling convertors on extended §
operaj[ion Sinc§ 2003. The ‘term .extended operation Figure 1.—Advanced Stirling Convertor Engineering
describes continuous operation with shutdowns only Unit (ASC-E). Mass model shown.
as required by facility issues. Techniques used to
monitor the convertors for change in performance or degradation during extended operation include
measurements of temperature, pressure, piston position, specie concentration levels in the working gas,
and vibration and acoustic emissions. Parameters like thermal energy addition and rejection are calculated
based on correlations developed prior to extended operation. Insulation is used in the Stirling test setup to
minimize the loss of thermal energy from the electric heat source to the environment. Figure 1 shows a
mass model of the Advanced Stirling Convertor Engineering Unit (ASC-E) being tested at GRC.

Net heat input to the Stirling convertor is used to calculate a convertor’s thermal efficiency by
dividing the electric power output by the net heat input. The net heat input is typically calculated using a
correlation based on results from insulation characterization testing performed prior to extended operation
(Ref. 3). The correlation is a function of gross electric power input to the heat source and Stirling
operating temperatures. As the insulation ages during testing, the insulation thermophysical properties
change. The net heat input correlation cannot account for changes in insulation performance which
introduces errors in the correlation making it difficult to distinguish the difference between a change in
convertor operating point and a change in convertor performance when calculating convertor thermal
efficiency. To improve the accuracy of calculated net heat input and convertor thermal efficiency, a heat
flux sensor was proposed to directly measure the heat transfer from the heat source to the Stirling
convertor.

There are various designs of heat flux sensors, such as Gardon gauges, plug gauges, and thin film
thermocouple arrays (Refs. 4 to 6). The thin film types have the advantage of high frequency response
and minimal flow and thermal disturbance (Ref. 7). All heat flux sensors operate by measuring the
temperature difference across a thermal resistance, based on Fourier’s law of heat conduction seen in
Equation (1).

oT
-k
0 o (1)

The heat flux (Q) is in W/m?, thermal conductivity (k) is in W/m/°C, and the temperature gradient at
the sensor surface (d7/dx) is in °C/m. In practice, Equation (1) is implemented by measuring the finite
temperature difference, A7, across a thermal resistance of the finite thickness, Ax, as shown in
Equation (2).

AT
~—k— 2
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The temperature difference can be measured by thermocouples or an Resistance-Temperature
Detector (RTD) arranged as a Wheatstone bridge (Ref. 8). In any case, it is desirable that the temperature
sensors themselves be in as good thermal contact as possible with the substrate, and at the same time not
interfere with the transfer of heat through the substrate. Thin film sensors are ideal for this application
(Ref. 9).

2.0 Thermal Analysis

The heat source contains resistance cartridge heaters which are electrically powered using a variable
direct current (dc) power supply and PID controller. The cartridge heaters are mounted in the nickel heat
block which is preloaded against the ASC-E heat collector. Figure 2 shows the components that make up
the heat flux sensor assembly including the heat source, spacers present on each side of the heat flux
sensor, and a simplified version of the Stirling heat collector. The red surfaces shown on the heat source
represent the surfaces heated by the six cartridge heaters. The blue surface on the Stirling heat collector
represents the control surface which is the hot end of the Stirling convertor. Thermal analysis was
performed using a commercial finite element analysis code to estimate temperatures trends throughout the
assembly based on constant heat input boundary condition on the red surfaces in the heat source and a
constant temperature boundary condition on the blue surface in the heat collector. Because the heat flux
measurement is inherently independent of heat loss through the insulation package that surrounds the heat
flux sensor assembly, insulation heat loss was not considered but is expected to be around 30 W. The
analysis was performed for different values of gross heat input ranging from a possible 300 W to an
unlikely 360 W. Table I, located in the appendix, shows the minimum, maximum, and average
temperatures for each side of the heat flux sensor. The net heat transfer through the heat flux sensor was
calculated based on the (1) resulting integral average temperatures for each side of the heat flux sensor,
(2) geometry of the conduction path, and (3) the alumina temperature dependent thermal conductivity.
The resulting net heat transfer through the heat flux sensor ranged from 217 to 258 W as expected. The
temperature gradients shown in Figure 3 are results from the extreme case of 360 W gross heat input. The
exploded view of the assembly and both sides of the heat flux sensor are shown.

The thermal analysis results suggest the temperature difference across the thickness of the heat flux
sensor substrate could range from 39 to 48 °C. The maximum radial temperature difference across the
face of the heat flux sensor could range from 30 to 39 °C. However, most of the change in temperature on
a face resulted near the outer edge of the disk, as shown in Figure 3(b). The sensor has a slightly larger
outer diameter than the nickel spacers that surround it to enable wire connections. That outer portion of
the disk accounts for about 31 °C difference in face temperature (84 percent) while the larger area, having
a relatively uniform temperature across the face of the disk, accounts for about a 6 °C difference in face
temperature (16 percent). The thin-film thermocouples are located in the mostly uniform temperature
distribution, seen in Figure 3.

UL

Figure 2.—Heat flux sensor assembly. Exploded view
includes the heat source (left), spacer, heat flux
sensor, spacer, and heat collector (right).
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Figure 3.—Thermal analysis results for heat flux sensor
assembly. Temperature gradients shown for full assembly
(a) and heat flux sensor only (b).

3.0 Fabrication

The heat flux sensor is made by depositing micro layers of noble metals onto a ceramic substrate. The
substrates are fabricated and characterized by measuring the thermophysical properties. The thin-film
thermocouples are then deposited onto the ceramic disk in a pattern designed for a particular application.
Wires are attached to the thin-film thermocouple and the electromotive force (emf) voltage generated by
the two dissimilar metals of the thermocouple is measured across the wires. In most cases, the noble metal
wires coming from the thin-films need to transition to a less expensive, more durable wire used to
interface the data acquisition system. This transition contains what is commonly referred to as the cold
junction, the location where the noble metal wires are soldered to the extension wire. The cold junction
represents an additional offset of junction emf voltage, which must be accounted for in the final
calculation of junction temperature. After cold junction compensation is performed, the hot junction
temperature can be determined. Cold junction compensation is discussed more in a later section.

3.1 Ceramic Substrates

The ceramic substrate thickness was chosen for the Stirling application based on desired temperature
difference and the expected axial preload. The alumina substrates shown in Figure 4 were made via
slipcasting, in which the powder was ball-milled in an aqueous solution, binders and dispersants were
added, castings were bisque fired, and fully sintered. The disks were then machined to a thickness of
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Figure 4. —Alumina ceramic substrates. Figure 5.—Photolithography pattern.

Measures radial variation in heat
flux at two circumferential locations.

0.120£0.00005 in. with a near mirror surface finish. The thermophysical properties were then measured
for the ceramic disks fabricated. Thermal conductivity tests were performed according to the
specifications of ASTM E1461 test method. The Flash-Line 300 System (Anter Corporation) was used to
perform thermal conductivity measurements with an expanded uncertainty of 2.1 percent for
95 percent confidence limit. These measurements were made in flowing N, at GRC. Five samples were
randomly selected from alumina substrates fabricated by the GRC Ceramics Branch during 2009. For
each laser measurement, three consecutive laser pulses were used to obtain an average thermal diffusivity.
For each temperature, up to 13 measurements were repeated to obtain the statistical confidence level.

3.2 Thin-Film Deposition

The negative and positive legs of the photolithography pattern can be seen in Figure 5. Three
thermocouple junctions are present in every array. Each side of the sensor has an arrangement of 12
thermocouple arrays although only two arrays are wired and the other 10 are spares. Each array has a
mirrored array on the other side of the disk to enable measurement of the temperature difference, AT in
Equation (2), across the thickness of the disk. The pattern shown in Figures 5 and 6 measures the heat
flux at various radial and circumferential locations. The heat flux was expected to be highest directly
under the cartridge heaters present in the heat source so a pattern of thermocouple junctions were located
under the footprint of each heater, as shown in Figure 6(a). The same array can be found between each
heater to measure heat flux variation in the circumferential direction. Each array has three junctions
arranged from center to edge on the disk to enable measurement of heat flux variation in the radial
direction. Junction 1, shown in Figure 5, was located toward the outer diameter of the disk, junction 2 was
located under the heater, and junction 3 was located closer to the inner diameter of the disk. The sensors
were designed to measure radially and circumferentially varying heat flux, although thermal analysis
suggests this variation is small. Figure 6(b) shows the thermocouple arrays present on both sides of the
disk to enable measurement of the temperature drop through the disk.
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The first heat flux sensor test pieces were fabricated
using mullite ceramic substrates and thin-film Type-R
thermocouples and wires. The mullite ceramic discs folite;rti(:ts
were fabricated at GRC. The mullite substrates were R — |
made via slipcasting, bisque fired, rough machined, fully -
sintered, and finish machined. The thin-film deposition
was also performed at GRC using the Physical Vapor
Deposition method. Films of wultra high purity
(99.99 percent) were sputtered in vacuum. The
deposition process went as planned until contamination
issues, thought to be caused by a photo-resist reaction,
prevented successful photolithography deposition. To
remedy the problem, the deposition method was
switched to using shadow masks and a new pattern was = «K \
created which limited the heat flux measurements to a
single radial location. The shadow mask deposition ®) Between heaters  Under heaters
process was successful, but the bond strength of the  Figure 6.—Thermocouple arrangement. Thin-film

Pt-13% Rh (Type-R) films was inadequate on the mullite thermocouple pattern used to measure disk
surface temperatures under and between

disks: The mullite substrates_ were then replaced by expected hot areas where heaters are located

alumina substrates and photolithography was attempted in the heat source (a), thermocouple array

once again. present on both sides of disk, disk shown
The fabrication process was successful using transparent (b).

Type-R  thermocouples deposited onto alumina
substrates. The next obstacle was getting the signals out
of the sensor. To do this, small-diameter noble metal
wires (0.003 in.) were parallel gap welded onto the thin
noble metal films (3.9x10° in.). The platinum wires were
welded to the thin-films without any issues while the
Pt-13% Rh wires were not successfully bonded using the
parallel gap welding method. Laser welding was also
attempted, but the variability in that process resulted in a
low success rate. The decision was made to attempt a
new combination of noble metals for the
photolithography pattern to enable wire attachment.

Gold films were substituted for the Pt-13% Rh films.
The gold versus platinum (Au vs. Pt) thermocouples have
very good stability, a slightly higher output and lead wire Figure 7.—Heat flux sensor. Au versus Pt
attachment was less problematic (Refs. 10 and 11). The thin-film thermocouples on Alumina ceramic
Au versus Pt output signal is 1.5 times higher than that of substrate.

Type-R thermocouples. The only drawback was that the

melting point of gold (1,064 °C) precluded using this design for a hot-end temperature of 850 °C because
the anticipated heat source temperature could exceed 1,000 °C. Still suitable for a hot-end temperature of
650 °C, the sensors were fabricated for use on ASC-E nos. 1 and 4. The fabrication process was
successful using Au versus Pt thermocouples deposited onto alumina substrates in January 2009. Figure 7
shows one heat flux sensor with small-diameter noble metal wires insulated using alumina fiber wire
insulation which has an inner diameter of 0.012 in. and a maximum operating temperature around
1,200 °C. A series of ceramic substrates and an instrumented Au versus Pt sensor were tested during
component testing discussed in the next section. Component testing identified the unresolved issue of low
bond strength between the gold films and alumina substrate. One sensor was damaged while being
handled, so an additional sensor was fabricated. The replacement sensor was able to be fabricated in
3 weeks.
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4.0 Component Testing

The metallic and ceramic components being considered =
for use in the heat flux sensor assembly were tested to
characterize the survivability and identify areas of
improvement for design and/or fabrication techniques. The
test subjected samples to conditions expected in the
intended application including temperature transients, peak
temperatures, and mechanical loading. The test identified:
(1) available margin in mechanical load and thermal

Load assembly

transients, (2) possible failure modes for the ceramic and and heat source
metallic components, (3) required improvements for

metallic spacer fabrication, and (4) a combination of Test article
materials for minimum temperature drop across the heat

flux sensor assembly. Simulated

Stirling heat
collector

The test setup included parts necessary to apply the
mechanical load and temperature difference to the test
articles. Figure 8 shows a computer-aided design (CAD)
image of the load assembly, heat source, test articles, and a
simulated Stirling heat collector. The test articles included
different combinations of metallic and ceramic parts
required for the heat flux measurement in the Stirling
application.

Six combinations of test article were tested including alumina and mullite ceramic substrates, nickel and
alumina spacers, and nickel disks with and without nickel oxide layers and aluminum oxide layers. The
nickel oxide layers were used to prevent diffusion bonding of the nickel parts at high temperature and the
aluminum oxide layers were used to electrically insulate the face of the nickel disk planned to interface the
sensor. Overall, the ceramic substrates held up exceptionally well under mechanical loads, thermal cycling,
and peak temperatures similar to those expected in the application. Alumina substrates were tested using an
axially applied mechanical load from 400 to 475 Ib. The highest load tested provides about a 60 percent
margin over the 300 Ib load expected in Stirling testing. These results suggest the substrates have an
adequate compressive strength for the intended application. Some substrates selected for test contained
hairline cracks. Those substrates did not change during the test, suggesting hairline cracks do not pose a
significant risk to crack propagation in the substrate during normal use. While no substrates containing
defects would be selected for fabrication, there was an interest in learning how defects affect performance of
the ceramic disks.

The ceramic substrates were tested using a maximum temperature change rate of 0.5 °C/sec. The
highest rate tested provides a 100 percent margin over the 0.25 °C/sec expected in Stirling testing. Values
as high as 1.5 °C/sec were experienced during transients but only for a few seconds. These results suggest
the ceramic discs have adequate resistance to thermally induced stresses which may occur while the
Stirling convertor is being heated up or cooled down.

The nickel spacer discs appeared unaffected by mechanical loading. A layer of aluminum oxide was
deposited onto the nickel spacers to electrically insulate the thermocouple array present on the sensor.
These thin layers of aluminum oxide are expected to also provide protection against chemical reactions.
The gold, platinum, and platinum/rhodium thin metallic films were present on the ceramic substrate on
one of the samples before testing. These films were damaged in some areas on each side of the sensor. It
appeared that the surface flatness on the nickel spacer was not adequately controlled, which resulted in
damage to the thin-film thermocouples.

Figure 8.—Heat flux sensor component test
setup. CAD image shown.
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Component testing identified the need to control the spacer geometry more closely in order to
minimize contact resistance and prevent rough surfaces from damaging the thin films on the sensor. The
nickel spacers were used to provide locating features for the sensor relative to the heat collector and heat
source and to evenly distribute heat transfer from the heat source to the sensor.

5.0 Sensor Integration

Integrating the sensor into the Stirling convertor test setup involved converting the sensor
thermocouple emf voltages into temperatures used to calculate heat transfer. The emf voltage signals feed
out from the sensor through the small-diameter noble metal wires to a custom made wire feed through
mounted in the insulation enclosure. The small-diameter noble metal wires were soldered to the copper
feed through wires. These soldered junctions represent the cold junction of the circuit. In general, to
perform cold junction compensation, a reference temperature measurement is required at the intermediate
junction between the noble metal wire and the extension wire used to pass the signal along long lengths,
often unsuitable for expensive and delicate noble metal wires. Type-T reference thermocouples were
installed in the custom wire feed throughs and potted to the solder junctions using an electrically
insulating, thermally conductive epoxy in order to accurately measure the cold junction reference
temperature. The reference temperature was converted to a voltage using the Au versus Pt reference
functions produced by National Institute of Standards and Technology (NIST) and added to the sensor
output before being converted back to a temperature using the same reference functions. The Au versus Pt
reference functions were developed by NIST during an investigation which quantified the stability and
reproducibility of Au versus Pt wire thermocouples (Ref. 10). Small-diameter Au versus Pt wire
thermocouples were subjected to thermal shock from 960 °C to room temperature 112 times during
1,000 hr of operation. The resulting equivalent temperature changes of the thermocouple at the freezing
point of silver did not exceed £16 m°C. Further, the mean values of emf voltage obtained at full
immersion for six Ag freezes were identical to within the equivalent of 1 m°C. The NIST reference
functions were programmed into the data acquisition system and used to convert the sensor output emf’
voltage to temperature.

The output available from Au versus Pt thermocouples ranges from 6 to 17,000 pV while the
thermocouple signal strength expected during steady state operation in the Stirling application ranges
from 8,000 to 12,000 uV. Similarly, the total output resolution ranges from 6 to 25 uV/°C while the
output resolution expected during steady state operation ranges from 18 to 24 uV/°C.

A bench top test was performed at GRC to characterize the repeatability and stability of the Au versus
Pt thin-film thermocouples fabricated at GRC and to test the proposed data acquisition process. The test
setup, shown in Figure 9, includes (1) a thin-film Au versus Pt thermocouple deposited on an alumina
substrate, used as the test article, (2) a Au versus Pt 0.003 in. diameter wire thermocouple located directly
on top of the thin-film thermocouple via ceramic paste, used as the reference thermocouple, and (3) a
Minco mica heater used to heat the test setup. The test setup was insulated and the noble metal
thermocouple wires were soldered to the copper extension wire to create the cold junction. A Type-K
thermocouple was used to measure the cold junction temperature. Testing characterized the thin-film
thermocouple up to 495 °C by comparing the thin-film thermocouple output to the output of the highly
accurate wire reference thermocouple, also fabricated at GRC.

The transient test was used to characterize the repeatability of the thin-film thermocouple. The test setup
measured emf voltages as a function of temperature. A computer commanded a dc power supply and heater
to heat the test article from 50 to 450 °C. The test article was then allowed to cool down to
50 °C before another thermal cycle was automatically performed. These test conditions were used to subject
the test article to 15 thermal cycles. Throughout each thermal cycle, LabVIEW (National Instruments
Corporation) was commanded to record the emf voltages at a scan frequency of 2 sec. The emf voltages
from both thermocouples were then converted to temperature using the NIST reference functions and the
cold junction temperature. Figure 10 shows the resulting emf voltage versus reference temperature from
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Figure 11.—Au versus Pt thin-film thermocouple data. Figure 12.—Au versus Pt thin-film thermocouple
Calculated residuals for heated periods only from all data. Steady State Temperature.

15 thermal cycles.

15 thermal cycles. There was a maximum difference of 9 °C between the thin-film and wire
thermocouples, likely due to the thermal resistance of the ceramic paste used to fix the wire thermocouple
onto the thin-film thermocouple. Figure 11 shows the resulting residuals for only the heated periods of all
15 thermal cycles. The residuals were calculated by first calculating the temperature difference between
the thin-film thermocouple temperature and the reference thermocouple temperature and then by
subtracting that temperature difference from the 15-cycle average temperature difference. This was
performed for each 2 sec data record. The maximum temperature variation did not exceed £0.35 °C.

A steady-state test was used to characterize the stability of the thin-film thermocouple. The test setup
maintained a steady-state temperature of 495 °C (heater temperature limit). Throughout the test,
LabVIEW was commanded to record the emf voltages at a scan frequency of 2 sec. The emf voltages from
both thermocouples were then converted to temperature using the NIST reference functions and the cold
junction temperature. Figure 12 shows the steady-state temperature data from the thin-film thermocouple.
The maximum temperature variation, or random error, did not exceed +0.1 °C.
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6.0 High Temperature Heat Flux Sensor

A heat flux sensor was being considered for use on ASC-E2’s operating at a hot-end temperature of
850 °C. The heat flux sensor turned out to be too invasive for the higher temperature setup because the
temperature drop across the sensor drives the heat source temperature past its operating limit. For higher
temperature operation, initial plans were to use platinum versus palladium (Pt vs. Pd) thermocouples,
which are reported to be stable to 1,300 °C in an inert environment. However, both Pt and Pd have
nonnegligible oxidation rates for in-air operating temperatures near 1,300 °C (Ref. 12). Long term use at
very high temperatures will require the use of the semi-conductive oxides being developed by NASA as
part of the Aviation Safety Program (Refs. 13 and 14). Because the sensors are fabricated from oxides,
they are inherently stable in hot oxidizing atmospheres. Semi-conductive oxides also have very high
outputs, which would make it possible to use thinner disks. The thinner disks enable a lower temperature
drop across the sensor which makes the sensor less intrusive to the test setup.

Conclusion

A thin-film heat flux sensor was proposed to directly measure the heat transfer from the heat source to
the Stirling convertor while in extended operation. Sensors were fabricated utilizing expertise in the
Ceramics Branch, Sensors and Electronics Branch, and Thermal Energy Conversion Branch at GRC.
Ceramic substrate fabrication techniques include slipcasting, bisque firing, fully sintering, finish
machining, and measuring the ceramic thermophysical properties. Instrumentation fabrication techniques
include using Physical Vapor Deposition to sputter 1-pum-thick noble metal films of ultra high purity
(99.99 percent) and parallel gap welding to attach small-diameter noble metal wires. Integration
techniques include soldering small-diameter gold wires to a custom wire feed through and performing
cold junction compensation for the nonstandard thermocouple. Component testing was performed to
characterize margin in compressive load and thermal transients expected in Stirling convertor testing and
to characterize the repeatability and stability of emf voltage output from the sensor. The development
effort identified materials, fabrication procedures, and data collection techniques required for measuring
heat flux in a Stirling convertor. The sensors, to be used in ASC-E nos. 1 and 4 testing in 2009, contain
gold versus platinum thermocouples deposited on alumina ceramic substrates.
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Appendix.—Thermal Analysis Results for Heat Flux Sensor Assembly

TABLE . —THERMAL ANALYSIS RESULTS FOR HEAT FLUX SENSOR ASSEMBLY

Red Blue HEFS face, HFS face, Sensor heat
surface surface Heater side Stirling side transfer
Gross heat Constant Max Min Ave Max Min Ave Net heat
input, temperature, temperature, temperature, temperature, temperature, temperature, temperature, input,
W °C °C °C °C °C °C °C W
300 630 746 715 737 721 689 698 217
315 630 751 720 743 725 692 702 227
330 630 758 724 749 730 695 705 237
345 630 764 728 754 735 698 708 248
360 630 770 733 760 739 700 712 258
“Anticipated operating point
NASA/TM—2010-216063 11
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