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ABSTRACT

The Heat Pipe Stirling Engine (HP-1000), a free-piston
Stirling engine incorporating three heat exchanger modules,
each having a sodium filled heat pipe, has been tested at
the NASA-Lewis Research Center as part of the Civil Space
Technology Initiative (CSTI).

The heat exchanger modules were designed to reduce the
number of potential flow leak paths in the heat exchanger
assembly and incorporate a heat pipe as the link between the
heat source and the engine. An existing RE-1000 free-piston
Stirling engine was modified to operate using the heat ex-
changer modules.

This paper describes heat exchanger module and engine per-
formance during baseline testing. Condenser temperature
profiles, brake power, and efficiency are presented and
discussed.

INTRODUCTION

The Stirling space power project is part of the NASA High
Capacity Power Program funded under the Civil Space Technol-
ogy Initiative (CSTI). The objective of the CSTI High
Capacity Power Program is to develop the technology base
needed to meet the long duration, high capacity power re-
quirements for future NASA space initiatives. The primary
goal of the Stirling space power project, described in [1],
is the development of a 12.5 kilowatt per cylinder Stirling
converter with a lifetime of 60,000 hours.

The shell-and-tube heat exchangers used in many Stirling
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engines, including the first-generation space power convert-
er, the Space Power Demonstrator Engine (SPDE), have a large
number of joints. Reducing the number of joints reduces the
number of potential leak paths in the converter which aids
in meeting the lifetime requirements. A conceptual design
of a converter optimized for space power was performed for
NASA Lewis by Sunpower, Inc. and is described in [2]. This
design included a novel heat exchanger module which allowed
a significant reduction in the number of joints.

This Sunpower 25-kilowatt single-cylinder design used 40
heat exchanger modules. Each heat exchanger module incorpo-
rated a sodium heat pipe as the link between the heat source
and the engine. The outer surface of each condenser was
slotted; the working fluid was heated as it flowed through
these slots. Each module also contained a regenerator and
cooler. The cooler had slotted working fluid passages
similar to the heater.

The fabrication of the next-generation Stirling space power
converter is now being completed by Mechanical Technology,
Inc. (MTI) for NASA Lewis. This 12.5 kilowatt converter is
known as the Component Test Power Converter (CTPC). The
heat exchanger module design concept was not selected for
the CTPC. However, a variation of these slotted heat ex-
changer modules is being used for the CTPC cooler, shown in
figure 1. The CTPC also incorporates a sodium filled heat
pipe, although of a different design from those used in the
heat exchanger module concept.

To demonstrate the feasibility of the heat exchanger module
concept, an existing NASA Lewis RE-1000 free-piston Stirling
engine was modified to operate with three of the modules.
This modular heat exchanger was designed and fabricated for
NASA Lewis by Sunpower; Thermacore, Inc. built the heat
pipes for the modules. The engine test stand was designed
so that the entire engine could be inverted, allowing test-
ing of the heat pipes operating against gravity or in the
gravity-assisted mode. This enabled examining the effect of
the location of excess liquid sodium in the heat pipes.

This report briefly describes the design of the heat ex-
changer modules and performance of the engine during base-
line testing. Condenser temperature profiles, brake power,
and efficiency are presented for the heat pipes operating
against gravity and in the gravity-assisted mode. Referenc-
es [3] and [4] provide a further description of the heat ex-
changer modules and early test results on the modified RE-
1000 engine.




MODULAR HEAT EXCHANGER DESCRIPTION

Each module consists of a heat-pipe heater, regenerator, and
cooler as shown in figure 2. The engine heater is actually
the condenser end of a heat pipe. Each heat pipe was fabri-
cated from a 300 series stainless steel, contains 25 to 30
grams of sodium, and has a sintered powder metal wick with
two arteries. Slots are milled in the outer surface of the
condenser to form fins. The condenser end is then inserted
and brazed into a cylinder, forming the gas paths. Three
holes were drilled for thermocouples through this outer
cylinder and into a condenser fin to the same depth as the
milled slots. The thermocouples are located at roughly the
beginning, middle, and end of each condenser to measure its
axial temperature distribution. The average of all nine
condenser temperatures (three heaters with three thermo-
couples each) is defined as the heater temperature.

The regenerator resembles a metal spool around which a
knitted stainless steel mesh is wrapped. This regenerator
is inserted into the outer cylinder against the condenser
end of the heat pipe.

The cooler is similar in construction to the heater, a
finned cylinder pressed into an outer cylinder. Water
circulates around the outer cylinder to remove heat.

The assembled heat exchanger modules are shown connected to
the displacer cylinder in figure 3.

HEAT-PIPE STIRLING ENGINE DESCRIPTION

An existing RE-1000 free-piston Stirling engine was modified
to operate with three of the heat exchanger modules. This
RE-1000 engine was built by Sunpower, Inc. for NASA Lewis.
The modified RE-1000 engine was re-named the HP-1000 and is
shown in figure 4. Both engines were designed to produce
approximately 1 kilowatt brake power at a mean working space
pressure of 7 MPa and a heater and cooler temperature of 873
K and 298 K, respectively. "

The heat-pipe evaporators are heated with individual, close
fitting electrical resistance heating elements. Evaporator
temperatures are measured by thermocouples located at rough-
ly the beginning, middle, and end of each evaporator. Waste
heat is removed from the engine by circulating water through
the cooler. The engine's power is absorbed using a dashpot
with a remote controlled adjustable orifice.

The engine test stand was designed so that the entire engine
could be inverted, allowing for testing of the heat pipes
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operating against gravity or in the gravity-assisted mode.
This enabled examining the effect of the location of excess
sodium in the heat pipes. A passive vibration absorber,
also built by Sunpower, Inc. and described in [5], was used
to reduce vibration of the engine and test stand. The ab-
sorber was tuned to minimize vibrations at a frequency of 30
Hz. The engine, test stand, and vibration absorber are
shown in figure 5; the engine is shown in the inverted
position with the heat pipes operating in the gravity-as-
sisted mode.

TEST OBJECTIVES

The two basic objectives for testing the HP-1000 were (1)
to demonstrate the feasibility of the heat pipe heat ex-
changer modules as an alternative to typical shell-and-tube
pumped loop heat exchangers and (2) operate the engine in
both orientations and determine the effect of the location
of excess liquid sodium in the heat pipes. With the heat
pipes operating against gravity, the condensers are below
the evaporators and excess sodium would collect at the end
of the condenser. This is expected to reduce heat transfer
at the end of the condenser which would be indicated by a
lower temperature at this location.

TEST PROCEDURE

The engine was pressurized with helium to approximately 700
kPa absolute. The cooling water flow rate was set at about
4 liters-per-minute and maintained between 293 to 298 K.
Next, the power to the heating elements was turned on. When
the heater temperature reached approximately 473 K the
engine was started. At this pressure, the engine frequency
was approximately 10 Hz. The stroke was purposely set as
small as possible (around 1 cm) to reduce vibration.

As the engine heated up, the pressure was gradually in-
creased to raise the engine frequency to 30 Hz, still keep-
ing the stroke as small as possible. This was done to
minimize vibration until reaching the optimum 30 Hz frequen-
cy of the vibration absorber.

Once 30 Hz was achieved at the desired -heater temperature,
the stroke was gradually increased. Data was taken begin-
ning with a stroke of 1.4 cm and at increments of 0.2 cm.
This also required increasing the pressure to keep the
engine frequency at 30 Hz, and increasing the power to the
heating elements to keep the heater temperature constant.
When a desired stroke was reached, data was taken every 5 to
10 minutes for at least 20 minutes. Previous tests deter-
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mined that system efficiency stabilized after approximately
20 minutes. The stabilization period was necessary primari-
ly due to the large thermal mass of the insulation and
structure surrounding the heating elements.

Data was taken at increasingly larger strokes until the
evaporator temperature on any one heat pipe approached 1023
K. This was regarded as the highest temperature at which
the heat pipes could be run without greatly reducing opera-
tional lifetime. After the power to the heating elements
was turned off, the engine was allowed to run until it
stopped in order to cool itself.

RESULTS

The tests at a heater temperature of 823 K with the heat
pipes in the gravity-assisted orientation required 3 runs to
complete testing over the possible range of strokes due to
hardware and instrumentation problems. This created a
discontinuity in the condenser temperature data because as
the engine is disassembled and rebuilt, it is 1likely the
position of the heating elements with respect to the evapo-
rators change. This may cause slightly higher or lower
evaporator temperatures with similar changes in the condens-
er temperatures for the same power throughput. The test
with the heat pipes oriented against gravity was repeated to
confirm the temperature differences between the two orienta-
tions.

In general, the condenser temperature distribution is 10 to
30 K larger when the heat pipes are operating against gravi-
ty. The temperatures at the end of the condensers account
for most of this difference, decreasing as the stroke (or
power) is increased. This is probably due to recession of
the meniscus in the evaporator wick with the increased
difference between the vapor and liquid pressure required
for capillary pumping. This expels some liquid from the
evaporator wick into the excess liquid pool in the end of
the condenser, further blocking heat transfer.

The heat pipes will be referred to as heat pipes #1, #2, and
#3 for identification purposes. Figure 6 shows the condens-
er temperature distribution for heat pipe #3. The thermo-
couples are located at approximately the beginning, middle,
and end of the condenser and are labeled T1, T2, and T3,
respectively. The temperature at the end of the condenser
in this heat pipe was very dependent on its orientation,
decreasing by nearly 20 K when operating against gravity. A
probable explanation for this is a considerable overfill of
this particular pipe, which causes a pooling of sodium in
the condenser with the evaporator up, thereby reducing heat
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transfer.

The condenser temperature distribution for heat pipe #2 (not
shown) did not show as large a temperature difference be-
tween the two orientations. This suggests a more optimal
sodium fill. Three extra thermocouples installed on this
condenser, 180° opposite those used to measure the tempera-
ture distribution, indicated a circumferential nonuniformity
of up to 8 K. This is possibly due to variations in the
wick thickness around the pipe.

With regards to engine performance, the results indicate
brake power as a function of stroke was independent of the
heat pipe's orientation as can be seen in figure 7. Howev-
er, other factors change with engine orientation which make
direct comparisions of power difficult. For example, when
the engine is oriented such that the heat pipes operate
against gravity, the mean position of the piston is further
from the compression space due to gravity. This results in
a larger volume of gas in the engine.

When the heat pipes were oriented in the gravity-assisted
mode, the engine produced approximately 1030 Watts at a
stroke of 2.9 cm before reaching the evaporator's tempera-
ture limit, while the engine produced approximately 800
Watts at a stroke of about 2.4 cm before reaching the evap-
orator's temperature limit when operating against gravity.
This may have been due to a structural problem in heat pipe
#1. Although the condenser temperatures between both posi-
tions were similar, suggesting no large pool of excess
sodium, the evaporator temperatures were much higher when
operating against gravity. This may be due to partial
dryout of the wick which leaves less evaporation area. Wick
separation or possible underfill of this heat pipe could be
the cause. The heat pipe was not cut open for examination
because of possible future engine tests.

Brake thermal efficiency based on rejected heat was approxi-
mately 19% to 21% over the range of piston strokes for both
orientations as shown in figure 8. At a stroke of 1.4 cm,
the efficiency was noticably lower with the heat pipes ori-
ented in the gravity-assisted mode. However, this appears
to be due to a data acquisition error.

System efficiency, shown in figure 9 and defined as the
percentage of brake power output to heater power input,
varied from approximately 10% to 14% over the range of
strokes. The low system efficiency compared to the brake
thermal efficiency is primarily due to heat loss from the
heating system. 1In spite of efforts to insulate around the
heating elements, calculations and tests indicated that from
1 to 3 kilowatts was lost to the ambient through the insula-
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tion while running the engine.

The system efficiency does seem to change with engine orien-
tation. Regardless of the stroke, the efficiency was lower
with the heat pipes operating against gravity. This may be
due to reduced heat transfer because of the apparent poor
operation of heat pipe #1 and excess sodium in heat pipe #3.
However, other factors change with engine orientation which
make direct comparisons of efficiency difficult; for exam-
ple, the heat transfer from the heating element assembly to
the surroundings, and the position of the heating elements
with respect to the evaporators. The heating elements are
not fixed in place and can shift to accommodate movement due
to thermal expansion.

The results at a heater temperature of 873 K had the same
trends as the 823 K results, except for the system effi-
ciency. At a heater temperature of 873 K, the differences
in system efficiency between engine orientations were less
with neither orientation having a distinct advantage. This
may be due to a smaller liquid inventory in each heat pipe.
However, at a heater temperature of 873 K, the evaporator
temperature limit was reached at a piston stroke of 1.8 cm
for both orientations; therefore, the comparisons to the 823
K results are based on a limited stroke range.

COMPARISONS TO RE-1000 RESULTS

Comparing brake power and brake thermal efficiency (based on
rejected heat) between the HP-1000 and the RE-1000 on the
basis of identical mean pressure, stroke, heater and cooler
temperatures, shows similar results. For example, at a
heater temperature of 823 K and a piston stroke of 2.8 cm,
the HP-1000 produced 986 Watts while the RE-1000 produced
981 Watts. The brake thermal efficiency for the HP-1000 and
RE-1000 was 24.0% and 24.8%, respectively.

Although direct comparisons between both engines are diffi-
cult because of the differences in their heat exchanger
assemblies, the heat exchanger module did perform as expect-
ed, delivering similar power and efficiency as the RE-1000.

The brake thermal efficiency was calculated based on reject-
ed heat since the means used to supply heat to both engines
differed substantially. 1In the RE-1000 heater, gas flowed
through electrically heated tubes made of Inconel 718. RE-
1000 test results are documented in [6].



CONCLUSIONS

The feasibility of a modular heat exchanger design with
substantially fewer critical joints than a typical shell-
and-tube heat exchanger has been demonstrated. The heat
exchanger modules in the HP-1000 performed as expected,
delivering similar power and efficiency as the RE-1000. The
use of a heat pipe to transfer heat from the heat source to
the engine was also sucessfully demonstrated.

It may be possible to improve the performance of the heat
pipe heater by reducing the amount of excess sodium. This
could be done by determining a method for a more optimal
fill, or by providing a well for excess sodium which would
be located so as not to interfere with heat transfer.
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