


forth through the heat exchangers, thereby phasing
the rates at which heat is absorbed and rejected from
the engine working fluid. This motion is affected by
a gas spring action between the power piston and the
displacer rod. Fig. 2 schematically illustrates the dy-
namic component coupling and the main feedback paths
through which these component functions are inter-
related.

Table 2 FPSE Test Conditions

Charge Pressure (psia)
Firing Rate (KBTUH)
Frequency (Hz)
Power Piston Stroke (in.)
Displacer/Piston Phase Angle (Degree)

Engine Design Modifications

Fig. 2. - Compressor-engine coupling

The first prototype engine was designed with pro-
visions for varying key engine parameters such as
displacer gas-spring configuration and regenerator
matrix design. This flexibility allows the engine to be
optimized experimentally. Design parameters for the
free piston Stirling engine are shown in Table 1.

Table 1 Free Piston Stirling Engine Design Parameters

Initial testing of the free-piston Stirling engine
revealed that several areas of design improvements
were needed in order to obtain satisfactory engine
operation. One important area was the reduction of
working fluid leakages.

The piston sealing was initially intended to be ac-
complished by tight tolerance of the bearing sleeve.
Initial test results indicated a lower engine power out-
put than expected. Energy balance calculations show-
ed that a significant quantity of energy was lost as
the working fluid leaked around the engine power pis-
ton to the bounce space. Fig. 3(a) depicts the energy
balance of a typical test run using a carbon-graphite
bearing sleeve which resulted in significant leakage.
A design change to incorporate a positive seal in the
bearing sleeve substantially reduced the leakage and
improved engine efficiency. The energy balance of
the improved test is shown in Fig. 3(b).

The energy balance as shown in Fig. 3 still indi-
cated a greater heat loss to the engine coolant than
predicted. This was caused by excessive heat leak-
age from the hot to the cold working spaces, primarily
by the flow leakage across the displacer sleeve. A
positive seal was also incorporated on the displacer
sleeve. Subsequent testing showed that the heat loss
to the engine coolant was reduced to the level as pre-
dicted from the earlier analysis; these results are
shown in Fig. 4.

Working Fluid
Charge Pressure (psia)
Power Level (kW)
Design Efficiency (%)
Heater Head Temperature (°F)
Coolant Inlet Temperature (°F)
Power Piston Stroke (in)
Frequency (Hz)
Bore Diameter (in.)
HX Void Volume (in3)
Displacer Mass (Ib)
Power Piston and Compressor Housing

Mass (lb)

Helium
870/1160
3.0
30
1200
140
1.7
26
2.986
11.156
2.2
29.

Engine Test

The testing of the free-piston Stirling engine was
performed in two stages: first coupling the engine
with a helium pump and then with a free-piston linear
compressor as the load absorbing devices. Operation
with the helium pump as a load absorber yields a two
free-body dynamic system. These initial tests reduced
the additional controls necessary for the more complex
three-mass system using the linear compressor. A
force transducer was used for engine power measure-
ment. After the engine operation was characterized
through the above test, the engine was tested with the
linear compressor as in a heat pump configuration.
The engine power output was measured as the total
enthalpy gain of the refrigerant across the compres-
sor. Table 2 shows the range of test conditions of the
first prototype engine.
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Fig. 3. - Engine test energy balance
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Operating Characteristi

From test data, engine
identified as the fundaments
ing to a change in load conc
pressor suction or discharg
hot side temperature, efficii
responded to the power pist
stant combustor firing rate.
kinematically driven engine,
fundamental parameter respe
the engine piston stroke ren
the free-piston Stirling engi
generated by characterizing
a function of power piston s

Fig. 5 illustrates two su
ance maps which were consti
the displacer rod configurat:
Table 3.

Table 3 - Displacer Re
Their Operating

Rod Area (in 2)
Gas Spring Volume (in 3 )

Displacer/Piston Phase
Angle (Degree)

Swept Volume Ratio

gine heat input and outpi

cs

power piston stroke was
al engine parameter respc
litions. i.e.. either the c

creased, the engine swept volume is increased. For a
constant heat input, the hot side temperature decreases
as the swept volume (stroke) increases. Since the
engine cold side temperature remains relatively insensi-
tive to stroke, the Carnot cycle efficiency rapidly dimin-
ishes as the engine hot side temperature decreases.

The importance of the proper timing of the displacer
gas spring configuration is clearly illustrated in Fig. 5.
For the displacer rod A, combustor firing rates greater
than 62 KBTUH would be required in order for engine
efficiencies in the 20 percent range to be realized. On
the other hand, test data obtained with the displacer
rod configuration B shows that engine efficiency of over
20 percent was obtained with a 49 KBTUH firing rate.
Therefore, the rod configuration A would permit engine
operation with a larger power output at the optimum

I- efficiency point than does the configuration B. Analysis
has also confirmed that the engine with the displacer

At rod configuration A would produce much more power
than the design goal of 3 kW power output if it were
operated at its maximum efficiency point. This engine
hardware is therefore, somewhat oversized for operation
with a three-ton refrigerant compressor and can be re-

ond- duced in size for the product application.

Aom-e pressure level. The engine Load Matching
ency and developed power As indicated in the above discussion, operation of aon stroke variation at a con- free-piston Stirling engine.is extremely sensitive to aThis is in contrast to a change in load conditions. In order to achieve a high

where engine speed is the engine efficiency, the refrigerant compressor naturalonding to a load change and frequency should be properly matched with the enginenains constant. Thus, foz operating conditions. Greater flexibility in adjusting
ine, performance maps were the compressor suction and discharge pressures in the
the engine power output as laboratory test permitted the complete mapping of the

troke. engine performance shown in Fig. 5. However, for aperimposed engine perform- given heat pump system, the compressor suction andructed from test data with discharge conditions are primarily determined by the
ions A and B as specified in ambient temperature. Therefore, matching between the

engine and the compressor must be accomplished most
effectively with design optimization of the engine andid Configurations and the compressor.

Characteristics Three different compressor piston weights were
tested in order to investigate matching characteristics.

Displacer A Displacer B The test results from the heat pump system are shown in
1.2 0.78 Fig. 6 and have been superimposed on the performance
7.6 6.8 map of Fig. 5. Better performance was obtained with a
70-100* 30-45 heavier compressor piston due to a closer match of the

resonant conditions between the compressor natural fre-
1.25-1.67* 0.55-0.83 quency and the engine operating frequency.

*Sensitive to load, charge pressure, etc.

Pig. 5 shows that, for a constant firing rate and a
given engine configuration, the developed engine power
decreases as the power piston stroke increases. This is
due to the fact that, as the power piston stroke is in-
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Fig. 6. - System test

Comparison with the Analysis

Comparisons between the test data and the analyti-
cal predictions from a thermodynamic simulation model
have been found to be in excellent agreement.
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Fig. 7 shows typical metal temperatures
locations in the engine as measured and prec
though no direct measurement of heat exchai
regenerator effectivenesses were available, E

ment between the measured and the predicte
ture distributions were indicative of satisfac
formance of these components. The dynamic
moving masses also agreed well with the anal
shows a typical comparison.
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Fig. 9. - Regenerator - thermal losses

good agree- Discussion
d tempera-
tory per- The first prototype free-piston Stirling engine has
s of the served to demonstrate its operation and load matching
ysis. Fig. 8 characteristics for the heat activated heat pump applica-

tion. The engine efficiency initially demonstrated was in
the low 20% range, lower than the eventual goal of 30%.
This was in part due to compromises made on the test
hardware to insure design flexibility during testing.

One of the main heat losses in the engine occurs at
___ rE orA the regenerator. Fig. 9 shows the first prototype regen-
-__PEO.CTo. erator design. The regenerator matrices were contained

in cylindrical shells which were placed inside thick-walled,
two-piece housings. The design was adopted to provide
flexibility in replacing regenerator matrices to that the
best regenerator matrix could be identified. However,
additional heat losses were introduced. As shown in Fig.
9, the principal losses are: the axial heat conduction
across the thick housing, axial heat conduction across
the matrix, the radial heat conduction from the hot side
matrix to the housing and then back to cold side matrix,
and the flow leakage through the gaps between the
matrix cylinder and the housing inside diameter.

Another source of power loss was due to the working
fluid leakage through the power piston centering vent

:-~- ~ ports into the bounce space. This leakage also resulted
in an additional loss of high pressure working fluid which

lotion could otherwise produce useful work.

Table 4 - Stirling Engine - Energy Balance
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Table 4 summarizes the energy balance of a typical
test as compared to the prediction from an earlier analy-
sis. Good agreement was obtained between the test and
the predictions on the heat input to the engine and the
heat loss to the cooler. However, the engine power out-
put as measured was significantly lower than that pre-
dicted. The discrepancy was due mainly to the flow leak-
age and heat conduction across the power piston section.
With the improved designs of a thin-wall regenerator
housing and reduction of flow leakage and other heat
losses, an engine efficiency of over 30% can be realisti-
cally projected.

Conclusion

Significant progress has been accomplished in analyz-
ing, designing and developing a free-piston Stirling en-
gine for a heat-activated heat pump system. Critical
parameters influencing the engine operation have been
identified and the performance characterized. The first
prototype development effort has laid important ground
work for the second prototype development. While there
is much more work to be accomplished, confidence in the
commercial development of a heat activated heat pump

driven by a free-piston Stirling engine has substantially
increased.
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