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ABSTRACT

A 3 Kw free-piston Sﬁirling engine (FPSE) driving a linear Rankine cycle vapor
cbmpreSsor has been under development by the Department of Energy, the Gas
Research Institute and General Electric Company as a low-cost heat activated
heat pump (HAHP) for residential applications since 1976. This paper presents
data obtainedAfrom recent testing on the FPSE/linear compressor unit. System
performance and engine/compressor matching and control tests and analyses are

presented and discussed. Engine component performance and loss test data are

also presented. A description of the low-cost real-time digital data

acquisition system is included.

Engine/compressor test results show maximum enginé power levels over 3 Kw,
close to the design goai of 3.2 Kw. However, maximum efficiency is
approximately 25 percent, 5 points below the design goal. The test results
are used'to construct maps of engine performance and compressor performance.
These maps suppoprt the engine/compressor matching techniques. Confirmation
of the control system features needed to provide matched engine/compressor

operation is presented.
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Loss measurements under engine oscillating flow conditions show that
quasi-steady models of oscillating flow substantially underestimate losses,
and that various Stirling engine models predict signfiicantly different

component losses.

Both performance and component loss test results are combined with simulation

trends to identif} design improvements to the current hardware and the

projected performance increases.

INTRODUCTION

‘A Stirling/Rankine Heat Activated Heat Pump (HAHP) has been developed jointly

by the Department of Energy, Gas Research Institute and General Electric
Company. The objective of the program is to demonstrate that the selected
qoncept can be developed into a viable commercial product for residential
applications. A summary description of this development program was presented

in Reference 1.

The heart of the system is the combustor/free-piston Stirling engine
(FPSE)/linear inertia compressor assembly. A detailed discussion of the
system performance and hardware description can be found in previous papers
(References 2, 3). For the first and the second prototype systems, all of the

components and subsysfems met their performance goals except for the Stirling

engine (4, 5).

In order to further undersfand and identify potential improvements of the
performance of the Prototype 2 engine and its matching characteristics with
the linear compressor, a more rigorous testing program was embarked on in 1982
concentrating on the characterization of the existing Proto 2

engine/compressor subsystem.
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With additional instrumentation at the component level and a low-cost
real-time digital data acquisition system developed specifically for the
testing, much more insight into the engine/compressor system performance has
been attained. This paper presents a brief description of the microcomputer
based data acquisition system and the data obtained from the recent test.
Performance trends, major component losses and the potential performance

improvement achievable are discussed.

System and Component Description

Figure 1 depicts a design layout of the engine/compressor system. The single
cylinder engine is basically a thermally driven oéci]]ator operating on a
Stirling cycle. Its housing assembly is the préssure vessel member and
contains the heater head, regenerators, and cooler subassemblies. The
engine/compressor system consists of three freely moving masses: A working
fluid displacer, an engine power piston and a compressor piston. The
compressor housing is an integral part of the engine power piston. Relative
motions of the three free bodies are constrained only by the working fluid

pressures, and are dependent on load and operating parameters.

The heat input to the engine is supplied from a gas-fired combustor consisting
of a rs. ation-cooled transpiration burner. The oscillating motion of the
engine displacer shuttles the working fluid back and 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 displacer rod, as well as tﬁe second gas spring

(the latter increases system operating frequency).
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" TEST CONDITIONS AND INSTRUMENTATION

The testing sequence described here was done on the complete heat engine heat
pump system. Earlier tests had disclosed the intimate dynamic coupling
between the free-piston engine and free-piston compressor. The testing also
generated component-level performance information which was desired in order
to elucidate the discrepancies observed in earlier tests. Complications arise
from the fact that direct measurements of the shaft power developed/dissipated
by free-piston devices are quite difficult. Indirect measures, consisting

of %Pdv and 9SFdX in the various working gas spaces, were used (see Figure
2). Such power calculations are very sensitive to instrument error -

especially phase shift error between two complementary signals.

Component-level information was provided by the installation of a displacement
sensor on the compressor piston, by installing pressure transducers across two
sets of heat exchangers, and by incorporating a numﬁer of ultra-fast-response
thermocouples into the engine and its heat exchangers. Measurement errors
were minimized through calibration of all pressure and motion sensors,
including their associated signal conditioning equipment. Complementary
signals were checked for any differential phase shifts; where required,

circuitry was added to bring these within + 1/2° of each other. The

| problems encountered with the acquisition of these dynamic signals were

addressed by means of digital signal processing.equipment.

DATA ACQUISITION

Data Acquisition System (DAS)

A number of digital data acquisition systems were examined; a Tektronix system
was selected. This DAS appeared to offer the greatest versatility: data

acquisition could be accomplished by either the oscilloscope (using 10-bit



L quantization) or by the microcomputer (on previously digitized data). While
the oscillostope offered some signal processing and computationai'features,
the power of the microcomputer could be used to advantage in data reduction
and output. The complete DAS consisted of the units shown on Figure 3, and

was configured as illustrated.

No computer code (software) was available which would allow the DAS to perform
the specific tasks required for these tests. Several codes were developed in
order to fully exploit the DAS*' power and capabilities. The more important

ones are described below.

" DAS Control Software

The main system operating code controls the triggering, sequencing, and
acquisition of the various data streams. This code includes subroutines which
are transferred to the digital oscilloscope processor for integration of the

appropriate PdV traces. The code also formats data printout and plots.

The DAS code (written in about 1200 lines of BASIC) instructs the 4052

microcomputer/controller to do the following:

- multiplex dynamic data channels in a chosen sequence,

- command the 7854 oscilloscope to acquire andd store the incoming
dynamic signals (24 channels) in the correct mode (chop mode was used
for signa]s where phase shift error could not be tolerated),

- trigger the Fluke Data Logger to acquire and store the steady state

data (108 channels) at the proper time,



- transfer data to the microcomputer for subseduent display (screen
and/or plotter) and printout after all data acquisition is complete,

- integrate PdV curves, transferring the result when requested by the
microcompqter,

- request keyboard inputs for the few readings still taken manually,

- print and plot all data and results in the desired format.

Input activities (items # 1-3, above) require ~ 20 seconds. This includes
switching amplifier settings several times, in order to correctly acquire the
data. Since the engine is operating at steady-state during this period, the

acquisition can be considered real-time.

Output activities take considerably longer, and are determined by the speed of
the mechanical devices involved. Printout requires several minutes, and each
plot requires about 2-3 minutes. Storage of the dynamic waveform data on tape
takes about 5 minutes. In all, about 45 minutes are required for real time
processing each data point. With the HAHP needing about 30-60 minutes to
achieve stable operation at the selected conditions, the DAS output time was a
minor constraint on the test plan. A portion of the DAS output is shown on

figure 4 and Table 1.

ERROR ANALYSIS

Instrument and Signal Conditioning

The accuracy of the LVDT's is + 2%, and + 0.5% for the pressure transducers;
another + 2% error is introduced by phase shifts in the pressure
signals due to unequal line lengths and/or temperatures. The amplifiers in

the oscilloscope have a + 2% error also.



Digitization

The digital oscilloscope provides many features and options in acquiring and
storing waveforms (i.e., pressure or motion signals). Examples are: the
number of points per waveform, waveform averaging over a number of cycles, and
waveform "smoothing". All these features were exhaustively studied, and found
to exert only a minor influence on the main result - measured power. The net
variation is on the order of + 3%; 128 points/waveform, with no additional
processing, was chosen for all test runs. This allows simultaneous storage of

up to 40 waveforms.

Thus the total error is approximately:

\/52 +22 422432422~ e

Phase Shift

The quantization (digitization) of the signals introduces no appreciable phase
shift error, since the two complementary signals of interest are processed
nearly simultaneously, in “chop" mode. However, as noted earlier, the signal
conditioning equipment introduces a phase shift of about + 1/20.

Examination of the effect such a phase shift has on the measured power shows
that the associated error is approximately 0.1 KW/O phase shift (for each
9SPdV calculation).

DAS Observations

The experience with the new DAS has been a very positive one, and has resolved
a number of questions which the earlier DAS (and associated manual data
reduction) was unable to cope with. The DAS performed extremely well and gave

accurate and consistent results with real-time performance calculations.



 The test results obtained for the engine and compressor performance, matching

- characteristics and major losses in the system are discussed as follows:

TEST RESULTS

Indicated Engine Power

The maximum indicated engine power obtained from the test has approached 3.2
KW operating at 1250°F heater head temperature and 80 Bars charge pressure,
as shown in Figure 5. At the lower charge pressure and lower heater head
temperature, the power output is reduced accordingly. At 60 Bars charge
pressure, the power output is about 2.9 KW at an 1.08" power piston stroke.
Attempt to operate at a longer stroke resulted in mechanical collision of the

dynamic components.

The pertinent operating parameters influencing the power output are the‘piston
stroke, Sp, heater head temperature, TH’ and charge pressure, Pch’ as
illustrated in Figure 5; as well as the operating frequency, fop’ as shown

in Figure 6.

The effects of the stroke, frequency and the hot side temperature on the power
output of the free piston stirling engine, are significantly deviated from
linear relationship., The effect of the operating frequency is especially
critfca]. The operating frequency determiﬁes the compressor load |
characteristics and therefore plays a major role in determining the operating
point. Further discussion on this effect is given in the engine/compressor

matching section.



" The influence of the displacer to piston displacement phase angle and their
stroke ratio on the power output indicates rather weak relationships. It is
physically more meaningful to examine this in terms of the expansion to the
compression space phase angle and their swept volume ratio as shown in Figure
7. It is seen that the power output is strongly influenced by the volume
phase angle and the swept volume ratio. The volume phase angles of the Proto
. 2 are apparently far exceeding the optimum value, which lies between 100 to
120°. The swept volume ratio is too small and should be brought up to a

ratio of about 1.0.

Engine Indicated Efficiency

The maximum engine indicated efficiency is 25% as indicated in Figure 8 which
shows the 77IND plotted against the power piston stroke of various test
points. The scattering of efficiency data when correlated with the piston
stroke appears wider than that of other performance parameters, such as the
indicated power. This}probably occurs because the interpretation of the
efficiency is an end result of all other measurements, including the fuel
input, combustion efficiency and the engine indicated power. Nevertheless,
Figure 8 does provide a general trend of the engine efficiency, indicating an

efficiency plateau of 25% for the existing hardware.

Another reason for the data scatter as shown in Figure 8 is that the operating
frequency seems to have a dominant effect on the engine efficiency. As the
frequency is increased, the engine efficiency seems to decrease rather
quickly. It appears that the increase of the heat and power losses within:
the engine exceeds the rate of the power gain as the operating frequency is
increased. More discussion on these internal losses is given in later

sections.



* Compressor

’ Compressor testing was done over a range of suction and discharge pressures.
The compressor natural frequency was also varied by means of the compressor
gas spring regulator. Two phenomena were observed, which somewhat restricted
the possible test range. At high compressdr pressure ratio and low engine
power levels the compressor piston tended to stall. At simultaneous high

pressure ratio and high (108 PSIA) gas spring regulator conditions the engine

reached its physical -limits at low heater head temperatures.

Compressor power is taken to be the PdV diagram of all four compressor gas
volumes (two working spaces, two gas springs). The power is plotted in Figure
9 versus power piston stroke. Lines are drawn through points with roughly
the same discharge pressure, suction pressure, gas spring regulator pressure
and excitation frequency. These lines give the power versus stroke
characteristics for given operating points. Figure 9 shows data for both

unregulated and- 95 psig regulated gas spring operation.

The compressor performed essentially as it had in earlier builds. Strokes are
shorter than measured on the component test stand. The various hypotheses
cursorily examined do not serve to readily explain the stroke (and attendant
performance) differences observed. The prime candidates are the chief
hardware environment differences between éomponent and integrated tests:
spring coil tubes and their effect in restricting R-22 flow, and charge
pressure effect in decreasing the clearance between the compressor piston and

housing. A closer look at the consequences of these two features is warranted.

1N



- . MAJOR POWER LOSSES

' Flow Friction Losses

One of the major losses affecting the engine efficiency is the flow friction
loss through the heater head, regenerator and cooler. Contrary to earlier
prediction, the pressure drop across the cooler constitutes the major loss
among the three sections. The power loss across the cooler is almost 50% of
the total loss while the heater and the regenerator split the remaining losses
almost equally. The total flow friction losses as a percentage of the
indicated power are in the range between 30 to 40%, which is significantly

higher than the 10% range which applies to the optimized engine designs.

The analytical predictions of the pressure drops across the heat exchangers
and the regenerator, using quasi-steady state equations, often under-predict

the true values as illustrated in the examples shown in Table 2.

Figure 10 is a compilation of all recent data on the total flow friction
losses plotted against a parameter fop X Sp X \/ PCH' For a given set
of hardware, the pressure drop and the flow friction loss will vary in the
following relationship depending on the types of flow:
P"loss ~P X V(Vel)N(j?v)2 : Laminar
P 1.2 v1.8

J> v3 : Entrance and exit losses

: Turbulent

The test result of the total friction ]oss;:fﬁ;indicated in Figure 10,
correlates closest to the turbulent flow relationship. This apparently
reaffirms the observation that the dominant losses are attributable to the

turbulent skin friction along the cooler and the heater tube walls.

-11-



" -~ Power Piston Second Gas Spring

As mentioned earlier, a second gas spring was installed on the power piston in
order to boost the operating frequency of the system approaching 30 Hz.

However, a significant penalty in power dissipation was experienced.

Since the P-S diagrams of the second gas spring are rather narrow, any phase
shift in measurement could lead to substantial error in power heasurement.
Indeed, the measured data of the power dissipation exhibit a wide scattering.
A statistical analysis was carried out. The result is shbwn in Figure 11,
indicating a relationship of

b 2

P Nfop CH

W oss

The observed power dissipated in the second gas spring ranges from 200 to 500

wptts.

~

Other losses including all the seal and bearing friction are in the range of

150 to 200 watts.

Compressor Gas Spring

In addition to the two freon compression spaces, the compressor also contains
two gas springs in order to ensure centering of the compressor piston and also
to boost up the compressor natural frequency to a desired level. The two gas
springs are connected to each other and to other fluid compartments through

the clearance or vent holes . All these small flow passages contribute to

throttling losses in addition to the heat transfer loss associated wih the gas
springs. This compressor‘power dissipation represents about 20% of the brake

power for a 3 KW engine and is in the same range as that for the mechanical

12
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. friction loss of a kinematic engine. Nevertheless, much more can be done to

" reduce this power loss in a free-piston device by modifying the design of all

flow passages.

Engine/Compressor Matching

The matching technique through which the current Proto 2 test data has been

interpreted is reviewed briefly here.

Figure 12 depicts the general approach. Engine power test data for a given
heater head temperature is plotted versus power piston stroke. The energy
absorbed by the compressor is also plotted versus power piston stroke. The
intersection of the engine power delivered and compressor power absbrbed
curves determines the operating strokes and power levels of the engine for a

given set of operating conditions.

The recent test data taken on the Proto 2 engine follows the trends described
by this fairly basic approach. For a fixed heater head temperature and charge
pressure the operating points occur at longer'or shorter strokes depending on
the location of the compressor power absorbed curve. This behavior is best
seen as from Figure 9, for those cases for which the compressor operated at
similar conditions (suction pressure, discharge pressure and frequency) at two
different strokes. At the same heater head temperature, the operating point
occurred at longer strokes as the discharge pressure increased. Increased
discharge pressure increases the compressor natural frequency and moves the

compressor curve to the right in this figure.

-13-



' Matching analysis is especially important in designing overall control
approaches. The basic control approach for the Proto 2 HAHP consiﬁts of two
firing rates (same heater head temperature). The high firing rate would
obviously be used for the hot and cold extremes of ambient temperatures and
the low firing rate would be used for the mid range of ambient temperature.
Such a system, however, requires the ability to position the compressor power
absorbed curves in such a way that the curves for the extreme ambient days
cluster near full stroke, full power; and the compressor curves for the mid
range days cluster near shorter stroke, lower power. It was anticipated that
this positioning would be accomplished by changes in the gas spring pressure,
i.e., changes in the gas spring pressure could compensate for dynamic effects
caused by changes in the suction or discharge pressure. The recent test data
has demonstrated the potential feasibility of such a system. Again, by
referring to the compressor test data shown in Figure 9, the location of the
curves change as discharge pressure is increased from 160 PSIA to 200 PSIA
while regulated pressure remains constant at 95 PSIA. Without gas spring
pressure control the firing rate and/or heater head would have to change to
maintain constant stroke for the ambient temperature change corresponding to
this change in discharge pressure. If the regulated pressure is biased to
suction, the compressor power absorbed curve for a 200 psia discharge pressure
can be brought back to close proximity to the 160 psia d%scharge case. This
leaves the operating point relatively unchanged for a 40 PSIA change in

discharge pressure.

-14-



The feasibility of the control scheme proposed in the past has been
established in this present testing series. However, discrepancies between
indicated and compressor absorbed power and engine and compressor code
deficiencies do not permit placing this scheme on a sound predictive basis,
The trends can be replicated by analysis, but not the magnitude of the
observed change. Further work on the analytical models is required, together

with better information on losses within the HAHP.

Performance Potential

Based on the performance trends obtained from the test data it is possible to
estimate the system performance potential with design changes.

Assuming that an absolute piston stroke of 1.2" can be obtained without
mechanical collision at 28 Hz operation and a 60 Bars charge pressure, the
estimated power breakdown of this operating point is shown in Table 3 as
compared with two typical existing test data points. With a slight increase
in both the stroke and the frequency, a significant increase in the engine
power output can be realized. However, additional hardware modifications will

be required in order to achieve significant improvement in engine efficiency.

It has been confirmed that the most serious deficiency of the Proto 2 engine

design is in the area of heat exchangers and regenerator designs. The next

area for major improvement is the gas-spring designs, especially the reduction

of the power dissipation in the power piston second gas spring.

Based on other optimized stirling engine design préctice, the flow friction
power should be cut down to 10% of the power output from the present 30 to 40%

range for the Proto 2 engine.

1¢



" Using a finer wire size and increasing the regenerator size, it is possible to
improve the regenerator effectiveness to the 98% range. Figure 13 illustrates
the effect of the regenerator effectiveness and total engine flow. losses on

the engine indicated efficiency.

To improve the engine brake efficiency, it is necessary to reduce the power
dissipation in the second gas spring, compressor gas spring and other losses.
The development program conducted so far has not allowed design optimization
to be carried out. Much can be done to develop gas spring designs with

acceptable levels of power dissipation.

A1l flow passages in the gas springs should be modified to reduce the
throttling losses. In addition, several design and matching parameters can be

modified.

wfth the identified improvements described above being carried out, an engine
indicated efficiency of 35%, with a shaft efficiency of 29% can be achieved as

shown in Table 3.

CONCLUSIONS

This test program has demonstrated the feasibility of real-time data
acquisition on a free-piston Stirling engine/inertia compressor system.
System performance was well characterized. Cbmponent information was
generated which partially explains differences between performance goals and
test results. Avenues for improving performance were also identified.
Engine/compressor matching trends agreed with our analytical understanding of

these phenomena. Fruitful areas for additional work were identified.

-16-
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TABLE 1

TYPICAL FREE-PISTON STIRLING ENGINE PERFORMANCE SUMMARY

TEST DATE 12/14/82 : TEST TIME 14:24:46

ENGINE BUILD #1-65

FIRING RATE (HHU), KBTU/H.......ciiiiiiiiiiinennnnnnnns
AVERAGE HEATER TUBE TEMPERATURE, DEG. F................
COMBUSTOR EFFICIENCY (HHV), ZX.. . ... . .iciitiiinennnnnannn
COMPRESSOR SUCTION PRESSURE, PSIA...... .. ..
COMPRESSOR DISCHARGE PRESSURE, PSIA........covuvrnennns
COMPRESSOR DISCHARGE TEMPERATURE, DEG. F...... Gt tee e e
SUPERHEAT AT COMPRESSOR DISCHARGE, DEL. F..............
COMPRESSOR PISTON STROKE, REL. TO P R PISTON, IN.. ...
TOTAL COMPRESSOR POMWER, KW.... v oo vvliveann s ecevanssan
EXPANSION .SPACE AUERQGE TEHPERATURE, DEG Fooivvoianon,
COMPRESSION SPACE. AVERAGE TEMPERATURE, DEG. F..........
POWER PISTON STROKE, ABSOLUTE, IN.........iivitivunnnnn
.DISPLACER PISTON STROKE, REL. TO HOUSING, IN...........
DISPLACER TO POWER PISTON PHASE ANGLE, DEG.............
OPERATING FREQUENCY, HZ. ... ... . it iiiiiiiiannn
SECOND GAS SPRING POWER, KW..... ...ttt nannnnn
INDICATED POWER, KW... ...t iiiitiiiiiinirtnannnonennss
INDICATED EFFICIENCY, &. .. ... ittt terencnennnanonnanss

; 2 ENGINE/COMPRESSOR SHAFT EFFICIENCY, Z.........ccuvuennnn



Table 2. Comparison of Measured Versus

b

&

Predicted Heat Exchanger Pumping Power

PUMPING POWER LOSS (KW)
f SD p -

CODE (CPS) (IN) (IN) HEATER REGEN. COOLER TOTAL
TEST 25.25 1.77 1.05 0.19 0.21 0.33 0.73
CALC. 1 24.7 1.65 1.06 0.279 0.059 0.06 0.398
CALC. 2 24.7 1.65 1.06 0.171 0.041 0.06 0.272
TEST 27.0 1.88 1.25 0.28 0.3] 0.49 1.08
CALC. 1 27.2 1.78% 1.26 0.496 0.081 0.089 0.666
CALC. 2 27.2 1.75 1.26 0.199 0.041 0.045 0.285

Calculation 1:

Calculation 2:

Step-wise integration of steady-state equations.

Steady-state equation using average flow rate and mean gas properties.




‘Table 3. Power and Loss Breakdown from Test and Potential at TH = 1250°F

EXISTING HARDWARE @ 60 BARS POTENTIAL WITH

TYPICAL TEST DATA TO-DATE 28 Hz AND 1.2 PISTON STROKE  HARDWARE MODIFICATION*
60 Bars 80 Bars - 60 Bars, 27 Hz
(26.3 Hz, T1.02™ 3p) (30.2 Hz, 0.98™ Sp) ' : ‘ @ 1.1 Piston Stroke
HEAT INPUT 10.0 12.62 | 16.5 10.0
BASIC POWER 3.51 4.67 . . 5.8 . 3.9
HX/REG. .
ELOW FRICTION .94 1.50 1.4 0.4
IND. POWER 2.57 3.17 4.4 3.5
24D G.S. LOSS 0.55 1.22 * ' 0.8 0.4
OTHER LOSSES 0.15 0.20 0.2 0.2
WORK TO COMPRESSOR 1.87 1.75 » 3.2 2.9
COMPRESSOR G.S.
L 0SS 0.25 0.32 0.5 0.2
FREON PUMPING '
VORK 1.62 1.43 2.7 2.7
IND. EFF. (%) 25.7 25.1 26.6 ~ : 35.0
BRAKE EFF. (%) 18.7 13.9 16.4 29.0

*98% Regenerator Effectiveness; HX Flow Work = 10% (Basic Power);
30% Improvement in G.S. Losses.
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