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NASA LEWIS STIRLING ENGINE COMPUTER CODE EVALUATION

Timothy J. Sullivan
Sverdrup Technology, Inc.
NASA Lewis Research Center Group
Cleveland, Ohio 44135

SUMMARY

In support of the U.S. Department of Energy's Stirling Engine Highway
Vehicle Systems program, the NASA Lewis Stirling engine nodal-analysis perform-
ance code was evaluated by comparing code predictions without engine-specific
calibration factors to Stirling engine test data. Stirling engine test data
was obtained from the GPU-3, P-40, and RE-1000 Stirling engines, over a wide
range of operating conditions. The code evaluation process included: an
investigation of prediction error trends for changes in the operating condi-
tions, an investigation into the cause of the power prediction errors, and an
evaluation of the possible computer model shortcomings.

The error in predicting power output was -11 percent for the P-40 and
12 percent for the RE-1000 at design conditions and 16 percent for the GPU-3
at near-design conditions (2000 rpm engine speed versus 3000 rpm at design).
The efficiency and heat rate predictions showed better agreement with engine
test data than did the power predictions. Concerning all data points, the
GPU-3 prediction errors were much greater than those for the P-40 or RE-1000.
The GPU-3 power error significantly increased with decreasing power level and
when using helium working fluid (compared to hydrogen).

The error in predicting the GPU-3 brake power was mainly a result of
inaccuracy in predicting the pressure phase angle. The RE-1000 indicated power
prediction error was mainly a result of inaccuracy in predicting the pressure
amplitude. The analysis of P-40 performance prediction errors with respect to
pressure amplitude and phasing was difficult because of relatively large errors
in measuring the working-fluid pressure phase angle.

Analysis into the GPU-3 pressure phase angle prediction error suggested
that improvements to the hysteresis loss model could have a significant effect
on overall Stirling engine performance predictions. Improvements in predict-
ing other loss mechanisms such as gas leakage by the pistons, effects of oscil-
lating flow on pressure drops and heat transfer, and appendix gap losses will
undoubtedly improve performance predictions as well.

INTRODUCTION

This study was done in support of the U.S. Department of Energy (DOE)
Stirling Engine Highway Vehicle Systems program. The NASA Lewis Research Cen-
ter, through interagency agreement DE-AIO1-85CES0112 with DOE, is responsible
for management of the project under the program direction of the DOE Office of
Transportation Systems, Heat Engine Propulsion Division.

This report deals with the evaluation of the NASA Lewis Stirling engine
nodal-analysis performance code. This study was compieted by comparing code
predictions to Stirling engine test data. The objectives for this evaluation



were (1) to determine the extent of agreement of the computer model with a wide
range of Stirling engine test data from a variety of engines, using no engine-
specific calibration factors and (2) to identify shortcomings of the model.

The Stirling engine computer model, described in reference 1, is a nodal-
analysis, time marching simulation. This thermodynamic performance code is
designed for simulating engine performance under steady periodic operating

conditions.

The simulation of Stirling engine performance is difficult because common
simplifying assumptions can't be made when dealing with the working fluid
dynamics. The fluid flow is unsteady, compressible, mainly turbulent, and
multidimensional, with varying properties. With the present state of the art
on modeling these complex flows, the complete solution to the governing equa-
tions would require a large amount of computer time (on a "supercomputer").
The alternative is to make simplifying assumptions and test the validity of
those assumptions by comparing the computer model predictions with test data.

In the past, efforts have been made to validate the NASA Lewis Stirling
engine computer model. Tew (ref. 2) compared and calibrated single-cylinder
Stirling engine computer model predictions with test results. Tew found that
code predictions could be improved by increasing the pressure drop prediction.
Allen (ref. 3) compared test resuits of a 40-kW Stirling engine to computer
model predictions and speculated that the over predictions in brake power were
caused by piston-seal leakage not being accounted for in the computer model.

Free-piston Stirling engine computer model predictions from the NASA Lewis
code were compared to test data by Tew (ref. 4). The performance prediction
error was decreased by mainly increasing the predicted pressure drop and
decreasing the displacer gas-spring leakage factor. Geng (ref. 5) calibrated
a slightly different version of the free-piston Stirling engine computer
model. Large increases in the expansion and compression-space heat transfer
coefficients were found to improve performance predictions.

The code evaluation process reported here used engine test data that
represented a wide range of operating conditions, for different types of Stirl-
ing engines. All engine test data was collected at NASA Lewis. The Stirling
engines used for this study were the GPU-3, P-40, and RE-1000. The GPU-3 is a
6-kW single-cylinder, rhombic-drive Stirling engine, described in reference 6.
The P-40 is a 40-kW four-cylinder double-acting Stirling engine, described in
reference 7. The RE-1000 is a I-kW single-cylinder free-piston Stirling
engine, described in reference 8. A variable-stroke Stirling engine, the
Advenco, was initially included in this study; however, because of the uncer-
tainty in the mechanical loss, reasonable comparisons with the test data could

no be completed.

Predictions were then made with the computer model using operating condi-
tions identical to those used in the test cell. Predicted and actual engine
performance were then compared and analyzed. The evaluation of the Stirling
engine computer model included: an investigation of prediction error trends
for changes in operating conditions, a summary of Stirling engine prediction
errors, and investigation into the cause of the power.prediction errors, and
finally an evaluation of the possible computer model "shortcomings".



PROCEDURE AND ANALYSIS
Description of Stirling Engine Computer Model

The NASA Lewis Stirling engine computer model is a nodal-analysis, time
marching simulation. The nodes, or control volumes, are used to simplify the
solution of the governing equations, for each time step. Reference 1| describes
the code, which was initially designed for predicting steady periodic perform-

ance for a kinematic Stirling engine.

The NASA Stirling engine computer model has been modified by both Mechani-
cal Technology Incorporated (ref. 9) and Tew, of NASA, (ref. 4) to model the
free-piston Stirling engine. The thermodynamics of the free-piston Stirling
engine are similar to that for the kinematic Stirling engine. The free-piston
Stirling engine does not couple the displacer and piston mechanically; rather,
the motion of the displacer and piston is governed by working fluid and gas-
spring pressure forces. The displacer and piston gas springs and gas leakage
paths are accounted for in the free-piston Stirling engine simulation.

The free-piston version of the NASA Lewis Stirling engine computer model
was improved by Geng (ref. 5). Notable improvements were made in the cooler
heat exchanger model, gas leakage model, and displacer gas-spring model.
Sullivan (the author of this report) also made various improvements to the kin-
ematic version of the computer model. Major improvements, over that presented
in reference 4, were made in the regenerator heat exchanger model and the over-
all flow-path pressure drop model. Improvements to the overall flow-path pres-
sure drop model are described in reference 10.

Prior to evaluating the computer model, engine-specific calibration fac-
tors that were used to force code predictions to agree with engine test data
were removed. The removal of these calibration factors was necessary for an
unbiased evaluation of the computer model.

A list of possible computer model shortcomings was made prior to the com-
parisons. These possible shortcomings are as follows:

(1) Auxiliary and mechanical loss uncertainty

(2) Inadequate or no gas leakage loss model

(3) Primitive appendix gap (displacer-cylinder gap) loss model

(4) Inadequate hysteresis (cylinder heat transfer) loss model

(5) Use of steady flow friction factor and heat transfer coefficient cor-
relations (as well as 1-D fluid flow approximation)

(6) Simplified treatment of the momentum equation and energy equation

(7) Finite number of nodes and increments per cycle

The importance of these computer model shortcomings was readdressed when ana-
lyzing results from this study.

Experimental Stirling Engine Testing

The Ground Power Unit (GPU) Stirling engine was built by the General
Motors Research Laboratory; it is referred to as the GPU-3 since it was meant
to deliver 3 kW of electrical energy from the unit as a whole. The GPU-3 is a
6-kW, single-cylinder, rhombic-drive Stirling engine, described in reference 6
and pictured in figure 1. The GPU-3 test data used in this study included a
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range of average heater-tube gas temperatures, mean working-space gas pres-
sures, and engine speeds with both helium and hydrogen working fluids. Engine
testing details are given in references 6 and 11. GPU-3 design operating con-
ditions are given in table I.

The P-40 Stirling engine was built by United Stirling of Sweden. The
P-40 is a 40-kW, double-acting, four-cylinder Stirling engine, described in
reference 7 and shown in figure 2. The P-40 test data used in this study was
for a range of mean working-space gas pressure and engine speeds. The working
fluid was hydrogen and the average heater-tube wall temperature was held fixed.
Further P-40 testing details are in reference 3. Engine design operating con-
ditions are shown in table I.

The RE-1000 free-piston Stirling engine was built by Sunpower, Inc. The
RE-1000 is a single cylinder Stirting engine capable fo 1-kW output and is
described in reference 8 and shown in figure 3. The engine test data was col-
lected using a dashpot load, for a range of piston strokes, mean working-space
gas pressures, average heater-tube wall temperatures, and average coolant inlet
temperatures. Details of the engine testing are in reference 12. The working
fluid was helium. RE-1000 design operating conditions are shown in table I.

The GPU-3, P-40, and RE-1000 Stirling engine dimensions are listed in
tabtes A.I, A.II, A.III, and A.IV of appendix A. The engine test data that
were used in this study are shown in tables B.I, B.II, B.III of appendix B.
A1l engine test data were taken at NASA Lewis.

Stirling Engine Performance Predictions

Necessary inputs to the computer model are defined in table II. Space
and time increment specifications for the computer model were chosen to result
in a predicted error in the energy balance of roughly 1 percent or less. Code
options used for this study included: working fluid was modeling using real
properties (instead of ideal); average heater-tube wall temperature was input
for the P-40 and RE-1000, and heater-tube gas temperature was input for the
GPU-3. Also the RE-1000 piston and displacer motions were input to the com-

puter model.

The Stirling engine operating conditions that were used in the computer
model matched those for the experimental engine testing. The mean gas pressure
input to the model was the experimental mean compression-space gas pressure.
Various heater-tube wall (or heater-tube gas) temperature mean compression-
space gas pressure. Various heater-tube wall (or heater-tube gas) temperature
measurements were spatially averaged and input into the computer model. Also
averaged were various engine component temperatures, such as cylinder wall tem-
perature (used for conduction calculations).

The GPU-3 averaged heater-tube gas temperature was the average temperature
measurement from three thermocouples, each located inside a separate heater
tube. Two heater-tube wall temperatures were input for the P-40 simulation:
one to represent the heater-tubes in the back row and one to represent the
heater-tubes in the front row. These two-heater-tube wall temperatures were
based on a total of twelve thermocouple readings with the thermocouples tlocated
at various locations along the outside heater-tube wall. The P-40 heater-tube
thermocouples were mounted on the coolest surface (circumferentially) of the



heater tube so corrections had to be made to these readings to obtain an aver-
age (circumferentially) tube temperature. These corrections depended on the
fuel flow rate and were based on data from United Stirling of Sweden. The
RE-1000 average heater-tube wall temperature was an average of twelve thermo-

couple readings.

Indicated power was used for the RE-1000 prediction-experimental compari-
son; brake power was used for the GPU-3 and P-40 comparison. The GPU-3 and
P-40 heat inputs were defined as the energy input from the fuel minus the
burner losses (the burner losses were calculated from energy balances). The
RE-1000 heater tubes were electrical conductors; the heat input was defined as
the voltage drop across the heater tubes times the current.

Throughout this report the term “pressure amplitude" was redefined to be
the difference between the maximum gas pressure and minimum gas pressure. Nor-
mally the gas pressure amplitude is defined as maximum minus the mean gas

pressure.

Use of the Pressure-Wave Curve-Fit (PWCF) Code

Prediction errors for the power output and heat input depend on the gas-
pressure-wave amplitude (pressure amplitude) error, the gas-pressure-wave/
piston-position phase angle (pressure phase angle) error, and the mechanical
loss error (when considering the brake power prediction error). The power out-
put and heat input prediction errors also depend on any error in simulating
the engine volume variations, but the simulated volume variations used for this

study were considered perfectly accurate.

It was desired to determine which pressure parameter prediction error
(amplitude or phase angle) was responsible for the power output and heat input
prediction errors; attention was also given to the effect of a mechanical loss
error. Due to the nature of the NASA Lewis Stirling engine computer simula-
tion, it is unable to perform this type of investigation. Thus, the PWCF code
was written for this purpose. PWCF stands for Pressure-Wave Curve-Fit Integra-
tor and a detailed description of the PWCF code can be found in appendix C.

The following procedure was used to investigate Stirling engine perform-
ance sensitivity to prediction errors in the pressure parameters:

(1) Input experimental pressure parameters (both amplitude and phase
angle) to the PWCF code and calculate performance.

(2) Calculate performance again, now substituting either the predicted
pressure amplitude or the predicted phase angle.

(3) Compare the two calculated performances to determine the effect of the
difference between the predicted and the measured pressure amplitude or phase

angle.

Note from appendix C that the calculations from the PWCF code for brake
power agree well with predictions from the NASA Lewis Stirling engine computer
simulation. However, agreement for the heat input was not acceptable and thus,
the PWCF code could not be used to analyze errors in heat input.



RESULTS AND DISCUSSION

This section covers the following: investigation of trends in prediction
errors for each Stirling engine, summary of Stirling engine prediction errors,
investigation into the effects of pressure amplitude and phasing on the power
output prediction errors, and evaluation of the computer model shortcomings.
Throughout this report the prediction "error" refers to an error based on per-
centages and is defined as the predicted value minus the experimental value
divided by the experimental value. The prediction error trends discussed below
considered all operating conditions for each Stirling engine and are accompa-
nied with representative figures showing the trends.

Comparisons for the GPU-3 Stirling Engine

The following GPU-3 operating conditions were varied: engine speed, mean
compression-space gas pressure, average heater-tube gas temperature, and work-
ing fluid. Design operating conditions are shown in table I. The coolant
inlet temperature was held constant at 20 °C for all GPU-3 data points used in
this study. Brake power versus engine speed, for a fixed heater-tube gas tem-
perature and mean pressure, is shown in figure 4. Brake power is seen to be
overpredicted. The error in predicting brake power increases with engine
speed and is larger when the working fluid is helium. Figure 5 shows brake
power versus engine speed, for various mean pressures. The working fluid is
helium and the heater-tube gas temperature is held fixed. The brake power pre-
diction error (remember this is a percentage error) decreases with increasing
mean pressure; similar results occurred when using hydrogen working fluid.
Brake power variation with engine speed and heater-tube gas temperature is
shown in figure 6. The effect of the heater-tube gas temperature on the brake
power prediction error is considered insignificant.

Heat input versus engine speed for hydrogen and helium working fluids is
shown in fiqgure 7. The heater-tube gas temperature and mean pressure are held
fixed. Heat input is over predicted for both gases. Figure 8 shows heat
input versus engine speed, for a variation in mean pressure for helium working
fluid. The error in predicting heat input is relatively insensitive to changes
in the engine speed and mean pressure. Figure 9 shows heat input for varia-
tions in the engine speed and heater-tube gas temperature. The mean pressure
is held fixed and the working fluid is hydrogen; the results are similar when
using helium working fluid. Notice the prediction error increases as the

heater-tube gas temperature rises.

The compression-space pressure amplitude versus engine speed, for various
heater-tube gas temperatures and for hydrogen working fluid, is shown in fig-
ure 10; remember the pressure amplitude is defined as the maximum pressure
minus the minimum pressure. Notice that the error increases with the heater-
tube gas temperature. The prediction error proved to be insensitive to mean
pressure. These trends are about the same for the expansion-space gas pressure
amplitude as well as when using helium working fluid. The absolute prediction
error was greater for helium working fluid than for hydrogen. Although the
pressure ampiitude error is insensitive to mean pressure and relatively insen-
sitive to engine speed, the GPU-3 brake power error depends on pressure and
increases with engine speed; this suggests that the GPU-3 brake power error is
not a result of inaccuracy in the prediction of the pressure amplitude.

b



Comparisons for the P-40 Stirling Engine

Variations in the P-40 engine operating conditions were accomplished by
changing the mean gas pressure and the engine speed. The working fluid was
hydrogen for all P-40 tests. P-40 design operating conditions are shown in
table I. Figure 11 shows brake power versus engine speed, for variations in
mean pressure. Brake power is underpredicted with the error increasing
slightly with increasing engine speed and decreasing slightly with increasing
mean pressure; these variations in the P-40 brake power prediction error are
significantly smaller than those for the GPU-3. Allen's comparison of code
predictions to engine test data (ref. 3) showed that P-40 brake power was
slightly overpredicted. Prior to this study, the dead volumes that were input
to the computer mode!l were updated based on recent engine measurements. This
improvement caused the change in P-40 predictions relative to Allen's

comparison.

Heat input versus engine speed, for various mean pressures, is shown in
figure 12. Heat input agreement is very good with no apparent trends in the
prediction error (percentage error). Figure 13 shows the compression-space
pressure amplitude versus engine speed, for various mean pressures. The agree-
ment again is very good with respect to both engine speed and mean pressure.

Comparisons for the RE-1000 Stirling Engine

The following RE-1000 operating conditions were varied: piston stroke,
mean gas pressure, average heater wall temperature, and coolant inlet tempera-
ture; while one of these parameters was varied, the other three were held at
design conditions. Engine design operating conditions are shown in table I.
The working fluid is helium. Measurement error bands are shown on the figures.

Indicated power versus piston stroke is shown in figure 14. Indicated
power is over predicted with the prediction error increasing with piston
stroke. Figures 15 and 16 show indicated power versus mean pressure and heater
wall temperature, respectively. The indicated power prediction error decreases
with mean pressure and increases with heater wall temperature. Indicated power
versus coolant inlet temperature is shown in figure 17. The error decreases
with increasing coolant inlet temperature. These variations in the RE-1000
indicated power prediction error are significantly smaller than those for the

GPU-3.

Heat input versus piston stroke is shown in figure 18. Figures 19 and 20
show heat input versus mean pressure and heater wall temperature, respectively.
Heat input versus coolant inlet temperature is shown in figure 21. Considering
all data points, the error in predicting heat input can be considered insensi-
tive to variations in all four parameters.

Compression-space pressure amplitude versus heater wall temperature is
shown in figure 22. The error increases with increasing heater wall tempera-
ture. Considering a variation in all the independent parameters, a variation
in the heater wall temperature had the biggest effect on the prediction error
in the compression-space amplitude.




Summary of Stirling Engine Prediction Errors

Engine performance prediction errors for design (or near-design) and low
power conditions, are shown in table III. Two low power conditions are shown
for the RE-1000, at low piston stroke and at low mean gas pressure. For each
engine, the errors for the low power condition shown are typical of other low
power condition errors, not shown on the table.

The GPU-3 power error is the largest, when comparing errors of all
engines. The GPU-3 error is larger with helium working fluid than with hydro-
gen and also when decreasing the power level. The efficiency prediction gener-
ally shows better agreement to engine test data than does the power prediction.
This is due to the value of the heat input prediction error. The heat input
and heat out of the engine errors are generally lower than the power prediction
errors; they are generally larger for the GPU-3 engine, when compared to the
other engines. When compared to the power errors, these errors in heat input
and heat out are relatively insensitive to power level.

The errors in gas temperature were based on time-averaged gas tempera-
tures. The predicted gas temperatures for the GPU-3 and RE-1000 engines com-
pare well with the test data; the prediction errors for the P-40 are larger.

For each engine, the errors in the expansion and compression-space pres-
sure amplitudes are lower than the power errors. The GPU-3 pressure amplitude
errors are significantly lower than the power errors; this seems to suggest
that the error in predicting the pressure amplitude is not responsible for the
GPU-3 power prediction error. The P-40 pressure amplitudes are over predicted.
The maximum and minimum P-40 gas pressures, used to determine the pressure
amplitudes, were measured (with large strain gage transducers) in the P-40 vent
and pressurization lines, respectively; these pressure amplitude measurements
are considered sufficiently accurate. The fact that the P-40 pressure ampli-
tudes are over predicted and the P-40 brake power is under predicted suggests
an inconsistency, which will be discussed later in this report.

The absolute error in the compression-space pressure phase angle is seen
to be relatively large for the GPU-3 and negligible for the RE-1000. The
GPU-3 phase angle absolute errors are approximate because of uncertainty in
the measurement of the actual engine pressure phase angle. The heat exchanger
pressure-drop amplitude was measured on the RE-1000 engine; the pressure-drop

amplitude prediction errors are large.

Pressure Parameters Effects on Power Prediction Errors

The investigation into the power prediction errors was accomplished by
using the PWCF code, described in the PROCEDURE AND ANALYSIS section and in
appendix C. Prior to using the PWCF code for the GPU-3 and P-40 engines, the
accuracy of the mechanical loss model input to the code had to be considered.
The GPU-3 brake power prediction error may have been caused by a large under-
prediction in the mechanical loss. The mechanical loss used for the GPU-3
predictions was derived from experimental data for the energy balance. The
mechanical loss was considered to be the sum of the heat rejected to the oil
and the buffer-space cooling water (ref. 11). An attempt was also made to
measure the mechanical loss more directly by doing "motoring tests" (ref. 11).



The mechanical loss derived from the motoring test was considered to be an
upperbound for the true GPU-3 mechanical loss.

Figure 23 shows the effect that this motoring test data has on the brake
power prediction compared to the baseline prediction (using the energy balance
mechanical loss). Analysis of all GPU-3 data showed that, when using the
motoring test mechanical loss for hydrogen working fluid, the prediction error
decreased by an average of 18 percent at low engine speeds and 60 percent at
high engine speeds. When helium working fluid was used, the use of the motor-
ing test mechanical loss resulted in the prediction error increasing by an
average of 11 percent at low speeds and decreasing by an average of 30 percent

at high engine speeds.

Using the PWCF code, figure 24 shows the effect on brake power due to the
prediction error in the pressure amplitude or pressure phase angle, for various
operating conditions. The error in predicting the GPU-3 brake power was pri-
marily accounted for by a phase angle prediction error. Similar results were
seen for hydrogen working fluid. Tew (ref. 2) found that GPU-3 performance
prediction accuracy could be greatly improved by increasing the regenerator
pressure drop by a factor of four for helium working fluid. However, increas-
ing the predicted GPU-3 regenerator pressure drop, which accounts for the
majority of the flow path pressure drop, resulted in a negligible change in
the pressure phase angle. Therefore, inaccuracy in the regenerator pressure-
drop prediction (or entire working space pressure-drop prediction) does not
account for the poor predictions in the GPU-3 brake power as it doesn't improve
the agreement for the pressure phase angle.

The use of measured P-40 pressure parameters in the PWCF code produced a
value for indicated power that was below the measured value of brake power.
The P-40 pressure phase angles were measured using miniature, dynamic, strain
gage pressure transducers. Because the P-40 pressure amplitude is considered
to be accurately measured, the measured P-40 pressure phase angles must have
been in error. Using the PWCF code, the pressure phase angle measurement
error was estimated equal to -7°. Two main problems plagued the measurement
of the P-40 gas pressure phase angle: uncertainty of the crank angle and sen-
sitivity errors of the miniature, dynamic, strain gage pressure transducers.
Allen's (ref. 3) speculation that the inaccuracy in the predicted P-40 brake
power was caused by not modeling the piston-seal leakage was based on the
dynamic pressure measurement and thus, this speculation may be incorrect.

An examination of error trends based on the power measurements and the
pressure amplitude measurements (based on measurements of maximum and minimum
pressures) may lead to a better understanding of the P-40 brake power predic-
tion error. The P-40 brake power prediction error increased slightly with
increasing engine speed, yet the pressure amplitude error was insensitive to
variations in engine speed. This seems to suggest that the brake power error
is attributed to an error in predicting the pressure phase angle.

Using the results of the PWCF code, figure 25 shows the effect of the
RE-1000 indicated power due to the error in the pressure amplitude or pressure
phase angle, for various operating conditions. The error in predicting the
indicated power was primarily accounted for by the pressure amplitude predic-

tion error.



Evaluation of Computer Model Shortcomings

Sensitivity to computer model precision - Computer model precision was
varied to determine its effect on the Stirling engine performance prediction
error. Computer model parameters were altered to obtain a "high precision"
computer model. Then these predictions were compared to predictions from the
“standard" computer model, for all three engines at design conditions. Altera-
tions to the code were as follows: number of heat exchanger control volumes,
number of time increments per cycle, and the number of engine cycles were
increased to their asymptotic 1imit. The number of heat exchanger control
volumes was increased from 3 to 25 (per heat exchanger). The number of incre-
ments per cycle was increased from 360 to 900 and the number of engine cycles
was increased from 30 to 100. Also, "two passes" through the catculations
were made, which approximately coupled the momentum and energy equations.

Increasing the computer model precision from "standard" precision to
"high" precision resulted in a slight increase in the predicted power and a
slight decrease in heat input and heat-out predictions. The increase of com-
puter model precision caused the GPU-3 and RE-1000 power prediction errors to
increase; therefore, increasing the computer model precision does not account
for the observed performance prediction errors.

Parameters that effect the pressure phase angle - The largest power pre-
diction error occurred for the GPU-3 and was caused primarily by inaccuracy in
predicting the pressure phase angle. For the GPU-3, the maximum gas pressure
occurred at approximately 300°, but is predicted at 312°. Using the Equation
of State and assuming that gas pressure is a function of time only:

v R R
- P LB B s arp)

where P is gas pressure, V is engine volume, R is gas constant, T; is gas
temperature in ith control volume in engine, and Mj is mass of gas in
ith control volume.

When the pressure wave reaches a maximum or minimum, dP = 0; at these

points,
v R R
PV—=VE (T, dMi)+VE (M dT.)

The two sides of this equation are plotted in figure 26; the curves shown were
calculated with the computer model for the GPU-3 Stirling engine at the indi-
cated conditions. For these operating conditions, the computer model predicted
dP = 0 (maximum gas pressure) at 312°. Notice that the curves cross at approx-
imately 312°; this agreement with the crank angle at which the maximum pressure
occurs offers confidence in the above "pressure variation" equation. In order
for the predicted pressure phase angle to agree with the measured value, the
curves should cross at approximately 300°. If the

<|
1=

curve were to rise, P would have to increase by a factor of approximately 3
(assuming that the volumes and volume variations are correct); the magnitude
of P could not be in ervror by a factor of 3. Thus, the
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R R
VZ(Ti aM.) VZ(Mi aT,)

terms will have to decrease by a factor of 3.

From an "order of magnitude" analysis,

BZ R
R (T Mo VZ(Mi aT)

simplifies to

R
v (Te dMe + Tc dMC + Mh dTh)

where subscripts e denotes expansion-space, ¢ denotes compression-space, and
h denotes hot side of the engine. Thus, the error in predicting the GPU-3
pressure phase angle is primarily due to an error in predicting dMg, dMc, or

dTh.

Relationship of dMe, dM., and dTh_ to computer model shortcomings -
Smith (ref. 13) suggested that the temperature difference between the gas and
the wall in the cylinder and the heat transfer rate (hysteresis loss) should
be out of phase. In the NASA Lewis Stirling engine computer model, the gas-
wall temperature difference and the heat transfer rate are modeled with no
phase difference. If the predicted cylinder heat transfer was not modeled in
phase with the gas-wall temperature difference, the points of maximum and mini-
mum heat transfer would shift to different crank angles. This shift in the
cylinder heat transfer wave would have an effect on the phasing of the cylin-
der gas temperature wave resulting in a variation in dTph; this could cause
the two curves of figure 26 to intersect at a point near a crank angle of 300°.
Improving the accuracy of the hysteresis loss model may improve the GPU-3 pres-
sure phase angle prediction, which in turn will improve the GPU-3 performance

prediction accuracy.

Geng (ref. 5) found that increasing the heat transfer coefficient in the
expansion and compression spaces improved RE-1000 performance predictions.
The expansion-space heat transfer coefficient was increased by a factor of 230;
the compression-space heat transfer coefficient was increased by a factor of
50. These variations resulted in a reduction in the gas temperature amplitude,
which reduced the predicted pressure amplitude (while the pressure phase angle
changed by only 0.2°). The reduction of the pressure amplitude caused the
error in predicting the indicated power to be reduced from 12 to 3 percent. In
this author's study, the pressure amplitude error was found to be mainly
responsible for the error in predicting the RE-1000 indicated power.

This author increased the predicted heat transfer coefficients for the
GPU-3 by the same amount as Geng had. The effect on predicted performance was
different than that observed by Geng. For the GPU-3, the phase angle of the
gas temperature changed (the temperature amplitude was insensitive), resulting
in a variation in dTp. The error in predicting the pressure phase angle was
consequently reduced, which resulted in the brake power prediction error being
reduced from 16 to 12 percent. Earlier, this investigation showed that the
primary reason for the GPU-3 brake power error was inaccuracy in predicting the
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pressure phase angle. Note that increasing the cylinder heat transfer coeffi-
cient improved the prediction accuracy for the appropriate pressure parameter
for each engine (pressure amplitude for the RE-1000, pressure phase angle for
the GPU-3), which in turn decreased the error in predicting power. This seems
to support the speculation that inaccuracy in the hysteresis 1oss model
accounts for at least part of the Stirling engine prediction error.

Another possible error was inaccuracy in predicting dMg and dMc. Gas
leakage past the displacer and piston seals would relate to the prediction of
dMe and dMc. This gas leakage is grossly accounted for in the GPU-3 model
and not accounted for in either the P-40 or RE-1000 models. Therefore, the
gas leakage model also needs to be addressed, but it is not known what effect
this improvement will have on overall performance predictions.

Computer model shortcomings revisited - The list of possible computer
model shortcomings was introduced in the PROCEDURE AND ANALYSIS section. From

this investigation, we know:

(1) Auxiliary and mechanical loss - Uncertainty does not account for the
majority of the Stirling engine performance prediction error with the possible
exception of the high-speed points for the GPU-3.

(2) Gas leakage loss model - Inaccuracy in the gas leakage loss model may
have a significant effect on the Stirling engine performance prediction error.

(3) Appendix gap loss model - Significance of possible inaccuracy was not
evaluated and is still unknown.

(8) Hysteresis loss model - Inaccuracy in the hysteresis loss model may
have a significant effect on the Stirling engine performance prediction error.

(5) Friction factor and heat transfer coefficient correlations - Signifi-
cance of possible inaccuracy was not evaluated and is still unknown (referring

to steady flow and 1-D assumptions).

(6) Momentum and energy equations - Numerical treatment of these equations
does not account for the majority of the Stirling engine performance prediction
error for the engines considered.

(7> Number of nodes and increments per cycle - Approximations due to using
the standard number of nodes and time increments per cycle does not result in a
significant error in predicting Stirling engine performance.

SUMMARY OF RESULTS

The major results from the evaluation of the NASA Lewis Stirling engine
computer simulation are presented below. Computer model predictions were com-
pared to Stirling engine test data for the GPU-3, P-40, and RE-1000 Stirling

engines.

1. The error in predicting power at design* conditions was 16 percent for
the GPU-3, -11 percent for the P-40, and 12 percent for the RE-1000. The GPU-3

*Near-design conditions for the GPU-3.
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error significantly increased with decreasing power level or when using helium
as the working fluid instead of hydrogen.

2. The efficiency, heat input, and heat out of the engine predictions
generally showed better agreement with engine test data than did the power

prediction.

3. The percentage errors in the GPU-3 and P-40 brake power predictions
increased with increasing engine speed and decreasing mean gas pressure; the
brake power prediction error was attributed to an inaccuracy in predicting the

pressure phase angle.

4. The percentage error in the RE-1000 indicated power prediction was
attributed to an error in predicting the pressure amplitude.

5. The average gas temperatures had negligible prediction errors for the
GPU-3 and RE-1000; the errors in predicting the average gas temperature were
targer for the P-40.

6. The computer model precision in terms of the number of nodes, cycles,
and time increments per cycle was not a significant factor in the difference
between predictions and test data.

7. For the GPU-3, increasing the cylinder heat transfer coefficients
resulted mainly in a correction to the pressure phase angle prediction. For
the RE-1000, the same change resulted in a correction to the pressure amplitude
prediction. The increased accuracy in predicting the GPU-3 pressure phase
angle and the RE-1000 pressure amplitude reduced the power prediction errors

for both engines.

CONCLUSIONS

The main objective of this study was to compare predictions from the NASA
Lewis Stirling engine performance code to Stirling engine test data, for a
variety of Stirling engines using no engine-specific calibration factors.
Then, analyze these differences to try to determine shortcomings in the com-

puter model.

The engines used for this study were the GPU-3, P-40, and RE-1000. The
error in predicting the GPU-3 brake power was a result of the inaccuracy in
predicting the working fluid's pressure phase angle; the pressure phase angle
is the pressure phasing with respect to the piston position. The error in pre-
dicting the RE-1000 indicated power was determined to be a result of inaccuracy
in predicting the gas pressure amplitude.

In doing this study, a relatively large measurement error was detected in
the P-40 pressure phase angle. The pressure phase angle could not be used in
the analysis and thus an accurate understanding of the P-40 prediction discrep-
ancy was impossible. The required level of measurement accuracy needs to be
carefully considered when measuring performance parameters, such as the working
fluid's pressure amplitude and phase angle, needed for comparisons of predic-

tions to test data.
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Errors in predicting Stirling engine performance could be caused by unsat-
isfactory computer model precision, which relates to approximations made to
simplify the solution of the governing conservation equations. These approxi-
mations included finite difference approximations to these equations and the
decoupling of the momentum and energy equations in the NASA Lewis computer
model. When considering these approximations, this study concluded that the
treatment of these governing equations does not account for the inaccuracy

seen in predicting engine performance.

Generally, the percentage error in predicting the GPU-3 power was larger
than that for the P-40 or RE-1000 Stirling engines and, therefore, work went
into understanding the pressure phase angle prediction error. The accuracy in
predicting the GPU-3 pressure phase angle was found to be closely related to
the accuracy in predicting the working fluid mass variation in the expansion
space and compression space and the accuracy in predicting the gas temperature
variation for the "hot-side" of the Stirling engine.

Modeling of the piston and displacer mass leakage past the seals could
have an impact on the mass variation prediction; currently this effect is
accounted for crudely or not at all (depending on the specific engine) in the
Stirling engine computer code. Also, past work suggests that improvements to
the hysteresis (cylinder heat transfer) model would alter the "hot-side" gas
temperature variation prediction.

The cylinder hysteresis loss was increased for the GPU-3 and RE-1000 by
increasing the heat transfer coefficients in the expansion and compression
spaces. As a result, accuracy improved in power predictions for both engines
because of decreases in the GPU-3 pressure phase angle error and the RE-1000
pressure amplitude error. Notice that an improvement was made in the predic-
tion of the pressure parameter that was mainly responsible for the respective
engine's power prediction error. This sensitivity study supports the sugges-
tion that an improvement in the hysteresis loss model could significantly bene-
fit stirling engine performance predictions. One recommendation of this study
is to improve the modeling of this hysteresis loss. :

Much work remains to be done to understand the true physics of the Stiri-
ing engine. The different loss mechanisms need to be investigated in greater
depth and their effort on engine performance understood. These loss mechan-
isms include: cylinder hysteresis loss, gas leakage loss, effect of oscillat-
ing flow on pressure drop and heat transfer, appendix gap loss, and velocity
and temperature maldistributions. Currently, a significant "loss understand-
ing" effort is being made in the area of oscillating flow effects. Also,
studies are beginning on multidimensional analysis of the gas flow path.



APPENDIX A
ENGINE DIMENSIONS

Tables A.I, A.II, A.III, and A.IV give GPU-3, P-40, and RE-1000 Stirling
engine dimensions and other operating parameters.



TABLE A.I - GPU-3 ENGINE DIMENSIONS AND PARAMETERS (FROM REF. 6)

Miscellaneous:

Number of cy]inders

Type of engine

Type of drive

Type of shaft seals

Cylinder bore with 11ner. cm (1n ) .

Cylinder bore above liner (top of d1sp1acer sea1 at top
of liner at displacer top-dead-center), cm (in.)

Stroke, cm (in.)

Disp1acement gmax1mgm change in tota1 work1ng space
volume), cm” (in. e e e e

Piston-rod diameter, cm (1n )

Displacer-rod diameter, cm (in.)

Displacer diameter, cm (in.)

Displacer wall thickness, cm (in.)

Expansion-space clearance, cm (in.)

Compression-space clearance, cm (in.)

Cooler:

Tube length, cm (in.) Coe e
Heat~transfer length, cm (in.)
Tube inside diameter, cm (in.)
Tube outside diameter, cm (in.)
Number of tubes per cylinder
Number of tubes per cooler

Heater:

Mean tube length, cm (in.)
Regenerator side .
Cylinder side e e e

Heat-transfer length, cm (in.)

Tube inside diameter, cm (in.)

Tube outside diameter, cm (in.) e e e e e e

Number of tubes per cylinder (consider tubes to
regenerator and cylinder separately) . .

Regenerators:

Length (inside), cm (in.)
Diameter (inside), cm (in.)
Number per cylinder .
Matrix:
Wire-cloth material . ..
Cloath mesh per 2.5 cm () in.)
Wire diameter, cm (in.)
Number of Tayers
Filler factor, percent

Drive:

Connecting-rod length, cm (in.)
Crank radius, cm {in.) .o
Eccentricity, cm (in.)

[nsutation covers:

Cross-sectional area, rm2 (in. 2)
Length between thermocouples, cm (1n )

oo
Displacer
Rhombic

. . Sliding
6.99 (2.75)

7.01 (2.76)
3.15 (1.24)

119.6 (7.30)
2.22 (0.875)
0.953 (0.375)

. . 6.96 (2.74)
0.159 (0.0625)
0.163 (0.064)
0.030 (0.012)

4.60 (1.81)

. 3.56 (1.40)
0.108 (0.0425)
0.159 (0.0625)

. . 312
39

12.90 (5.08)
11.63 (4.58)
7.77 (3.06)
0.302 (0.119)
0.483 (0.190)

80

2.26 (0.89)
2.26 (0.89)
... .. 8
304 stainless steel
. . 200x200

0 00406 (0.0016)

. . 308

30.3

4.60 (1.81)
1.38 (0.543)
2.08 (0.82)

6.45 (1.00)
1.27 (0.50)
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TABLE A.II ~ GPU-3 ENGINE DEAD VOLUMES (FROM REF. 6)

[A11 volumes in cm3 (in.3).]

Expansion space clearance volume:
Clearance around displacer
Clearance above displacer

Volume from end of heater tubes 1nto cy11nder

Heater dead volume:
Insulated portion
Heated portion fo
Insulated portion
Additional volume
Volume in header

Regenerator dead volume:

Volume within matrix

Cooler dead volume:

Clearance between

Total
of tubes leading to expansion space
tubes ..
of tubes 1ead1ng to regenerator .
in four tubes used for instrumentation
Total
Volume between regenerators and heater tubes
Volume between regenerators and coo1er tubes e
Total
Volume in cooler tubes
Compression-space clearance volume:
Volume in connecting passages from cooler tubes to
compression space e e e e e e e e
Clearance around power p1ston
displacer and power p1ston e e
Total

Total dead volume

Minimum live volume (power piston at TOC)
Calculated minimum total working-space volume

193.2

39.2
232.4

(0.204)
(0.452)
(0.,106)
(0.762)

(0.591)
(2.896)
(0.811)
(0.167)
(0.468)
(4.933)

(0.534)
(3.088)
(0.376)
(3.998)

(0.802)

(0.767)
(0.449)
(0.077)
(1.293)

(11.79)

(2.39)
(14.18)
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TABLE A.TIT - P-40 ENGIME DIMENSIONS AND PARAMETERS

[AYT parameters pertain to one cylinder.]

Miscellaneous:

Number of cylinders 4 (square 4 arrangement)

Overall dimensions., cm (1n ) .. e e e e e e e e e 78 5x65 5x58.0 (30.9%x25.8x22.8)

] Dry weight (including aux111ar1es) kg (1bm) . . . . . . . . ... 3290 (725.)
| Working gas e e e e e e e e e e s s e e e e e e e e . Hydrogen
‘ Drive N TE- R A - L1 crankshafts geared to
driveshaft

e . Recuperative
e e e e e e e e e e S11d1ng (pump1ng Leningrader)
) e e e e e e e e e e e . . 4.000 (1.575)

.. 5.406 (2.128)

i Preheater type . . .
Piston rod seal type
Piston stroke, cm (in.
Piston diameter, cm (in.
| Piston rod diameter. cm (1n ) e e e e e e e s 1.200 (0.4724)
! Gap width between piston and cy11nder cm (in.) e e e e e 0.0470 (0.01850)
1 Piston height, cm (in.) . S 8.966 (3.530)
] Connecting rod length, cm (in.) 10.0 (3.937)
K Crank radius, cm (in.) .. 2.0 (0.7874)
|

Heater:

Heater type [nvolute tabular

Number of heater tubes . . 18
Heater tube material e e e e Mult1met N-155

| Heater tube outside diameter, cm (in.) . . . . . . . . . . . . . . . . .. 0.450 (0.1772)
Heater tube 1nside diameter, c¢m (in.) 0.30 (0.1181)
28.07 (11.05)

Heater tube length, cm (in.)
Etfective heater tube length for heat transter
e . 25.18 (9.913)

cm o (in.)
Regenerators:

Number of regenerators e e e e e e e e e e s
Regenerator material e 304 stainless steel wire mesh gauze
Regenerator matrix diameter, cm (in.) 5.70 (2.244)
Regenerdtor matrix length, cm (in.) e e e e s e s 3.90 (1.535)
Regenerator matrix wire diameter. ¢m (in.) . . . . . . . . . . . . . . . 0.0050 (0.001968)
Regenerator matrix porosity e e e 0.58

' Coolers:

l Number of coolers . . .2
Number of cooler tubes per coo]er 192

Cooler tube outside diameter, cm (in.) : : : : : : : : : : : : : : : : : : '0:150 (0.05906)
Cooler tube inside diameter, cm (in.) e e e e e e e e e e e 0.10 (0.03937)

Cooler tube length, cm (in.) S 8.000 (3.150)
Effective cooler tube length, cm (in. e e e e e e e e e e oo ... B.721 (2.646)
Effective COOT}ng waﬁer ftow area through

coolers. . . ... 20.10 (3.116)

Connecting ducts:
Average heater-tube manifold inside diameter, cm (in.)}) . . . . . . . . . . . 0.50 (0.1968)
Average expansion space/heater~tube manifold
flow path length, cm (in.) .. . 1.20 (0.4724)
Average heater-tube/regenerator man1fo1d f1ow
path length, cm (in.) N ..
Cooier/compression-space connect1ng duct
diameter., cm (in.) . . e e e e e e . oo .. oo Y40 (0.5512)

Cooler/compression-space Lonnectlng duct

1.30 (0.5118)

length, ¢m (in.) L. . 8.40 (3.307)
Cooler casing inside d|ameter cm (in.) 4.80 (1.890)
|

{ Engrine dead volumes:
| Expansion-space clearance volume, em3 (in. 3 . I 1.810 (0.1104)
E«pansion- space/heaterﬂconnegtxng duct volume, cm3 (in.3) 4.409 (0.2690)
! Heater dead volume, cm3 (in. e e e e e oL 35,71 (2.179)
: Heater/regenerators ronnect1gg ducgs vo]ume cm3 (1n 3) e e e e o oo oo 16.66 (1.016)
‘ Regererators cead volume, e 115.5 (7.045)
Regenerator/cooler connqct1ng ducts vo]ume cm3 (1n 3) e e e e 5.099 (0.3111)
! Coolers dead volume, cm” (in.>) e e e e e e e .. 2413 (1472
; Coolers/compression-space LOHﬂECtan dgcts vg]ume, cm3 (in.3) .. <« . . . 49,87 (3.043)
. e 7.270 (0.4435)

Compression-space clearance vo]umg (in.
Hot appendix gap volume, Lm (in.
Cold appendix gas volume, cm3 (in. )

. 7.220 (0.4405)
0.7220 (0.04405)
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TABLE A.IV - DESCRIPTION OF THE GEOMETRY OF THE RE-1000 (FROM REF. 8)

Miscellaneous:

Number of cylinders .

Housing weight, kg (1b)

Type . . .
Design work1ng F1u1d
Design frequency, Hz
Design pressure, MPa R
Bounce space volume, em3 (in. 3)
Design power, W .
Design displacer phase ang]e. deg
Cylinder bore, cm (in.) .

Maximum displacer 1 stroke, cm (in.)
Displacer 1 length, cm (in.) .

Maximum displacer 2 stroke, cm (in.)
Displacer 2 length, cm (in.)

Maximum power piston stroke, cm (in.)

Cooler:

Description Coe
Passage width, cm (in.)
Passage depth, Lm (in.)
Length, cm B
Flow area, cm (1n

Wetted perlgmeter3 m (in.)
Volume, (in.”) PR

Heater:
Description
Tube material
Number of tubes
Tube length, cm (in.) .
Tube inside diameter, mm (in.)
Tube outside diameter, mm (in.) .
Design maximum wall temperature, °C (°F)

Regenerator:
Length containing wire mesh, cm (in.)
OQutside diameter, cm (in.)
Inside diameter, cm (in.)
Inner wall thickness, cm (in. )
Matrix material . ..
Wire diameter, mm (in.)
Porosity, regenerator 1, percent
Porosity, regenerator 2, percent
Weight of matrix, regenerator 1, g (1b)
Weight of matrix, regenerator 2, g (1b)

Pistons:
Standard power piston oscillating mass,

kg (1b)

Light power piston oscillating mass, kg (1 b)

Power piston diameter, cm (in.)
Displacer 1 mass. kg (1b)

Displacer 1 diameter, cm (in.) .
Displacer 1 rod diameter, cm (in.)
Displacer ) bore, cm (in.)
Displacer 2 mass, kg (1b)
Displacer 2 diameter, cm {(in.)
Displacer 2 rod diameter, cm (in.)
Disptacer 2 bore, cm (in.)

. 416 (917)

Free p1ston with dashpot
. Helium
30

. . 7.0

20 500 (1250)

. . . . . 1000

.. 45

5 722 (2.2527)

4.01 (1.579)

15.21 (5.99)

5.18 (2.039)
14.05 (5.53)

4.35 (1.713)

135 rectangular gas passages
e e 0.0508 (0.020)
0.376 (0.148)

7.92 (3.118)

2.58 (0.400)

115.2 (45.354)

20.42 (1.246)

Tabular
Inconel 718
.. 34

18 34 (7.220)
2.362 (0.093)
3.175 (0.125)
650 (1202)

6.446 (2.538)
7.18 (2.825)
6.07 (2.391)

0.13 (0.05)

RN 3045S Metex
0.0889 (0.0035)

. 75.9
... 812

139 (0.31)

108 (0.24)

5.97 (13.17)
3.48 (7.67)
5.718 (2.2514)
0.426 (0.939)
5.67 (2.232)
1.663 (0.6548)
1.666 (0.6560)
0.381 (0.840)
5.67 (2.232)
1.806 (0.7110)
1.808 (0.7118)
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TABLE A.IV - Concluded.

Dead volumes:
Displacer 1/cylinder annular gap, em3 (in.3)
Displacer 2/cylinder annular gap, cm3 (in33) e
Expansion~-space instrumentation ports, cm in.3)_

Expansion- space §o heager tube junction, cm” (in. j)
Heater tubes, . 3 3
Heater tube to regenerator p1e§um Jugct1on (1n )
Regenerator hot end p]enum §n . . .
Regenerator plenum ring, cmd (in.

Instrumentation pgrts (geater/regenerator) cm
Regenerator 1, cm> (in. .o
Regenerator 2, cm” (in. ) .
Regenerator cold end plenum, cm3 (1n 3) 3
Instrumentgtwon gorts (regenerator/coo]er) cm3 (1n )
Cooler, . . o 5 -
Cooler p]enum at the compre551on space, cm (in. §
Compression— space ﬁnstrugentatlon ports, cm” (in.~)
Cylinder ports, (in. e .
Piston/spider c]earance cm= (in. 3% 5

Annular ring around the sp1de§ (1n )

Displacer LVOT core, em3 3 3

Power piston center port, c¢m (1n )

3('1'6.3)'

Materials:

Heater head
Regenerator outer cylinder
Expansion-space dome .
Regenerator inner cylinder waT]

Displacer

Cooler

Cylinder
Power piston

Displacer

Standard power piston
Light power piston

Diametral clearances:
Displacer 1 rod/rod cylinder, mm (in.)
Displacer 1 body/displacer cylinder, mm (in.)
Displacer 2 rod/rod cylinder, mm (in.) -
Displacer 2 body/displacer cylinder, mm (in.)

Power piston/piston cylinder, mm (in.)

Displacer gas spring:

No. 1 design mean volume, cm3 (in.3)
Mo. 1 rod diameter. cm (in.)_ . . g
No. 2 design mean volume, cmd (in.d)

No. 2 rod diameter, cm {in.)

Center ports:

Power piston port location (distance from inward
1imit to center port opening position )}, cm (in.)

Displacer 1 (distance from expansion space limit to
position where the center port opens), cm (in.)

Disolacer 2 (distance from expansion space limit to
position where the center port opens), cm (in.)

Zenter port diameter (power pistaon), mm (in.)

Center port diameter (displacers), mm (in.)

316 stainless
316 stainless
316 stainless
321 stainless

6061

6016-T6 Al with
oxide ¢

.60)
.51)
L10)
.23)
.67)
.36)
.25)
.05)
.10)
.42)
.67)
.26)
.21
.25)
.44)
.19)
.07)
21
.23)
.18)
.36)

COC OO -0 WWOODOOQOoO~0O0CO

steel
steel
steel
steel
-T6 Al

chrome
oating

304 stainless steel with

oxide ¢
6061-T6 Al body with Xylan ¢

oating
oating

and mild steel mass

6061-T6 Al body with Xylan ¢

oating

and Al mass

0.030 (0
0.381 (
0.020 (0
0.381
0.033 ¢

31.79
1.663 (
18.8 (
1.806 (

2.05
1.90
.64

i
.0«

- RO

.0012)
0.015)
.0008)

(0.015)

0.001)

(1.94)
0.655)
1.147)
0.7171)

(0.81)
(0.75)

(1.04)

(0.042)

0.040)
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APPENDIX B
ENGINE TEST DATA
Tables B.I, B.II, and B.III give the GPU-3, P-40, and RE-1000 Stirling

engine test data used for this study computer code evaluation. All the engine
test data were taken at NASA Lewis Research Center.
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TABLE 8.1 -

Run Mean Engine | Average | Brake Brake Heat Heat Coolant
tdentity pressure, speed, heater- | power, thermal input, to AT

MPa rpm tube kW efficiency, kW cooler across

gas percent coolant, | cooler,
temper- kW oC

ature,
°C
Hydrogen
H1-418 2.86 3495 580 2.13 18.5 11.52 7.4 8.2
H1-43B 2.84 2499 584 2.04 24.4 8.39 5.3 5.9
H1-458 2.85 1492 581 1.33 22.0 6.04 3.4 3.8
H3-41A 2.86 3519 681 2.7 24.2 11.23 7.3 8.3
H3-43A 2.85 2499 669 2.39 26.7 8.97 5.4 6.2
H3-45A 2.86 147 679 1.50 24.3 6.19 3.6 4.1
H3-61A 4.23 3516 687 4.47 28.3 15.79 10.5 11.5
H25-64B 4.25 2002 652 2.93 29.1 10.07 6.0 6.6
H25-658 4.25 1501 659 2.30 30.8 7.48 4.7 5.2
H25-104A 6.98 1999 663 5.24 33.3 15.72 9.2 9.8
H25-105A 7.02 1504 659 4.16 34.5 12.08 7.1 7.6
Helium

HE1-41A 2.86 3516 593 0.26 2.7 9.59 8.1 9.1
H31-43A 2.84 2506 580 0.94 12.8 7.34 5.6 6.3
HE1-45A 2.84 1501 574 0.92 17.6 5.24 3.5 4.0
HE3-418 2.90 3494 698 0.95 8.8 10.81 8.3 9.0
HE3-438B 2.86 2520 701 1.53 19.0 8.07 5.9 6.4
HE3-45A 2.86 1515 701 1.25 10.0 6.24 3.8 4.
HE3-61A 4.28 3499 683 2.03 12.6 16.17 11.4 13.5
HE3-62A 4.23 3009 698 2.58 18.3 14.11 9.9 11.9
HE3-648 4.20 1995 706 2.40 23.4 10.26 6.5 8.4
HE3-81A 5.61 3512 685 3.42 18.1 18.92 14.4 18.5
HE3-82A 5.63 3019 690 3.77 20.8 18.09 12.4 16.3

amplitude - peak-to—peak values.

Phase angle - angle between the maximum gas

pressure and minimum expansion-space volume.

TABLE B.IT -

Run Mean Engine | Brake Brake Heat Heat Coolant
identity pressure, speed, power, thermal input, to AT

MPa rpm kW efficiency, kW cooler across

percent coolant, cooler,
kW °C
388 5.12 947 4.78 28.3 16.9 11.3 2.0
395 5.1 2000 9.47 32.0 29.6 19.0 2.3
396 5.13 3002 13.11 32.7 40.1 25.6 2.1
387 5.10 3918 15.02 28.7 52.4 35.1 2.5
393 10.12 997 9.95 33.6 29.7 18.9 3.6
397 10.08 2000 19.18 35.7 53.7 33.4 4.0
386 10.13 3003 26.14 33.4 78.3 50.5 4.3
394 10.15 4001 31.29 31.9 98.0 64.4 4.5
389 15.13 1413 21.70 36.9 58.8 36.2 5.7
391 15.08 2002 27.79 36.4 76.4 47.3 5.6
392 15.09 2999 37.48 34.3 109.3 69.8 5.7
390 15.17 4000 43.21 30.3 142.5 96.7 6.7

Aamplitude - peak-to-peak values.
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GPU-3 TEST DATA

Expansion- Cooler- Expansion— Compression- | Expansion- | Compression~ | Energy
space compression— space space space space balance
heater space duct pressure pressure pressure pressure error,

duct gas gas tempera- | amplitude,? amplitude,? phase phase percent
temper- ture, MPa MPa angle, angle,
ature, °C deg deg
°C
working fluid
557 72 1.84 1.78 300 300 6.2
569 61 1.76 1.82 300 300 2.5
553 52 1.74 1.80 300 300 8.1
643 70 1.84 1.82 300 300 1.3
617 62 1.82 1.82 300 300 2.5
634 53 1.72 1.84 300 300 5.0
660 86 2.73 2.63 300 300 -1.3
638 68 2.54 2.70 304 300 2.8
623 63 2.49 2.70 306 303 -1.5
655 80 4.22 4.42 300 300 1.4
637 72 4.23 4.43 303 304 0.6
working fluid
572 98 1.74 1.96 300 300 0.4
548 82 1.69 1.90 300 295 -1.0
551 66 1.80 1.88 300 300 1.8
677 95 1.82 2.00 300 300 1.9
668 80 1.86 1.94 300 300 -1.6
674 70 1.88 1.76 305 305 5.3
677 17 2.77 2.46 300 300 4.8
677 106 2.77 2.87 300 300 1.0
672 87 2.81 2.85 300 300 2.5
671} 123 3.53 3.66 300 300 -1.6
674 113 3.64 3.68 300 300 1.5
P-40 TEST DATA

Expansion- Cooler- Max imum Minimum Compression- | Compression-

space heater | compression- | compression- | compression- space space
duct gas space duct space space pressure pressure

temperature, gas tempera- pressure, pressure, ratio amplitude,?
°C ture MPa MPa MPa
°C
657 57 6.27 3.89 1.60 2.38
659 57 6.26 3.86 1.61 2.4
654 57 6.30 3.85 1.62 2.44
646 59 6.30 3.83 1.63 2.47
660 59 12.53 7.73 1.61 4.81
639 60 12.50 7.69 1.62 4.82
628 62 12.57 7.7 1.62 4.87
613 63 12.49 7.68 1.62 4.81
640 62 18.86 11.55 1.63 7.32
623 63 18.79 11.50 1.63 7.29
597 65 18.65 11.45 1.62 7.19
575 69 18.73 11.51 1.62 7.22

23




TABLE B.III - RE-1000

Run Mean Piston Average | Cooling | Engine Indicated Indicated Heat Heat Expansion-
iden— | pres— | stroke, heater water fre- power, efficiency, input, to space gas
tity sure, cm wall inlet quency, W percent W cooler tempera-

MPa temper- temper- Hz coolant, ture,

ature, ature, W °C
°C °C

1006 7.04 1.80 600 25 30.2 570 24.4 2338 1892 568
1010 7.03 2.60 599 25 30.1 939 25.8 3643 2736 558
1012 7.05 3.00 599 25 30.2 1100 24.6 4467 3265 552
1017 7.06 2.60 550 25 30.2 846 24.7 3424 2713 511
1024 7.05 2.60 500 25 30.2 765 22.8 3348 2681 462
1030 7.06 2.60 450 25 30.2 643 20.4 3159 2595 a5
1070 5.53 2.61 599 25 26.9 759 26.4 2879 2137 555
1079 4.01 2.61 599 25 23.0 520 24.17 2109 1242 553
21 7.07 2.61 600 40 30.3 907 25.2 3599 2532 557
1200 7.03 2.60 600 55 30.2 837 24.0 3493 2108 558

3pmplitude - peak-to-peak values.
Phase angle - angle between the maximum gas pressure and minimum working space volume.

Cp - gas pressure.
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TEST DATA

Regenerator- | Regenerator- | Compression- | Compression- | Compression- | Cooler Regen- | Displacer
heater gas cooler gas space gas space space wp,C erator WP, ¢
temperature, temperature, temperature, pressure pressure kPa wep, ¢ kPa
°C °C °C amplitude,? phase kPa
kPa ang]e,b
deg
564 91 40 792 -19.8 3 40 70
548 N 56 1147 -15.7 7 60 100
540 93 65 1344 -14.0 10 60 100
507 92 53 1166 -14.1 7 60 100
461 90 54 1176 -12.5 7 60 100
416 89 55 1181 -10.3 7 60 100
555 80 49 910 -18.0 4 40 70
560 70 42 645 -19.7 3 30 50
559 109 64 1171 -14.9 6 60 100
559 123 75 1161 -13.7 6 50 90
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APPENDIX C
DESCRIPTION OF THE PWCF CODE
The Pressure-Wave Curve-Fit (PWCF) computer code was used to calculate the
Stirling engine power given mean gas pressures, pressure amplitudes, and pres-
sure phase angles for both the expansion space and compression space.

The gas pressure parameters were curve-fit in the following manner:

Pea Sin[a + Be(a)]

SIE

Pe = Pem +

P =P +

=P Pea sin[a . Bc(a)]

PO —

where Pap s the mean expansion-space gas pressure, Poy s the expansion-
space gas pressure amplitude (defined as maximum pressure - minimum pressure),
a« is the engine crank angle or piston angular position, B is the expansion-
space pressure phase angle, B varies linearly with « 1in order to simulate
the nonharmonic nature of the Stirling engine gas pressure variation with time,
and the subscript c¢ indicates compression-space gas pressure parameters.

Having a mathematical relationship for the Stirling engine gas pressure,
it was straightforward to calculate the Stirling engine indicated power and
heat input. HWork per cycle is ¢(Po dVg + Pc dVc). Heat input was approxi-
mated as ¢(Po dVg). The integration was accomplished numerically and both
expressions were multiplied by engine frequency to arrive at power or energy

flow rate.

The accuracy of the PWCF code was evaluated by comparing the PWCF code's
calculated value of Stirling engine indicated power to that predicted from the
NASA Stirling engine computer simuiation. Indicated power errors resulting
from the use of this PWCF code at design conditions are

GPU-3 error = 1 percent
P-40 error = 8 percent
RE-1000 error = 1 percent

Thus, the PWCF code was considered sufficiently accurate for calculating indi-
cated power.
Heat input calculated with the PWCF code was compared to that predicted

from the NASA Stirling engine computer simulation. The discrepancy was 40 to
50 percent for all three engines, and thus this PWCF code was not considered

accurate enough for calculating heat input.
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TABLE I. - STIRLING ENGINE DESIGN OPERATING CONDITIONS

GPU-3
Gas mean pressure, MPa . . . . . . . . . . . 6.9
Engine speed, rpm . .« « .« . . 3000
Average heater gas temperature. °C .. ... 677
Coolant inlet temperature, °C e e e e e 20
Coolant . . 1Y
Working f1u1d e e e e e e e e e e e e e Ho
P-40
Gas mean pressure, MPa . . . . . . . . . . 15.0
Engine speed, rpm . . - . . . 4000
Average heater wall temperature, °C ... 720
Coolant inlet temperature, °C e e e e 50
Coolant . e e e e e e e e e v e .. Mater
Working f1u1d e e e e e e e e e e e e Ho
RE-1000
Gas mean pressure, MPa 7.0
Piston stroke, cm . . 2.6
Average heater wall temperature °C 600
Engine frequency, Hz . 30
Coolant inlet temperature, °C e e e e 25
Coolant . e e e e e e e e ... . .. . Mater
Working f]urd e e e e e e e e e e e e e He
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TABLE II. - STIRLING ENGINE COMPUTER MODEL INPUTS

Engine geometry

Code space and time specifications:
Number of engine cycles
Number of control volumes for each component
Number of time steps per cycle

Code options:
Working fluid - real, ideal (real used for this study)
Gas type - Hp, He, mixture
Heater temperature - wall, gas
RE-1000 - input piston motion or solve for piston motion (input used for this study)

Engine operating conditions:
Mean gas pressure
Engine speed
Heater wall or average gas temperature
Cylinder wall and regenerator wall temperatures
Coolant flow rate
Coolant inlet temperature
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TABLE III. - STIRLING
Operating conditions Power,b Efficiency, Heat Heat to
(a) percent percent input, coolant,
percent percent
GPU-3 (Hy
P =2,8 MPa, W = 2500 rpm 38.0 14.8 20.1 23.4
P =6.9 MPa, W = 2000 rpm (near design) 16.0 -1.6 17.9 21.6
GPU-3 (He
P = 2.8 MPa, W = 2500 rpm 129.1 78.2 28.6 14.9
P = 5.5 MPa, W o 3500 rpm 80.1 45.1 241 9.5
P-40 (H,
P =5 MPa, W = 1000 rpm -8.8 -14.6 6.8 7.5
P = 15 MPa, W = 4000 rpm (design) -11.4 -3.9 -7.8 -17.3
RE-1000 (He
P =4 MPa, St = 2.6 cm 20.1 8.9 10.3 27.5
Pm 7 MPa, St = 1.8 cm 1.5 -4.1 5.8 -5.4
P =7 MPa, St = 2.6 cm (design) 12.4 -.8 13.0 5.4

4p - mean pressure, W = engine speed, and St =

piston stroke.

bgrake values for the GPU-3 and P-40; indicated values for the RE-1000.
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ENGINE PREDICTION ERRORS

Expansion- | Compression- | Expansion- | Compression- | Compression- Heat
space gas space gas space space space exchanger
temperature, | temperature, pressure pressure pressure pressure
°C °C ampli tude, amplitude, phase angle, drop
percent percent deg amplitude,
percent
working fluid)
-1 7 7.4 7.7 ~6 -—
-7 12 12.8 9.0 ~6 -—
working fluid)
5 4 17.8 12.1 ~7 -—
-1 7 10.8 15.8 ~5 -—
working fluid)
30 5 — 4.0 _— —
11 24 9.0 2.7 —— ———
working fluid)
2 2 ——— 11.3 1.4 -49
4 5 _— 5.4 -1.3 -51
-1 6 — 7. -0.1 -47
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INDICATED POWER. W

INDICATED POWER, W

1200 —
=== PREDICTED PERFORMANCE
O~ ENGINE TEST DATA —
I 1100 e=—(O—=  PREDICTED PERFORMANCE
ERROR BAND —-O-— ENGINE TEST DATA
1000 — I  ereor Ban
=
o 1000 —
800 |— §
[=]
S
S
e 900 — g
600 — . ~
.
~
~
400 | I l l _ 800 | | | | | | i
3 4 5 6 7 8 20 25 30 35 40 45 50 55 60
MEAN WORKING-SPACE PRESSURE. MPA COOLANT INLET TEMPERATURe. °C
FIGURE 15. - RE-1000 INDICATED POWER VERSUS MEAN WORKING-SPACE FIGURE 17. - RE-1000 INDICATED POWER VERSUS COOLANT INLET
PRESSURE. PISTON STROKE., 2.6 cM: MEAN HEATER WALL TEMPER- TEMPERATURE. PISTON STROKE, 2.6 cM: MEAN WORKING-SPACE
ATURE. 600 °C: COOLANT INLET TEMPERATURE, 25 °C. PRESSURE, 7.0 MPA: MEAN HEATER WALL TEMPERATURE, 600 °C.
— 5000 —
1200 ey PREDICTED PERFORMANCE ewm(Q=—=  PREDICTED PERFORMANCE
—O==—ENGINE TEST DATA w=eQe= ENGINE TEST DATA
I ERROR BAND I ERROR BAND /'Q’
7/
1000 f— = 4000 [—
3
3
800 [— 3000 —
7
é | ] | ] | | | { ] | L1
600 2000
400 450 500 550 600 650 1.6 1.8 2.0 22 24 26 2.8 31 3.2
MEAN HEATER WALL TEMPERATURE, °C PISTON STROKE. cM
FIGURE 16. - RE-1000 INDICATED POWER VERSUS MEAN HEATER WALL FIGURE 18. - RE-1000 HEAT INPUT VERSUS PISTON STROKE. MEAN
TEMPERATURE. PISTON STROKE. 2.6 cM: MEAN WORKING-SPACE PRES- WORKING-SPACE PRESSURE, 7.0 MPA: MEAN HEATER WALL TEMPERATURE,
SURE, 7.0 MPA: COOLANT INLET TEMPERATURE, 25 °C. 600 OC; COOLANT INLET TEMPERATURE. 25 °c.

37



HEAT INPUT, W

HEAT INPUT, W

HEAT INPUT, W

5000 —
——O=—— PREDICTED PERFORMANCE
—=<O-— ENGINE TEST DATA
ERROR BAND
4000 |—
3000 |—
”~
Ve
2000 g~ | | | J
3 4 5 6 7 s
MEAN WORKING-SPACE PRESSURE, MPA
FIGURE 19. - RE-1000 HEAT INPUT VERSUS MEAN WORKING-SPACE
PRESSURE. PISTON STROKE, 2.6 cM: MEAN HEATER WALL TEMPER-
ATURE. 600 OC: COOLANT INLET TEMPERATURE, 25 OC.
4500 —
—O—= PREDICTED PERFORMANCE
—<O-— ENGINE TEST DATA
I ERROR BAND
4000 —
&
3500 [— -
5%
-
//
2000 ] | | 1 |
400 450 500 550 600 650
MEAN HEATER WALL TEMPERATURE, °C
FIGURE 20. - RE-1000 HEAT INPUT VERSUS MEAN HEATER WALL TEMPER-
ATURE. PISTON STROKE., 2.6 CM: MEAN WORKING-SPACE PRESSURE,
7.0 MPa: COOLANT INLET TEMPERATURE. 25 °C.
4500 — ==O=== PREDICTED PERFORMANCE
—<O= ENGINE TEST DATA
I ERROR BAND
w000 |- 0/\0\&
-é T —§‘ —
3500 |— T - -§\
ool L L]

20 25 30 35 40 45 50

COOLANT INLET TEMPERATURE, °C
FIGURE 21. - RE-1000 HEAT INPUT VERSUS COOLANT INLET TEMPER-

ATURE. PISTON STROKE. 2.6 cM: MEAN WORKING-SPACE PRESSURE.
7.0 MPA; MEAN HEATER WALL TEMPERATURE, 600 OC.

55

38

PRESSURE AMPLITUDE

(PEAK TO PEAK VALUES), MPA

BRAKE POWER, KW

1300 [ wwmQ~~= PREDICTED PERFORMANCE
=== ENGINE TEST DATA
I ERROR BAND
1200 }—
_— ——
\\
1100 —
1000 ! | | | 1
1400 450 500 550 600 650

MEAN HEATER WALL TEMPERATURE, °C

FIGURE 22. - RE-1000 COMPRESSION-SPACE PRESSURE AMPLITUDE (PEAK
T0 PEAK VALUES) VERSUS MEAN HEATER WALL TEMPERATURE. PISTON
STROKE, 2.6 cM; MEAN WORKING-SPACE PRESSURE, 7.0 MPA: COOL-
ANT INLET TEMPERATURE, 25 OC,

WORKING GAS
o HYDROGEN
m} HELTUM
TAILED SYMBOLS DENOTE ENERGY BALANCE MECHANICAL LOSS
5 SOLID SYMBOLS DENOTE MOTORING MECHANICAL LOSS
e PREDICTED PERFORMANCE
= = ENGINE TEST DATA
Y |—
3=
2 -
47T S
1 SO
. 1 | | L1 ]
1000 1500 2000 2500 3000 3500 4000

ENGINE SPEED. RPM

FIGURE 23. - GPU-3 BRAKE POWER VERSUS ENGINE SPEED, FOR
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SPACE PRESSURE. 2.8 MPA.
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FIGURE 24. - GPU-3 BRAKE POWER SENSITIVITY DUE TO PRE-
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FIGURE 25. - RE-1000 INDICATED POWER SENSITIVITY DUE TO
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ANGLE. DESIGN CONDITIONS: PRESSURE, 7 MPA: PISTON
STROKE, 2.6 cM: COOLANT INLET TEMPERATURE, 25 OC;
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“OTHER PARAMETERS HELD AT DESIGN CONDITIONS.
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FIGURE 26. - GPU-3 PHASE ANGLE GOVERNING EQUATION CURVES.
ENGINE SPEED. 3500 RPM: MEAN COMPRESSION-SPACE PRESSURE.
4.1 MPA: AVERAGE HEATER-TUBE GAS TEMPERATURE. 690 OC;
WORKING GAS, HYDROGEN.
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