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SUMMARY

In support of the Department of tnergy's Stirling Engine Highway
vehicle Systems program, the NASA Lewis Research Center has installed a
7.9-kilowatt (10-hp) GPU-3 Stirling engine with a motoring dynamometer to
continue to obtain data for validating Stir.ing-cycle computer simulations
and to prepare for future component testing. The engine was originally
built by General Motors Research Laboratories for the y.S. Aray in 1965 as
part cf a 3-kilowatt engine-generator set.

Baselire tests were run to map the engine over a range of mean
compression-space pressures of 2.8 to 6.9 meqapascals (400 to 1000 psi) and
engine speeds of 1500 to 3500 rpm with both nhelium and nsdrogen &s the work-
ing fluid. A1l tests were run at a heater-tube gas temperature of 677 C
(1250 fF). Maximum power obtained with hydrogen was 6.82 kilowatts
(9.14 hp) at 6.9 megapascals (1000 psi) and 3500 rpm. The maxisum power
with helium was 4.26 kiiowatts (5.71 hp) at 6.9 megapascals (1000 psi) and
2500 rpm. Tne highest brake tnermal efficiencies obtained were 26.4 percent
for nyarogen and 21.3 percent for helium. These both occurred at 6.9-
megapascal (1000-psi) mean compression-space pressure and 1500-rpm engine
speed.

Tne engine output was low at high speeds as compared with that for the
previcusly reportea low-power baseiine tests that used the alternatcr and
resistance load bank instead of the dynamometer. It is felt that chis re-
duced power was caused by degradation of heat exchanger effectiveness as a
result of contamination Dy rust and cil. However, efficiency was higher
tnan in the previous tests because cf tne installation of a noncontaminated
preneater that reduced combustion system losses.

Indicated power results were obtained as a function of mean
compression-space pressure and engine speed for both helium and hydrogen.
The maximum indicated power measurea was 8.6 kilowatts (1l.5 hp) for
hydrogen.

Motoring tests were ther run to aid in determining wechanical losses.
Tests were completed over a range of mean compression-space pressures ana
engine speedas for both helium and hydrogen as the working fluid. The re-
sults were compared with tne results of an energy-balance metnod for finding
mechanical losses. The enerqy balance yields a linear variation of mechani-
cal losses with engine speed, but the motoring results snhow a higher-order
variation with speed. The two methoas give results that are about the same
at low speeds but differ significantly at nigh speeds.

INTROOUCTION

This work was done 1n support of the U.S. Department of Energy (00E)
Stirling Engine Highway Venicle Systems program. The NASA Lewis Research
Center, through interagency agreement DEAIGL-77CS51040 with DOE, is respon-
siole for managament of the project under the program direction of the DOE
Office of Venicle and Engine R&D, Conservation and Renewable Energy.

As part of this effort Lewis is operating a 7.5-kilowatt (10-hp),
single-cylinder, rhombic-arive Stirling engire. The engine was originally
built by General Motors Research Laboratories for the U.S. Army in 1965 as
part of a 3-kilowatt engine-generator set that was designated the GPU-3
{Grouna Power Unit 3).



The GPU-3 Stirling engine test program at Lewis has three objectives:

(1) To obtain and publish detailed engine performance data

(¢) To validate, document, and publish a NASA Lewis Stirling-cycle
computer model

(3) To provide a test bed for evaluating new component concepts that
evolve from supporting Stirling engine technology activities

After 1t was converted to a research configuration, the engine was tested
with tne original alternator and a resistance load bank to ansorb the engine
output. These test results are reported in reference 1. However, the alter-
nator ana load bank were not capable of absorbing tne ful. engine output
power. Thus folloxing completion of these tests, the altornator was removed
and the engine was instailed with a motoring dynamometer. ihis allowed test-
ing at tne full engine output as well as running motoring tests to aid in
getermining mechanical losses.

This paper presents the results of both the high-pcwer baseline tests and
the motoring tests. Curves of engine output and brake specific fuel consump-
tion as functions of engine speed and mean compression-space pressure are
given for tne high-power tests for both helium and hydrogen as the working
fluia. These tasis were run at a constant heater-tube gas temperature.
Indicatea power results are shown as dgetermined by three methods: by an
energy balance, by using pressure-volume diagrams, and by summing brake power
and mecnanical losses determined from motoring results.

ror the motoring tests the cooler-reagenerator cartriadges were removed, and
3 spectal displacer was used to limit flow through the neat-exchanger cir-
cuit. The motcering power results are presented as a function of engine speed
and mean covpression-space pressure. [ndicated gas work was also measured and
used to correct the motoring power to arrive at an indication of the mechani-
cal losses. Comparison 1s then mave to energy-balance metnods for determining
the mecnanical losses.

APPARATUS AND PROCEDURE - HIGH-POWER BASELINE TESTS
tngine Description and dackground

Tne GPU-3 Stirling engine and dynamometer test bed are snown in figure 1.
The engine as testea 15 a combination of parts taken from two identical GPU-3
units. The first of these was obtained from the y.S5. Army Mopility Equipment
Research ang Development cCenter (MEROC) at rort Belvoir, Virginia; the second
was odtainea tnrough a loan from the Smithsonian Institution. These units
were originally 3-k:iowatt engine-generator sets ouilt by General Motors
Research Laboratories in 1965 for tne U.S. Army. They were completely self-
contained anc capabie of operating with a variety of fuels over a broad range
of ambient conditions. The units were designed to use hydrogen as the working
fluid. The GPU-3 engine 1s ¢ single-cylinder, aisplacer engine with a rhombic
drive and sliding rod seals. [t is capable of producing a maximum engine out-
put of approximately 7.5 xilowatts (10 hp) with hydrogen working fluid at
b.9 megapsscals (1000 psi) mean compression-space pressure. The piston swept
volume 1s 120 cubic centimeters (7.3 ind).

The engine obtained from Fort Belvoir was initially torn down and restored
to operating condition. It was then tested as part of tne original GPU-3 with
only those changes that were iiecessary to make the unil operable. Tests were
run with both nydrogen ana helium as the workina fluid at various pressures



ana at the design heater-tube gas temperature of 677° C (1250° F) and an
engine speed of 3000 rpm. Comparisons were made with data taken by the Army
in 1966. These results and a description of the original GPU-3 engine compo-
nents and systems are given in reference 2.

The following changes were then made to convert the engine to a research
configuration. The engine-driven accessories were removed (except for the oil
system) with air, water, fuel, and working fluid supplied from the facility
support systems. The original control system was replaced with manual con-
trols. Where necessary, new parts were made, including new cooler-regenerator
cartridges. Extensive instrumentation was added to obtain an energy balance,
engine temperature profiles, conduction losses, working-space gas temperatures
and dynamic pressures, and a measurement of indicated power. Finally, dimen-
sional and volime measurements were completed as were steady-state flow tests
on tne various heat exchangers.

Baseline tests were run to map the engine over a range of heater-tube gas
temperatures, mean compression-space pressures, and engine speeds with both
nelium and hydrogen as the working fluid. Tests were limited to the lower
power levels (—4.5 kw (6 hp)) because the original alternator and a resistance
load bank were used and they were not capable of absorbing the full engine
output power. These results are presented in reference 1. The detailed data
taken during those tests are included on microfiche as part of that report.
Also given are the engine aimensions necessary for computer modeling as well
as the results of the volume measurements and steady-state flow tests.

These data were used to make the initial direct comparisons with the Lewis
computer simulation predictions. The simulation code is described in refer-
ences 3 and 4. Results of the simulation comparisons with the test data are
given in reference 4.

Test Setup

rollowing completion of the tests described in reference 1, the exhaust
tubes of the preheater were flow-tested to check for blockage. About 45 per-
cent of these tubes were plugged with soot from combustion; some leakage
bDetween tut2. indicated that several of the tubes had holes burned through
them. These findings explain the large circumferential temperature variation
of the exhaust in these previous tests and also the low engine efficiencies
that were measured. For the nigh-power tests it was decided to replace the
preheater with the one from the Smithsonian engine. Flow tests on this pre-
heater indicated only one tube blocked (of 560 tubes). Tnis preheater was
tnen instrumented and installed on the engine. Changes in instrumentation
from that on tne former preheater are given in appendix A.

Two separate crankcases were used during the high-power tests. The nyion
timing gears failed under heavy load at the end of the helium baseline tests.
Tnis caused major damage to the crankcase of the Fort Belvoir engine, which
had been used up to that time. For the hycdrogen tests the crankcase from the
Simithsonian engine was installed.

A schematic diagram of the GPU-3 test setup is snown in figure 2.
Facility support systems shown include fuel, air, cooling water, oil, and
working fluic. Also shown is tnhe dynamomete. for absorbing engine output.
This schematic was updated from tnat given in reference 1. Numbers by the
instrumentation symbols refer to instrumentation item numbers given in table
IIl of reference 1. Only cnanges to the test setup from the previous tests
are aiscussed here. A summary of changes to instrumentation in the support



systems is include¢ in appendix A. For further details of tne test setup see
reference 1. [he fuel, nozzle air, and combustion air systems were not
changed.

A tank and pump were installed to supply the desired water flow rate to
the engine's three cooling patns (buffer space, coolers, and nozzle). The
water was not recirculated and its inlet temperature was not controlled. The
inlet temperature was established by the temperature of the city water supply-
1ng the tank. The measurements of total water flow rate and temperature rise
between outlet and inlet for the total flow were eliminated as it was found
that the measurements in tne individual water circuits were accurate and
sufficient. To improve reliability, tie therwopiles for measuring temperature
rise in these individual circuits were replaced with aT probes with just one
thermocouple per leg. Tne voltage signal representing the temperature rise
was then amplified and recordec.

For tne oil system the thermopile for measuring temperature rise was re-
placed with a aT probe (the same as the one aescribed above for water).

Pressure transducers were added to the pressurization system to measure
minimum cycle pressure in the compression and buffer spaces. The transducers
were installed between check valves at the engine and needie valves in the
pressurization lines, as shown in figure 2. These sections of line tend to
trap their respective minimum pressures because of the one-way action of the
check valves. Alse, connections were mage to the vent lines to allow taking
working-f luid samples for later analysis.

The original GPU-3 alternator and resistance load bank were replaced by &
universal aynamometer to absorb the engine output. This dynamometer is cap-
able of 50 np absorbing and 15 hp motoring and thus can absord the full engine
output. The alternator limited the previous tests to a maximum output of
about 4.5 kilowatts (6 hp).

Iwo changes were made to improve the measurement of indicated power.
water-coolea adapters were 1nstalled for the expansion-space and compression-
space wminiature pressure transducers. These were added to minimize the trans-
ducers® zero shift and sensitivity change with temperature. Also, the shaft
encoder was referenced to displacer top dead center (TOC = zero degrees shaft
angle) by setting at the midstroke positions (90" before and after TDC)
instead of at TOC. This method should be more accurate because of the much
greater piston displacement per degree of crank travel at tne Y0 points than
at ToC.

Finally, new modules were added to tne recording system for the indicated
work and dynamic pressure measurements. This updated system is shown in fig-
ure 3. Tne new modules are the indicated mean effective pressure (IMEP) mod-
ules for the compression, expansion, and buffer spaces; the two peck detector
modules; and the two event detector modules. The IMEP modules are similar to
that for the total IMEP measurement (compression-space pressure as a function
of total working-space volume) described in reference 1. Each : wmerically
integrates the associated pressure-volume diagram to obtain tne work in terms
of the IMEP. The vaiue of IMEP calculated and displayed is an average value
obtained over 100 engine cycles. The peak detector moduies are used to find
the maximum and minimum value of pressure for the miniature pressure trans-
ducers in the expansion, compression, and buffer spaces. The event modules
determine tne crank angle relative to displacer TOC at which the maximum and
minimum values occur. Tne pressure signal that is input to these last four
Mmoaules is determined by the selector switch shown in tne middle of figure 3.
References 5 and 6 provide more information on this type of instrumentation
system,



Tne maximum and minimum values recorded from the peak detectors are
snhifted somewhat as a result of temperature effects on the transducers

#altnough the water-cooled adapters minimized this effect). The true values
or the compression and buffer pressures were found by using the prassure dif-

ference from the peak detectors along with the minimum values measured behind
the check valves in the pressurization systew. For the expansion pressure,
only the difference between the maximum and minimum values could be determined.

The GPU-3 test setup is shown in figure 4. Recording systems and signal-
conditioning equipment are shown on the left, with the engine and dynamometer
on the right. Steady-state data were recorded and grinted out on a data
logger. Oynamic data were taken with both an oscillograpn recorder and an
oscilloscope.

Test Procedure

The desired test matrix range for botn the helium and hydrogen runs
included mean compression-space pressures of 2.8 to 6.9 megapascals (400 to
1000 psi) ana engine speeds of 1500 to 3500 rpm. The heater-tube gas tempera-
ture ana cooling-water inlet temperature were not varied for these tests. The
heater-tuce gas temperature was measured with thermocouple probes installed
insige three of the 40 neater tubes and spaced circumferentially around the
neater nead. Tne maximum reading of these three thermocouples was wmanually
controlled to 677 C (1250 F) by adjusting the fuel flow with a needle
valve. The cooling-water inlet temperature was not controiled and varied from
1y to 2l C (60 to 70 f) over the series of tests.

On each engine startup, cooling-water flow was first provided to the
engine and the mean compression-space pressure was set at approximately
2.1 megapascals (300 psi). Combustion was then started with no. 1 diesel
fuel (lower heating value, 18 590 Btu/1b) from the startup fuel tank. As the
heater-tube gas temperature approached 540 C (1000 F) the engine was started
rotating by motoring with the dynamometer. Engine warmup conditions were then
set to 2.8-megapascal (400-psi) mean compression-space pressure, 677° ¢
(1250 r) heater-tube gas temperature, and 2000-rpm engine speed. When the
engine temperatures were sufficient to sustain operation, the dynamometer
motor was shut off. The engine was stabilized at the reference condition
listed above to allow it to reach operating temperatures. About 30 minutes of
warmup time was necessary.

Generally, one curve at constant mean compression-space pressure, heater-
tube gas temperature, and cooling-water flow was run after each engine start-
up. Tne curve consisted of data points taken at engine speeds varying by

500-rpm intervals, with the highest speed set first., At each point the speed
was set by adjusting the speed control on the dynamometer. The combustion
airflow was set to maintain an air-fuel ratio of about 35 to 1. After the

desired conditions were reached, tne fuel run tank was valved to the engine.
Tnese conditions were then maintained for 15 minutes. All steady-state data
were recorded three times and dynamic data once during this period. The
startup fue' tank was then again valved to the engine, and the next data point
establisned. The fuel flow was determined from the initial and final weignts
of the fuel run tank. This procedure was repeated for each data point.

KESULTS AND OISCUSSION - HIGH-POWER BASELINE TESTS

The results of the hign-power baseline tests are presented in figures 5 to
.. Tnese figures are summarized as follows:



The influence of mean com?ress10n-5pace pressure and engine speed on
engine output and brake specific fuel consumption (bsfc) is shown in figures §
and 6. The engine data obta\nea with the dynamometer are compared with previ-
ous engine data obtaired with the alternator in figure 7. The differences
indicated by this coaparison are explained with the aid of figures 8 to 12.
Figures 13 and 14 give examples of energy balances obtained on the engine.
rFinally, indicated power results as a function of mean compression-space pres-
sure and engine speed are shown in figures 15 and 16. The detailed data taken
during these tests are not included as part of this report but are availaple
from the author. A sample data point to indicate what is available is given
in appendix A.

Engine Performance with Helium and Hydrogen

rigure % illustrates tne effect of engine speed and mean compression-space
pressure on engine performance with helium working fluid. The same is shown
in figure 6 for hydrogen working fluid. The heater-tube gas temperature was
677 C (1250" F), and the average cooling-water inlet temperature was 20° C
(68 r) for both series of te:ts. Of the three steady-state data scans taken
at eacn operating condition, two were reduced and plotted. wWhen both scans
gave approximately the same results, only one symbol was plotted for that
condition.

An extra point at an engine speed of 1000 rpm and a mean compression-space
pressure of 2.8 megapascals (400 psi) with helium working fluid was added to
tne planned test matrix. Also, several points at the low pressures and high
engine speeds could not be run. This was due to the engine output being in-
adequate at those conditions for the engine-dynamometer system to sustain

operation.

The maximum engine output with helium working fiuid was 4.26 kilowatts
(5.71 hp) at a mean compression-space pressure of 6.9 megapascals (1000 psi)
and an engine speed of 2500 rom. The lowest bsfc was 390 g/kwW-hr
(0.04 1o/hp-hr) at 6.9 megapascals (1000 psi) and 1500 rpm. This corresponds
to a brake tnermal efficiency of 21.3 percent.

Aith hydrogen working fluid the maximum power obtained was 6.82 kilowat"-
(9.14 np) at 6.9 megapascals (1000 psi) and 3500 rpm. The minimum bsfc was
315 g/ke-hr (0.52 1b/hp-hr) at 6.9 megapascals (1000 psi) and 1500 rpm. This
corresponds to a brake thermal efficiency of 26.4 percent. This efficiency is
in the same range as that ottained by General Motors (ref. 7).

In addition to the fact that both the engine output and efficiency are
greater with hydrogen working fluid than with nelium, the figures snow that
the engine output tends to peak at a higher speed with hydrogen. The increase
in bsfc is also much less at the higher speeds with nydrcgen than with
nelium. These results are indications of the lower flow losses through the
heat exchangers when using hyarogen as the working fluid. This effect has
been substantiated by computer simulation predictions.

Comparison of Engine Qutput witn Previous Data Obtained with tne Alternator

Figure 7 shows a comparison of the engine output with data obtained previ-
ously in the low-power baseline tests that used the original GPU-3 alternator
and a resistance load bank to absorb the output. Reference 1 describes the
low-power baseline tests in detail. The hot- and cold-end temperatures wore
not identical for these two series of tests. For the nlgh—power dynamometer
tests the heater-tube gas temperature was 677° C (1250° ) and the cooling-
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water inlet temperature was 20° C (68" F). For the low-power alternator tests
the heater-tube gas temperature was 650° C (1200° F) ard the cooling-water
inlet temperature was in the range 13° to 15° C (56  to 59° F). However, as
both temperatures were higher for the dynamometer tests, the effects of the
two should somewhat offset each other.

With the exception of one point at 4.1 megapascals (600 psi) hydrogen data
from the low-power alternator tests were limited by the allowable alternator
current to curves for 1.4 and 2.8 megapascals (200 and 400 psi). As data were
taken for pressures of 2.8 megapascals (400 psi) and higher for the high-power
dynamometer tests, comparison could only be made at 2.8 megapascals (400 psi)
for nydrogen as the working fluid. Also, some of the previous helium tests
were limited by the alternator to high speeds, particularly for high pres-
sures; therefore comparisons again are incomplete.

The engine power outputs from the two series of tests were about the same
for the lower part of the speed range (with the exception of the 2.3-mega-
pascail (400-psi) curves for helium). However, there are large discrepancies
at tne higher speeds. Thus the variation in output appears to be related pri-
marily to speed.

Increasing pressure drop through the heat exchangers could cause this type
of effect. Figure 8 shows the set of eight cooler-regenerator cartridges as
well as three of the end caps that connect the coolers to the compression
space. In areas where the working fluid is present - around the regenerator
car, at the outlet of cooler tubes, and around the end cap - there were sig-
niticant deposits of what was analyzed to be a combination of 0il and rust.
Rust occurs during teardowns when the engine parts are exposed to the atmos-
phere. Also, rusting may take place wnen tne assembled engine is left un-
pressurized as a result of severe engine leaks. The engine was cleaned before
eacn reissemoly, but obviousiy some of the rust was not removed. The oil con-
tamination was from oil pumped past the sliding shaft seals during engine
cperation,

Steady-state flow tests were run on the various heat exchangers to measure
the pressure drop. Air at 793-kilopascal (115-psi) inlet pressure was used
for the caliobration, with pressure drop as a function of mass flow rate being
recorded. Mass flow rates were chosen to give abcut the same range of
Reynoids number as actually occurs in the engine. This range was predicted by
the Stirling simulation computer program. fror further explanation of steady-
state fiow tests on the heat exchangers, see reference 1.

rigure Y shows pressure drop as a function of flow rate for the heater
head assembly after the high-power tests with the dynamometer and after the
low-power tests with the alternator. This includes flow through all the heat
exchangers - coolers, regenerators, and heater. The mass flow ates through
the neater nead assembly are eignht times the flow rates shown in the next two
figures for the individual cooler-regenerator cartridges. This is due to the
eight cooler-regenerator paths in the heater head. The test for the heater
nead assembly was made for flow in both directions. The pressure drop has
increased by about 10 percent over most of the flow range for the latest flow
tests.

Throughout the GPU testing three of the cooler-regenerator cartridges were
flow tested at various intervals. Figure 10 gives flow test results for these
three wnen they were new, after 80 nours of engine testing (after tne low-
power tests with the aiternator), and after 191 nours of engine testing (after
tne nign-power tests with the dynamometer).

The pressure drops through the cartridges have been increasing throughout
tne testing except for one of the cartridges between 80 and 191 hours. Also,



the spread from the least gressure drop to the createst pressure drop has
increased by a large amount.

The range of pressure drops for all eight cooler-regenerators following
tne high-power test with the dynamometer is shown in figure 11. At the maxi-
mum flow rate tested, 18 g/sec (0.04 1b/sec), the pressure drop ranged from
about 234 to 421 kilopascals (34 to 61 psi). This compares with a range of
165 to 196 kilopascals (24 to 28.5 psi) when the cartridges were new. The
large spread for the cartridges after 191 hours of testing indicates that
there was poor distribution of flow through the eight cooler-regenerator cir-
cuits during these engine tests.

Tne difference in pressure drop through the heater head assembly shown in
figure Y does not appear to be large enough to solely account for the differ-
ences in engine output at high speeds. This is substantiated by the NASA
Lewis Stirling cycle computer program. However, what effect the contamination
of the heater head had on heat transfer in the heat exchangers is not known.
Figure 8 shows deposits on the water side of the cooler tubes, so this would
also have adversely affected the heat transfer. Estimates of new heat trans-
fer coefficients for the heat exchangers would have to be made to further
analyze the differences.

Two other areas whose effects were included in figures 5 and 6 were
investigated in attempting to determine the reasons for the decrease in engine
output. The first concerned the accuracy of the torque measurement. To check
this, a torquemeter and a 7.5-kilowatt (10-hp) electric motor were used to
calibrate the dynamometer system. The torquemeter was calibrated and then
installed between the electric motor and the dynamometer (after the engine was
removed from the test stand). Tests were run over a range of loads for each
speed witn the load cell t¢ryue reading for the dynamometer system being com-
pared with that from the torquemeter. After analyzing the results, it was
decided to add & constant value of 0.6 1b-ft to each value of torque as mea-
sured by the load cell.

The second area investigated related to check valve losses, Prior to the
start of the high-power tests with the dynamometer, new check valves were
installed in the vent lines of the buffer and compression spaces. These two
lines are tied together and vented through a single needle valve. A pressure
transducer was installed in the common 1ine to determine if these check valves
were working properly. Typical pressure traces obtained are shown in figure
12 for three speeds. Large oscillations are shown at the higher speeds, with
little or none at tne lower. These oscillations indicated that the check
valves were opening at the higher speeds and thus allowing direct communica-
tion between the buffer and compression spaces. An attempt was made to deter-
mine this effect on the engine output at 3000 rpm by installing a needle valve
in tne line between the two check valves. A data point was taken with the
valve open and closed, but no difference in engine output was detected.
Consequently, the tests were concluded with these check valves in place.

However, motoring tests were run following the high-power baseline tests.
These motcring tests, with fewer operating constraints and control restric-
tions to mask the results, gave the capability for determining the magnitude
of the losses that were not Jdetected during the engine tests. The motoring
tests are described elsewhere in this report. Tests were run at various
speeds and pressures with hydrogen and helium and with the needle valve in the
vent line open and then closed. The losses were primarily a function of
speed. It was decided to use the foliowing correction factors:



Speed, Correction,

rpm ki (hp)
1500, 2000 0 (0)
2590, 3000 10 (0.13)
3500 .34 (0.46)

These values were added tu the measured engine power outputs. Note tmat the
correction is only significant at 3500 rpm.

Thus the results given in figures 5 and 6 have been corrected for both
factors: the torque measurement correction and the correction due to losses
associated with the check valves. The latter correction was applicable to
only the three highest pressure curves for hydrogen and for the 4.l-megapascal
(600~psi), 3000-rpm point for helium. All otner da:a were run with the needle
valve in the vent lines closed to minimize the losses.

Energy-Balance Resuits

Energy balances obtained on the engine during these tests and during the
low-power tests with the alternator are compared in figure 13 with hydrogen as
the working fluid. A common point of 2.8-megapascal (400-psi) mean
conpression-space pressure and 1500-rpm engine speed is used. The hot- and
cold-end temperatures are somehwat different, but the effects of these differ-
ences should tend to offset each other,

Although the engine output is about the same for each, the efficiency
increased from 14.9 percent for the alternator test to 19.3 percent for these
aynamometer tests. The main reason for this efficiency increase was the lower
exhaust losses. The exhaust losses were substantially decreased by changing
preheaters and by lowering the air-fuel ratio. [he air-fuel ratio was de-
creased from 49 for this particular point of the alternator tests to about 35
for the dynamometer tests. Also, as described in the Test Setup section the
former prenheater had almost one-half of the exhaust tubes plugged and holes
ourned tnrough some of the tubes. It was replaced with the preheater of the
engine obtained from the Smithsonian Institution,

The heat losses to tne oil and buffer water; the cycle heat rejection
(defined as the heat loss to the water passing through the coolers minus the
conduction losses); and the conduction, radiation and conveciion, and nozzle
water losses are essentially the same for both cases. However, they have
increased as a percentage of the heat input for the dynamometer tests because
of the lower heat input resulting from the lower exhaust losses.

The efficiency gain was obtained it most of the data points that could be
compared with the previous low-power alternator test results. Thus the in-
crease in combustion system efficiency (lower exhaust losses) more than offset
the decrease in thermodynamic cycle efficiency (contaminated regenerators and
coolers).

Figure 14 compares energy balances for helium and hycrogen working fluids
at 6.9-megapascal (1000-psi) pressure and 1500-rpm engine speed. This was the
maximum efficiency point for each working fluid during the dynamometer tests.

Note tnat the maximum efficiency was 21.3 percent for helium and 26.4 per-
cent for hydrogen. Differences in efficiency and engine output between the
two working fluids are not as significant at the lower speeds as at the higher
speeds. At the maximum speed of 3500 rpm for 6.9-megapascal (1000-psi) pres-
cure the respective efficiencies were 8.6 percent for helium and 19.8 percent



for hydrogen. Again, tnis larger difference is primarily due to the higher
f low losses with helium,

Tne power in from the fuel was approximately the same for each point
shown: 15.8 kilowatts (21.1 hp) for hydrogen and 15.4 kilowatts (20.7 hp) for
nelium. Also, the exhaust losses as well as the conduction, radiation and
convection, and nozzle water losses were about the same; therefore the heat
into the working fluid was approximately equal for each point. The energy
balances indicate then that the increase in efficiency with hydrogen comes
from an increase in engine output due to decreasing cycle heat rejection and
heat losses to th2 oil and buffer water. The heat loss to tne 0il and buffer
water can be taken as an indication of the engine mechanical losses. The
mechanical losses are lower with nydrogen working fluid than with helium
because of the lower gas work losses in the buffer space for hydrogen.

Inaicated Power Results

Figures 15 and 1o give indicated power results as computed by several
rathods. The measurement c¢f indicated power is useful for direct comparison
with engine output as determined by most computer simulations and also for
isolating the Stirling-cycle effects on engine output.

Figure 15 shows indicated power as a function of engine speed and mean
compression-space pressure for botn nelium and nydroger working fluids. It
compares indicated power obtained from energy balances with that obtained from
pressure-volume (p-v) diagrams. The hot- and cold-end temperatures were the
same as shown in figures 5 and 6.

The energy-balance results assume that the heat losses to the oil and
buffer water represent the engine mechanical losses. These are then added to
the engine brake output to get the indicated power. The p-v diagram results
were obtainea from separate p-v diagrams for tne expansion and compression
spaces. The power from the compression-space diagram is subtracted from that
of the expansion-space diagram to get the indicated power. The instrumenta-
tion system to obtain these p-v diagrams is described in reference 1 and in
the Test Setup section of this report.

The two methods compare well for hydrogen working fluid. The p-v resuits
are lower at low speeds and higher at nigh speeds than in tne energy-balance
results. This trend was gererally true for the results for both nydrogen and
helium from the tests reported in reference 1. Only several preliminary p-v
diagrams were shown in that reference because of inadequacies in the p-v mea~
surement system; this was mainly due to the lack of water cooling on the
pressure transducers, which could have resulted in a sensitivity shift with
temperature. Tnus althougn approximately the same trend was obtained, the
results were less consistent in the earlier tests,

For nelium the p-v diagrams gave results that were higher at ali points
tnan were those for the energy-balance method. As this trend is not con-
sistent with previous data (even with helium) and as the energy-balance
results agree with expected values, these helium p-v results appear to be
questionable.

Considering all p-v results from both alternator and dynamometer testing,
the nydrogen data are more consistent in their trends and comparisons than are
tne nelium data. This may indicate a response problem with the helium pres-
sure measurements although calculations show that the response times should be
adequate. The main concern is in the expansion-space pressure measurement
where the transducer is located at the end of a 15.2-centimeter (b-in)-iong
tube. The compression-space transducer is approximately flush-mounted.
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The maximum indicated power for hydrogen is 8.6 kilowatts (11.5 hp) at
6.9-megapascal (1000-psi) mean compression-space pressure and 3500-rpm engine
speed. Indicated power results for 6.9-megapascal (1000-psi) helium appeared
to be in error and are not reported. The indicated power curves tend to peak
out at slightly higher speeds than do the brake power curves. This is ex-
pected as the mechanical losses increase with speed.

Figure 16 compares p-v indicated power results for hydrogen both from two
p-v diagrams and from one p-v diagram. The use of two diagrams is as stated
previously (expansion-space work minus compression-space work), and these
results are the same as those shown in figure 15. The indicated power can
also be approximated with one diagram by using any pressure in the workin?
space (compression-space pressure is used in these tests) versus the tota
change in working-space volume,

The results indicate that the use of one diagram gives a somewhat higher
answer than does the use of two diagrams. This has been consistent for most
testing and particularly with hydrogen. There are problems associated with
either method. The two-diagram method involves finding a small answer by
taking the difference between two large numbers, each of which has measurement
errors involved. The one-diagram method neglects the full effect of pressure
dérop througn the heat exchangers as only one pressure is used. On the basis
of all data taken to this time, th: use of separate p-v diagrams in the expan-
sion and compression spaces appea"s to give the more accurate results.

APPARATUS AND PROCEDURE - MOTORING TESTS
Test Setup

Motoring tests were run to aid in determining engine mechanical losses,
which can be added to the brake power to get the engine indicated power.
Several other methods, in addition to motoring, are also used to determine the
mechanical losses< and indicated power; thus each can be compared with the
others to evaiuate the results. The other methods use energy-balance data to
determine mechanical losses (heat to the 0il1 and buffer-space cooling water)
and direct measurement of the indicated power with pressure-volume diagrams.

Motoring a Stirling engine to determine its mechanical losses cannot be
effectively accomplished by driving the engine in its normal -onfiguration.

To properly motor, the displacer piston must be replaced with a piston of the
same weight but causing negligiple pumping. fror these tests a solid displacer
piston was made with six holes drilled through the piston to allow direct flow
between the compression and expansion spaces and to eliminate flow through the
heat exchangers. The weight was made identical to that of the normal hollow
stainless-steel displacer by fabricating this piston from a combination of
aluminum and magnesium, As the motoring tests were run cold (no combustion
occurring), these maierials did not neea to be heat resistant. The holes
darilled tnrough the displacer had a diameter of 0.95 centimeter (0.375 in.)
and were sized to give a flow area about 1.5 times the heater-tube flow area.
The piston rings were installed in the same ma~ner as for the standard dis-
placer. The displacer piston for motoring is shown in figure 17.

A further problem with mstoring is the different loads on the bearings,
seals, and piston rings as compared with engine operation because of the dif-
ference in pressure variations. This effect was reduced by changing the vol-
ume of the working space to give approximately the same pressure ratio during
motoring as occurs in normal engine operation. The eight cooler-regenerator
cartridges were removed and replaced with plugs to eliminate a substantial
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amount of volume. As the temperature effec: on pressure ratio are minimal
during motoring, an estimated pressure ratio could be calculated from the
known volumes. The actual pressure ratios were measured during the motoring
tests. Those results are given in the Results and Discussion section. One of
the plugs that replaced a cooler-regenerator cartridge is also shown in fig-
ure 17. As no combustion was necessary for these tests, the preheater was
removed from tno engine.

The facility setup was the same as i~ figure 2 with the following
cnanges. The air and fuel systems and the nozzle water lines were dis-
connected. The turbine flowmeter in the cooler water line was replaced with a
f lowmeter of less range as the flow was reduced because of the plugs in the
cooler passages. A small water flow was circulated around the plugs and
around the cylinder cooling passage to reduce the temperature variations of
the working fluid during motor ng.

A second set of nylon timir; gears railed at the end of the hydrogen base-
line tests. For the motoring tests these were replaced with a set of aluminum
timing gears. Also, a ccupling with greater torsional flexibility was in-
stalled between the engine and dynamometer to aid in reducing tne effect of
torque reversal on the timing gears.

Test Procedure

Tne motoring test matrix for both heiium and hydrogen working fluids con-
sisted of mean compression-space pressures from 1.4 to 6.9 megapascals (200 to
1000 psi) and engine speeds from 1500 to 3500 rpm.

On each startup, cooling-water flow was first provided to the buffer and
cooler circuits. Cooling-water inlet temperature was not controlled and
varied from 4° to 8° C (40° to 47° ¢) for these tests. Approximately 2.8-
megapascal (400-psi) mean compression-space pressure was set in the engine,
and the engine was then rotated by motoring with the dynamometer. Motoring
congitions were maintained at 2.8-megapascal (400-psi) pressure and 2000-rpm
engine speed until the oil temperature reached 38° to 41° C (100" to 105° F).
Tnis took about 30 minutes. O0il temperature was not controlied during these
tests; variations in 0il temperature were similar to tnhose in normal engine
operation.

Following engine warmup, one or two curves at constant mean compression-
space pressure were run for eact engine startup. A curve consisted of data
points taken at engine speeds varying by 500-rpm intervals, with the highest
speed set first. The speed was set by adjusting the speed control on the
aynamometer. After the desired conditions were established, the data point
was neld for about 10 annutes. Ouring this time steady-state data was
recordea three times and dynamic data once. After completing this, a new
speed was set and the procedure repeated.

RESULTS AND DISCUSSION - MOTORING TESTS

The figures presenting the motoring results are summarized as follows:

The measured motoring power is given in figure 18 as a function of speed and
pressure., figure 1Y compares mechanical losses (as found by energy balances)
for poth the motoring tests and the engine tests to verify that both results
are about the same., Figures 20 and 21 illustrate tne correction of the motor-
ino power by subtracting the indicated work of the working fluid. The mech-
anical losses as determined by this correction are then compared with energy-
palance results in figures 22 and 23,
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The plotted points in figures 18 to 23 are averages of all data taken for
a particular condition. Each curve with helium working fluid was run twice.
For hydrogen working fluid, only the 6.9-megapascal (1000-psi) curve was re-
peaict defore the displacer piston failed and the motoring tests were ended.
Some difficulty was found in obtaining repeatable data. As the reason for
this was not determined, it was decided to average all acceptable data for a
given point, The average difference between the results for running a data
point several times was about 10 percent.

Determination of Mecnanical Losses from Motoring Results

Figure 18 shows the motoring power as a function of mean compression-space
pressure and engine speed for helium and hydrogen working fluids. The motor-
ing power 1S the powe™ needed to drive the engine with the dynamometer motor
at the desired engine speed and mean compression-space pressure. The motoring
power was determined from the dynamometer load cell reading. The slopes cf
the curves are increasing with engine speed, indicating a more than linear
variation witn speed. Also, note the large values of motoring power that were
measured. At maximum pressure and speed the motoring power was 3.5 kilowatts
(4.7 np) for hydrogen working fluid and 4.5 kilowatts (6.0 hp) for helium.
This difference also shows that a greater motoring power was required with
helium working fluid than with hydrogen at any given condition.

A comparison was made with engine test data to determine if the mechanical
losses for motoring were approximately the same as during engine testing.

This was done on the basis of mechanical losses as measured from the energy
balance (heat to oil plus heat to buffer-space cooling water). Figure 19
shows this comparison for two pressure levels for both helium and hydrogen
working fluids. The curves for engine test results are an average for runs
from testing witn the alternator ana with tne dynamometer. The figure indi-
cates tnat the resuits are about the same, with the motoring values being
somewhat less than the engine values for nigher pressures. This may be due to
less haat conduction to the buffer-space cooling water during motoring tests
as the cold-end metal temperatures were lower for the motoring tests than for
engine tests.

Measurements of the indicatea work of the working fluid were made during
the motoring tests through the use of pressure-volume aiagrams. The work was
getermined by two methods. The first was to use separate p-v diagrams in the
expansion and compresson spaces witn tne total work being the difference
be.ween expansion work and compression work. This gave negative values of
work, as is expected as work is beiig done on the gas. The other method was
to use just one p-v diagram, that being the compression-space pressure as a
function of the total volume change of the working space. This also gave
negative values as expected.

The work determined from the one p-v diagram was more consistent than tnat
found from two diagrams. It is probable that the error involved in subtract-
ing two large numbers (as in expansion work minus compression work), each of
which has a certain error, becomes excessive «hen determining the small values
of gas work involved in motoring. The one-aiagram method does not properly
account for pressure drop losses in the working space, and these errcrs appear
to pe vwportant for engine testing. However, for motoring the pressure drop
losses are small as a result of removing the coole--regenerators and using the
displacer with holes. Thus it was decided for the moturing tests that the
indicated gas work is best determined from one p-v diagram.

Figure 20 gives indicated work results measured by the one-diagram
method. These results are ploted as a function of mean compression-space
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pressure and engine speed for both helium and hydrogen working fluids. Note
that the values for helium are significantly higher than those for hydrogen.
These indicated work resuits represent losses in the working fluid due to flow
losses, irreversibilities, and leakage between the compression and buffer
spaces; these losses should nc* be cgarged against the mechanical lnsses for
the engine. Thus a first-order atiempt to separate tnhese can be maue by sub-
tracting the working-fluid ind-cated power from the total motoring power.

Buf fer-space ?as work was also measured, but any losses occurring in the
buffer space, including gas work, are lumped in with the mechanical losses.

Figure 21 shows the mecahanical losses as determined by subiracting the
working-f luid indicated power from the total motoring power. OQverall the
results remain reasonable in terms of increasing mechanicai losses with in-
creasing pressure and speed. However, the spacing between the curves is
varied; this is probably due to the errors involved in the several measure-
ments necessary to obtain the final number. Note that the results shown «n
figure 21 are similar in value at a given point for ooth nelium and nydrogen,
Some gifference would be expected due to the higher gas work losses in the
bu¢fer space for helium as compared with hyarogen. However, this difference
is small and may be lost in the measurement error,

Comparison of Mechanical Losses by Motoring and tnergy-Balance Results

A comparison was made of the mechanical losses as found from energy-
palance and motoring results. These are shown n figures 22 and 23 for helium
and nydrogen working fluids, respectively. Tne energy-balance results are
determined By aading the neast to the 0il and tne heat to the buffer-space
cooling waier. The curves shcwn are an average of those obtained for low-
power paseline tests witn the alternator and high-power baseline tests with
the dynamometer. The motoring results are the same as those giver in fig-
ure 21, They were determined by subtracting the working-fluid indicated power
Juring motoring from the total motoring power.

For both helium ana hydrogen the two methods give results that are about
tre same at the lower speeds, but -the motoring results are significantly
nigher at the high speeds. Also, the energy balance gives results that vary
linearly with speed, while the wmotoring resuits yield a higher-crcer curve.

Tnere are deficiencies 1n each method. for the energy balance ithe heat to
tne buffer-space coo!ing water may include some conduction losses, which
shoula not pe chargac against the mechanical losses. Also, the heat to the
engine coolors includes some friction losses from the piston rings and dis-
placer roa seal. Tnese snould be included in the estimate of mechanical
losses but ars not. The motoriag tests have the problem of different loads on
tne bearings, piston rings, and shaft seais when compared with engine tests,
as well as the problem of sorting out the gas work losses.

To minimize the differences in loading auring the motoring tests, the vol-
ume of the working space was changed by removing the cooler-regenerators and
by adding the vclume of the holes in the displacer to give abcut the same
pressure ratio during motoring as in engine operation. These changes are
described in the Test Setup section. Figure 24 compares pressure traces for
tne compression and buffer spaces from motoring and engine tests. The traces
are for a mean compression-space pressure of 6.9 regapascals (1000 psi), an
engine speed of 3000 rpm, and helium working fluid.

The compresssion-space pressure ratio (maximum pressure/minimum pressure)
was 1.99 for the engine tests and 1.95 fcr motoring., However, there was a
difference in the phasing. The maximum pressure occurred about 17 later for
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the engine tests than for motoring; the minimum pressure occurred about 31°
iater for the engine tests. The buffer-space pressure ratio was 1.47 for
engine tests and 1.44 for motoring. The phasing was approximately the same
for the buffer space. Tne buffer-space mean pressures are at different
leveis. Tnis 1s a function of the pumping of the piston rings and does vary
somewnat as the slots in the piston rings and the piston ring grooves become
dairty, usually with a combination of o?? and rust particles. The piston rings
are cleaned or new rings installed wnen the mean buffer-space pressuire becomes
excessively high with respect to the mean comgression-space pressure.

The pressure traces with hyarogen working fluid are the same except that
the pressure ratios are slightly lower. This is shown in figure 25, which
{ompares compression-space and buffer-space pressure traces for nelium and
uydrogen engine results. Again, the mean cospression-space pressure is
6.9 megapascals (1000 psi), and the engine speed is 3000 rpm. The phasing is
anout the same for each working fluid, but the compression-space pressure
ratio for aydrogen is 1.83 and that for helium is 1.99. The buffer-space
pressure ratios are 1.38 fo. nydrogen and 1.47 for helium. The mean buffer-
space pressures are again somewhat different.

The mechanical losses can be used to determine indicated power by summing
the brake power and mechanical losses. Thus a further check on both methods
of determining the mechanical losses is to compare the indicated power found
by using the mechanical losses to that found directly from pressure-volume
(p-v) digrams. Figure 15 gives this cumparison for the energy-balance re-
sults; the energy-balance results are determined by summing brake power, heat
to the oil, and heat to the buffer-space cooling water. The figure shows that
the inaicated power by p-v diagrams is higher at high speeds and either close
to or less than the energy-balance results at low speeds. This same trend is
shown in fiqures 21 and 22, where the motoring-determined mechanical losses
are greater at the hign speeds than the mechanical losses determined from an
energy balance and apout the same or less at the low speeds.

The indicated power fourd from the brake power and the mechanical losses
determined from the motorina results are compared in figure 26 with tne indi-
cated power found from p-v diagrams, The comparison is shown for hydrogen
only. These curves are mor< similar in shape than were the curves compared in
figure 15. However, the differential between the curves is generally greater
than in figure 15. Thus the experimental data dc not indicate whicn method of
getermining mechanical losses is more correct particularly when noting that
some problems also remain in providing fully reliable pressure-volume ciagrams
for these comparisons.

With respect to measuring indicated power the three methods (p-v diay. ums,
summing brake power and mechanical losses from energy balances, and summing
brake power and mechanical losses from motoring resuits) give results that are
all within a reasonable experimental band but rone of which can be identified
as the most correct.

CONCLUDING REMARKS

Tne efforts to complete the full-power baseline tests were met with numer-
ous engine and facility problems. These data are less reliable than the data
taken in the low-pcwer baseline tests and publisnea in reference 1. [t is
felt that the primary reason for the differences in engine performance between

these tests and tne tests reportea in reference 1 was poor heat exchanger per-
formance, particularly tne regenerator. rowever, it may be possible to obtain
correlation through the use of a computer simulatior if the proper adjustments
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for both increased flow losses and reduced heat transfer could be made. Even
without tris, the low-Speed data shouid be reasonatle as the effects of de-
graded iwat exchanger performance are less at the iower speeds.

Because of the reduced engine output the deta’led test data have not been
included as part of this report. However, the data are available in computer
printout form from the author. A sample data point is included in the
appendixes to snow what is available. The changes to the information neces-
sary to understand the data printouts are also in the appendixes. The re-
mainder of the information needed is given in reference 1.

Motoring tests were another method investigated, in addition to using
energy balances, to detcrmine mechanical losses. Each method, wotoring or
energy balance, had certain deficiencies and the difference between the two
was large at high speed. The indicated power found from pressure-volume dia-
grams was compared with that found by susmming the brake power and mechanical
losses. [f the pressuire-volume diagra&s are accurate, this comparison shows
tnat the shape of the Curve dased on the motoring-determined mechanical losses
is more correct tnhan the shape of the curve pased on tne mecnanical losses
from the energy balance. However, the overall differential between the curves
suggests that the magnitude cf the energy-balance mechanical losses is more
accurate. The be,t estimate of the mechanical losses for this investigation
may be an average of the results from the motoring and energy-balance methods.

future test work with the GPU-3 engine will involve testing new component
concepts. These incluae iow-cost regenerators as well as a method to improve
the heat transfer between the heater tubes and the combustion gases.

SUMMARY Or RESULTS

Tne GPU-3 Stirling engine was instalied on a dynamometer test bed and
tested over 1ts full range of engine speeds and pressures at a heater-tube gas
temperature of 677 C (1250 r). The mean cumpression-Space pressure was
varied from 2.8 to 0.9y megapascais (400 to 1000 psi) while engine speed was
varied from 1500 to 3500 rpu. Performance figures cre presented with both
nehwum and hydrogen as the working fluid.

4otoring tests were tnen run after removing the cooler-regenerator car-
tridges ang wnstaliing a special displacer piston. The purpose of these tests
was to aid in uvetermining engine mechanical losses. Tests were run witn both
helium and nyarogen over a range of mean compression-space pressures of 1.4 to
o.J megapascals (200 to 1u00 psi) and engine speeds of 1500 to 3500 rpm.

The major results obtained from these tests are as follows:

1. The maximum power obtained with hydrogen was 6.82 kilowatts (9.14 hp)
at o.9y-megapascal (10VU-ps1) mean compression-space pressure and 3500-rpm
engine soeed. The minimum brake specific fuel coasumption (bsfc) was
315 g/kw-hr {0.52 1b/hp-nr) at 6.9 wmegapascals (1000 psi) and 1500 rpm. This
represents a brake thermal efficiency of 20.4 percent. This efficiency is in
the same range as that obtained by General Motors during its testing.

2. Tne maximum power obtained with helium was 4.26 kilowatts (5.71 hp) at
5.5-megapascal (1000-psi) mean compression-space pressure ang Z500-rpm engine
speed. The minimum bsfc was 390 g/kw-hr (0.64 1b/hp-nr) at 6.9 megapascal
(1000 psi) and 1500 rpm. Tnis represents a brake thermal efficiency of
21.3 percent.
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3. The engine output for these high-power baseline tests with the dyna-
mometer was low compared with previously reported low-power baseline test
results obtained with an alternator. This was primarily true at high speeds.
It is felt that this was caused by degradation of heat exchanger performance
due to contamination by rust and oil.

4, Engine brake thermal efficiency was higher for tests with the dyna-
mometer than for the previous aiternator testing because a noncontaminated
preheate, was installed to reduce combus:ion system losses. These lower
losses more than offset the additional losses in the degraded heat exchangers
of the heater head.

5. Motoring tests were run to aid in determining mecharical losses; the
aotcring results were compared with energy-balance estimates of the mech-
anical losses. The energy-balance results yielded a linear variation of
mechanical losses with engine speed, but the motoring results showed a higher-
order variation with speed. The mechanical losses were about the same at
low speeds for each metnod but significantly difrerent at high speeds. The
experimer.tal data do not ingicate that one method is more correct than the
other,

o. Indicated power results were obtained as a function of mean
compression-space pressure ana engine speed for both nelium and hydrogen as
tne working fluid. Three methods were used: pressure-volume diagrams,
summing brake power and mechanical losses from an energy balance, and summing
brake power and mechanical losses from motoring results. Altnough it is not
possiole to conclude which is the most correct, all three give results that
are within a reasonable experimenial band.
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APPENDIX A
SAMPLE DATA POINT

Tne detailed data taken during these tests have not been included as part
of this report. However, computer printouts of the data are available from
the author. A sample data point is shown here to indicate what is available.

Most of the information necessary to understand the data printouts is
given in reference 1. Changes to the instrumentation for these tests are
listed in table I. Tnese are civen as measurements that were removed as well
as those added or changed. Figure 27 shows the new preheater thermocouple
locations. In addition, the following calculations were eliminated: PHWRALT,
alternator output power; ALTEFF, alternator efficiency; and QC¥TOC, heat out
to cooling water per cycle - total flow. The calculation of PWROUT, engine
output power, was changed to use the measurement of engine torque.

Finally, the explanation of the run number for each data point is the same
as given in reference 1 with the following exception. The heater-tube gas
temperature for each point was 1250° F, and this is identified by a “25" in
the run number,
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RUN NUMBERL H25-10SA OATEC »/20/79 REAL TIMEEL 1,018

UeSe CUSTOMARY UNITS

STEADY STATE TEST 0OATA

RUNTIM (HR) TAMB (F) TGOUPZ (F) TFINN (F) TAINN (F) TAINPH IF) TOILIN (F) TCHIN F)

2724 15 1255, 82, 8l. T2 $2ue 6d .
TOELO OF) TOLWC (F) 1T0Led (F) TOWFY IF) TGBUF (F) TECuLUMP (F) TGEXP (F) TGOUMY (F?) TEXWOL (F)
8.8 1340 7§ 8.2 1Ce. 161, 1179, 120%, 48%.
TEXMO2 (F) TEXNNO3 (F} TPHOT] (F) TPHOT2 (F) TPHOT3 (F) TPHOBL (F) TPHOB2 (F) TPHOBS (F)
502, 43S, WS 390, 420. 280, 276, 207,
TEXMON (F)  TEXHOS (F) TERVOO6 (F1 TRWIT 4F3  TRW2NM (F1  TRANIB IF ) TRMAC (F)  TANSC (F)
420, 452, a3, 1023, Qe De 712, 732,
TRHEC (F) TAWTIC ¢F) TAN3T] (F) TRANOMT (F) TAMIUB (F) TCYLLT (F) TCYLZ (F) TCYLS (F} TCYLS (F) TCvLSB (F)
d03, 720, 1028, 738, 258, 1251, 116%. | LY 768, 566,
TCYLeC (F) TCYLTIC (F) TCYLEC (F) TICIT ¢F) TIC.® (F) TINTIOT ¢F) TIMT20M (F) THT300 (F) THTIGRY (F) THTSRE IF)
1066, 1102 . 2C73. 768, 522, 119, 1617, 1467, Q. 1369,
THT6C (F) THTTIC (F) TMTBC (F) THTOT (F) THIIOB (F1 THVY1IE (F) THiI2R (F) NEANCP (PST) nmEANBP Ipsl)
1292, 1322. 1037, 14483, 138, 1201. 1162, 1008, 993,
TORQUE (LB=FT) RPM (APM) (uFLOC (1GPN) CuFLOB (6PM) CuFLFV (GPHM) OILFLO (GPW)
19,5 1504, 3.5% 53 62 b
FFLO ILB/NR) CAFLO ILPR/MIN) NAFLO ILB/NHR) POZL (PSI3 PFNOZ (PS1) PCOAIR (IN H20)? PNOASR (N H20)
2.892 168 1028 s, 1.3 13.0 2960
T60UN3 (F)

1195,



02

CYNAMIC TUST DATS

nINCP tPrSI) RAXCP (PST ) WNINBP (PSI) NMAXAP (PS1) PDEXP (PSI) ANINCP (DE6)
101. 1384, 022, 1137, 614, 293,

ANINEP (DEG) ARAREP 1DEG) APINBP (DEG) A®AXBP 1DEG)
295. 8. 57. 257,

STEADY STATE CALCULATIONS
OVERALL QUANTITIES

PURIN (MP) PUROUY (HP) BRXIFF 131 0OCNCO (MP)
2110 5,581 26040 Q.04

BMEP (PS3T) BSFC (LB/NP=HR) TRATIO IDIVEN] AFRAT (NIWEN)
2010 518 379 36,3

HEAT BALANCE

QIN (FT-LB) VRKOUT (FT=-LB) QOILC (FT=LD)
963.00 12280 395 L 1) ¥Y 88.05%

QCUBC 1FT-48] OQCUFVC (FT~LAY TAPREW ¢F) ORADC IFT-LBI CONVH 1BTU/HR=-SO FI-F)

18,03 11.21 3el.0 8,21 1262

QING (BTU/ZHR) OOUT (BTU/MNRI QTINEN (BTU/NR) OINEC (BTU/NR)
30029. 20932. 81231, 800826,

CONDUCTION LOSSES

AMAXCP (DEG)
78,

TAEXMO (F) OCXMC (FT-LP) OCVWCOC (FT-LB)
208.00

OCONYC (FT-LB) OUNACC (FT-L0BS
S5e02 2.70

QRMY SITU/MP) ORK2 (DTU/ZNR) OFHY (BTU/HR) OCRNE (BTUZHRY QCYLL IATU/MRY  QCYL2 (RTU/MR)  OSHUT (BTU/ZHR)

1 «0 15G.8 1368,3 849,%

QINSC (BTU/HR) QDISP (BTE/HA) QCONDT 1BTU/NR)
006.6 290.1 s202.

696,5 809,98
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Sele UNJTS

STEADY STYATE TESY Dava

RUNTI® (HR) TAMB IC)  T6OU%2 (C3  TFINN (C3  TAINN 1C) TYAINPH $C)  TOILIN IC) TCWIN (C)

27248 28 o 679, 28, 27. 22. 49, 20,
TOELO ¢C3  TOLWC ¢C)  TOLwB 4C) TOWFY #C) T6BUF IC) TGCOM (C) TYGEXP (C? TEDUNML (Ct TEXMOL ()
27 Teb L) 2.3 92, 72, 637, 652, 252,
TEANG2 (C3  TEXWI3 1C) TONOTY (C) TPHOT2 1C) TPHOTS (C) TPHCBL (C) TPHOB2 IC) TPHOBS (O)
261, 228 & 2uT. 199, 216, 182, 3136, 131.
TEAMON (CP TERMOS (C3  TEXEQS 4C3  TRAWIT 1C)  TRM2M ¢C) IPH3B C) TRNGC (C) TRMSC (C)
216, 233 . 284S, §S1, Q. Co 378, 389.
TRHUEC (C) TRAWTIC 1C) TPHSST (C) TRMOMI IC? TRMIO® IC)  TCYLLIT 4C3  TCYL2 (IC) TCVA3 (C) TCwYLe IC)  TCYLSe «Oy
3S1). 383, 950, 308, 126 67T 629, $61., 807, 297,
JCYLOC €C? TCYLT?C 1IC) ICYLBC (C) TICET §C) TIC2B (C) THTIDY (C) TN72DM $CH THTIOE (C3 THMTIORTY §C) THTSRA 1C)
563. S99 . €18, 396, 272, 171, 769, 797, Q. 76,
THTGC (C) THMTITC 4C1  THTBC €C)  THTIT #C)  THTICB 1C) THTILE ¢C)  THTI2R (C)  MEANCP (wPA) MFANRP (NPAY}
700, 737, 781, 784 730, 49, 627, be92 $00
TORQUE (N=M) RPM (RPMI EBUFLOC (LPW) CuFLDB ILPM)  CWFLFVY ILP™) OILFLO ILPM)
130 1504, 1%,.,4 201 2035 1e74
FFLO $G/MR) CAFLO '6/MIN) NAFLO 1G6/MR) POTL IRPA) PFNO? (KPAY PCOAIR IXKPAD} PNOAIR (KPA)
1312. 02, S81. 31C. 90 3.23 c e 96
T60UN3 ¢C)

686,
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DYMANIC TEST pavse
NINCP (WPa) RAXCP INPA) PINBP tnPA)

WAXRP ("PA) PDEXP (MPA) AMINCP (0EG) AMAXCP (DEG)
§.83 926 Se66 T.03 4,23 29%, LIS
ANINEP (DEGI AMAXEP (DEGP ANINBP (DEGY? ARAXBP JDEG)

293, 3. S7. 257,

STEADY STATE CALCULATIONS
OWERALL QUANTITIES

PURIN IKs) PYROUT (KV) PRREFF (%) OCWCO ¢aV)
15,176 8,162 26«00 TN

BNEP IXPA) BSFC IG/0u=NR]) TRATIO (DIMEW)

AFRAY (DINEN)
1300.9 31%,. «37¢

35.3
HEAT BALANCE

QIN (JOULES) UWRROUY $JOURES) QOTLC (JOULES) TAEAMO

1IC)  CEXNHC (JOUWES) OCNCOC (JOULES)
628405 o 165,93 5038 238, 119.31 281 .,9%
QCuBC (JOULES) OCWFYC (JOULES) TAPREM (C) ORADC (1JOULES) CONYM WATTS/:Q0 P=C) OCONVC (JOULES)
2043 15.20 172, S.71 22,2180 6087
QING tWATTS) QOUT (uATTS) QINEM (VATTS) OQINEC (MATTS)
11139, 6131, 12077, 11958,

CONDUCTION LOSSES

ORMEI JWATTSY QRHZ (uATTSE GRHS (UATTS) QRHO (WATTS) OQCYL] (VATTS) OCYLZ (WATTS) QSHUT (WATTS)
«0 0 L1 F¥ 8.5 183, 203,7 237.2
QINSC (UATTIS) OQDISP (LATTS) QCONDT (WATTS)
119.1 8% .0 938,

QUNACC ¢J0LES)
3,77



APPENCIX 8
WORKING FLUID SAMPLES

At various times during the engine tests, working-fluid samples were taken

before and after engine runs,
was then taken from the engine vent line.

mass spectrometer.
given below,

The sample bottle was evacuated, and the sample
The samples were analyzed with a
Typical samples for helium and hydrogen working fluids are

For helium working fluid the test conditions were

Heater-tube gas temperature, C (°F) . . . .

Mean compression-space pressure, MPa (psi) « + « ¢ « & o o &

Engine s eed, rpm

These conditions were held for about 2 hours before the final sample was taken.

ooooo * o o

Before run After run
working-fluid content, ppm
Hp 0 0
He Parent Parent
CHg 0 0
N2 901 968
0; 0 130
Ar 0 24
€Oy 29 an

For hydrogen working fluid the test conditions were

Heatar-tube gas temperature, "C (°F)

Mean compression-space pressure, MPa (psi) . .

Engine speed, rpm

These samples were taken before and after obtaining the 5.5-megapascal
(800~-psi) hydrogen test data shown in this report.

for this test was 2 hours and 50 minutes.

ooooooooooooooooooooooo

Before run

After run

working-fluid content, ppm

Hp Parent Parent
He 0 884
CHg 94 426
N2 5503 6179
02 51 50
Ar 0 95
€O, 0 0

23

677 (1250)
2.8 (400)

677 (1250)
5.5 (800)
1500 to 3500

The total engine run time
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TABLE I. - CHANGES TO GPU-3 INSTRUMENTATION FOR DY.AMOMETER TESTS

[A11 thermocouples are Chromel-Alumel (type K).

Listed ranges

are full-scale range for p.essure transducers and load cell

and measurement range for thermotouples.

Maximum pressurcs

(items 94 and 95) are found by adding the pressure swing
determined by the miniature transducers to the values of
minimum pressure (items $2 and 93).]

(a) Removed

Mnemonic Parameters
TALTH Alternator housiiug temperature
TOLWT Cooling-water delta temperatura - total flow out to in
Preheater inside surface temperature:
TPHITL Top - 0°
TPHIT2 Top - 120°
TPHIT3 Top - 240°
TPHIBL Bottom - 0°
TPHI B2 Bottom - 120°
TPHIB3 Bottom - 240°
AW Alternator output current
VOLT Alternator output voltage
CWFLOT | Cooling-water flow - total
RLOAD Resistance load bank setting
PDCOMP | Pressure swing (minimum to maximum) - compression space
PDBUF Pressure swing - buffer space
(b) Added or changed
[tem | Mnemonic Parameter Instrument Range
Exhaust temperature |Thermocouple 350°-600" F
outoof preheater:
85 TEXHO1 0
86 | TEXHO2 60°
87 | TEXHM 120°
88 | TEXHO4 180°
89 | TEXHO5 240°
90 TEXHO6 300
91 TORQUE | Engine torque Load cell 0-50 1b
(uU-75 1b-ft)
92 MINCP Minimum compression- |Strain-gage 0-1000 psig
space pressure transducer
93 MINBP Minimum buffer-space |Strain-gage 0-1000 psig
pressure transducer
94 MAXCP Maximum compression- |Miniature strain- | U-2000 psig
space pressure gage transducer
95 MAX BP Maximum buffer-space {Miniature sctrain- | 0-2000 psig
pressure gage transducer

25
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Frure 10 - Pressure 6rop as 8 funclion of mass fiow rats for three coier regenerator airtrdges when
new, afte- IC hours of testing and after 19] hours of teshing.  Air at 115-psi 1niet; dala for lorvard
fiow only tirom cooler ® regenerator .



Pressurs drop, AP, psi

m———
“!_'
&00
45*-§ i
nfmb‘
P
g
k74 ‘—‘i 20
i !
18— %100
i
— {
0 Q
Mass liow rate, gisec
[ ] ] | 1 1 I8 1 J
] 5 1.0 1.5 Z0 25 30 15 douw?

Mass low rate itysec

Figure 11 - Range o’ pressure drop as 3 tunchon of mass tiow rate for eight cooler -regenerator aar-

tridges after 161 hours of testing.  Aur at 115-psi indet; dala for reverse fiow only (from regenerator
o cooler:,

Enqine
spe

_— e
1. 93 MPa 20 e
‘ st 300
—_—
W/\,v——-—J\ w

e,

-~ 1500

Figure 12 - Pressure oscillabons in common vent fine for tu'fer ano com-
presson spaces. Working fluxd. hydrogen, medn compresson-space
press re 5 5 MPa (800 psi).  (Recording speed wos different for esch

trace 3is0, sarting pont does NGt correspond for each trace ampltude
saie s the same. !



loo = Z ----- Unaccounted for - = =2
T st — ]
w»——
~ Conduchion. radiation ; /: ;:,

,/ and convection, and

<
S

g
i
{

\
N

Heat nput, percant of tola}
2
1
RS
AN
N

oo
vy
o == Cyche hest
rejection —___
2 zﬁy,fou and bufter -wm“z
.- fEnqine oulput — - _
o e —
Allernator Oynamometer
tesi results test results
Engine output YW ihp) 14203 9 1.M1(1.99
Hedter -tube gas
temperature °C ) 650 (] 200 677 112500
Co0ting -water injet
temperature °C ©F) 15 1% 20 ¥8)

Frgure 13, - Compar.son of energy balances for aiternator and dynamometer test
resulls  Working fiusd, hydrogen, mean Lompression -sgace pressure, 2 8 MPa
00 p31), engine speed, 1500 rpm.

10—~ —---- Undccounted for ~ = -
e —binoust - J
0 .. ~Conduction, radistion
- k" /7/’ uummoann.w__,_Z/?
] nozzie weter — — = A
B
8°7 1+
F ~~Cycle hent rejoction —~
i o
; Z,,—wwwn«m——-'zz
m——-
-~ ingine gt ~_
(]
working Huld: Hetium Hyéragen

Engine ouput, kW (her: 19U @ 416 5.5

Figure 14 - Energy teiances lor helium and hydrogen working fluids 8t the maxi-
mum efficioncy pownt lor ssch. Hester -tube gas tamperature, 677 °C 11250 R,
o0l1ng -water iniet Lamperature. 20 9C 163 °F), mesn compression -spece pressure.
6. 9 MPa (1000 psi); engine speed, 1500 rpm,



Indicated power, hp

ndicated power . ho

—Om—  Energy-iance results
-eOu= B GHYTAM results Mo Singrams:

MERN COMgI §35.00n -5pBc2
pressure.
MP 32

& 9 Q000

55 @00

41 800

©: Helim working fluxd

Figure 15 - InCicatad power 35 3 funNCtion of enginNe 5peer INC mesn
COMES$107 ~5pIce pressure for helium and Nydroger werking
fues  Comp-ison of energy-BNCe resulls with pressure-
vOiLme dagram results.

! <O = Py digram results feo dugramy!
| ==Or= P-e dugram reults wne dagram
Malr oM 055,07 -3 le
*‘r 124~ PrEssne

L XD
! 10— el Byt 8
lZvr— ! l
-
- {
i }
8 g tr
T
4 |
2~
g~ L J 4‘ ! A
0 1000 2000 000 onc

Engine speed rpm

FRure 16 - Comsrison of indiatec power res.Mts fror pressure-vDic me du-
Qrams using one and teo Sagrans 10r RyCrogen worsing flui,



Mapar
Lampressionapate
s,
WPy s
LA
28
4.1 B
S5
[y

N

Sgtoring power kW

Motor i powey

: :
EiE 1 0m i L
Lrunis aoeed Ton

i bt workang T
Pigure 1h - Maorig powvr @ w Turtien of e sy YTHIIM AL PAGE ™

Slon s pate JOASEIE A0 Bruine seed Be bttt pefiu and - , 5 .
Py tenets wolk w1y f}? ?(}ﬂ% QE??’&L? |




MOCHINICa! iosses, he

25

20

20
— LS
-
10
z 5
p— -
-
—

3 0
-
- xR0
- ixs
1o
r— 5

L.
0
Figure L9,

Masn
CUMGY 835 lon -38Ce
pressure,
MPe igsi)
O 230
- O 55800
— Enging test resuity
L— - MOWring test results
<~
-
L
) IR | |
@) Hydrogen working Nuid.
r.
Cd
— /
4, /
- 1
[ RO SN S
1000 2000 00 4000
Engine speed, rpm
(b) Hehum working flus.
Compairison of meCNaNical losses % deter -

mined by energy bslances (hest 10 01l + heat o buMer
water| for motoring tests and engine tests

worting-t'uid In¢icated dower, hp

o

T 1 r
Working-fluid 10icaled power LW

T

X

-
e =4

(=1

- ~ ~
o o A\ ]

N

—
[~

COMPreIsion -4pece
pretsurs,
"re gt
1. 4 1200
2 8 am
41 %00
S 5 a0m
6. 9 (10000

T
>oQCoO

L —_|
(8) Hydragen working fiuld.

A\

V'

(S S | L J

100C 2000 00 00
Enging speed, rpm

) Hellum working fluid.

Figura X1 - Working -ftuld indiuated power for mokoring
tests 83 & function of Mesn COMPressION -$PICe Pressure
and engine spead for both helium ang hydrogen working
fluids.



Mechanical wsses, hp

Mean
COMPr 5510N -3 pACE
pressure,
MPa {ps1)

1 41200
2.8 400
a | 600
5 9 (&0
6 9 (10000

25—

>>000

—

20

ol——l { 1 |

@1 Hydrogen working fluid

i
Mechanical iosses, kW

Jd

o

1

bl ge

L. (D WSS PR S

0 100 2000 X00 000
Engine speed, rpm

®) Hetium working fluid.

Fiqure 21 - Mechanica! krsses as determined by the Gifter-
ence in motOring power and working fiuid indicated power
as a function of mesr COMPrESSON -50RCe Pressure N0
engine speed for doth helium #nd hydrogen working
ftuds.

Mechanical losses, he

I Mean comperession 1pice

pressure,
MFa pst)
25 r— Energy-omiance resutts / > 5 lbomy
- == —  MoWfing resuits /
204 / ;L8400
-
z
| 8
&
8

Figurs 22 - Comiarisor, of mechanical fosses as determined by energy-
bslance and motorsng results for helium working fluid.



Mechanical losses, hp

Ti_

j“'

T

Masn compression -space
pressure,
MPs s}
L Erergy-teience results 5 ooy
- MOWFING results ALL 10—
N 7/ unr
20 / i
3z -
15— . S o
55 1100 by
L3 -3
£ ¢ \
Lo— K § A ; v,
".).' N
5. 3 (0} W— g — {ngine resulls
E "_z—sm :5" —————=  Moloring results
g 0
] £.9 0900
€ Lo - MO
i 41600 [ :
20p~ /L6000 s H
/Y 3 5
¢ o3
! ﬂr— & -4
3 I
3 %
Lo~ § sol-%
6 9 (1000 z g
Sl &9 600 =7 § s,
1.4 200 0 1®m ™ 1 W
| | ! ! 0=~ 0
3 1000 2000 000 4000 Crank angie. degrees after
Engine speed, rpm displacer T0C

figure 23, - Comparison of mechantai losses s determined by energy-
BaRNCe and Mmoo ing resutis for hydrogen working tu.

Figure 24 - Comparison of compression-~space and

buffer -sphce pressure traces for edgine and motor -
.ng tesis. Working fluld helium, medn compres-
Sion-space pressuts 6.9 MPa (100C psik engine
speed 3000 rpm

s 1400 (‘x
3 =z
£ s
a5 3
3% o3z
% -
N hd . \N_/
€ oot -
2 20 ’: —— glluM eNCine TRttt
:? — - Hydrogen eng:ne resuits
Y S N S B
B L0 ) 10—
3 F 4
3 £
2 5 8
§ HO o
3 S
] £,
§ W%
g 5 1
4
g 5o b 0 180 ldo 180 %0
Crank angle, degroees her
dispiacer TDC

Fiqure 25 - Comparison of compres-ion -spdce and
butter ~spioe pressure iraces for engine tests with
he‘ium and hydroger « 2. 1ing fluids  Malln com -
PEYSSION -SpAce pressin & < APE (1000 psae.
angine speed  X00 r~



—O——  Mobring resutts
- Q= v diagram results tiwo disgrams)

Mean compression-spece
pressure
10— MPe o5
g 4. ¢ (1000
12 [—- o
8
< 5.5 (00)

?&g 41 $00
/,‘QM 2.8 .

Indicated power, hg
r
1
Indicated power, k.Y
-
f

2 g’
ol i1 L |
] 1000 000 o oo
Enging ypeed, rpm

Fiqure 2. - Comparisan of indiZated power from pressure-volun.e Sdgrams
and by using makor ing results vor hydrogen working fluid,

© Thermocouple loaton

24 TPHOTZ
27 754082
87 TEXHOI 88 TEXHO4

8 TEXHO2

AIr (niet ——

23 TPHOTL
2 1PHORL
P—
85 TEXHOL ¢ r 1 29 TEXHOS

[}

DTPHOTL O s 0 25 1PR(DS
|

» TPHOBL N ' S 78 TPHOG >
- !

Section A-A

Fgure 21 - GPU-3 prehamier ther mocoupie loations



