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ASSESSMENT OF A 40-KILOWATT STIRLING ENGINE
FOR UNDERGROUND MINING APPLICATIONS

James E. Cairelli, Gary G. Kelm, and Jack G. Slaby

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio

SUMMARY

The NASA Lewis Research Center, under U.S. Bureau of Mines program
direction, has performed an assessment of alternative power sources for
underground mining applications. As part of this assessment NASA tested a
40-kW Stirling engine. The engine tested was manufactured by United Stirling
of Sweden and designated P40. This was an early model engine purchased in
early 1979 for use in the DOE-NASA Automotive Stirling Engine program. This
engine does not incorporate more recent improvements in P40 engines
specifically or in Stirling technology in general, which have occurred in
parallel with the test activities covered in this report. The purpose of the
testing was to evaluate the performance and exhaust emissions of a Stirling
engine when operated with diesel fuel and helium working gas.

The objective of the testing was twofold: (1) to compile emission
measurements on a Stirling engine and compare the results with Federal
requirements for underground mine engines; and (2) to determine the operating
characteristics of a Stirling engine in order to assess its performance and
durability potential for underground mining applications. For comparison, the
engine was also operated with two other combinations of working gas and fuel:
(1) hydrogen and Indolene (an unleaded gasoline), and (2) helium and
Indolene. The engine was designed to operate with hydrogen and unleaded
gasoline.

Results of the steady-state dynamometer tests show the engine power to be
less with helium than with hydrogen. The maximum power measured with helium
was 23.3 kW at 3000 rpm when using diesel fuel and 22.7 kW at 3000 rpm when
using Indolene fuel. The maximum power measured with hydrogen, when using
Indolene fuel, was 35.7 kW at 4000 rpm. The engine's full-power torque with
all three combinations of working gas and fuel showed good lugging
characteristics with a large rise in torque (about twice that for a diesel
engine) as the engine speed was reduced from the maximum power point to the
maximum torque point (best fuel economy point for the Stirling but not for the
diesel). The torque rise was approximately 40 percent with both helium and
hydrogren.

The minimum brake specific fuel consumption (BSFC) with the engine
operating on helium working gas and diesel fuel was 376 g/kW-hr (0.618
1b/hp-hr), which is 40 to 50 percent higher than the minimum BSFC for a
typical diesel mine engine. However, a current-technology Stirling engine
optimized to operate on helium and diesel fuel would be expected to have a
minimum BSFC of about 240 g/kW-hr (0.40 1b/hp-hr). Currently the automotive
Stirling engine (ASE) Mod I operating with hydrogen has a minimum BSFC of 222
g/kW-hr (0.37 1b/hp-hr). The measured engine minimum BSFC was about 11



percent higher with helium and diesel fuel than with hydrogen and Indolene and
about 5 percent higher than with helium and Indolene. With the same working
gas the difference in BSFC due to the difference in fuel heating value between
diesel fuel and Indolene should be Tess than 1 percent. The more than 4
percent discrepancy is probably due mainly to difficulty in duplicating
operating conditions and combustion system settings.

After about 100 hours of engine operation the performance tests were
repeated. The results showed a loss in engine power. The maximum power was
9.7 percent lTower than measured in earlier tests with hydrogen and Indolene
and was 9.5 percent lower with helium and diesel fuel. The minimum BSFC was
also higher after 100 hours of operation - about 8 percent higher with
hydrogen and Indolene and 7.5 percent higher with helium and diesel fuel.
These differences in performance may have been due in part to differences in
engine operating conditions and auxiliary equipment power requirements. And
although speculative, it is possible that some differences were caused by an
increase in the engine's internal losses.

Exhaust emission tests made after about 100 hours of engine operation
showed the engine steady-state combustion characteristics with diesel fuel to
be similar to those with Indolene. The NOy emission indexes were almost
identical for the two cases, ranging from 1.5 to 5 g/kg fuel. The CO emission
index with diesel fuel ranged from 1.7 to 6.6 g/kg fuel. This was lower than
that for Indolene, which ranged from 1.7 to 13.6 g/kg fuel. The hydrocarbon
emissions were very low for both combinations of working gas and fuel. The HC
concentration with Indolene was generally below 5 ppm. With diesel fuel it
was almost an order of magnitude higher but generally did not exceed 40 ppm.
Because of the Stirling test engine's relatively high BSFC (nearly twice that
of a diesel engine at maximum power), the maximum rated brake specific
emission rate ?MRBSER) for CO» with helium and diesel fuel was nearly twice
that of current diesel mine engines. However, the engine's MRBSER for CO was
within the range achievable by current diesel mine engines, for NOy it was
about 20 percent below the lowest obtainable by current diesel mine engines,
and for HC it was about the same as the lowest obtainable by current diesel
mine engines.

As expected, the ventilation rate for the test engine to meet the Mine
Safety and Health Administration (MSHA) requirements would be determined by
the COp emissions. The engine operating with helium and diesel fuel has a
specific ventilation requirement, based on CO, diluted_to half the 8-hour
threshold 1imit value (TLV), of 5.62 m3 /kW-min (149 ft3/hp—min). This is
comparable to rates for current diesel mine engines. With this ventilation
the CO concentration would be 5.8 percent of the TLV, which is near the lower
limit for current diesel mine engines. The NO, concentration would be 10.4
percent of the TLV, which is again well below the Tevels for current diesel
mine engines.

At rated power a heavy-duty Stirling industrial engine operating with
helium working gas and diesel fuel has been projected to have about 40 percent
lower fuel consumption than the P40 on the basis of technical specification
literature and design studies discussed in the body of this report. This is
within the range for diesel mine engines. The specific veptilation rate for
such an engine therefore can be expected to be about 3.4 m3/kW—m1n (90




ft3/hp-m1n), which is comparable to that for a "good" diesel, for which the
rate is generally determined by NOy.

Surface temperature measurements indicate that the temperature over a
large portion of the external surface of the preheater-combustor and exhaust
piping exceeded the 204° C (400° F) required by the Code of Federal "
Regulations. The maximum surface temperature measured was 482° C (900° F).
Modifications of the preheater, involving addition of insulation and/or water
cooling, would be necessary to meet mining requirements. The exhaust gas_
discharge temperature, 300" C (572° F) maximum, generally exceeded the 71° C
(160° F) requirement. Therefore some form of exhaust cooling also would be
necessary.

Review of the engine operating history indicates that, although numerous
minor problems have been encountered, these problems have been of the types
expected with experimental equipment and would not be expected with a
production engine. Most of these problems have been solved. The remaining
problems, primarily with cracks in the heaters, should be alleviated with
improvements in design and manufacturing methods.

INTRODUCTION

The Industrial Safety and Training Systems Group of the Bureau of Mines
(BOM) Pittsburgh Mining and Safety Research Center of the Department of the
Interior has been engaged in the investigation of alternative power sources
for the mining industry. Because of its extensive engine experience and broad
capability in propulsion, power, and energy conversion systems, the NASA Lewis
Research Center undertook project management responsibility under BOM program
direction for appropriate portions of this BOM program.

An Interagency Agreement, Power Sources for Mining Applications, |
J0100026, between NASA and the Bureau of Mines was signed on October 30, |
1979. The agreement covered the accumulation and assessment of data and

technology in the area of alternative power sources for mining applications i
and the testing and evaluation of a 40-kW (55-hp), four-cylinder, Stirling ‘
engine. The specific engine used in this study was a P40 Stirling engine

manufactured by United Stirling of Sweden. This report covers the P40 testing

and evaluation.

The objectives of the tests were

(1) To compile emission measurements from the Stirling engine and compare |
the results with Federal requirements for underground mine engines

(2) To determine the operating characteristics of the engine in order to
assess the performance and durability potential of a Stirling engine
for underground mining applications
The results of the engine tests are presented in this report. Exhaust
emission results are presented in relation to diesel engines and Federal
regulations for underground mine machinery. In addition, the engine, the test
facility, the test conditions, and the test procedures are described. ‘



TEST ENGINE

Background

The engine used for these tests was an experimental P40 Stirling engine
(fig. 1) built by United Stirling AB and CO of Malmo, Sweden. Some of the
design and performance characteristics of the engine are summarized in
table I. Additi?na1 information about the engine can be found in the
Titerature (1-5)*. The engine was designed to serve as a basic working tool
for Stirling engine research. It was used for the BOM evaluation

(1) Because it generally represents recent Stirling engine technology

(2) Because it is still under active development and repair parts are
available

(3) Because the engine had been installed (early in 1979) and was being
tested at NASA Lewis in support of the DOE Automotive Stirling Engine
(ASE) program.

P40 engine development has continued. The manufacturer indicates that
more recent P40's have performed better than the engine tested as part of this
contract. In addition, there is a major automotive Stirling engine program
under way, funded by the Department of Energy. The first phase of this
program has been completed and resulted in the design and fabrication of a
Mod I Stirling engine. The operating results for the engine are presented in
(6) and show a significant performance improvement over the early P40.

Basic Arrangement and Operating Principle

The engine used for these tests is double acting, with four cylinders
arranged in a square array. Figure 2, a simplified sketch of the cylinder
arrangement, shows schematically the principal components of the Stirling
machine. The Stirling cycle is achieved by the motion of the pistons moving
the working gas (usually hydrogen or helium) alternately between a cold space
in one cylinder and a hot space in the adjacent cylinder while varying the
total volume enclosed between the two pistons. The cycle is described in
figure 3. Since it is not practical to construct an engine having the "jerky"
piston motion called for by the ideal cycle, the engines are constructed with
mechanisms that produce nearly harmonic piston motion. This somewhat alters
the shape of the theoretical pressure-volume diagram (figs. 3 (b) and (c)) and
tends to reduce the net work for each engine cycle but has only a relatively
small effect on the cycle efficiency.

Three types of heat exchangers are directly involved in the operation of
the Stirling cycle:

(1) A heater to transfer heat from the combustion gas into the working gas

lunderlined numbers in parentheses refer to items in the list of references
at the end of this report.



(2) A regenerator to remove and store heat from the working gas during
part of the cycle so that later in the cycle the stored heat can be
returned to the working gas

(3) A cooler to transfer waste heat from the working gas to the cooling
water

In addition, a fuel-burning engine has an external heating system and requires
an air preheater to recover heat that otherwise would be Tost with the
exhaust. Also, heat transferred to the cooling water by the coolers must be
rejected to the surrounding air through a radiator or similar heat exchanger.

Engine Construction

Figure 4, a cross-sectional view of the engine, shows the major engine
components. The engine is constructed in four major sections: (1) the
preheater-combustor, (2) the heater head, (3) the cylinder block, and (4) the
crankcase.

External Heating System

The preheater-combustor is part of the external heating system. The
following discussion is presented to aid in understanding the functions of the
preheater-combustor.

Because the Stirling engine is an external combustion engine, it needs an
external heating system to burn the fuel and to supply the engine with the
heat energy from the burned fuel. A schematic diagram of the system is shown
in figure 5. In addition to the preheater-combustor, the other major
components of the system are the combustion air blower, a Bosch K-Jetronic
air-fuel ratio control system, and the airflow control valve. The overall
function of the external heating system is to make heat energy from the fuel
available to the engine's closed-cycle working gas (hydrogen or helium). To
accomplish this, air at near atmospheric pressure is driven by the blower
through the recuperative air preheater. The preheater (fig. 6) is essentially
a counterflow heat exchanger with a circular-shaped matrix comprising a large
number of corrugated stainless-steel plates. The plates are seam welded in
pairs to form separate flow paths such that combustion air passing up through
the matrix is preheated by outgoing exhaust gases passing in the opposite
direction.

As shown in figure 4, hot air from the preheater enters through the
openings around the top of the combustor and passes through a turbulator that
imparts a horizontal spinning motion to the air as it passes down into the
combustion chamber. Figure 7 shows a top view of the combustor with the fuel
nozzle. The fuel nozzle, mounted on top of the combustor, uses compressed air
to atomize the fuel and to direct it into the swirling hot airflow. A spark
ignitor mounted through the hole next to the turbulator is used to initiate
combustion. Heat is transferred to the engine from the combustion gases as
they flow over two rows of heater tubes. Over 80 percent of the remaining
heat energy is removed from the exhaust as it passes through the preheater on
its way out of the engine. The cooled exhaust leaves the engine through two



ports on opposite sides of the preheater (shown in fig. 6). A portion of the
exhaust flow is returned to the blower inlet through the exhaust gas
recirculation (EGR) control valve in order to control NOy emissions (F19: 5)-

Heater Head

In figure 8 the preheater-combustor has been removed to expose the heater
head assembly. The heater head is made in four identical quadrants. Figure 9
shows one of these quadrants (mounted on a handling fixture) that has been
specially instrumented for the DOE testing. A quadrant comprises three
castings and 18 tubes. Two castings house the regenerators. (The engine has
eight regenerators, two per quadrant.) The third casting, when installed on
the engine, forms the upper part of the cylinder. The tubes are bent so that,
when their ends are brazed into manifolds on the castings and the four
quadrants are installed on the engine, they form two concentric circular rows
(fig. 8). The inner row of involute-shaped tubes forms a conical surface and
is brazed to the upper cylinder manifold. The outer row of straight vertical
tubes forms a cylindrical surface and is brazed to the regenerator housings.
The outer row of tubes is finned to increase the heat transfer area. The
heater head assembly houses the regenerators, coolers, and pistons. Figure 10
shows these components partially installed in a quadrant. The working-gas
flowplates, which channel gas flow between the cooler and the cold working
space, are also shown. However, they mount below the coolers in the cylinder
block. Figure 4 shows the arrangement of components in the engine.

Regenerators

The regenerators (fig. 11), which are installed in the heater head
regenerator housings, consist of many layers of very fine, sintered stainless-
steel screens enclosed in cylindrical, stainless-steel outer shells.

Coolers

The gas coolers are installed directly below the regenerators and extend
into the cylinder block. The coolers are sealed with O-rings at both ends,
where they interface with the regenerator housing and the cylinder block, to
prevent the working gas from escaping into the cooling water. The coolers
(fig. 12) are constructed with tube-in-shell design with the working gas (He
or Hp) flowing through the tubes and cooling water flowing across the
outside of the tubes.

Pistons

The pistons (fig. 13) are made in two pieces and are hollow to reduce
weight and to minimize heat conduction losses. The base is made of steel and
the upper dome is made of a high-temperature alloy. An O-ring (shown damaged
in fig. 13) seals the dome against the base and isolates the dome volume from
the varying cylinder pressure. The base is fitted with two Rulon LD
(registered trademark of Dixon Corp.) piston rings to isolate the pressure
above the piston from that below. The base also has two Rulon LD guide rings



(above and below the piston rings) to prevent metal-to-metal contact between
the piston and the cylinder wall and thus minimize wear and friction losses.
The pistons run dry in the cylinders since Tubricating oil would break down,
contaminating the working gas with methane and clogging the regenerators with
carbon. When a piston is installed in the engine, the base is pressed onto
the tapered section of the piston rod and the dome is then screwed on the
threaded rod end.

Cylinder Block

The cylinder block (fig. 14) is cast of nodular iron. It houses the
cylinders, coolers, water jackets, working-gas flow plates (which channel flow
between the cold working-gas space and the coolers), and ports for the power
control system.

Rod Seals

The lower part of the cylinder block is machined to accommodate the
piston rod seal housing (fig. 15(a)). The seals in these housings are
designed to prevent the lubricating oil in the crankcase from migrating into
the cylinder and, at the same time, to prevent high-pressure working gas from
leaking into the crankcase. Figure 15(b) shows the stackup of elements in the
seal assembly. Two seal elements are used - a pumping Leningrader primary
seal that seals the working-space minimum cycle pressure from the crankcase
(which is vented to the atmosphere) and a cap seal that seals the cyclic
working-space pressure from the minimum cycle pressure in the space between
seal elements. The seal housings also contain the crosshead bearing surfaces,
which align the piston rods to the high-pressure rod seals.

Crankcase

The cylinder block is bolted on top of the crankcase, which contains the
mechanical drive (fig. 4). The pistons are connected to two separate parallel
crankshafts - two pistons to eath crankshaft. Figure 16 shows the four piston
rod - crosshead - connecting rod assemblies used in the engine. The
crankshafts are connected by gears to a third shaft that delivers the engine
output power to the external load. The lubricating oil pump is connected by a
chain drive to one of the crankshafts. The working-gas compressor (part of
the power control system, which is discussed in the following section) is
driven directly by an eccentric on the second crankshaft.

Controls

Electronic Control System

Several control functions are required to operate the engine. The brain
of this engine is the electronic control system (fig. 17). The electronic
control system controls heater head temperature and output power. In
addition, it controls the startup sequence, the idle speed, the EGR valve, and
safety guards for overtemperature, overpressure, and overspeed protection.



The system comprises two modules: an electronics module and an operator's
control panel module. The electronics module contains most of the control
system electronic circuitry. The operator's control panel module includes
switches to initiate engine function commands (i.e., start, stop, fuel cutoff,
and emergency gas dump). It also includes adjustable control potentiometers
for setting heater head temperature and accelerator position, panel meters to
monitor critical engine parameters, potentiometers and switches to simulate
engine control signals during prerun controls checkout, and lights to indicate
the status of the engine and the safety systems.

Heater Head Temperature and Air-Fuel Control System

The heater head temperature control system is shown schematically in
figure 18. Thermocouples attached to the heater tubes sense the heater tube
metal temperatures. Signals from these thermocouples are connected to the
electronic control unit, which selects the highest temperature reading and
compares that with a predetermined temperature set point (nominally 720 C,
1328° F). If the signal is different from the set point, the control unit
causes the air throttle valve to change position in order to permit either
more or less air to flow to the combustor. A specially modified Bosch
K-Jetronic mechanically actuated air-fuel control system senses the airflow
and accordingly controls the fuel flow. To achieve low exhaust emissions, the
air-fuel ratio is controlled to a prescribed schedule that changes as a
function of airflow. The air-fuel mass ratio varies from greater than 25 at
Tow airflow conditions to near stoichiometric (about 15) at high airflow
conditions.

Exhaust Gas Recirculation Valve

Exhaust gas recirculation to the blower inlet is used to maintain Tow
NOy emissions. The EGR flow is controlled by a special valve, shown in
cross section in figure 19, that has two parallel internal flow ports. The
small port, which is moved by a bimetallic thermal-sensitive actuator, is
closed when the exhaust is cold but opens to allow a small quantity of EGR to
flow continuously when the exhaust approaches normal operating temperature.
The large port is opened by a solenoid. The solenoid is actuated by the
electronic control when the combustion airflow is greater than 17 g/sec (about
0.7-g/sec fuel flow). The EGR flow through the large port can be changed by
manual adjustment of the solenoid stroke.

Power Control

The engine power is controlled by adjusting the average pressure of the
working gas. Figure 20 is a simplified schematic of the power control
system. The primary components are a gas storage bottle, a compressor, an
electrohydraulic servoactuated control valve, a pressure-sensing transducer,
an accelerator pedal position sensor, and the electronic control unit.

The control valve has four functional positions: supply, neutral, dump,
and dump/short circuit. The electronic control unit senses a signal



indicating the position of the accelerator pedal and compares that signal with
a signal from the pressure transducer. If a higher pressure is being called
for by the accelerator, the control unit causes the control valve to move to
the supply position, allowing gas to flow from the gas bottle into the engine
and thus raising the mean cycle pressure. To eliminate torque drop during
acceleration, the engine has special valves made of grooves in the piston rods
(fig. 16) and supply pressure bushings (fig. 15) that time the gas flow into
the cylinders to occur only when the pistons are at the bottom of their
stroke. If power is to be reduced and/or the speed is to be lowered, the
control valve moves to the dump or dump/short circuit position. In the dump
position the engine power is gradually reduced as the working gas is pumped to
the storage bottle. Five to 20 seconds, depending on engine speed and initial
pressure, are required for the compressor to remove the working gas from the
engine. The dump/short-circuit valve position provides a means for rapid
power decrease by connecting the engine's high-pressure manifold with the
Tow-pressure manifold and thus reducing the pressure fluctuations in the
working spaces while gas is pumped to the storage tank by the compressor.

When the engine pressure measured in the high-pressure manifold matches that
called for by the accelerator position, the valve returns to the neutral
position.

The compressor is driven continuously by the engine. Therefore, when the
compressor is not in use, a solenoid valve connecting the compressor outlet
and inlet is opened to reduce power drain on the engine. The cold
(compression) space of each cylinder is connected by two check valves to
common high- and low-pressure manifolds that lead to the power control valve.
The check valves allow flow only in one direction (i.e., from the cylinder to
the high-pressure manifold and from the low-pressure manifold to the
cylinder). The check valves prevent flow between cylinders while providing a
means to remove gas from the cylinders.

Engine Auxiliaries

Engine-Powered Auxiliaries

Since the engine is self-contained, it has several additional auxiliary
components that are driven directly from the output drive shaft. These
include a cooling water pump, a fuel-atomizer air pump, a combustion air
blower, a power control gas compressor, an alternator, and a power control
hydraulic pump. The cooling water pump and alternator operate with a fixed
speed ratio to the engine speed. The operating characteristics and duty
schedule of the other components require that they operate with a varying
speed relative to engine speed. Therefore a variable-speed-ratio,
centrifugally actuated blower drive is used. Figure 21 shows the design
relation of blower speed to engine speed. If this engine were to be used in a
mine vehicle, the list of engine-driven auxiliaries could be expanded to
include a hydraulic oil pump, an air compressor, etc.

Battery-Powered Auxiliaries

Several battery-powered auxiliaries are also used. Two motors are used
for starting. One motor is used during the automatic start sequence to drive



the combustion air blower, fuel-atomizing air compressor, and hydraulic pump
before the engine is rotated. The second motor is actually used to rotate the
engine in the same way as the starting motor on a conventional automotive
engine. The electronic control unit is battery powered. Fuel is supplied to
the engine by a battery-powered Bosch fuel pump. If the engine were installed
in a vehicle, the cooling fan also could be driven by a battery-powered

motor. A further description of the engine is given in (4).

TEST FACILITY

Mechanical Systems

The test engine, installed in a Lewis test cell, is shown in figure 22.
The facility mechanical systems used to test the engine are shown in a
simplified schematic drawing (fig. 23). Although the engine was tested as a
"self-contained" package, a number of additional facility systems were needed
to perform the tests.

Dynamometer

An Eaton universal eddy-current dynamometer (model B-20U) (fig. 23) was
used to absorb and measure engine power. The dynamometer was capable of
absorbing 93 kW (125 hp) and supplying 15 kW (20 hp) for motoring. It had
both speed and torque control capability. The BOM tests were all performed by
using the speed control mode of operation. The dynamometer was cooled by two
separate water circuits, only one of which is shown for simplicity. One
circuit cooled the absorbing unit. The other cooled the motoring unit.
Dynamometer-rejected heat was transferred to cooling tower water by a heat
exchanger.

Engine Cooling System

A closed-loop, cooling-water-temperature control system (fig. 23) was
used to maintain constant inlet water temperature to the engine. The main
components of the system included the engine-driven water pump, an external
electric-motor-driven water pump (for cooling at low speed and after engine
shutdown), a three-way closed-loop temperature control, an expansion tank (not
shown), and a heat exchanger (to transfer engine heat from the closed system
to the cooling tower water). The closed-Toop system contained approximately
60 liters (16 gallons) of demineralized water treated with 500 parts per
million of sodium dichromate to inhibit oxidation and corrosion of the engine
cooling system parts.

Engine Lubricating 0il1 Cooling System

The engine Tubricating oil was cooled by an external heat exchanger
(fig. 23). A temperature-actuated mechanical control valve sensed the inlet
0il temperature and diverted flow from the engine through the heat exchanger

if the temperature exceeded 85° C (185° F). This heat was also carried away
by cooling tower water.
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Fuel Supply System

Fuel was supplied to the engine from either of two 208-1iter (55-gallon)
fuel storage tanks located outside the building (fig. 23). Each tank was
connected by a remotely operated solenoid valve to a single common
electrically driven fuel pump. These also were outside the building. Fuel
was fed into the test cell to a gravity-feed, 19-1iter (5-gallon) tank mounted
on the test cell wall above the engine. The gravity-feed tank was connected
to the engine-mounted fuel pump. An engine-mounted fuel filter located
downstream of the pump protected the engine from foreign matter. Two
redundant electrically operated fuel shutoff valves were installed on the
engine between the Bosch air-fuel control and the engine fuel nozzle so that
the fuel supply could be cut off quickly in the event of a temperature control
malfunction, fire, or other emergency.

Working-Gas Supply

The 7-liter working-gas reservoir (fig. 23) that was supplied with the
engine was retained for the engine testing. However, since the working gas
(helium or hydrogen) may be lost gradually from the closed system through
leaking or by diffusion through the high-temperature heater tubes, a separate
supply system was provided to charge the_reservoir and engine with either
hydrogen or helium. A 42-liter (1.48-ft3) bottle of hydrogen or helium
(pressurized to about 15 MPa, 2175 psi) was installed in the test cell. The
bottle was connected to the engine through a series of pressure regulators and
hand valves. The engine was charged with working gas prior to operating it.
If necesssary, both the 7-Titer and 42-1liter bottles could remain connected
during testing, but normally the 42-1iter bottle was closed. When hydrogen
was used, the engine was first purged with helium by using several
pressure-vent cycles to eliminate all of the air from the system before the
hydrogen was introduced.

Engine Exhaust System

Exhaust from the engine was vented to the atmosphere through an exhaust
system. Flexible exhaust lines are connected to each of the engine's two
exhaust ports. The flexible 51-mm (2-in.) diameter lines were joined by a
Y—connection to a vertical 152-mm (6-in.) diameter stack through the roof.
The EGR valve was mounted in the 152-mm stack just above the Y-connection.

Test Cell Ventilation and Safety Systems

Two potentially dangerous fluids were normally used for engine opera-
tion: fuel for combustion (gasoline or diesel fuel), and the closed-cycle
working gas (usually hydrogen, although helium was used for some tests).
Safety dictates that special precautions be taken and detailed procedures
followed while operating the engine. The test cell was ventilated with
a 4700-1iter/sec (1000-ft3/min) exhaust fan (fig. 23) to prevent the
accumulation of combustible fuel vapors and to promote the rapid diffusion of
hydrogen from leak sources. Makeup air was drawn from an outside-air supply

11



duct. A complete change of test cell air occurred about once every 45 sec.
Had the ventilation system failed, an alarm would have sounded, and the fuel
valve would have automatically closed. Detectors were installed in the test
cell to sense the presence of fuel vapor, hydrogen, heat, and smoke. If any
of these detectors had been activated, an alarm would have sounded in the
control room and in the Lewis fire station to alert safety personnel of a fire
or potential fire. If a fire occurred, a carbon dioxide system could be
manually activated to flood the test cell with CO2. Activating the CO2

system would also sound an alarm in the fire station and in the control room.

Instrumentation

The engine as originally delivered was equipped with instrumentation
needed to safely operate and control it. Table II lists the engine and
control system parameters measured by that instrumentation.

During the course of prior engine testing (for DOE), new instrumentation
was added. Some was used for backup and comparison, but most of the new
instrumentation was an expansion of measurement capability to previously
unmeasured parameters, including some facility system parameters. These
generally included measurements of temperatures, pressures (steady state and
dynamic), flows, engine crank angle, indicated mean effective pressures
(IMEP), speed, torque, vibration, and exhaust emissions.

A Tisting of currently installed instrumentation is provided in the
appendix.

Instrumentation Used For BOM Tests

Only a relatively small portion of the total instrumentation available
for testing was actually needed to perform the BOM evaluation of the engine.
However, all of the steady-state parameters (appendix) were recorded for each
data point. Table III Tists the test parameters of primary interest for the
BOM evaluation.

Exhaust Emissions Measurement System

A Scott semiportable emission analyzer system (fig. 24(a)) was used to
measure the concentration of COp, CO, NOyx, Op, and HC in the engine
exhaust. The types of instruments used, their ranges, and estimated
measurement accuracy are also listed in table III. Figure 24(b) is a flow
schematic drawing of the Scott analyzer system. The CO2, CO, and O were
measured as dry concentrations. The HC was measured wet. The system was
connected to measure NOy either wet or dry. Although NOx was normally
measured wet, with the high humidity of the undiluted exhaust the analyzer had
a tendency to condense water and eventually to clog. For this reason the
NOy measurements for the BOM tests were made dry. Samples were drawn from
the engine at the five sample station locations shown schematically in figure
25. These included samples from the exhaust at three points: at right- and
left-side exhaust ports (stations 3 and 4), and in the exhaust pipe downstream
of the Y-connection of the two flow streams (station 2). Samples were also
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taken at the inlet to the air preheater (station 1) and in the air blower
recirculation line downstream of the EGR connection (station 5). These
measurements on the inlet-air side of the engine were made primarily to verify
the EGR flow measurement and to calculate the total flow through the
regenerative air blower. Only the emissions in the total exhaust (measured at
station 2) are of interest for the BUM evaluation.

Engine Surface Temperatures

The only instrumentation installed specifically for the BOM tests was 11
thermocouples on the outside surfaces of the engine. Their Tocations are
shown schematically in figure 26. Al1l but one of the thermocouples were
mounted on the air preheater. The remaining thermocouple (TWPBP) was mounted
on the baseplate to which the preheater was attached.

Data Acquisition Systems

Steady-State Data System

A minicomputer-based digital data recording and display system known as
Escort was used in engine testing. The system was intended primarily for
steady-state data recording, but Escort also has many on-line features and
capabilities. It can convert and display, in real time, the values of all
measured parameters in engineering units as well as in millivolts. It can
perform on-Tine calculations and present the results individually on
light-emitting diode (LED) panel displays and collectively on cathode ray tube
(CRT) displays. Hard-copy printouts of the CRT displays can be obtained on a
local typewriter terminal. Since it has a high sampling rate, about 5000
samples per second, Escort can check operating limits of measured and on-Tline
calculated parameters and automatically issue a warning or take a pre-
determined action if a limit is exceeded. The high sampling rate also allows
multiple scans for each data point. These scans can be averaged and
statistical information can be calculated.

Transient Data System

A 150-channel, frequency-modulated (FM) analog system also was available
to record such transient data as pressures within the engine's operating
spaces, crankshaft angle, IMEP per cycle, and vibration amplitude. This
system was not used during the BOM tests. The test facility is described in

more detail in (4, 5).

TEST CONDITIONS AND PROCEDURES

Test Conditions

To evaluate the effect of engine operation with helium and diesel fuel,
the engine was tested with three combinations of working gas and fuel:
hydrogen and Indolene (unleaded gasoline), helium and Indolene, and helium and
number 2 diesel fuel. After about 100 hours of engine operation, the tests
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were repeated with hydrogen-Indolene and with helium - diesel fuel to
determine if any changes had occurred in the engine performance.

A11 testing was done with 50° C cooling water inlet temperature and
720° C average heater tube thermocouple temperature. The engine was operated
with each combination of working gas and fuel at each of the operating
conditions shown in table IV. The test points essentially covered the full
operating range of engine speed and working-gas charge pressure. Data were
taken nominally at 5, 10, and 15 MPa (725, 1450, and 2175 psi) and at speeds
of 1000, 2000, 3000, and 4000 rpm. Because engine bearing design did not
allow operation at 1000 rpm and 15 MPa, the minimum speed tested at 15 MPa was
1500 rpm. With helium at 5-MPa mean cycle pressure, the output power was not
sufficient to operate the engine at 4000 rpm. Data were therefore taken at
3500 rpm. Initial emission measurements were made with the combustion system
essentially adjusted as it had been received from the manufacturer. As
testing proceeded, it became apparent that some adjustment was required for
operation with diesel fuel. Only the second set of data, after 100 hours of
operation, with helium and diesel fuel were taken with the combustion system
adjusted to produce minimum exhaust volume concentrations of CO and NOy.

Before taking this second set of data with diesel fuel, the air-fuel
ratio controller and EGR valve were adjusted to produce minimum CO and NOy
concentrations. The adjustments were made with the engine operating at 2500
rpm and 15-MPa mean cycle pressure. The air-fuel ratio a/f was set to the
lowest value possible, and EGR flow was set to the highest value possible
without exceeding the combustion air blower capacity. The EGR and a/f
settings were such that, over the entire engine operating range, the air
control valve never exceeded 95 percent open. This allowed some margin for
control recovery from heater temperature transients. No adjustment was made
to the fuel-atomizing airflow.

Because it was designed to operate on unleaded gasoline, the engine
combustor would not ignite from a cold start with diesel fuel. For the
initial diesel fuel tests the engine was started with gasoline and the fuel
was switched to diesel after the engine had warmed up. For the second series
of diesel fuel tests a high-energy (7 J) ignition system, of the type used on
jet aircraft engines, was installed. Then the engine could be started
directly on diesel fuel. However, during startup the a/f had to be adjusted
to be nearer to the stoichometric ratio (more fuel rich) for the combustor to
ignite. Once it was 1it, the a/f control was readjusted back to the
low-emission setting.

Test Procedure

To ensure measurement accuracy, all test instrumentation was calibrated
each test day before data were taken. This was done by using the automatic
calibration sequence built into the Escort data system. The emission
analyzers were calibrated against known samples of calibration gases.

When the calibrations were complete, the engine was started by means of
the automatic start sequence regulated by the P40 electronic control system.
Each run day before data were taken, the engine was allowed to warm up until
the Tubricating oil and cooling water temperatures stabilized. Test
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conditions were set by fixing the mean cycle gas pressure, the cooling water
inlet temperature, and the heater temperature. Then engine speed was adjusted
to the desired level by using the dynamometer speed control. About 30 min was
required for temperatures to stabilize after a cold start, and about 15 min
was required between different test operating points. At each run point, five
separate data readings were taken to allow measurements from each of the five
emission sampling stations. The sampling stations were selected in the same
order for each test condition. When a particular sampling station had been
selected by opening the appropriate solenoid valve, about 40 sec was allowed
for the samples to reach the analyzers and for the measurements to stabilize.
About 30 sec was required to record data at each station. Consequently about
6 min was required to acquire data from all five sampling stations. The
engine operating conditions were held constant over the entire time. To
ensure accurate emissions measurements, all analyzer calibrations were
rechecked against calibration gases of known concentration while waiting for
the engine temperatures to stabilize between test operating points.

After each test day the data were processed on the IBM 370 computer. The
engine performance (power, torque, and BSFC) was determined by using the
average of the data from all five data readings. The exhaust emissions were
determined by using the average of the data taken from the reading with
emissions sampled from the engine total exhaust (station 2). The emission
data from the remaining sample stations were used to calculate parameters of
interest to the DOE automotive program. The data were checked to determine if
the test operating conditions had been set properly. Data taken at
off-conditions were identified and the test points repeated, if scheduling
allowed. Computer plots were then made from the best available processed
data. The results are presented in the following section.

RESULTS AND DISCUSSION

Engine Performance

Power Output

Figure 27 compares the full-power (15 MPa) curves for hydrogen and
Indolene, helium and Indolene, and helium and diesel fuel as a function of
engine speed. Because of engine mechanical problems and scheduling
constraints, only two data points, at 1500 and 4000 rpm, were recorded with
hydrogen and Indolene during the initial testing. The shape of the
hydrogen-Indolene curve, as shown, was determined subsequently from data taken
after 100 hours of operation, as shown in figure 28. Referring to figure 27,
the maximum power observed, during the earlier tests, was 35.7 kW (47.8 hp)
with hydrogen at 4000 rpm. The maximum power with helium occurred at 3000 rpm
and was about 35 percent lower than that with hydrogen. As expected, the
maximum helium power was nearly the same with both Indolene and diesel fuel.
The maximum power measured for helium with Indolene was 22.7 kW (30.5 hp) and
that measured for helium with diesel fuel was 23.3 kW (31.3 hp). This small
difference was probably due to difficulty in duplicating the operating
conditions. At 1500 rpm the power with helium was about 13 percent lower than
that with hydrogen. Since the engine was designed for hydrogen, the
working-gas flow losses with helium increased rapidly as speed increased. As
a result the power with helium dropped rapidly at speeds above 3000 rpm. At
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4000 rpm the power with helium was less than half that with hydrogen. Also
at 4000 rpm the power with helium and Indolene was more than 8 percent higher
than that with helium and diesel fuel - 17.5 kW as compared with 16.2 kW,
respectively. This difference in helium power at 4000 rpm was primarily due
to high cooling water temperature (65.4° C) for the diesel fuel data point.
Engine sensitivity to operating temperatures is discussed in (3,_5).

Figures 28 to 30 show the output power as a function of engine speed at
5-, 10—, and 15-MPa mean cycle pressure for each of the three combinations of
working gas and fuel. Figures 28 and 30 compare initial test data with data
taken after 100 hours of engine operation. The 100-hour data show that
maximum power with hydrogen dropped more than 3 percent to 34.6 kW (46.3 hp)
and that with helium and diesel fuel it dropped over 5 percent to 22.1 kW
(29.6 hp). The decrease in power appeared to be dependent on speed and
relatively independent of working-gas pressure. This suggests that some
portion of the loss of power was due to a change in mechanical losses or power
required to drive auxiliaries such as the combustion air blower and was not
due entirely to changes in the Stirling cycle. Additional engine performance
data with hydrogen and helium can be found in (4, 5).

Torque

The engine showed good "lugging" capability with both hydrogen and
helium. Figure 31 compares full-power (15-MPa mean cycle pressure) torque
observed during the initial testing for the three combinations of working gas
and fuel. The torque with hydrogen rose from 85.1 N-m (62.8 1b-ft) at the
maximum-power point (4000 rpm, 15 MPa) to 118.9 N-m (87.7 1b-ft) at the
maximum-torque point (1500 rpm and 15 MPa) - about a 40 percent increase.
The torque rise with helium was slightly greater than with hydrogen. For
helium with Indolene fuel, torque rose from 72.2 N-m (53.2 1b-ft) at maximum
power (3000 rpm, 15 MPa) to 103.1 N-m (76.0 1b-ft) at 1500 rpm and 15 MPa -
almost a 43 percent increase. For helium and diesel fuel, torque rose from
74.2 N-m (54.7 1b-ft) at 3000 rpm to 103.7 N-m (76.5 1b-ft) at 1500 rpm -
about a 40 percent increase.

After 100 hours of operation some reduction was observed in full-power
torque as compared with the initial test data, as shown in figure 32 for
hydrogen-Indolene and helium - diesel fuel. The torque reduction with
hydrogen and Indolene was greater at high speed than it was at low speed.
Torque at maximum power with hydrogen and Indolene (4000 rpm) was 82.4 N-m
(60.8 1b-ft), which is more than 3 percent lower than the initial data, and
the maximum torque (1500 rpm) was 117.3 N-m (86.5 1b-ft), which is a little
more than 1 percent Tower than the initial data. The reduction in torque with
helium and diesel fuel was greater but less speed dependent. Torque at the
maximum helium power point (3000 rpm) was lower by more than 5 percent, at
70.3 N-m (51.8 1b-ft), and the maximum torque (1500 rpm) was down by more than
4 percent, to 99.3 N-m (73.2 1b-ft). The torque at 4000 rpm was 38.0 N-m
(28.0 1b-ft), only 1.3 percent lower than the originally measured torque at
that point, which was 38.5 N-m (28.4 1b-ft). However, as mentioned earlier,
the cooling water temperature was high for the original point. The greater
change in torque with helium and diesel fuel was due, at least in part, to
adjustments to the combustion system that increased both the a/f and the EGR
flow. Also, the blower drive was modified to increase the blower speed
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relative to the engine speed. A1l of these combustion system adjustments
tended to increase the blower power requirement and thereby to reduce the net
engine output torque and power.

Figure 33 shows full-power torque as a function of normalized engine
speed for the test engine, a United Stirling 4-275 engine, and a Caterpillar
3306NA diesel engine. The 4-275 characteristics are shown because this engine
was designed for heavy-duty industrial applications and is probably more
representative of a Stirling engine that might be adapted to mining
applications. The Caterpillar 3306NA engine is used by several manufacturers
in currently available mine machinery and is felt to be typical of diesel
engines used underground. The present test data shown are for the engine
operating with helium working gas. The 4-275 data are for hydrogen working
gas. The 4-275 engine's torque rise characteristics with helium should be the
same or slightly greater than those with hydrogen. Since these engines are
different sizes and operate over different speed ranges, the torque and speed
data have been normalized to provide a basis for comparison. Both Stirling
engines have a steeper torqgue rise and attain a greater torque, relative to
the torque at maximum speed, than does the diesel engine. Also the Stirling
maximum torque tends to remain constant down to idle speeds (although the P40
data do not extend to the idle range).

The test engine torque rose at about twice the rate of the diesel engine
torque as engine speed was reduced. The torque rise rate was about 40 percent
greater with the 4-275 than with the diesel engine. The maximum relative
torque with the test engine was 1.4 at half the maximum speed, and it appeared
that it would continue to rise if the 15-MPa cycle pressure could be
maintained at speeds below half maximum (1500 rpm). The maximum 4-275
relative torque was about 1.3 at 0.4 relative speed and remained constant down
to 0.275 relative speed. The maximum relative torque for the Caterpillar
3306NA engine was 1.19 at 0.53 relative speed and dropped as speed was reduced
further.

Fuel Consumption

The BSFC as a function of engine speed and mean cycle pressure is shown
in figures 34 to 36 for hydrogen and Indolene, helium and Indolene, and helium
and diesel fuel, respectively. In all cases the best observed fuel economy
occurred at the maximum-torque condition (1500 rpm, 15 MPa). The fuel economy
values were 338 g/kW-hr (0.556 1b/hp-hr) for hydrogen and Indolene, 358
g/ kW-hr (0.588 1b/hp-hr) for helium and Indolene, and 376 g/kW-hr (0.618
1b/hp-hr) for helium and diesel fuel. Minimum Indolene BSFC was 5.8 percent
higher with helium than with hydrogen. The minimum BSFC was about 11.2
percent higher with helium and diesel fuel than with hydrogen and Indolene.
The best BSFC with helium was 5 percent higher for diesel fuel than for
Indolene. The difference in the fuel heating values would account for only
0.4 percent of the differences in BSFC. The difference was probably due to
variation in the power consumed by the combustion air blower and other
auxiliaries as previously discussed.

At maximum power the BSFC values were 395 g/kW-hr (0.649 1b/hp-hr) for
hydrogen and Indolene, 451 g/kW-hr (0.742 1b/hp-hr) for helium and Indolene,
and 460 g/kW-hr (0.756 1b/hp-hr) for helium and diesel fuel.
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Figure 37 shows the full-power BSFC as a function of normalized engine
speed for the test engine, the Philips 1-98, the United Stirling 4-275, and
the Caterpillar 3306NA diesel. Curves are shown for the test engine and the
4-275 Stirling engine operating with hydrogen and with helium. The 4-275 BSFC
with hydrogen and the 3306NA BSFC were obtained from the manufacturers'
specifications. The 4-275 BSFC with helium was estimated from the hydrogen
BSFC and the relations between hydrogen engine efficiency and helium engine
efficiency presented by Vatsky, et al. (7). The BSFC curve for the Philips
1-98 Stirling engine with helium working gas and number 2 diesel fuel was
derived from data presented by Marshall (8). The test engine BSFC with
hydrogen and with helium was much higher than that for the 3306NA diesel.
However, the test engine is not considered to be the most fuel-efficient
Stirling engine but rather is a heavy-duty research engine. The 1-98 with
helium working gas was rated at 7.38 kW and had a full-power BSFC range of
from 347 to 383 g/kW-hr (0.57 to 0.63 1b/hp-hr). The 4-275 with hydrogen
working gas (rated at 75 kW) had a full-power BSFC range of about 235 to 270
g/kW-hr (0.386 to 0.444 1b/hp-hr). This is comparable to the Caterpillar
diesel, which had a full-power BSFC range of about 240 to 262 g/kW-hr (0.395
to 0.431 1b/hp=hr). The estimated 4-275 BSFC with helium ranged from 240 to
300 g/kW-hr (0.395 to 0.493 1b/hp-hr). Consequently the 4-275 engine, even
with helium, appears to have fuel economy comparable to that for the
Caterpillar 3306NA diesel.

The BSFC after 100 hours of test operation is shown with solid symbols
for hydrogen and Indolene in figure 34 and for helium and diesel fuel in
figure 36. The best hydrogen and Indolene BSFC increased about 1/2 percent,
to 340 g/kW-hr (0.559 1b/hp-hr); and the maximum power BSFC increased about
4.5 percent, to 412 g/kW-hr (0.678 1b/hp-hr). The helium and diesel best BSFC
increased 7.2 percent, to 403 g/kW-hr (0.663 1b/hp-hr); and the maximum-power
BSFC increased 8.3 percent, to 498 g/kW-hr (0.819 1b/hp-hr).

After the second series of tests the engine was disassembled to repair a
leak in one of the heater tube quadrants. This opportunity was used to
evaluate to what extent contamination of the regenerators, by wear particles
and lubricating oil, may have increased the internal flow losses in the
Stirling cycle and thus contributed to the degradation of engine performance
observed during these tests. The regenerators were removed from the engine
and tested with air in a Lewis flow calibration laboratory to determine their
pressure drop characteristics. The pressure drop data were compared with
measurements made before the initial BOM tests. The data were then used in a
Lewis computer model (9) of the test engine in order to determine the effects
on power and efficiency.

Figure 38 is a typical plot of regenerator differential pressure as a
function of calibration airflow. The range of airflow approximates the
Reynolds numbers experienced in the engine tests. Curves are shown for the
new regenerator before installation in the test engine, for the regenerator
after about 41 hours of engine operation, and for the regenerator after about
186 hours of engine operation. It is apparent that regenerator pressure drop
increased with engine operating time. The increase in pressure drop ranged
from about 10 to 15 percent over that for the new regenerators. The computer
model indicates that the increase in regenerator pressure drop should result
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in less than a 1 percent reduction in maximum power and slightly more than a 1
percent increase in BSFC at maximum power for the test engine operating with
hydrogen. For the engine operating with helium the computer model indicates
about a 3.5 percent reduction in maximum power and less than a 4 percent
increase in BSFC at maximum power. Since the observed changes in power and
BSFC were greater than the predicted change based on regenerator pressure
drop, it must be concluded that the changes were not due entirely to
regenerator contamination and the resulting changes in the Stirling cycle.
Some portion of the Toss of power and increased fuel consumption must be due
to changes in mechanical losses or in power to drive auxiliaries.

Exhaust Emissions

The primary objective of the BOM tests was to determine the engine's
exhaust characteristics and to evaluate them relative to MSHA requirements for
underground mines. The following is a discussion of the results of the
emission measurements made during these tests and their relation to the MSHA
requirements.

Although exhaust measurements were made during the initial series of
tests, the emission data from those tests are of questionable accuracy because
of an error discovered in the CO2 instrument calibration and variations in
the manual settings of the combustion system controls. Therefore only the
results of the tests after 100 hours of operation are presented.

Two major parameters determined the exhaust emissions from the engine.
These were (1) the air-fuel mass ratio a/f and (2) the amount of exhaust
gas recirculation (EGR) that is mixed with the combustion air. Before
discussing the actual emission results it will be helpful to first establish
the combustor operating conditions by looking at the measured a/f and EGR over
the range of data points tested.

Air-Fuel Ratio

The modified Bosch K-Jetronic system varies the combustion a/f as a
function of fuel flow. Since Indolene and diesel fuel have slightly different
values of stoichiometric a/f, it is convenient to compare the engine a/f
characteristics with the two fuels by using the normalized value A, which
is defined as the air-fuel mass ratio divided by the stoichiometric air-fuel
ratio. The stoichiometric a/f for Indolene is about 14.6 and that for
number 2 diesel fuel is about 14.5. Figure 39 shows A as a function of
fuel flow for the engine operating with Indolene and with diesel fuel. The
curves are similar for both fuels. The value of A was maximum at
0.5-g/sec fuel flow and decreased as fuel flow increased. The maximum A
was about the same for both fuels, but as fuel flow increased, A decreased
at a faster rate with Indolene than with diesel fuel. With Indolene 2
varied from 1.832 (a/f = 26.72) at 0.53-g/sec fuel flow to 1.136 (a/f
at 3.96-g/sec fuel flow. With diesel fuel A varied from 1.836 (a/f
26.63) at 0.52-g/sec fuel flow to 1.210 (a/f = 17.56) at 3.78-g/sec fuel flow.

16.57)
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Exhaust Gas Recirculation

The EGR flow was regulated by the special valve (shown in fig. 19)
described earlier in the controls section of this report. The percent EGR as
a function of fuel flow is shown in figure 40 for both Indolene and diesel
fuel. Percent EGR is defined as the volume percent of EGR flow relative to
combustion airflow - at standard conditions of both pressure and temperature.
The EGR tended to be a lower percentage of the combustion airflow for diesel
fuel than for Indolene. The reason for this may include several factors - the
most significant being that the blower speed was higher for diesel fuel than
for Indolene because of problems with the blower drive, which are discussed in
the section STIRLING ENGINE OPERATING EXPERIENCE. The EGR was less than 20
percent at fuel flows below 0.7 g/sec with the EGR solenoid valve closed.

When the fuel flow increased beyond 0.7 g/sec, the EGR solenoid valve opened
and the percent EGR jumped to a maximum of 76 percent with diesel fuel and 86
percent with Indolene. As fuel flow increased and approached 4 g/sec, the
percent EGR gradually decreased to about 30 percent with diesel fuel and 32
percent with Indolene.

Emission Concentrations

The resultant engine exhaust emission concentrations of CO, NOx, and HC
are shown in figure 41 for diesel fuel and for Indolene. Although the percent
EGR was Tower for diesel fuel, the combination of EGR and higher a/f produced
NOy concentrations for diesel fuel that were almost identical to those for
Inéo]ene for any given fuel flow. The NOy conentration (expressed as NO»
equivalent) ranged from about 30 ppm to about 200 ppm at 1- and 4-g/sec fuel
flow, respectively, thus reflecting the reduction in the percent EGR as fuel
flow increased. At fuel flows below 0.7 g/sec the NOy concentration rose in
response to a lower percent of EGR. However, at 0.5-g/sec fuel flow the NOy
concentration with Indolene was more than three times that with diesel fuel
(249 ppm versus 69 ppm). This appears to be caused by a combination of higher
preheated air temperature and lower nozzle airflow with Indolene.

The CO emissions also tended to increase as fuel flow increased, as
expected, since a/f decreased with increasing fuel flow. At about 1-g/sec
fuel flow the CO concentration tended to be minimum and was about the same for
diesel fuel and Indolene (about 70 ppm). As the fuel flow increased, the CO
emissions with diesel fuel increased at a slower rate than those with
Indolene. At about 4 g/sec the CO concentrations were about 350 ppm with
diesel fuel and almost 800 ppm with Indolene. All the recorded steady-state
CO data points are well below the Federal 1imit for mine diesels, which
requires the undiluted exhaust CO to be less than 2500 ppm. However, during
cold startup, there is a brief time when CO does exceed 2500 ppm.

The engine HC concentrations tended to be low with both diesel fuel and
Indolene. However, the HC concentrations were generally much lower with
Indolene than with diesel fuel. The general trend was for HC to decrease as
fuel flow increased. Disregarding the peaks, the ranges of HC were 2.1 to
37.2 ppm with diesel fuel and 0.4 to 3.6 ppm with Indolene.

Anomalous CO and HC peaks occurred at a single test point (1000 rpm, 10-
MPa mean cycle pressure) at a 1ittle less than 1-g/sec fuel flow with both
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fuels. At the peak the CO concentrations were 799 ppm with diesel fuel and
359 ppm with Indolene. The HC concentrations jumped to 388 ppm with diesel
fuel and 186 ppm with Indolene. The peaks in CO and HC concentrations at this
test point and also during startup are due to cycling of the combustion system
controls. Although no attempt was made to do so, it is the authors' opinion
that the control oscillations could be corrected by adjusting the control
electronics and that steady-state CO and HC emissions at that point would be
reduced to Tevels consistent with the remaining data points. However, the
tendency of the combustion system to produce high CO and HC emissions during
cyclic operation indicates that the emissions in a practical mining
application requiring cyclic operation of the engine could be higher than
those predicted from steady-state measurements.

Comparison of the test engine NOy concentrations in figure 41 with
those for the FL912 direct-injection and FL912W two-stage-combustion Deutz
diesel engines (10) in figure 42 shows the range of test engine concentrations
to be less than those for both diesels. The diesel engines, like the test
engine, tended to increase NOy concentration as power (fuel flow)
increased. The NO, concentrations ranged from 120 ppm to 2300 ppm for the
direct-injection engine and from 50 to 620 ppm for the two-stage combustion
engine.

The test engine CO concentrations were higher than those of the two-stage
combustion diesel but Tower than those of the direct-injection diesel. The
Deutz diesel CO concentrations (fig. 43) ranged from about 150 ppm to over
1200 ppm for the direct-injection engine and from about 30 to 350 ppm for the
two-stage-combustion engine.

The test engine HC concentrations were lower than the HC range for either
Deutz diesel engine shown in figure 44. The HC concentrations ranged from
about 230 to 450 ppm for the direct-injection diesel and from 25 to 110 ppm
for the two-stage-combustion engine.

Particulates were not measured during the engine tests. However,
inspection of the engine when it was torn down after the tests showed only a
slight amount of soot in the preheater exhaust ports and a slight brown,
powdery film on the heater tubes. Inspection of the emission sample Tine
filter used throughout the emission tests showed a change in color from
off-white to a dark green with little evidence of particulate matter.
Analysis of the test filter as compared with the analysis of a new filter
showed traces of iron, chromium, nickel, titanium, copper, and manganese. All
these elements are used in constructing the engine. The analytical procedure
did not provide a means for distinguishing any organic material collected in
the filter from the organic binder used in making the filter. Consequently,
organic material was not analyzed.

Exhaust Emission Indexes

Table V compares the ranges of emission indexes for HC, CO, and NOy for
diesel fuel with those for Indolene. The NO, emission indexes were almost
identical for both fuels, ranging from 1.5 to 5 g/kg fuel. The CO emission
index with diesel fuel ranged from 1.7 to 6.6 g/kg fuel. The CO index with
Indolene ranged from 1.7 to 13.6 g/kg fuel. The HC indexes for both fuels
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were very low. The maximum HC index with Indolene was 0.028 g/kg fuel, which
is about 5 percent of the maximum index for diesel fuel of 0.56 g/kg.

Emission Rates

The emission rates of CO, NOy, and HC as a function of fuel flow are
shown in figure 45. Disregarding the anomalous 10-MPa, 1000-rpm point, CO and
NOy tended to increase with increasing fuel flow. The maximum NOy rate
was about 70 g/hr for both Indolene and diesel fuel. The maximum CO rate was
about 195 g/hr for Indolene and 90 g/hr for diesel fuel. The HC rate with
Indolene tended to remain at a relatively constant low value, below 0.3 g/hr.
The HC rate with diesel fuel was slightly higher but still very Tow.
Hydrocarbon emissions with diesel fuel tended to decrease with increasing fuel
flow. The maximum HC rate with diesel fuel was about 1.2 g/hr. The
COp emission rates are shown in figure 46. As expected, the COp emission
rates are proportional to fuel flow. The amount of CO, produced by diesel
fuel for a particular fuel flow was about the same as the COp produced by
Indolene - about 3.18 g CO,/g of diesel fuel and about 3.17 g CO,/g of
Indolene. At maximum power the CO, emission rate was 44.87 kg/hr with
hydrogen and Indolene. It was 34.91 kg/hr with helium and diesel fuel
(keeping in mind that the maximum-power helium point occurred at 3000 rpm as
compared with 4000 rpm for the hydrogen point).

To provide a convenient means for comparing emission rates, the maximum
rated brake specific emission rates (MRBSER) for COp, CO, NOy, and HC were
determined with both combinations of working gas and fuel. ?he MRBSER was
calculated by dividing the maximum emission rate for each emittant by the
maximum rated power — 22.1 kW (29.6 hp) for helium and diesel fuel and 34.5 kW
(46.3 hp) for hydrogen and Indolene.

Table VI lists MRBSER for operation with both combinations of working gas
and fuel. The test engine helium emission rates are based on limiting the
engine speed to 3000 rpm. The values listed for CO and HC do not include the
anomalous peak values occurring at the 10-MPa, 1000-rpm operating point.
Values are also listed for the Philips 1-98 Stirling engine operating with
helium and diesel fuel; these values were based on data presented by Marshall
(8). Also listed are estimated values for a heavy-duty Stirling engine that
are based on the estimated fuel consumption for the 4-275 engine operating
with helium and diesel fuel (fig. 37). The values given assume that the
emission rates for the heavy-duty Stirling engine would be related to the test
engine emission rates in direct proportion to the BSFC's at the maximum-power
point — 301 g/kW-hr for the heavy-duty engine, and 498 g/kW-hr for the test
engine. For comparison, the ranges of MRBSER are listed for diesel mine
engines considered to produce low toxic emissions. The CO2 rates for the
test engine were higher than those for the other engines because of the test
engine's high fuel consumption. The test engine CO rate was higher than those
for the 1-98 or the heavy-duty engine, but fell midway in the diesel engine
range. The test engine NO, rate was also higher than those of the other
Stirling engines but fell about 20 percent below the lowest diesel engine
NOy rate. The test engine HC rate was also higher than those of the other
Stirling engines but was only about 20 percent above the lower end of the
diesel engine HC range.
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Table VII shows the estimated MSHA ventilation requirements and
concentrations resulting from the product of the data in table VI and the
following MSHA ventilation requirements_for dilution to half the 8-hour
threshold 1imit value (TLV): 0.00356 m3 air-hr/g COp-min (0.126 ft3
air-hr/g C0o-min), 0.2812 m3 air-hr/g CO-min (9.929 ft3 air-hr/

g CO-min), and 0.68518 m3 air-hr/g NOy-min (24.197 ft3 air-hr/
g NOX—minS.

As expected, the Stirling engine ventilation requirements were determined
by CO». The diesel engine ventilation requirements can be determined by
either COp or NOy. The concentrations of CO and NOy for the Stirling
engine, 1% venti?ated for CO, to half of the TLV, were about the same for
the test engine, the 1-98 engine, and the heavy-duty engine. Carbon monoxide
was a little less than 6 percent of the TLV and NOyx was about 11 percent of
the TLV.

Figure 47 shows the specific ventilation rates for the three Stirling
engines plotted against their BSFC at maximum power. The BSFC at maximum
power for the test engine was 498 g/kW-hr (0.819 1b/hp-hr), that for the 1-98
engine was 383 g/kW-hr (0.63 1b/hp-hr), and that for the heavy-duty engine was
301 g/kW-hr (0.495 1b/hp-hr). For comparison the ranges of specific
ventilation rates for diesel engines certified for use in underground mines
are also plotted. The Tower limit for specific ventilation to dilute COp to
0.25 percent (50 percent of TLV) is also shown. The Stirling specific
ventilation requirements all lie on the COp Timit.

Although the BSFC of the test engine was about 50 percent higher than the
highest BSFC of the diesels, the specific ventilation requirement of the test
engine was about in the middle of the range for the diesel engines. Because
of their lower BSFC's the Philips 1-98 and the heavy-duty engine have lower
specific ventilation rates. The specific ventilation rate for the heavy-duty
engine was only slightly above the Towest rates for the diesels.

Surface Temperatures

Measurements made with the' 11 thermocouples mounted on the outside
surfaces of the preheater indicated that the temperatures over much of the
external surface exceeded the MSHA limit of 150° C (302° F). Figure 48 shows
the temperatures in degrees Celsius at the 11 locations observed at the
maximum-power conditions. The values shown are for both helium with diesel
fuel and hydrogen with Indolene. The temperatures for the latter are in
parentheses. In general, the surface temperatures were higher with the engine
operating on helium and diesel fuel. The temperatures of all the surfaces
exposed to the high internal temperatures (TWP01-06 and TWPSP) exceeded the
204° C (400° F) limit specified in the Code of Federal Regulations, Title 30,
Part 36. (In practice, MSHA has set the limit to 150° C ?302° F).S The
highest temperatures were recorded in the areas of the spark igniter (TWPSP)
and the fuel nozzle mounting flange (TWPO1). With helium and diesel fuel
these temperatures were 482 C (900° F) and 360° C (680° F), respectively.
witb hydrogen and Indolene fuel the temperature at the spark igniter was
431" C (808° F). The temperature at the nozzle mounting flange, 454° C
(849" F), was higher than the temperature measured with helium and diesel
fuel. This discrepancy may have been caused by a small leak of heated
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combustion air at the nozzle mounting flange. Similar leakage of heated
combustion air through the spark igniter packing gland may have contributed to
the high temperatures observed in that area.

The advanced automotive Mod I Stirling engine has thicker insulation
around the preheater and therefore should have lower surface temperatures than
the test engine. However, Mod I temperatures still can be expected to exceed
the MSHA requirements. For the test engine or any advanced Stirling engine to
meet the MSHA surface temperature requirements, considerable modifications of
the preheater, including additional insulation and/or water cooling, will be
required.

The measured test engine exhaust gas temperature ranged from about 200°
to 300° C, which is well above the 71° C (160° F) limit required by CFR Title
30 for Part 31 or Part 32 mine diesels. Advanced Stirling engines such as the
Mod 1 have exhaust temperatures ranging from 175° to 230° C. The exhaust
temperatures are maintained at these relatively high levels to avoid
condensation of sulfur compounds, which tend to corrode the preheater.
Therefore a Stirling mine engine will require an exhaust treatment system
similar to those used on diesel mine engines to reduce the exhaust temperature
and to remove some of the sulfur compounds before the exhaust is released into
the mine.

STIRLING ENGINE OPERATING EXPERIENCE

Testing of the Stirling engine began at Lewis in April 1979. Between
that time and August 1981 the engine was operated for about 250 hours. The
operating time was accumulated on 97 run days for an average of 2.57 hours per
run day. The Tongest continuous time of operation was 8.5 hours in June
1979. After 8.5 hours the engine was stopped to add lubricating oil to
replace that which had been carried away by the crankcase nitrogen purge; then
the engine was restarted and run for an additional 0.6 hour, for a total of
9.1 hours on that one day.

Figure 49 is a plot of the engine operating history showing the
accumulated hours of engine operation as a function of calendar time. During
this time, testing was interrupted because of problems with the engine as well
as with the facility. The times of these engine failures are also noted in
figure 49. Table VIII lists the engine failures in chronological order,
including cumulative operating time and time since last failure. Forty-two
engine-related failures were recorded. The mean time between failures was
about 10.3 hours of engine operation. The longest time between failures was
nearly 50 hours.

The failures recorded were only those that rendered the engine
inoperative or unsuitable for testing and required more than a few minutes to
repair. Of these, 14 were recurrences of prior failures.

From the start of testing to June 1979 the most frequently repeated
failures entailed the power control check valves in the hydrogen system and
power control valve failures caused by contamination of the hydrogen system
with small pieces of the broken check valves. These included six check valve
failures and four check-valve-related failures. In June 1979 these check
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valves (Hawe RC-2) were replaced with an improved design check valve
(Hawe ER-2). Figure 50(a) shows some of the damaged RC-2 check valves and

broken pieces from a failed check valve. Figure 50(b) shows the new-style
ER-2 check valves. Since installing the new-style check valves, the only
failure involving check valves was caused by broken pieces of the original
valves that remained after many attempts to clean the hydrogen system.

The most dramatic check-valve-related failure was that of the rubber
drive shaft couplings used to connect the engine to the dynamometer. Figure
51 shows the broken couplings. The failure was caused by the large engine
torque pulsations that occurred when a check valve failed.

Four failures involved O-ring seals. A static O-ring on the rod seal
housing failed as a result of an improperly machined part. The part was
replaced. The static seals at the base of the cylinders failed because the
0-ring extruded with thermal expansion. Figure 52 shows the extruded
O-rings. Use of smaller-cross-section O-rings eliminated this probiem. The
remaining two O-ring failures involved seals in the fuel nozzle. In one case
the O-ring was probably damaged during assembly. In the other, the O-ring
material became hard and would not seal. This was probably caused by
overheating because of low nozzle airflow.

The original, Leningrader, piston rod seals lasted only about 50 hours
before they leaked excessively. New design, pumping Leningrader (PL) seals
were installed in October 1979. However, they also Teaked excessively after a
1ittle over 40 hours of operation. Their failure appeared to be caused by
improper alignment of the seal housing to the piston rod during assembly. A
second set of PL seals was installed in June 1980 and has operated
successfully for over 150 hours without signs of excessive leakage.

After about 90 hours of operation the nozzle air pump failed to deliver
sufficient airflow because of damage to its carbon vanes. New vanes were
installed and no further problems have been noted.

Four electrical failures were experienced. A bus bar in the operator's
control panel broke. A wire on a solenoid valve broke. A high-voltage
electrical connector to the spark igniter corroded. (The connector had been
exposed to hot combustion gases leaking past the igniter packing gland.) And,
a short occurred in the solenoid coil on the EGR valve.

The most recent recurring failures have been leaks in the heater heads.
From March 1980 through August 1981, six leaks have developed. The leaks have
all occurred in similar locations, an end tube of a regenerator manifold at
the braze joint connecting the tube to the manifold. Successful repairs have
been accomplished by using an electron beam braze technique with gold alloy
filler material. Figure 53 shows a typical heater tube joint repair. Two
leaks have been recurrences of previously repaired leaks, but these occurred
after more than 100 hours of operation after the first repair. The leaks are
believed to be due to high cyclic stresses caused by the combination of
temperatures and internal pressure. The Mod I (automotive Stirling engine)
heater head was designed to have lower stresses in the transition area between
the heater tubes and the tube manifolds and is not expected to have problems
similar to those experienced with the present heater tube design.
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A detailed metallurgical analysis of the failed heater sections has not
been performed since it requires destructive sectioning of the heater heads
and new heads were not available as replacements.

One component that has caused repeated difficulty in setting test
conditions but has not prevented engine operation is the variable-speed-ratio
drive for the combustion air blower, shown in figure 54. The function of the
variable-speed-ratio drive is to provide the proper match of blower speed to
engine speed so that the blower is capable of supplying the required
combustion air to the engine under all operating conditions. The design
relationship of blower speed to engine speed is shown in figure 21. If the
blower speed is lower than design, the combustion system will not be able to
supply the necessary heat to the engine to maintain heater head temperature,
and reduced power and efficiency will result. If the blower speed is too
high, the power to drive the blower will increase and thus also cause some
loss in power and efficiency. The variable drive used on the engine was
originally designed as a speed reducer and is used as a drive for recreation
vehicles such as small snowmobiles. It was modified by the engine
manufacturer and is used to increase the speed of the engine auxiliaries
relative to engine speed.

On several occasions the blower speed was low as a result of excessive
wear of the drive belt or internal variator components. Debris from the worn
parts also tended to cause the variator centrifugal mechanism to bind,
resulting in a large hysteresis in blower speed relative to engine speed. The
variator required frequent cleaning and lubrication and eventually replacement
of the entire unit. The variable-speed-ratio drive for advanced Stirling
engines will be designed specifically for those engines and will be completely
different, using an electronically controlled hydraulic servomechanism.

Blower speed control should not be a problem for those engines.

The test engine dual-crankshaft drive mechanism has not experienced any
failures and is expected to operate several hundred, possibly thousands, of
hours without difficulty.

CONCLUDING REMARKS

On the basis of the test experience reported herein, it appears that the
Stirling engine has some characteristics that are well suited to underground
mine vehicles. It has good low-speed torque for lugging capability - better
than that of current diesel engines. Stirling engine emission characteristics
offer potential for reduction of mine ventilation requirements accompanied by
reduction of NOy and CO concentrations in mines as compared with current
diesel engines. Although Stirling engine durability remains to be
demonstrated and numerous failures were encountered in testing the engine,
most of the problem areas have been resolved through improved component
design. The primary areas in which durability remains to be demonstrated are

(1) Piston rod seals, which must separate the high-pressure working gas

from the crankcase o0il while being subjected to millions of piston
strokes
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(2) Hot-end components -~ primarily the heater head, which must withstand
the high cyclic stresses of the working-gas pressure variations and
extreme thermal stresses during startup

Both of these areas are being addressed in the Automotive Stirling Engine
program sponsored by the Department of Energy and are expected to show much
improvement. Although the engine's external surfaces and exhaust temperatures
exceed the Federal requirements (Code of Federal Regulations, Title 30, Part
36) for diesel mine engines, it appears to be possible to reduce these
temperatures by modifying the air preheater - combustor assembly and by adding
an exhaust cooling system.
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APPENDIX —~ INSTRUMENTATION INSTALLED ON TEST ENGINE

Temperature-Sensing Instruments

Symbol Measurement description Sensor Recording | Full-scale
range, instrument
i accyracy,
C
TAMB Test cell ambient tempera- Chromel-Constantan 139 Rl
ture thermocouple
TAIRIN | Combustion air temperature
at flowmeter
TCOMIN | Atomizing air temperature
at compressor inlet
TNOAIR | Atomizing air temperature
at fuel nozzle
TBLOIN | Combustion air temperature
at blower inlet \/
EGRMT Exhaust gas temperature Chromel-Alumel 188
at EGR flowmeter thermocouple
TEGR Recirculated exhaust gas Chromel-constantan 208
temperature thermocouple
TREGR Blower bypass mixed gas Chromel-constantan 139
temperature thermocouple
TPHIN Combustion air tempera- Chromel-constantan 139
ture at preheater inlet thermocouple
TGPAIL1 | Preheater inlet air tem- Chromel-Alumel 188
perature thermocouple
TGPAI2 | Preheater inlet air tem- 188
perature
TGPAI3 | Preheater inlet air tem- 188
perature \
TGPAOLl | Preheater outlet air tem- 1034 +4.0
perature
TGPAO2 | Preheater outlet air tem-
perature
TGPAO3 | Preheater outlet air tem-
perature
TGPEI1 | Preheater inlet exhaust gas
temperature
TGPEI2
TGPEI3 \ \
TGPEOL1 | Preheater outlet exhaust gas 547 £2.2
temperature 547 32 o
TGPEO2
TGPEO3 547 2.2
TGTI Turbulator inlet gas 1034 +4.0
temperature
TWPAI Preheater wall tempera- 311 1.3
ture at air inlet
TWPAQ Preheater wall tempera- 1034 4.0
ture at air outlet
TWPEI Preheater wall tempera- a1371 +5.3
ture at exhaust inlet
TWPEO Preheater wall tempera- 547 £2.2
ture at exhaust outlet
TWPI1 Preheater inside surface a1371 553
wall temperature
TWPI2 a1371 +5.3
TWPI3 1034 +4.0
TWPI4 1034 4.0
TWPI5 1034 4.0
TWPI6 \ 21371 5.3

apt 52.26 Mv.
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Symbo1 Measurement description Sensor Recording | Full-scale
range, instrument
accyracy,
C
TWPI7 Preheater inside surface Chromel-Alumel 1034 +4.0
wall temperature thermocouple
TWPI8
TWPI9
TWPI10 | Preheater inside surface
wall temperature
TWPI1l | Preheater inside surface
wall temperature
TWPO1 Preheater outside surface
wall temperature
TWP02
TWPO3
TWPO4
TWPO5
TWPO6
TWPO7
TWPO8
TWPO9
TWPSP Preheater wall tempera-
ture at ignitor
TWPBP Preheater wall tempera- L
ture at base plate |
TWIC1 Heater head insulation 11371 $5.3
cover wall temperature
TWIC2 1034 4.0
TWIC3
TWIC4
TWICS
TWCS Ceramic stone wall tem- 21371 $5.3
perature
TWB1 Combustor housing wall
temperature
TWB2 Combustor housing wall
temperature
TGBT1 Combustion gas tempera-
ture between tubes y \
TGTE1 Combustion gas tempera- 1034 4.0
ture after tubes
TGTE2
TGTE3
TGTE4
TGTES
TGTE6D
TGTE7
TGTESP
TGTE9
TGTE10P
TGTE1l
TGTE12P
TGTE13
TGTE14 ' Y
USSPHT ¢ ¥ 1000 —
TEXHR Preheater exhaust tempera- | Chromel-constantan 338 +1.4
ture from right outlet thermocouple .
TEXHL Preheater exhaust tempera- | Chromel-constantan 338 +1.4
ture from left outlet thermocouple
TSTACK | Exhaust stack gas tempera- | Chromel-constantan 338 1.4
ture thermocouple
THT1 Heater-tube wall tempera- Chrome1-Alumel 1034 4.0
ture thermocouple
THT2
THT3
THT4
THTS

At 52.26 MV.
Used for control system preheater temperature (USSPHT).



Symbol Measurement description Sensor Recording | Full-scale
range, instrument
G accyracy,
C
THT6 Heater-tube wall Chromel-Alumel 1034 4.0
temperature thermocouple
THT?7
THT8
THT9
THT10
THT11
THT12
THT13
THT14
THT15
THT16
THTIN
THT1C
THT2N
THT2C
THT3N
THT3C
THTA4N
THT4C \J \l ¥
THTMAX | Maximum control heater- 1000 -
tube wall temperature
TES1 Expansion-space gas tem- 1034 +4.0
perature - cycle 1
TES2 Expansion-space gas tem-
perature - cycle 2
TES3 Expansion-space gas tem-
perature - cycle 3
TES4 Expansion-space gas tem- v
perature - cycle 4 \l
TCS1 Compression-space gas 188 1.2
temperature - cycle 1
TCS2 Compression-space gas
temperature - cycle 2
TCS3 Compression-space gas
temperature - cycle 3
TCS4 Compression-space gas
temperature - cycle 4 L { A\
TWC1 Cylinder housing wall 1034 4.0
temperature
TWC2
TWC3
TWC4
TWCS
TWC6
TWC7 547 2.2
TWC8 1034 +4.0
TWCY 1034 +4.0
TWC10 ) 547 2.2
TWC11 Cylinder housing wall 547 2.2
temperature
TWC12 Cylinder housing wall 1034 4.0
temperature
TWIR1 Inner regenerator housing 1034 4.0
wall temperature
TWIR2 1034 4.0
TWIR3 547 £2.2
TWIR4 547 2.2
TWIRS 1034 4.0
TWOR1 Outer regenerator housing
wall temperature
TWOR2
TWOR3
TWOR4 547 £2.2
TWORS5 Outer regenerator housing 1034 4.0
wall temperature
TCWIN Engine cooling water in- Chromel-constantan 139 £1.2

let temperature

thermocouple
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Symbo1 Measurement description Sensor Recording Full-scale
range, instrument
G accuracy,
(&
USSWT Engine cooling water out- Iron-constantan 100 -—
let temperature thermocouple
TDLCW Engine cooling water dif- Copper-constantan 18 +.5
ferential temperature thermocouple
TCTW Cooling tower water tem- Chromel-constantan 139 152
perature thermocouple
TOILIN | Engine 0il inlet tempera- Chromel-constantan 139 -1 [P
ture thermocouple
TOILRT | Engine 0il outlet temper- Resistance temper- 100 ——
ature ature detector
TDELO Engine 0il differential Copper-constantan 9 £.5
temperature thermocouple
Pressure-Sensing Instruments
Symbo1l Measurement description Sensor Recording | Full-scale
range instrument
accuracy
PAIRIN | Combustion air pressure Strain-gage pres- 12.6 kPa | +0.11 kPa
at flowmeter sure transducer
PNOAIR | Atomizing air pressure 115 kPa +.49 kPa
at fue nOZZQE
PFNOZ Fuel pressure at fuel 140 kPa +.60 kPa
nozzle
PBLOIN | Combustion air pressure 6.9 kPa +.06 kPa
at blower inlet
PBLOUT | Combustion air pressure 12.0 kPa +.10 kPa
at blower outlet
PPHIN Combustion air pressure 34.5 kPa +.29 kPa
at preheater inlet
PPHAI Preheater inlet air pres- 22.7 kPa +.19 kPa
sure
PPHAO Preheater outlet air 23.5 kPa +.20 kPa
pressure
PPHEI Preheater inlet exhaust 24.0 kPa +,20 kPa
gas pressure
PPHEO Preheater outlet exhaust 24.1 kPa +.,20 kPa
gas pressure
PTI Combustion air pressure 24.1 kPa +.20 kPa
at turbulator inlet
PCOMB Combustion chamber 34.5 kPa +.29 kPa
pressure
PBT Combustion gas pressure 23.5 kPa +.20 kPa
between tubes
PAT Combustion gas pressure 23.4 kPa +.20 kPa
after tubes
PEXHR Preheater exhaust pressure 6.9 kPa +.06 kPa
from right outlet
PEXHL Preheater exhaust pressure 6.9 kPa +.06 kPa
from left outlet
PSTACK | Exhaust stack gas pressure 6.8 kPa .06 kPa
EGRMIP | Exhaust gas pressure at 13.1 kPa .11 kPa
EGR flowmeter
PH2SUP | Working-gas supply pressure 17.2 MPa +£.07 MPa
USS17 Working-gas supply pressure 20 MPa | ——————
ACCLEV | Accelerator level/desired 20 MPa | ———————
engine pressure
HPSUP Supply pressure from 27.6 MPa +.12 MPa
power control valve
MAXCP Maximum compression-space 22.2 MPa +.10 MPa
cycle pressure v
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Symbol Measurement description Sensor Recording | Full-scale
range instrument
accuracy
Uss28 Maximum compression-space Strain-gage pres- 20 MPa ————————
cycle pressure sure transducer
MINCP Minimum compression-space 18.3 MPa +.08 MPa
cycle pressure
PSEAL Piston rod seal housing 22.9 MPa +.10 MPa
pressure
PMEAN1 | Mean compression-space 23.1 MPa +.10 MPa
pressure - cycle 1
PMEAN2 | Mean compression-space 23.2 MPa +.10 MPa
pressure - cycle 2
PMEAN3 | Mean compression-space 21.4 MPa +.09 MPa
pressure - cycle 3
PMEAN4 | Mean compression-space 23.2 MPa +.10 MPa
pressure - cycle 4
PCS1 Compression-space dynamic 20.7 MPa | £0.21 MPa
pressure — cycle 1
PCS2 Compression-space dynamic
pressure - cycle 2
PCS3 Compression-space dynamic
pressure - cycle 3
PCS4 Compression-space dynamic
pressure — cycle 4
PES1 Expansion-space dynamic
pressure - cycle 1
PES2 Expansion-space dynamic
pressure - cycle 2
PES3 Expansion-space dynamic
pressure - cycle 3
PES4 Expansion-space dynamic
pressure - cycle 4 J
PH2BC Working-gas pressure be- 26.9 MPa +.12 MPa
fore compressor
USS42 Working-gas pressure be- 20 MPa | ——————-
fore compressor
PH2AC Working-gas pressure af- 27 MPa .12 MPa
ter compressor
USS43 Working-gas pressure af- 20 MPa | ——————-
ter compressor v
IMEPC1 | Compression-space IMEP - IMEP measurement 5 MPa +.05 MPa
cycle 1 system electronics
IMEPC2 | Compression-space IMEP -
cycle 2
IMEPC3 | Compression-space IMEP -
cycle 3
IMEPC4 | Compression-space IMEP -
cycle 4
IMEPE1 | Expansion-space IMEP -
cycle 1
IMEPE2 | Expansion-space IMEP -
cycle 2
IMEPE3 | Expansion-space IMEP -
cycle 3
IMEPE4 | Expansion-space IMEP -
cycle 4 ] \J Y
PCWIN Engine cooling water Strain-gage pres- 114 kPa +.49 kPa
inlet pressure sure transducer
PDELCW | Engine cooling water 57.5 kPa +.49 kPa
differential pressure
DYH20P | Dynamometer cooling water 758 kPa +3.3 kPa
pressure
POIL Engine 0il pressure 766 kPa +3.3 kPa
PN2CV Nitrogen pressure for 115 kPa +.49 kPa
crankcase vent
PCRANK | Crankcase pressure Y 61.2 kPa £.52 kPa
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Miscellaneous Sensors

Symbo1l | Measurement description Sensor Recording Full-scale instrument
range accuracy

FFLO Fuel mass flow rate Flotron mass flowmeter 6.3 g/s +0.03 g/s

NAFLO | Atomizing air mass Hastings mass flowmeter 2.2 g/s +0.02 g/s
flow rate

CAFLO | Combustion air flow Turbine flowmeter 83.7 liter/s +0.9 liter/s
rate

EGRFLW | Exhaust gas recircula- Vortex shedding flow- 94.4 liter/s 0.9 Tliter/s
tion flow rate meter

CWFLOC | Engine cooling water Turbine flowmeter 5.0 liter/s +0.03 liter/s
flow rate

OILFLO| Engine lubrication Turbine flowmeter 15.8 liter/s +0.16 liter/s
0oil flow rate

PCVPOS | Power control valve Potentiometer +100%
position

TORQUE | Engine torque from Strain-gage load 203 N-m +2 N-m
dynamometer cell

RPM1 Engine speed Magnetic speed 4200 rpm +10 rpm

pickup

RPM2 Engine speed from Magnetic speed 7500 rpm +19 rpm
dynamometer pickup

RPMUSS | Engine speed Magnetic speed 5000 rpm

pickup

HPDYN | Engine power from Dynamometer elec- 60 kW +0.6 kW
dynamometer tronics

MEPMRK | IMEP cycle marker IMEP measurement 1-4
from MEIS system electronics

ALTV Alternator voltage Voltage divider 150 +0.04 v

ALTI Alternator current Current shunt 80 A +0.2 A

VX1 Engine horizontal Accelerometer 38 mm/s +2 mm/s
vibration

VYl Engine vertical Accelerometer 38 mm/s £2 mm/s
vibration

ANGLE | Drive shaft rotational Shaft angle encoder 360° +0.2°
position

DEGREE| Drive shaft rotational Shaft angle encoder 360° +0.2°
position (10° pulses)

HUMID | Test cell relative Impedance type 100% +5%
humidity

RPMBLO| Combustion air blower Magnetic speed 8000 rpm +20 rpm
speed pickup

ATPOS | Air throttle position Potentiometer 100%

EGRMRK | EGR solenoid valve Switch Open/closed
position

STANO | Emission sampling Selector switch 1-5
station number

CORNG | Carbon monoxide ana- Selector switch 100, 500, 2500 ppm
lyzer range

COSIG | Carbon monoxide analyzer| Nondispersive in- 100, 500, 2500 ppm +5, £25, 125 ppm
signal frared detector

CO2RNG| Carbon dioxide analyzer | Selector switch 5, 10, 20%
range

C02SIG Carbo% dioxide analyzer | Nondispersive in- 5, 10, 20% 0,25, 0.5, £1'%
signal frared detector

NOXRNG| Nitrogen oxide analyzer | Selector switch 1 - 10 000 ppm
range

NOXSIG| Nitrogen oxide analyzer | Chemiluminescence 1 - 10 000 ppm +0.05 - £500 ppm
signal detector

HCMRNG| Hydrocarbon analyzer Selector switch 02, 105 1050
range multiplier

HCRNG | Hydrocarbon analyzer Selector switch 5 - 10 000 ppm
range

HCSIG | Hydrocarbon analyzer Flame ionization 5 - 10 000 ppm +0.25 - £500 ppm
signal detector

02RNG | Oxygen analyzer range Selector switch 1, 5410, 25%

02SIG | Oxygen analyzer signal Paramagnetic detector 15 55 105°25% +0.05, $0.25,

+0.5, +1.25%
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TABLE I. - STIRLING TEST ENGINE DESIGN AND PERFORMANCE CHARACTERISTICS

OverallSdinensions, s Ml ." o e ¢ o o o ne 5 s eiie o e s s w e« s 185x655%580
Dry=welilght=lincluding auxiliaries)s Kg s s o e lia o o s o s & st side 5 329
Brake powerd at 4000  rpmy kWi o e o o s sl s s s i s e e e el s s =40
Brake thermal efficiencyé at2000Frpm; percentit; ate ol i @ G e ehe s e e =29
WORKAORATSHRE Varlel o Lol s 10 o telle el s ol eiie pat ror o UL L . Hydrogen
Working-gas massP, G5 el ol sl s e e s el el e el e e el etre) et a <100
NombBerR ot CYINAErs: v e ol o o s o & e ol et e e e e 4 (square 4 arrangement)
Displiacenenty, UTEErS: o « o o & o s 600 & # & s @ s fe) s e el ieniat et fe g 0.38
BonresiMiNis s & re s o o 6he @ ot olis w wle s O ) | O I O e O OO e ot 55
SR A U s e o s o5 ol 8 ha i ol ol B ol o e ol ot O GO o O G 40
DRV e IR I o e FeT BRI N BT ek o e h e s Dual crank, crankshafts
geared to driveshaft

MethodSof power 'CONtroll o lalie 5 o o sl o) ier sl ol 'el ioi ik sitte Mean cycle pressure
modulation (15 MPa, max)

FUEIL S 5 o d o e o0 o o 6a G oo o oo G o Unleaded regular gasoline
or diesel fuel

RN genofa A r=fUeIAratiose el o e Bl etleih e o e 15 to 25
AR D G s oG G 0 O 00 G 0o 08D orol G Bl o a Involute tubular
Numberfoft ub el ibat it e e Fel el e sibal iaiie) <t o ol o TR S 72

Number of tubes per quadrant. « « o o o o o o o s o o s s 5 s o o o« 18
Heater materials:

Uz oot So 6 6 g ol ool o G D oG GGG DS Multimet N-155
Cylinder and regenerator housings . . . « « « « . . Haynes Stellite HS-31
RreheaEer S EYpelal sl sl s o = e 6l s s w0 a] s St %) el witelies fel eiien e Recuperative
Preheater materiall v o s o o o & o s % o we s e 310 Stainless-steel sheet
Number of regenerator-coolers
pentengine CYIiMaer o o alel a o & ol o o ul e s s e e st el el el e el 2
Regenerator Materdal « « = < « © o o o s ¢ s o 5 6 5 o 304 Stainless-steel
wire mesh gauze
Piston) rod seal LYPe « & = = o © @ e e e s ww Sliding (pumping Leningrader)
Piston rod seal and piston
FANG MATErial o ol v o o o o o s o o o o o o e o e Rulon LD (filled PTFE)

dMean cycle pressure, 15 MPa; heater temperature, 720° C; cooler tempera-
ture, 50° C.

bInc]uding gas in storage bottle.

CControlled by Bosch K-Jetronic continuous fuel injection system.

TABLE II. - INSTRUMENTATION SUPPLIED WITH TEST ENGINE
AND NASA SYMBOL

Heater tube wall temperature - 8 control thermocouples . . . . . . . THTMAX

Heater tube wall temperature - 16 data thermocouples . . . . . . . THTO01-16
Exhaust gas temperature entering preheater - 4 thermocouples . . . .  USSPHT
AT ERROLEIERDOS AT LONGE to s (51hs sl & is| ‘e (sl (s o (sl @t o en el el el ef ki e leie ATPOS
Engine cooling water outlet temperature. . . . . . . . . ¢ . o ¢« . . USSWT
Engine 0i1 outlet temperatures « « < o o o s o o o o o o & «'c o = o TOILRT
EninesspaediieNe il e HRE e e ol an el el el T e e e RPMUSS
Accelerator level/desired engine pressure. .« « « « « « « « « o « « ACCLEV
MaXITMUMICYCTE PTESSUTE 'ot o s s s = o 5 = 's ‘o s %s ‘s io <o ‘o s ‘f fatie Vo To io Uss28
Pressure before hydrogen COMPreSSOr. « o« o o s o o o o s s o s o o o o USS42
Pressure after hydrogen COMPreSSOr o o o o o o o o o o o oo o o v o o USS43
Hydrogen storage tank pressure . . . . ¢ ¢ ¢ ¢« 4 ¢ v 4 o e 4 e e e .. UsS17

Power control servovalve position. . . « ¢ v ¢ ¢ ¢ ¢ ¢ ¢ ¢ 4 o o o . PCVPOS




TABLE III. - INSTRUMENTATION INSTALLED ON TEST ENGINE NUMBER 1
NEEDED FOR BOM EVALUATION

(a) Temperature-sensing instruments

NASA Measurement description Sensor Recording | Full-scale
symbol range, instrument
accuracy,
C
TAIRIN | Combustion air temperature | Chromel-constantan 139 +1.2
at flowmeter thermocouple
TWPO1 Preheater outside surface Chrome1-Alumel 1034 +4.0
wall temperature thermocouple
TWPO2
TWPO3
TWPO4
TWPO5
TWPO6
TWPO7
TWPOS8
TWPOY Y
TWPSP Preheater wall tempera-
ture at ignitor
TWPBP Preheater wall tempera- }
ture at base plate ) Y \
TEXHR Preheater exhaust tempera- | Chromel-constantan 338 £1.4
ture from right outlet thermocouple
TEXHL Preheater exhaust tempera- | Chromel-constantan 338 +1.4
ture from left outlet thermocouple
THTMAX | Maximum control heater- Chromel-Alumel 1000 —
tube wall temperature thermocouple
TCWIN Engine cooling water in- Chromel-constantan 139 it
let temperature thermocouple
TOILIN | Engine 0il inlet tempera- Chromel-constantan 139 o
ture thermocouple
TOILRT | Engine o0il outlet temper- Resistance temper- 100 ——
ature ature detector
(b) Pressure-sensing instruments
NASA Measurement description Sensor Recording | Full-scale
symbol range instrument
accuracy
PAIRIN | Combustion air pressure Strain-gage pres- 12.6 kPa | £0.11 kPa
at flowmeter sure transducer
PNOAIR | Atomizing air pressure 115 kPa +.49 kPa
at fuel nozzle
PMEAN1 | Mean compression-space 23.1 MPa +.,10 MPa
pressure - cycle 1
PMEAN2 | Mean compression-space 23.2 MPa +.10 MPa
pressure — cycle 2
PMEAN3 | Mean compression-space 21.4 MPa +,09 MPa
pressure - cycle 3
PMEAN4 | Mean compression-space 23.2 MPa £,10 MPa
pressure — cycle 4
POIL Engine oil pressure Y 766 kPa 3.3 kPa




TABLE III. - Concluded.

(c) Miscellaneous sensors

NASA Measurement description Sensor Recording Full-scale instrument

symbo1l range accuracy

FFLO Fuel mass flow rate Flotron mass flowmeter 6.3 g/s +0.03 g/s

NAFLO |Atomizing air mass Hastings mass flowmeter 2.2 g/s +0.02 g/s
flow rate

CAFLO | Combustion air flow Turbine flowmeter 83.7 liter/s +0.9 liter/s
rate

EGRFLW | Exhaust gas recircula- Vortex shedding flow 94.4 liter/s +0.9 liter/s
tion flow rate meter

PCVPOS | Power control valve Potentiometer +100%
position

TORQUE | Engine torque from Strain-gage load 203 N-m +2 N-m
dynamometer cell

RPM1 Engine speed Magnetic speed 4200 rpm +10 rpm

pickup

RPM2 Engine speed from Magnetic speed 7500 rpm 19 rpm
dynamometer pickup

RPMUSS | Engine speed Magnetic speed 5000 rpm

pickup

VX1 Engine horizontal Accelerometer 38 mm/s +2 mm/s
vibration

VYl Engine vertical Accelerometer 38 mm/s +2 mm/s
vibration

HUMID | Test cell relative Impedance type 100% +5%
humidity

RPMBLO | Combustion air blower Magnetic speed 8000 rpm +20 rpm
speed pickup

ATPOS | Air throttle position Potentiometer 100%

EGRMRK | EGR solenoid valve Switch Open/closed
position

STANO | Emission sampling Selector switch 1-5
station number

CORNG | Carbon monoxide ana- Selector switch 100, 500, 2500 ppm
lyzer range

COSIG | Carbon monoxide analyzer| Nondispersive in- 100, 500, 2500 ppm +5, +25, £125 ppm
signal frared detector

CO2RNG | Carbon dioxide analyzer | Selector switch 5, 10, 20%
range

C02SIG | Carbon dioxide analyzer | Nondispersive in- 5, 10, 20% +0.25, 0.5, *1%
signal frared detector

NOXRNG | Nitrogen oxide analyzer | Selector switch 1 - 10 000 ppm
range

NOXSIG | Nitrogen oxide analyzer | Chemiluminescence 1 - 10 000 ppm +0.05 - £500 ppm
signal detector

HCMRNG | Hydrocarbon analyzer Selector switch 0.2, 1.0, 10.0
range multiplier

HCRNG | Hydrocarbon analyzer Selector switch 5 - 10 000 ppm
range

HCSIG | Hydrocarbon analyzer Flame ionization 5 - 10 000 ppm +0.25 - £500 ppm
signal detector

02RNG | Oxygen analyzer range Selector switch 15 6, 10;. 25%

02SIG | Oxygen analyzer signal Paramagnetic detector 1. 5500, 25% +0.05, :o.zgi

0.5, +1.2




TABLE IV.

- ENGINE TEST POINTS

Engine speed, rpm

1000 1500 2000 2500 3000 3500 4000
Mean cycle pressure, MPa

5 = “ — 5 a5 5

10 - 10 b10 10 ~— 10

= 15 15 b15 15 ~— 15

dReduced engine power with helium precluded operation above

3500 rpm.

bExtra points added to tests performed after 100 hr of engine
operation.

TABLE V. - RANGE OF EMISSION INDEXES

Emission Diesel no. 2 Indolene
Emission index, g/kg fuel
co 1.7 - 6.6 L7 = "13.6
NOy 1.5 ~ 6.0 1.6 - 5.0
HC <0.56 <0.028




TABLE VI. - COMPARISON OF MAXIMUM RATED BRAKE SPECIFIC EMISSION RATES

Emission Test engine Philips Heavy-duty Range of
With helium With hydrogen 1-98 Stirling current

and diesel and Indolene with helium engine diesel

fuel and diesel with helium mine
fueld and diesel engines®

fuel
(estimated)b

Ratio of peak emission

rate to rated power, g/kW-hr (g/hp-hr)

CO, 1580 1298 1233 955 683-804
(1179) (969) (920) (713) (510-600)
co 2.34 5.60 1.74 1.41 0.8-3.6
(1.74) (4.18) (1.3) (1.05) (0.6-2.7)
NO, 1.71 2.162 1.47 1.03 2.1-6.4
(1.28) (1.61) (1.10) (0.774) ( .6-4.8)
HC 0.053 0.0078 0.04 0.032 0.04-0.23
(0.040) (0.0058) (0.03) (0.024) (0.03-0.17)

aValues are from (8).
bcalculated from data in (6).
CData from R. W. Freedman, Bureau of Mines.

TABLE VII. - ESTIMATED MSHA VENTILATION REQUIREMENT FOR VEHICLES USED IN UNDERGROUND MINES

The following MSHA ventilation requirements are used for dilution to half the 8-hr TLV:
-min), 0.2812 m3 air-hr/qg CO-min (9.929 ft3 air-hr/g CO-min), and 0.68518 m3 air-hr/g N

(0.126 ft3 air-hr/g CO
(24.197 £t3 air-hr/g N

sx-mIn) ]

0.00356 m3 a\r—hrlg o

%-mm
x-min

Engine Specific ventilation requirement Concentration relative to threshold
limit value if ventilated for
Carbon dioxide Carbon monoxide Oxides of nitrogen worst emittant, percent
m3 /KW-min ft3lhp—min m3/kW-min ft3/hp-min m3/kW-min ft3lhp—min Carbon dioxide | Carbon monoxide | Oxides of
nitrogen

P40 with 5.62 149 0.658 73 1.17 31.0 50 5.8 10.4
helium and
diesel fuel
Heavy-duty 3.40 89.8 0.396 10.4 0.706 18.7 50 5.8 10.4
Stirling engine
with helium and
diesel fuel
(estimated)
Philips 1-98 4.39 116 0.489 12.9 1.01 26.6 50 5.6 11.5
Range of 2.43-2.86 | 64.3-75.6 | 0.225-1.01| 5.96-26.8| 1.44-4.38 | 38.7-116 27.6 - 50 2.6 - 17.6 | 25.4 - 50
current
diesel mine
engines




TABLE VIII. - FAILURE HISTORY LIST

Failure Failure Cumulative Time since Type of Description

date run time, last failure, failure

hr hr

1 4/17/79 0 0 Electrical Bus bar in control panel broke
2 4/23/79 7 7 Check valve Parts failed
3 4/24/79 7 7 Electrical Wire broke on valve (due to check valve failure)
4 4/26/79 Fal = | Check valve Parts failed
5 4/26/79 sl .1 Electrical Control shut down on start (cause unknown)
6 6/ 1/79 73 (a) Check valve Parts failed
7 6/ 6/79 14.35 7.25 Mechanical Bolt broke on flywheel (due to check valve failure)
8 6/12/79 16.0 1.65 0-ring Part improperly machined
9 6/18/79 18.0 2 Valve System contaminated (due to check valve failure)
10 6/19/79 18.1 ol Valve Relief valve set point changed
11 6/19/79 23e1 5 Check valve Part failed
12 6/21/79 29.3 6.2 Valve Relief valve contaminated with check valve parts
13 6/26/79 34.0 4.7 Check valve Part failed
14 6/27/79 34.0 4.7 Check valve Part failed
15 6/28/79 35.0 1.0 Mechanical Shaft coupling failed (due to check valve failure)
16 7/23/79 48 13 Electrical Spark plug connector melted by seal leak
17 7(21/79 42 7 Valve Valve leaked (due to check valve failure)
18 8/ 1/79 43 1 Mechanical Blower drive belt loose
19 11/30/79 53 10 O-ring Fuel nozzle seal split
20 11/30/79 531 o | Check valve Soft solder contaminated system
21 12/ 6/79 56 2.9 Mechanical Auxiliaries shaft freewheel failed
22 12/ 7179 56 2.9 O-ring Heater head seal improperly designed
23 2/29/80 78.4 16.9 0-ring Nozzle seal hardened (possibly from low airflow)
24 3/18/80 90.8 12.4 Mechanical Nozzle air pump vanes failed
25 2/ 5/80 61.5 5ed Rod seal Seal leaked due to improper alignment
26 3/27/80 93.4 10.8 Mechanical Transducer fitting broke
27 3/ 6/80 82.6 4.2 Mechanical Heater head 1 tube braze cracked
28 Before ? ? Electronic EGR flow sensor failed

4/29/80
29 7/30/80 110 27.4 Valve Relief valve set point changed
30 8/ 5/80 112.2 242 Mechanical Fuel nozzle parts misaligned
31 8/11/80 117.4 B2 Mechanical Air throttle potentiometer loose on shaft
32 8/12/80 112 1.6 Valve Nozzle air relief valve stuck open
33 8/19/80 126 7 Valve EGR valve spring tension incorrect
34 8/22/80 137 El Valve EGR valve solenoid shorted
35 11/ 7/80 158.8 21.8 Mechanical Fuel nozzle parts misaligned
36 11/18/80 166.0 8.8 Instrument tube cracked
37 12/ 9/80 191.6 25.6 Heater head 1 tube braze cracked above repair
38 3/19/81 238.6 47 Heater head 1 tube braze cracked in new place
39 3/19/81 238.6 47 Heater head 2 tube braze cracked
40 3/19/81 238.6 47 Heater head 3 tube braze cracked
41 3/19/81 238.6 47 Instrument tube cracked
42 7/15/81 239.5 9 Repaired crack in instrument tube failed
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Figure 2. - Square arrangement of cylinders in double-

acting Stirling engine.

1-2 Compression
Work is supplied by compressing the
working gas on the cold side; the gas is
cooled at low pressure,

2-3 Displacement
The gas is moved from the cold to the hot
side at constant volume. The regenerator
gives off stored heat. Pressure increases.

3-4 Expansion
Work is performed when the working gas
expands on the hot side while it is heated
at high pressure,

4-1 Displacement
The gas moves from the hot to the cold
side at constant volume. Heat is stored in
the regenerator. Pressure declines.

(a)

(b) N

,rRegenerator

5

(c)

(a) Phases of the Stirling cycle.
(b) Theoretical pressure-volume curve.
(c) Actual pressure-volume curve.

Figure 3. - The Stirling cycle.
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Figure 4. - Schematic of Stirling engine (typical of the 4-95 (P-40) and 4-275 (P-75) engines.
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Figure 15. - Piston rod seal.
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Figure 16. - Piston rod, crosshead, and connecting rod assemblies.
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Figure 17. -Electronic control system.
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Figure 18. - Schematic of temperature and air-fuel control system.
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Figure 19. - Cross section of exhaust gas recirculation valve.
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Figure 20. - Schematic of power control system.
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speed.
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Figure 22. - Stirling test engine instalied in NASA test cell.
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