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PREFACE

The work described in this report was iniliated in response to a solicitation
from the U.S. Army Natick Research, Development and Engineering Center for an
engine to power a microclimate cooling system for the individual soldier.

The project was a feasibility demnonstration carried out between July 1981
and January 1992. It included the selection, conversion, and testing of a miniature
engine operating on diesel-type fuels.

The Project Officer for U.S. Army Natick was Mr. Scott Bennett of the Special
Projects Section.

T VT e P
DTIC CTALTTY Dirrogrep 3

Acgession For

NTIS GRARI W_
O
g

DTIC TAB
Unannosunced
Justi¥ieatien |

By
| Distribution/
A'Ja:;at?ility Coces
[Aveil endsor
Diss | Scecinl

.




- —_—

A NOVEL DIESEL-FUELED ENGINE FOR MICROCLIMATE
COOLING FOR THE INDIVIDUAL SOLDIER

INTRODUCTION AND SUMMARY OF RESULTS
1.1 BACHKGROUND

There are combat situations that require soidiers to perform their mission
while operating in elevated amblent temperature conditions and wearing a
chemical-protective garment. To eliminate heat stress under these conditions,
microclimate cooling equipment Is essential

The cooling specifications for the microclimate cooling system for the
indfvidual soldier are that it produce 300 watts of cooling at a supply temperature
that is 40°F below ambient in an ambient temperature of 100°F. Since the system
must be carried on the soldier's back under combat conditions, it must be
Ughtweight, reliable, durable, quiet, and easy to start. The target weight, including
fuel and/or batteries {or a six-hour mission, ts 10 pounds. For logistical reasons,
the fuel must meet the military single-fuel specification, which is essentially diesel
fuel (JP-8).

The microctimate cooling system for an individual soldier has three essential
elements:

1. A cooling vest wom by the soldler.

2. A cooling system that provides a chilled stream of water or air to the
cooling vest wom by the soldier.

3. An engine to drive the cooling system and any ancillary equipment such
as fans and pumps.

This report is concerned with establishing the feasibility of using a small,
high-speed two-stroke cycle diesel as the engine for the microclimate cooling
system.

For this application, the engine mus< produce only 1/2 hp at 4000 rpm. As
a result, the ergine is much smaller than any commercially available high-speed
two-stroke cycle diesel engine. The commercially available "diesel engines” sold to
model enthustasts are compression-ignition engines operating on glow plug fuel
which has been doped with ether. The small size of the engine, approximately
one-cubic-inch-displacement, and the requirement that it bum diesel fuel make it
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particularly difficult to design a combustion system and a fuel delivery system that
will produce reliable, efficient, and clean combustion for many hundreds of hours
with little or no mainterance.

This report describes a novel concept for converting a small, high-speed two-
stroke cycle gasoline engine to diesel fuel operation. The key to the concept is in
the Innovative cotnbustion system and fuel delivery system. The work described is
aimed at demonstrating the feasihility of the concept by conducting labaratory tests
9n an sxperimental engine specifically designed for this purpose.

1.2 TECHNICAL OBJECTIVES

The objective of the work described in this report is to establish the technical

feasibility of starting and operating a small, lightweight high-speed engine on diesel
fuel, with the potential to deltiver 0.5 brake horsepower at an output shaft speed of
4000 rpm and at a weight of less than 2 pounds.

The specific technical objectives are as follows:

¢ To determine Hf combustion can be initisted and sustained in an engine
of one-cubic-inch-displacemnernt at a speed of approximately 4,000 rpm.

¢ To determine if a commercially available minfature aircraft gasoline
engine can serve as a test bed for the development of such an engine,

and in modified form, as the ultmate power plant.

e To arrive at some preliminary evaluation of design parameters, such as
compression ratioc and combustion chamber geometry.

* To arrive at some preliminary evaluation of starting techniques and the
problem of lubrication.

1.3 SUMMARY OF RESULTS

The following was achleved in the six-mmonth program described in this
report.

* A comnmercially avatlable 1.09-cublc-inch-displacement minfature engine
was ldentifled for use in developmment of the concept.

+ The engine has proved rugged enough to be used for the development of
the combustion chamber and tnjection system,




L]

The modified engine operates as a purely campression-ignition engine
giving consistent cornbustion on pump-grade diesel fuel.

The modified engine, using pump diesel fuel, will start by hand cranking
from ambient temperature (70°F) without aids of any type. A mintmum
compression pressure of approximately 530 psi {s required for cold

starting.

The modified engine’s best performance was a brake specific fuel
consumption of 0.76 Ib/bhp-hr at 3700 rpm and 0.42 brake horsepower,






2. TECHNICAL AVFROACH
2.1 ENGINE SELECTIC Y

The first requirement v:as to select an appropriate engine to serve as a test
bed for the program. 717e required power level {0.5 bhp) and speed (4.000 rpm)
indicated a displacement of about 1 cubic inch if the engine was a two-stroke.
This means the choice is confined to miniature engines used primarily by modelers.

Since miniature model engines are avaflable in either two-stroke or four-
stroke configurations, this becomes an option in selecting a basic platform to work

from. We belleve the cholce of the two-stroke cycle was appropriate for the
following reasons:

¢ Higher compression temperatures due to inherent trapping of more hot
exhaust, which gives better combusticn.

» Better power density for meeting the weight goal,

* No [uel economy penaliy with timed fuel injection.

+ More flexibie cylinder head for accommaodatinrg a pre-chamber.

* Fewer parts, more likely to meet durabllity goal.

* Easler to lubricate, since the air charge enters through the crankcase
and can carry and disperse a small amount of lubricant. Typlcal
4-stroke miniature engines are lubricated by fuel mixture which leaks

past the piston rings.

A search of miniature engine test reports and conversations with modelers
were conducted to [ind an appropriate engine. The primary criteria were:

* Robust design.
¢ Flat top piston to minimize problems in designing a new cylinder head.

* Separate head and Jacket so that the existing Jacket and liner could be
usad with the new cylinder head.



The engine sclected is an 0.S. model 108F-SR-BX1 with the following
characteristics: ‘

Bore - 1142 in.

Stroke - 1.063 in.

Displacement - 1.09 in.3

Weight - 26.5 oz (less muffler)

Scavenging - Reverse loop (Schnurrle} with crankcase
compression. Crankcase ported through rotary
valve in hollow crankshaft.

Cooilng - Air-cooled

Lubrication - Castor of} in fuel

Construction Details

f’istnn - Aluminum, flat top with une piston ring and full
floating steel wrist pin.
Liner - Removable, stecl.

Connecting Rod - Single plece aluminum with pressed-in bronze wrist
pin and crank pin bearings.

Wrist Pin Diamneter; 0.287 in.
Crank Pin Diameter: 0.316 in.

Crankshaft = Two rolling elemernit main bearings with over-hung
crankpin.

Cylinder Head -~ Cast aluminum, eight head bolts.

The wrist pin and crank pin bearings are small for operation as a diesel
engine. If one were to increase their size to bring them up to full size diesel engine
proportions, the wrist pin and crankpin for this engine would be approximately
0.35 in. and 0.65 in. in diameter, respectively.

Despite the small bce;rmgs. it was felt that the engine was strong enough to
serve as a developmental test bed for demonstrating the objectives of the program,
There was still the option of substituting a needle bearing for the bronze crankpin

bearing, if necessary.



2.2 COMBUSTION SYSTEM DESIGN
2.2.1 Introduction

Compression temperature, engine speed, engine size, and fuel atomization
all interact to determine ignition delay and combustion duration in a reciprocating
diesel engine. In order to achieve the required temperature and fuel/air mixng in
a very small high-speed engine, we have used a thermally insulated pre-chamber
to heat a portion of the charge to the required level. Fuel s introduced into the
pre-chamber by a method described later in this chapter.

At the beginning of compression, the pre-chamber contains mainly restdual
gas from the previous cycle. As compression proceeds and fresh air is pushed into
the pre-chamber, heat is transferred to the incoming charge from the throat and
chamber walls of the pre-chamber, raising the air's temperature to higher levels
than the adiabatic compression temperature. Further compression results in the
charge in the pre-chamber being compressed {rom ever higher temperature levels,
resulting in compression temperatures much higher than wou.d be achievable in
an open chamber engine of the same compression ratio.

The question of the optimum compression ratio for an engine of the size
under discussion here would have to be determined experimentally and would
probably Involve a compromise between starting requirements and steady-state
running requirements, That there is a real optimum, as opposed to an asymptotic
optimum. Is fairly certain. In an engine of this size, the surface-area-to-volume
ratio effects will predominate at relatively low compression ratios as compared to
automotive- or Industrizl-size ¢ngines. Int addition, all of the standard clearances,
piston to ¢ylinder head, volume above the top ring, etc., become proportionately
larger as engine size decreases, thuslimiting 1he percentage of combustion
chamber volume that can be placed tn the pre-chamber.

The percentage of combustion chamber volume in the pre-chamber and
above the piston would also have {o be opiltnized experimentally once a detailed
design study of a specific engine configuration has shown the practical limits.
Neither issue, optimum compression ratio or relative volumne between pre-chamber
and main chamber, is resolvable within the scope of the program described here,
which is basically a feasibility demonstration.

Another significant advantage of the pre-chamber approach is the mixing
afforded by the air motion, which reduces the demands on the fuel Injection
system. This ls amply demonstrated in larger engines where infection pressures
in pre-chamber engines typically are in the 3,000 psi range even at speeds up to
5,000 rpm, while injection pressures in open chamber engines run between 15,000
and 20,000 psi at speeds of only 2,000 rpm.

7



Introducing the fuel into *he pre-chamber is advantagcous in that some of
the fuel can get on the walls and still be burned due to the high wzall temperature
and high relattve alr velocity over the wall.

Virtually all of the successful high-speed diesel engines currently in
production use a divided combustion chamber. Our approach is the same, except
the problems pecullar to the relatively small size must be considered in scaling the
system dowri. Primary among these is insulating the pre-chamber well enough to
maintain wall temperatures {and compression temperatures) that are high enough
for short ignition delays.

2.2.2 Ansiytical Results

Asimple computer program was written to calculate pressure and
ternperature in the alr charge as a function of ¢crank angie during the compression
stroke, This was done In order to help in deciding on the compression ratio, the
division of volume between the main chamber and the pre-chamber, and the size
of the nozzle conmecting the main chamber and pre-chamber. The model includes
heat transfer effects between the engine cylinder wall and pre-chamber wall,
assuming a constant wall temperature. The model also includes a calculation of
the velocity of air through the nozzle entering the pre-chamber as a function of
crank angle.

Some sampie results are shown in Figures 1 through 4, all for 36C0 rpm
since that was ortginally the speed at which we planned to do all of the testing,
Figure 1 shows the temperature in the pre-chamber and main chamber asa
function of crank angle; cylinder pressure is also shown. The compression does not
begin until 100° before top dead center when the piston ring closes the exhaust
port. The temperature ol the residual gas in the pre-¢chamber is assumed to be
1,000°F, Varying this value has little effect on the temperature ttme history in the
pre-chamber. During the early part of the stroke, before the exhaust port closes,
no air is pumped into the pre-chamber, and the residual gas 1s heated by the
pre-chamber wall, which is assut:..d to be 1350°F. Once fresh charge begins to
enter the pre-chamber, the mass average temperature drops untfl the compression
temperature in the main chamber has risen significantly.

Figure 2 shows how the fresh alr and restdual gas iractions vary in the pre-
chamber for the case where the clearance volume is equally divided between the
pre-chamber and the main chamber. Figure 3 shows the actual mass distribution
between the pre-chamber and the main chamber.

Figure 4 shows the velocity of the gas entering the pre-chamberasa
function of crank angle for various diameter throats between the pre-chamber and
the main chamber. Here the tradeo{f is between atomization of the fuel in the
pre-chamber due to high alr velocities and pumping losses due to those velocities.

8
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Figures 1 through 4 are all for the selected compression ratio of 18 and a
50-percent distribution of the clearance volume. Varying these parameters in the
computer program showed, among other things, that the temperature-time history
in the pre-chamber is not a strong function of compressiorn ratio once the engine
{s running, hence the decision to use a relatively ow compression ratio for this type
of combustion system.

The splitinclearance volume between the main chamberand the
pre-chamber did not have a large influence on the temperature-time history tn the
pre-chamber, Varying the temperature of the pre-chamber wall from 1050°F to
1650°F increased the temperature at the end of compression of the gas in the
pre-chamber from 1220°F to 1320°F, but had a very significant effect on the
temperature-time history.

The final design parameters chosen for the proof-of-concept experiment are
as follows:

Compression Ratio (geometric) - 18

Relative Distribution of Clearance Volume - 50/50
Size of Pre-Chamber - 0.375 In, dlameter

Size of Throat - 0.11 in. dtameter

Piston to Head Clearance - 0.030in,

2.2.3 Cylinder Head Design

Figure 5 shows the experimental cylinder head designed to the above
specifications (roughly flve times size). The scope of the program dictated the use
of the existing liner and piston, The liner projects above the piston at top dead
center {as Figure 5 shows) and this fact, together with the existing head bolt
pattern, constrains the pre-chamber to be tnside the diameter of the engine bore.
This, in turn, means that the throat from the pre-chamber enters the main
chamber near the center of the bore. Hot, partially burned gas exiting the pre-
chamber will have a difficult time finding all of the air in the main chamber. Some
conslderation was given to using multipie throats between the main chamber and
the pre-chamber to attempt better mixing, but this wouid have tnterfered with the
swirl pattern and fuel-air mixing in the pre-chamber during compression.

A new cylinder head was machined from aknninum using a specially made
carbon tool to electricaily discharge machine {EDM) the cooling fin pattern,
A 0.010-in. alr gap was created between the cyltnder head and the pre-chamber
to reduce heat transferand maintain a high pre-chamber temperature,
The pre-cham:ber s pressed into the cylinder head from the combustion chamber
side as shown in Figure 5.

13
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The pre-chamber insert assembly ts made from 304 stainless steel and is
beamn welded together at the major diameter of the pre-chamber. Sample pleces
wrre made and sectioned to insure that the weld penetration was total. As shown
in Figure 5, a well was placed in the pre-chamber assembly so that a commercially
avallable automotive glow plug could be used to heat the pre-chamber. The glow
plug is supported by a simple bridge between two of the cylinder head studs and
was preloaded with a spring to maintain physical contact with the pre-chamber,
while not exerting excessive force on the assembly.

The Injector is also shown in Figure 5 and conststs of a simple ball check
valve and narrow (0.012 in. diameter) opening into the pre-chamber. The ball is
0.031 in. in diameter and {s made of tungsten carbide. The upper part of the
injector is made from a standard Na. 2-56 Allen head screw. The lower plece on
which the ball rests in the open position is made from 304 stainless steel.

Fuel enters the injector from a constant pressure source (0 to 100 psi) and
opens the ball valve whenever the gas pressure falls below the fuel pressure.
Timing of injection, therefore, 1s completely uncontrolled. The simplicity of this
device, copared to using a timed injector which would have to be designed, built,
and tested from scratch, was believed justified for establishing proof-of-concept.
If consistent ignition could not be obtained with the tnjector of Figure 5, we felt that
it probably could not be obtained with a more sophisticated device.

The overall compression ratio can be controlled by varying the thickness of
the annular cylinder head gasket and/or machining the annular recess in the
cylinder head (see Figure 5). The gaskets were made of soft copper.

2.2.4 Starting

The approach taken In starting the engine is to use a 3600-rpm induction
motor to crank the engtne. The pre-chamber is heated by the work of compression
and if desired, by the glow plug shown In Figure 5. This allows the engine to be
started eastly without using ether, so that the steady-state running characteristics
and starting can be examined independently.

It 1s also possible to hand crank the engine to investigate various techniques

for alded and unatded starting. No intermnal starting devices were included in the
experimental engine beyond the glow plug shown tn Figure 5.
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2.3 LUBRICATION AND COOLING

The O.S. engsne, like most minlature engines, is normally lubricated by
castor oil mixed with the fuel, which typically contains castor oil (20 percent).
methanol (75 percent}, and nitromethane {5 percent). The fuel is aspirated through
a carburetor where the atr/fuel ratio is controlled by a needle valve. The muixture
enters the crankcase where the heavier castor oil with its high boiling point is
deposited. while much of the remaining fuel is evaporated. The oil thus paovides
an oil film that lubricates the moving parts while the excess cil is thrown off as
droplets that find their way thiough the engine.

in these feasibility tests, we determined the approximate lube oil
requiremnent by measuring the total fuel low with the engine operating in s normal
mode. From this we calculated the required castor oil flow and calibrated 2 drip
tube to provide that flow rate to the crankcase in the normal manner using the
needle valve on the carburetor to regulate the flow rate. This proved to work weil
and aflowed us to operate without a lubrication problem during the feasibility tests.

Coaling is by forced air. A coomnercial electric fan is used to direct air at the
cylinder head.

2.4 TEST FACILITY

2.4.1 Oversll Arrangement

An overall view of the test facility is shown in Figure 6. The engine is
connected to a 3/4-hp electric induction motor. which i1 turn is connected to an
electric dynamometer. To the right of the dynarmometer is its load control and
power and speed read-out devices. The dynamometer is on loan from the U.S.
Army Natick RD&E Center and is a Magtrol Model HD-700-6.

Figure 7 shows 2 close-up of the engine and flywheel assembly and the
coupling between the flywheel and the induction motor, The flywheel inertia and
coupling stiffness were selected to keep the torsional natural frequency of the
engine vibrating against the load well below the minimum operating speed. The
fiywheel inertia is 0.0674 Ib-in.-sec? and the coupling stiffness is 974 in.-1b/rad.
The natural frequency is therefore somewhat below 1200 cycles per minute and the
forcing frequency s once per revolution.

The engine is mounted rigidly to an aluminum stand which is in turn bolted

rigidly to an aluminum base plate to which the motor and dynamometer are bolted.
All of this rigid mounting makes for a lot of noise transmission and amplification
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Figure 6.

Engine Test Facility
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Figure 7. Test Engine with Flywheel and Coupling
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bul was necessary in this test setup to maintain alignment. The entire engine-
motor-dynamorneter assembly, as shown {n Figure 6, was {solated from the bench
by stock rubber vibration isolators. Figure 7 also shows magnetic pickups which
sense timing marks placed in the fiywheel for the oscilluscope display of the
cylinder pressure trace.

2.4.2 Fuel System

The fvel system Is shown In Figure 8. The fuel reservoir is a standard
370-cc sample cylinder that s manually filled with fuel through the cap shown
adjacent to the pressure gauge. The reservoir is then pressurized by shop alr that
is Introduced through a regulator and filter. The fuel pressure could thereby be
varied from zero to 100 psi. Fuel flows from the reservoir through a filter, a shutelf
valve, and a sight needle valve before passing to the fuel control valve (Figure 7} and
Injector.

The sight needls valve, shown In detail in Figure 8, is used to measure the
fuel flow. It consists of a sight glass which traps an air bubble in the fuel Lae. By
counting the drops of fuel passing through the air bubblc in a unit of time, we
could calculate the flow to the engine. The sight needle ralve was o=librated by
remeving the cylinder head and allowing the fuel mjected to run into a graduated
cylinder. The fuel pressure was maintained at the same level as during an actual
run {typically 50 psig).

The scaleonthe reservoirsight glasscould also be used for fuel
consumption measurements when run duration was extended.

Two fuels were tested during the programe: a pump grade fuel and JP-8
supplied by the U.5. Armny Natick RD&E Center. The specific gravity of the fuels
tested is as follows:

Pump "Red Diesel” No. 2 -« 0.86
JP.-8 ~ 0.78

A military standard diese! furel (DF-2) was supplied by the U.S. Army Natick
RD&E Center, but was not tested: its specinc gravity is 0.86.

2.4.3 Lubrication System

As already mentioned, lubrication of the engine was by aspiration of castor
oil through the needle valve in the engine's carburetor. The castor oil was fed to the
engine by gravity from the plastic reservoir shown In Figure 8, Flow rate wus
determined by counting drops through a sight glass as just described for the fuel
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flow. As already discussed, we delermined the lube oll flow by running the engine
as a conventional glow plug engine and cakulating the castor ofl portion of the total
fuel flow raie. The casicr ol flow rate was also ratioed down with rpm since the
tests were performed at 13,000 rpm (using a calibrated propeller). This flow rate
proved 10 be a problem in that castor oil would enter the pre-chamber and clog the
injector passage and ball. The castor ofl flow rate was then reduced. The rate used
for all the tests reported here was approximately 0.022 Ib/hr. The fuel flow rate In
the tests reported here varies from 0.22 to 0.47 Ib/hr.

The specific gravity of the casior ol! used in these tests is 0.96.

2.4.4 Instrumentation

Engine torque and speed were measured with the Magtrol dynamometer,
which was provided with a calibrating torque arm to which known weights wer=
added. 1t should be noied here that the electric motor between the engine 2nd
dynamometer, although swiiched off, still has an undetermined amount of frictir.1
and windage losses. This means thal all of the horsepower and specific {1
consumption readings are somewhat low and high, respectively.

Fuel flow measurement is discussed above in the description of the fiiel
sysiem.

The engine is equipped with a model 609 Kistler pressure transducer which
was mounted in the cylinder head with the sensing element flush with the main
chamber (no! shown in Figure 5 for reasons of clarity).

Thermoceuples are mounied on the cylinder barrel and cylinder head. A
single thermnocouple is mounied In a small dlamelier hole paralle] 10 the glow plug
well In the pre-chamber assembly. 1 is at the same depth as the glow plug. This
thermocouple ts the most tmportant in that it ts used to define the pre-chamber
t=mperature at which ignition is effected. The external thermocouples are located
on the cylinder head al the base of a fin at the outside edge and at the base of the
top, middle, and boitom fins of the cylinder barre!. All were on the side of the
engine facing the blower (see Figure 7).

The glow plug used was a GM aulomotive-type AC12G. 11 was powered by
a variable-voltage power supply and had a maximura power consumption of ubout
80 watts when !n contact with the pre-chamber. Bench tests were performed with
a simulated pre-chamber to determine how long the glow plug could be left on at
12 volts before it would fail. This furned out tobe over 5 minutes. Since the
pre-ciiamber needs to be heaied to only 320°F to effect a start and the glow plug
could do this In about half aminute, glow plug life 1s not a problem even at
maximurn voliage.
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3. TES. RESULTS
3.1 ENGINE PERFORMANCE

The engine configuration of Figure 5 was operated at three compresston
ratios and with two fuels. Initial runs were tntended to debug the engine and test
facility. Few diMlculties were encountered. The two most tmportant were:

¢ The quantity of castor oil fed to the crankcase was inttially too high and

.tended to clog the inJector and interfere with fuel atomization as

discussed in Section 2.4.3. The quantity was reduced, and this problem
disappeared.

*  When the glow plug was used to start the engine, there was a tendency
for the 0.012-inch-diameter infector passage to become plugged with
carbon. A very thin cylindrical annulus was machined around the
injector which thermally tsolated it from the remainderof the
pre-chamber in the radial direction. This modification was made with
a specially constructed EDM tool No further carboning of the passage,
due to glow plug heat, was encountered.

The engine was started by cranking with tlic electric motor at 3660 rpm.
Cranking forabout one minute at that speed would get the pre-chamber
temperature to about 320°F at whizh time the engine would begin to fire and
become se!f-sustaining. Starting could be accelerated by supplemnting the
pre-chamber heat flux due to compression with heat from the glow plug. Because
the glow plug offered only a minimal advantage in starting time, it was seldom used
to eflect a start.

During cranking, the engine would produce quantities of white stnoke aimost
as soon as the fuel was switched on. but no significant rise in combustion pressure
{or pressure spikes on the expansion stroke) was observed until the pre-chamber
temperature reached 320°F.

Figure 9 shows a typical pressure-time trace taken under firing conditions.
The following summarizes the combustion characteristics of the engtne.

¢ Combustion Is very rapid, with peak pressure occurring near or even
before top dead center.

* Combustion s retarded as the fuel flow rate is increased.
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SPEED 3980 RPM
LOAD . 18.0 PSI, BMEP
COMPRESSION RATIO 17 TO 1

100 PSI
v

Figure 9. Cylinder Pressure vs. Time
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s After the initial rapid burning near top dead center, crtnbustion appears
to be dominated by the ability of unburned and partially burned fuel to
find air in the main chamber.

It is clear that the combustion characteristics are dominated by the
uncontrolled nature of the fuel injeciion system. All of the fuel is presumably
present in the pre-chamber before the compression stroke begins. The tendency
for combustion to advance and retard with fuel quantity is due to the cooling effect
of the fuel on the overall charge. The more fuel, the longer the ignition delay and
the later peak pressure occurs with respect to top dead center. The output of the
engine was typically fuel-Umited at constant speed. There was always some fuel
quantity beyond which the engine would cease to fire. Figure 10 is a pressure time
trace taken fairly near this limiting fuel quantity. Note that combustion is later
than that shown in Figure 9, but peak pressure is occurring at less than 10 degrees
after top dead center, which means it is still sormewhat advanced for optimum
effictency.

Figure 11 shows the brake spectfic fuel consumption vs. brake mean-
effective pressure for the test engine for the range of speeds and three compression
ratios tested in this program. The brake mean-effective pressure can be converted
to horsepower by the following equation:

bhp = bmep x rpm x displacement /396,000

Thus, 45 pst brake mean-effective pressure corresponds to 0.5 brake horsepower
at 4,000 rpm for a 1.09 In.? two-stroke engine.

The trend io lower brake speciik fuel consumption with higher brake mean-
effective pressure is due to two factors - the tendency for combustion to retard
slightly to give peak firing pressures closer to the optimum crank angle, as
discussed above, and the higher mechanical efficiencles as the Joad is Increased at
constant speeds. 1t should be noted that the horsepower (brake mean-effective
pressure) and brake specific fuel consumption numbers are low and high,
respeciively, due to the unaccountcd-for windage and friction losses in the
induction motor between the engine and dynamometer,

Figure 11 shows two data points taken with the compression ratio set at
22 to 1. The engine was erratic in behavior at this condition and would not develop
much more than the 21 pst brake mean-eflective pressure shown. The reason for
this is not understood. It should be noted that the distribution in volumne between
the pre-chamber and the matn chamber is 60/40 at 22 to 1 vs. 50/50 at 18 to 1.
1t seems unlikely, however, that the comrbustion characteristics should be that
strongly influenced by that rather marginal change.
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SPEED 3940 RPM
LOAD 40.0 PS), BMEP
COMPRESSIONRATIO 17TO 1

100, PSI
v

T.D.C.

Figure 10. Cylinder Pressure vs. Time
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Figure 12 shows the peak firing pressure vs. brake mean-effecttve pressure
for the same runs as Figure 11. The general trend to lower firing pressures with
brake mean-effective pressure is due to the tendency for combustion timing to vary
with load as already discussed.

Figure 13 shows the pre-chamber temperature (asraeasured bya
thermocouple buried in the pre-chamber housing about 0.050 in. from the inner
surface of the pre-chamber) for th2 runs of Figure 11. Again, the tendency for the
pre-chamber temperature to drop with increasing load is probably due to retarding
combustion timing as fuel flow is increased.

Figures 11 through 13 show that higher engine speed causes the
pre-chamber to run hotter and the ignition to occur earlier, which results in higher
firtng pressure and higher brake specific fuel consurnption.

None of the data shown In Figures 11 through 13 were taken with the glow
plug in place. Once the engine was nmning, switching the glow plug on and off had
no observable effect on combustion. Apparently, its contributton to the total heat
flux in and out of the pre-chamber assembly was nat significant. Presumably, the
glow plug could only help overcome the tendency to stop firing at higher fuel flows
since otherwise it would aid in advancing an already too-advanced combustion
system. ' '

Figure 14 shows the temperature of the engine at various locations at the
base of the cooling fins (as well as the pre-chamber) as a function of brake mean-

effective pressure for one of the conditions of Figure 11. Note that component

temperatures follow the generat shape of the pre-chamber temperature, but lag it
somewhat. This again Is due to a conbination of ad change and combustion

timing.

Figure 15 shows how combustion timing, as measured by the crank angle
at which peak cylinder pressure occurs, varies with speed. The higher brake
specific fuel consumption of the 4100-rpm runs is most likely due to the relatively
advanced crank angle at which peak pressure occurs.

Figures 16 and 17 show the calculated =quivalence ratios in the
pre-chamnber and the main chamber at top dead center for the runs of Figure 11.
The equivalence ratio is calculated by using the actual fuel flow, and the air flow
is calculated by using the program described in Section 2.2.2 since the actual
scavenging ratio and efficiency are not known for this engme as a function of speed.
These curves indicate that the mixture becomnes fuel-rich in the pre-chamber at
very light loads, while the overall ratio was less than one for all the runs. These
curves probably explain the rather flat combustion characteristic after the tnittal
rapid pressure rise as fuel exits the prechamber and finds air in the main chamber.
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Figures 18 through 20, which compare the pump diesel fuel (red diescl) and
JP-8, showsimllarresults., Theenginebeganto fire at about the same
pre-chamber temperature (320°F) with JP-8 as with the pump diesel when cranked
at 3600 rpm. As Figure 18 indicates, the JP-8 seemed to give more advanced
combustion at 28 psl brake mean-effective pressure, and this may explain the
higher brake specific fuel consumption. Otherwise the two fuels seemed to perform
equally well.

Throughout the testing, the exhaust was observed to be very similar to
conventional diesel engines. The white stnoke when the engine was cold had the
same acrid odor. Warmed up and under load. the exhaust was a very light grey at
light loads and became darker as load was increased. The engine never produced
any black smoke. Under load, the exhaust had the same characteristic aldehyde
odor as larger engines.

The exhaust produced quantities of castor ol from the lube system which
was black with carbon. Ther was no evidence of any significant quantities of liquid
diesel fuel in the exhaust.

3.2 STARTING

The way in which the engine was started when measuring performance with
the dynamometer has been described; essentlally the engine was motored at
3600 rpm unti! the pre-chamber was hot enough to eflect ignition. This section of
the report describes our activities (i manually starting the engine.

A recoil-type hand-cranking device was obtained from the U.S. Army Natick
R.D&E Center and modified to fit the shaft at the free end of the motor where the
dynamometer is normally connected (see Figure 6). The cranidng mechanism was
attached to the free end of the start!ng motor in place of the dynamometer, as
shown {n Figure 21. Cranking tests were performed with the compression ratio set
at its {nitial value of 18 to 1. With the engine ¢clean {all deposits removed and the
prechamber cleaned in an ultrasonic device), the compression pressure was
410 pst. The engine would not start without the glow plug and the prechamber had
10 be heated to 450°F before the engine would fire. After allowing the engine to Idle
‘or a few minutes, It was shut dcan. It was then repeatedly restarted without the
olrw plug as it cooled off, and the rngine was restarted manually down to ambient
t=1aperature.

After these (nitial runs, the engine would start consistently from cold with
a few pulls and without the glow plug. The compression pressure had increased
to 530 psi, presumably from the effect of deposits, The predicted compression
pressure at 18 to 1 Is 480 ps! [see Figure 1).
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Figure 21.

Test Facility Showing Hand-Cranking Device
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When started by hand, the engine idles at 1200 = rpm but {3 extremely
sensttive to fuel flow. Any increase or decrease in fuel flow will cause the engine to
stall, Combustion is obviously very poor as evidenced by excessive grey-black
smoke. If the speed is increased to 360 rpm with the motor, the engine will ruu
as before but the engine cannot boot-strap itself to that speed. This behavior is due
o poor atomization and could presumably be overcame by reducing the throat size
between the main chamber and the pre-chamber to inerease afr velocity. This
would aggravate the tendency we already have observed for the engine te advance
itself at higher speeds. - :

When idling at 3600 rpm, the engine speed can be decreassd to about
1800 rpui and it will 1eacceierate. Beiow 1800 rpm, the engine stmply drops to
* 1200 rpm and will not reaccelerate. It is clear that this phenomenon is related
to the simple untimed fuel Injection system, which will be one of the main
deve=lopmental ttems in the next step of the program.

The compression ratio was raised to 22 to 1 to determine its effect on
starting and performance. This compression ratio was selected because the
analysis program indlcated it would give the 530-ps{ compression pressure that
had already resulted in consistently unaided hand starting. Unfortunately, the
performance runs were made prior to the starting tests. While the compression
pressure was about 530 psi with the engine clean, it had dropped considerably by
the end of the two runs shown int Figure 11. When the dynamometer was removed
and the hand-crank device was installed. the compression pressure had dropped
to around 400 psi and the engine would not start. The engine was torn down for
examination and found to have a scuffed piston with the piston ring stuck in its
groove.

Some {dling tests had been carried out at 22 to 1 and indicated the same
basic behavior as at 18; namely, the tendency of the engine to sit at one speed
{120C rpm) independent of fuel flow and to refuse to accelerate. 1t appeared not to
stall as readily when the fuel flow was increased beyond that required to idle.

3.3 ENGINE DURABILITY

The O.5. engine proved to be more than adequate as a test bed for the
feastbility tests that were the objective of this program. Approximately 12 hours of
firing operation were obtained on two engine assembiles.

The first engine failure occurred at slightly more than four hours of running

time. The mode of fallure was crank pin bearing seizure. Since the electric motor
was energized at the time, it continued to tumn the engine after the bearing selzed,
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and this did considerable damage to the connecting rod. Some damage was also
done to the keyway in the engine crankshaft. The damaged rod is shown with the
engine in Figure 22.

A second [aflure occurredinthe sscond englne afier 3 hoursand
50 minutes. This was the scuffed piston and itner referred to in the previous
section where a drop n conlpiession pressure was observed. The engine had been
disasseinbled and examined when the campression ratio was increased to 22, and
the piston and liner wer in good condition at that point. We lmow, therefore, that
the scuffing occurred during the one hour of tests at 22 to 1. Figures 12 and 13
{ndicate that firing pressure and pre-chamber temperature were relatively high
during thase runs as comparsd to all but the relattvely short run time at 4100 rpm
and 18 to 1 compressivn ratio,

Figure 23 shows the scufled piston, Both thrust (top photo} and anti-thrust
sides were scuffed and the piston ring was Jammed {n its groove. Apparently the
ptston overheated and began to seize in the bore. There was castor ol in the
crankcase when the engine was disassembled. It may be that cylinder head
temperatures in the 450°F range are excesstve for this engine. When work is
continued, some experiments with an instrumented engine operating as a
conveniional glow plug engine could be performed to determine what cylinder head
temperatures are typical for this engine and how much they can be increased
before the piston will scufl.

Another interesting phenomenon was observed with the piston, What
appeared to be a crack in the skirt in the {irst piston turmed out to be a corroded
area in the region bordering the unloaded and loaded areas of the skirt. This
"erack” appeared when carbon was cleaned [rom the area. This Is shown in
Figure 24 at 10x magnlfication. Apparently, the products of combustion that
collected in the unloaded area of the skirt corroded the piston over a period of days,
A simillar attack was seen in the unloaded areas of the wrist pin bores.

The only component of the engine known to be inadequate at this point is
the crankpin bearing. For further testing, a titanium connecting rod with a rolling
clement bearing could be utilized {these are commercially available). The
alternative of increasing the bearing size would require a crankcase modification.
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Figure 22. Failed Connecting Rod
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Thrust Side

Anti-Thrust Side

Figure 23,

Scuffed Piston Assembly
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Figure 24.

Corrosion Damage on Piston
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3.4 ENGINE WEIGHT AND NOISE

The stock 0.8. engine used In these tests weighs 26.5 ounces without the
muffler. The engine with modified cylinder head weighs 28.3 ounces. The mufiler
used in these tests weighs 8.6 ounces, giving a total weight less flywheeland
hand-cranking mechanism of 37.8 ounces, or almost 6 ounces heavier than the
stated goal of two pounds. The hand-cranking system used for these tests would
add about 8 ouncss to the weight of the engine. The flywheel used In these tests
was not iepresentative of what might be required in an actual system. That
flywheel's design characteristics would be determined by the compresser’s inertia,
the method of coupling, stc. :

The stock muffler does not provide adequate sound attenuation at the
speeds of these tests. When operated as a conventional glow plug engine at circa
13,000 rpm, the engine seems more quiet despite the much higher power output
(=3.5 bhp). At this polint, it is difficult to say whether a muffler designed for the
4,000 rpm condition would be heavier or lighter than the one used here,

What 1s important here is not only englne weight but also engine efficiency
since that nfluences the welight of fuel the soldier must carry for a specific mission.
The specific fuel consumption reported here (0.75 Ib/bhp-hr) is somewhat better
than the value (1.0 Ib/bhp-hr) used tn arriving at the two-pound engine welght
goal. A savings of 0.1 b of fuel per hour could allow an extra 9.6 ounces of engine
weight for a 6-hour miscion,

Other ways in which the engine weight might be reduced are as follows:

*» Use a smaller displacement engine at higher speed. If this involves a
speed change to the compressor then the weight of that system must be
added in. The encouraging results regarding combustion indicate higher
speeds are practical, particularly with a timed injection system.

¢ Substitute titanium for aluminum while using thinner sections. This is
not likely to save more than a few ounces.

¢ Eliminate the throttle valve in the carburetor since it is not necessary
(probably about 1 ournce),

¢ A design study would be required, but lquid cooﬁng might reduce the

overall weight provided the coolant and heat exchange area did not
exceed the savings in eliminating the fins.
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FEPCRI et S

4. CONCLUSIONS AND RECOMMENDATIONS
4.1 SUMMARY

Sections 1.2 and 1.3 provide a concise statement of the techrnical objectives
and results of this feastblity program. The program has shown that an insulated
pre-cha.nber type of reciprocating engine operating as a purely compression-
ignition engine will start by hand from ambient conditions without aids and run
efficiently at the required speed and load with good overall efficiency, despite a
rather crude fuel injection system.

The prograrmn has also shown that a cormmerncially available mindature engine
is suitable as a development tool for combustion system optimization and starting
and lubrication studies. The engine used here was only about 20 percent heavier
than the stated goal of two pounds.

The success with this concept to date weuld appear o justify further
development. The results presented here indicate the need for a timed fuel
injection system to achleve optimum combustion timing and the flexibility to
provide characteristics needed for starting and coming up to fullload. Once a
timed injection system has been developed. then the entire combustion system can
be optimized.

With an optimized combustion system in hand, the issues of lubrication,
cooling, noise, weight, and engine durability can be addressed. As the development
program progresses, the overall engtne characteristics will evolve. This requires a
“prototype” engine design to ensure that overall goals are kept on track.

The spectfic technical recommendations are outlined in the following
sections,

4.2 COMBUSYION SYSTEM REFINEMENT

4.2,1 Injection System Reflnement

The present injection system consists of a simple ball check valve and
0.012-in. orifice located adjacent to the pre-chamber as described 10 Section 2.2.3,
Fuel pressure s increased until the engine begins to fire, and the power level is
fine-tuned with a needle valve a short distance upstream of the check valve in the
fuel line. This system results in uncontrolled injection timing and poor fucl
atormnization, as discussed in Section 3. Its use here was to prove that compression

ignition of dliese] fuel can be established with an insulated prechamber for a small

high-speed engine,
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A preliminary design for a timed injection system is shown in Figure 25, In
this design, the injector plunger is actuated by the pision at 15 to 20 degrees before
top dead center where the piston velocity at 4,000 rpm is only a few feet per second.
The plunger would follow the piston motion through the action of a spring. On the
compression stroke, the piston would contact the plunger and move its ports past
the cut-off ports to the fuel supply system maintained at relatively low pressure.
The trapped fuel would then be pumgped through the delivery check valve located
at the plunger pump outlet to the orifice at the pre-chamber. Removing the check
valve to the pump side should be beneficial in reducing the tendency of the check
valve to carbon-up due to heat transfer from the hot pre-chamber.

As the plunger retracts, the delivery valve would close under spring and
differential pressure forces, and a partial vacuum would be produced above the
plunger, which would cause fuel from the supply port to flow in through the
clearanices. Somne fuel-flow control could probably be obtatned by varying the fuel
supply pressure, although precise fuel control over a range of flows is not
particularly important in this application.

The timed systern of Figure 25 {s obviously much more complex than the
proof-of-concept system used in the work reported here, Some fine-tuning of the
timed system in the experimental stage would obvicusly be required. Variables
such as plunger diameter, stroke, port timing, spring force, ete., would have to be
explored in a motored engine.

At the stage of having a motored, timed injection engine, it would also be
desirable to look at the atomization of the fuel in conjunction with the air motion
in the pre-charnber. Variables such as the size and location of the injection nozzle
should be explored as part of the combustion system optimization. Since piston
speeds are not high in this engine, there are obvious tradeofl's between swirl
velocity, heat loss, and atomization of the fuel in the prechamber.

Other timed injection systemns would also be investigated. The design

complextity, component size, and overall cost of the systern are the important factors
to be considered.

4.2.2 Combustion Chamber Geomnetry Reflnement
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The chamber geometry tested here and shown tn Figure 5 was arrived at
using a stimple analytical tool described in Section 2.2.2. The only parameter varied
in the course of the work described was compression ratfo, and that over a fairly
narrow range. Future development should include the evaluation of various
changes in the combustion chamber geometry including:

x5

A aur
£,

* Compression ratio
¢ Pre-chamber/main chamber volume distribution

e Throat size between main chamber and pre-chamber
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Figure 25.

Experimental Cylinder Head, Timed injection
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There should be some attemnpt made ta achleve better mixing in the main
chamber in any future work. Figure 25 shows a new piston design with tighter
piston-to-head clearance than that of Figure 5, and a bowl at the exit of the
pre-chamber.

Testing to date indicates that soine improvement in insulating the
pre-chamber fro:.. the remainder of the cylirder head is desirable. At the present
time, the pre-chamber is insulated by an air gap, as shown in Figure 5, with a solid
conduction path through the flange which holds it in place in the cylinder head.
Various techniques for reducing heat transfer from the pre-chamber to the head
should be investigated. These could include ceramic coatings, intermediate low-
conductivity insertis, etc.

4.3 STARTING

The demonstrated ability to hand start the cold engine without aids indicates
that this should remain the primary approach to starting, There are probably same
tradeoffs to be made between starting ability, full-load running. and durability of
the engine, especially with regard to compression ratio. Mast diesel engtnes have
a higher compression ratio than is optimum for efficiency and durability in order
to achieve good starting characteristics. This engine is not likely to be different in
that regard.

One other phenomenon observed in this program, which 13 worth following
up, is the tendency for a dirty engine {i.¢., one which has been run) to hand stari
easler than a clean engine. Compression pressure does not seem to be a major
factor here, but deposits could reduce heat loss and result in higher compression
temperatures. This indicates that some type of thermal coaung on the interior of
the pre-chamber wa!l could be beneficial,

4.4 LUBRICATION

The engine is currently lubricated by allowing a small amount of castor oll
{its normal lubricant) to enter the crankcase through the carburetor needle vaive.
Castor ofl has a relatively high axidation temperature as compared to petroleum
base otls or diesel] fuel. The preferred approach to lubrication in this application
would be to use diesel fuel {or JP-8), which would eliminate the logistical problem
of supplying another fluld In the fieid.

Tests to date show that with the crude injection system currently being

used, some unburmed diesel fuel finds its way to the crankcase. This raises the
possibility of not having to tntroduce the fuel separately to the crankcase.
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If the diesel fuel approach does not work and supplytng a more suitzble
lubricant is not logistically feasible, then a separately lubricated surnp would have
to be designed. This would presumably reduce the cansumption of a second fluid,
but would not eliminate its presence. Virtually any engine in use by the military
requires the presence of at least two fluids (fuel and lubricant), and in many cases,
three (coolant).

4.3 PROTOTYPE ENGINE DESIGN

The purpose of this effort would be to keep a nunning record of the ultimate

engine configuration as the expertmental program progresses. The present status
of this effort is still relatively primitive, since none of the major issues have been
completely resoived. The present prototype design is basically a stock 0.5, engine
with the cylinder head shcwn (n Figure 5, less the glow plug.

As the issues begin to be resolved {starting, lubrication, cylinder head
geometry. fuel supply, ete.), the engine system configuration must be made
compatible with its application or mission. The prototype engine design effort
would begin to look at how the engine would be integrated with the microclimate
cooling system. Some aspects of the systern —~ such as starting and cooling of the
engine ~ cannot be solved without considering the overall cooling system. For
example, rejecting the engine heat through the condenser of the cooling system
might be more effective than having a separate engine cooling system. Similarly,
starting the engine requires same consideration of what happens to the compressor
while the engine is being cranked.

We fee] that this feasibility demonsiration program can evolve from the base
of informaiion presented here to provide a simple, cost-effective engine for the
microclimate cooling system.
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APPENDIX

DRAWINGS

1. Cyundgr Head

2. Pre-Chamber

3. Fuel Valve

4. Ball Check Design

8. Ball Check Design {Continued)
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A, = 0.000154 (0.014 &
= 0.000346 (0.021 7iy)

h Ay
0.002 | 0.000102

0.004 | 0.000213
0.006 | 0.00023
0.008 | 0.00046
0.003 | 0.000156
0.007 | 0.000395

¢ = h cos 45°

I, =1, sin 45°
\_ | ; I, = 1, + C sin 45°
5\ __4__.--

\."'-u__ — A"%ﬂca) ["l "‘fz]
A,-Rhcosd»s'[r,sin‘ts’ +r,*csin45°]
A,-nhcos45'[2rbsin45° +hsin45001'45°}

A’-«d: A,-xhem45°[a,sin4s'+bdn45m4s°]

4

A, = 222 b [0.022 - hS)
1 )
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