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given.
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1. Summary
An engineering study 1s’' presented to demonstrate the
technology tor converting small gasoline spark-ignited (SI)

engines to burn kerosene type fuels to power small generators
(0.5 to 3.0 Kw).

The contract objectives are as tollows:
o To assess, anaiyze and evaluate the merits of:

a. engine types (2 & 4 stroke cycles, rotary)

b. combustion processes for conversion of small (0.5 to
3.0 Kw) SI gasoline engines to operate on kerosene
tuels

o To devise and specity conversion moditications required for
a suitable engine type and combustion system resulting trom
conclusions ot a trade-otff study considering all issues
relevant to conversion of SI engines to operate on Kkerosene
base tuels, emphasizing minimum titfe-cycle costs and
identitying any development required.

o To submit a proposal tor an SBIR Phase II eftfort, including
the work, the schedule and the estimated costs of pertforming
the work proposed.

All ot the above contract objectives were attained and are
documented here.

It is concluded that the best candidate engine for
conversion 18 the Briggs & Stratton 4-stroke OHV engine,
according to the results of the trade-off study.

The second best candidate engine for conversion is a
Tecumseh Z2-stroke engine.

No small rotary engine met the technical criteria.
It is recommended that the Sonex design for combustion

chamber and piston rings be applied to the best candidate
engine. Three options are given tor the starting/combustion

system:

A) Starting tluid
B) Fuel vaporization system
C) Direct injection




It is recommended that the U.S. Army evaluate all ot the
aspects of the above three options and specity the starting
criteria for the Phase II etfttort.

Since Sonex has already demonstrated both 2 stroke and 1
stroke SCS systems with options A and B, the Phase II proposal
submitted here is based on these options. It option C is
specitied, additional cost may be involved.




2. Introduction

2.1 Background

The U.S. Army has been attempting to improve safety and to
reduce the logistics burden of fuels handling by embracing a
"Single Fuel Forward” policy. At present, and tor the near

term, that tuel will be kerosene based, such as JP8 or DFZ2, but
in the tfuture could also include the lighter-end distillates
down to JP4.

2.2 Purpose

The U.S. Army has Jlarge numbers of small engine-generatrr=
(0.5 to 3.0 Kw) that operate on gasoline. It is the purpose of
this SBIR study to analyze and evaluate the merits of converting
small gasoline engines to operate on kerosene based tuels.

2.3 Scope

Included in the scope ot this study 1s a review ol spark
ignited engine types (two stroke, tour stroke, and rotary) to
assess, analyze and evaluate their merits tfor conversion to
kerosene based tuels; also included 1is a review of combustion
systems. The tinal results, conclusions, and recommendations

tfor a specitic design are based on a trade-otf study ot 12
tfactors, emphasizing minimum life-cycle costs.

2.4 Limits of Investigation

The trade-otft study is limited to the tfollowing criteria
for engines capable ot powering generators 1in the range 0.5 to
3.0 Kw.:

Engine procurement cost
Engine modification cost
Engine power density
Engine life

Engine reliability
Maintenance costs
Operating noise levels
Fuel Consumption

Engine lubrication

Cold starting

Intrared signature
EMI/RFI1
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In arriving at the conclusions and recommendations ot the
trade-ott study, special emphasis is given to minimizing the
lite cycle cost ot the engine.
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2.5 Development History

A 1988 study ot the mobile electric power (MEP) requirements
ot the U.S. Army tfor the period 19906-2015 by the National
Research Council (NRC) identitied 133,000 MEP units now in use,
with 75,000 units having a power rating of 3 Kw and below. The
majority ot these small wunits are ten or more years old. All
these units are powered by spark-ignited engines fueled by
gasoline.

The NRC study group searched tor power sources capable of
operating on "The Single Fuel on the Battletield", adopted by
the U.S. Army in 1986. This ftuel is JP-8, generally regarded as
a turbine tuel, seen in Table 1.

Kerosene tuel properties are not currentlv detined by U.S.
military specifications, but can broadly be considered as all
tuels above JP-4 through DF-A with the tollowing characteristics
{(Goodger, 1975):

Property.: Temp. Range
Flash point 38 - 43 C
Distillation end point 280 - 300 C

Thus, in Table 1, JP-8 and DF-A would qualify as kerosene
tuels. JP-4, with 1its distillation end point at 270 C is
considered a wide-cut gasoline, not a kerosene. JP-5 (not shown
in Table 1) has a fiash point of 60 C, and distillation end
point at 288 C and could be considered a borderline kerosene
tuel. Replacement power sources tor tuture mobile generating
equipment must possess the capability to operate on distillate
tuels in the boiling range of kerosene and higher.

The NRC study goes on to review the possibility ol several
classes ot small engines of less than 10 Kw to meet this
requlirement:

Homogeneous!ly charged SI engines
Stratitied charge engines

Rotary engines

NDiesel engines

Stirling engines

Gas turbines

00 00O0O0O

The study immediately rules out the latter two types ftor use

1in low power ranges for a variety of reasons. The diesel engine
is also ruled out in the low power range as not beilng
commercially available, requiring development, and raising

questions in terms ot PMV (Power per unit mass per unit volume).
The tirst three tftamilies of SI engines are specified in this
contract and examined in detail in this study.




Table 1

Specifications Of Diesel And Turbine Fuels

MIL-T- MIL-T
—VY-F-800C 3626-1 831334

Plash Point, °C, min 38 52 mb 38
Cloud ®oint, °C, max -51 4 NR NR
Pour Point, °C Rpt Rpt NR NR
Freezing Point, °C, max NR NR -58 -50
Kinematic Viscosity at

40°c, est 1.1 1.9 NR N

to 2.4 to 4.1

Kinematic Viscosity at

-20°¢C, cSt, max NR NR Rpt 8.0
Distillation, °C

10 percent recovered, max NR NR Rpt 208

20 percent recovered, max KR NR 145 Rpt

50 percent recovered, max Rpt Rpt 190 Rpt

90 percent recovered, max 288 33 245 Rpt

End Point, mox . 300 370 270 300

Residue, vol percent, max 3 3 1.5 1.5
Sulfur, mass percent, max 0.25 0.50 0.4 0.3
Cu Corrosivit

3 hrs at 50°C, max 3 3 N m

2 hrs at 100°C, max m n 13 18
Ash, wt percent, max 0.01 0.01 .1 3 N
Accelerated Stabdbility,

wg/100 =L, max 1.3 1.9 NB m
Neutralization Rumber,

mg KOH/g, max 0.05 NR 0.013 0.013
Particulate Contaaination,

og/L, max 10 10 1.0 1.0
Cetane Number, min 40 40 NK o

8 specified according to anticipated low ambient temperaturs at use
ocation.
NR =« No raquireazents:.

Rpi = Reporzad

SOURCE: Nilitary Handbook Mobility Fuels User Handbook,
MI1 -UDBK-114, 16 January 1984.



It is turther concluded by the NRC that “"The development
ct a homogeneously charged, spark ignited engine that burns JP-
8 tuel in the 1.5 to 10 Kw range appears to be one approach tor
achilieving low-signature, high-PMV engines at reasonable cost.
This engine could use a low compression ratio (around 5:1) or new
technology along with some charge stratitfication, such as the

Sonex system’.

The NRC conclusion 1is based on test results ot a
teasibility test conducted by Sonex under contract to the Onan
Corporation to demonstrate that it is possible to cold start and
stably operate a Sonex design, diesel {fueled, 4-stroke, spark-
ignited, carburetted, 53 Kw, motor generator set down to -14.4 C
{6 F). Besides diesel ftuel, JP5 was demonstrated successfuily.

Betore conversion, the engine was designed to be tueled
with gasoline and the motor generator set was a normal commercial
product avairlable on the open market.

Since complietion ot the NRC study, Sonex has delivered to
Grumman Electronic Systems several 2 stroke, high speed (6,300
RPM), spark-ignited, carburetted, diesel tueled, high-tech motor
generator sets that start and run on diese! tuel under micro-
processor control. These prototype units participated in
competitive tield trials of the U.S. Army TMAP (Tactical Multi
Purpose Automated Plattorm) all-terrain robotic vehicle. While
Grumman did win the competitive evaluation, turther work on
commercial development of this system by both Sonex and Grumman
has been susy-nded until tunding is nvailable trom the U.S. Army.

The principal teatures of the Sonex/Grumman program follow,.

TMAP - SCS Engine Operational Highlights

s} Diesel tueled two stroke

o Conventional spark ignited

0 Carburetted

o Weight: 1b6lbs

o Continuous power output: 1700 watts

o Reliable low temperature starting on diesel {fuel to 5 F
(contract requirement, completed 25 cold starts with no
tailed starts)

o} Excellent endurance (contract requirement: 60 hours at WOT
at 6300 RPM)

0 Power output ot 3.1 Hp at 6300 RPM

o Fuel consumption similar to that of gasoline




Contract Objectives

The objectives ot this study are:

1.

To assess, analyze and evaluate the merits of':

al Engine types (2,4 stroke c¢ycles, rotary)
b) Combustion processes ftor conversion ot small (0.5
to 3.0 Kw) SI gasoline engines to operate on

kerosene tuels.

To devise and specity conversion moditication required
for a suitable engine type and combustion system
resulting trom conclusions of a trade-ott study
considering all issues relevant to conversion ot SI
engines to operate on kerosene base ftuels, emphasizing
minimum fite cycle costs, and identi1tfying any
development required.

To  submit a proposal tor a SBIR Phase IT etftort,
including the work, the schedule, and the estimated
costs ot doing the work proposed.




3 Surveyv of Applicable Engine Types

3.1 Computer Data Base Searches

Searches were conducted on tourteen i1ntormation retrievatl
syvstems to identily possible engine types tor this study. The
most productive search resulted from the search ot the SAE
Global Mobility Data Base, ftor example: Borman, et al (1988},
Ariga, et al (1988), Yamaoka (1976) and Zucchetto, et al (198Y).

The objective of this search was to locate any new
technologies 1n the development stage to evaluate their tuture
potential. The energy cell and two stroke, S1, DI diesel! (Ariga,
1988) are examples ot this.

It becomes quite clear trom reviewing the literature that
active research in Spark Assisted Direct Injected (SADI) diesel
combustion has increased 1n the past tew years. It 1s also clear
that all such systems reviewed by Enright, et al (1988} involve
~lassical injection systems. The system most applicable to this
study and selected tor turther evaluation here 1s that ot Ariga
{1988).

A small rotary engine that reached limited commercial use
ts quite well documented by Yamaoka, et al (1976) and 1s further

evaluated nere.

3.2 Survey of Manufacturers

In addition to the computer searches for applicable engine
tvpes still in development, manutacturers were contacted to
determine i1t any new developments were near at hand. The SRC
{1988) study cited "Teledyne Continental Motors {Mobile, AL) as
developing a small rotary engine, without injectors (about 2 or 3
kw). However, when contacted, the vice president stated that all
work on this project had been terminated.

Briggs & Stratton provided specifications on their latest
tour stroke cycle overhead valve engine as well as a pair of
engines to evaluate, They also provided the latest
specitications on their 3-hp two stroke cycle engine.

Honda of America was also contacted and provided
specitications on their latest tour stroke cycle overhead and
side valve engines and generator sets.

Tecumseh Products was contacted and provided inftformation on
their two stroke engine.




Two stroke engine development appears contined to mainly
chainsaw manutacturers who are the only major OEM’s producing
such engines in voliume production (over one million). No
innovative chainsaw or other two stroke technology was uncovered.

Very small two stroke, toreign made, model aircratft engines
trom about 1.5 hp down are commercially availlable but develop
peak power at high rpm (approximately 10,000), cost several
times more than slightly larger commercial two stroke engines and
present ditticulties in adapting starting systems.

One innovative 45 HP, two stroke engine concept under
development to the U.S. Navy (but beyond the pcwer range of this
study) is worth noting. Under development in the Navy Firepump
program is a SADT kerosene tuel engine. While no reports have yet
been written on this development, Sonex has obtained some usetul
intormation on tts electrical and direct tuel! 1njection systems.
Both the moditied spark 1ignition system and direct injection
svstem appear to be scalable to smaller sizes, and have allowed
hand-pull starts at -29 € (-20 F) with no battery powver. This
innovation will be investigated turther.

Representative commercially available engine types turther
»valuated in this study appear in Section 7.

10



4. Survey of Combustion Systems

4.1 Computer Data Base Searches

Searches were conducted for new combustion systems together
with those for new engine types. Several reterences ftor one new
combustion system tor radical (or intermediate chemical species)
initiated ignition were found 1in two and four stroke cycle
engines. The earliest and most illuminating paper is on TS, or
Toyota-Soken, combustion (Noguchi, et ai 1979), which identitied
the "no spark” ignition process in a carburetted two stroke cycle
engine. It was experimentally demonstrated by Noguchi that low
compression ratio {less *han 8:1) auto-ignition conformed to the
process of radical initiated reaction identitfied in the 1930’s by
the tamous Nobel physical chemist N.N. Semenov (1458). A closely
related study by Allen, et al (1982) showed how a carburetted
tfour stroke cycle engine could run on JP5, diesel fuel and
gasoline with and without spark, once started with spark
ignition. The engine used charge stratitication and special
piston designs to ¢generate and conserve 1ntermediate chemical
species. This work, originally ftunded by the U.S. Oftfice of Naval
Research, was later expanded upon and 1s now being commercialized
by Sonex Research, Inc. as the Sonex Combustion System (SCS).

Thring (198Y) has the most recent contribution to radical
ignition literature. His (and others) terminology tor this
process is Homogeneous Charge Compression Ignition (HCCI). He

contirmed that controlled auto-ignition can be made to occur 1in
a ftour stroke cycle engine with a standard piston by using large
amounts ot EGR (13% to 33%) and very high intake temperatures
(greater than 370 C). In contrast, the work ot Allen, et al
(1982) used room temperature intake air and no EGR. Thring also
tound that HCCI occurs only at low load and low speed, but could
duplicate DI diesel engine economy.

4.2 Survey of Manufacturers

One Japanese manufacturer {found a method ot practical
application ot TS combustion in a two stroke SI carburetted
gasoline motor generator set. NICE, or the Nippon Clean Engine
Research Institute Co., Ltd. produced a gasoline two stroke cycle
1.25 Kw, 3600 RPM engine with very stable combustion and
emissions and tuel consumption comparable to a tour stroke. The
engine required a spark to start but ran in part ot 1its load-
speed map without a spark. The NICE engine used Active Thermo-
Atmosphere Combustion (ATAC) as described by Onishi, et ali (1979)
which relies on residual active intermediate chemical species tor
ignition, .,just as the TS combustion. The engine is no longer in
productuion.
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As mentioned in Section 2, Sonex has modified a spark
ignited two stroke cycle, carburetted engine to start and run on
fuels ranging from JP4 to DFZ2 diesel for Grumman Electronic
Systems’ entry in the Army TMAP program. Commercial development
of the 1.7 Kw motor generator set evaluated successfully under
tield test tor the TMAP program has jolntly been considered by
Sonex and Grumman but will not be pursued until turther funds are
available ftfrom the U.S. Army.

Sonex, in the meantime, has investigated the teasibility of
operating a smali two stroke cycle carburetted engine on the
combustion process detf'ined as RI, or Radical TIgnition. RI 1is
related to TS combustion but 1is capable of running under all
load-speed conditions. RI is defined more tully in Appendix A.

The preliminary tests of a simple RI, carburetted two
stroke cycle design, requiring no EGR or heating of intake air,
have shown that stable engine operation 1s feasible. Additional
work will be required to determine benetfits 1in power, fuel
consumption, etc.

Table ¢ summarizes combustion systems to be considered
further 1n this study.
Table 2

Available SI Combustion Systems

Type No. of Cycles Sources

Briggs, Techumsehx
Briggs, Hondax
Husgvarna/SCS
Honda/SCS

AED (Navy Firepump)

Homogeneous Carburetted
Homogeneous Carburetted
Homogeneous Carburetted
Stratitied Carburetted

Stratitied Fuel Injected

B N DN

X Plus others
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5. System Modification Options Available to Burn Kerosene Type
Fuels
In order to convert a spark ignited (SI) engine designed
for gasoline operations to kerosene fuel, many engine components
must be moditied or replaced. These are listed below and

followed by a detailed description of the major modifications
required, depending on the option chosen for system modification,
that 1s, whether conventional means are employved or newer
evolving technology such as the Sonex Combustion System (SCS).

Breaking out the combustion system as a separate option did
not prove teasible in this study as only homogeneous charge

engines are commercially available. The stratitfied charge, spark
assisted direct-injected (SADI) engine reported by Ariga (1Y88)
apparently has not gone beyond the research stage. Insutftficient

information is available to consider it tfturther in this report.
However, another SADI system tueled by JP5 by AED tor the Navy
Firepump is evaluated turther.

The SCS engines evaluated below can be either homogeneous
charge or stratified charge depending on design requirements.
Charge stratitication is achieved by a unique manitfold technique.
Both Jd-stroke and 2-stroke SCS engines have been demonstrated
starting and running on diesel tuel. The 2-stroke version has
successtully passed a one year field test in the TMAP program.

Each ot the following engine components to be changed ftor
kerosene type tuels are addregssed below:

. Combustion chamber geometry
. Lubrication system

. Tgnition system

. Fuel delivery system

Ao o

2.1 Combustion chamber design

535.1.1 Conventional Approach

The combustion chamber volume must be 1ncreased in such a
way as to decrease the compression ratio to a point where auto-
ignition ceases to be a problem at rated power. This must be
accomplished without significantly changing the squish and swirl
patterns in the combustion chamber or creating stagnation areas
that will cause hot spots due to loss of internal cooling.

The simplest solution to this problem is the use of multiple
head gaskets to decrease the compression ratio (CR). This quick
tix is limited in that it will only reduce the CR by 1 or 2
numbers betfore the probability of head gasket tftailure increases.
The negative side of using additional head gaskets to decrease

13




the compression ratio is that squish velocity will be reduced,
which can attfect the combustion process.

A second conventional method of reducing compression ratio
is to remove material trom the combustion chamber 1n the cylinder
head. This method has the advantage ot selectively adding
combustion chamber volume and the disadvantage ot changing design
squish and swirl, which again can attect the combustion process.
Low compression cylinder heads may be purchased new from the OEM

or modified trom original engine components., If these heads are
modified (material removed from the stock head), then care must
be taken to maintain the integrity and heat transter

characteristics ot the metal.

A third conventional method would be to remove metal trom
the piston. Material may be shaved trom tlat areas on top of a
piston like the candidate Honda design, thereby increasing
combustion chamber volume but having the negatives ot changing
internal heat tlows and perhaps weakening and/or over~heating the
piston crown. It the piston has a bowl in the crown li1ke the
Briggs & Stratton QT-4, then the required material may be removed
trom the tlat crown or bowl ot the piston. This alsc will change
the 1internal heat tlows but should not weaken the piston
substantially. For production, a new piston design could be
required.

5.1.2 New Technology: The Sonex Combustion System

The ideal method of reducing compression ratio by
increasing combustion chamber volume 1s one that theoretically
will maintain the combustion chamber geometry. Until recently,

this has been considered impossible and the wuse of one or a
combination of the above methods was the only alternative.
However, Sonex Research, Inc. of Annapolis, Maryland, has a new
patented technique, wusing internal chambers in the piston that
will reduce compression ratio without c¢hanging c¢ombustion
chamber geometry. Also, depending on whether Z-stroke or 4-
stroke technology is used, additional combustion benetits are
derived as described in Appendix A.

5.2 Lubrication system

5.2.1 Conventional Approach

The 4-stroke rycle SI engine, unlike the Z2-stroke, has a
unique lubrication problem when operating on kerosene based
tuels. This problem 1is called ‘“crankcase oil ditution” and is
caused by high boiling point ftuels condensing on the cylinder
wall and the combustion chamber.

14




When operating on gasoline, the tuel for the original engine
design, the problems associated with o0il dilution are minimal
since gasoline has a relatively low boiling point at 1 atmosphere
{215 F). Due to this low boiling point, gasoline will condense
on the cylinder walls only when the walls are below this
temperature, i.e., cold engine start-up. Any liquid gasoline on
the cylinder walls during cold start may pass through the piston
rings and mix with the oil 1in the crankcase. However, it is
quickly vaporized and returned to the combustion chamber through
the crankcase breather system, thus causing no problem.

Kerosene fuel on the other hand has a relatively high
boiling point (approximately 492 F) and a signiticant amount of
fuel will condense on the cylinder walls even under normal engine
operating temperatures. This 1liquid kerosene will pass through
the rings since conventional piston rings are designed to seal
only under high pressure (the combustion stroke). The intake
stroke, having insuttficient pressure for ring sealing, will not
prevent the liquid on the c¢cylinder walls {from passing and
entering the crankcase, As the liquid accumulates it cannot boil
ottt due to 1its high vaporization temperature and, theretfore,
continues to accumulate and dilute the crankcase oil.

This creates two major problems. One is that the difuted
0il breaks down and causes bearing and cylinder wall tailure due
to loss of lubrication. The other 1is that crankcase liquid

volume increases to a point above the normalt level where
reciprocating parts come 1nto direct contact with liquid, causing
excessive hydraulic/mechanical torces that will lead to material
tailure.

A second lubrication system problem became apparent when
studying the Z2-stroke engine tor direct fuel 1injection
conversion. In a conventional Z-stroke, the fuel/oil mix passes
trom the carburettor through the crankcase and 1into the
combustion chamber, betore 1igniting. The crankcase/cylinder
walls and bearing surtaces receive their lubrication as the
tuel/oil mix bathes them with a mist. It this path 1s
shortcircuited, as it would be with direct fuel injection, an
alternate crankcase lubrication system would be required. This
system could be as simple as a crankcase mister or as complex as
a direct oil spray onto the walls and bearings.

5.2.2 New Technology: The Sonex Combustion System

In the late 19Y80’s, Sonex Research encountered this problem
ot crankcase lube o0il dilution while operating a d-stroke single

cylinder air cooled Honda SI engine on kerosene tuel. To soive
this problem Sonex developed a gapless ring and gapless ring
expander that does not require high pressure tor sealing. This

ring, installed in the above 4-stroke engine and operating on
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kerosene fuel, completed endurance testing with no measurable
crankcase o1l dilution.

5.3 Ignition System

5.3.1 Conventional Approach

Two basic changes are required in the ignition system when
converting trom gasoline {fuel to kerosene tfuel operations.
First is a retarding ot the i1gnition timing of from 2 to 6 crank
angle degrees from normal timing. This change in ignition timing
18 required since kerosene type tuels can have a much ftaster rate
ot heat release (ROHR) than gasoline fuels wunder abnormal
conditions of ignition. This taster ROHR moves the peak pressure
spike (P-Max) closer to and possibly betore top dead center
(TDC), resulting in an early and excessive impulse that will have
a large negative work component. This premature pressure spike
is commonly cailed "Spark Knock”, “"knock”, or detonation. A 2 to
6 degree retara in ignition timing will correct this it the
compression ratio is also lowered and can be accomplished by
closing the point gap setting by .005" - .010" in a breaker point
type ignition or by moving the timing trigger 2 to & degrees
towards retard in an electronic ignition system.

The second ignition moditfication requirement 1is more
difticult and expensive. A hotter, long duration spark is
required tor starting and low rpm operations when the engine is
cold. The spark needs to be intense enough to vaporize the fuel

droplets around the spark plug at cranking speeds and at low
speed-load points where combustion temperatures are insutticient
to maintain proper vaporization of the tuel. This system may not
be available trom the engine manutftacturer, but it is relatively
easy and linexpensive to purchase elsewhere.

Another possible 1ignition system requirement tor kerosene
tuel operation would be a spark plug heat range change. A
hotter spark plug may be 1in order tor start-up and low power
operation where lack of fuel vaporization may wash or toul the
spark plug electrode. On the other hand, a cooler tip plug
maybe required tor high power operations where excessive
combustion temperatures may overheat the electrode, causing it to
act like a glow plug and resulting 1n auto-ignition. Since each
engine has 1its own requirement, a compromise spark plug may be
required.

5.3.2 New Technology: The Sonex Combustion System

Experimental results are available for both 2 stroke and 4
stroke SCS engines operating on kerosene tuels demonstrating the
ability ot the SCS to operate with less or no knock, theretore,
requiring less retard ot ignition timing (and reduction of
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compression ratio) and greater power output. The SCS is also
less sensitive to spark plug heat range.

5.4 Fuel Delivery System

Perhaps the biggest challenge in this type of conversion is
the tuel delivery system. Modifications to this type of system
can be as simple as replacing the carburetor tuel jet to allow
tfor 1increased volume of kerosene required tor kerosene tuel
operations (1.02 times the volume of gasoline for the same
heating value), or as complex and expensive as adding direct fuel
injection into the combustion chamber.

The key here 1is starting aid specitications. It the
speciftications allow tor starting on gasoline or a small amount
of starting ftluid, then only minor, inexpensive modifications to
the tuel delivery system would be required. However, it the
requirement speciftied only kerosene +fuel tor starting, then a
carburetted ftuel vaporization technique, such as the 2 and 4

stroke engines developed by Sonex Research would be satistfactory.
This system wuses a battery powered tuel vaporizer tor starting

and warmup and 1is switched ot t under normal operating
conditions. It the specitications also prohibit the use ot a
battery and have a requirement for manual start, then the

combination ot direct tuel 1injection and hot spark is required.
This type of system is being developed by AED tor the Navy for
use on its 45hp, Z-stroke, emergency Firepump engine.

Once the engine is started and 1s near operating
temperature, tuel heating techniques can be used. Fuel heating
is simply the use of engine exhaust heat to bring the kerosene
based fuel closer to its vaporization temperature. This allows
the fuel to vaporize taster in the combustion chamber resulting
in smoother, more etticient engine pertormance. Fuel heating
can be accomplished by using a hot engine surtace, such as the
exhaust pipe, to heat the tuel 1in the tuel line prior to its
entering the tuel delivery system. Another method of heating
the tuel is by using exhaust gas recirculation (EGR) to add heat
to the 1incoming air at the fuel delivery system or combustion
chamber. The problem with these methods is that they are not
avalilable when they are needed most, at engine start-up.
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6. Engine/Generator Interface

Since generator power output 1is unspeciiied as to AC or DC

voltage and hertz requirements in the present contract, both AC
and DC generators will reviewed tor merit and shorttfalls in the
proposed engine conversion. This section will cover:

o) Engine - generator RPM requirements

o Engine - generator transmissions

o} Inverters

6.1 Engine Generator RPM Requirements.

6.1.1 Alternating Current

Assuming a 1:1 engine to generator coupling ratio (generator

turning the same speed as the engine), AC power has its
limitations i1n that very tew engine rpms are avallable to produce
60 hertz power. The cholices are even turther limited by the

scope ot this report to 1800 rpm or 360 rpm t{or simple,
inexpensive power generation.

Ot the two speeds, 1800 is marginally acceptable for 4-
stroke SI operations and totally unacceptable for Z2-stroke and
rotary engines due to engine efficiencies. On the other hand
3600 rpm tits nicely into the 4-stroke engine maximum eftficiency
region, but 1is marginally acceptable for the Z2-stroke and rotary
drives where preterred rpms are around 5000,

A second problem with AC power generation is the requirement

tor stable phase (low ripple) power. This can best be
accomplished by having the drive engine operate at exactly the
desired rpm with very little rpm {fluctuation. Needless to say

this is ditticult and will require a sophisticated and somewhat
expensive engine governor to accomplish this objective.

6.1.2 Direct Current

DC power generation is much cheaper and simpler to produce
since there are no rpm restrictions put on the generator. With
the phase requirement litted, the candidate engine «can be
operated at or near an rpm providing maximum eftficiency with no
output voltage quality losses,

As noted in the NRC study speeds above 6000 rpm could be

used with the advantage of more compact generators. This
solution was used by Sonex in 1its Grumman TMAP program. Note
that trom the engine generator viewpoint, a requirement ftor DC

power would be much pretferred over AC power generation.
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6.2 Engine/Generator Transmissions

The pretfterred solution to the rpm related AC power
generation problem is to couple the engine to the generator
through a transmission drive, A transmission will enable the
engine to operate at design rpms while the generator can be
geared down to its required rpm. A pulley and drive belt
transmission is much preferred tor this application over the
geared and/or hydraulic transmissions for its simplicity, low
cost, and light weight.

A major disadvantage to using transmission drives in motor
generator sets is the reduction in generator eftfticiencies due to
mechanical losses. However, the pulley/beit drive transmission
has the least losses of the mechanical/hydraulic systems studied.

6.3 Inverters

An alternate method ot operating an engine at optimum rpm
and still having stable AC power is to generate DC power and run
it through an inverter tor clean phased AC. This method ot power
generation has the advantage of low ripple AC power and the
disadvantage ot low ettfticiencies and high cost and weight ratios.
For example, a 2 Kw BALMAR inverter lists tor $1,200 and weighs
39 pounds. This would approximately double the cost and weight
ot the motor generator set.
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7. Trade-oft Study/Litfe Cycle Costs

In order to determine which type engine, 2-stroke, 1-
stroke, rotary, etc., 1s the best candidate ftfor conversion trom
gasoline to Kkerosene tuel operation, a number ot 1issues need be
considered and a trade-ot't study pertformed. Of prime importance
in this study are the issues relating to:

Engine type

Combustion process
Moditication required
Engine procurement cost
Engine modification cost
Engine power density
Engine liftfe cycle
"ngine reliability
Maintenance costs
Operating noise levels
Fuel consumption

') Engine lubrication

00000

o 0 C 0O

o) Cold starting
o0 Intrared signature (IR)
o EMI/RFI

A two part matrix was developed tfor the evaluation and

selection of the candidate engine. Part I, The Pre-evaluation
Matrix, evaluates engines tor their techiical and commercial
teasibility ot conversion. Those engines judged to be both

technically and commercially teasible continue on to Part II of
the matrix, The Evaluation Criteria. The tollowing 1s a detailed
description ot both parts ot the matrix.

7.1 Pre-evaluation Matrix

7.1.1 Candidate Engine

The Pre-evaluation Matrix begins with the identity ot the
candidate engine {manutfacturer, model number and rated
horsepower).

| Candidate Engine

Manutacturer
Model number
Rated horsepoweEJ
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7.1.2 Engine Type

Next

the matrix separates the candidate engines into

specific types:

o

The Z2-stroke cycle, reciprocating engine having a high
power density and a power stroke each crankshat't
revolution.

The 1-stroke cycle, reciprocating engine which 1is a
heavier, more expensive engine have a power stroke
every second crankshatt revolution.

The rotary engine, having the 1intake, compression,
power and exhaust events 1in a rotational 360 degree

movement (versus reciprocating).

Other - engines not falling into the above categories.

Engine Type i

Z-stroke reciprocating |
4-stroke reciprocating
rotary
other

Y

7.2 Combustion Process

The combustion process or type ot burn is determined by the

charge

concentration in the combustion chamber. Here, the

cholces are:

QO

Homogeneous charge, in which the concencration of air
tuel mix 1s uniform and burns rapidly and with high
intensity.

Stratitied charge, in which the charge concentration is
layered or non-unitform. Stratitfied charge combustion
is slower and sotter and is usually associated with
Llean burn engines or direct injected engines.

Combustion Process

Homogeneous Charge
Stratiftfied Charge

v
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7.3 Ignition Process

The 1ignition process is _categorized ©py the method of
triggering the combustion event. The choices are:

0 Spark Ignited (SI) engine, where a magneto or battery
powered ignition system is used to generate a spark
that 1nitiates combustion.

o Compression Ignition (CI), or diesel that wuses the
heat otf compression to ignite air tuel mix.

o Radical Ignition (RI), that wuses active radicals trom
the prior combustion event 1n combination with SI
and/or CI to initiate reaction. The advantage of the
RI process 1is that it reduces the energy threshold

required for ignition, thereby producing a more
dependable ignition and stable combustion.
¥

Ignition Process

Spark Ignition
Compression Ignition
Radical Ignition

v

7.4 System Modiftications

The heart ot the Pre-evaluation Matrix is the section on
System Moditfication options available to burn kerosene type tuel
in existing SI engines. These moditftications are divided 1nto
tfour categories:

Combustion Chamber Geometry
Lubrication System

Ignition System

Fuel Delivery System

0 0 20

Each of these four categories is addressed in detail 1in
Section 5. ¢

System Moditications

Combustion Chamber Geometry
Lubrication System
Ignition System
Fuel delivery System

\
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i.5 Feasibility Studyv

The above criteria are wused to determine 1t the engine
moditications required are both technically and commercially
tfeasible.

0 Technical Feasibility is detined as the capability of
the ott-the-shelt engine to undergo the moditftications
required to successfully convert it to Kkerosene tuel
operation.

e} Commercial Feasibility at this point 1nvolives an
approximation ot the costs required tfor modification.
This means that one looks at only the use of
commercially avaitlable otft-the-shelt components or

simple ti1xes tao complete the moditftications required
versus the requirement ftor expensive and time consuming
tabrication of needed hardware. On this basis,
detailed cost analysis is performed tor the Evaluation
Criteri1a martrix. Note that a candidate engine may be
technically capable of undergoing modification, but at
a «cost that woultd prohibit 1t trom ever being =«
commercial success. Candidate engines tailiing either or
both the technical and commercial teasibility tests are
immediately rejected and are not considered tor turther
study. Engines that pass both tests continue to the
second matrix, the Evaluation Criteria.

{ Feasibilityv Study
J
[
|

o Technical teasibility
NO YES

-<——-T—~—

i o Commercial teasibility
1

~ - - — NO YES —— }-
- |
p Y
Candidate Engine Candidate Engine
re jected accepted tor Evaluation
Criteria matrix

7.6 Evaluation Criteria Matrix

Once the subject engine successtully completes the Pre-
Evaluation matrix it becomes a candidate tor the second halt of
the study, the Evaluation (riteria matrix. This matrix uses cost
as its primary consideration and engine pertormance as its
secondary consideration. Costs are divided 1nto two ma,jor
categories: initial costs in dollars per kilowatt power produced
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($/Kw}) and operating costs 1in dollars per kilowatt hour ($/Rw-
hr). Once these c¢costs are calculated, !life cycle costs can be
evaluated.

7.7 Tnitial Cost ($/Kw)

Initial cost represents the sum of the costs required to
prepare the engine for 1its mission and 1s expressed 1n dotilars
per kilowatt.. Three components afttfect the 1nitial cost:

O Procurement costs
O Moditft ication costs
Q Engine litfe (spares)

-1
-~}

.1 Procurement cost

For purposes of this comparative study, the procurement cost
15 taken as the ottf-the-shelt list price of the unmoditied engine
with 1ncreases due to power limits tactored in. Note that list
price will be discounted when buying in volume, but this discount
1s not addressed 1n this study.

In order to state procurement c¢ost 1in dollars per pcwer
output ($/kw), several tactors must be applied. First, one must
tind the power output ot the engine at the rpm required for the

generator-engine intertace. This rpm and reasons for 1its
selection will be discussed in the generator section ot this
report. Hext,, the rated power at the selected rpm will be
corrected tor the change in ftuel and engine geometry. A 19% to

25% power loss is normal tor this conversion using conventional
technology due to reduced compression ratio and thermal loading
requirements. A 25% power reduction correction tactor will be
used in this study, although tor SCS systems this tftactor would be
lower.,

Finally, a correction tactor !tor horsepower-in to kilowatts-
out. ot the generator will be applied. This tactor will assume
the etftticiencies ot ott-the-shelt, inexpensive generators and
will not consider the state of the art high-tech generators
because of their prohibitive costs. Accepted i1industry practice
uses a tactor ot 2:1 (2hp in, to 1 hw out), for this conversion.

7.7.2 Moditication Cost

Modit'ication c«cost ($/kw), are divided into two basic
categories. Fiirst, the actual cost otf converting the engine to
kerosene tuel operation; and second, the expense of the

generator and 1ts intertace.
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o Engine conversion costs. An approximate yet fairly
accurate method of determining moditication costs,
inciuding both the parts and labor to modify and
install the part, 1s to break down each system into
possible modifications required and estimate cost as a
percentage ot the unmoditied engine’s list price. The
categories and sub-categories used are taken directly
trom the engine modification section otf this report.

o Combustion Chamber Geometry.
Moditication Percent cost
a. Head gasket 10%
b. OEM head/Machined head 20%
. Modiftication to piston 25%
o} Lubrication System - Ring Moditfication
a,. Z-stroke 0
b. 4-stroke 25%
a. Rotaryv 0
o) Ignition System
a. Timing retard 10%
b. Hot spark & plug 25%
o Fuel Delivery System
a. Replace carburetor air/fuel jets 5%
b. Electric fuel vaporizer system 25%
C. Direct injection 100%
o} Generator procurement. Generators will be ot the oft-
the-shelt', inexpensive variety, ditfering primarily 1in
size, due to the power output of the engine. It 1s

estimated that a generator with a simple intertace
consisting of trame, coupling and minimal electronics
will cost about the same as the list price of the
engine. Theretore, a single generator procurement
cost tftactor ot 1:1 will be used.

a. Generator cost 100%
Using this method, conversion costs can be as little as 125%
tfor engines using starting fluids, to over 275% {for manual start
engines using KkKerosene tuel only systems. These percentages

include the cost of the generator.

7.7.3 Engine Life

Expected engine lite is included 1in this study tfor its
intluence on spare engines required in the inventory (additional
$/kw). Obtaining tactual infcormation on engine lite 1s ditftficult
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due to variations in engine specifications, usage and
environmental conditions, and can be accomplished best through
tield testing. However, the latest state of the art, small -
stroke engines are designed for a 1500 hour engine litfe on design
tuel with only a 20% tailure rate. These engines are close
tolerance engines with a premium price tag. A normal, high
volume, inexpensive J-stroke engine of the size proposed will
have an average engine lifte of approximately 1000 hours and 2-
stroke and rotary engines approximately 60% of that. These
figures will change with engine size, operating rpm, brake mean
ettfective pressure (BMEP) loading, lubrication and temperature,
but the ratio of engine life between engine types should remain
the same.

The ettect of burning Kkerosene tuel in an engine designed
tor gasoline may also have an ettect on engine life. However,
it the converted engine 1s operating at the proper temperature
with BMEP that 1is out of the knock region and with proper
lubrication, there 18 no reason to believe that engine life will
be adversely attected. One must remember that Kkerosene is a
better lubricant than gasoline and that engine lile depends on
internal pressures and temperatures and on proper lubrication.

In summary, the purpose of this study is to select the best
engine candidate ftor conversion based on minimum life-cycle costs

and all ot the tactors of the trade-ott study. Since engine
spare requirements are yvet to be determined, only normalized
estimates ot engZine life can be used. Making the assumption that

engine life will be unattected by kerosene fuel operations and
that both the Z-stroke and rotary engine litfe will ©be
approximately 60% of the 4-stroke engine litfe, an additional
initial cost tactor ot 67% [(10/6 - 1) x 100}, will be placed on
the procurement and moditfication cost (engine only) ol these
engines tor spares.

7.8 Operating Cost ($/Kw-=hr)

Operating cost ettectively introduces time into the
equation. Initial cost was expressed in $/Kw;, now operating cost
1s expressed in $/Kw-hr, and is another way ot saving 1t will
cost this much money to operate a specitfied engine for a given
amount ot time. Subcategories ot operating costs are:

o Maintenance

o Fuel

o Special ftluids

0 Special equipment
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7.8.1 Maintenance expense

This is another expense that will require tield testing to
determine accurateliy. An approximation will be presented here.

Maintenance is divided into two categories, scheduled and
unscheduled. Scheduled maintenance 1is pertormed at a specitfied
time interval and 1s preventive in nature. Here, lubricants,
tilters, spark plugs, etc., are checked periodically 1in an
attempt to prevent ftailure during operation. Unscheduled
maintenance is that which 1s required to correct a malfunction
that occurred unexpectedly. Of the two, scheduled maintenance
expense can be accurately predicted and will normally run about
12.5% ot the new engine procurement cost per 100 hours of
operation. Unscheduled maintenance, on the other hand, can run
trom zero to tull replacement cost and needs to be statistically
determined during tield testing. A best estimate of 12.5% ot new
engine cost per 100 hours will also be wused tor this expense,
bringing total maintenance cost to 25% of the new engine
procurement cost per 100 hours ot operation.

7.8.¢ Fuel

Fuel cost ($/Kw-hr) can be calculated trom the candidate
engine’s Brake Specitic Fuel Consumption (BSFC). Typical tigures
tor various gasoline engine BSFC are in pounds tfuel per

horsepower hour (#/hp-hr) and are as tollows:

o 4-stroke = .5 #/hp-hr

o 2-stroke = .65 #/hp-hr

o Rotary = .75 #/hp-hr

These ftigures are tor gasoline {fuel and will change

slightly with kerosene, but once again it 1is the ratios that are
important {i.e, a 4-stroke engine at equal power will consume
approximately 77% (.5/.65) of the tuel ot a 2 stroke and a
rotary engine will consume 115% ot that tuel).

In order to go trom #/hp-hr kerosene to $/Kw-hr generator
output the conversion ftactor of 2:1 {2 horsepower into the
generator tfor each kilowatt of power out) must be applied.
Theretore, tor each Kw output of a 4-stroke motor-generator set
operating at a BSFC of .5 #/hp-hr, one pound of tuel must be
supplied. (.5 #/hp-hr) (2hp/Kw) = 1 #/Kw-hr.

Note that the density of gasoline and kerosene are within
10% ot each other (6.18 #/gal gasoline, 6.83 #/gal kerosene), and
the heating values ot the two tuels are even closer. Theretore,
the assumption will be made that operating tuel costs for
kerosene will be approximately the same as gasoline assuming both
tuels are equally priced.
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In summary, assuming kerosene tfuel priced at $1.50/galilon
and the above BSFC:

o 4-stroke engines will cost $0.22/Kw-hr
o) 2-stroke engines will cost $0.29/Kw-hr
o Rotary engines will cost $0.33/Kw-hr
i.e., ($1.50/gal) (1lgali/6.83%) (.5#/hp-hr) (2hp/Kw) = $0.22

7.8.3 Special Fluids

Special fluids are fluids other than kerosene tuel that are

needed to operate the system. Examples of these tluids are
o O11
o Starting fluid
o Coolant
o Grease
0 Hydraulic/transmission tluid

Ot the above tluids, the only ones that have a signiticant
impact on this project are oil and starting tluild (starting f{luid
will be addressed later). The problem here 1s that on the
battletield, normal crankcase oil will be available tfor use with
no great cost impact for small 4-stroke engines since 4-stroke
engines are not very sensitive to oil type. However,
conventional engines requiring fuel-oil mix such as the Z2-stroke
and rotary will have a problem wusing crankcase o0il since
crankcase oil has a high ash content that when burned will
quickly toul spark plugs and carbon up combustion chambers. SCS
engines have run with conventional lubricants, both 2 stroke and
4 stroke, with little or no touling.

To prevent touling in conventional engines, a special
ashless oil or 2-stroke oil will be required 1if any appreciable
2-stroke or rotary engine liftfe is to be realized. Since this o1l
will be wused in small quantities (50:1 or 100:1 mix with
kerosene is needed) and since this o0il is not explosive under
battletield conditions, it may be possible to include it in the
logistics plan.

In summary there should be no signiticant special tluids

cost tor the d4-stroke conversion, but a Z-stroke or rotary
engine could require its own logistic support for ashless oil at
an unknown but signiticant expense. An estimate ot 0.05/Kw-hr

will be used tor the Z2-stroke and rotary engines.

7.84.4 Special Equipment

Special equipment is addressed here because ot the possible

need ftor a battery for engine start-up. As already addressed in
the system moditications section, certain options have a cost
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benetit but at the expense of requiring electrical power for
vaporizing the tuel at start-up. This power, 1t required, can be
scavenged trom other mobile units 1in the tield or it can be
provided +from a dedicated battery 1integrated 1into the motor
generator set.

Untfortunately, all three engine types, Z-stroke, 4-stroke,

and rotary, could require a battery to power ftuel vaporizer
systems, even tor hand starting. This option results it either
ot twc other options tail the selection criteria: the more
expensive {(and heavy) direct tuel 1injection with a hot spark
system, or the less expensive but hazardous starting-tiuid
systenm. A best estimate tfor a starting battery to power

vaporizer systems is $50, and it is expected to last the life of
the engine.

7.9 Engine Pertormance

The tinal section ot the Evaluation Criteria matrix, engine
pertormance, deals with the ability of the candidate engine to

perform its mission on the battlefield. Six topics were found
to be pertinent and will be examined here. They are:

o) Power density (Kw/#)

0 Engine reliability (%)

o Cold start limits ( F)

o} Noise level {(dB)

o IR signature

o EMI/RFI signature

7.9.1 Power Density (Kw/#)

Power density 1is an important tactor in that it will be a
measure of the weight a man will have to transport for a given

amount of power output. Incliuded 1in this weight are the basic
engine, its moditications, the generator with intertace, ftuel &
0il and any special equipment such as batteries. Three engine

types will be considered, the 4-stroke being the heaviest basic
engine, the 2-stroke being the lightest and the rotary talling
somewhere in between.

Basic engine weight is detined as the dry weights of the
engine without tuel or oil.

Moditied engine weight is the basic engine weight plus the
weight ot the moditications. Here the significant moditications
are the fuel vaporization system and/or the tfuel injection
system. It is estimated that a tuel vaporization system will
weigh approximately one pound plus battery. A ftuel injection
system, with its rotary pump, pump drive, injector and
connections will weigh approximately tive pounds.
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Fuel and o1l will also add weight. Fuel (#/Kw-hr) will
average approximately one pound per kilowatt-hour and crankcase
oil, only of interest in the 4-stroke, will add approximately 2.5
pounds.

7.9.2 Generator and Interftace

Since no specitfic generator has been identitied in this
contract, an approximation must be made tor the weight ot the
generator and its intertace. This approximation was made using
the specitications ot a production Honda motor generator set and
will assume that the power generation system wili equal the dry
weight of the engine .

7.9.3 Special Equipment

Should n battery be required for starting, a small, high
capacity battery weighing approximately five pounds would be
recommended.

These weights wil!l be totaled and put into matrix f{orm.

7.9.4 Engine Reliability

Once started and operating on proper lubricants, there is no
reason to believe that the candidate engine will have any better
or worse reliability than the unmoditied engine. Starting is the
concern. Both of the existing kerosene tfueled projects
considered here, the Navy Firepump and the Grumman TMAP engine,
have excellent starting capabilities. However, the Navy
Firepump, using a manual start system, does not require a battery
tor starting as does the Grumman engine. Because ot the manual
start capabilities of the Navy engine, the hot spark-direct
injection system is deemed to be the most reliable. This will be
retflected in the Evaluation Criteria matrix.

7.9.5 Cold Start

Present cold start technology wusing direct injection or
battery powered tuel vaporization has demonstrated reliable cold
starting on kerosene fuel down to -20 F and 6 F, respectively.
All three candidate engine types wusing one or both of these
techniques will be able to cold start at these temperatures.
Further analysis suggests that no engine type will have a major
cold start advantage over another.

7.9.6 Noise Level (dB)

Since all three moditied candidate engine types are
operating as SI or RI engines and not CI, combustion noise
associated with rapid burn rates {DQ/DO) should not ditter
signitficantly trom gasoline fueled engines. Mechanical noise,
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that which is rpm related, should also be normal and possibly low
because ot the reduced rpm requlirement assoclated with power
generation.

In short, kerosene tftueled SI/RI engine noise generation
should be no greater than that of the gasoline powered SI
engine. It a tfurther dB reduction 1s required, existing muttfler

technology can meat most any specification.

7.9.7 IR Signature

There are two major sources of intrared emissions on an
operation internal combustion engine. One 1is the heat of the
engine metal surrounding the combustion chamber and the other is
the exhaust system. 0t these, the heat of the combustion
chamber, even in air cooled engines, is the lesser probiem. The
exhaust system temperatures are the primary contributors to IR
emissions. They can average several hundred degrees F above
cylinder head temperatures and often the exhaust has to be
diluted with cool air betfore exiting the mutftler to reduce the

temperature. The use ot kerosene tuels vice design gasoiine fuel
may siightly elevate the IR exhaust signature since some unburned
fuel (common 1in SI Kkerosene operations) may pass through the

exhaust port and burn in the pipe.

When ranking the three candidate engine types tor IR

signature evaluation, engine thermal etticiency in the form of
BSFC will be used. Here, excess fuel usage to produce a given
amount ot power will equate to excess waste heat. Theretore,

the lowest untreated IR signature will result {from the engine
with the highest thermal etticiency (another way of saying the

lowest BSFC). As stated earlier in the operating costs section,
this ranking is the d-stroke, Z2-stroke and rotary engines. Using
the d-stroke engine as the norm, the 2-stroke engine has a 30%
lt.5-.65)1/.5 x 100 increase in signature over the 4-stroke

engine and the rotary has a 50% increase.

7.9.8 EMI/RFI Signatures

Possible sources ot Electrical Magnetic Interference and
Radio Frequency Interterence in an SI motor generator set are as
tollows:

o Ignition system
o Electric start system
o Generator

0t these, only the ignition system may be required to
undergo enough change to signiticantly alter the EMI/RFI
signature when moditving the candidate engine to kerosene tfuel
operation. It the hot spark moditication discussed earlier is
used, a high intensity coil will be required. This will increase
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the electromagnetic tieid around the engine, increasing the EMI
signature. In addition, a high intensity c¢oil will generate a
high energy spark at spark plug tip that will increase the RFI
signature.

All three engine types may undergo an adverse EFI/RFI
signature change it the "hot spark” modification is selected.
Proper grounding and shielding ot the ignition system can reduce
these signatures. Alternatively, it RI is used once the engine
is started, no electrical spark is required (See Appendix A),
hence no RFI signature is emitted.

7.10 Candidate Engine Selection

7.10.1 4-Stroke Cycle Engine

A  number of 4d4-stroke SI engines were examined tor
suitability ot conversion to kerosene based tuel. These engines
it largely into two basic categories: the older side valve
engine design and the newer, state-of-the-art, overhead valve
(OHV) design. In addition, many sub-categories were tfound. For
example:

o Fiat piston vs. bowl-in-piston design

o Contact point ignition vs. fully electronic ignition

o Alr cooled vs. water cooled

o) Manual start vs. electric start

0 U.S. manufacturer vs. tftoreign

Two representative engines, one fitting each basic design,
were selected tor study:

o Honda G100 K1, 2.2 hp, side valve engine
o} Briggs & Stratton OT-4, 3.8.hp, OHV engine

Four stroke engine characteristics

Briggs &

Honda Stratton
Valve train side valve OHV
Piston design flat bowl-in-piston
Displacement (in ) 4.63 9.18
Bore (1in ) 1.81 2.56
Stroke 1.81 1.78
Compress ion ratio 6.5:1 8.5:1
Horsepowz2r (max) 2.2 @ 4200 rpm 3.8 @ 3600 rpm
Horsepower (max operating) 1.6 @ 3600 rpm 3.2 @ 3600 rpm
Weight dry (lbs.) 19.0 24.0
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These engines, as was the case with most 4-strokes studied,
successtully passed the Pre-evaluation Criteria matrix since they
operated well within the speed/load range requirements and were
simple and inexpensive in construction.

The engine analysis quickly led to three basic categories
that greatly attected conversion cost. It was found that if tuel
restrictions could be relaxed slightly to allow tor the use ot a
very small amount of starting fluid at start-up, then the engine
moditication could be accomplished with a signiticant cost saving
and at minimal added weight since the major engine moditfication
expense is that ot the starting system. This 1s referred to as
"Option A - Starting Fluid".

A second option, one that strictly adheres to the use of
kerosene tuel ftor starting, is one that requires battery power to
vaporize the tuel at start-up. This option may or may not violate
the engine conversion specitications since no restrictions on the
use ot a battery were given. This option is the second most
expensive and complex, and is referred to as "Option B - Fuel
Vaporizer and Battery’.

The third option, reterred to as “"Option C - Direct
Injection”, adheres to the stringent requirements of kerosene
tuel and no battery, and requires a very expensive direct fuel

injection system along with other major modifications. This is
the option seliected by the U.S. Navy tor use on its 45 hp
Firepump JP5 tueled engine.

7.10.2 2-Stroke Cycle Engine

Most of the Z-stroke engines had great ditticulty passing
the technical requirements of the Pre-evaluation Criteria matrix.
For example, the sturdy marine outboard motor power heads have
satistactory speed/load ranges, but failed technically because of
their cooling requirements. Also, the high power density chainsaw
type engines were able to meet the cooling demands, but ftailed
technically because of their narrow power band and the ditticulty
in installing Option C in high rpm engines.

This lett a tew aircooled Z2-stroke engines with an optimum
mid-range power band trom which to choose. Two representative
engines, both being of the manual start, loop scavenged, and
horizontal crankshatt design, were selected. These engines were
not selected on the basis ot their diftftfering combustion chamber
design as was the 4-stroke engine since work on this type of
engine by Sonex and the Navy showed that loop scavenging was the
design ot choice; they were selected because each engine
represents current technology trom two of the largest Z2-stroke
engine manuftacturers. The engines selected are as tollows:
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o Briggs & Stratton Model 62032-0529

o Tecumseh AH600 type 900384

Scavenging
Piston design
Displacement
Bore (in )
Stroke

Horsepower (max)

Two Stroke Engine Characteristics

Briggs &

_Stratton

Horsepower (max operating)

Two stroke engine moditication will be
same three categories as the 4-stroke engines,

7.10.3

No rotary
requirements ot the Pre-evaluation

Rotary Engines

engine

successtully

Loop

Flat crown
6.21

2.13

1.75

3.4 @ 3600 rpm
2.3 @ 3600 rpm

reasons are cited tor this tailure:

1. Power

generation
extended periods of time.
simple rotary

causes heat

requires high
This type

leading to engine tailure.
2. Exhaust gas temperature (EGT) of

muttler

skin

combustion.

increase the IR signature.

3. The

engines 1in

tailed

to locate any
the power range required or to identity any

passed
Criteria matrix.

rotary

temperature

commercial

Tecumseh

Loop

Flat crown
6.00

2.09

1.75

3.0 @ 4500 rpm
2.4 @ 3600 rpm

calssitied in the
Options A, B & C.

the technical
Three basic

operation tor
of operation
build-up 1n the main rotor,

high EGT will
signiticantly

active small rotary engine development projects.
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8. Data Format

8.1 Evaluation Matrix

Appendix B, TEvaluation Matrix Data Sheets”, contains the
results of 12 selected runs through the matrix. These 12 runs
are grouped into tfour engine types:

Honda 4-stroke cycle

Briggs & Stratton d-stroke cycle
Tecumseh Z2-stroke cycle

Briggs & Stratton Z-stroke cycle

0O 00O

and three options per engine type:

o Option A ~ starting tluid
o Option B - fuel vaporizer and battery
o) Option C - direct in.,jection

The printout ot the evaiuation matrix consists ot three
pages ot data, headed by a description ot the candidate engine
and tollowed by the moditfication option selected. The remainder
ot the matrix closely tollows the tormat presented in Section 7.

8.2 Summary Table

Table 3 - “"Summary Table” - lists pertinent intformation trom
the 12 runs of the evaluation matrix in table form. Two sets of
numbers are presented for each run. The first 1is the dollar
value tor each category, i.e., Procurement cost tor Honda, Option
A i1s 1450 ($/Kw). The second is the tirst number divided by the
lowest number in the row {(normalized), i.e., 450 (3/hkw) = 450/167
= 2.69, and is called the "normalized evaluation tactor’.

The bottom three lines also require explanation. The third
line from the bottom 1is labeled "Weighted Normalized Evaluation
Factor” (.32X ftinal $/kw and .5X lb/Kw). This 1is the normalized

evaluation ftactor ftor total operating cost (OP) + Initial Costs
and weight per unit power times a weighting factor. For this line

the weighting tactor is .5/.2 (.5 times power density in #/Kw and
.9 times initial costs in $/kw}. Note that .5/.5 means that
there is equal weighting. The next line uses a weighting ftactor
ot .6/.4. (60% cost and 40% power density), and the bottom line

1s more heavily weighted towards cost with the tactors being .7
and .J3.

Note that the lower the value of the weighted normalized
evaluation tactor, the better the candidate engine, 1.e., On the
last line the Briggs & Stratton d4-stroke cycle, Option A has the
Llowest evaluation ftactor (1.10).
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8.3 Plots

Eight plots are required to graphically present the data in

Table 3. Figure 1 1is the plot of the normalized evaluation
tactor against engine type tor the three options, A, B & C, using
2 .5/.5 weighted tactor. Figures 2 & 3 are plots ot the same
intformation, only tor .6/.4 and .7/.3 welighting tactors. Figure 41

presents all three plots on one page.

Figure 5 is a plot ot the normalized evaluation ftactor
against engine type for the three weighted ftactors (.5/.3, .6/.41
& .7/.3), tor a ¢given Option (A). Figures 6 & 7 provide the
same 1intormation tor Options B & C. Figure 8 presents the last
three plots on one page.
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9. Conclusions

4.1 Best Candidate Engine

The best candidate engine is the Briggs & Stratton 4-stroke
OHV engine. Of the four candidate engine types selected (the
older side vaive Honda, the newer OHV Briggs & Stratton, the Mid-
Power band Z2-stroke by Tecumseh and the equivalent Z-stroke by

Briggs & Stratton), the Briggs & Stratton design was clearly
superior. This becomes particularly apparent when viewing the
plots in Figures 1 through 8. The engine with the lowest
evaluation tactors, and theretore the best candidate tfor

moditication, is the Briggs & Stratton 4-stroke OHV engine.

This engine type came out on top for all three Options (A, B
& C) and improved its Llead over the rest of the field as
weighting tactors tfavoring ~ost were applied. A good example of
this can be tfound in the plots in Figures 5 through 8 where the
three competing engine designs increase in normaitized evaluation
tactor values as a cost weighted factor 1s applied (from .5/.5 to
.7/.3), while the Briggs & Stratton design starts oftf low and
goes lower yet as the weighted ftactor is applied. In the area of
pertormance, the Briggs & Stratton, a 4-stroke, has the lowest
BSFC, the longest engine lite and the best signatures as well.

9.2 Second Best Candidate Engine

The second best candidate engine tfor conversion is the
Tecumseh ¢2-stroke.

Since both candidate engines use the latest 2-stroke
technology, they came out fairly equal in the competition, with
the Tecumseh engine having a slight advantage over the Briggs &
Stratton Z-stroke.

9.3 Third Best Candidate Engine

The technically older side valve Honda engine took a distant
last place that put this technology out of the competition.

Y.4 Other Engines

No rotary engine passed the Pre-evaluation matrix.
Theretore, the rotaryv 1s not considered a candidate for
moditication.
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10. Recommendations

10.1 SCS Technology

Much ot the technolodgy required tfor this conversion has
already been developed and tested by Sonex Research, Inc. of
Annapolis, Maryland. With this in mind, it is recommended that
SCS technology be incorporated in:

o Piston design. The use ot SCS technology 1in the bowl
of the piston will mailntain combustion chamber =squish
and swirl while reducing the compression ratio. Also,
it is probable that with the use ot SCS radical
enhanced combustion, the expected 25% power drop
inherent in conventional engine conversions of this
type will be eltiminated bringing, the generator output
up trom 1.2 Kw to approximately 1.5 Kw.

0 Piston ring design. As stated earlier in Section 3,
the 4d-stroke engine has a problem with Ltube-o011l
dilution when operating on kerosene type tuels. SCS
technology has already solved this problem through the
use of a special gapless ring and gapless ring
expander. The wuse of this technology would save

additional time and development costs.

o Fuel vaporizer system (Option B only). Sonex has
successtully demonstrated its ftuel vaporizer system on
a kerosene tueled, 1-stroke SI project ftunded by Onan
Corporation, and on a Z-stroke project tunded by
Grumman Electronics Corporation. This technology
successtully passed cold start and endurance testing
and is recommended tor use it Option B 1s selected.

10.2 QOptions.

It 1is recommended that the U.S. Army evaluate the three
Options presented in this report for their merit on cost,
operational requirements and existing technology, and that the
Army specity the starting criteria for Phase II development.

10.3 Generator Output.

According to the Mobile Electric Power Asset Report dated 12
June 1991, the major category ot motor generators in the .5 to 3
Kkw range is the 1.5 Kw 60HZ AC generator. For this reason it is
recommended that the 1initial engine moditication use a 1.5 kw
60HZ AC generator.
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10.4 Alternative Starting System.

It a simple inexpensive starting system, requiring neither
starting fluid nor battery power, were developed, it would allow
tor Uption ¢ pertormance at Option A prices. 8Sonex 1s currentiyv

designing a hand operated starting system using a primer pump and
hot spark that will enable an engine to cold start on kerosene
tfuel without any starting aids or expensive direct tuel injection
hardware. It is recommended that this development be included in
the Phase I1 program.
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11. Modit'ications Required for Recommended Engine

Once the candidate engine 1is selected a specitic list of
moditfications can be presented. The required moditications ftor
the selected engine are divided into tour sections. The
generator, having been discussed in Section 6, is not addressed
here:

Basic engine selection
Option A
Option B
Option C

O 00O

11.1 Basic Engine

The basic engine section covers the moditications common to

most options. it is divided into three categories.
0 Piston/combustion chamber
o Piston rings
0 Carburetor tuet jets (Option A&B)
11.1.1 Piston/Combustion Chamber

The Briggs & Stratton J4-stroke engine has 1its combustion
chamber divided between the cylinder head and piston bowl. This
bowl-in piston geometry is ideal tor the incorporation of SCS
Mode 3 technology 1n the piston bowl.

An example ot a Sonex Mode 3 (see Appendix A} SCS piston
design used in a major European auto manutfacturer’s d-stroke
engine is enclosed as Figure Y. This piston drawing is shown tor
retference only. The Briggs & Stratton piston will have similar
SCS technology but not the dimensions shown 1in the tigure.
Please note that the drawing is "sanitized’ per the requirements
ot the Sonex client.

The prototype modified piston will consist of two parts: the
piston base cut from the stock piston and the Sonex insert, cut
trom high strength aluminum. The Sonex insert contains the Sonex
chambers which generate radicals tor SCS combustion. The two
parts of the piston will be attached mechanically (boits) tor the
initial design and could be electron beam welded tor the final
product.. The exact manutacturing technique is under
investigation by Sonex piston licensee, AE Piston Products.
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11.1.2 Piston Rings

In order to prevent lube-c1l dilution a special Sonex design
top compression ring will be required. The remaining two rings,
the second compression ring and the oil ring, will be stock. The
special ring design was developed earlier,

11.1.3 Carburetor Fuel Jets

When «changing trom the design fuel (gasoline) to the
required tuel (kerosene), a change in carburetor fuel jets, air
Jets and perc tube 1s required 1n order to operate at proper
stoichiometry and to properly vaporize the {fuel. This can be
accomplished using conventional technology and, in most cases,
ott-the-shelt hardware. A briet test series will be required to

optimlize the carburetor for kerosene tuel operations.

11.2 Option A (Starting Fluid)

The only non-basic engine requirement tor Option A
operations is a starting tluid canister bracket and associated
connections. It is envisioned that a canister containing a

starting tluid can be stocked in the U.S. Army supply system as
an expendable item much the same way as a spark plug might be
stocked. As such, the canister would be titted into a bracket
support and connected to a tube, routing the +{luid directly to
the intake manitold of the engine.

11.3 Option B (Fluid Vaporizer)

The battery powered tuel vaporizer is used to vaporize a
small portion ot the kerosene tuel tor easy starting. Once the
engine 1s operating, the vaporizer system is turned oftt. The
ma.jor system components are:

0 Vaporizer block

6] Glow plug assembly

o Battery and control
11.3.1 Vaporizer Block

Figure 10 1s a drawing ot the vaporizer block used tor the

Grumman TMAP project. Its tftunction 1is to provide tor tuel
metering and to house the glow plug assembly. It 1is located
between the carburetor and intake manitold ot the engine. A

vaporizer block similar to the one shown 1is proposed tor the
Briggs & Stratton Option B moditication.
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11.3.2 Glow Plug Assembly

The tuel vaporizer glow plug (Figure 11) is an otftf-the-shelft
component requiring 12 VDC power to operate. 1Its tfunction 1i1s to
heat a small amount ot kerosene tuel to 1its vaporization
temperature thereby producing a fuel/air vapor ready ftor
1gnitiocr the ¢glow plug assembly 1s a reiatively long lite
componen. that tits 1nto the base of the vaporizer block.

11.3.3 Batterv and Controli

A small 12 VPC rechargeable battery 1s required to power the
glow plug assembly. It is controiled by a simple on/ottf switch.
All battery and control components are ottft-the-shelt hardware.

11.4 Option C (Direct Injection)

Option € i1s the most expensive of the three options;
however, its c¢old starting capability and excellent pertormance
have been demonstrated 1in the Navy Firepump program. The
components ot this system are.

O Fuel injection pump and injectors
o} Hot spark svstem
11.4.1 Fuel Injection Pump

It Option € 13 selected, a development program will be
required to take an ott-the-sheltf direct injection system and

convert 1t fto the specifications of this engine. Several
compantes were tound to sell fuel injection pumps, injectors and
lines within the <size and capacity constraints required. The

Yanmar and Lister systems were the best candidates to supply
components for this system.

11.4.2 Hot Spark System

A high intensity spark is required to 1gnite the partially
vaporized fuel delivered by the Direct Injection System. For the
past tive vears Sonex has been working <¢losely with Nelson
Specialties, Inc. of Woodbridge, Virginia, on specilalty i1gnition
components tor various engine projects. Both Sonex and Nelson
Specialties believe that the required Hot Spark System can be
assembled trom mostly oft-the-shelt components with minimal
additional expense.




AL

DO NOT SCALE DRAWIN

"~ TYPENR,
o G

M5 x 08 THRE AD

54

Y _ SPRING WASHER —
| € THREADED TERMINAL '
MIN. STAKED IN PLACE
{ INSUL ATING WASHER l
[} 472 -
| 3 is 2GS HEX.~ DATE OF MFG CODE .
' . . - -
2306 7} STEEL - Ni PLATED_
MAX. | CHAMPION #/ CHE9 4/ | IN#/US.A. '
tois 433 o CHG,
.704 MIN. 25 .
[ MI2 21.25 THREAD
£006 PITCH 437017 -
x A 33 » DA 433020 "
- .5'9°3’D|A.-| L ® |
807 € ' ' i
Y R .354
GAG
7al002] | | |
1 |
5495 ora. _ INCONEL 60 ]
L o — .
SHEATHED ELEMENT
DRAWN | CKED | SCALE — DATE TYPE . NO.
. awkl o 2 | s-12-82 _
- CHAMPION SPARK PLUG COMPANY
88} 335 2-20-84 1008 TOLEDO, OMI0
g9 'IS'I 169 l"’ljggg NAME CH 69
B4 [ INTERNAL GONFIG. REV. GLOW pLUG
83| 8raze Rem, 2-7-84|GK ASSEMBLY (0030233)
81 }2.318 [B2] TEam. PEV. MATC .
LT REVISIONS DATE [ 3 4 L.
v 3-30-84
Figure 11 ==




12. Development Work Required

Three areas requiring tfurther development are identitied in
the body of the report. They are listed here 1n their
recommended order ot importance,

12.1 Alternative Starting System {(Identitied in Section 10.3)

This system, it developed, will give the most return tor the

dollar. It this technology were available, it would eliminate
the need for presenting Options 4, B & C since unaided engine
starting could easily be accomplished. The uniqueness of this

technology places it in the high risk development category.

12.2 Hot Spark System {(Identified in Section 11.4.2)

This system would be beneticial tor any ot the Options
selected and would even 1ncrease the pertormance of an engine

using the starting system identitfied in Section 12.1 above. It
i1s, however, considered a requirement for the Option C
conversion. This technology was proven on the Navy Firepump

program and should be somewhat transterrable to this program.
The Hot Spark System 1is considered a low risk development
program.

12.3 Direct Fuel Injection Svstem (Identified in Section 11.4.1)

This is the most costly ot the three development programs
and is only used tor Option C. The development required for this
program 1s low risk in that it requires identitfication and

integration ot existing hardware.

O
(]
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CHEMICAL ACOUSTIC CHARGE CONDITIONING

FOR LOW EMISSION IC ENGINES

A.A.Pouring, President and CEoO,

Sonex Research Inc.

Annapolis, Maryland, USA

ABSTRACT

The potential influence and limitations of
classical fluid mechanics enhancement of
combustion is reviewed briefly and compared with
exper imentally observed improvements in
combustion efficiency produced by both acoustic
and chemical (active radical) charge
conditioning. Several designs which accomplish
this charge conditioning are described and sampile
experimental results for unassisted CI of
methanol fuel, CI-DI diesel fuel and SI gasoline
fuel are given. The resulting benefits of low
levels of undesirable emissions are given as well
as evidence of a new generic engine design
variable for in-cylinder control of ignition and
combustion: chemical-acoustic charge

conditioning.
KEY WORDS

Engines, Radical enhancement, Combustion,

Emissions, Acoustic.

INTRODUCTION

Combustion in internal combustion (IC)
engines can never be complete; at best, maximum
combustion efficiency of 96.9% can be achiaved

Gerrish and Voss (1937), but, according to Table

1, only at an air fuel ratio (AFR) of "20:1

(lambda= 1.4). The favorable effect of operating
at this AFR on enissions is clearly seen in
Figure 1, Baumeister (1979); CO, HC emissions are
at their lowest levels as well as brake specific

fuel consumption (BSFC).
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rFI1G. 1. Gasoline engine exhaust emissions and
specific fuel consumption vs. ajir-fuel

ratio.
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Today's automotive gasoline fueled vehicles
are calibrated to operate in the vicinity of an
AFR = 14.7, or lambda = 1, to utilize with best
efficiency the 3-way catalyst systems. Combustion

efficiency, however, drops to near 92.5%. Puel




cost to the driver is roughly 10% higher than
that possible at a lambda = 1.4, but the 3-way
catalytic converter does bring the emissions into
compliance with the ever tightening government
regulations.

It is the objective of this paper to
introduce the capability of Chemical Acoustic
Combustion (CAC) to improve in-cylinder ignition
and combustion reactions in IC engines (and
therefore improve combustion efficiency) with
benefits to emissions and fuel consumption.

Chemical Acoustic Combustion has been well
documented for ®many Yyears in combustion
literature with an excellent review given by Oran
and Gardner (1985). It is only in recent years
that it has been introduced to IC engines by
Pouring, et. al. (1986, 1988, 1990).

It will be demonstrated here that CAC in IC
engines can easily do many things that
conventional means cannot achieve at all or only
with great mechanical difficulty. For example,
CAC allows misfire-free compression ignition (CI)
operation of direct-injection (DI) methanol at a
compression ratio of 17:1 with no in-cylinder
glow plug, spark plug or chemical ignition
improvers. Conventional DI operation on methanol
requires a compression ratio of 26:1 to achieve

the same result, Hardenberg (1987).

LIMITATIONS OF CLASSICAL METHODS OF INCREASING
COMBUSTION EFFICIENCY

According to Table I, combustion efficiency
(CE, defined as the ratio of the energy liberated
to that which could be 1liberated under ideal
conditions) reaches a maximum at an AFR of 20:1
or a lambda = 1.4. Various in-cylinder techniques
of fluid mechanics allow leaning out (lambda > 1)
of a mixture through better mixing of air and
fuel, but it is a combination of many engine
variables that must be optimized for the engine
to performs adequately at leaner amixtures.

In automotive applications, the question of

emissions control for engine calibration above

lambda = 1 is also a serious questio;, but at

least one manufacturer has addressed this issue

in a production vehicle: Toyota (Carina).

There are many reviews in the literature on
the influence of fluid mechanics enhancement of
the combustion zone for lean burn in SI engines.
For example, Fansler and French (1987) treat the
sffects of swirl, squish and turbulence. Ford-
Dunn, et.al. (1989) add the effect of tumble.

These four fluid mechanical effects are
defined here as "classical methods".

Squish: The generation of in-cylinder,
generally radial turbulence due to
piston crown - cylinder head
interaction near top dead center (TDC).

What effect doe; squish ha;e on combustion?

-] Better mixing of air and fuel and the
radial motion causes distortion of the
flame front to accelerate burning.

) But, the squish 2one also hides a
portion of the (tfuel-air charge,
delaying combustion.

o Combustion chambers with squish bands
allow compact designs with low end gas

temperatures (this helps avoid engine

knock and detonation).

PIG. 2. In-cylinder air motion - swirl.




Air Percent by volume HO H0 | Combus-
Fuel Co: | Fue |ton eff.
COs O co Hs _Nl HO percent

" 8.76 0.15 9.4 4.66 77.08 13.78 1.57 0.972 66.7
12 10.18 0.44 6.65 3.% 79.13 13.93 1.37 1.043 73.8
13 11.60 0.59 4.3 2.20 81.09 14.16 1.22 1.122 81.5
4 13.02- | 0.63 2.09 1.07 82.99 14.46 1.1 1.205 89.6
15 13.23 1.35 0.99 0.50 83.72 14.09 1.06 1.247 93.8
16 12.62 2.49 0.68 0.33 83.65 13.30 1.05 1.256 94.8
114 12.00 3.55 0.48 0.25 83.51 12.54 1.05 1.26} 95.5
18 11.45 4.49 0.30 0.16 83.39 11.88 1.04 1.267 96.2
19 10.90 3.36 0.20 0.10 83.23 11.25 1.03 1.269 96.5
20 10.40 6.15 0.1l 0.06 83.07 10.68 1.03 1.272 96.9
21 9.92 6.86 0.08 0.04 82.90 10.16 1.03 .21 96.9
2 9.44 7.55 0.06 0.03 82.71 9.65 1.02 1.268 96.8
23 9.00 8.18 0.05 0.03 82.53 9.19 1.02 1.266 96.7
24 8.60 8.74 0.06 0.03 2.3 8.78 1.02 1.264 96.6

wWhat

TABLE I. Variation of exhaust-gas constituents
and combustion efficiency with air-fuel ratio.

Squish is now out of favor with auto
manufacturers due to unburned mixture
and higher unburned hydrocarbons.
Generated by a “snailshell"™ (or
corkscrsv) intake passage creating
fluid motion parallel to cylinder walls
during cylinder filling. A good example
of such an inlet is taken from Ford-
Dunn, et. al. (1989), in Figure 2.
effect does swirl have on combustion?
Swirl activates in-cylinder air motion
wvhich persists during compression. It
increases local turbulence in the spark
plug electrodes and allows ignition of
leaner fuel-air charges. Swirl s
particularly affective with sI
stratified charges and is  used

extensively in modern diesels.

Ganersted by skewving the flow in a near
vertical intake port to favor one side ’ rIG. 3. In-cylinder air motion --tunble.

of the intake valve, Iimparting a

vertical roll or tumble. The outflow of ¥What effect does tumble have on combustion?
a rotary valve also imparts tumble. ° The tumble effect is related to swirl
Again, Pord-Dunn, et. al. (1989) give in increasing turbulence and velocity

an sxcellent example, Pigure 3. ~ at the spark plug electrodes allowing

ignition of a leaner mixture.




Conclusions with regard to classical fluid
mechanics
o The benefits obtainable from air motion
- swirl - tumble - turbulence are
limited. Typical results are given by
Ford-Dunn, et. al. (1989) in Figure 4,
where the region influenced by swirl -
tumble is shaded.
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PIG. 4. Effects of swirl and tumble on exhaust
enissions and specific fuel consumption
at part-load; 3600 RPM, 3.5 bar BMEP.
o The wmaximum air-fuel ratio attained

It should be noted that both tumble and
swirl reduce the volumetric efficiency
of normally aspirated engines at high

output. Full power is therefore lower.

before the variation in IMEP (Indicated
Mean Effective Pressure) exceeds 5%
(generally accepted limit) is 18:1. The
authors point out that this combustion
improved by either swirl or tumble is

®"ignition limited” since the minimum in

BSFC is not achieved before the IMEP
varjiation exceeds 5%. This implies that
additional ignition energy would be
air-fuel ratios

required to reach

higher than 18:1.

To cite two other "classical methods of

augmenting swirl to enable 1lean burn; the
compression ratio can be increased, Quissch, et.
or the fuel

al. (1988) air charge can be

stratified (Fansler and French, 1987) .
Development continues in both of these area to
achieve gstable combustion at high air-fuel ratios
and hence high combustion efficiency.

For a lean burn to be useful in SI
automotive applications, Vaughen and Hammerle
(1987) point out that air-fuel ratios as lean as
22:1 are needed to control nitrogen oxide (NOx)
emissions without the use of 3-way catalysts
which are not effective at NOx control in lean
burn exhaust. "Unfortunately, at 22:1 homogeneous
charge combustion tends to misfire or bura very
irregularly.® Consequently, driveability is
unacceptable.

The challenge to lean burn combustion and
high combustion efficiency in IC engines is:
] How to 1lower the

ignition energy

required to maintain stable combustion.

IGNITION ENERGY

The challenge of lower ignition energy for
leaner fuel-air mixtures has been met by the
Sonex Combustion System (SCS). It was observed in
early experiments by Allen, et. al. (1982) that
certain piston designs in a CFR (Cooperative Fuel
Research) engine were capable of not only
creating sustained acoustic oscillations in the
combustion chamber as in Figure 5, but also of
changing the ignition characteristics of the
mixture.

It was shown by Allen, et. al. (1982) that a
transition can occur tfo- spark-ignited
combustion to "radical ignition" (RI) (with no

spark) at relatively low compression ratios

-
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(order of 6:1) on gasoline, JP5, and diesel fuels
wﬁon using a piston design similar to that in
Figure 6.

RI is defined here as carburetted or non-
carburetted, stratified charge, controlled auto-
ignition at compression ratios less than those of

classical compression ignition (CI).

4489APN

“qebBRPN
14 .43

40/ 48 -8 4aPBRPN

FIG. 5a. (Upper) SCS ~ Mode 1, pressurs crank
angle diagras.
5b. (Center) SCS =~ Mode 1, pressure
displacement diagram.
5¢. (Lower) SCS - Mode 1, rate of heat

release diagranm.

FIG. 6. SCS - Mode 1 piston design.

N

It was found in later experiments
(unpublished) that the ignition energy required
gradually approached zero, depending on the fuel
used and air-fuel ratio at which RI occurred.
With RI, zero ignition is required. RI occurs on
leaning out tﬁa nixfure.from chemically correct
or stoichiometric conditions, not by reducing the
fueling by reducing fuel jet size or egquivalent,
but by providing additional secondary air in a
controlled manner to the intake valve by a dual-
plane intake manifold, Allen et. al. (1982).
This lsan~out procedure also creates an axially
stratified charge (see later SI results).

Thus, by proper design, it is possible to
take advantaga of the approach to the operating
condition of RI, with its decreasing ignition
energy requirement, to operate ultra-lean-burn
S.I. engines without actually getting to the RI
condition.

RI has been observed experimentally for at
least sixty years but the first documented
experiwents were published relatively recently,
Onishi, et. al. (1979), Roguchi, et. al. (1979).

The work of _ého latter is particularly

important because it identified the radical

chemical species or intermediate resactive
products leading to auto-ignition with gasoline
fuels at 1low compression ratios (< 10:1).
Combustion under these conditions is
exceptionally stable with low enmissions. The

authors also showed that their results conformed




with the Semenov Peninsula of Radical Initiated
Reaction, Semenov (1958).

It will now be shown how the author and his
colleagues have made use of these experimental
observations to produce low-emission, lean-burn

engine wsystems dependent on acoustic and/or

chemical charge conditioning.

ACOUSTIC AND CHEMICAL INFLUENCES ON COMBUSTION

A series of piston designs has been patented
by Pouring et. al. (1986, 1988, 1990) that allow
control of ignition and combustion in IC engines
by acoustic and/or chemical conditioning of the
charge within the cylinder before, during and
atter the combustion event.

All SCS designs rely on a cavity of some
kind in the combustion chamber; the cavity may be
in cthe piston, in the cylinder head or exist
temporarily between the piston and the cylinder
head.

The three principal modes of inducing charge
conditioning in IC engines by the piston designs
shown in Figures 6, 7 and 8 are now reviewed
briefly; for a full deacription see the patents

referred to above.

riG. 7. SCS - Mode 2 piston design.
A

SCS Mode 1

Mode 1 relies on the priciple of acoustic
resonance and the interaction induced in sach of
tvo chambers: the primary combustion chamber and
the secondary resonance chamber generally located

at the outer piston diaseter.

simple

This approach
allows a

relatively mathematical

N

.

description of the piston geometries following

the Helmholtz resonator principle and
mathematically ties the piston design process to
control of engine knock. It also relates the

chamber resonance to combustion

chemistry
allowing not only more complete combustion and
lower emissions but also control of knock. An
example of cylinder pressure behavior is given in
Figure 5, together with the rate of heat release
(ROHR) clearly showing the acoustic influence.
More experimental results are given by Pouring

et. al. (1986, 1987).

Diesel version showa, SI Is similar

Embodimest II ’
o . Embodiment I
Speay

FIG. 8. SCS ~ Mode 3 piston design.

SCS Mode 2 :

The second approach to in-cylinder control
of combustion relies on the interaction between
the piston and cylinder head to create a
tamporary resonance chamber while the piston is
near the TDC. Again, the Helmholtz resonator
principle is followed allowing acoustic charge
conditioning in high speed applications such as
tvo-stroke engines. Experimental results for such
8 two-stroke engine design are given by Pouring

et. al. (1987).




SCS Mode 3

The first two SCS modes are reviewed here
rather briefly as references are available to
gain further insight into these modes. since no
experimental results have yet been published on
Mode 3, several examples are given here to show
the great potential of this mode to reduce

emissions and foster ultra-lean burn combustion.

It was found experimentally that the auto-
ignition ability of the Mode 1 designs, Figure 6,
could be transferred to Mode 3 by relocating the
secondary SCS chamber to the piston bowl area as
shovn in Figure 8 and highly damping the
oscillator. By proper attention to the principles
of physical chemistry the SCS chambers can be
designed to act as'ch-mical reaction charbers and
provide chemically active radical species to the
intake event by fumigation from the cavities. The
Mode 3 cavity is designed primarily to produce
active chemical species or radicals during one
engine cycle and conserve these species until the
intake stroks of the next engine cycle. Thus, the
new charge is preconditioned to react rapidly

vhen fuel is injected.
DI Methapol Fuel (M100)

Mode 3 designs can therefore be used in
direct injection engines to ignite low cetane
fuels such as methanol at normal diesel
compression ratios; to reduce particulates, NOXx
and CO from diesel fuel and to acheive vitra-lean
conbultiop with gasoline fuels. )

The first example of Mode 3 experimental
results is for direct injection of methanol
(M100), at a compression ratio of 17:1. No
ignition improver, no spark plug and no in-
cylinder glow plug was required. Starting was via
a standard diesel flame glow plug in the intake
manifold. Misfire-free operation was achieved in
the entire engine map with no measurable smoke
produced and reduced NOx. Since this work wes
conducted as a feasibility study for a client, no
turther details can be released at this time.

An example of combustion analyzer results

for methanol is given in Figure 9, showing smooth

:ltable ignition and a ravid ROHR at part load.

DI Diesel Fuel

The sacond example of Mode 3 experimental
results is for direct injection of diesel fuel in
a single cylinder conversion of a Perkins 4.236
engine, 98 mm bore and 127 mm stroke with
compression ratio at 16:1. The engine was
supercharged with a roots blower, an intercooler
was used and an exhaust back pressure regulator
was added to simulate a turbo. Testing was
conducted w{;h Phillips 66 D2 reference fuel.

Comparing SCS with the production baseline,
for equal nozzle size (standard), and equal load,
averaged over the range of conditions given
below, the overall SCS reduction in Bosch Smoke

Units (spot test) and nitric oxide, per cubic mm

injected is:

Average Average
improvement improvement
of SCS BSU/mm of NO/am
condition Qver baseline over baseline
1000 RPM, 1500 RPM
2000 RPM, 2500 RPM
(Full to 75% load) 3 21%

Idle 60% 3ss

The average behavior of smoke and NO with
respect to injection timing for the conditions
reported above is shown in Figure 10.

The trade-off curves, with full load and
jdle shown in Figure 11, for Bosch Smoke - Nitric
Oxide show simultaneous reduction of both smoke
and nitric oxide for nearly all test conditions.
This is unique to SCS technology. Nitric Oxide is
significantly lower for the SCS engines for
practically all load, speed and tining
conditions, including idle.
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a. (upper) Cylinder pressurs

b.(middle) Rate of pressure rise
e.(lover) Variation of maximum cylinder
pressurs for 360 cycles

Por comparable conditions, the specific fuel
consunption is equal (vithin experimental arror)
at 1000 RPM, 1500 RPM, 2000 RPM and idle. At 2300
RPM (a very difficult test condition for this
single cylinder engine) the 8CS fuel consumption
is approximately 4% higher. Carbon monoxide (on a
per mm injected basis), vhen compared oversll for
all tast conditions is reduced on the order of
308. Undurned hydrocarbons wars not recorded due
to eguipment failure, but besed om the results
from the same engine, normally aspirated, the

SO2RPN
0.00%

40/ ¢0-0
20

s02RPN
0.00%

DI Methanol 100 fuel,part ived at 16 W

d. (upper) Reat releass
e.(middle) Rate of heat release
£.(lover)

pistribution of maximum

cylinder pressure vith respact to TDC

boosted unburned hydrocarbons should be

egquivalent to the baseline.
£1_Gasoline Fuel

The final example of Node 3 experimental
results is for ultra-lean combustion of spark-
ignited carburettsd gasoline fusl in a single
cylinder engine. A single cylinder overhead valve
qmmmimn&t.mm
ocould be sads at mearly sgual coupression ratio




(8:1) with equal rod lengths, rod piston weights,
etc. The SCS intake manifold was also modified so
that normally aspirated secondary air could be
admitted in a controlled manner. A spark-ignited
piston design based on Mode 3, Figure 8, wa=

used.

PERKINS 4.236 SINGLE CYLINDER CONVERSION
BOOSTED SMOKE REDUCTION STUDY, D-2 DIESEL FUEL
1000 +1500 + 2000 + 2500 RPM .31mm INJECTOR

SUMMATION FROM FULL LOAD TO 758 LOAD
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INJECTION TIMING (DBTDC)
F1G. 10. DI diesel fuel, Bosch smoke-NO,

injection timing.

Pigure 12 shows typical performance of this
engine design at part throttle, 1800 RPM and MBT
spark.

rirst, with respect to torque, the baseline
engine has the typical drop-off in torque as fuel
flov is reduced through smaller jetting while the
SCS leanout curve maintains torque at or ilightly
higher than at the start, then drops off after
the sinimusm BSPC is reached at an air-fuel ratio

of 22:1. The lean misfire llpit (LML) is at 28:1.

This last point should be re-emphasised.
Thers is a difference of 6 air-fuel ratios
between the minimum in BSFC and LML. This factor
alone would allow excellent driveability since
engine calibration near the minimum in BSFC would

not encounter nisfire as is evident in the

’

‘baseline engine where the minimum in BSFC is at
an air-fuel ratio of 16:1 and the LML is at
16.5:1, the last point plotted.

It is seen that SCS CO and NO, the two
parameters most indicative of a change in the
character of combustion, are both displaced to
higher air-fuel ratios than the baseline. This is
because the SCS secondary air technique allows
stratification of the charge in the cylinder with
a richer charge at th'e spark plug, leaner at the
piston face. The different behavior of the
emissions between the SCS stratified charge and

the homogeneous charge baseline is clearly seen.

TIMING CU@ - 11.5 PS! BOOST

AVG SUM_OF 1000,1500.2000,& 2500 K. M
(NO CORRECTED ACCORDING TO SAE — J177)

0 800 1000 1500 2000 2500 3000 3500
NITRIC OXIDE (PPM)

150 o)
TIMING CURVE - BOOST
(NO CORRECTED ACCORDING YO SAE - J177)

¥
’\\ 99990 BASELINE
| ig [ ‘lﬂ‘ 230 - 800

NITRIC OXIDE (PPM)

FIG. 11. DI diesel fuel, Bosch smoke-NO trade

off curves.

The rise in unburned hydrocarbons beyond an
air-fuel ratio of 18:1 may or may not be
associated with the combustion process. Due to
the fabrication technique of using a stock piston
skirt and ring pack, the piston compression
height had an unusually long crevice volume. It

is expected that improved piston design in the

future will corrsct this feature.
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FIG. 12. SI gasoline fuel, part load lean-out
curves.

Since the experimental results for SI

combustion indicate the SCS process is not

ignition limited, it appears that the ignition
energy is lowered as postulated earlier. The wide
margin between the minimum in BSPC and LML was
seen throughout the engine map with this design.

It can be concluded that with the Mode 3
SCS, a practical lean burn system capable of
running at the maximum theoretical combustion
efficiency (air-fuel ratio = 20:1) has been

achieved and should be transferred to automotive

applications.

CONCLUSIONS

The experimcntal evidence for the latest SCS
Mode 3 design for:
o SI gasoline engines indicates that lean
burn at maximum combustion efficiency
without

is possible, encountering

combustion instability.

10

.

[} DI methanol engines indicates that CI
is possible for even the lowest cetane,
hard to ignite fuels, allowing the
efficiency increase inherent with DI
compression ratios.

o D1 diesel engines, with simultaneous
reduction of smoke (particulates) and

NO, counters the classical trade-off of

»)lower smoke gives higher NO".

These results demonstrate that a new generic
engine design variable (in addition to injection
timing, compression ratio, swirl, etc.) is
available for in-cylinder control of ignition and
combustion in IC engines -- namely ~- chemical-

acoustic charge conditioning.
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EVALUATION MATRIX DATA SHEET

ENGINE DESCRIPTION

- ——— i~ "~ — - — -

ENGINE MANUFACTURER: HONDA
ENGINE DESIGNATION: G100 K1
RATED POWER & RPM: 1.6 @ 3600
MAXIMUM POWER @ RPM: 2.2 @ 4200
STROKES PER CYCLE: FOUR (4)
VALVE TRAIN: SIDE VALVE
PISTON DESIGNM: FLAT 0P
DISPLACEMENT (CYU IN): 4,53
BORE (IMN:: 1.81
STROKE (IN): 1.81
COMPRESSICN RATIO: 6.5:1
DRV WEIGHT (LE:: 19
OPTZION: STARTING FLUID AN

A,
B. FUEL VAPORIZER AND BATTERY
C. DIRECT INJECTION

A. INITIAL COST ($/KuW)
1. PROCUREMENT COST

A. LIST PRICE: $ 270.00

B. HP @ 3600 RPM: 1.6 HP

C. HP USING XEROSENE: 1.20 HP

D. GENERATING CAPACITY: 0.60 Kuw

E. PROCUREMENT COST ($/KW): $ 450.00 PER Ku

2. MODIFICATION COST ($/Ku)
A. COMBUST1ON CHAMBER GEOMETRY
HEAD GASKET 102 <X
HEAD MODIFICATIONS 20%
PISTON MODIFICATIONS 25%
PERCENTAGE : 10 €osT: s 27.00

B. FISTON RING MDDIFICATION

2 STROKE/CYCLE o-.

4 STROKE/CYCLE Z5:,
ROTARY 0%

PERCENTAGE : 2

wn

COST: ¢ 67.%0

C. IGNITION SYSTEM
TIMING RETARD 10
HOT SPARK & FLUG 25
PERCENTAGE : 10 C0ST: ¢ 27.00

D. FUEL DELIVERY SYSTEM
CARBURETOR JETS 5% <l
FUEL VAPORIZER 25%
DIRECT INJECTION 200-

S

PERCENTAGE : COST: ¢ 13.50

3. GENERATOR COST $ 270.00

TOTAL MOD. COST: ¢ 405.00
TOTAL MOD. COST PER Ku: $ 675.00 PER KW

$

450.00 PER Kw

Figure B-1

675.00 PER kU




B. ENGINE LIFE COST (%/KW)

1. PROCUREMENT COST (%/KuW) $ 450.00 PER Ku
2. MOD COST LESS GEN COST $ 225%.00 PER h¥
3. SPARE COST
FOUR STROKE/CYCLE (100%) (RS
TWO STROKE/CYCLE & ROTARY (66.7%)
PERCEMNTACE: 190 £0ST: $ &75.00 FER KW $ 275,00 FER KW
C. TO7AL ENGINE PROCUREMENT MODIFICATION. ANl LIFE OHYCLE COST: $ 1.30C.00 FER KW

D. OCPERATING COST (#/KU-HR)

1. MAINTENANCE EXPENSE k3 1.13 PER FuW-HF
J. FUEL EXPENSE
4-STROKE @ $.ZZ/KW-HF -
ROTARY @ $.26/KW-HR
2-STROKE @ $.29/KW-HR
3 0.22 FER Ki-HR
5. SPECIAL FLUIDS EXPEMSE
LOW ASH OIL-2 STROKE & ROTARY PER KW-HR
STARTING FLUID $ 0.05 PER KW-HR
4. SPECIAL EQUIPMENT
STARTING BATTERY OPTION ONLY
4- STROKE (5%)
2 STROKE & ROTARY (B.33%)
PERCENTAGE : 0 COST: ¢ 0.00 PER KW-HR

w*
o
L]

O
(o)

5. TOTAL OPERATING COST $ 1.40 PER KW-HR $ 1.40 PER KW-HR

E. T70TAL FROCUREMENT AND OPERATING COST (ASSUMES 1000 HRS OPERATION) & 5.19%9.50 PER KW




F. ENGINE PERFORMANCE

1. WEIGHTS
A. EMGINE
B. GEMERATOR
C. FUEL VAPORIZER & BATTERY
D. FUEL INJECTION SYSTEM
E. FUEL (4-HR MISSION)
F. CRANKCASE OIL
G. TOTAL WEIGHT
H. POWER QUTPUT
I. FOWER DEMSITY
J. WEIGHT PER UNIT POWEF
K. VOLUME PER UNIT =QuWER

2. STARTING RELIABILITY
A. STARTING FLUID
B. BATTER»
C. maNual

3. COLD STAFT LIMIT (aLl:

4. NOISE LEVEL
A. ROTARY
B. 4-STROKE
C. Z-STROKE

5. IR SIGNATURE
A. 4-STROKE
B. 2-STROKE
€. ROTARY

6. EMI/RFI SIGNATURE
A. STARTING FLUID
B. FUEL VAPORIZER & BATTERY
C. DIRECT INJECTION

~0

LB

LB

LB

LB

LB

LB

LE

KW
KW/LB
LB, KW
U FT nu

e
J O O 0
DY T

D
[ N9 ]
L] .

[ed rJ
L] .
H 00 H OO OO

0.

~
- O
.
&1

75%

100%
1100 oo
126°%

100% <<« |
130%
150%

NO CHANGE FROM GASOLINE

NO CHANGE FROM GASOLINE
SIGNIFICANT BUT UNSFECIFIED
INCREASE




EVALUATION MATRIX DATA GHEET

ENGIME DESCRIFTION

ENGINE MANUFACTURER: HONDA -

ENGINE DESIGMNATION: G100 *1

RATED POWER @ RFM: 1.6 @ 3600

MAXIMUMm POWER @ RPM: 2.2 @ 4200

STROKES PER CYCLE: FOUR (4)

VALVE TRAIN: SIDE “ALVE

PISTON DESIGH: FLAT TOF

DISPLACEMENT (ZU It): d.63

BCRE (INi: 1.8i

STROKE - IM): i.21

COMPRESSIOM RATIO: e.dti

DRY WEIGHT (LEJ: 1¢

OPTIOM: A. ESTARTING FLUID
B. FUEL VAPORIZER AMND BATTERY AN
€. DIRECT IMJECTIOM

A. INITIAL COST ($/KW)
1. PROCUREMENT COST

A. LIST PRICE: $ 270.00

B. HP @ 3500 RPM: 1.6 HP

C. HP USING KEROSENE: 1.20 HP

D. GENERATING CAPACITY: 0.60 KW

E. PROCUREMENT COST ($/KW): $ 450.00 PER KW

2. MNODIFICATION COST ($/KW)
A. COMBUSTION CHAMBER GEOMETRY
HEAD GASKET 10%
HEAD MODIFICATIONS Z20%
PISTON MODIFICATIONS 25% <«
PERCENTAGE : 25 COST: ¢ 67.50

B. PISTON RING MODIFICATION
2 STROKE/CYCLE 0%
4 STROKE,CYCLE 257 R
ROTARY O
PERCENTAGE : 25 COST: ¢ &7.50

C. IGNITION SYSTEM

TIMING RETARD 10% AN
HOT SPARK & PLUG 25%
PERCENTAGE : 10 C6ST: ¢ 27.00

D. FUEL DELI ERY SYSTEM
CARBURETOR JETS 5% AN
FUEL VAPORIZER 25% <
DIRECT INJECTION 200%

PERCENTAGE : 30 COST: ¢ 81.00

3. GENERATOR COST $ 270.00

TOTAL mOD. COST: $ 513.00
TOTAL MOD. COST PER KW: $ 855.00 PER KW

$ 450.00 PER KW

Figure B-2

$ 855.00 PER kW




B. ENGINE LIFE COST ($/KW)

1. PROCUREMENT COST ($/KW) ¢ 4%0.00 PER KW
=. MOBD COST LESS GEN COST $ 305.00 PER KW
3. SPARE COST

FOUR STROKE/CYCLE (100%) o
TWO STROKE/CYCLE & ROTARY (66.7%)
PERCEMTAGE: 100 COST: ¢ 855,00 PER KW $ 895,00 PER KU

C. TOTAL ENGINE SROCUREMENT.MODIFICATION, Anl LIFE CvCLE COST: ¥ oL,1e0,00 PER KU
D. OPERATING COST ($/KW-HFR
1. MAINTENANCE EXPEMSE £ 1,13 PER KW-HR

2. FUEL EXPENSE
4-STROKE @ $.22/KW-HR <.
ROTARY @ $.,26/KW-HR
2-STROKE @ $.29/KuW-HR
% .22 PER KW-HR
2. SPECIAL FLUIDS EXPEMSE
LOW ASH OIL-2 STROKE & ROTARY ¢ 0.00 PER KW-HR
STARTING FLUID $ 0.00 PER KW-HR
4, SPECIAL EQUIPMENT
STARTING BATTERY OPTION ONLY
4- STROKE (5%)
2 STROKE & ROTARY (8.33%)
PERCENTAGE: 5 COST: ¢ 0.08 PER KW-HR

5. TOTAL OPERATING COST $ 1.43 PER KW-HR $ i.43 PER KW-~HR

E. TOTAL PROCUREMENT AND OPERATING COST (ASSUMES 1000 HRS OPERATION) ¢ 3.592.83 PER tuw




F. ENGINE PERFORMANCE

1. WEIGHTS
A. ENGINE 19.0 LB
B. GEMNERATOR 19.0 LE
C. FUEL VAPORIZER & BATTERY 6.0 LE
D. FUEL INJECTION SYSTEM 0.0 LB
E. FUEL (4-HR MISSION) 2.9 LB
F. CRANKCASE OIL 2.5 LB
G. TOTAL WEIGHT 48.9 LB
H. POWER OUTPUT 0.6 KW
1. PDWER DENSITY 0.012 KW/LE
J. WEIGHT PER UNIT POWER 81.5 LB/KW
K. VYOLUME PER UNIT FOWER CU FT/KW
2. STARTING RELIABILIT:
a. STARTING FLUID A
B. BATTERY 95% -
C. MANUAL $c%
2. COLD START LIMIT raLL. -20F
4. MOISE LEVEL
A. ROTARY 100~
B. 4-STROKE 110% <0«
C. 2-STROKE 120%
S. IR SIGNATURE
A. 4-STROKE 100% <<
B. 2-STROKE 130%
C. ROTARY 150%
6. EMI/RFI SIGNATURE
A. STARTING FLUID NO CHANGE FROM GASOLINE
B. FUEL VAPORIZER & BATTERY NO CHANGE FROM GASOLINE
C. DIRECT INJECTICHN SIGNIFICANT BUT UNSPECIFIED

INCREASE




SYALUATION MATRIX DATA SHEET

EMGIME DESCRIPTION

ENGINE MANUFACTURER: HONDA
ENGINE DESIGNATION: G100 K1
RATED POWER @ RPM: 1.6 @ 3600

MAXIMUM POWER
STROKES PER C
VALVE TRAIN:

@ RPM: 2.2 @ 4200
YCLE: FOUR (4>
SIDE VaLvE

PISTON DESIGN: . FLAT TOP
DISPLACEMENT (CU IN): 4.62
EORE (IN): 1.8:1
STRCKE (IN): 1.81
COMPRESSION RATIO: 6.%011

DRY WEIGHT (L

OPTION: A,
B.
C.

B): 19

STARTING FLUID
FUEL VAPORIZER AND BATTERY
DIRECT INJECTION SIS

A. INITIAL COST ($/KW)
1. PROCUREMENT COST

A.
B.
c.
D.
E.

2.
A.

3.

LIST PRICE: $ 270,00

HP @ 3600 RPM:

HP

HP USING KERDSENE: 1.20 HP

GENERATING CAPACITY: 0.60

KW

PROCUREMENT COST ($/KW): $ 450.00 PER KW

MODIFICATION COST ($/KW)
COMBUSTION CHAMBER GEOMETRY
HEAD GASKET 10%

HEAD MODIFICATIONS 20%
PISTON MODIFICATIONS 25% <<«

PERCENTAGE : 25 COST: 3 67.50

PISTON RING MODIFICATION
2 STROKE/CYCLE 0%

4 STROKE/CYCLE 257 R
ROTARY 0%

PERCENTAGE : 25 COST: ¢ 67.50

IGNITION SYSTEM

TIMING RETARD 1

HOT SPARK & PLUG
PERCENTAGE ¢

0% <<«
25% <«
3

FUEL DELIVERY SYSTERM
CARBURETOR JETS 5%
FUEL VAPORIZER 25%
DIRECT INJECTION 200%4<<

PERCENTAGE : 200 COST: ¢ 540.00
GENERATOR COST ¢ 270.00
TOTAL MOD, COST: $1.039.50

%ol
S COST: 9 94.%0

TOTAL MOD. COST PER Ku: $1.732.50 PER KW

$ 450.00 PER KW

Figure B-3

$ 1.732.50 PER KW




B.

C.

b.

E.

ENGINE LIFE COST (%$/KW)

1. PROCUREMENT COST (%/KW)
2. MOD COST LESS GEN COST
3. SPARE COST
FOUR STROKE/CYCLE (100%)
TWO STROKE/CYCLE & ROTARY

$ 450.00 FER
$1.282.50 PER

.

<L
{66.7%)

PERCENTAGE : 100 COST: $1.732.50 PER

OPERATING COST (%/KW-HR)

1o MAINTENANCE EXPENSE

2. FUEL EXPENSE
4-STROKE @ $.7Z/KW-HR <«
ROTARY @ $.Z26/KW-HR
2-STROKE @ $.29/KW-HR

S. SPETIAL FLUIDS EXPENSE
LOW ASH OIL-2 STROKE & ROTARY

STARTING FLUID

4. SPECIAL EQUIPMENT

-+

STARTING BATTERY OPTION ONLY

4- STROKE (5%)

2 STROKE & ROTARY (8.33%)

PERCENTAGE: 0 COST: ¢

5. TOTAL OPERATING COST

TOTAL PROCUREMENT AND OPERATING COST

(ASSUMES 1000 HRS DPERATION)

TOTAL ENGIME PROCUREMENT .MODIFICATION. AND LIFE

<>

0.
0.

0.

1.

CYCLE

.13 PER

.22 PEFR

00 PER
00 PER

00 PER

35 PER

KW
KW

KW

CCsT:

KW-HR

KW-HF

KW-HR
KW-HR

KW-HR

KW-HR

$ 1.732.50 FER Ku

$ 1.35 PER KW-HR

$ 5.264.50 PER KW




F.

ENGINE PERFORMANCE

1.

i
.

3.

6.

WEIGHTS

A. ENGINE

GENERATOR

FUEL VAPORIZER & BATTERY
FUEL INJECTION SYSTEM
FUEL (4-HR MISSION)
CRANKCASE OIL

TOTAL WEIGHT
. FOWER OUTPUT
. POWER DENSITY
WEIGHT PER UNIT POWER
VOLUME PER UMIT POWER

o
.

T~ T OMMon
-

STARTING RELIABILITY
A. STARTING FLUID
B. BATTERY
C. MANUAL

COLD START LIMIT (ALL:

NOISE LEVEL
A. ROTARY

4-STROKE

. 2-STROKE

O w
.

IR SIGNATURE
A. 4-STROKE
B. 2-STROKE
€. ROTARY

EMI/RFI SIGNATURE

A. STARTING FLUID

B. FUEL VAPORIZER & BATTERY
C. DIRECT INJECTION

LB

LB

LB

LB

LB

LB

LB

KW
KW/LB
LB/ KW
Cu FT./KuW

o
O —
— o . « 4 s s &
MU O NDOOCOOO

N e
VOO NN O VW
- L]

o
5%
9%

100%
110% <<
120%

1007 <<«
130%
150%

NO CHANGE FROM GASCLINE

NO CHANGE FROM GASOLINE
SIGNIFICANT BUT UNSPECIFIED
INCREASE




EVALUATION MATRIX DATA SHEET

ENGINE DESCRIPTION

ENGINE MANUFACTURER:
ENGINE DESIGNATION:
RATED POWER @ RPM:
MAXIMUM POWER @ RPM:
STROKES PER CYCLE:
VALVE TRAIN:

PISTON DESIGN:

BRIGGS & STRATTOMN
AT-4

S.2 @ 2600

7.8 @ 3600

FOUR (4)

OVERHEAD
BOWL-IN-FISTOM

DISPLACEMENT (CU IM): e.18
BORE (IN}: 2.56
STROXE (IN): i.78
COMPRESSION RATIO: 9.5:1
DRY WEIGHT (LB): z8

OPTICM: A, STARTING FLUID
B. FUEL VAPORIZER AND BRATTERY
C. DIRECT INJECTION

A. INITIAL COST ($/KW)
1. PROCUREMENT COST

A. LIST PRICE: $ 200.00

B. HP @ 3600 RPM: 3.2 HP

C. HP USING XEROSENE: 2.40 HP

D. GENERATING CAPACITY: 1.20 Kuw

E. PROCUREMENT COST ($/Ku): $ 166.67 PER KU

2. MODIFICATION COST ($/KW)
A. COMBUSTION CHAMBER GEOMETRY
HEAD GASKET 10% <<
HEAD MODIFICATIONS 20%
PISTON MODIFICATIONS 295%
PERCENTAGE : 10 COST: 3 20.00

B. PISTON RING MODIFICATION
2 STROKE/CYCLE 0%
4 STROKE/CYCLE 25% €<
ROTARY 0%
PERCENTAGE : 25 COST: s 50.00

C. IGNITION SYSTEM
TIMING RETARD 10% <L
HOT SPARK & PLUG 25%
PERCENTAGE : 10 COST: ¢ 20.00

D. FUEL DELIVERY SYSTENM
CARBURETOR JETS 5% <<
FUEL VAPORIZER 25%
DIRECT INJECTION 200%

PERCENTAGE : S COST: ¢ 10.00

3. GENERATOR COST $ 200.00

TOTAL MOD. COST: $ 300.00
TOTAL MOD. COST PER Ki: $ 250.00 PER KW

$ 166.67 PER KW

Figure B-4

$ 250.00 PER Ku




B. ENGINE LIFE COST ($/KW)

. PROCUREMENTY COST ($/KW)
MOD COST LESS GEN COST
SPARE COST

FQUR STROKE/CYCLE (100%)

LS 5 o
.

TWO STROKE/CYCLE & ROTARY (66.7%)

PERCENTAGE: 100 C0sT:

PR

TOTAL ENGINE PROCUREMEMT .MCDIFICATIAN,
D. OPERATING COST ($/KW-HR}

MAINTENANCE ZXFENSE

. FUEL EXPENSE

4-STROKE @ $.22/KW-HR <<
ROTARY @ $.J6-KW-HR
2-STROKE @ $.29 KW-HR

3
.

3. SPECIAL FLUIDS EXPENSE
LOW ASH OIL-Z STROKE & ROTARY
STARTING FLUID

4. SPECIAL EQUIPMENT

STARTING BATTERY OPTION ONLY

4- STROKE (5%)
2 STROKE & ROTARY (8.33%)
PERCENTAGE : 0 COST:

5. TOTAL OPERATING COST

250.00 FPER KW

[
m
1
o
(&3]
et

o)

PER KW-HR

> PER KW-HR

PER KW-HR
PER KW-HR

o

PER KW-HR

PER KW-HR 0.69 PER KW-HR

E. TOYAL PROCUREMENT AND OPERATING COST (ASSUMES 1000 HRS OPERATION)



F. ENGINE FERFORMANCE

1. WEIGHTS
A. ENGINE 28.0 LB
B. GENERATOR 28.0 LB
C. FUEL VAPORIZER & BATTERY 0.0 LB
D. FUEL INJECTION SYSTEM -0.0 LB
E. FUEL (4-HR MISSION) 4.8 LE
F. CRANKCASLE OIL 2.5 LB
G. TOTAL WEIGHT 53.5 LB
H. POWER OUTPUT 1.20 KU
I. FOWER DENSITY 0.019 KuW/LE
J. WEIGHT PER UNIT POWER 52.8 LB/KW
¥. VOLUME PER UNIT POWER CU FT/KW
2. STARTING RELIABILITY
A. STARTING FLUID FEE -
B. BATTERY ¢5%
C. MANUAL g9
3. COLD START LIMIT (ALL) -20F
4. NOISE LEVEL
A. ROTARY 100
B. 4-STROKE 110%
C. Z-STROKE 120%
5. IR SIGNATURE
A. 4-STROKE 100% <<«
B. 2-STROKE 130%
C. ROTARY 150%
6. EMI/RFI SIGNATURE
A. STARTING FLUID NO CHANGE FROM GASOLINE
B. FUEL VAPORIZER & BATTERY NO CHANGE FROM GASOLINE
C. DIRECT INJECTION SIGNIFICANT BUT UNSPECIFIED
INCREASE



EYALUATION MATRIX DATA SHEET

ENGINE DESCRIPTION

ENGINE MANUFACTURER:
ENGINE DESIGNATION:
RATED POWER @ RPM;
MAXIMUM POWER @ RFM:
STROKES PER CYCLE:
VALVE TRAIN:

PISTON DESIGN:
DISPLACEMEMT (CU IN}:
BORE (IN):

STROKE 17Ny
COMPRESCION RATIO:
DRY WEIGHT (LB):

OPTIOMN: A,

BRIGGS & STRATTON
QT-4

3.2 @ 34600

5.8 & 2600

FOUR (4)

OVERHEAD
BOWL-IN-FISTON

0
n

.
o oen oy

w
st -
n

O +— Iy o~ ¢

‘.
BNY ee

STARTING FLUID

B. FUEL VAPORIZER AND BATTERY

C. DIRECT INJECTI

A. INITIAL CDST ($/KW)

OH

1. PROCUREMENT COST

A. LIST PRICE: $ 200.00

B. HP @ 3600 RPM: 3.2 HP

C. HP USING KERGSEME:: 2.40 HP

D. GENERATING CAPACITY: 1.20 KW

E. PROCUREMENT COST ($/KW): $ 166.67 PER Ku

2. MODIFICATION COST ($/KW)
A. COMBUSTION CHAMBER GEOMETRY

HEAD GASKET

10

HEAD MODIFICATIONS 20
PISTON MODIFICATIONS 195%

PERCENTAGE :

29 COS7: ¢ $0.00

B. PISTON RING MODIFICATION
2 STROKE/CYCLE 0%
4 STROKE/CYCLE 25%

ROTARY 0%
PERCENTAGE :

2% C0s7: & 20.00

C. IGNITION SYSTERM

TIMING RETARD

10% K<

HOT SPARK & PLUG 25%

PERCEMNTAGE :

D. FUEL DELIVERY

10 COs7T: ¢ 20.00

CYSTEM

CARBURETOR JETS =
FUEL VAPORIZER 125

DIRECT INJECT
PERCENTAGE :

3. GENERATOR CQST

ION  200%
0 C0ST: s 60.C0

¢ 200.00

TOTAL MCD. COST:
TOTAL MOD. COST PER Ku:

380.00
316.67 PER Ku

Figure B-5

¢ 316.67 PER KW




B. ENGINE LIFE COST ($/KW)

1, PROCUREMENT COST (3$/KW) $
2. mMOD COST LESS GEN COST $
3. SPARE COST

FOUR STROKE/CYCLE (100%) <o
TWO STROKE/CYCLE & ROTARY 166.7%

PERCENTAGE s 100 COS7: ¢

C. TOTAL ENGINE PROCUREMENT.MODIFIZATICH, AMD

D, QPERATING COST ($/KW-HE®

1. MAINTENANCE EXPENSE %
Z. FUEL EXPENSE
G-STROKE @ $.22/KW-HR - ¢
"ROTARY @ §.6/Ku-HP
2-STROKE @ $.29/KW-HR
$
3. SPECIAL FLUIDS EXPENSE
LOW ASH OIL-Z STROKE & ROTARY $
STARTING FLUID 3
4. SPECIAL EQUIFMENT
STARTING BATTERY OPTION ONLY
4- STROKE (5%)
2 STROKE & ROTARY (8.33%)
PERCENTAGE : S COST: ¢

5. TOTAL OPERATING COST $

166.67
150.00

316.67

~-
el

PER
PER

PER

> FER

FER

FER
PER

PER

PER

KU
Ku

Ky

KW-HR

KW-HR

KW-HR
KW-HR

KW-HR

KW-HR

3 316.67 PER KW

$ 0.68 PER KW-HR

E. TOTAL PROCUREMENT AND OPERATING CDST (ASSUMES 1000 HRS OPERATIOW) ¢ 1.478.37 PER KW




F. ENGINE PERFORMANCE

1. UWEIGHTS
A. ENGINE 28.C LE
B. GENERATOR 28.0 LE
C. FUEL VAPORIZER & BATTERY 6.0 LB
D. FUEL INJECTION SYSTEM 0.0 LB
E. FUEL (4-HR MISSION) 4.8 LB
F. CRANKCASE OIL 2.5 LB
G. TOTAL WEIGHT 9.5 LB
H. POWER QUTPUT 1.20 KW
1. POWER DENSITY 0.017 KW/LB
J. WEIGHT PER UNIT PQWER 37.8 LB/KW
K. YOLUME PERF UNIT FOWER CUFT +uW
Z. STARTING RELIABILIT:
A. STARTING FLUID S5
B. BATTERY can
C. MANUAL =es
3. COLDL START LIMIT {ALL) -20F
4. HMOISE LEVEL
A, KOTARY 1800
B. 4-STROKE 110% <.
C. Z-STROKE i20%
5. IR SIGNATURE
A. 4-STROKE 100% <<«
B. 2-STROKE 130%
C. ROTARY 150%
6. EMI/RFI SIGNATURE
A. STARTING FLUID NO CHANGE FROM GASOLINE
B. FUEL VAPDRIZER & BATTERY NO CHANGE FRDM GASOLINE
C. DIRECT INJECTION SIGNIFICANT BUT UNSPECIFIED

INCREASE



ENGINE MANUFACTURER:

EVALUATION MATRIX DATA SHEET

ENGINE DESCRIPTION

BRIGGS & STRATTON

ENGINE DESIGNATION: RT7-4

RATED POWER @ RPM: 3.2 @ 3600
MAXIMUM POWER @ RPM: 3.8 @ 3600
STROKES PER CYCLE: FOUR (4)

VALVE TRAIN:

PISTON DESIGN:

OVEFHEAD

BOWL-IM-PISTON

A. INITIAL COST (%/KW)
PROCUREMENT COST

1.

-

Lo

A.
B.
C.
D.
E.

A.

MODIFICATION COST

LIST PRICE:

HP @ 3600 RPM:

HP USING KEROSENE:
GENERATING CAPACITY:

DISPLACEMENMT (CU IM): ?.18
BORE {IN): 2.56
STROKE (IM): 1.73
COMPRESSION RATIO: g8.%:1
DRY WEIGHT (LB1: Z8
OFTIOM: A, STARTING FLUID
B. FUEL VAPORIZER ANL BATTERY
C. DIRECT INJECTIOM

PROCUREMENT COST ($/KW):

($/KW)

COMBUSTION CHAMBER GEOMETRY

HEAD GASKET 10%

HEAD MODIFICATIONS 20%

PISTON MODIFICATIONS
PERCENTAGE: 25

25%

COST:

PISTON RING MODIFICATION

2 STROKE/CYCLE 0%
4 STROKE/CYCLE 29%%
ROTARY 0%

PERCENTAGE ; 2%

IGNITIOM SYSTEM

TIMING RETARD 1

HOT SPARK & PLUG
PERCENTAGE :

0%

257
35
FUEL DELIVERY SYSTEM

CARBURETOR JETS 5%
FUEL VAPORIZER 25%

% .
.

.
<<

COSsT:

DIRECT INJECTION 200%<<<

PERCENTAGE : 200

GENERATOR COST

TOTAL mOD. COST:
TOTAL MOD. COST PER WW:

COST:

]
SN

200.00
3.2 HP
2.40 HP
1.20 Ku

166.67 PER KW

50.00

50.00

70.060

400.00

200.00

770.00
641.467 PER

K

$ 166.67 PER KW

Figure B-6

$ 641.67 PER KW



B. ENGINE LIFE COST ($/KW)

Cd r) »-
.

PROCUREMENT COST ($/KW) $ 166.67 PER
MOD COST LESS GEN CO0S7 ¢ 475.00 PER
SFARE COST

FOUR STROKE/CYCLE (100%) L
TWO STROKE/CYCLE & ROTARY (&&.7%)
PERCENTAGE : 100 COST: $ 6491.67 PER

C. T3TaL ENCINE PROCUREMENT .MODIFICATION. AMD LIFE CYCLE

D. OPESATING CTOST ($/KW-HR)

boe

t)

MAIMTENANCE EXPENSE $ 0.4z PEFR
FUEL EXPENSE
4-5TROKE @ $.Z2/KW-HR - <«
ROTARY @ $.26/KUW-HR
2-STROKE @ $.29/KW-HR
$ 0.22 FER
SPECIAL FLUIDS EXPENSE
LOW ASH 0IL-2 STROKE & ROTARY 0.00 PER
STARTING FLUID $ 0.00 PER
SPECIAL EQUIPMENT
STARTING BATTERY OPTION GNLY
4- STROKE (5%)
2 STROKE & ROTARY (8.33%)
PERCENTAGE : 0 COST: ¢ 0.00 PER

*

TOTAL OPERATING COST $ 0.64 PER

KW
KW

KW

[SUCA

KW-HR

KW-HR

KW-HR
KW-HR

KW-HR

KW~HR

$ &41.67 PER KW

$ 0.64 PER KW-~HR

E. TOTAL PROCUREMENT AND OPERATING COST (ASSUMES 1000 HRS OPERATION) % 2.086.47 PER KW




F.

ENGINE PERFORMANCE

1.

wd
.

5.

6.

WEIGHTS

A. ENGINE

B. GENERATOFR

C. FUEL VAPORIZER & BATTERY
D. FUEL INJECTION SYSTEH
E. FUEL (4-HR MISSION)
F. CRANKCASE OIL

. TOTAL WEIGHT

. POWER OUTPUT

. POWER DENSITY

. WEIGHT PER UNIT POWER
. VOLUME PER UNIT FOWER

X fa = T O

STARTING RELIABILITY
A. STARTING FLUIT
B. BATTERY
C. MAMUAL

COLD START LIMIT {ALL,

MOISE LEVEL
A. ROTARY
B. 4-STROKE
C. 2-STROKE

IR SIGNATURE
A. 4-5TROKE
B. 2-STROKE
C. ROTARY

EMI/RFI SIGNATURE

A. STARTING FLUID

B. FUEL VAPORIZER & BATTERY
C. DIRECT INJECTION

0 LB

0 LB

0 LB
.0 LB

8 LB

S LB

3 LE
1.20 KW
0.018 Kw/LEB
56.9 LB/KUW

CY FT. /KW

5%

S
997

-20F

100%
110% «
120%

100% <<«
130%
150%

NO CHANGE FROM GASOLINE

NO CHANGE FROM GASOLINE
SIGNIFICANT BUT UNSPECIFIED
INCREASE



EVALUATION MATRIX DATA SHEET

ENGINE DESCRIPTION

ENGINE MANUFACTURER:
CNGIME DESIGNATION:
RATED FOWER @ RPM:
MAXIMUM POWER @ RPM:
STROKES PER CYCLE:
VELVE TRAIN:

FISTON DESIGN:
DISPLACEMENT (CU Itiy:
BORE {1MN):

STRCKE (IN):
COMPRESSION RATIO:
PRY WEIGHY (LB):

OPTION: A,

STARTING FLYID

TECUMSEH
AHLCO TYPE 900384
.85 @ 2600

3 @ 450C
TWO (2)
NOKE
FLAT T0OP
é
~.0¢
1.7¢
NOT AYAIL.
1¢

B. FUEL VAPORIZER AND BATTERY
C. DIRECT INJECTION

A. INITIAL COST ($/KuW)

1. PROCUREMENT €O0ST

A. LIST PRICE: $
B. HP @ 3400 RPM:

C. HP USING KEROSENE:

D. GENERATING CAPACITY:

E. PROCUREMENT COST ($/KW): $

2. MODIFICATION COST ($/KW)
A. COMBUSTION CHAMBER GEOMETRY

HEAD GASKET

10%

HEAD MODIFICATIONS 20%
PISTON MODIFICATIONS 25% «<c«

PERCENTAGE :

25 COST: ¢

B. PISTON RING MODIFICATION
2 STROKE/CYCLE 0% <<
4 STROKE/CYCLE 257

ROTARY

PERCENTAGE :

0 COST: 3

C. IGNITION SYSTEM

TIMING RETARD |
HOT SPARK & PLUG
PERCENTAGE :

0% <<«

29%
10 COST: ¢

D. FUEL DELIVERY SYSTEM
CARBURETOR JETS 5% <<«
FUEL VAPORIZER 25%

DIRECT INJECTION 200%
5

PERCENTAGE ; COST: ¢
3. GENERATOR COST $
TOTAL MOD. COST: $

TOTAL MOD. COST PER Ku: $

180.00
2.43 HP
1.84 HP
0.92 KW
195.92 PER KW

4%5.00

18.00

?.00

180.00

252.06C
274.29 PER KW

$ 195.92 PER Kuw

Figure B-7

$ 274.29 PER kW




B.

E.

ENGIMNE LIFE COST ($/KW)

1. PROCUREMENT COST (%$./KW) § 195.92
2. mMOD COST LESS GEM CQST 3 78.37
3. SPARE COST

FOUR STROKE/CYCLE 1100%)
TW0 STROKE/CYCLE & ROTARY ({66.7%) <<
PERCENTAGE : 6.7 COST: ¢ 411.22

TOTAL EWGINE FROCUREMENT MOMIFICATICH, AND LIFE Tt

OPERATING COST  (%./KW-HE!

1. MAINTENANCE ZYFENMSE $ 0.4%
2. FUEL EXPENSE
4-STROKE @ $.2Z/KW-HR
ROTARY @ ¢,2¢&/KW-HE
2-STROKE @ $.29/KW-HR
3 0,29

5. SPECIAL FLUIDS EXPEMSE
LOW ASH OIL-Z STROKE & ROTARY ¢ 0.0%
STARTING FLUID $ 0.05
4. SPECIAL EQUIPMENT
STARTING BATTERY OPTION ONLY
4- STROKE (5%)
2 STROKE & ROTARY (8.33%)
PERCENTAGE: 0 COST: ¢ 0.00

5. TOTAL OPFRATING COST % 0.88

PER
FER

PER

FER

FEFR

PER
PER

FER

PER

KW
KW

KW

5
(=)
(n
4

Fi-HR

FW-HR

KW-HR
KW-HR

KW-HR

KW-HR

$ 411,22 PER KW

$ 0.88 PER KW-HR

TOTAL PROCUREMENT AND OPERATIMNG COST (ASSUMES 1000 HRS OPERATIOM) ¢ 1.761.20 PER KW




F. ENGINE PERFORMANCE

1. WEIGHTS

A. ENGINE
GENERATOR
FUEL VAPORIZER & BATTERY
FUEL INJECTION SYSTEM
FUEL (3-HR MISSION)
CRANKCASE CIL
TOTAL WEIGHT
POWER OUTPUT
POWER DEMNSITY
WEIGHT PER UMIT POWER
YOLUME PER UMNIT =0UWER

o]
.

X G —= T O MMooOD

w

STARTING FLUIL
BATTERY
C. MAMUAL

TARTING PELIABILITY
A.
B.

Z. COLD START LIMIT (ALL:

4. NOISE LEVEL

A, ROTARY
B. 4-STROFKE
C. Z2-STROKE

5. IR SIGNATURE
A. 4-STROKE
B. 2-STROKE
€. ROTARY

6. EMI/RFI SIGNATURE
A. STARTING FLUID
B. FUEL VAPORIZER & BATTERY
C. DIRECT INJECTIOHN

6.0 LB
6.0 LB
" 0.0 LB
0.0 LB
4,9 LB
O LB
© LB
2 KW
S KW/LB
.1 LB/kuW
CU FT/KW

N OO0
) oen on

-Z0F

10075
110
120% «

100%
120% <<«
130%

NO CHANGE FROM GASOLIME

NO CHANGE FROM GASOLINE
SIGNIFICANT BUT UNSPECIFIED
INCREASE




EYVALUATIONM MATRIX DATA SHEET

ENGINE DESCRIPTION

ENGINE MANUFACTURER: TECUMSEH
ENGIME DESIGNATION: AHE00 TYPE 900384
RATED POWER @ RFM: 2.49 @ 3800
MAXIMUM POWER @ RPM: S @ 48070
STROKES PER CYCLE: TWO (2H
VALVE TRAIN: MO IE

PISTON DESIGNM: FLAT TOP
DISPLACEMENT (T 1%y &
BORE  IMjy: Z.0¢%
STRGrFE (IN: iJ7e
COMFREESSION RATIC: DT AVALIL
DRY WEIGRT :LE: 1é

OPTICOM: &, STARTING FLUILD
E. FUEL VAFQORIZER AND BATIEFRY
C. DIRECT INJECTIOM

A. INITIAL COST ($/KW)
1. PROCUREMENT COST

A. LIST PRICE: $ 180.00

B. HP @ 3600 RPM: 2.45 HP

C. HP USING K<ROSENE: 1.84 HF

D. GENERATING CAPACITY: 0.92 Ku

E. PROCUREMENT COST ($/KW): $ 195.92 PER KW

MODIFICATION COST ($/KuW)
A. COMBUSTIOM CHAMBER GEOMETRY
HEAD GASKET 10O~
HEAD MODIFICATIONS 20%
PISTOMN MODIFICATIONS 25% -
PERCENTAGE: 2% COST: ¢ 4

r

o
O
(e

B. PISTON RING MODIFICATION

2 STROKE/CYCLE o©OX Y
9 STROKE/CYCLE 2S5
ROTARY 0%
PERCENTAGE : 0 COcT: ¢ 0.0¢

C. IONITION SYSTEM
TIMING RETARD 10% <L
HOT SPARK & PLUG 25%
PERCENTAGE : 10 COCT: ¢ 18.00

D. FUEL DELIVERY SYSTEM
CARBURETOR JETS 5% 144
FUEL VAPORIZER 25% <L«
DIRECT INJECTION 200%

PERCENTAGE : 30 CosT: ¢ 54,00

3. GENERATOR COST $ 180.00

TOTAL mOD. COST: $ 297.00
TOTAL MOD. COST PER Ku: $ 323.27 PER KW

$ 195.92 PER KW

Figure B-8

$ 323.27 PER KU




B.

(s8]
.

E.

ENGINE LIFE COST ($/KW)

1. FPROCUREMENT COST ($/KW) $ 195,92 PER KW
2. MOD CGST LESS GEN COST ¢ 127.3% FER W
3. SPARE (057

FOUR STROKE/CYCLE (100%)
TWO STROKE/CYCLE 8 ROTARY (&6.7%) - «-
PERCENTAGE : 66.7 COST: % 484,46 FER Ku

TOTAL ZNGI'E FROCURENENT MODIFICATICN, AL LIFE CiCLE C

(o]
w

OPERATING TOST % KW-HR)

1. MAINTENANCE EXPENSE % 0,49 FEF hp-HF
c. FUEL EXPENSE
3-STROKE @ $.22/KW-KER
ROTARY @ $,24/KW-HR
2-STROKE @ $.029/KW-HR <.
% Q.29 PER rW-WR
2. SPECIAL FLUIDS EXPEMSE
LOW ASH OIL~2 STROKE & ROTARY .05 PER KW-HP
STARTING FLUID $ 0.00 PER KW-HR
4. SPECIAL EQUIPMENT
STARTING BATTERY OPTIDN ONLY
4- STROKE (5%)
2 STROKE & ROTARY (8.33%)
PERCENTAGE : 8.33 COST: ¢ 0.09 PER KW-HR

*H

5. TOTAL OPERATING COST $ 0.2 PER KW-HR

TOTAL PROCUREMENT AND OPERATING COST (ASSUMES 1000 HRS OPERATION)

$ 486.66 PER KW

$ 0.92 PER KW-HR

$ 1.924.30 PER ki




F. ENCIME PERFORMANCE
1. WEIGHTS
A. ENGINE 16.0 LB
B. GENERATOR 16.9 LB
€. FUEL VAPGRIZER & BATTERY 6.0 LB
D. “UEL INJECTION SYSTENM 0.0 LB
€. FUEL (4-HE MISCSIOM) 4.9 LB
F. CRANKCAZE DIL s LE
G. TOTAL WEIGHT 42.9 LB
H. POWER QUTPUT 0.92 HW
1. POWER DEMSITY D.C21 KW/LE
J. WEIGHT PER UNIT POUWER 4s.6 LB/KW
K. YOLUME PER UNIT FOUWEF Cu FT/ku
=z STARTING RELIABILITY
A. STARTING riUID G5
B. BATTERY 3%
C. MANUAL S8
2 COLD START LIMIT {(ALL. -Z2CF
4. MNOISE LEVEL
A. ROTARY 100
B. 4-STROKE 110%
C. 2-STROKE 120 -7
5. IR SIGNATURE
A. 4-STROKE 100%
B. Z-STROKE 130% <<«
C. ROTARY 150%

6.

EMI/RFI SIGNATURE

A. STARTING FLUID NO CHANGE FROM GASOLINE
B. FUEL VAPCRIZER & BATTERY MO CHANGE FROM GASOLINE
C. DIRECT INJECTIONM SIGNIFICANT BUT UNSPECIFIED

INCREASE




ENGINE MANUFACTURER:
ENGINE DESIGNATION:
RATED POWER @ RPM: 2.45

MAXIMUM POWER
STROKES PEF C
VALVE TRAIMN:

PISTON DESIGN:

DISPLACENENT
BORE . IM.:
STRCYE I
COMPRESCSICHN R
DFY WEIGHT

CPTICH: &,
B.
cC.

A. INITIAL CO
1. P

mo O W D

-
e

A.

EVALUATION MATRIX [ATA

EMGIME PESCRIPTIOH

TECUMSEH

200384

RH&OD TYPE
@ I560%
3 RPM: 3 @ 450
TCLE: TWG D
MOME
FLAT TGP
CCU Ihive &
e

ATI0:

Bis ie

STARTIMG ~LUTII

FUEL VAPORIZEFR ANl EB4TTE

DIPECY IMJECTIOM

ST ($/KW)
ROCUREMENT COQST

LIST PRICE:

HP @ 34600 RPM:

HP USING KEROSEME:
GENERATING CAPACITY:

MOT AuAIL.

PROCUREMENT COST ($/KW):

MODIFICATION COST (8 KW)

COMBUSTION CHAMBER CGECMETRY

HEAD GASKET 104

HEAD MODIFICATIONS 207

PISTON MODIFICATIONT 2%

PERCENTAGE: iy

PISTON RING MODIFICATION

2 STROKE/CYCLE 0%

4 STROKE-CZYCLE 2%

ROTARY 0
PERCEMTAGE:

[

IGNITION SYSTEM
TIMING RETARD 10-
HOT SPARK & PLUG 2S5

PERCENTAGE : 3%
FUEL DELIVERY SYSTEY
CARBURETOR JETS =%
FUEL VAPORIZER 25%

DIRECT INJECTION 200%-««
COST:

PERCENTAGE : 200

GENERATOR COST

TOTAL MOD. COST:
TOTAL mMOD. COST PER KW:

NS

SHEET

CGerT:

180.00
2.45 HP
1.84 HP
0.92 KW
195.92 FER KW

£3.00

360.00

180.00

648.00
705.31 PER KW

$ 195.92 PER KW

Figure B-9

$ 705.31 PER KW




B. ENGIME LIFE COST ($/KW)

1. PROCUREMENT COST (%$/KW) $ 195.92 PER KW
2. MOD COST LESS GEN COST ¢ 506.3%9 FER KW
3. CSPARE LOST
FOUR STROKE/CYCLE (100%)
TWO STROKE/CYCLE & ROTARY (66.7%) -« ¢
PERCENTAGE: 66.7 COST: #1.,057.43 FER KW § 1.057.45 FER KW
. TOTAL ZNGINE PROCUREMEMNT.MODIFIZATION, &ND LIFE Ci1CLE CQET: ¥ 1.¥%8.55 PER HW

D. OFERATING C0ST  {¢/KW-HR>

1. MAINTEMANCE EYPEMSE 3 0.8 FER KW-HFE
2. FUEL EXPENSE
4~STROKXE @ ¢,22/KW-HR
ROTARY @ ¢,26/KW-HR
2-STROKE 3 $.29/KW-HR -
$ 0.29 PER KW-HFE
S. SPECIAL FLUIDS EXPEMSE
LOW ASH 0IL-2 STROKE 8 ROTARY 3 0.05 FER KW-HR
STARTING FLUID ¢ 0.00 FER KW-HR
4. SPECIAL EQUIPMENT
STARTING BATTERY OPTIDN ONLY
4- STROKE (5%)
2 STROKE & ROTARY (8.33%)
PERCENTAGE : 0 COST: ¢ 0.00 PER KW-HR

S. TOTAL OPERATING COST $ 0.83 PER KW-HR $ 0.83 PER KW-HR

E. TOTAL PROCUREMENT AND OPERATING COST (ASSUMES 1000 HRS OPERATION) ¢ Z2.788.45 PER KW




F.

ENGINE PERFORMANCE

l.

-

Lo

5.

6.

WEIGHTS

A. ENGINE

B. GENERATOR

C. FUEL VAPORIZER & BATTERY
. FUEL INJECTION SYSTENM
FUEL (4-HR MISSION)
CRANKCASE OIL

TOTAL WEIGHT
. POWER OUTPUT

I. POWER DENSITY
J. WEIGHT PER UNIT POWER
K. VYOLUME PER UNIT SOWER

To Mmoo

STARTING RELIABILITY
A. STARTING FLUID
B. BATTERY
C. MANUAL

COLD START LIMIT iALL:

NGISE LEVEL

A. RDTARY
B. 4-STROKE
C. 2-STROKE

IR SIGNATURE
A. 4-STROKE
B. 2-STROKE
C. ROTARY

EMI/RFI SIGNATURE

A. STARTING FLUID

B. FUEL VAPORIZER & BATTERY
C. DIRECT INJECTION

§.0 LB
¢€.0 LE
0.0 LE
5.0 LB
4.9 LB

0 LE
41.9 LB
0.92 KW
0.022 KW/LB
45.6 LB/KW

CU FT.7u

o
ST

) ) O
_n
.

0
-

-20F

100~
110%

120%

100%
130% <<
150%

NGO CHANGE FROM GASOLINE

NO CHANGE FROM GASOLINE
SIGNIFICANT BUT UNSPECIFIED
INCREASE




EVALUATION MATRIX DATA SHEET

ENGIMF NDESCRIPTION

ENGINE MANUFACTURER: BRIGGS & STRATTON
ENGINE DESIGNATION: MODEL 42032 TYPE 0329
RATED POWER @ RPM: 2.3 @ 3600
FMAXIMUM POWER @ RPM: 3.4 @ 4200
STROKES PER CYCLE: TWO (2)

VALVE TRAIN: NOME

PISTON DESIGN: FLAT TOP
DISPLACEMEMT (CU IN): 6.21

BORE (IN): 2.13

STROKE {IM): 1.7%
COMPRESSIOM RATIO: MOT AVAIL.

DRY WEIGHT (iLB}: 17

OPTION: A. CSTARTING FLUID
B. FUEL VAPORIZER AND BATTERY
C. DIRECT INJECTIOHW

A. INITIAL COST ($/KW)
1. PROCUREMENT COST

A. LIST PRICE: $ 170.50

B. HP @ 3600 RPM: 2.3 HP

C. HP USING KEROSENE: 1.73 HP

D. GENERATING CAPACITY: 0.86 Ku

E. PROCUREMENT COST ($/KW): $ 197.68 PER KW

2. MODIFICATION COST ($/KW)
A. COMBUSTION CHAMBER GEDMETRY
HEAD GASKET 10%
HEAD MODIFICATIONS 207
PISTON MODIFICATIONS 25% <4«
PERCENTAGE: 25 COST: 9 4Z.63

B. PISTON RING MODIFICATION
2 STROKE/CYCLE 0% (€44
4 STROKE/CYCLE 2%~
ROTARY oO%
PERCENTAGE: 0 COST: ¢ 0.00

C. IGNITION SYSTEM
TIMING RETARD 10% <<
HOT SPARK & PLUG 25%
PERCENTAGE: 10 C0ST: 17.05

D. FUEL DELIVERY SYSTEM
CARBURETOR JETS S
FUEL VAPORIZER 25%
D rely INSZCTION  200%

5

PERCENTAGE: COST: s 8.53

3. GENERATOR COST $ 170.50

TOTAL MOD. COST: $ 238.70
TOTAL MOD. COST PER Ku: $ 276.75 PER KW

$ 197.68 PER KU

Figure B~-10

$ 276.75 PER KW



B. ENGINE LIFE COST ($/KW)

1. PROCURENMENT COST ($/KW) ¢ 197.68 FER
2. ™MOD CDST LESS GEN COST $ 79.67 PER
5. SPARE COST

FOUR STROKE/CYCLE (1207%)

TWO STROKE/CYCLE & ROTARY (66.7%) <<

PERCEMTAGE: 56.7 C0ST: ¢

C. 707AL ENGINE FROCUREMEMT,.MODIFICATION. AND LIFE CiCLE
D. OPERATING COST ($/KW-HR)
1. MAINTENANCE EXPENSE % 0,49 PEFR

Z. FUEL EXPEMSE
4-STROKE @ ¢.22/KW-HF
ROTARY @ $.2&6/KW-HF
2-STROKE @ $.29/KW-HR <<
$ 0.29 PER
5. SPECIAL FLUIDS EXPENSE
LOW ASH OIL-2 STROKE & ROTARY ¢ 0.05 PER
STARTING FLUID $ 0.05 PER
4. SPECIAL EQUIPMENT
STARTING BATTERY OPTION ONLY
4- STROKE (5%)
2 STROKE & ROTARY (8.33%)
PERCENTAGE : 0 €OST: ¢ 0.00 PER

5. TOTAL OPERATING CDST $ 0.88 PER

414.92 FER

FUW
R4

oy
(o)
m

-

K -HE

FW-HF

KW-HF.
KW-HR

KW~-HR

KW-HR

$ 414.92 PER KW

$ 0.88 PER KW-HR

E. TDOTAL PROCUREMENT AND OPERATING COST (ASSUMES 1000 HRS OPERATICN) & 1.773.5%5& PER Ku




F.

ENGIMNE PERFORMANCE

1. WEIGHTS
A. ENGINE
B. GENERATOR

C. FUEL VAPORIZER & BATTERY

D. FUEL IMJECTION SYSTEM
E. FUEL (4-HR MISSION)
F. CRANKCASE OIL

G. TOTAL WEIGHT

H. POWER CUTPUT

I. POWER DENSITY

J. WEIGHT PER UNIT POWER
K. VOLUME PER UNIT POWEP

<. CSTARTING RELIABILITY
A. STARTING FLUID
B. BATTERY
€. MANUAL

Z. COLD START LIMIT (ALL:

4. NOISE LEVEL
A. ROTARY
B. 4-STROKE
C. 2-STROKE

3. IR SIGNATURE
A. 4-STROKE
B. 2-STROKE
€. ROTARY

6. EMI/RFI SIGNATURE
A. STARTING FLUID

B. FUEL VAPDRIZER & BATTERY

C. DIRECT INJECTION

7.0 LE
7.0 LB
0.0 LB
0.0 LB
9.6 LB
O LB
38.56 LB
0.86 KU
0.022 KW/LB
44,7 LB/KW
CU FT/KW

100,
110%
120% <<

100%
130% <K
150%

NO CHANGE FROM GASOLINE

NO CHANGE FROM GASOLINE
SIGNIFICANT BUT UNSPECIFIED
INCREASE




EVALUATION MATRIX DATA SHEET

ENGIMNE DESCRIPTION

ENGINE MANUFACTURER:
ENGINE DESIGNATION:
RATED POWER @ RPM:
MAXIMUM POWER @ RFM:
STROKES PER CYCLE:
VALVE TRAIN:

PISTON DESIGN:
DISPLACEMENT (CU IM):
BORE (IN):

STROKE (IH):
COMPRESSION RATIO:
DRY WEIGHT (LB):

OPTION: A. STARTING

BRIGGS & STRATTON

MODEL 62032 TYPE 03529

2.2 @ 3600

3.4 @ 4200

TWe (23

NONE

FLAT TOP
6.21
2.13
1.75

NOT &AVAIL.

17

B. FUEL VAPORIZER AND BATTERY
€. DIRECT INJECTIOM

A. INITIAL COST ($/KW)

1. PROCUREMENT COST

A. LIST PRICE:

B. HP @ 3600 RPM:

€. HP USING KEROSENE:

D. GENERATING CAPACITY:

E. PROCUREMENT COST ($/KuW):

2. MODIFICATION COST (%/KuW)
A, COMBUSTION CHAMBER GEGMETRY

HEAD GASKET

10%

HEAD MODIFICATIONS 20%
PISTON MODIFICATIONS 25% <<X

PERCENTAGE:

25 COsT:

B. PISTON RING MODIFICATION
2 STROKE/CYCLE 0% <<
4 STROKE/CYCLE 25%

ROTARY

PERCENTAGE:

0 €0SsT:

C. IGNITION SYSTENM

TIMING RETARD

10% <<

HOT SPARK & PLUG 25%

PERCEMTAGE :

10 COST:

D. FUEL DELIVERY SYSTEM
CARBURETOR JETS 5% N A
FUEL VAPORIZER 25% <<
DIRECT INJECTION 200%

PERCENTAGE :

3. GENERATOR COST

30 CoST:

TOTAL MOD. COST:
TOTAL MOD. COST PER KuW:

$

$

%

$

$

$
$

170.50
2.3 HP
I.73 HP
0.86 KW
197.68 PER KW

42.63

0.00

17.0%

51.1%
170.50

281.33
326.17 PER KW

$ 197.68 PER KW

Figure B-11

$ 326.17 PER KW




B. ENGINE LIFE COST (3$/KW)

1. PROCUREMENT COST (3$/KW) $
2. nMOD C€OST LESS GEN COST $
3. SPARE COST

FOUR STROKE/CYCLE (100%)
TWO STROKE/CYCLE & ROTARY (66.7%)
PERCENTAGE:: 66.7 €O0ST: ¢

C. TOTAL EMNGINE PROCUREMEMT.MOTIFICARTION. AMD

D. OPERATING COST ($/KW-HRI

1. MAIMTEMNANCE EXFEMNSE 3
2. FUEL EXPENSE

4-STROKE @ #.2Z/KW-+R

ROTARY @ $..6/KW-HR

2-STROKE @ $.2G/KW-HR

5. SPECIAL FLUIDS ExXPENSE
LOW ASH OIL-2 STROKE & ROTARY $
STARTING FLUID $
4. SPECIAL EQUIPMENT
STARTING BATTERY OPTION ONLY
4- STROKE (5%)
2 STROKE & ROTARY (8.33%)
PERCENTAGE: 8.33 COST: ¢

5. TOTAL OPERATING COST $

197.68 PER
128.49 FER

el

~

489.02 PER

LIFE ChCLE

0.29 PER

0.05% PEF
0.00 PEK

0.10 PER

0.93 PER

KW
KW

KuW

KW-HR

KW-HR

KW-HK
KW-HR

KW-HR

KW-HR

$ 489.02 PER KW

% 0.93 PER KW-HR

E. TOTAL PROCUREMENT AND CPERATING COST (ASSUNES 1000 HRS OPERATION) $ 1.943.65 PER Ku




F.

ENGINE PERFORMANCE

1.

5.

6.

WEIGHTS

A. ENGINE

B. GENERATOR

C. FUEL VAPORIZER & BATTERY
D. FUEL INJECTION SYSTEM
E. FUEL (4-HE MISSICM)
F. CRANKCASE CIL

G. TOTAL WEIGHT

H. POWER QUTPLT

I. POWER DENSITY

J. WEIGHT PER UNIT POWER
K. VOLUME FER UNIT POUWER

STARTING RELIAEILITY
A. STARTING FLUID
B. BATTERY
C. MANUAL

COLD START LIMIT (ALL:

NGISE LEVEL
A. ROTARY

B. 34-STROKE
C. 2-STROKE

IR SIGNATURE
A. 4-STROKE
B. 2-STROKE
C. ROTARY

EMI/RFI SIGNATURE

A. STARTING FLUID

B. FUEL VAPORIZER & BATTERY
C. DIRECT INJECTION

0 LB
0 LB
0 LB
.0 LB
6 LE
O LB
43.5 LB
0.B& KW
KW/LE
51.7 LB/KUW
CU FT/KW

5%
G
g3,

-20F

100%
110%

120% 7

100%
130% <<<
150%

NG CHANGE FROM GASOLINE

NO CHANGE FROM GASOLINE
SIGNIFICANT BUT UNSPECIFIED
INCREASE




EVALUATION MATRIX DATA SHEET

ENGINE DESCRIPTION

ENGINE MAMUFACTURER: BRIGGS & STRATTON
ENGINE DESIGHWATION: MODEL 42032 TYPE 0529
RATED POWER @ RPM: 2.3 @ 3600
MAXIMUM POWER @ RPM: S.4 @ 3200
STROKES PER CYCLE: TWO (23

VALVE TRAIN: NONE

PISTON DESIGNM: FLAT TOP
DISPLACEMENT (CU IN): 6.21

BORE (IM): 2.2

STROKE (IN): 1.7%
COMPRESSION RATIO: NOT AVAIL.

DRY WEIGHT (LB;: i7

OPTION: STARTIMG FLUID

A.
B. FUeEL VAPORIZER AMD BATTERY
C. DIRECT INJECTIOM

A. INITIAL COST ($%/KW)
1. PROCUREMENT COST

A. LIST PRICE: $ 170.50

B. HP @ 3600 RPM: 2.3 HP

€. HP USING KERODSENE: 1.73 HP

D. GENERATING CAPACITY: 0.86 Ku

E. PROCUREMENT COST ($/KW): $ 197.68 PER KU

2. MODIFICATION COST ($/KW)
A. COMBUSTION CHAMBER GEOMETRY
HEAD GASKET 10%
HEAD MODIFICATIONS ZC-
PISTON MODIFICATIONS 25% <«
PERCENTAGE: 2% COST: ¢ 4Z.63

B. PISTON RING MODIFICATION
2 STROKE/CYCLE O% «.«<
4 STROKE/CYCLE Z5%
ROTARY OX

FERCENTAGE: 0 Cos7: .00

<

C. IGNITION SYSTEM
TIMING RETAR; 10% AN
HOT SPARK & PLUG 25% <<<
PERCEMTAGE s 3% COST: ¢ 59.66

D. FUEL DELIVERY SYSTEM
CARBURETOR JETS 5%
FUEL VAPDRIZER 25%
DIRECT INJECTION 200%<{<<
PERCENTAGE : 200 COST: & 341.00

3. GENERATOR COST $ 170.50

>

TOTAL MOD. COST: 613.80
TOTAL MOD. COST PER KW: $ 711.65 PER KM

$ 197.68 PER KW

Figure B-12

$ 711.65 PER KuW




B.

(g}

E.

ENGINE LIFE COST (s vu)

1. PROCUREMEMT COST <4/Kw)
2. MOD COST LESS GEN COST
J. SPARE COST

FCUR STROKEZYCLE (100%;

TWO STROZE/CYCLE & ROTARYT :es.:

FERCENTAGE s £6.7 C0sT:

TOTAL ENGINE PROCUBEMELT . NOLIFICATION,

|
OPERATING ZO37 ¢, aW-HE

1. MAINTENANCE EXPENSE
2. FUEL EXPEMSE
-STROKE @ $.22/KW-rf
FOTARY @ §,06/KW-HF
2-STROKE @ $.29/KW-HF - -

. SPETIAL FLUIDS EXPEMSE
LOW ASH OIL-Z STROKE & ROTARY
STARTING FLUID

4. SPECIAL EQUIPMENT
STARTING BATTERY OPTION ONLY
4- STROKE (5%)
2 STROKE & ROTARY (8.33%)

PERCENTAGE : 0 COosT:

5. TOTAL OPERATING COST

¢ 197.48 FER
£ 513.%7 PER

-

VS

LY.

$1.06

18]
0
m
1

Tt

0.0% PEP
0.00 FER

0.00 PER

0.83 PER

Sa prCo
£.53 PER

KW
Kb

F W

r

g8 ]
N
-4

K-HP

K -HFR

KW-HR
KW-HR

KW-HR

KW-HR

2 1,085,944 PER Ry

$ 0.83 PER KW-HR

TOTAL PROCUREMENT AND OPERATING COST (ASSUMES 1000 HRS OPERATION) $ 2.810.48 PER ki




F. ENGIME PERFODRMANCE

1.

i
.

5.

b.

WEICHTS
A. ENGINE
B. GENERATOR

€. FUEL VAPORIZER & BATTERY

FUEL IMJECTION SYSTEN
FUEL (4-HR MISSIOM)
CRAMKCASE CIL

TOTAL WEIGHT

POWER OUTPUT

POWER DENSITY

WEIGHT PER UNIT POWER
. YOLUME FER UMIT POUWER

X =T OOMMmMmOoP
N

STARTING RELIRBILITY
A. STARTIMNG riLUID
B. EATTERY
C. MAMUAL

COLD START LIMIT (ALL)

NDISE LEVEL

A. ROTAR:
B. 34-STROKE
. Z-STROKE

IR SIGNATURE
A. 4-STROKE
B. 2-STROKE
€. ROTARY

EMI/RFI SIGNATURE
A. STARTING FLULD
B. FUEL VAPORIZER & BATTERY
C. DIRECT INJECTION

SN

LB

LE

LB

LB

LB

LE

LB

K

KW LB
LB/KW
CU FT/ XKW

- -
H oo O
.

[ 3 =1
(o]

O Do
rJ @ .

O
onoe
.
NO0CD> OO0 O OO0

75%
Qe-

e,

-Z0F

1007
110%
120% - 7

100%
130% <<«
150%

NO CHANGE FROM GASOLINE

NO CHANGE FROM GASOLINE
SIGNIFICANT BUT UNSPECIFIED
IMNCREASE
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1).8. DEPARTMENT OF DEFENSE APPENDIX A
SMALL BUSINESS INNOVATION RESEARCH (SBIR) PROGRAM

PROPOSAL COVER SHEET

Fahwre 10 il in all appropriate apaces May cause your proposal 10 be m

TOPICNUMBER: 'A90-210

PROPOSALTITLE: Kerosene Base Fuels in Small Gasoline Engines,

Demonstration of

FIRM NAME: Sonex Research, Inc.

MAILADDRESS: 23 Hudson Street

CITY:  Annapolis STATE: MD ZiP: 21401
PROPOSEDCOST: 35437 , 500 PHASEIORI: I PROPOSED DURATION: 13
PROPOSAL IN MONTHS IE—
BUSINESS CERTIFICATION: t YES NO
P> Are you & smali business as described in paragraph 2.27 B u
P> Are you 8 minority or small disadvantaged business as defined in paragraph 2.3? D
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A

P Number of smpioysss including aht affiliates {average for preceding 12 months) 8

PROJECT MANAGER/PRINCIPAL INVESTIGATOR CORPORATE OFFIG-AL (BUSINESS)
NAME:  Charles C. Failla NAME: A. A. Pouring

TITLE: Project Engineer NTLE: President

TELEPHONE:  (301) 266-5591 TELEPHONE: (301) 266-5556

For any purposs other than 1o evaluate !he proposal, this data sxcept Appendix A and B shall not be disclosed outside the Govemment

and shal not be duplicated, used or disciosed In whoie or in part, provided that il 8 contract is awarded 1 this proposer as 8 resuft of or in

20NnNeCLON with the submission of this data, the Government shall have the right 10 duplicate, uss or discioss the data 10 the extent

provided in the funding sgreemaent. This restriction does not Smit the Governments right 10 use information contained in the data ¥ it is

::.uimmmmmmmmaumhmmﬁmhmmmmosummmumm
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PROPRIETARY NFORMATION:  None /)

DISCLOSURE- SEAMISSION STATEMENTS: All data on Appendix A are releasable. on Appendix B, of an awarded contract, are
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mvws‘d! PRINCIPAL INVESTIGATOR DATE GIGNATURE' m‘m DATE
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SMALL BUSINESS INNOVATION RESEARCH (SBIR) PROGRAM

U.S. DEPARTMENT OF DEFENSE ”PENDT

PROJECT SUMMARY

TOPICNUMBER: A90-210

PROPOSALTITLE: Kerosene Base Fuels in Small Gasoline Engines,

FIRM NAME:

Sonex Research, Inc.

Demonstration of '

PHASE lorlIPROPOSAL: 11

Technical Abstract (Limit your abstract 10 200 words with no classitied or proprietary information/data.)

The objective of the project's Phase II effort is to demon-
strate the technology for converting small, inexpensive,
commercially available gasoline fueled engines to burn kerosene
type fuels. This will lower the life cycle cost of generator
sets and will enable a single fuel to be used on the battlefield.

The

specific Phase II objective is to

Produce a prototype SI engine based on the recommendations
of the Phase I study. The engine must start and run
according to specifications to be agreed upon using
kerosene based fuel and finally be coupled to a
generator to demonstrate stable rated performance.

Anticipated Benetits /Potential Commercial Applications of the Research or Development

The proposed Phase II effort will provide an inexpensive
lightweight 1.5Kw (approx.) motor-gensrator set that will burn
kerosene basefuels and serve as a prototype for sets in the
range 0.5 to 3.0Kw. Development of such engines will permit the
Army to use a single fuel and will provide a much safer engine
for commercial use.

Uist a maximum of 8 Key Words that describe the Project.

Engine Cost
Genset Density
Diesel Kerosene
Weight Commercial

mmﬂmhmmw
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C. Identitication and Significance ot the Problem

Soncx Research, Inc., in 1it's DOD - SBIR Proposal AY0-210,
Kerosene Base Fuels in Small Gasoiine Engines, gave a situation
review of the problems related to use of a single battle tield
fuel in motor generator sets and the importance ot this issue
relative to “ARMY 21°.

Subsequently, Sonex completed Contract No. DAAK-70-91-C-0025,
whose objectives were:

1. To assess, analyze and evajluate the merits of:
a. Engine types (2,4 stroke cycles, rotary)
b. Combustion process for conversion of smali (0.5 to
3.0 Kwy, SI, gasoline engines to operate on kerosene
tuels.
2. To devise and specity conversion moditfication required ftor

a suitable engine type and combustion system resulting
trom conclusions of a trade-otft study considering alil
issues relevant to conversion ot SI engines to operate on
Kerosene base tuels, emphasizing minimum life cvcle costs,
and i1dentifying any development required.

This Phase TT Proposal details the etfort required to produce
the prototype motor-generator set recommended in Phase 1,
including the work, the schedule and the estimated cost of doing
the work proposed.

D. Phase II Technical Objectives

The objective of this phase is to produce a prototype SI
engine based on the recommendation ot the Phase I study. The
engine must start and run according to specification to be agreed
upon using kerosene base tuel and tinally be coupled to a
generator to demonstrate stable rated pertormance.

E. Phase I1 Work Plan

In order to achieve the aim ot high power density (PMV) at
lowest possible cost, commercially available components will be
used to the maximum extent. When tabricating any new components
required, the simplest approach will be used.

The general approach to be tollowed 1is outlined on the
following page.




Task No. Task

1. Formulate pertormance specifications for
the engine and generator (alternator).

2. Receive approval ot (1).
3. Select appropriate engine, “'generator’ .
4. Design moditf'ication of all systems per

Phase I recommendations.
5. Fabricate necessary components.

6. Assemble engine, conduct 1initial test and
evaluation.

T Complete any modifications required/repeat

(6).

8. Complete pertormance test series as agreed
upon.

9. Repeat (7), (8) as required.

10. Couple engine with "generator’.

11. Complete test series to be agreed upon,

complete any moditfication required, retest.

12. Prepare report, deliver prototype engine.

In keeping with the philosophy ot maximum results at minimum
cost, Sonex test and machine shop ftacilities will be used to the
maximum extenrt., Some outside machining, plant visits to
suppliiers, etc. 1s envisioned, however, as well as acquiring some
new test equipment.

|
_



Schedule

After receipt ot contract, the weeks necessary to complete the
various tasks ot Phase II will be:

Cumulative

Task No. of weeks No. of weeks
1 1 1
2 1 2
3 1 3
1 3 T
) 4 11
b 4 15
T 12 27
8 3 31
9 12 43
10 2 15
11 4 44
12 8 27

Final Product

The tinal product to be delivered will be a prototype motor
generator set with an SI engine converted to run on Kerosene base
tuel, accompanied by a detailed report.

F. Related Work {as reported in Phase I proposal)

G. Relationship with Future Research and Development

Anticipated Results

For the tirst time the Army (and other service branches) will
have kerosene tfueled, small, lightweight engines capable of
powering generators trom 0.5 to 3.0 Kw. These engines will have
maximum power density available at the lowest life-cvcle cost
available.

H. Potential Post Award Applications

Government Applications

It is possible that other small engine requirements for “"Army
217, tueled by kerosene, can be satistied by the engine designs
resulting trom this Phase II study.




Commercial Applications

Two original equipment manutacturers have expressed interest 1in
developing commercial applications of the SCS engines discussed 1n
Phase I. With the prototype proposed tor the Phase II, a working
demonstrator will be available for evaluation. Commercial
development ot such units would lower the cost of systems produced
tor the government.

I. Key Personnel

Individual Resumes

A contribution to this proposed Phase 1II project will be made
by every member of the Sonex technical statft. Charles C. Failla
will remain as Project Engineer.

Dr. Andrew A. Pouring has been a director, full-time employee
and Chiet Scilentist ot the Company since 1980, serving as 1its
President trom April 1980 through November 1983, and as Chief
Executive Otticer and President ftrom May 1985 through the
present. He served as a Protessor of Aerospace Engineering at
the ['nited States Naval Academy trom 1Y64 to 1983, and was
Chairman of the Academy’s Department of Aerospace Engineering

trom 1973 to 1978. He is the principal author of the Company’s
numerous patents and has contributed most ot the patented
improvements and extensions to the original discoveries. Since
1964, Dr. Pouring has been a part-time consultant to various
companies through Trident Engineering Associates, Inc., a private
scientitic research and development tirm. He is the author of
numerous engineering reports, technical papers, and patents. Dr.

Pouring 1is a member ot various protessional and scientitic
socleties, including the American Society of Mechanical Engineers
and the Society of Automotive Engineers, and has been organizer

and chairman of many symposia or these societies. Dr. Pouring
received his Bachelor’s and Master's degrees in mechanical
englneering trom Rensselaer Polytechnic Institute. He received

his Doctor ot Engineering Degree and was a Post Doctoral Research
Fellow at Yale University.

Mr. Charles €. Failla has been a Director and Vice President-

Engineering since the incorporation of the Company. He 1s 1in
direct charge of the day-to-day operations of the Company’s
laboratories and test cells and has made signiticant
contributions to recent patents granted to the Company. From
1968 through 1974, Mr. Failla served as commander ot a classified
aircratt tor the U.S. Navy. From 1975 to 1977 he was a Senior
Project Engineer with Pacer Systems, Inc. Between 1977 and 1980,
Mr. Failla was a mechanical engineering instructor at the U.S.
Naval Academy. He received his BS and MS degrees 1in Aeronautical

Engineering trom the Naval Post Graduate School in Monterey,
Calitornia.




Mr. Theodore P, Naydan has been Vice President - Operations
since February 1985. He also served as the Company’s Secretary,
Treasurer and Chiet Financial Ofticer ftrom Februarv 1985 through
August 1991. From November 1984 until February 1985, Mr. Naydan
was the Vice President tor Operations and Engineering at DCTECH
Research Center, Inc., a numerically controlled machine tool and
CAD/CAM ftacility. From July 1981 to May 1984, he was the Vice
President and General Manager of American Seamless Tubing, Inc., a
subsidiary ot the Copperweld Corporation. Between June 1968 and
April 1981, Mr. Naydan was a commissioned U.S. Navy Officer
serving in a variety ot positions both on land and on the sea. He
later taught at the Mechanical Engineering Department of the U.S.
Naval Academy and served as consultant. Mr. Navdan received his
BS trom the U.S. Naval Academy and MS in Mechanical Engineering
trom the Naval Postgraduate School in Monterey, Calitftornia.

Dr. Carlo Leto di Priolo has been the Vice President-
International, Vice President - Research and Development and a
Director ot the Company since November 1983. In 1954 Dr. Leto di
Priolo designed and built the first outboard engine which broke
the 100 mile per hour barrier on the water. Dr. Leto di Priolo
has been a consultant to various automotive companies, 1ncluding
Lancia, Ferrari and Fiat. Between 1953 and 1981, he also
operated one ot the largest outboard motor distribution companies
in Europe, and between 1946 and 1982, he owned and operated Misal
S.p.A., a major European tool company. He received his
Mechanical Engineering Degree trom Polytechnic Institute, Milan,
Ttaly.

Mr. William P. McCowan, Junior Engineer
Technical experience: Twenty~-three vears of engine design and
tabrication; co-designer ot all Sonex J4-stroke products; twelve

vears ot experience in engine instrumentation and testing.

Mr. Brad R. Bopp, Technician

Technical experience: Six years of engine development
experience with emphasis on exhaust emissions, pollutants and
alternate tuels; Expert in exhaust emission instrumentation

selection, 1installation and repair.

~1
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E.L.; Octane Insensitivity ot Supercharged 1I.C. Engines Using
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Technology Symposium, 87-ICE-23, February 1987,

Pouring, A.A., and Slee, R.; A Review ot Kkey Concepts of
Resonant-Pulsed Combustion in TI.C. Engines, 11th International
Colloquium on Dynamics ot Explosions and Reactive Systems,
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Pouring, A.A., Failla, C.C., and Johnston, M.B.; Resonant Pulsed
Combustion in Two Stoke I.C. Engines. Unmanned Systems, Summer
1987.

Pouring, A.A, Chemical Acoustic Charge Conditioning tor Low
Emission IC Engines, 1st International Conterence on Combustion
Technologies tor a Clean Environment, Vol. I, Vilamoura (Algarve)

Portugal, September 1Y91.




J. Facilities and Capital Equipment.

Sonex holds a long term lease on’approximately 6000 square feet
ot otftice and laboratory space in its Annapolis facility. This
lease runs through April 1994 and can be extended. The laboratory
section has ftive large, modern test cells, each equipped with an
engine dynamometer. One ot these test cells is dedicated to this
project.

A layout of experimental apparatus, all otf which 1is either
tulily owned or controlled by Sonex, tor this test cell 1s provided
in Figure J.1. In addition to the test equipment, Sonex owns a
machine shop with excellent machining and welding capabilities.
This shop enables Sonex to tabricate components required to
modity test engines to the Sonex designs.

The current Sonex Research test tfacilities meet all known

tederal, Maryland and local government laws and regulations
pertaining to airborne emissions, waterborne eftluents, external
radiation levels, outdoor noise, solid and bulk waste disposal,

and the handling and storage of toxic and hazardous materials.

K. Consultants

Dr. Mervyn B. Johnston was employed by the company trom July

1986 to February 1991, as Project Engineer, Two-cycle engine
development programs. From 1984 to 1986 he was Manager of
Engineering Design at Chicago Pneumatic, a major U.S. air tool
manutacturer. Prior to Chicago Pneumatic he was Director of

Engineering tor the Roper Corporation, a manufacturer of outdoor
power equipment tor both the consumer and commercial markets.
From 1970 to 1977 he was Director of Research and Development at

Homelite, a major U.S. chainsaw manutacturer. Dr. Johnston
received both his Bachelors and Ph.D degrees trom the Queen’s
University of Northern Ireland, with a gspecialty 1in the

theoretical unsteady gas dynamics of particle tlow in internal
combustion engines.
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APPENDIX C

U.S. Department of Defense
SMALL BUSINESS INNOVATION RESEARCH (SBIR) PROGRAM
PHASE II - FY1991
COST PROPOSAL

ITEM#
1. Name ot otteror: Sonex Research, Inc.
2. Home oftice address: 23 Hudson Street
Annapolis, Maryland 21401
3. Research tacility address: Same
4. Proposal title: Kerosene Base Fuels i1n Small Gasoline
Engines, Demonstration ot
5. Toplc number: A90-210
6. Proposed cost: $487,500
7. Direct material cost: $10,000
8. Material overhead: 0

9. Direct labor:

Estimated Rate

Personnel hours (rounded) Amount
Principal Investigator 342 $60 $20,409
Program Manager 270 49 27,930
Pro.ject Engineer 912 49 44,688
Junior Engineer 1,368 33 45,076
Technictian 1,368 17 23,324
Totals 4,560 $161,427

10. Labor Overhead:
Total direct labor hours 432
Direct labor overhead rate $21.24
Total $96,856
11. Special testing: Cold room tacilities rental $26,250

11




ITEM#
12.
13.

14,

18,
19.

20.

21,

APPENDIX C

Special equipment: Combustion Analyzer $30,000
Travel: $7,500
Consultants: $13,200
Other direct costs: Fuel, supplies, etc. $9,500

General and Administrative Expense:

Total direct labor $161,427
G&A as a percentage ot direct labor 67%
Total $108,156
Rovalties: 0
Fee or protit: 323,611
Total estimate cost and protftit: $487,500
Signature:
George E. Ponticas "Date

Chiet Financial Officer

a. Has any executive agency of the United States
Government pertormed any review of your accounts or
records in c¢onnection with any other government prime
contract or subcontract within the past twelve months? NO

b. Will you require the use of any government property
in the pertormance ot this proposai?” NO

C. Do you require government contract financing to
pertorm this proposed contract” NO

Progress payments are requested as ftollows:

22.

$30,000 payable upon commencement tor equipment purchase
$35,192 payable monthly thereafter tor tweive months
$35, 196 payable upon delivery ot report

Type ot contract proposed: Firm tixed price

12
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