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1.0 INTRODUCTION

This final technical report, prepared by Combustion Electromagnetics

Inc., CEI, for the U.S. Army Tank-Automotive Command (TACOM), under contract

DAAE07-84-C-RO47 and DAAE07-85-C-R054, describes the prototype engine deve-

loped for achieving the objectives of this contract including the fuel injec-

tor and ignition system used, and the test results obtained. A Deutz FIL511D,

single-cylinder, air-cooled, direct-injection diesel engine of 50 cubic-inch

displacement was used as the base engine and was modified from the crankcase

up into the prototype engine. The engine was tested both in its completed

prototype form and in baseline form. The SuperFlow Computerized Engine

Dynamometer and the Geneva APA 100 were used to conduct the tests and to

collect all the required data.

2.0 OBJECTIVE

The primary goal of this work was to modify a high-power and high-energy

ignition system developed by CEI (the "CEI Ignition") to be made suitable for

Direct-Injection IC engines and to test it on a prototype engine of appro-

priate design, developed by CEI, by modifying an existing high-efficiency

diesel engine. The engine would be modified to have a moderate compression

ratio, no swirl, and moderate to high squish to help improve the air-fuel

mixing and to speed up the burn. Cold start at the lower compression ratio

would be achieved through use of the ignition. The expected results are a

significant reduction in both the peak combustion pressures and in the rate

of rise of pressure. This, in turn, was expected to provide a high engine

efficiency, a low-heat transfer, and a multi fuel capability.

The single-cylinder prototype test engine would be designed to accommo-

date a central fuel injector and a dual (CEI) pulsed type discharge ignition

for igniting the fuel spray and for coupling electrical energy to the flame

front during the ignition and early combustion periods. The baseline and

prototype engine would be dynamometer tested on a SuperFlow Computerized

Engine Dynamometer Test Bed to assess both the benefits of the dual ignition

system and the benefits of the engine design. The Geneva APA 100 would be

used for in-cylinder measurements using a pressure transducer.
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3.0 CONCLUSIONS

The new ignition and engine system was successful in meeting most of the

contract objectives, but was unsuccessful in that the spark plug suffered

from a persistent fouling problem due to contamination by the injected fuel.

In addition, the combination of the required high spark breakdown voltage

and the plug contamination made for an especially stressful environment for

the ignition. This has led to the regrettable conclusion that, without

further research to prove otherwise, high-power, high-energy ignition, i.e.,

CEI ignition, is not considered to be a practical approach at this time for

controlling early-stage combustion in diesel engines. If there existed a

demonstrated strong desire to pursue such an approach, then the research

should include studies of fuel contamination of ceramics and possible ways

to alleviate it, including the possible use of extended ceramic plugs and

the possible development of a dual glow plug/spark plug.

4.0 RECOMMENDATIONS

4.1. Ignition/Engine Modifications

As stated in the "Conclusion" section, use of the CEI ignition in
diesel engines is not recommended, unless work is successfully performed to

develop ways to handle the combined problems of plug fouling and a very high

ignition voltage requirement. However, a possible design will be presented

which uses an unusually long insulator nose to minimize the plug-fouling

problem, and a plug-tip location to provide a possible self-cleansing action

by strong squish flow fields. Also, piston firing will be recommended to

provide for the largest possible plug gap and elimination of the ground or

"J" electrode.

4.2. Alternative Engines

CEI recommends taking a totally different approach in terms of engine

type and design for meeting the objectives of a multi fuel direct injection

engine with a high power to weight ratio; i.e., a lighter weight engine than

the current diesel. Development of a low effective compression ratio two-

stroke engine for this application is recommended as well as a low cost,

low-pressure fuel injection system designed for early injection into a high-

flow field which will promote mixing.

8



5.0. DISCUSSION

5.1. Background

There is a need to increase the diesel engine's capabilities for burning a

variety of fuels and to reduce its weight and size. In addition, there is an

advantage to reducing the engine heat transfer losses so that an air-cooling

system, versus a water-cooling system, can be used. It is desired to

accomplish these goals while maintaining or improving the engine efficiency,

preferably while improving the engine's exhaust emission levels.

One way to achieve some of the desired goals is to better control the flame

initiation process. This can be done in several ways, such as by using some

electrical initiation means, e.g., a spark plug, or by using an electroni-

cally controlled fuel injection system. Electronic fuel injection still

requires compression ignition as the ignition process, and therefore requires
a very high compression ratio of 17:1 to 24:1, which is detrimental from the

perspective of reducing engine size, weight, and heat transfer, and optimi-

zing engine efficiency. An ignition system, on the other hand, is compatible

with a lower compression ratio, including the compression ratio (CR) where

best efficiency is achieved, i.e., 11 to 13 to 1 CR for the typical diesel

engine. However, as was discovered in this work, the diesel-engine environ-

ment is particularly harsh for an ignition system from the perspective of

plug fouling and high cylinder pressures.

However, it is clear that if the time of flame initiation can be specified

as a function of engine RPM and load (as it is in a gasoline engine) and the

engine can be operated at a moderate compression ratio, then the desired

goals mentioned above can be met, and in addition, slightly higher engine

efficiency can be achieved, as well as a substantially lower rate of rise of

pressure, (one of the principal problems of the diesel engine).
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5.2. Fuel Injection System

Considerable research was done on identifying suitable fuel injection nozzle

characteristics for this contract. The results of this research were repor-

ted in Technical Report No. 5, which is included as part of Appendix A. The

principal results related to spray pattern, including spray angle and spray

traversal with time. The results indicate that a nozzle with 12 holes of

approximately 0.006 inches diameter was suitable for achieving the objec-

tives of good mixing and good utilization of the air. Such a design produced

a spray which required 1.5 to 2.0 msecs to reach the spark plugs located one

inch away, or approximately 20 crank angle degrees at a speed of approxima-

tely 2,000 RPM. A drawing and specification of the fuel injector tip is

shown in Figure 5-1.

For the fuel pump, it was decided to use the pump that comes standard with

the engine. Attempts to obtain special research type fuel injection systems

from major manufacturers were unsuccessful. In fact, it was a disappointment

that none of the major fuel injector manufacturers were interested in colla-

borating on this project. This resulted in some delays and reconsidering of

approaches. In the end, as indicated in Figure 5-1, blank nozzle tips were

obtained from United Technologies, Italy, and these were successfully laser

drilled at a local facility. Testing with a hand-operated fuel injection

pump indicated a suitable spray pattern, i.e., a circularly uniform spray

pattern with good atomization. As is also indicated in Figure 5-1, the two

holes located along the line joining the spark plugs were of a slightly

larger diameter, i.e. 0.008" diameter, to insure that slightly more fuel

mixture would be injected at the park plug sites.

Open chamber ignition of the fuel spray was not performed because of time

limitations. Also, this had been investigated in the Phase I part of the

contract, where it was shown that reliable ignition was achievable even at

room temperature.
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5.3. Ignition System

The ignition system used under this contract was developed by CEI which had

an unusually high rate of energy delivery and the ability to deliver very

rapid spark pulses in a single ignition and combustion duration.

Since the beginning of the contract, the CEI ignition went through a signi-

ficant evolutionary process, to the point that when the engine tests were

initiated, the ignition was near what is now deemed to be its final stage of

development. One of the principal new features of the ignition was the

development of a recharge circuit which delivered energy to the discharge

capacitor between the very rapidly firing spark pulses of the pulse train,

so that the amplitude of the spark pulses was maintained near the maximum

level throughout the ignition firing period. A circuit drawing of the igni-

tion is shown in Figure 5-2.

POWER CONVERTER RECHARGE DISCHARGE COIL SPARK
(100 watt, 88% efficient) CIRCUIT CIRCUIT GAP

Figure 5-2. Ignition System Circuit Drawing

Two spark plugs were used in the engine, as is shown in Figure 5-3. They

were placed symmetrically, one inch from the centrally located fuel injector.

The objective was to initiate combustion at these two sites so that the burn

time could be reduced (for a centrally located fuel injector). However, as

will be discussed in Section 5.7 under "Alternatives", it is believed that

most of the benefits of the ignition can be attained by the careful reposi-

tioning of both the fuel injector and the spark plug, with only one spark

plug per cylinder being required. The use of one spark plug per cylinder is

clearly advantageous in terms of simplicity and cost.
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A typical (primary voltage) sequence of spark pulses ranges between about

thirty pulses of approximately constant amplitude at low engine speeds to

five pulses at high engine speeds. For the high engine speed condition, the
time duration between pulses is approximately 0.25 msecs, resulting in the

delivery of five ignition pulses within one millisecond. This is important

given that the fuel spray velocity at the spark plug site is approximately
0.5 cm per msec, which would create five ignition sites over a length of 0.5
cm defined by the radius of the spark plug end. The first power converter

that was developed for this contract work, designated as REDL3, was not used,

as it was superseded by a more efficient and suitable system recently deve-

loped by CEI, shown in circuit form in Figure 5-2.

. W 7Z- M"C-r6 R-

C~AgO~W -~v I I) L. PL ±" ~ ~P, uasj.qp =.O.UDo

ItEI4)C.CIAI'AC5ER, .

Figure 5-3. Cross-section of Combustion Chamber
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5.4. Engine Measurement Equipment

Two pieces of equipment were purchased under this contract for the purpose

of performing the engine testing: An engine dynamometer with computer data

acquisition capability, the SuperFlow SF 901, and equipment for measuring

the in-cylinder combustion processes, the Geneva APA 100.

The SuperFlow SF 901 is a complete engine dynamometer test stand which comes

with a test stand for mounting the engine and a dial for varying the torque

provided by the water brake. It is suitable for at least 500 horsepower.

As part of the contract, a computer terminal was purchased which permitted

communication with the main electronic test stand to perform calibrations

and to develop averaging schemes as part of the data acquisition.

Standard with the SuperFlow is the ability to measure typical engine para-

meters such as RPM, torque, power, fuel flow, air flow, brake specific fuel

consumption (BSFC), manifold pressure, water temperature, and oil temperature.

A sample of the data is shown in Figure 5-4. Considerable work was performed

to calibrate the system and to make it suitable for the diesel engine. For

fuel measurements, a back-up weighing technique had to be implemented, since

it was found that the pulsations created by the fuel pump produced errors in

the measurements (by the fuel flow turbine). Furthermore, the higher visco-

sity of the diesel fuel affected the operation of the fuel flow meter.

A large air ballast was fabricated and installed to dampen the greater air

fluctuations caused by the single-cylinder engine. The undamped pulsations

gave a higher apparent air-flow reading.

The APA 100 required significant troubleshooting to get it to operate to

specification. However, while this was an inconvenience, the manufacturer

of the unit made himself totally available in helping eliminate problems in

the system. In the end, the unit was found to operate sufficiently to allow

appropriate pressure versus time curves to be obtained, and to permit proper

averaging between cycles of the various key parameters, principally peak

pressure and rate of rise of pressure. A typical output data curve is shown

in Figure 5-5. The heat output data was suspect, and it was determined as

not essential for the level of study that was being performed.

14
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5.5. Engine Design

For the purposes of this contract work, a single-cylinder, air-cooled diesel

engine was determined to be suitable. A study was conducted of readily

available commercial single-cylinder engines. After careful evaluation, a

Deutz FIL511D engine was selected, as this was a high-efficiency engine and

therefore represented a suitably challenging baseline. The engine was of

approximately 4 inch bore and stroke with an approximately 50 cubic-inch

displacement. The more complete engine specifications are given below.

Bore/Stroke: 3.94/4.13 in (100/105 mm)

Displacement: 50 cubic inches (0.825 Liters)

CR: 17:1

Maximum output: 14 hp @ 3000 RPM

Maximum torque: 27 ft.lbs @ 2000 RPM

Minimum idling speed: 900 RPM

BSFC @ maximum torque: 0.385 lbs/hp-hr

Engine weight: 242 lbs (110 kg)

After some study, it was concluded that the best way to incorporate the new

design was to completely replace the existing engine cylinder and cylinder

head but to retain the engine's piston. The piston was modified by having

the face appropriately machined to increase the bowl size for a compression

ratio of approximately 12 to 1 (see Figure 5-3). A cast-iron cylinder and

cylinder head were designed and fabricated to CEI specifications. With the

exception of the rocker mounts, all parts were hand machined. The cylinder

head was flat with vertical valves since the combustion chamber was contained

entirely inside the piston. This also simplified machining of the parts.

For the combustion chamber located inside the piston, it was decided to use

a high-squish combustion chamber similar to the existing one used in the

engine in its baseline condition. The combustion chamber, which took the

form of a bowl-in-piston, was designed such that the two spark plugs closely

defined the outer edges of the bowl. The fuel injector was designed with a

150 degree included angle so that the fuel spray would move mainly against

the air flow created by the squish to promote mixing of the air and fuel.

This angle was also chosen so that injected fuel would reach the spark plug

sites for ignition.

17



5.6. Engine Testing and Results

The engine was mounted on the SuperFlow computerized engine dynamometer for

testing. Special mounts were made for the engine because of its high level

of vibration. The mounts were made of four-inch square cross-section alumi-

num stock and were found to perform satisfactorily. In addition, the entire

£iLame of the dynamometer was anchored to the floor by means of large blocks

of wood spanning its width and shock-mounted to the floor through heavy duty

machinery rubber mounts. These modifications were found to be sufficient to

handle the engine. For pressure measurement, a water-cooled standard piezo-

tronics pressure transducer was used, which was mounted in the cylinder head.

Initial tests were conducted to calibrate air flow and fuel flow. During

these tests, it was discovered that the fuel-flow meter would not give reli-

able data because of pulsations in the fuel line and the high viscosity of

the fuel, which was standard diesel fuel available at local gas stations.

Therefore, a back-up weighing technique was devised so that when actual data

was being taken, fuel consumption for a precise period of time was determined by w

the time measurement.

Measurements were made at four engine speeds: 1500, 2000, 2500, and 2800 RPM.

For each engine speed three load settings were taken: 10 ft. lbs, 20 ft. lbs,

and a maximum load which was typically 27 ft lbs. Measurements included

printing of the complete data provided by the SuperFlow engine dynamometer

computer (Figure 5-4), with the fuel flow being measured independently via

the weighing technique. This permitted evaluation of BSFC, for each point.

In addition, the APA 100 was operated at each point to provide peak pressure

and maximum rate of rise of pressure at each point (see Figure 5-5 for

sample data).

Summaries of the baseline data are shown for the three torque conditions in

Figures 5-6, 5-7, 5-8. The same figures show the data that were taken later

with the engine in its final redesigned form.
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At 10 foot lbs BSFC was approximately 0.6 lbs/hp-hr over the entire speed

range of 1500 RPM to 2800 RPM. At 20 ft lbs, BSFC ranged from about 0.42 to

0.48 lbs/hp-hr, increasing approximately linearly with speed. At maximum

load, BSFC was between 0.41 and 0.42, similar to the 20 ft lbs case, and was

constant for speeds in excess of 2000 RPM, rising somewhat at the higher

speeds to a maximum BSFC 0.44 lbs/hp-hr at 2800 RPM. The torque peaked at

between 2000 and 2500 RPM at between 26 and 27 ft. lbs. The data from the

SuperFlow and the APA 100 (for the baseline engine) are shown in Appendix B.

After completion of the baseline tests, the engine was disassembled down to

the crankcase and the new piston and cylinder heads installed. A cross

section of the combustion chamber, as defined by the piston and shown with

respect to the centrally located fuel injector, is shown in Figure 5-3. The

dimensions of the bowl in the piston were selected to given a compression

ratio of approximately 12 to 1.

Initial attempts to operate the engine with a lower compression ratio of 10

to 1 and a lip at the perimeter of the cylinder bowl were unsuccessful with

the engine producing insufficient power at the higher loads and the perimeter

lip interfering with the fuel spray. Hence, the selection was made for a

higher compression ratio of between 11 and 12 to 1, and a modified, simpler

shaped bowl-in-piston combustion chamber, shown in Figure 5-3. As with the

base engine, the water-cooled pressure transducer was used and installed in

the cylinder head. One of CEI's latest prototype ignitions was used.

It was found that at room temperatures without the aid of the ignition, the

engine would not start at the 12 to 1 compression ratio. With the aid of

the ignition, with either one or two plugs, the engine would start immedia-

tely and operate until sufficiently warm, when the ignition could be either

turned off or kept on. A run of data was taken at very light load during

the starting and warm-up stage with the ignition consecutively turned on and

off and the APA 100 in the data-acquiring mode to determine the differences

in peak pressure. The results of this test are summarized in Figure 5-9, in

terms of peak pressure versus time elapsed from engine start-up for the two

cases with and without ignition assist. The actual data is given in Appendix

C.
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As can be seen, the use of the ignition produced a substantially higher peak

pressure for the first ten minutes of operation, which is desirable under the

conditions of cold start, versus the conditions with the engine hot at high

load where a lower peak pressure and lower rate of rise of pressure is

desirable.

The engine was then run under the same conditions as the baseline at 10 and

20 ft. lbs and at full load at the four RPM conditions of 1500, 2000, 2500,

and 2800 RPM. Once the engine was hot, selective data was taken with and

without the ignition. The differences between the two cases were found to be

small, while the differences with respect to the baseline engine were larger.

Actual data of BSFC versus RPM are given for the modified engine in Figures

5-6, 5-7, 5-8, alongside the baseline data.

Plots of the maximum pressure and the maximum rate of rise of pressure for

the three torque conditions are shown in Figures 5-10 through 5-15. The

differences between the modified and baseline engine are remarkable, with

the modified engine exhibiting, under practically all operating conditions,

a peak pressure and peak rate-of-rise-of-pressure about one half that of the

baseline engine. Given that the modified engine operated at comparable

efficiency to the baseline engine, this data represents the achievement of

one of the principle goals of this contract work. The actual data is given

in Appendix D.
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5.7. Conclusions and Alternatives

From inspection of the data, one can draw several conclusions relating to

the use of ignition in the modified engine relative to the baseline engine.

The key conclusions are enumerated below:

1) The modified engine operates at similar efficiency and slightly lower

peak output power as the baseline engine through the use of the ignition.

This is an important result when one bears in mind that the engine compres-

sion ratio was a full 5 compression ratios lower, i.e. approximately 12 to 1

versus 17 to 1 compression ratio. This means that, in principle, one can

have a significantly lighter engine (because of the reduced compression

ratio), and significantly lower heat transfer to the walls. Furthermore,

from an exhaust emission perspective, one would expect somewhat lower NOX

emissions because of the lower peak pressures and temperatures at lower

compression ratios.

2) This engine was operated without swirl and yet had approximately the

same characteristics as the baseline engine. It can therefore be concluded

that it would have significantly lower heat transfer losses because of the

low swirl. This has a particular benefit of allowing the engine to operate

with miminal air cooling, versus continuous forced air-cooling or water

cooling, which is undesirable from the military application perspective.

3) At light loads, the efficiency of the modified engine was found to

be significantly higher than the baseline engine. The reasons for this are

not totally clear, since improved ignition probably should not have such a

large effect. The differences may be attributed, in part, to the lighter

air-cooling requirements of the engine under light-load conditions in its

modified form, versus in the baseline form, where an approximately constant

amount of forced air cooling was provided at all load conditions (for given

engine speed).

The cooling air-blower, item 39, Figure 5-16, manufacturer's drawing of the

engine, was removed and replaced by a small electric fan which was turned on

when the engine had reached operating temperature. In addition, cooling was

provided by the high temperature synthetic oil which was used in the engine,

although no data was taken to evaluate this.

30



Discussions with a technical manufacturer's representative indicate that the

cooling air blower (item 39) would absorb approximately 1/2 horsepower at an

engine speed of 1500 RPM, which would account for approximately one half of

the difference in efficiency found at the 10 ft lb, 1500 RPM (and 2000 RPM)

case shown in Figure 5-6.

4) The modified engine exhibited approximately half the peak pressure

and half the rate-of-rise-of-pressure under the conditions tested, excepting

for the case of cold start where the modified engine in its spark-ignited

form provided a higher peak pressure than without ignition, as is desired.

5) The modified engine provided instant cold start, as desired.

In the "Recommendations" section, Section 4.0, it was stated that should it

be desirable to use the current approach of electrically igniting the spray

in a diesel engine, then certain precautions should be taken, including

taking into account the design recommendations enumerated below to optimize

the chances of success. The principle concern, as already stated, is spark

plug fouling by the fuel spray and the high pressure the ignition has to

operate under.

In Figures 5-17 and 5-18, two approaches are shown which make use of the

principles of ignition described in this report for the case of a conven-

tional four-stroke diesel engine (Figure 5-17) and a two-stroke engine

(Figure 5-18), which is recommended for this application. In both cases,

certain design principles are followed, which are enumerated below:

1. The spark plugs should have extended insulators to reduce the chance

of plug fouling due to the insulator becoming coated with fuel and/or carbon.

2. The spark plugs are preferably located near the region of high squish

which aids the cleaning of the plug. However, as shown in these figures,

the cleaning action would be restricted to principally one side of the plug.

3. The spark plug should be located far away from the fuel injector,

approximately 1.5 inches in the cases shown here, for a combustion chamber

with a bore size of approximately 4 inches. This has the following desirable

characteristics:
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a. The spray will have entrained significant air and become relatively

homogeneous by the time it traverses the approximate 1.5 inch length

to reach the spark plug site.

b. The spray velocity will have approached close to zero near the spark

plug site, especially upon encountering the oppositely directed air

squish created by the small piston-head near the spark plug.

4. The spark plugs should not have a ground, or "Jay" electrode, and

should form the spark to appropriate protrusions on the piston. This permits

the use of a larger spark gap under most operating conditions where ignition

may occur 20 to 40 degrees BTDC. This is especially helpful at high engine

speeds where a stronger ignition is provided through a larger gap provided

by the earlier firing of the plug.

5. The sparking protrusions on the piston, which are preferably composed
of erosion-resistant material such as tungsten-nickel-iron, will tend to run

hotter than the other parts of the combustion chamber and, therefore, further

aid in the ignition process by supplementing heat energy to the spark energy.

6. Finally, it should be appreciated that by placing the spark plug tip
in a region where the squish fields and fuel spray collide will produce high

microscale turbulance, which is helpful in producing strong flame initiation.

With respect to Figure 5-17, it should be understood that what is being
proposed here is "a way" of implementing the above recommendations in a four
stroke diesel engine design. There are numerous variations to this design,

which depend in part on where one wants to locate the combustion chamber and

the fuel injector.

Figure 5-18 depicts a cross scavenged two-stroke engine which is particularly

well suited for using the design recommendations. The edge of the deflector
section of the piston provides an edge suitable for firing the spark to, and

for achieving a large spark gap.
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Constructions Groups: General View

N21 08

22

39

\_•• •41
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83 01 15 46 01 52

PIL 511/W

List of Construction Groups

Construction Group 0141-... Page Construction Group 0141-.... Page

01 Front cover 43 22 Intake manifold 67
01 Crankcase 44,45 26 Heater plug system* 68
04 Cylinder* 46 27 Regulator* 69
05 Motion parts* 47 29 Control linkage* 70
06 Connecting rod* 48 35 Instrument box* 71
07 Piston" 49 39 Cooling air blower 72
08 Cylinder head 50 40 Cooling air ducting 73
10 Camshaft* 51 41 Exhaust manifold 74,75
11 Valve mechanism* 52, 53 42 Cranking device* 76
14 Lube oil pump* 54 44 Generator 77
15 Oil filter 55 44 Starter* 78
15 Oil cooler* 56 45 Power take-off on camshaft* 79
16 Lube oil line* 57 46 Engine mounting parts 80
17 Injection pump 58 48 Electrical equipment* 81,82
19 Injector' 59 49 Transport eye* 83
20 Fuel filter 60, 61 50 Tools* 84
21 Fuel lines 62, 63 51 Measuring instruments* 85
21 Fuel tank 64 52 Clutch/coupling 86
22 Airfilter* 65, 66 56 Engine shutdown* 87

57 V-Belt guard* 88
61 Cooling air discharge duct* 89
83 Hydraulic pump 90

Figure 5-16. Manufacturer's Drawing of Deutz Test Engine
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APPENDIX A

FUEL INJECTION NOZZLE CHARACTERISTICS
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SUPPORTING DATA

Technical Report No. 5

FUEL INJECTOR DESIGN EFFORT

Summary

The design of the fuel injector for the electrically ignited quiescent
open chamber combustion process should meet, as closely as possible, several
goals according to our current thinking.

The first goal is to mix the fuel and air using the energy in the fuel
spray, since swirl and squish have been minimized to reduce heat transfer
losses. To obtain this result it appears that the number of holes in the
injector should be maximized since the Abramovitch jet mixing theory (to be
briefly discussed later) indicates that there is no practical control of the
cone angle of the spray for multi hole nozzles.

Tile second goal is to avoid liquid fuel impingement on the cylinder
wall or ceramic insert since fuel impingment on the wall could lead to loss
of fuel into the lubricating system. Thus the traversal time from the
injector to the cylinder wall should be large enough for the fuel of the
expected droplet size to completely vaporize. The quiescent non swirl
combustion chamber design tends to minimize the travel time, since the fuel
travels straight to the wall and not in a longer spiral path.

The third goal involves placing a combustible mixture at the ignitors
at the proper time for ignition, preferably using the fuel injector cam and
pump supplied with the engines. We currently think that not all of the fuel
should be injected before ignition to minimize the rapid rate of pressure
rise that could occur if a significant fraction of the mixture were to auto
ignite (knock). For testing and evaluation purposes we would like to have
the flexibility of having some combustible mixture arrive at the ignitor at
say 30 degrees BTDC so that the effect of timing advance can be evaluated.
Since our current fuel injection system is expected to start injection at 24
degrees BTDC, little time is available for fuel travel and mixing (relative
to TDC). More advance may be desirable to provide more time for miking and
evaporation. If the combustion process works like a W.O.T. gasoline engine,
less advance will be needed - probably about 15 degrees at 2,000 RPM, which
would correspond to an injection timing of about 30 degrees BTDC.

With these initial goals established, we next attempted to learn about
the state of the art in injector capabilities and analytical predictive
techniques, by questioning local suppliers, manufacturers, two consultants,
and reviewing recent SAE literature. We also measured some of the charac-
teristics of the fuel injection system supplied with the single cylinder
Deutz engine, such as the cam profile, full rack and partial rack injected

.volume, and line pressure vs speed and rack setting. With this data and a
theoretical model we evaluated several design parameters and developed a
"first" injector design.
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Determination of Deutz Engine Fuel Injection System Parameters

The first project was to measure the cam follower-plunger lift profile.
A gear driven auxiliary drive pulley was accurately marked in five degree
increments and the plunger lift position was measured to the nearest .001
inch using a dial indicator. From these measurements we estimate that
injection could in principle start as early as approximately 50 degrees
BTDC and could end at 10 degrees ATDC. The manual indicates that the injec-
tion starts at 24 degrees BTDC. We still need to learn why this time is so
retarded from the apparent potential starting point of 50 degrees BTDC and
whether we can obtain some advance by modifying the pump.

The next tests were conducted by Boston Fuel Injection Company. They
determined the peak line pressure and amount of fuel injected at each of
four speeds and four rack settings. The delivery at the maximum rack setting
was much less than the swept volume of the plunger minus the retraction
volume, which was equal to about ten times the injected volume.

An estimate of the volume of fuel delivered per revolution for the
standard engine was made using the rated power of 17.5 Hp and the BSFC of
0.41 lbs/hp-hr. This required a delivery of .040 cc/rev, assuming a fuel
specific gravity of 0.9. This corresponded to a volume much closer to the
measured volume than the swept volume.

Discussions with Deutz confirmed that the fuel. injection system was
designed to start injection at 24 degrees BTDC and to inject a maximum of 44
cc/lO00 revolutions. This confirmation of engine based fuel delivery esti-
mates leaves us currently without an understanding of how to optimally
redesign the fuel system without further knowledge. For example the dis-
placement rate of the injector plunger would deliver the maximum amount of
fuel in 10 crankshaft degrees if no compliance existed in the piping and
injector. We may set up a simple test fixture to suspend the fuel injector
so it will spray an absorbent disc attached to the engine shaft to determine
the duration of injection. This will improve our ability to design the
nozzle hole size and pick the number of holes.

As a further attempt to understand the fuel injection process, we
plotted the prcssure vs delivery rate and found that the pressure varied
linearly, not quadratically with speed, as would be predicted for normal
orifice flow. Also the dynamic pressure computed for our smallest orifice,
12 hole design is only 862 psi for 2000 engine RPM, while line pressures
over 4000 psi were measured using the standard, four hole (of unknown diame-
ter) nozzle. Thus we will not attempt to determine the source of the line
pressure during our current effort. Nor will we attempt to predict absolute
values of injection timing or jet velocities, unless we are able to obtain
additional information from Bosch or United Technologies.

2

A-4



Fuel Jet Model Assumptions

Based on the analytical results of the Rife jet velocity prediction
equations, we are able tocompare fuel injector designs of different hole
size and number of holes. The analysis is based on the model that assumes
that air is entrained into. the jet in a manner which conserves linear momen-
tum. Thus as the distance aldng the path from the nozzle hole increases, the
jet velocity decreases since more mass (entrained air) is included in the
jet. The result is that the diameter of the jet becomes a linear function
of distance from the so called "pole" position, the position from which the
jet appears to diverge (with infinite speed) and minimum (fuel) mass. The
entrainment parameter is the sole determinant of the cone angle of the jet
for a given fuel to compressed air density ratio! Neither changes in hole
size nor fuel velocity have any effect on the predicted cone angle. They do
have a small effect on the distance from the fuel injector to the pole
position but over the range of interest in this project that distance is
predicted to change by only a maximum of 0.1".

Predicted Results

Since we have no means to effect the entrainment factor for quiescent
non swirl flow, our only means to improve the fuel distribution process
appears to be to increase the number of holes in the fuel injector nozzle.
For a given hole diameter, the predicted velocity is inversely proportional
to the number of holes. If compressibility effects are important (not consi-
dered here) then a lower dependence on the number of holes would be expected.

Although the cone angle of the nozzle sprays is predicted to be inva-
riant, the distance for a given loss of velocity ratio relative to the
cnmputed nozzle speed is directly proportional to the jet diameter. Thus
smaller diameter jets slow down more rapidly than larger ones. This pheno-
menon led to an interesting result for the time for the jet to reach the
ignitor location one inch from the center of the cylinder. For a design of
12 holes of 0.0035" diameter relative to a design of 6 holes of 0.007"
diameter, we found that while the initial speed of the .0035" diameter hole
jets was twice that for the larger hole nozzle, (four times the area but
half the number of holes), the greater rate of decrease of velocity with
distance for the smaller jets led to the predicted results that both jets
arrive at the ignitor at practically the same time.

We can summarize results for time to distance predictions for dimen-
sions similar to the cylinder radius by the following rules of thumb.

1. Time to distance is inversely proportional. to the product of nozzle
flow speed times hole diameter.

2. For a given plunger diameter and cam profile, time to distance Is
proportional to the number of holes of a given diameter or inversely
proportional to diameter for a given number of holes.

Figure 1 shows the computed time vs. distance predictions for several
hole sizes and number of holes which bound the range of expected designs.
The time vs. distance calculations were made on the basis of the velocity
between computed velocity intervals predicted by the Rife Equations being
assumed to be the geometric mean of the two end point velocities. This is a
reasonable approximation for the present purposes.
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Our current research on drilling holes for the~nozzle tips indicates
that holes of 0.007 inch appear to be readily available. One vendor believes
that 0.005 inch holes are possible by diamond drilling unhardened nozzle
bodies. We have not yet determined if laser drilling or ultrasonic machining
can produce smaller holes. Thus our present first designs are for 10 to 12
holes of 0.005" diameter if available, or 10 holes of .007" diameter. An
analysis of the 12 hole, 0.005" hole diameter case is included (Figure 3)
along with some other cases.

The travel times to the injector for the first part of the jet on the
centerline for these nozzle designs are predicted to be on the order of 15
to 20 crankshaft degrees for the 2000 RPM condition we modelled. Thus the
start of injection will need to be earlier than the present 24 degrees if we
desire to start the ignition process at 20 to 30 degrees BTDC which is
typical of normal spark ignition timing.

The time for other than the centerline of the jet to reach the one inch
distance is even larger than the above calculated times. Thus we are consi-
dering ways to change the start of injection by about 20 to 25 degrees. We
are considering obtaining another cam and mounting it onto the cam shaft at
the appropriate timing.

The actual fuel. injector we expect to use is one manufactured by United
Technologies. It has a larger body than the pencil nozzle made by Stanadyne,
but individual nozzle tips are available for it, and we expect to be able to
get these tips machined to our specifications locally. We can accomodate
the larger 17mm body within our current cylinder head design without signi-
ficant compromise. Stanadyne was not willing to cooperate with us at this
time because of too large a backlog.
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NOZZLE SCALING CA LCULATIONS SU)L bVbý1  m.Jm.
1,7-Apr-86

ENGINE:
Bore: (in) 3.94 Disp. Vol.: 50.4
Stroke: (in) 4.13 (in-3)
Speed: (rpm) 2000
Comp. Ratio: 11 Clearance: 5.04

PUMP:
Plunger: (mm) 7.5 Vol./Stroke: 274.3 0.913
Stroke: (mm) 7 !sp. gravity
Retract: (mm'3) 35 Inj. Mass: (mg) 250.4 Rohsenow & Choi

NOZZLE:
Hole Size: (in) 0.007 Hole Area: 3.85E-05
Number: 12 Total: 4.62E-04
Coefficient: 0.6

INJECTION PARAMETERS:
Specified in crankangle degrees (TDC = 0)
Start: (deg.) -50 Duration: 60
End: (deg.) 10

Single Hole: Nozzle:
Rate: (mg/deg.) 0.35 Rate: (mg/deg.) 4.17
Rate: (g/sec) 417 Rate: (g/sec) 5004
Velocity: (m/sec) 30.7 !RCM was 122

m/sec (JMR)
INLET:
Vol. Effic.: 0.95
Polytropic: 1.3 Air at TDC:
Inlet Press.: 14.7 TDC Press: 332
Inlet Temp. (F) 90 TDC Temp: 1129
Density: 1.14E-03. Density Ratio: 11

TDC Density: 1.26E-02

COMBUSTION CHAMBER: Jet Mixing
Density Ratio: 72.7
Jet Vel.: 30.7 FIQC. 2
Radius: 0.0035
Entrain: (axial) 0.11

JET CALCULATION
Pole: 0.219
No Crossflow
Re] Vel, Vf/Vi: 0.9 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.05
Velocity m/sec: 28 21 18 15 12 9 6 3 2
Mass Ratio: 9 2.33 1.5 1 0.67 0.43 0.25 0.11 0.05
Air/Fuel: 0.111 0.429 0.667 1 1.493 2.326 4 9.091 20
Mean Radius- 2.996 6.672 8.988 12.058 16.511 23.779 38.131 80.889 166.211
Radius,' inches: 0.01000 0.02300 0.03100 0.04200 0.05800 0.08300 0.13300 0.28300 0.58200
Mean Distance: 19.13 40.68 53.4 69.65 92.42 128.45 197.62 398.28 792.17
Distance, in.: 0.29000 0.36000 0.41000 0.46000 0.54000 0.67000 0.91000 1.61000 2.99000
Time msec: 0.251236 0.32456 0.38988 0.46717 0.618628 0.93636 1.76592 5.95671 20.2666
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NOZZLE SCALING CALCULATIONS SL1)cal'())~{ 24.4L
17-Apr-86

ENGINE:
Bore: (in) 3.94 Disp..Vol.: 50.4
Stroke: (in) 4.13 (in M3)
Speed: (rpm) 2000
Comp. Ratio: 11 Cledrance: 5.04

PUMP':
Plunger: (mm) 7.5 Vol./Stroke: 274.3 0.913
Stroke: (mm) 7 !sp. gravity
Retract: (mm'3) 35 Inj. Mass: (mg) 250.4 Rohsenow & Choi

NOZZLE:
Hole Size: (in) 0.005 Hole Area: 1.96E-05
Number: 12 Total: 2.36E-04
Coefficient: 0.6

INJECTION PARAMETERS:
Specified in crankangle degrees (TDC = 0)
Start: (deg.) -50 Duration: 60
End: (deg.) 10

Single Hole: Nozzle:
Rate: (mg/deg.) 0.35 Rate: (m%/deg.) 4.17
Rate: (g/sec) 417 Rate: (g/sec) 5004

Velocity: (m/sec) 60.1 !RCM was 122
m/sec (JMR)

INLET:
Vol. Effic.: 0.95
Polytropic: 1.3 Air at TDC:
Inlet Press'.: 14.7 TDC Press: 332
Inlet Temp. (F) 90 TDC Temp: 1129
Density: 1.14E-03 Density Ratio: 11

TDC Density: 1.26E-02

COMBUSTION CHAMBER: Jet Mixing
Density Ratio: 72.7 F1 G.73
Jet Vel..: 60.1
Radius: 0.0025
Entrain: (axial) 0.11

JET CALCULATION
'Pole: 0.156
No Crossflow
Rel Vel, Vf/Vi: 0.9 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.05
Velocity m/sec: 54 42 36 30 24 18 12 6 3
Mass Ratio: 9 2.33 1.5 1 0.67 0.43 0.25 0.11 0.05
Air/Fuel: 0.111 0.429 0.667 1 1,493 2.326 4 9.091 20
Mean Radius: 2.996 6.672 8.988 12.058 16.511 23.779 38.131 80.889 166.211
Radius, inches: 0.00700 0.01700 0.02200 0.03000 0.04100 0.05900 0.09500 0.20200 0.41600
Mean Distance: 19.13 40.68 53.4 69.65 92.42 128.45 197.62 398.28 792.17
Distance, in.: 0.20000 0.26000 0.29000 0.33000 0.39000 0.48000 0.65000 1.15000 2.14000
Time msec: 0.089172 0.12117 0.14076 0.17168 0.228481 0.33846 0.63226 2,12897 8.05594
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NOZZLE SCALING CALCULATIONS s ~ i tc
"17-Apr-86

ENGINE:
Bore: (in) 3.94 Disp. Vol.: 50.4
Stroke: (in) 4.13 (in'3)
Speed: (rpm) 2000
Comp. Ratio: 11 Clearance: 5.04

PUMP:
Plunger: (mm) 7.5 Vol./Stroke: 274.3 0.913
Stroke: (mm) 7 !sp. gravity
Retract: (mm'3) 35 Inj. Mass: (mg) 250.4 Rohsenow & Choi

NOZZLE:
Hole Size: (in) 0.0035 Hole Area: 9.62E-06
Number: 12 Total: 1.15E-04
Coefficient: 0.6

INJECTION PARAMETERS:
Specified in crankangle degrees (TDC = 0)
Start: (deg.) -50 Duration: 60
End: (deg.) 10

Single Hole: Nozzle:
Rate: (mg/deg.) 0.35 Rate: (mg/deg.) 4.17
Rate: (g/sec) 417 Rate: (g/sec) 5004

Velocity: (m/sec) 122.6 !RCM was 122
m/sec (JMR)

INLET:
Vol. Effic.: 0.95
Polytropic: 1.3 Air at TDC:
Inlet Press.: 14.7 TDC Press: 332
Inlet Temp. (F) 90 TDC Temp: 1129
Density: 1.14E-03 Density Ratio: 11

TDC Density: 1.26E-02

COMBUSTION CHAMBER: Jet Mixing
Density Ratio: 72.7 F G.
Jet Vel.: 122.6
Radius: 0.00175
Entrain: (axial) 0.11

JET CALCULATION
Pole: 0.109
No Crossflow
Rel Vel, Vf/Vi: 0.9 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.05
Velocity m/sec: 110 86 74 61 49 37 25 12 6
Mass Ratio: 9 2.33 1.5 1 0.67 0.43 0.25 0.11 0.05
Air/Fuel: 0.111 0.429 0.667 1 1.493 2.326 4 9.091 20
Mean Radius: 2.996 6.672 8.988 12.058 16.511 23.779 38.131 80.889 166.211
Radius, inches: 0.00500 0.01200 0.01600 0.02100 0.02900 0.04200 0.06700 0.14200 0.29100
Mean Distance: 19.13 40.68 53.4 69.65 92.42 128.45 197.62 398.28 792.17
Distance, in.: 0.14000 0.18000 0.20000 0.23000 0.27000 0.33000 0.45000 0.81000 1.50000
Time msec: 0.030621 0.04106 0.04743 0.05877 0.077360 0.11315 0.21336 0.74129 2.80675
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NOZZLE SCALING CALCULATIONS
17-Apr-86

ENGINE:
Bore: (in) 3.94 Disp. Vol.: 50.4
Stroke: (in) 4.13 (in'3)
Speed: (rpm) 2000
Comp. Ratio: 11 Clearance: / 5.04

PUMP:
Plunger: (mm) 7.5 Vol./Stroke: 274.3 0.913
Stroke: (mm) 7 !sp. gravity
Retract: (mm'3) 35 Inj. Mass: (mg) 250.4 Rohsenow & Choi

NOZZLE:
lHole Size: (in) 0.0035 Hole Area: 9.62E-06
Number: 6 Total: 5.77E-05
Coefficient: 0.6

INJECTION PARAMETERS:
Specified in crankangle degrees (TDC = 0)
St.art: (deg.) -50 Duration: 60
End: (deg.) 10

Single Htole: Nozzle:
Rate: (mg/deg.) 0.7 Rate: (mg/deg.) 4.17
Rate: (g/sec) 835 Rate: (g/sec) 5010

Velocity: (m/sec) 245.6 !RCM was 122
m/sec (JMR)

INLET:
Vol. Effic.: 0.95
Polytropic: 1.3 Air at TDC:
Inlet Press.: 14.7 TDC Press: 332
Inlet Temp. (F) 90 TDC Temp: 1129
Density: 1.14E-03 Density Ratio: 11

TDC Density: 1.26E-02

COMBUSTION CHAMBER: Jet Mixing
Density Ratio: 72.7
Jet Vel.: 245.6
Radius: 0.00175
Entrain: (axial) 0.11

JET CALCULATION
Pole: 0.109

* No Crossflow
Rel Vel, Vf/Vi: 0.9 0.7 0.6 0.5 0.4 0.3 10.2 0.1 0.05
Velocity m/sec: 221 172 147 123 98 74 49 25 12
Mass Ratio: 9 2.33 1.5 1 0.67 0.43 0.25 0.11 0.05
Air/Fuel: 0.111 0.429 0.667 1 1.493 2.326 4 9.091 20
Mean Radius: 2.996 6.672 8.988 12.058 16.511 23.779 38.131 80.889 166.211
Radius, inches: 0.00500 0.01200 0.01600 0.02100 0.02900 0.04200 0.06700 0.14200 0.29100
Mean Distance: 19.13 40.68 53.4 69.65 92.42 128.45 197.62 398.28 792.17
Distance, in.: 0.14000 0.18000 0.20000 0.23000 0.27000 0.33000 0;45000 0.81000 1.50000
Time msec: 0.015263 0.02047 0.02366 0.02933 0.038590 0,05648 0.10710 0.36836 1.38022
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NOZZLE SCALING CALCULATIONS
17-Apr-86

ENGINE:
Bore: (in) 3.94 Disp. Vol.: 50.4
Stroke: (in) 4.13 (in 2 3)
Speed: (rpm) 2000
Comp. Ratio: 11 Clearance: 5.04

PUMP:
Plunger: (mm) 7.5 Vol./Stroke: 274.3 0.913
Stroke: (mm) 7 !sp. gravity
Retract: (mm'3) 35 Inj. Mass: (mg) 250.4 Rohsenow & Choi

NOZZLE:
Hole Size: (in) 0.005 Hole Area: 1.96E-05
Number: 6 Total: 1.18E-04
Coefficient: 0.6

INJECTION PARAMETERS:
Specified in crankangle degrees (TDC = 0)
Start: (deg.) -50 Duration: 60
End: (deg.) 10

Single Hole: Nozzle:
Rate: (mg/deg.) 0.7 Rate: (mg/deg.) 4.17
Rate: (g/sec) 835 Rate: (g/sec) 5010

Velocity: (m/se6 120.3 !RCM was 122
m/sec (JMR)

INLET:
Vol. Effic.: 0.95
Polytropic: 1.3 Air at TDC:
Inlet Press.: 14.7 TDC Press: 332
Inlet Temp. (F) 90 TDC Temp: 1129
Density: 1.14E-03 Density Ratio: 11

TDC Density: 1.26E-02

COMBUSTION CHAMBER: Jet Mixing
Density Ratio: 72.7
Jet Vel.: 120.3
Radius: 0.0025
Entrain: (axial) 0.11

JET CALCULATION
Pole: 0.156
No Crossflow
Re] Vel, Vf/Vi: 0.9 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.05
Velocity m/sec: 108 84 72 60 48 36 24 12 6
Mass Ratio: 9 2.33 1.5 1 0.67 0.43 0.25 0.11 0.05
Air/Fuel: 0.111 0.429 0.667 1 1.493 2.326 4 9.091 20
Mean Radius: 2.996 6.672 8.988 12.058 16.511 23.779 38.131 80.889 166.211
Radius, inches: 0.00700 0.01700 0.02200 0.03000 0.04100 0.05900 0.09500 0.20200 0.41600
Mean Distance: 19.13 40.68 53.4 69.65 92.42 128.45 197.62 398.28 792.17
Distance, in.: 0.20000 0.26000 0.29000 0.33000 0.39000 0.48000 0.65000 1.15000 2.14000
Time msec: 0.044567 0.06056 0.07036 0.08582 0.114222 0.16921 0.31611 1.06447 4.02795
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NOZZLE SCALING CALCULATIONS
17-Apr-86

ENGINE:
Bore: (in) 3.94 Disp. Vol.: 50.4
Stroke: (in) 4.13 (in-3)
Speed: (rpm) 2000
Comp. Ratio: 11 Clearance: 5.04

PUMP:
Plunger: (mm) 7.5 Vol./Stroke: 274.3 0.91.3
Stroke: (mm) 7 !sp. gravity
Retract: (mm'3) 35 Inj. Mass: (mg) 250.4 Rohsenow & Choi

NOZZLE:
Hole Size: (in) 0.007 11ole Area: 3.85E-05
Number: 6 Total: 2.31E-04
Coefficient: 0.6

INJECTION PARAMETERS:
Specified in crankangle degrees (TDC = 0)
Start: (deg.) -50 Duration: 60
End: (deg.) 10

Single Hole: Nozzle:
Rate: (mg/deg.) 0.7 Rate: (mg/deg.) 4.17
Rate: (g/sec) 835 Rate: (g/sec) 5010

Velocity: (m/secQ 61.4 !RCM was 122
m/sec (JMR)

INLET:
Vol. Effic.: 0.95
Polytropic: 1.3 Air at TDC:
Inlet Press.: 14.7 TDC Press: 332
Inlet Temp. (F) 90 TDC Temp: 1129
Density: 1.14E-03 Density Ratio: 11

TDC Density: 1.26E-02

COMBUSTION CHAMBER: Jet Mixing
Density Ratio: 72.7 FIG. 5
Jet Vel.: 61.4
Radius: 0.0035
Entrain: (axial) 0.11

JET CALCULATION
Pole: 0.219
No Crossflow
Re]. Vel, Vf/Vi: 0.9 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.05
Velocity m/sec: 55 43 37 31 25 18 12 6 3
Mass Ratio: 9 2.33 1.5 1 0.67 0.43 0.25 0.11 0.05
Air/Fuel: 0.111 0.429 0.667 1 1.493 2.326 4 9.091 20
Mean Radius: 2.996 6.672 8.988 12.058 '16.511 23.779 38.131 80.889 166.211

Radius, inches: 0.01000 0.02300 0.03100 0.04200 0.05800 0.08300 0.13300 0.28300 0.58200
Mean Distance: 19.13 40.68 53.4 . 69.65 92.42 128.45 197.62 398.28 792.17
Distance, in.: 0.29000 0.36000 0.41000 0.46000 0.54000 0.67000 0.91000 1.61000 2.99000
Time msec: 0.126755 0.16331 0.19515 0.23265 0.305646 0.46130 0.87608 2.97147 11.2333
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NOZZLE SCALING CALCULATIONS Sut
17-Apr-86

ENGINE:'
Bore: (in) 3.94 Disp. Vol.: 50.4
Stroke: (in) 4.13 (in'3)
Speed: (rpm) 2000
Comp. Ratio: 11 Clearance: 5.04

PUMP:
Plunger: (mm) 7.5 Vol./Stroke: 274.3 0.913
Stroke: (mm) 7 !sp. gravity
Retract: (mm2 3) 35 Inj. Mass: (mg) 250.4 Rohsenow & Choi

NOZZLE:
Hole Size: (in) 0.007 Hole Area: 3.85E-05
Number: 10 Total: 3.85E-04
Coefficient: 0.6

INJECTION PARAMETERS:
Specified in crankangle degrees (TDC = 0)
Start: (deg.) -50 Duration: 60
End: (deg.) 10

Single Hole: Nozzle:
Rate: (mg/deg.) 0.42 Rate: (mg/deg.) 4.17
Rate: (g/sec) 501 Rate: (g/ sec) 5010

Velocity: (m/sec) 36.8 !RCM was 122
m/sec (JMR)

INLET:
Vol. Effic.: 0.95
Polytropic: 1.3 Air at TDC:
Inlet Press.! 14.7 TDC Press: 332
Inlet Temp. (F) 90 TDC Temp: 1129
Density: 1.14E-03 Density Ratio: 11

TDC Density: 1.26E-02

COMBUSTION CHAMBER: Jet Mixing
Density'Ratio: 72.7 FIG.G
Jet Vel.: 36.8
Radius: 0.0035
Eiftrain: (axial) 0.11

JET CALCULATION
Pole: 0.219
No Crossflow
Rel Vel, Vf/Vi: 0.9 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.05
Velocity m/sec: 33 26 22 18 15 11 7 4 2
Mass Ratio: 9 2.33 1.5 1 0.67 0.43 0.25 0.11 0.05
Air/Fuel: 0.111 0.429 0.667 1 1.493 2.326 4 9.091 20
Mean Radius: 2.996 6.672 8.988 12.058 16.511 23.779 38.131 80.889 166.211
Radius, inches: 0.01000 0.02300 0.03100 0.04200 0.05800 0.08300 0.13300 0.28300 0.58200
Mean Distance: 19.13 40.68 53.4 69.65 92.42 128.45 197.62 398.28 792.17
Distance, in.: 0.29000 0.36000 0.41000 0.46000 0.54000 0.67000 0.91000 1.61000 2.99000
Time msec: :0.211373 0.27207 0.32517 0.38899 0.512658 0.76971 1.46442 4.82452 17.2172
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APPENDIX B

BASELINE ENGINE DATA
SUPERFLOW AND APA100 DATA
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T,)oelA ,Voo
COMBUSTI ON ELECTROMAGNET I CS, INC.

9_-Jan-89 12-JAN-89
10 :47:56 15:08:10

Indicated Data vs Crankangle

Engine : DEUTZ FIL 511
Cell : Superfiow.,
Project : TACOM Baseline

No. Cylinders = 1 Bore = 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 17.00 Intake = 328.5,-120.5
In Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 1512.0 rpm Engine Torque= 13.56 N-m

APA100: U.S. Army Tank Automotive Command

Title . de09la,0101

4, 00.
i i i i , I I I I l i '

""~ .. .... L-r i ...... L.._......' ..... . ..." " -. . ....... '.. ...

S. ..... .. ... .. ...r... ...r .. - ..... .. ..... 1 . .........

2I i i i i = i il i i :1:

ii I I !

• 2, , iii' i i

i l l : i....i..1 " I I I
3,) O, ; LI.i i

-100, -50. 0. 50. 100.

Cr~ani~'ns 1 e DeSv-ees

DATA MARKERS

Pmax = 79.9824
@ 3.00

"dPmax= 6.6167
@ -4.00

Double-triangle is valve timing.
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COMBUSTION ELECTROMAGNtTICS, INC.

9-'Jan-89 12-JAN-89
10:47:56 16:10101

Indicated Data vs Crankangle

Engine : DEUTZ FIL 511
Cell : Superflow
Project : TACOM Baseline

No. Cylinders = 1 Bore = 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 17.00 Intake = 328.5,-120.5
Ign Timing = 984.0 Deg Exhaust 108.5, 392.5

Engine Speed = 2015.0 rpm Engine Torque= 13.97 N-m

APA100: U.S. Army Tank Automotive Command

Ti tie deOgj'a60121

80.
. i . . . J ..J....1 .

460. I I IH I
..i .. . ...... .. ...... l.

"T ...... I ..... .. .. .. ......

I I 51 i i/ Il l

, , , i__ __ ....... 1..? - 1.. . 1-- - " . . . . . . __

-too. -50. 0. 50. 100.

Cranklang 1e Degrees

DATA MARKERS

Pmax = 73.6342
@ 3.00

dPmax= 5.2802
@ -2.00

Double-triangle is valve timing.
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:i•,= PPRENTI3S PUPI3A)

1r i v•.tO.r, MR sAiChtl t ttS 0E.'174
PHONE (6 l 7) 641 --05.0
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E.. . . .i rir3 d e . -i Int i c're L ......Z F.1 L'3 I I rO *......

"lVest de!icr-bipt oric E 2 st.. irtervals.-j. ..A .. R. ... .

1, t Po.O0 - 'rt~ts/JY.ta P'oirnt Fue . ry. . Pr .. ,c .. "- 832. 00 4. 0
Vp.r . .37 Pa'toriietri c PreE. 2 9. 38 Rai: io 1, 0 0. 1T 1
E'ir.i ,•. Iylr ,* 4--Cycle J)ioL;.1 Era iref. displatcemernr •, .'. Q StLokr', 4. 130

pP' e(J 'I . Pwlr FA"FE V (1, P/F ..SFC BSE C MrAI--P (Ji (CAT F; it1 01iI Wat
r.)r Ib-Ft H4p I b/hr sc fi' I b/Hphr I ri Hi; ps i f.- F 0hut Out

2490 10. ( f. .4. 7 i'.3 E29. 4 58.7 .49 eS. 7J -51. ' o C' 73 158 198 0
2.489 10. 5 5 '. 4 ;?-9. 4 56. 8 .48 726.99 -.51. C:.'4 Q 7 13 15 7 198 (-1
,9, 91 10. 3 4.9 E.5 2".3 53.8 . 51 L7. 45 I 5. 24 (0 74 1.'58 19_ 9'
;7`491 10. 1 4.8 El. 3 29.3 58.5. .48 8. ':' -1..e4 . . 4 159 199 0
249'i 10. 3 t. 9 4 i9."3. 3 56. 0 C 49 27. 45 -51.24 . C, 14 159 .00 0

. 10.4 4 ' 4 9'9, 3 561, O' 49 . ? 7i o4 -51. 24 , 0 74 159 199 Q.
;:-493 't.. . p 4, 4 39. 3 56., .49. 27. 45 --5 1.;4 .0 /4 159 199

4?9. ... 2;.2 53.6 .50 *6.1 -51.24 . / f 5 15U8 199 r
2,491 10.4 4.9 ; 4 29. 3 56. C. .49 l. 45 -51. 24 (1. "1 , 158 199 0

0 19 J, 5t.'.. 15 k .;R ' 'a I. -t I 0
24 Su 10:. 3 ~ 4. 9 ý5 11'' ~ 16 . 5 3 7' . 21. Q. 0.' .'.v ~~o:
:4F.A 1'i. 4 4.9 .'' 3 53.8 . 51 iI.' 45 '51 . I.. . 7'i " 0
.4. F. 6 If.).. 4 3 56. 0 . 50 ;?8. ''-: --51 . ;:.4 . o 1 4 199 0
4:'4 E., 10. 1. 4. 8 E. 5. 3 33., 13 ! !52 13 I 51 i' , 0 /. 1 ;. 2- ' 0
:4 418 1 .ct. .3 It. 4 El. 3 0! 58.3 .4-7 i/• -t5 51. 24 .J / 1- J-8 &IC) 0

24/+90 .':. 1. 4. 8 - 3 R:,,i .48 27. ''-.4 •0 15 14 139
.489 : 10.2.I .9 2.6 29.' 51. 6 .53 E 7 i. 3 . ,1.4 t•. ." . 1913 C

1.0. 4 4./1 2.9 7). 1 47. '7 .57 2' 1. 2 5 4 5 0Q 76 1., 196 Q)
249" 1 .3 4. 9 E-!. 6 8... ;a' 5'. 6 !54 a. -7. 3 5 -5 I E1 15" 1 L :
24/90 10. 3 4. 9 2. 4 29. ' 55.9 .49 87. 3 151. 24 . 0 75 1$13 1913 0
2493 1 (. 4. 7 0,. 4 29. 3 U-6.- 0 . 1 R8 G-1 18 -1. :24 Q '74 1;5L 198 0
2491 10. 1 4.8 E'. 3 :9.; . '38.5 48 28. " -1. ";.4 74 1513 199 0...
2491 10. :A. 4.8 ;P. 4 '9. 2 c-145. 9 . 50 2 7.9 8 -5 1 . &4 75 . 1 9 -,
2490 10. .3 4.9 2. 4 29.2 55.9 .49 a,.7. 35 -51Q *-4 10 75 1513 199 0
R4"9.1 1(. 1 14.8 0'. 4 ?9. t . 9 - 50 27. 94: .j - I . rýt 7 1"Al 1 0
2489 10. ;3 4.9 4 2'9.2 55.9 .,49 2?7. 35 -51 ;;'4 0 /• 158 199 '

I491 10.0 4. 7 F. 3 29.2 58.3 .49 28. 52. -51. 24 .0 75 158 24.0 -
2.4. 9 1o. 1. 4.13 3 129. IS8. 3 .48 2.7. 92' -51 .;-'4 .. 75 1 199 Q
2489 1i. 1 4. 8 . 4 &9. R 55. 9 ."" 27. 92 -. 51. 24 7/ 159 200 Q)
2413 tO. 1 4.9 2'. 3 291 2 58.3 . 4/• ;_. 7. -35, S t. r4 . 1 4/ i-.6 1983.
;-24 8 10. 13 4.9 '.3 2E9. .2 58.3 • 47 27. 35b 1. 24 .0 74 15i'198 .
:8488 1..1 4.i8 ,:. 4 R29 *. 55. 9 S O .. 27. '92 -51. ;2'4 . 0 '4 1 513 199 Q

8 A\8 1,0. 4 4.9 ;.4 29. 3 56.0 .49 ?7. 45 "-51 24 (0 74 1,8 198 0
;;-!49(_') 10. 3 4.9 2R. 5 E. 9. 3 53.8 .51 2 7. if 5 ;-51.2 .24' 0 74 15";13 199 0
2486 10. 3 4. U 2,.6 ,',9.3 51.7 .53 27.45 "51.24 .': 74 !5L1 198 5

I 6
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COMBUSTI ON ELECTROMAGNETI CS, INC.

9-Jan -S 10-JAN-89
10:47:56 15:27:34

Indicated Data vs Crankangle

Engine : DEUTZ FIL 511
Cell : Superflow
Project : TACOM Baseline

No. Cylinders = 1 Bore 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 17.00 Intake 328.5,-120.5
Ign Timing = 984.0 Deg Exhaust 108.5, 392.5

Engine Speed = 2480.0 rpm Engine Torque= 13.97 N-rn

APA100: U.S. Army Tank Automotive Command

Title : deO3Ia.0O07

1 T
_V 60. ::j40.

f- I i i i i i i I a, ,

S' 2 1 i i i I i 2

.j**j.** .. ..... .I... ....................i i !: " " ' " ji ll I,
SI i.ii i i i II! I !vi l. .~ ~ ~....., ,_...... .. .... _ I.,.... ....**--~ ~ I i....1... I.j.-.,: .. J*. j-I... *,_L .. ..

jii f ii
,-- c' _ __ [ ..L....!...• ! 1... .L!.S-. ..... ..
0 0.

-i00. -50. 0. 50. 00

Crank.angle Degrees

DATA MARKERS :

PPmax = 62.0278
5.00

dPmax= 5.2560
2.00

Double-triangle is valve timing.
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27983 9. 9 5. 3 3. 7 33. 9 -42. 1 . 70 29. 36 *-51.3 .0 17 1Q R.o1 C
2789 9.0 5~. 2 3.*6 34.0C 43. 4 . 69 30.0C)1 -5 1. 34 .' 76 160 209 0~
2798 10.0 5.3 3.5 34.0 /44.6 .66 &9.45 -51.34 .0 16 159 210 C

280 9. 9 0. 1.5 34. 0 44. 6 G6 29. 4U -01.3A 10 w?~. 19 211
2'799 10.0 5. 3..5 34.*0 44.6 .66 2~9. 45 -51.34 Q0 77 160 211 C'1

79 IWO 1.. 1 .1 34. 1 40. 3 . /0 2?3.5:3 -1 .34 .0 IG 160 oil C
/ .98 9.'9 5.3 3 .6 34. 1 43.5 GO6 29. 53 -61.34 W' /6 160 210 0
2199 10.f ." 1. S 34.a 44.9 .66 A%% 6 -51. 14 M1 74 160 oil C
e301 10. 0 5. 3 X. 34. 2 43.6~ 6 SS MM -51 . 34 . 0 73t 160 209 oI

* WOO. 9-.6 .2 3. 7 .3/. 1 .42. 3 . 71 3Q'..10 -51 . 32 M to Ito 16 210 0
e797 10." 0 .7 .3',.0 Ai2.12.7 YQ MA "-5h to? SI.:2 .. C i 1 14 1 1:

279 1. 5.0 1. 34.1 44.7 .:,6 W ... -11.. ? ' 1 '0 21;' o

2798 10.':0 5. . 3A.1 47.4 S& 2.5 -SIJ.32. Q. /I too' WoC' C
30 9. 9 .3 .4 34. 0 45. 9 .64 ;09. 45 --11.30 .. X. /':hW- 210 0.
279 9.9 5. 3.3 34.0 4/.3 . 6& E:'.4. 'K. .M .~ 0 lb~ 109 &:10 0

W9 . .9 5.3 5. 4.0' 48.8 GOC W9.15 -51. ,-2 .0: / i19 ;211 0
/79 9.9 0. 3. 4.0' 44i.6 .60. Mo -0.3 4 .Q /7 19 oil 0

/19 10.0 5 '' .3 3. 33.9 43.,2 .6B W9.3 -5 %1.3 .0 16 160 Flo C
W9 9. . .5 3 3.'- Y 44.5 .67 R9.92 -113 .':. M 159 Mo1 1)

E76 9.9 .3 2.3 33.9 47.2 Go6 29.36 .1~' .0. Y6, I Q lip C
2795 90 1 . 3 1. 4 33. 9 45. 8 .64 29. 36 --51. .32 . 0 M6 19 021 '
/497 9. 8 5.2 3.4 34.0 45,9 .65 30'.0(1 *--.1 .34 .0 7G 1¶Y9 1 3 C
2799 9.9 5.3 3.3,: 3.9 47~. .6 2.36 -'51. 32 .: C' 1/ 0 21.3 0

2800'C 9. 9 5. 3 3.5U 33. 9 4j4.5 .66 29. 36 -51I. 34 '.0'c I 160s W& (IC
279 10.v0 5..3 ;. 7 33.s.9 42. 1 .7'0 R9.36 -5.34 .0C 76 1.60 K1IN C

P79-3 10.0C 5. 3 3. 8 33. 9 4.1*0 . 72 29. 36 -51 .34 .0C 76 IGO' 211 C)

2799 9.9 5.3 3.4 33.9 415.8 .64 2'9.36, -51.32 . 7/ 159 211
880 0 10.0 C . 3. 4 34.0C 45.9 *.64 29.45 -51. 32 .9 6 159 211 0
R797 10.0C 5.3 3 .5. 33. 9 44. 5 . 66 W9.36 --51. 32 M 77 1 i9 112 C
e795 9.0 3.2. .3. 3 34.0C 47. 3 .63 3Q. 01 --51.,31: .0 17 IG i6'' ILI:
076 9. 9 5. 3 ,3.4 34.0 C 45. 9 . 64 29. 45 -01t.3 .. 77 ii i 212 :
078 9.8 5.;. 3. / 33.9 4R.1 .71 29.9 '-2'-51. * '., 7' IGO.6C 213 0

e798 10._f- 5._3 3.._4 33.~!9 45._B .64 29._36 -~51_.31 i_ s too 1 1:3 Q
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COMBUSTI ONl ELECTROMAGNETI CS, INC.

9-Jan-89 11-JAN-89
10:47:56 10:31:18

Indicated Data vs Crankangle

Enqine : DEUTZ FIL 511
Cell : Superflow
Project : TACOM Baseline

No. Cylinders = I Bore 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 17.00 Intake = 328.5,-120.5
Ign Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 2795.0 rpm Engine Torque= 13.70 N-m

APA100: U.S. Army Tank Automotive Command

Title ,deO3ja.008 MI

+'6 0. -•t !- " 4.4 4 4

IA.

411

0 . .. .- 1 .... .... I I .

2•" 40. 50. 0.

- @0 20.00. 00

Cr'ble- l is val 1 timing.

Doubletringle is vletimi

,,--Ii i i i l,:a•.•.. tBti li i ,i• _
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-. .3 1 . l 1? 71

l 5 .. ' ,S i..') :1.9 r.=B' j. 7 3; 1.6.68 ....', 97 ') VP .. 149 0

; f" 1-7 ", o

1. ..4. i:C'(). 5. .: • 1 1.. ,=E .1 '-• 5•- '9 ... 1. 1 ]6. 'f -... . 37 .:I 2.:."../1 0
15...... .1S.. 1 ~ .. s9 .3 16, . /.., *- 1. 3/I , -, 1 3 1 50 I-)

154G ;IC10. 1 5.. 9 1. 1 ? 01 9 14, y. 1 . .9 17. 04 .. 7 J ' , 1 1 ";.# 1,9 0

1541 1U., 5 G. ) 1 . 1 1. , "'5 1 . 8 I 6. -."3. 1. 37 1 4-./ 'tGu ' C)

'ti . ..... ..., ... .. . .9 0 '

.1.54 ; ' C, 9 .. .3 1.9 5-' 1 17 . .0 X? -- 51. 37 . , '7 199 14
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1 .544. E:'. 4 f3. 0 ?. I . 1. 8 50. 0 . 33. 16. 6k% ' 5 1 37 6 ri D13 0 .5C" 149 0
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., ,•3.f it 1 2 . 1 9 41.9 :3 34 16 5 . , .. 5 67 1.'" C I I

1,5 -'4 9. 4 (1 1 . 9 "1 . 9 ". .... , 6 ' L. 1 1 ,'0?
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'( .0 1.,1 hV,
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COMBUSTION ELECTROMAGNETICS, INC.

9-Jan-89 11-JAN-89
10:47:56 11:25:31

Indicated Data vs Crankangle

Engine : DEUTZ FIL 511
Cell : Superflow
Project : TACOM Baseline

No. Cylinders = 1 Bore = 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 17.00 Intake = 328.5,-120.5
Ign Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 1550.0 rpm Engine Torque= 27.25 N-m

APA100: U.S. Army Tank Automotive Command

Title t deO3ja*.009

200.
T .... i.. T . i .. i..

: t I t t i i i t t 2 i t 2

2:i I : ! i !' * l 2 j

. i.150L.. . .. . . . . . .. ., .. . ....
.. ...............i ... I..i !i.i

.i . .... ............ ... ...... t...... .............. ... ,. ...., ..... , ........... . .. ........ . .. . ... ... ...
.... ....

-100. -50. 0. ,0 I ,I

Ctiir Ika I 1 e DeI ,ees

DATA MARKERS

Pmax 82.7084
5.00

dPmax= 6.0615
@ -4.00

Double-triangle is valve timing.

B- 13
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COHP.UST ! Orl ELECTROHAGNET I CS: INC.

9-J.•n-891 3-J(#.I-89

10:47:56 09:09:16

Indicated Data vs Crankangle

Engine : [PEUTZ FEL 511
C•I :ýt Super fl1ot,.1

Project : TACOt Baseline

No. Cylinders = 1 Bore = 100.00 mm
Stroke = 105.00 mm

Corpr. C Ptio = 17.00 Intake 328.5,-120.5
Iqn Timin9rq 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 2025.0 rpm Engine Torque= 27.52 N-m

APA100: U.S. Army Tank Automotive Command

Title : deO3ja.015

200.

, °,150. ,

+ 5 00 . . ".- . 4 _ - " - I i - i .:

3) 1• ) i )

"' .... "... ....."....... .. ...... ...... : ...... i...... .... ...... "..... i...... i ..........i ....T ...... i ... .......

0 5o. .__ . . .

.... ........ .... .... . . ... ...... ..... ;.... ... i.. ... ... i... ... i... ...

-100, -50. 0. 50. 100.

Cr'nt-b.anI' r 1e Dey'-ees

D'ATA VIARKERS:

Prnax = 81.4000
5.00

dPmax= 6. 0999
-3.00

Double-trianqle is valve timing.
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COMBUSTI ON ELECTROMAGNETI CS, INC.

9--J an--8_ 12- JAN-.89
10:47:56 08:27:23

Indicated Data vs Crankangle

Engine : DEUTZ FIL 511
Cell : SuperfoI,,
Project : TACOM Baseline

No. Cylinders = 1 Bore = 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 17.00 Intake = 328.5,-120.5
I1n Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 2490.0 rpm Engine Torque= 26.98 N-m

APA100: U.S. Army Tank Automotive Command

Title : de03ja.011 17

80.

: : : i ! i. . . . . ........

2, 60. : , * . . *
I . S : 9 • 2 " S

...... ....... ... .... ......- ... .i .. /.... ..... .... .- . ...., ...... ...... .. ...... ......- ..

0~ 0.

-t0o. -50 0. 50. to0.

Cra v-, P. n r I e Degrr'ees

DATA MARKERS

Pmax = 65.8773
@ 4.00

dPmax= 6.2426
@ 1.00

Double-triangle is valve timing.
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COMIBUSTION ELECTROMAGNETICS, INC.

9-Jan-89 12-JAN-89
10:47:56 09:32:25

Indicated Data vs Crankangle

Engine : DEUTZ FIL 511
Cell : Superflow
Project : TACOM Baseline

No. Cylinders = 1 Bore = 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 17.00 Intake = 328.5,-120.5
Ign Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 2820.0 rpm Engine Torque= 26.44 N-m

APA100: U.S. Army Tank Automotive Command

Title 1'de03j a. 012tý

80.

i i i i , : I .... T i i !
-j: 2- • I 2 * I

4 60. . . . .
* : - 2 -' - i 2.1 1 I ! .• l

"" ~ ~ ~.i . .....i ..... ! . .. ! " _. . t........ ------ ..... ... .... i. ..
"'' l'"" 7i i .. .T**""1 .... T" *'*. .- ...'i ! .. .. ....."t t i: i" " : " i

I 1 " 1

1* 40,

0. 
N. ...........1 . .....

20. ----

or1

Ii ...... ! ...... ; ...... i .... "... ...... ... ..t ... ... i. . . ... . . ....i.. . ..I........

3) 2 i 2 f 1 2 i 1

0 0. _: _ - : i I II:

-iQO. -50.0 50. 100.

DATA MARKERS

Prnax = 65.3684
5.00

'dPmax= 4.8220
@ 1.00

Double-triangle is valve timing.
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COMBUSTIONl ELECTROMAGNETICS, INC.

9-Jan-89 12-JAN-89
10 :47:56 13:48:11

Indicated Data vs Crankangle

Engine : DEUTZ FIL 511
Cell : SuperfIot,,t
Project : TACOM Baseline

No. Cylinders = 1 Bore = 100.00 mm

Stroke = 105.00 mm
Compr. Ratio = 17.00 Intake = 328.5,-120.5
Ign Timing 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 1535.0 rpm Engine Torque= 28.48 N-m

APA100: U.S. Army Tank Automotive Command

Title Ade03ja.01641

200.

i i i

.... '" " ...... i ..... l ................ .. .... " "......... . ..... ....... .. . ......... ....... r - .- -...... ......

* 150.2

. . -. . . .. .
I 2 1

F.. F .................. .... .... . ...

Si iii. I 2 50.

I l i • ! I ,
50t 0 : i . .0. 100

Cr-ant- ang I a Deqrv eas

DATA MARKERS

Pmax = 80.9975
(a 5.00

dPmax- 5.6322
0 -5.00

Double-triangle is valve timing.
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. 1'* 3 ' ,C; . 1. 4. -El . 2' " ,:; .6 .42 11. ';* .-- 1. 44 *. 9 1/'
.1987 ;' ' 10. 1 't. R..2 28.6 42 11.S1) -51.14 .1-) 1., t9 173 0
139! .6 9.9 4, I '., 5 28.; .4' 12. 10 4--1,. Q0 C) 5 (. 60 173 0
1976 E 5 0.0 4. 3 26.' 27.8 .43 11.93 -L,1, . 66 ".: 173 I.
.I. . 1F. ,- 4. L. 6.' o i . 2 3. 4 .42 11. ".3 -51, . 4 j' 6 , 9 1. 74 0
1976 ;?'6. it ':1. 4. 4.& i? G6. C) 28. 4 14 1 e.0(,5 -51.44 .,) if6 159 174 ''
I'. ,'- 10. ' 4. 3 2 e6. 1 7.9 . 43 I i. 93 *-5 1 14 S, 1119q 173 r.'
19 1 1_6. 5 1. It0 ;t. 4 . I i27. . 44 11.98 --51.44 . G'.,6 159 17 "
198.3 C,1.3 ')9. 9 4. 2 26G. 28Q ; ". 4 4i-:. 12.05 -51.,.. :; '. C' -. / -!.5 :1.73•.0" :"
19/8 "G. 1.C 4. t &26. 1 0.' 1 7.2 44 11.98. --51.44 C) 6 1-9 17A 4 .'

:"0.0 (vL: (W. 17-$ ,

V4..
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COMBUSTI ON ELECTROMAGNETI CS, INC.

9-,jan-89 12-JAN-89
10:47:56 12:51:22

Indicated Data vs Crankangle

Engine : DEUTZ FIL 511
Cell : Superflov,
Project : TACOM Baseline

No. Cvlinders = I Bore = 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 17.00 Intake = 328.5,-120.5
Ign Timing 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 2015.0 rpm Engine Torque= 34.44 N--m

APA100: U.S. ArmV Tank Automotive Command

Title : deo3ja.015 I

80.

- ..... ! .. '- !"...... ...... .... ...... ...... ..: ...... ...... -.----.... ...... ...... ,!' ,

4 60. . ", , ,i : -;,, ,

I ! " ! * .:.... ..... ! ! ...... . ..... ... .... ...... .... ..... ........ i... ... i.... ...

.......... .' ' ...... !...... T"..... ....... ..... V ..... I .....".... . ..... ........ I' T ..... a..." " 35. ! i si • ! ! . .

0. i i: !

20.! i ! 4I .; 4• *, 4

)Is I, : # I: t :

o o, _ _ !_ _!_!_ I !_ _i i_ _• i

-100. -50. 0. 50. 100.

Cr'ani. nst 1 e DeStrees

DATA MARKERS

Pmax = 77.8286
6.00

dPmax= 5.4527
-3.00

Double-triangle is valve timing.
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COMLBUSTION ELECTROHAGNETICS, INC.

9-Jan-89 12-JAtN-89
10 :47:56 11 :55:23

Indicated Data vs Crankangle

Engine : DEUTZ FIL 511
Cell : Superfiow
Project : TACOM Baseline

No. Cylinders = 1 Bore 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 17.00 Intake = 328.5,-120.5
Ign Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 2580.0 rpm Engine Torque= 34.58 N-m

APA100: U.S. Armr Tank Automotive Command

Title I deO3ja.01o

4' 60 1 I

... ........ ..... ......

-40. 4 - + - 3 I

20. . . . .

S...... ....... T ..... .i...... ...... ....... ... ... T ...... !..... .i..... ....... ,...... ..'". ...... i......... ............ ... ......".. .

40. 1 I 3 t i
t 100 " i50. 0. 50. •00.

DATA MARKERS

Pmax 67.4321
8.00

dPmax= 5.6135
_ 00.00

Double-triangle is valve timing.

B-24



CUMPUST I ON EL EC0 UMP(NETI CS I NC. :
M• PRENtT'ISS,. ROAID

A'l ir.oq-eon Ma.s •I1hriptts 02174
P 0INF : (617) 641 -0'5'F)

1| •.Bl I. N'..rih t ')K 1":'~ : *

.),.te (M/D/Y) 1 - 'ir,e (H M.q) 10OI5!0' Operatcm•ro .... t .. .Lvr ....dri ip .....E. IZ ................. ......... .... . . .

Iest decsriPt iorna- .I... M(. t..._ i.r).

1I C?,t F~ up? Iid/~~~P:i~ e Spec. - Grav. &LA ý2 M - 4.1)i
,,,p..v, i.,.r.,e , . . .37 Uarc,-rrutric Prei.. ;' 1 3 3 ai. , 1. 0:() 'fU 1
-Llv,•: . t l'.1o:! /4.-Cy.. e 1 D l)i t- .Pl En irg e i ti . .rp 1 c .revt ' :0. Q S k. 1 3

.' I V , ( -- fi-- FV4 At ()/F Byp:C f p'(i f i•. IQi I rO f V '.ie1 I(.i11 W t
r'r ] --F I v Fp lb/hip' (: frii 1 b/Hphr, I, HI 1 p..i .i Ft! F: Uut. Uut

. 1: 24 . t-2'9. 1 -4.3 .45 10., 6 -8 C5. -' .. '6 1'7 •j'8 0
4i. 1 6 :1. P_ 9. 1 3. 4 . 45 10. Et,(s - `51 .. 6 13 1 ".o ;,_

;:;'ý1(). 26,. 6. /' 7 5.6 8.E3. E :3. 6 . 44 1 Q. 41 -51 39 .9i . 1'7 &.'C"3 0
,4.,P , 1, ' .6 8. 6 ,.,4 .45 1C). S -51 (` 1 t' .1-7 21. 0

/4 13 C) 7 '.M 5 23. C, .45 10. 38 -5.1 ,37 . Q,: 69158 210 0
:41B"If-.'3 6 20."4 23. 3 .46G 10. 60 --- 1. .F 'I9 ,13 a,0 J
:'4 9. S ;Rell ' 1! ý., 5 t`;. 4 88. 6 C.4. 3 " 43 10(1. 50 1. * I .!.9 9 '8 1 2" a 2 9 Q
..'. 4 1... . 28 . 8 22. 8 +46 104.-49 -51. 3, 1. ? -,9 1I8 ;209 0

7.,:.'G. t 5 5. C) 28. 7 -23. 5 45 1Q. 54 -51 . 39 .3 , 1 tik EC0 0,
6 1P. . -. 4 2.i13 .4.5 .43 10.58 -51.39 .1 fi 19 8 1 !-45 .02

•. 1 1P. I . e4.2 .44 10Q." G "-;6 1.4 2 0,"" 2a C)0
.41 (.6 51. .

aI :' 12. . / ." 9.' 2 3 5. 46 1 C.7 1-i•.•39 1 6 151 208 0
, ,. 5 ... 3 2 3 &2, . 8 .47 I 0. 76 --$ .?9 Q (.1 1,' .3 2L Q

2c- . I lR., 6 5;. 95 2'9. 2 #.4 .44 10. 6'i -'I . 3 .9 0 "1 "a 2 09 0
,.-.,1 12 5 5.13 ;F-9. I 23, 0 .46 10.63 - l , 462 ,'0 ' !.- 1 .9 j'O , 02

. 12. 6 b, 8 29. 1 .•3. 0 .46 10.60 . 1. 410-' .; 1 ?, .,':.'3 0
.i7.,4 •'(:C 121. 7 f .5 2-3. 1 24. 4343 1i'Q. 5e -" "1

1 2.... - 1 -6. 1 .0 21. 8 40. 10. 1k' W -1.W..9 .- rit 1. 3 . ." 0 E0

• 4 1 7 t. 8 -'E? I . ... . :46 1- .5 .:, 39 1 ":A 0
LA ,'', 1 5. r* 3.0 . 46 10C'. 512, ~51. . 42.. I - C8 1.4 '~'

t'C 9 89/5.- .3 1 C2~.6 ..46 10Q.5 -5T.34 (-A 6 19 2068 (I
' .G. 4 121. 5. 8 IQ e3 ' . 4',. .45 10. 4ý .- 51. 3"() . 3 * •* O':,0 tI) t

6 9-', 1 5 5.6 R. 0 238, 3 4. .4f 10.65 --512. 9 , 0 .7 1 R(3 9 CQ
•3 5.4 2 1 246 .44 1 Q..13. G--i I.42-' .

3-.. iL t.t 2.9. E, :8 4 044 10.IQ -- 51. I . , 1 . 20( 1

15. 1. 3 7 "J, .5 0 24. 8 .43 1'. 46' -51. 39 0 f
E,'.I' •'Ej 4 12. G 5. 4 LL. 8 24.5 .43 10. 4.-1 --t1. 3 9 6 :.. "1 Ei 1 0 '

";"i-1. - 1 1. 5 I.4 ; 9 2 4. 6 .43 10. 61 --51 • . , 1643 195.. 20O'. ;0
.1 I . 5 r .6 E, 1 9 23.7 .45 10.61 "-51.9.L9 .0 ,9 J.8 210 Q

S- . .. 1".. G 1M f; 23.( 9 .44 10.,53 -!31• 39 Q' 68 11:386 11 -R I
0',.;-!• ;'2G . 4 ILc. 6 5i. L . , 23 6, . 44 10.4.s -51 3:'. .0 6,i 9 - ,,7 211 .

S.'$,•7 S, 1 .; 8 t 4, 0 >. 44. 1 ,'58 ,-,1. , .5 - -8 3 .:. 7 -20:
2-')9 ;-6. :. 1 t.5 5. 6 E: LA4. S 8 3, 23.6. 45 0. 58 -51. 39 6 C ,9 158 10c' O'

Z6. I.(oz,....•..,................... • ;'v

.- ',•( ,o- 5 -I.
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;?¶.l7~urr It I N t."..

At .1 *I.,u

t-'I' (0 197)-641617

IE$ (M/I.)/Y) ?.i'1 ~~( M ):1 ? ''(prt~
Hii'. 1? S)Ž Ir Q -.1 37 4e (1

POS~ 'i~ D t -or~ Vue Spt'U.v :*L&t je~r .
"V~'P' 6v-r 3 11ri~rc ~ 2. 8 ftI-'10 0
festi~ip -'1 ~~i Fvr v~ ip rirt:5.0~4 3

Bp~~~~~~~~~i~u I~c cr.'0 LM~FI4 -i (1F~F is~ MtP (i1u~rr~.U

r , r..k1 r 4. p. .37i a6~ .1 1.1 K5.7 . : 7~ ' 1

2 ( 1 .1 fi t5 H p I. 3 '9i v I. U P 3 . 3 , Ii 2 6 i . 0 ; s o / 1 3

28. .5. 9 . ~ ') 5.13 3,.15 ~ s c:; F-i .a J7 b/ ph f /01 F . 1 . .~ '

284 
I' 7 0 15? t'- Out

&8 0 ~ T. I I C.( 1 5 3 3. A* ~ 4 1 1(1. s!.- 51 4
fA0 6 3 14. 4 . 8 G3 8 6 41 10. .5 51 . 479 ~/i /~I(

8~. R.4.: 0: 1G. 73 4 1,, A3 I ~6 1 . ci-i --51 . 4 Q 7 5 8

h8'C 33- 3, 14.6 C) 55) 3 4 li6. I I ..4 10 ý 95 -- !51. it *1 '5 61 8ý *j9

E, E£ '' 1. 8 3. 65 .42 11.0:6 -- 51 .4 7 .070 1o I 2 C( n

283 ~ 1..1 ;.0. 33. 1- 251 43 109t.91 7051 41 * 917 2720 o

f79:3 C 1 13.9 '.8' t3'- 2 .4 4~ 11 14 '1 15-".3
4791 R 15 9 1.S..8 15.8 1. .3.4S 26.41 .42 11.1 -- 51.4 !f 1)1. 21 '-)9

9 38 58 3 3 - 2G. 5 .41 11.14 -5 1.4 V'! 70 L? 21I ':

41 ?. 1 j 4.1 !j.7 3 3.5 76 '4 11 5.7 . 01729

S I .16 3 1,3. 9 !j 3 . 26.6 1 4 2 11. 10VE -'5 1.4 IF 70 1 '5 1 21 CL '

2&1 i. L .. 14. 0~ t: 8 33.5 ;? G6. 1, .41 1. Q 091 -- 51 . 47 .. 5 2
2105. 14. 8 .G . 3~ 33 2. 1 41, 11 11 5 -1. 49 .0 71- 115 220 (

274 9 5.1 13. Y 15. 71 Z3.. 5;?. 4~ ~4b 11. 16 --51. 47' W. 1 /0ý 15 21E;
2 114C) 1. .S 9 1 4..09 6 .7c' 3 3.7t 2,5. 1 *.41 11.0 (1 -51.4 Q 14/ . /1 ý- 7 0 I

28. 3 14.0 5.97 33.4, ES. C .41 101.95 --51 .47 Q I0 15 3Y '21Y
I84 t. 13. 9 IS. 1 33.4 6. .44 11 13 -5 1 .4/ 0 71. 151 8~' F- 2

28'. ~*~ 14. 1? 5.6 3 1 .3 7.6. 5 140 11.069 -- 51 ~. 4 . Q' 71Q 15? 9 2E
G83 4. 14,- 1 Q. 33.6 5RS. 6 . 43 10. 9 1 -51. .47 . Q e,t172C
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COMBUSTION ELECTROMAGNETICS, INC.

9-Jan-89 12-JAN-89
10:47:56 10:56:44

Indicated Data vs Crankangle

Engine : DEUTZ FIL 511
Cell : Superflow
Project : TACOM Baseline

No. Cylinders = 1 Bore = 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 17.00 Intake 328.5,-120.5
I1n Timinq : 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed 2818.0 rpm Engine Torque= 35.26 N-m

APA100: U.S. Army Tank Automotive Command

Title 3 de03Ja.013"

80. . .

Si i i 3 ; : Ij ; I I :
3: I i-I.

1 : 1 ! !

S.....:...... =...... ...... : ........ . ...... : ..... :....... . .... . :..... •...... ...... ........ ..... .... ..... . ..... .......

$ $ i 1 :1 3

v ' ' ' ' i i : ! ; •I I I I 3 ';
ii

.......... ... .... . ........ ..... . .! ...... 1 .- !. .. £ . .!... ..

.......... .'' IlI I ...... ...... . . ...... .... i ~ lli...... ... ........ .... ...... --•11 - li ---- ... ..

..... .•... I"" i ~ i - •ii:' I ..... ...... ......... ...... ........ e..... ; ti: , , ," ' - • ~i

...... ..... ........ / ...... i......

A15, -0. 0. 0. 100.

Crmnr~In' le De~rees

DATA MARKERS

Pmax 69.0961
4.00

dPmax= 5.5308
@ 0.00

Double-triangle is valve timing.
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APPENDIX C

PEAK PRESSURE VERSUS ELAPSED TIME DATA
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COMBUSTION ELECTROMPGNETICS INC.
32 PRENTISS ROAD

Pri ingtcont, Massachuset ts 02174

PHONEi (617) 841-0520

Tent Numiber: -

Dahte (M/D/Y) : 1/19/90 Time (AH:M b.-sa 12e 13:177 Operator: ariip, ".1n
Eruine description.- DELITZ F1L5511.-r-KI HEAD,CYLINDER, PISTON #- F,
Test .doscript ion: CEI, SINGLE/bOB~ PLUG, 26dep n...

Test: Data Rer~orded Manual ly Fuel Spec. Grav. : . 83t Pit- Sens5or: 4.0C
Vs'h:p'v prets--oure: .35 Baromnetric Pres. a 30. 43 Rat io: 1.00 TO 1
Eruirine Type'-.: 4-Cyrle Diesel -Engine displacemen~t: 50.0 St roke: 4.130

Speed Trr, Pwr FA Al A/F BSFC BSAC Mnro-P Oil CAT Fuel Oil Wat
r nm Ilb-Ft Hp lb/hr sefrm lb/Hphr In Hp osi F F Out Out
1368 .4 .1 .0 17.5 .0 .00147.89 .32 .0 62 51 87 0

16 .4 1 .0 17.5 '.0 .00147.89 .32 .0 62 51 87 C)
1374 5 .1 .0 17.5 .0 .*00147.89 .32 .0 62 51 67 0
1373 1.2 .3 .0 17.5 .0 .00267.75 .32 .0 62 51 67 C)
1432 1.1 .3 0C 18.1 .Q .00276.93 .3; . 62 49 67 0

143o . .1 .0 18-0 .0 .00170,84 .32 .0 62 So 87 0)
140I'.1 .3 .0 18.0 .0 .00275.40 .30 .0 62 50 67 C

1432 1.6 .4 .0 18.0 .0 .00206.55 .30 .) 62 49 67 (1
3VO . .0 .0 17.6 .0 .00i .00 .32 .0 62 51 68 C

1391 .8 .2 .0 17.6 .0 .00251.44 .32 .0 62 51 88 0
13 13137 .6 .2 .0 17.6 .0 .00251.44 .32 .C) 62 S1 68 C)

flJ9 .1 . 0 .0 17.8 C .00 00C .32 o0 621 51 68a 0-
1431 1.3 .4 .0 17.9 .0 .00205.40 .32 .0Q 63 48 70Z
1431 1. 8 .5 .0 17.9 .0 .00164. 32 .32 .0( 63 50 70 C11432.~ 1:9 .5 .0 17.9 .0 .00164.32 .32 .0 63 so 70 C
1430 2.1 .6 .0 17.9 .0 .00136.94 .32 .0 63 51 70 Q
14(-'9 .9 .2 .0 17.7 .0 .00249. 14 .32 C)62 52 71 C)
140J9 .3 .1 .C) 17.7 .0 .00157.07 .32 .062 52L- 71 0

I)1410 .3 .1 .0 17.7 .0 .00157. 07 .32 .0 .6F 52 71 0
1408 .3 .1 0C 1 7. 7 .0 . 00 157.0Q7 .32 .C) 62 52 71 C)

.0 17.8 .0 600246.85 .32 .C 63 49 74 C

1432- 1.2 .1 .0) 17.8 .0 .00281.34 .32 .) 63 SC) 74 0
Ho 14o 1.7 .5 .0 17.8 .0 .00163.40 .32 .0 62 52 74 0

1420* .2 .1 .0 17.8 .0 .00161.66 .32 .0 62 S2 754 C
0114~ 2.0 .5 .0 17.8 .0 .00272.340 .32 .0 62 52 75 C)

1 420 .7 .2 .0 17.83 .0 .002461.66 .32 .0 62 52 75 0
14313 1.01 .3 .0 17.8 .0 o00272.34 .32 .0 63 50 79 C)

12 .7 .4 .0 17.8 .0 .. 002046.35 . 32 .C) 63 52 79 0
O1433 ~1.0 .5 .0 17.8 .0 .001623.40 .32 .0 63 49 79 0

1434 2.1 .4 .0 17.8 .0 .00136.17 .32 .0 63 50 79 0
14 3,56' 1.1 .6 .0 17.7 .0 .001635.40 .32 .0 63 49 89 0

1422 .9 .2 .0 17.7 .0 .00249.14 . 32 .C() F62 53 830 0
1422 1.3 .4 110 17.7 .0 .00203.11 .32 . 0 62 52 80 C)
1420 1.7 .5 .0 17.7 0O .00162.49 .32 .C 62 52 80 0
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COmlBUSI I O. ELECTROM1AGNETI CS, ItINC.

I19 -- 9 an-0 19 - J A --9 0
12:15:47 13-:52: 1

Indi.c-.:ntýd Data ,..s Crankanqle

Erv.q re : [ELITZ FIL-511. CE! Yer 2.2
Cell - Sperf1o,
Fr oi ec: t , TACOI1

tHo. Cvinders = 1 Bore = 100.00 rrm
Stroke = 105.00 mm

C:rr, rr. R'.itio :12.00 Intake = 328.5,-120.5
Iqr, Timinrq = 40-[ Exhaust = 108.5. :292.5

Enqi, ne Speed =-95f---r orn Enqine Torque= 0.00 N-ri

()r,)l•r00 C1. . S. Arm, Tarnk Automot i ye Command

Ti t l1e : DEI9JA.010

40.

S ....... :.......- ....... ...... ..... ....... i....... ....... :"...... i...... ...... " .... ...... ...... i........ ...... i ...... ....... ...... i........

3) '.. : • I : , . .

....... ........ .... .... .... .......... ........ ............ ....... .....................

2)0. _ _ _ _S

a. ....... + ++.... ...... ...... ....... ..... ....... ....... ........ ...... ... ... ..+.• ...... ..... ...... *I...... I...... .......
-10, ....... ........... . / ... .. .... V..- .... ....i ....i ....! ..... . ... ........ ............. ...... +....... ....... i...... .....

-t00. -50. 0. 50. too.

Crankianr I e Deg-rees

DATA "1ARKERS

Pa = 29.5954 0

.Pm a,. -0.7234 0

Double--tri.•n-.e is valve timinq.
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COVIBUSTIO'-O ELECTROMAGNET I CS, I1NC.

19-- n -90 1-JN.9

13:55:43 14:37:24

Indicated Data vs Crankanqle

Erqiri e : DEUTZ FIL-511, CEI Ver 2.2
Cell : Simer f Iok-..

Proiect : TACON

HI o. COylinrders = 1 Bore 100 . 00 mm
Stroke = 105.00 mm

Comrpr. Ratio = 12.00 Intake =328.5,-120.5
Iqn Timinq = -987T•. Exhaust = 108.5. 392.5

Enqine Speed ft-.- -p -- Engine Torque= 0.00 N4-M

APAi00 : U.S. Army Tank .Automotiye Command

Ti tie : DE19JA.011

40.

...... ..... . ... .... ..." . .... .... .... .... .... .... .... .... .... ............

4'30.,_1o J161i•......! ...... T ......" ...... T......... ...... T. . ..!...... ...... . . .. .... T...... ,:.. .. i ...... ...... .: ...... T .....!...... "......

I0.4 , , ! ! ! ! ....... g . ' ...... ?, .. .. . . . .! , !... ... ...... . ...... T , ...... .... ............ -- ----...... ,...... ...... .......
_ - , '--4.-1370 ((AM'~I

S.................... ...................... ... ... "........ ......... --- --.... .. .... ..
- 0. -4

-100. -50, 0., 50, 00.

Cr~arb..' ~l e Degtr'ee

DATA MARKERS

F'.x = 26.07778

dPrmax= 0. 6609

Double--trianqle is. valve timinq.
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C[OHBUSTI ON ELECTROMiAGI-ETICS. INC.

3. --,.! n -- -9 0 1 9- JAN-1-90
12,:1.7:13, 14:50.:18

Indicated Data vs Crankanqle

Erni irne : DEUITZ FIL-511, CEI tier 2.2
CeJ.l Sup erf Io,.-,-

Froiet : TOCOH

'1-o. Cvlirders = 1 Bore 100_.00 mm
Stroke 105.00 mm

1romnr. Ratio = 12.00 Intake 32e.5,-120.5
1cr Timinq -- _4•--Leq Exhaust 108.5, 392.5

Erqine Speed =-1-50e-4•-prn Engine Torque= 0.00 N-rn

'F'()100: U.S. Armv Tank Automotive Command

Title s DE19JA.012.'1

40.

... ..... .... ..... .... .... .... .... . .. ..... .... .... ........ .... .... ...........

+' 30, i -4.-! i H - - .1" jI•(j',t\

30.

S...... .i .......... ........... ....... ...... .. ...... ...... .[ •i............ ...... ...... ....... i...........

-100. 50. 0 50. 100.

DATA~ rAAPVEP3

Proax 29.36:8

d Fm a 0 .7494

-100. -1100 0-5, 00

Prrbn.-trianqle is valve timinq.
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COHIBISTI ON ELECTROIIAGNETICS. II'.C.

.i 9-J ar- 90 1_ c-JofI.--90

.1. 2:1' 0 -14 , :7 42

Inrticated Data vs CrankanqIe

En -i 1ne 1DELITZ FIll.-511, CEI .er 2.2
C er. I Su'Jper flIou.
F'r o i ec t : TAC01-

o., Cf.,lirnders P Bore -- 1-.00 rnrn
Stroke 105.00 rnm

Coripr . Ratio = 3.2.00 Intake :32. .•.5,-120.5
Iqn Timirq = "9_4-r9--• Exhaust 108.5, 392.5

Erqi ne Speed = 4 - i--r-i Erngi ne Torque= 0 .0 N-rn

(F'rYI00 : U.S. Armv Tank Automotiye Command

Ti tle DEI.9JA.013

30. - r- -r - . ,

40, -+-

-,.....:...... z...... i ..... .. ...... ...... : ..... . ...... . ...... .............. .. ...... ....... z...... :....... ...... ...... ....... :...... .......

•............. ....... ...... ....... .......... ...... ........... .... .... . .... . . ....... i i

-.... ... ... ... .................. .. ... : .......... ... ".......... .. •...... .... " **..... .

0o . 7 ,77 ,71"'
-100. -50 0 50 t00.

Cryarin|.ani e Degr'ees

DAIA r'wARKERS

F'max 2G. 2547(a 7.-- "__O- 2
d rrn ay x,0. 6G09

Do-ub e.--tr i anqIe is valve timinq.
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CO1iBUSTI01, ELECTROIfiAGNETICS, INC.

1 9--TJ a-•0 n.-J(N-90
12 "1, 030 15:04:12

Inditated Data vs Crankanqle

Erqine : DEUTZ FIL-511, CEI Vei 2.2
Ce . • Sj uperf 1 ov..
F'r oj ec t TA C:OH1

fio. Cvlinders 1 Bore e 100.00 mm
Stroke = 105.00 mm

Ccr, rnr. Rntio = 12.00 Intake 328.5.-120.5
iqn Timing = i n.q.9 IT .f Exhaust = 108.5, 392.5

Engine Speed -+.----p-m Engine Torque= 0.00 N-rm

AN':4100: U.S. (-rm.y Tank Piutomotive Command

Title . DE19JA.014 g

40,

.......... .""' ...... :....... ....... ...... ...... ....... :....... •........ ...... ...... T...... i...... ....... ...... ":...... T.. ..i... ....

+" •. " " + ? x i ! i i

30. n" 0 78

S.............. ............. ...... .............. ....... .• "..... .. \\ • ...... ............. .....-...... •...... " ...... '

IA tI

........... . .......... ....... . .". ...... .... ...... ...... ....... ..............:

fic;Uble-tr i nqie i. iPali I imiri-q"

Doule- tr is-alve 9i r

• • IC,9



COMBLSUT I O1, ELECTROMArGNET I CS* I lC.

1 9 - - a n - 0 1 9 - J A tP ,- 9 0
1-2 :I. * :,5 15 : 23 : 06

Indicated Data vs Crankanqle

Enrqine : DEUTZ FIL-511. CEI Ver 2.2
L el. I SuperfIot,..
rrojec-t mTACOr

Ho. Cvlinders 1 Bore = 100.00 rnm
Stroke 105.00 mrm

Cr:rnr. Ratio 12.00 Intake 328.5,-120.5
Iqr Tin< = tro-O--n. - Exhaust = 109.5, 392.5

Engine - = -r, Engine Torque= 0.00 N-mn

(rFY1J30.-: U.S. (imv; Tank Autombotive Command

"Ti tle - DE19JA.015 O

40.

""............. ...... ..... .. ............ ........ .... ... .... ...

-9-' 30. 'NO :ic

... ... .. .. - .. ...: .. ... ._ .. .... ...... . . .. .... .. .... ....... . .. . .: .... .z . . . ...... . ..... ...... ...... I ... .

" ...... i " ..... ...... ...... ...... ...... .. ...... i . .". ... ....• ...... ". .. ... ... ... .... I 1 ' .P l

++ • ...................... • -- ..... + ...... ............. .... ...... t .....+..-.,...
.... . . . ,.....

-100, -50. 0,4 50 to00.

Cv'ari..I • ! I De~rPeem

[DATYA M"AR.K.ERS ' f• •

Pmax.. 2G. 556G

dF m. a 0. EC;1 0( ----I+"- -I

Double-trianqle is valve timing.

C-I0



COtIBUSTION ELECTRbmAGNETICS, INC.

19-JAN-90
12:20 58 15:30 :30

Indicated Data vs Crankanqle

Enqir,e : DELITZ FIL-511, CEI Ver 2.2
Cell : Superflow
Pro.je -t - TACOtl

1-4o. Cvlir,ders = 1 Bore = 100.00 mm
Stroke = 105.00 mm

Compr. Ratio 12.00 Intake 3 328.5,-120.5
Iqn Timing = -984-Exhaust = 108.5, 392.5

Enqine Speed =---O.rp- Engine Torque= 0.00 N-rn

APA100: U.S. Arm, Tank Automotive Command

Title : DE19JAQ016

40,

s'%................... .... • .... ........... ...... .. ..... ....... 7 ...o. °.°°...... ...... ...

... .... .... : .... .... .... ... .... ...... ; ...... ...... ...... .........

20,2+' 20. /•• i, 4 &,:(••- 00

0- 10. + ,•_...... ...... ............ ....... ...... .... .....P 1...... i .... .. ....... ...... : .... .N %...•....•....ML ?
!' :-,4=#'l

o .._ _ _ _. *,

-100. -50. 0 , 50. 100.

Cr'•nr.•n- aI~ 1 De~r'ee•

DATA MAPRKERS

Pmax = 31.0988 0

dPmax= 0.7182 p
* ~-6.00, -

Double-trianqle is valve timing.

C-11



C01iBUSTION ELETROMAGNE1 ICS, INC.

19-,an -90 1 9-JAN-90
1.2 :21 :49 15: 40 ::39

Indicated Data vs Crankangle

Engine DEUITZ FiL-511, CEI Ver 2.2
Cel.I 3Superf otr,',
rFroject TACO[1

Ho. C:.1.iinders Bore = 100.00 mm
Stroke 105.00 mri

C:omppr. R a tio 12.00 Intake = 328.5,-120.5
Iqn Timingi = 9 A f Exhaust 108.5. 392.5

Engine Speed = .Lrm Engine Torque= 0.00 N-4m

AF(3.00: LI.S. Army Tank Automotive Command

itl.e : DE19JA.017

40,

'""....... ".......T ...... "...... T ...... ...... ...... T...... "........ ...... ....... "...... ....... "...... +......... .... +....... ........ ,:...... +........

30,

20. (V...O

........ +...... .... ...... P....... ..... +.. .... +...... +... . . .............. .. .. ... - ..+ ..... . ........ +...... .... ....... +...... ' 1 i v I

to,S...... ....... ....... ..... ... .. .... ....... ...... ....... ...... ......... ... .
r' 0 . . . I- • i ,r- • -

-100, -50. 0, VG 50, 100.

CrarP.. n l _ De~frees

DATA .ARKERS

F'max = 27.99888 0

dP ,ax = 0. C870

Double-trianqle is ualve tirning.

C-12



COMBUSTI ON ELECTROMAGNET! CS, INC.

122:9 15:47:52

In~dicated Data vs Crankanqle

Enginie : [)ELTZ FIL-~5il, CE! Ver 2.2
Cell : Superflo'w.
Project : TACOH

Ho:. Cyui inders 1 IBore -100 .00 mm
Stroke 105.00 mm

Compr. Ra~tio = 12.00 Intake =328.59-120 .5
Jqr, Timing = SeA.-a-wa Exhaust =108.5, 092.5

Enginre Speed = 1"T5TT~rm Enginie Torque= 0.00 ri-r

APAlOG : U.S. Army Tank Automotive Command

Title :DE19JA.0117

40.

.934 .....-

W -10 + ...... - t  I [j-----y-
'-4

3)

Cr- II.r~I ere

DA~TA MiARKERS

Fmax30 .0496

dPmax= 0.7307

C-1 3



COMBUSTION .ELECTROMAGNETICS, INC.

1 9-Jan,-.90 1 9- Jr.I-9 0

12._ 23.57 15:54:07

Indicated Data vs Crankanqle

En, qir, e : DEUTZ FIL-511, CEI Ver 2.2
C']. r. : Superfloto.,
F'r o i et TACOM

I..Io. CJ iriders = 1 Bore = 100.00 mrrn
Stroke = 105.00 mm

C:rnmpr ., 7.-t i n 12. O Intake 3 28 .5 -120.5
Iqrn Timirq = L 4 -; ý- " Exhaust = 108.51, 392.5

Enqine Speed q 4$P-4-4-4-Y-p m Engine Torque= 0 .00 N-m

AFYAi00U: LI.S. Arm!y Tank Automotive Command

Title : DE19Jf,.019

40.

.. .. ... .... .... ... ..... .... .... .... .... .... .... ...."..

30. 3
S.... ... T...... •...... . ...... ...... " ...... " ..... . .......... " ...... " ...." ...... ............. " .... ...... "......'. .......

S... ...•. .... •... .. ..... ....... ...... ...... ....... > ...... ... . ...... ....... ...... ....... i...... i....... , 0

0-4

S...... ." ......: ...... .. ..... ". ... ....... ....... ......... • ...." ............. : .--. ...... : .... .......... .I ..... •...... :... ... : ......

0) 0. . . . . ._ ___ __ __

-100, -50. 0 ,-•p 50. 100.

Crank-.ang le Degvrees

DATA MARKERS

F'iav = 28.2136
Q -- 92-

dPm ax' 0.7244 -1

Double-trianqie is valve timing.

C-14



APPENDIX D

MODIFIED ENGINE DATA
SUPERFLOW AND APA-100 DATA
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COMbUSTION ELECTROMAGNETICS INC.32 PRENTISS ROAD
Arilrqton, Massachusetts 02174

"PHONEI (617) 641-0520

12:3 File:

Engine: L z FIL-511, CEI head, cylinder, pistonc
Test: 'Double Pluqs, 20 deg adv, 26 deg inj

Test DE17JA
# 10 04 06 08

RPM 1504 1998 2492 2807
TRO ,ft-lb 10.3 9.8 10.'0 9.8
CYV 1.46% 0.84% 1.01% 0.60%
HP 3.0 3.7 4.7 5.2
F uel , lb/hr 1.33 1.97 2.80 3.95
Air ,sc f r 17.2 24.8 27.4 27.4
A/F 59.0 57.3 44.7 31.6
BSFC 0. 451. 0. 526 0. 590 0. 756
Man, P
CAT (F) 66 62 64 66
FuelT (F) 53 49 53 54
(3 i 1 T (F) 2 12 151 173 203
Ex T (F) 392 330 477 643
WIE TrR 9.8 9.2 9.2 9.0
SAE HP 2.8 3.5 4.3 4.8
VolEff 0.79 0.86 0.76 0.67
Adv. , Op" 20 2c-0 20 20
I qr, i t i or, ON ON ON ON
AFA'-IO0 data

Pranx (atr i) 38.0 29.8 23.9 19.5
@ (deq) 1 7 13 -4

dPrnax (Atr i) 2. 18 0. 82 0.77 0.65
@ (deg) --5 -16 -16 -26

D-3



COMDUST ION ELECTROMAGNET ILCS INC.
32 PRENTISS ROAD

Arlirygt o'rt, Massachusetts 02174
-PHONE: (617) 641-0520

1.23 Fii w:
D;ate .1 /17/90

Enoiir:. Deutz FIL-511, CEI head, cylirnder, pistor,•0
I m tr~un'i, 20 dep adv, 26 deni intj

ESOd W0. fte-bs

Tr'.Tst I)1E 17,h
# I 05 07 14

RIM 1498 1997 2505 2797
Ip , ft-lb 20.1. 20. 1 19.9 20. 4
COIV 1. 75% 1. 84% 0. 91% 1.34%
VI.p 5.7 7.6 9.5 10.9
Fuli , l.1b/h'r 2.33 3. 16 4.15 4.994
fli.r , scfmi, 16.9 24.2 26.4 19.7
Af/F 33. 0 34. 9 29. 0 18. 2
DSF (0. 406? 0. 415 0. 438 0. 453

(JflT (F) F64 63 65 65
F'ue•. 1 (F) 532 53 54 55
WI . .1 T (F) 209 1 f,5 188 239
Ex r (F) 489 489 626 817
snE. TIR 19. 1 18.8 18.8 19. -2
SE lFHP 5. 5 7.2 8.9 10.2
V,_,IEff 0. 78 0. 84 0. 73 0. 49
ndv. , d eg 20 20 20 P-.0
Igniticnr' ON ON ON ON
APA-100( data
Pr,'.. (atir) 43.3 39.3 32.3 31.4

@ (deq) 3 6 7 5
dF'ram (atml) 2.BG 2. 15 1.46 1. 66

@ (del ) -5 0 2 -2

D-4



COMBOISTION ELECTROMAGNETIECS INC.
32 PRENTISS ROAD

nr" linrqt nr, Massachusetts 02?174

PHONE: (617) 64E1.--0520

!Dn'tp: •..1./I17/90l

E'ri Deutz F'IL.-511, CEI head, cylinder, pistori
T.: mm) ,,dep adv, 26 deg in.j

Te..st• DE I. 7T)

-- -- -- -- -- ----- 1 3l z -- -- -- -- -- --- -- -- --

Ir::'M 1509 20 15Z45ZV
IRO ,ft-lb 25.1 26.8 z_*O
CfOV 1. 66% 1. 30%,
H' 7.2 10. 3 12,6
ue 1 , lb/hr 2. 91 4. 19 60,3

fli r scfrm 16.5 21.5
A /l V: ;-5. 8 e~' 2 3.3

PHI.Uc; (0. 403 0. 408 , -

CAT (F) 63 64 6 Z
FuPI'..1.T (F) 53 55
Wi T1 (F) 21.1 . RI8
Em T (F) 606 737 •9
S:.E 'L 23. 8 25.5 7q. (
S;Ar: 6.13 9. 13 a
V,:: .t E f f -I, 75 0. 74 _ _

d v. do rg 20 2-:) -Z #1
I rr int i tor, ON ON
APA-..100 data
Pma< (atmr) 47. 4 46. 1

(.7 ( CE'n ) 9
WJ-rmiax (atm) 3. 47 2. 8S""

. (derj) -- 7 -- 6 /

D-5



COMBUSTION ELECTROMAGNETICS, INC.

17-Jan-90 18-JAN-90
16: 6:23 10:52:33

Indicated Data vs Crankanqle

Enqine : DEUTZ FIL-511, CEI Vet 2.2
Cell : Superfloti
Project : TACOVI

Nio. Cylinders = 1 Bore 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 12.00 Intake 328.5,-120.5
Ign Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 2800.0 rpm Engine Torque= 0.00 N-m

APA100: U.S. Army Tank Automotive Command

Title .- ,-,,E17 -,-O*"*'"

40.

4ii i J i iO i7.... i ! i i I i i ! ! '1....... ...... ...... ...... ...... .... ........ ................... : ............ U /

/~ . i\ i i i •

S....} i il... ... ..... ... ........ i " i!..... . ...... ....... ..... .... .... .... ..... ..... -...

... I ... ........ ...... . . . ....... .... . ...................

T- ... . . .....0 . . . .

.... .... T... .... T......... . .... T ......: ...... 1....... ...... ...... ....... i...... .. ....... .....

-iOO. -50. O••50. 1O0,0

Cy-ank.rngr 1 e Deareea

DATA MARKERS : -

Pmax 38.0059 0

dPmax= 2.1806 -0. @ - ý

Double-trianqle is valve timinq.
D-6



COMBUSTI ON ELECTROMAGNETICS, INC.

17-Jan-90 18-JAN-90
16: 6:23 09:24:41

Indicated Data vs Crankanqle

Engine : DEUTZ FIL-511, CEI Ver 2.2
Cell : Superflo,,
Project : TACOVI

No. C.linders = I Bore = 100.00 mm
Stroke = 105.00 mm

Cormpr. Ratio = 12.00 Intake = 328.5,-120.5
Iqn Timing = 984.0 Deg Exhaust 108.5. 392.5

Engine Speed = 2000.0 rpm Engine Torque= 0.00 N-m

APAI00: U.S. Army Tank Automotive Command

Ti tie : DEf7JA,041

40.

Si i 2 1

.~~~~~~ ~~~~..... .' ' • ' ' ' ' ' '',•• ...... . .... ... ... ...... ...... ...... ..... .... ....... .... .L.-.... ...... .- ......... / g i>

....20... . ......... -----
Z : : : -" :~ : 1: : : "i 2 2 i i i i ! ,0 . . . . , . .. . .... ....

-i i i ii 21!iio .________ - -."' -• •,

-10 0 . -50. ... ... 50..10

li....... i _i..... ...... i. ......... I ....I _ii...... ...... l - .L. - - v -
F . .... T V-,

CrrI.I~ I e De i eeI
411J

'ie--@ i i-"

-~244-,

0.. .
-0 ,-5 0 , • 0 50. -co .

C r--a n "I. angil e Degtrees

DATA MARKERS ex

F'max = 29. 7624 D

dPmax = 0. 8171

Double-triangle is valve timinq.

D-7



COMBUSTI ON ELECTROMAGNETICS, INC.

17-Jan -90 18-JAN-90
16: 6:23 10:11:48

Indicated Data vs Crankangle

Enqine DEUTZ FIL-511, CEI Ver 2.2
Cell : Superflow
Project : TACOM

No. Cylinders = 1 Bore = 100.00 mm
Stroke = 105.00 mm

Cornpr. Ratio = 12.00 Intake = 328.5,-120.5
lqn Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 2000.0 rpm Engine Torque= 0.00 N-m

APFA100: U.S. Army Tank Automotive Command

Title :DE17JA.OOG,1

40,
.......... ......• ....i ....i ...............i ...F ..

30.

....i .....T ...... •......" ..... ....... •...... ....... I . ....... .. ........ ... T ... ..i... .. . . .. .. ... ...... "...... i...... i.......

2 0. -

3 3: 1 : • i 51& ! :i i-

IA

... ....i... .... i... ... .... !... .... !............. .. . ...... ...... . .... .... .. .•...... ...... ......

10.- S...... i....... ....... i...... .'"".... ... l.... .. I ...... ...... ...................... ., .-'' ..... ..... i.. ... .- ..... i...... .. .

-100. -50. 0.e 50. 100.

Ci I' anS I e De.rees•

DATA MARKERS :

Pm;IX 23.86070

dPmax= 0.7650

Double-trianqie is valve timinq.
D-8



COMBLISTI ON ELECTROMAGNETI CS, INC.

17-Jan-90 18-JAN-90
16: 6:23 10:38:12

Indicated Data vs Crankanqle

Enqine : DEUTZ FIL-511, CEI Ver 2.2
Cell : Superflow
Project : TACOM

No. Cylinders = 1 Bore = 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 12.00 Intake = 328.5,-120.5
lqn Timinq = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 2800.0 rpm Engine Torque= 0.00 N-m

APAI00: U.S. Army Tank Automotive Command

Title : bEi7JA.0O

40.

,- i .ll i ! fiI l l i i iI~ !i
S.......•.... ...,.. .. ...... ... ...... ...., ....., ...... " .... ..... ... ...... ,....... ...... ,. .. . .... i...... ,......." -• 0 "

[ i i i I " i I i t l i i

S....... i...... ....... !....... ...... .............". ...... i...... ". .. . .... .... .. ."-'....... i" ......... .. ... i... ...

20.•.... ...... ................. " -- ." -,- -... ... ........ .....- ...... • ........... _. V L 0 6 %10,. ---4-4-

,- ... ... ... .... .... ................. . ..... ...... i ...... .. • - .,... •
() 0. , -

-t00, -50. % 050, t00.

Crank.angr I e Deyrnees

DATA MARKERS :

Pmax 19.5204

dPmax= 0.6453

Double-triangle is valve timing.
D-9



COMBUSTION ELECTROMAGNETICS, INC.

17-Jan-90 18-JAN-90
16: 6:23 11:04:50

Indicated Data vs Crankanqle

Enqine : DEUTZ FIL-511, CEI Ver 2.2
Cell : Superflow
Project : TACOF'

Ho. Cylinders = I Bore 100.00 mm
Stroke = 105.00 mm

Cornpr. Ratio = 12.00 Intake = 328.5,-120.5
I9n Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed =-O4 r Engine Torque= 0.00 N-rn

APA100: U.S. Army Tank Automotive Command

Ti tie lu:DEi7JA. 011 '

............ .... .: ......... ... .. . ... ... .......

."......"i i...... ....... ...... ." " ..... . l i i...... ....... .. ...... ....... i...... . l : l l...... T...... ... ...... i........... " ii ...... . -..... ...... "....... I ' •IL •J

S40. -- - ~ # (O~, rF
S... ....i...... ...... i...... ... ...... ...... ...... i ............. i... ..i...... i ...... !.......... . ..... . . ..... ....... i.......•. : b

20.
..... .... ..." ..... ....... .... . .-: " i "... . .. ...... . . .. ... .... • .

-100. .50 0 100.

Cr-ani-.an~r I e Degrees

DATA MARKERS -

Pmax = 43.26220

dPnax= 2.8623 t,

Double-trianqie is valve timing.
D- 10



COMBUSTI ON ELECTROMAGNETI CS, INC.

17-Jan-90 18-JAN-90
16: 6:23 09:51:57

Indicated Data vs Crankanqle

Enqine : DEUTZ FIL-511i CEI Ver 2.2
Cell : Superflow
Project : TACOM

No. Culinders = 1 Bore = 100.00 mm
Stroke = 105.00 mm

Corrpr. Ratio = 12.00 Intake = 328.5,-120.5
Iqn Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 2000.0 rpm Engine Torque= 0.00 N-m

APA100: U.S. Army Tank Automotive Command

Title --- hEif 0O

40.

.............. ..... .......... . ............ .. ..... ...... ...... .-. .... .........

+30, V P AA

.... .. . . I . . . - ' ..... ...... . .... .. ........ " " i".. .. .... .. ... . ....... '.....f• . i .... ....... iZ O I e)i

1 .•.... .O .... .... ... .... .... .... '...

S10. , o
.. .... ..-"- ...... I...... I" ..... ... -" ......... ...... "...... ... ..... ." ' " ' : .. ...

0 0. _ _ _ _ • ! • : .

-100, -50, 50. 100

Crr-'nkn IrS e Degrrees

DATA MARKERS :

Pmax 39.2653
6.00

dPmax= 2.1546
@ 0.00

Double-triangle is valve timinq.

D-11



COrIBUSTION ELECTRO1AGNETICS, INC.

17-I J an -90 18-JAN-90
16: 6:23 10:24:35

Indicated Data vs Crankanqle

Erqine : DEUTZ FIL-511. CEI Ver 2.2
Cell : Superflow4
Project : TACOt

14o. Cylinders = 1 Bore = 100.00 mm
Stroke 105.00 mm

Compr. Ratio = 12.00 Intake = 328.5,-120.5
Iqn Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 2500.0 rpm Engine Torque= 0.00 N-rn

APAI00: U.S. Army Tank Automotive Command

Ti tle Ai-A

40,

,•....... "...... ....... :...... ....... ..... ".. .. . . . ..... !....... ........ ... ...... .: ...... !.....J . ....... ...... :. ...... ... ... ". ...... ......., , , , 1 , , , , . ,_, , , , , " 15-D .P
4'30. - •

....... ":....T...... "...... ." ..... ...... ...... ...... l...... •.... ..... ..... ... :. ......•"" ..... .. ............ ... ... 7 ...... i...... ,.......

N, ,.. ... .... .. . . . . .... .... ....... .. .. ... . ........ .. ....:O

aw....i...... ." ...... •....... . ..... ....... !..... ...... !..,•.... ... ...... .. ... ... ..., ....... ....... . ... ...

3) .
U 0.1

-to0. •50. 0. 50. 100.

Crank.ang 1 e Degyrees

DATA MARKERS *

Pmax 32.3333

dPmax= 1.4572

Double-triangle is valve timing.
D-12



COMBUSTI ON ELECTROMAGNETI CS, INC.

17-Jan--90 18-JAN-90
16: 6:23 12:04:00

Indicated Data vs Crankangle

Engine : DEUTZ FEL-511, CEI Ver 2.2
Cell : Superflow
Project : TACOM

No. Cylirndprs = 1 Bore = 100.00 mm
Stroke 105.00 mm

Compr. Ratio = 12.00 Intake 328.5,-120.5
Iqn Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 2800.0 rpm Engine Torque= 0.00 N-m

APAO10: U.S. Arms' Tank Automotive Command

Ti tle 6E1?JA 0i

40.

, - ,. I i I i i i i I i I I I E

-P 30. . . . .= t : .Si I i i I i I •i I I I i i

......,.. ..... .- ...... .- .....•... .., ...... ,...... ..... . ... J,, ''- , " .. ....... L-..,... ...•...• * " 1 W • • i .. .

..0 ..- . ...... ...... ." .. ....... . . ... i

1 0. ~--
.....~~ ....... ............... . .. ... ? .... i...... i......

.. . ... ......

10. " . - - 9...I x...

-10. 50 i i i '-

- 0 o . - 0 . 0 . , •5 0 . 1 0 0 .

Cv.rI r in~s I e De~tree•

DATA MARKERS -(0

Pmax 31.3757

dPmax= 1.6602 o
@-6 -2,

Double-trianqie is valve timing.
D-13



COMBUSTI ON ELECTROMAGNETICS, INC.

17-Jan-90 18-JAN-90
16: 6:23 11:32:55

Indicated Data vs Crankangle

Engine : DEUTZ FiL-511, CEI Ver 2.2
Cell : Superflow
Project : TACOM

No. Cylinders = 1 Bore = 100.00 rnm
Stroke = 105.00 mm

Cornpr. Ratio = 12.00 Intake = 328.5,-120.5
Ign Timing = 984.0 Deg Exhaust = 108.5, 392.5

Engine Speed = 1500.0 rpm Engine Torque= 0.00 N-m

APAIO0: U.S. Army Tank Automotive Command

Tii tl e V i 12"

r0.

60 jam f

i i ; i ! ; z

" 4.0. .. :.., . .... ...... ..... .T
.... .......... . .... .. ... .. .. i ! , i "

.0 . .0.. ,, .rx 0. - oo .

CrnanP' nrig 1e D~~

DATA MARKERS

Pmax 47.4464

dPmax= 3.4660

Double-triangle is valve timing.
D- 14



COMBUSTION ELECTROMAGNETICS, INC.

17-Jan-90 18-JAN-90
16: 6:23 11:45:14

Indicated Data vs Crankangle

Enqine : DEUTZ FIL-511, CEI Ver 2.2
Cell : Superflow
Project : TACOM

No. Cylinders = 1 Bore = 100.00 mm
Stroke = 105.00 mm

Compr. Ratio = 12.00 Intake = 328.5,-120.5
Ign Timing = 984.0 Deg Exhaust = 108.5. 392.5

Enqine Speed = 2000.0 rpm Engine Torque= 0.00 N-m

APAiO: U.S. Army Tank Automotive Command

T i t I e a• DE1i .13"t

.........."'"". ......." ...... t". ... .......... .' " ...... :...... "................ r - - " i.. ........ ------T... ..... .....

4> 60. . .O~ . . .* o . ,,,+ I•4 i i-,- ! i i
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DATA MARKERS -

Pmax = 46.1141
-9-r'. et

dPmax= 2.8832 o

Double-triangle is valve timinq.
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COMBUSTI ON ELECTROMAGNETI Cs INC.

29-Jan -90 29- JA~N-90
11:14:14 12:09:06

Indicated Data vs Crankangie

Erngine : DELITZ FIL-5il. CEI Ver 2.2
Cell : Superfiow
Project : TACQM

No. Cylinders = 1 Bore =100.00 mm
Stroke =105.00 mm

1:ompr. Ratio = 12.00 Intake - 28.59-120.5
Ign Timni ng 984.0 Deg Exhaust =108.5, 392.5

Engqine Speed =2500.0 rpm Engine Torque= 0.00 N-rn

APA100: UI.S. Army Tank Automnotive Command -~g

Ti tie bE9A0i

V 80.

1 24

..... .0 ... W ?

0- 20.

U 0 o. _50. _____N___o

Cr~anI .ar- I e Degryees

DA~TA~ MARKERS

Pmnax =4:3.6515

dPmax= 2.1483

Double-triangle is valve timing.
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