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I. INTRODUCTION

This project was undertaken for the U.S. Tank-Automotive Command with the
principal objective of studying the combustion problems and limitations of die-
sel engines under cylinder conditions corresponding to very high output turbo-
charging. Reports of Russian work at very high supercharging pressures gave
some of the incentive to begin this study in 196k.

A principal point of investigation centered on the effect of high cylinder
air pressuresand temperature on the ignition delay for the fuels of principal in-
terest for land vehicles for military use. During the progress of the work there
has been a great interest in combustion studies under severe operating conditions
such as with high coolant temperatures, very high supercharging pressures, and
temperatures. Combustion phenomena, other than the ignition delay, were also stud-
ied. These included rates of heat release, rates of pressure rise, maximum gas
pressures, combustion chamber wall temperatures, thermal loads, and exhaust smoke.

A survey of the literature relating to diesel engine combustion was under~
taken at the beginning of the project. This study constitutes Section 1 of this
report. This survey showed that there is a great need for a correlation between
the ignition delay and the air charge temperature and pressure. Such correlations
are essential for design and future research work. In the early part of the con-
tract period, attention was also given to improved injection systems to better pro-
vide a high ratio of maximum to minimum fuel quantity per injection. An accumula~-
tor type of fuel injection system was operated on a test bench in an effort to
evaluate the high flow ratio possibilities of this type system. This study is in~
cluded in Section 2 of this report.

During the first two years. of the project, the experimental work was done by
utilizing a Lister-Blackstone single cylinder diesel engine, modified to permit
prechamber pressure, temperature, start of injection, and flame observations to be
made. The main purpose of this work was to develop the instrumentation while wait~
ing for the ATAC-1 engine. The data obtained on the Lister-Blackstone engine has
proved to be valuable, and was published as an SAE paper. This work is included
in Sections 3, 4, and 6 of this report.

Iater in the project the ATAC single~cylinder research engine became avail-
able, as manufactured by the international Harvester Company, and it was used for
all the experimental combustion work. This engine has two types of combustion
chambers, a direct injection and a prechamber type. All the tests on this project
were run with the open chamber cylinder head. The development of instrumentation
for this engine is included in Section 5 of this report. The instrumentation in-
cluded a Hartridge Unit Smokemeter, which is given in Section 7.

A correlation was obtained between the ignition delay and the air charge tem-
perature, The experimental work covered many fuels ranging from diesel to gaso-
line. A wide range of temperatures was covered. This correlation is given in
Section 8 of this report.

The effect of other variables on the ignition delay and other combustion
phenomena has also been studied. These variables include: engine speed, coolant
temperature, fuel-air ratio, anti-smoke additive, air charge pressure. This work
is given in Sections 9 to 13 of this report.

The work is continuing as this report is being prepared, with tests being
run with engine inlet manifold pressures of four atmospheres, together with mea-
surements of the undesirable exhaust emissions.



II. SUMMARY OF WORK DONE

The outline of work done on this project is arranged in this section to cor-
respond to work statements in the original contract, and with work statements of
a series of supplements to the contract during the life of the contract.

1. ENGINE INSTRUMENTATION

The instrumentations were made to provide simultaneous measurement of the
following engine data.

a. Power output and engine speed

b. Gas pressure during the cycle

c. Illumination due to combustion

d., Wall surface temperature during the cycle

e. Wall temperature in the fire deck near the inlet and exhaust valves

f. TFuel pressure before the injector

g. Injector needle 1ift

h. Air flow rate into the engine and its temperature and pressure be-
fore the inlet valve

i. Fuel flow rate
Intensity of smoke in the exhaust gases, their temperature and pressure

The studies included in this report were primarily conducted with CITE
referee grade fuel (Mil-F-45121). The trends of ignition delay and combustion
characteristics for diesel No. 2 and Mil-G-3056 referee grade gasoline were
also investigated.

2., EFFECT OF GAS PRESSURE

The effect of gas pressure at the time of injection on ignition delay and
combustion characteristics was studied for pressures ranging from 270 psia to
1200 psia. The tests on the "Lister Blackstone engine" covered a range from
270 psia to 600 psia. The tests on the "ATAC-1" engine covered a range from
370 psia to 1200 psia.

3, EFFECT OF GAS TEMPERATURE
The study of the effect of gas temperature at the time of injection on

ignition delay and other combustion phenomena was made on the ATAC-1 engine
over a range of temperatures from 935°F to 1980°F.



L. EFFECT OF GAS DENSITY
This study was made at different combinations of pressures and tempera-

tures to determine if density was an independent variable affecting ignition
delay.

5. COMPARISON BETWEEN THE RESULTS

Comparison between the results obtained on the Lister-Blackstone engine
(prechamber combustion) and the ATAC engine (open chamber) relative to igni-
tion delay parameters. :

6. EFFECT OF ANTI-SMOKE ADDITIVE

This study was made to determine the effectiveness of fuel additives in
reducing smoke in the exhaust gases emitted from the engine,
7. EFFECT OF ENGINE SPEED

This study was made to determine the effect of engine speed on ignition
delay, smoke, and other combustion characteristics in the ATAC-1 open chamber
engine. The fuel used was CITE refereegrade fuel (Mil-F-45121).
8. EFFECT OF COOLANT TEMPERATURE

This study was made to determine the effect of coolant temperature on
ignition delay and other combustion phenomena. The coolant temperature
ranged from 150°F to 305°F. The fuel used for these tests was CITE referee
grade fuel (Mil-F-45121), in the ATAC-1 open combustion chamber engine.
9. MEASUREMENT AND ANALYSIS

Measurement and analysis of the effect of higher coolant temperature on
the fuel injection process.
10. EFFECT OF FUEL-AIR RATIO

Study the effect of fuel-air ratio on the ignition delay and other com-

bustion phenomena. The fuel used was CITE referee grade fuel (Mil-F-45121),
in the ATAC-1 open combustion chamber engine.



ITI. CONCLUSIONS

The following conclusions were reached from the present study and the
review of the previous work done on the process of ignition and combustion
in bombs and engines.

A. IGNITION DELAY DEFINITIONS

Different definitions appeared in the literature for the ignition delay.
All these definitions agreed that the start of the ignition delay is at the
start of injection. The difference between these definitions is in the cri-
teria used to define the end of ignition delay. These criteria can be sum-
marized as shown in Fig. 1.

A study of the above criteria indicates that these phenomena do not occur
simultaneously during the early stages of the auto ignition process. There-
fore it is to be expected that the corresponding delay periods will not be
equal., The experimental results on the Lister-Blackstone (prechamber), and
ATAC-1 (open chamber) engines showed that in general illumination due to com-
bustion occurs after the pressure rise due to combustion 1s detected. In
other words, the illumination delay period is longer than the pressure rise
delay.

It can be concluded that the measurement of ignition delay in terms of
the pressure rise is the most practical, and was found to be more reproducible.
It also has the greater engineering significance.

All the correlations for the present project are made for the pressure
rise delay.

B, PROCESSES TAKING PLACE DURING THE IGNITION DELAY

The processes that take place during the ignition delay can be divided
into two types; physical and chemical, The physical processes include fuel
Jjet disintegration, heating of the fuel, and diffusion of the fuel vapor to
form a combustible mixture, The chemical processes include the preignition
reactions. These processes occur simultaneously after the start of injection.
However, the ignition delay period can be considered as composed of two periods.
During the first period most of the physical changes take place, and during
the second period most of the chemical changes take place. Or

I.D. = I.D. + I.D.
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The physical processes that take place to form a combustible mixture
under the engine conditions, were found to take a very short period of time
compared to the total ignition delay. This indicates that most of the delay
period is occupied with chemical changes.

C. EFFECT OF AIR CHARGE TEMPERATURE ON IGNITION DELAY AND OTHER COMBUSTION
PHENOMENA

1. Effect on Ignition Delay

The ignition delay continuously decreased with the increase in the air
charge temperature for diesel No. 2 and Mil-G-3056 referee grade gasoline
fuels. A very slight increase in the ignition delay for CITE referee grade
(Mil-F-45121) fuel was noticed between T7OO°F and T7L5°F.

The rate of decrease of the I.D,p with the increase in temperature is
greatest for gasoline. At a temperature of 106°F the ignition delay of gaso-
line is 2,142 times that of CITE fuel. But, at 700°F the ignition delay of
gasoline is almost equal to that of the CITE fuel,

2, Correlation Between the Air Charge Temperature and the Ignition Delay

The best correlation was found to be of the form

E/RT
Ip, = &

p n
b

]

where A = constant
E = activation energy, Btu/lb mole, which can be considered equal to

the minimum energy that should be achieved by the reactants before
the start of combustion

= Universal gas constant, Btu/lb mole°R

absolute temperature, °R

= absolute pressure

= index of pressure

Ia L oINS =)
n

3. Apparent Activation Energy for Different Fuels

The experimental results show that the apparent activation energy for
the different fuels is as follows:



E Btu/1b mole

Fuel
Diesel No, 2 5,230
CITE fuel 10,430
Gasoline fuel 1k, 780

A straight line relationship seems to exist between the apparent activa-
tion energy and the cetane number of the fuel, For fuels of cetane numbers
between 17 and 58 the following relationship is obtained

Ea = 15500 - 230(CET. No. - 15)

L, Effect of Air Charge Temperature on Noise

Two methods have been used to find the noise level: (1) Direct obser-
vation. (2) Analysis of the pressure crank angle traces to determine the
maximum pressure gradient and its rate of change. At atmospheric temperature
the highest noise level is produced with the engine running on gasoline.
However, at high inlet temperatures, above 600°F, the noise level with gaso-
line is the same as CITE and diesel fuels.,

5. Effect of Air Charge Temperature on Smoke in Exhaust

The smoke was measured with a Hartridge smokemeter. The lowest smoke
concentration was obtained with gasoline, followed by diesel No. 2 fuel., CITE
fuel produced the highest smoke intensity. The high smoke level of CITE fuel
is partly due to the after-injection which has been observed with this fuel,
The increase in air charge temperature affected the smoke intensity of the
different fuels in different ways. For diesel fuel, an increase in air charge
temperature reduced the smoke intensity. For the more volatile fuels (CITE
and gasoline) the smoke increased with the charge temperature. This is be-
lieved to be due to changes in the degree of atomization and penetration of
these fuels at the higher temperatures.

D. EFFECT OF SPEED ON IGNITION DELAY AND OTHER COMBUSTION PHENOMENA

1, Effect of Engine Speed on Ignition Delay

The apparent effect of the increase in engine speed is to decrease the
ignition delay. However, if a correction is made for the effect of increase
in the charge temperature with speed, the ignition delay was found to increase
with speed. The conditions of the tests carried out to study the effect of
speed on ignition delay were carefully adjusted to eliminate the change in
any parameter other than the engine speed.

7



2, Effect of Speed on Smoke Intensity

An increase in speed from 1500 rpm and 3000 rpm caused an increase in
the smoke intensity from 40 to 60 Hartridge units.

3, Effect of Speed on Wall Temperatures

The increase in speed produced the following effects in the wall tempera-
ture at the different locations in the cylinder head,

a. The wall surface temperature in the valve bridge of the fire deck
increased at a high rate with the increase in speed from 1000 rpm to
2000 rpm, after which the temperature leveled off. At 1000 .rpm the
surface temperature was 435°F and reached 509°F at 2900 rpm.

b. The swing in the surface temperature decreased from 37°F at 1000 rpm
to 13°F at 2900 rpm. '

c. The wall temperature at the midpoint between the gas side and coolant
side in the fire deck showed a different trend.

(1) Near the exhaust valve the temperature increased from 326°F
at 1000 rpm to 360°F at 2900 rpm.

(2) Near the inlet valve the temperature remained constant at about
267°F.
4, Effect of Speed on Thermal Loading
The thermal loading which is equal to the sum of the heat lost to the
water jackets and lubricating oil increased with speed, However, the thermal

loading as a percentage of the heat input in the fuel decreased from 20% at
1000 rpm to 14% at 2900 rpm. :

E. EFFECT OF COOLANT TEMPERATURE ON COMBUSTION PHENOMENA

1, Effect of Coolant Temperature on Ignition Delay

The increase in the coolant temperature from 156°F to 305°F did not
affect the ignition delay. The value of LD.p over the whole temperature
range at a mean pressure of 700 psia was 0,680 msec.



2, Effect of Coolant Temperature on Thermal Loading

The increase in coolant temperature reduced the percentage heat loss to
the coolant and lubricating oil from 17.7% at 156°F to 13.8% at 305°F. The
total heat loss decreased from 1660 Btu/hp hr at 156°F to 1230 Btu/hp hr at
305°F.

3, Effect of Coolant Temperature on After Injection

The increase in coolant temperature caused the after injection to de-
crease till a temperature of about 230°F, after which it increased again.

F. EFFECT OF TYPE OF FUEL ON I.D. AND HEAT RELEASE RATE

The results of the heat release computations, for the diesel No, 2 and
CITE fuels, showed that the following processes occur during the ignition
delay before the pressure rise due to combustion i1s detected:

1. A negative heat release at the beginning of the ignition delay, due
to fuel evaporation and the endothermic reactions that take place shortly
after fuel injection. The negative heat release is observed for the two
fuels during a major part of the ignition delay.

2. The negative heat release is followed by very slow reactions causing
a slight increase in the rate of heat release. The end of the pressure rise
delay measured from the pressure trace, coincides with the end of these slow
reactions, before the start of the very high speed reactions.

The negative heat release period as well as the total ignition delay pe-
riod are shorter for diesel No, 2 fuel than for CITE fuel. These results sup-
port the previous conclusions reached, that the activation energy for diesel
No. 2 fuel is smaller than that for CITE fuel, causing the preignition reac-
tions for the diesel fuel to be faster and the delay period shorter than for
the CITE fuel.

The ignition delay is followed by a period of very rapid or explosive
type reactions during which the energy of reaction of the fuel is released.
These reactions occupied a relatively short period compared with the total
ignition delay.

The maximum rate of heat release for the diesel fuel was found to be about
75% of that for CITE fuel.



G. EFFECT OF FUEL-AIR RATIO ON IGNITION DELAY AND OTHER COMBUSTION PHENOMENA

1. Effect of Fuel-Air Ratio on Ignition Delay

The apparent effect of the increase in the fuel-air ratio is to decrease
the ignition delay. But when the ignition delay was corrected for the change
in the gas temperature, the ignition delay was found to remain constant over
the entire range of the fuel-air ratio.

2., Effect of Fuel-Air Ratio on Smoke Intensity

The smoke intensity increased with the fuel-air ratio.

3, Effect of Fuel-Air Ratio on Wall Temperature
The surface wall temperature increased with the fuel-air ratio from

383°F at 0.0l4 fuel-air ratio to 665°F at 0,056 fuel-air ratio. The coolant
temperature was held constant at 170°F.

H. EFFECT OF ANTI-SMOKE ADDITIVE ON IGNITION DELAY AND OTHER COMBUSTION
PHENOMENA OF DIESEL NO. 2 FUEL
1. Effect on Ignition Delay

The anti-smoke additive has little effect on ignition delay.

2, Effect on Smoke Intensity

The anti-smoke additive reduced the smoke intensity for air charge
temperatures between 100°F and about 300°F. At higher temperatures its ef-
fect is not pronounced, '
3, Effect on the Apparent Activation Energy

The anti-smoke additive has no effect on the apparent activation energy
of the fuel,

I, EFFECT OF AIR CHARGE PRESSURE ON IGNITION DELAY

The increase in alr charge pressure reduces the ignition delay. The

10



present tests covered pressures at start of injection from 350 psia to about
1200 psia. Future tests are planned to extend these pressures to higher
values, in order to reach a general conclusion on the effect of pressure on
the ignition delay.

J. EFFECT OF FUEL ON TROUBLES IN ENGINE OPERATION

1. The fuel leakage past the injector needle and the fuel plunger has
been noticed to be excessive with CITE and gasoline fuels, This required fre-
quent change of the lubricating oil in the fuel-pump sump, and cleaning of
the injector.

2, Gasoline fuel produced a deposit over the injection system parts and
required frequent cleaning.

11



IV, SIGNIFICANT ACCOMPLISHMENTS

1. The work on this project resulted in publishing the following papers:

A, "Ignition Delay in Diesel Engines" by N. A. Henein and Jay A.
Bolt, paper no. 670007, presented to the Annual Meeting of the
Society of Automotive Engineers, Detroit, Mich., Jan. 9-13,
1967. This paper and discussion are published in the 1968 SAE
Trans., Vol. 76, Sec. 1, pages 27-39.

"B. "Correlation of Air Charge Temperature and Ignition Delay for
Several Fuels in a Diesel Engine" by N. A. Henein and Jay A.
Bolt, paper no. 690252, presented to the International Auto-
motive Engineering Congress of the Society of Automotive
Engineers, Detroit, Mich., Jan. 13-17, 1969. The discussions
prepared and presented concerning this paper showed great
interest from both universities and industry in the results
‘reached, and future papers to be presented,

C. '"Diesel Exhaust Smoke: Effect of Some Fuel and Engine Factors
on Its Formation" by N. A. Henein and Jay A. Bolt. This paper
was presented at the West Coast SAE Meeting, August 1969 in
Seattle, SAE paper No. 690557.

ke :

2. The experimental results of this work showed the important effect of
after injection on the smoke intensity in the exhaust. A proposal was pre-
pared and submitted to the U. S. Public Health Service for future work. The
title of this project is "Fuel Injection System Analysis—Diesel Smoke Reduc-
tion." A grant has been awarded to The University of Michigan to study this
topic,

3, A paper dealing with the unpublished results of this work done on
this project will be presented at the "Diesel Combustion Symposium" to be
“held in England by the Institution of Mechanical Engineers in April 1970.

This paper is being prepared and permissior for publication will be re-
quested from ATAC.

L4, Another contract for further work in this area has been sponsored by
ATAC at The University of Michigan. This contract is for one year starting
January 28, 1969.

The work on this new contract is in progress. Operation and study of

combustion phenomena at supercharging pressures higher than those reached in
the present contract will be a principal objective.

12



V. SUMMARY OF WORK INCLUDED IN THE SECTIONS OF THE REPORT

The description and the results of the work done, as indicated above in
items 1 to 10, are included in the following sections of this report.

Section 1
This section covers a review of the published literature concerning the
auto ignition of liquid fuels injected into hot air., Special emphasis was

given to the ignition and combustion processes in diesel engines. This re-
view is given in Progress Report No. 1.

Section 2

This section covers the preliminary work done on combustion instrumenta-
tion and the accumulator fuel injection system:

a. Development of combustion instrumentation on "Nordberg Model LFS1
diesel engine"

b. Studies on the accumulator fuel injection system

This work is reported in Progress Report No. 2.

Section %

This section covers the development of combustion instrumentation for a
Lister-Blackstone precombustion chamber engine. This work is reported in
Progress Report No. 3.

Section k4
This section covers the experimental results on the Lister-Blackstone
engine. This work is reported in Progress Report No. L.

Section 5

This section covers the development of the combustion instrumentation on
the ATAC open combustion chamber engine. This work is reported in Progress
Report No. 5.

15



Section 6

This section covers the analysis of the experimental results obtained on
the Lister-Blackstone engine to determine the following:

a. To find numerical correlation between the ignition delay and the air
charge pressure

b. To compare the results of the tests on the Lister-Blackstone engine
with previous studies made in engines and in bombs

c. To present a paper to the SAE annual meeting held in Detroit, Jan.
1967, The title of this paper is "Ignition Delay in Diesel Engines.

"

This work is covered in Progress Report No. 6.

Section 7
This section covers the following:

a. Development of instrumentation to measure the smoke intensity in ex-
haust of the ATAC-1 engine

b. Author's reply to the discussions brought out by the SAE members on
the paper "Ignition Delay in Diesel Engines" as mentioned in Section

6.

This work is covered in Progress Report No, 7.

Section 8

An analysis of the experimental results from the ATAC-1 engine to de-
termine the effect of the air charge temperature on the following:

a., Pressure rise and illumination ignition delays

b. Air pressure at start of injection

c. Mean gas pressure during the ignition delay

d, Wall surface temperature in the valve bridge of the engine cylinder
head fire deck

e, Volumetric efficiency

f. Air flow rate

g. Peak gas pressure during the cycle

h, Maximum pressure gradient after start of combustion

i. Rate of change of pressure gradient after the start of combustion

j. Smoke intensity

k., Brake specific fuel consumption

14



This work is covered in Progress Report No. 8.

Section 9

This section covers the following:

Qe

b.

€.

The results of the experimental studies made on the ATAC-1 engine to
find the effect of the air charge temperature on the combustion
phenomena of the following fuels.

1. CITE referee grade (Mil-F-U45121) fuels;
2. Diesel No, 2 fuel; and
3, Mil-G-3056 referee grade gasoline fuel,

Comparison between the above three fuels concerning:

1. Delay period

2. Global activation energy of the preignition reactions of the
~ three fuels

3. Smoke intensity

4, Specific fuel consumption

Comparison between the rates of heat release of the above three
fuels, under naturally aspirated condition.

Effect of engine speed on the ignition delay and other combustion
phenomena over a speed range from 1000 rpm to 3000 rpm. The phenomena
of interest in this study included:

. 1Ignition delay

« Smoke intensity

Surface wall temperature

« Thermal loading on the cooling and lubricating systems

= W o
o

Effect of coolant temperature on the combustion process of CITE fuel.
The coolant used for these tests was ethylene glycol at temperatures
up to 305°F. The phenomena studied included the ignition delay,
wall temperature, thermal loading, and after injection.

This work is covered in Progress Report No. 9.

Section 10

This section gives the results of the experimental work done on the ATAC-1
engine to find the effect of the fuel-air ratio on the ignition delay and
other combustion phenomena. The experiments were done at two levels of coolant

15



temperatures 170°F and 250°F. The coolant used at the higher temperature was
ethylene glycol,

Section 11

This section gives the results of the work done to study the effect of
anti-smoke additive on the ignition delay and other combustion phenomena.
The smoke additive used was a barium compound, trade mark "SMOGO," as supplied
by Lubrizol Corporation, their:No. 565, One.pf.the combustion phenemena.
of interest was the global activation energy for the preignition reactions
of the fuel with and without the fuel additive.

Section 12

This section covers the results of the work done to find the effect of
the air charge pressure on the ignition delay and other combustion phenomena.

A correlation was obtained between the I.Dap and the mean pressure during
the ignition delay.

Section 13

This section includes the analysis made to determine if the density is
an independent variable affecting the ignition delay. The average air density
during the ignition delay changed from 0,84 lbm/cu ft to 2,38 lbm/cu ft for
CITE fuel. 1In other tests made on different fuels, the average density
changed from 0,755 lbm/cu ft to 1,225 lbm/cu ft.
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SECTION 1

PROGRESS REPORT NO. 1

REVIEW OF PREVIOUS WORK DONE
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OBJECT

The object of this investigation is to experimentally determine in an
engine the influence of cylinder air temperature and pressure on diesel
ignition lag and combustion phenomena, especially under the conditions cor-
responding to very high supercharge. It is a further object to determine
the influence of other engine variables on the combustion phenomena, for
example, hot surfaces in the chamber.
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INTRODUCTION

There is military interest in diesel engines which can operate with
very high supercharge pressures. This results in an increased range of
cylinder air pressure and temperature conditions at the time of fuel
injection and ignition.

This project was initiated to investigate ignition and combustion
phenomena attending operation through this increasefl range of pressure
and temperature, including those corresponding to supercharge pressure
ratios up to 5:1.

The activity during the first year of this project has been threefold,
as follows:

1. To conduct a literature survey to more clearly establish the
present state of the art of diesel engine ignition and combus-
tion, particularly with respect to wide ranges of cylinder
air pressure and temperature.

2. To begin the assembly of engine equipment and instrumentation
for the observation and measurement of combustion phenomena in
a single cylinder research engine, and to meke initial measure-
‘ments of such items:gs:.ignition lag, in preparation for later
experimental programs with a new single cylinder research
diesel engine to be supplied by the Army.

3. To make tests of a bench rig of an accummulator type fuel
injection system which would be adaptable to use with either
a one-shot (single firing cycle) or continuous operation of the
test engine. Such a system also has the possible merit of
being capable of a wider range of maximum to minimum injection
quantity and thus have advantages for a highly supercharged engine.

This report covers the bibliogrephy and literature survey of item 1
above.

A second report, 06720-2-P, covers the development and assembly of
the engine instrumentation (item 2 above), and the work done on the
accummulator injection system (item 3 above).

Both of these reports cover the period from July 1, 1964 to June 30,
1965.
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COMMENTS AND SUMMARY

The literature concerning diesel engine combustion is very large.
However, most of the published information has resulted from experimental
observation concerning the performance of engines; little is known or
published about the fundamental combustion phenomena. For example, we are
not certain why diesel combustion is so prone to produce soot and smoke.

Since the emphasis of this project will be on the basic effects of
cylinder air temperatures and pressures, references selected are mainly
concerned with these parameters, although, unavoidably, all aspects
affecting the combustion process have been included to some extent. The
references cited reveal that the cylinder air temperature and pressure,
in addition to their direct influence on combustion, also have many indirect
effects, including effects on spray formation and droplet evaporation. In
fact the air pressure and temperature affect all the variables that control
the ignition and combustion process.

An effort was made to condense and present the information contained
in the various references in the most useable manner. In some cases, con-
clusions reached by the individual authors are presented, in some cases the
papers are paraphrased in detail, and in other cases, the references are
summarized. No attempt was made to write a paper on the subject of diesel
combustion-—-only to present the information contained in the selected
references in as few words as possible. Comments as to the value of various
papers have been made when deemed appropriate.

The most comprehensive studies of variables affecting ignition delay
have been done with bombs. With the exception of the work of Wolfer (Ref. 52)
these have involved a stegnant air charge, and usually result in longer
ignition lag pericds than reported with engines. No comprehensive study of
engine variables which affect the ignition delay have been conducted with
engines. It seems appropriate that this should be done, especially in view
of the interest in the very wide ranges of cylinder air pressure and tempera-
ture used by highly supercharged diesels.
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DIESEL ENGINE COMBUSTION—GENERAL

1. Lewis, B. and von Elbe, G., Combustion, Flémes, and Explosions of Gases,
N.Y.: Academic Press, Inc., 1961 (textbook, 700 pages).

A comprehensive review of combustion; includes a section on combustion
of hydrocarbons, and a few paragraphs about the combustion problem in diesel
engines. One of the best general references on the subject of combustion.

"Fundamental research should ultimately contribute toward improved
understanding and control of technical combustion processes, particularly
in engines. To accomplish this it is necessary to analyze the emngine process
in terms of the fundamental physical and chemical processes that occur in
the various phases of starting and operation. At present this has been
pursued only to a very small extent. Too often engine studies are confined to
observations of the effect of fuel and engineering variables on overall per-
formance in a manner that excludes the possibility of recognizing the con-
trolling physical and chemical processes. While development of modern cngines
has been eminently successful, this success has only been made possible by
the accumulation of a very large volume of empirical information and by the
continual maintenance of large and costly testing facilities. The question
may be asked whether timely fundamental research could not have eliminated
a large portion of this testing that has been carried on and is still con-
tinuing on a world-wide scale, and whether practical developments could not
-have been materially facilitated by scientific knowledge?"

(Taken from the Preface of the book of Lewis and Von Elbe.)

2. Rosen, C.G.A., "Matching Fuels to Diesel Combustion Systems," SAE Trans.,
Vol. 71, 1963, pp. 255-271.

Much still remains to be done in broad scale research to correlate all
the factors which yield superior performance, to include tne following
factors:

Combustion chamber configuration
Stroke-bore ratio

Combustion air density or compression ratio
Fuel constituents

Spray characteristics

Turbulence factors

Mixture formation

Combustion chamber temperature gradient
Ignition delay, both physicel and chemical
Heat release rates
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Diesel fuels are highly complex mixtures of hydrocarbcng of several
different classes. Thus, the ignition and combustion tehavicr of a diesel
fuel is the resultant of the behavior of all the various types of hydrocarbons
present. The aromatics and olefins have been pointed out as retarding the
igrnition process; and certain percxides and amyl nitrates have accelerated
or shortened ignition delay. One can speculate on what the combining factors
may be to influence the rather significant chemical delay and pre-flame
chemistry. '

The subject of spray characteristics has been given considérable attention
by many. Anyone who has cut his eye teeth in the diesel game in air injection
spray formation recognizes the advantage ¢f minimum droplet size to reduce
ignition lag and of having aveilable a high energy vehicle such as injection
air to provide the needed dispersion and penetration of the fuel spray. The
precombustion chamber engine is a partial attempt to achieve the same results
by utilizing an energized combustion gas to propel the unburned or partially
burned fuel particles into the space where fuel finds its equivalent of air.
The logical objective is to increase the surface of the fuel in small, well-
dispersed droplets which find their equivalent of air to achieve vaporization
and to complete combustion. Ignition lag is a function of the square of the
radius of the fuel droplet. When fuel is supplied in droplet form, it is
impossible to obtain the same heat release and flame cheracteristics as from
a completely vaporized mixture of the same air/fuel ratio. In the diesel
engine there is only a small period allotted for mixture formetion since most
of the fuel burns as a diffusion flame when it leaves the injector, although
the initiation of the burning process occurs when an element of premixed
carburant reaches its self-ignition temperature.

- It 1s commonly accepted that the process of mixture formetion and com-
bustion 1s different when fuel is injected prior to the swirl creation or
after it. The following effects of a combugtion swirl is created in the
main chamber by early auxiliary or pilot injection; the major part of the main
injection tekes place flaming in the high temperature gases. In such an
environment the cracking of fuel molecules ig liable to occur resulting in
slow and smoky combustion with rapid initial pressure rise. The improvement
on the combustion achieved by the swirl, therefore, is not so large. In
contrast to this, when the swirl is set up after ignition,; the acceleraticn
of mixture formation and combusticn is limited to the later stage but is
effective enough to make the after-burning period shorter. The swirl effect
in this case realizes a smokeless combustion with fairly low peak pressure.

In particular the thecretizal and practical approaches have been combined
o draw attention to certain areas in which further design and experimental
work is required. Heat losses and mixing processes are parameters which come
under this heading and which require further quantitative definition and
study. It is also evident that many combustion processes can be completed
rmuch faster than the rates currently being used, and this points the way in
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which combustion theory indicates that progress will be made. The first of

the processes that must be considered when dealing with combustion in diesel
engines is the delay period that exists between injection and ignition. This
delay period is affected by both physical and chemical factors. The length

of the chemical delay period is dependent upon the rate of the chemical
reactions occurring during the delay period and it is of interest, therefore,
to consider the physical variables which affect reaction rates and consequently
chemical delay. The effects of initial air temperature and fuel temperature
are quite distinct and are bound up with the whole question of the cold
starting of engines. From elementary reaction kinetics, it is known that the
logarithm of the rate of a chemical reaction varies linearly with the recipro-
cal of the absolute temperature. Since ignition delay is an inverse measure

of the reaction rate, a linear relation is to be expected between the logarithm
of ignition delay and *tae reciprocal of the absolute temperature. In a sim-
plified form which is of value in analyzing delay factors and which further
points to the problem of delineating the portion of time allocated to physical
delay to the time required for chemical delay, the following formula may prove

of interest.
2
r ge C Qe - ©
t = 1200 _-§£-R 1oge ‘
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where:
¥ = ignition lay, sec
r = radius of fuel droplet, ft

specific wt. of fuel, 1b/ft..5

Q
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L[]

Cp = gpecific heat

k = heat conductivity for air
© = temperature of fuel
@ = compression temperature

self-ignition temperature of fuel

D
[
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(A more accurate equation for ignition lag was presenteq_by Tsac, Myers,
and Uyehara in the 1962 Transactions of the SAE, .Reference 10).

The high-speed photographs of combustion show that the highest rate of
burning, in general, occurs immediately after ignition and the flame is
essentially premixed in nature with low luminosity. This period of high rate
of heat release is, however, very short and is followed by the main period
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which is essentially one of diffusion with high luminosity and a comparatively
lower rate of heat release.

There is an optimum peek pressure for which efficiency is a maximum.
For 40 degree crank angle duration of combustion, this peak pressure is
approximately 1000 psi at 15:1 compression ratio; and increases by about
100 psi per ratio to 25:1 ratio. The efficiency increases by about 0.7%
per ratio from 15:1 to 20:1 and by about 0.3% per ratio from 20:1 and by
about 0.3% per ratio from 20:1 to 25:1 compression ratio. The rate of
pressure rise depends critically on the shape of heat release diagram. The
shorter the heat release period the higher the optimum peak pressure. Forty
degrees crank angle appears to be a reasonable duration for combustion. A
reduction from 40 to 25 degree crank angle results in only 2% increase in
efficiency but with greatly increased peak pressure and rate of pressure rise.
It is considered that for a given peak cylinder pressure, the optimum compres-
sion ratio to use from the standpoint of maximum efficiency and minimum rate
of pressure rise is that which gives a compression pressure some 200-300 psi
lower than the limiting pressure. It may be said that the evidence so far
obtained supports the view currently held in many quarters; that mixing is
the major controlling process in combustior in a diesel engine. A linear
relation appears to exist between burning rate and speed so that in terms of
crank angle the burning time is nearly constant within the speed ranges
investigated.

The work of Tsao, Myers, and Uyehara indicated the relation of rpm and
compression ratios on heat transfer and gas temperature. By obtaining the
pressure and temperature at the beginning of injection, ignition delay data
was obtained and correlated. The data shows that engine speed per second
decreased ignition delay and that a combustion bomb is a reasonable approxima-
tion to a zero rpm engine. The work of Dr. Meurer further substantiates the
influence of combustion chamber envelope temperatures on ignition delay and
combustion procedure.

5. Wittek, H. L., Rosen, G.G.A. and List, Hans, "Diesel Engine Design-
Past, Present, and Future," SAE Preprint, presented at San Franciscc,
August 1964,

In this paper, the authors outline diesel engine development from 27
January 1897 to the present time, concentrating on automotive and special
application type engines. They state that today's challenge is in fields of
specific output and size, to make the diesel competitive with the gasoline
engine, and in noise control and exhaust emissions.

They state that friction is the factor that limits diesel engine opera-

tion to speeds below 4400 rpm. Direct injection results in lower pumping
losses, less heat rejection, and less complicated heat configurations, and
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requires lower compression ratios, hence would logically be the type of
engine resulting in lower friction losses. The goal is 1 mm” of injected
fuel per in,3 of displacement with perfectly clean exhaust over the full
speed range.

The paper goes on to describe the needs in the field, and special types
of engine components that have been developed to limit peak cylinder pressures
and hence, limit friction losses and reduce weight and size (and increase
performance) of diesel engines.

L, Gaydon, A. G., Spectroscopy and Combustion Theory, London: Chapman and
Hall, LTD., 19k2.

This book contains discussion of the several ways in which spectroscopy has
been applied to combustion problems, to include visible, near ultra-violet,
infrared region emissions and the use of absorption. spectra for following
combustion processes. Also included are the applications of spectroscopy to
combustion to determine the lifetimes of activated molecules, the lag in the
equipartition of the energy liberated by the combustion processes, and the
calculations of the heats of digsociation and thermodynamic quantities.

5. Clarke, J. 8., "Initiation and Some Controlling Parameters of Combustion
in the Automobile Engine," Trans. SAE, Vol. 70, 1962, pp. 2L0-261.

The author explains that from elementary reaction kinetlcs, it is known
that the log of the rate of a chemical reaction varies linearly with l/Temp. Abs.
He quotes from the work of Elliot to show that the log of the reaction period
(delay) in an engine does not vary linearly with 1/Tabs. In the low tempera-
ture range, the curve for cetane 1s asymptotic to a slope of 33.7 kcal/mole,
which is of the same order as the activation energy generally assumed for
hydrocarbon combustion. In the high-temperature region of the same curve,
the slope suggests an activation energy of 1.05 kcal/mole, which is far below
any activation energy recorded for hydrocarbon combustion reactions. It is
of the order of apparent activation energies where evaporation and diffusion
are the controlling factors. ' ~

It has been demonstrated that heating of fuel and then injecting it onto
a baffle in an air stream showed that spontaneous ignition could be achieved
at an air stream temperature as low as 17°C with an air/fuel ratio of 10.7.
Curves showing the influence of temperature, pressure, and air velocity are
included in the paper. '
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6. Elliott, Martin A., "Combustion of Diesel Fuel," SAE Tranms., Vol. 3,
July 1949, pp. L91l-512.

The author states that the higher speeds and outputs of modern diesel
engines requires a fundamental knowledge of the physical and chemical factors
of diesel combustion. He asserts that it is not possible to separate the
physical and chemical aspects of the process.

The diesel combustion process is sectioned as follows by the author:

1. The delay period (physical and chemical)

2, The period of rapid combustion (wherein the accumulated fuel
from the delay period burns)

. The period of combustion controlled by injection rate

The period of afterburning

=W

The combustion process is discussed as follows:

1. Physical Delay

a. Air movement (turbulence)

b. Droplet size (for a diameter of 10 microns or less, the time
of vaporization is equal to or less than 0.6 milliseconds)

op Amount of available air (required for complete combustion)

2. Chemical Delay

Reaction Kinetics are discussed to include a discussion on the energy
of activation. The integrated Arrhenius equation is discussed, and it is
brought out that the natural log of the rate of reaction varies linearly
with l/To This would mean that an increase in the temperature results in an
increase of the rate of reaction, e.g., increasing the temperature from 1000 F
to 1300 F would result in a 100-fold increase in the reaction, according to
his calculations. He further discusses the kinetic theory of gases and the
steps that oxidation tekes in the diesel engine—a chain reaction, with CO,
aldehydes, peroxides, and hydrocarbon-free radicals as intermediate products.

3, Physical and Chemical Factors Affecting Ignition Delay

a. Temperature: Ignition delay decreases with temperature increase,
but the log of delay is not linear with 1/T, due to the inter-
play of physical and chemical delays. ’

(Empirical formulas for the delay period of various fuels are

presented).

b. Pressure: Ignition delay is reduced by increasing pressure; the
dependence on pressure being much greater at lower pressures.
The effect is basically due to the partial pressure of oxygen.
- An empirical expression is given for chemical delay, involving
both absolute temperature and pressure.
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c. Concentration of Fuel: The overall fuel/air ratio is not a
satisfactory criterion, as conflicting results for minimum
delay ratios have been determined. There is not data avail-
able on the minimum concentration of fuel or minimum fuel/air
ratio below which ignition will not occur under conditions
existing in an engine.

d. Fuel Properties: The system of cetane numbers is explained
and it is emphasized that environment is important in attach-
ing quantitative significance to the cetane number system with
reference to ignition delay periods. We need information on
the effect of chemical structure on reaction rates. ILow thermal
stability of a fuel is associated with high oxidation rates.
Some chemical additives act as ignition accelerators (such as
amyl nitrate or acetone peroxide.)

4L, Inflammation

This period of rapid combustion starts when & small local region has
ignited and is on the verge of spreading throughout the fuel/air mixture.
The mixture at this instant is very heterogeneous, and would probably contain,
in any small volume, droplets of fuel, fuel vapor unmixed with air, mixtures
of vapor and air, and air with no fuel. The pictures of Landen show regions
of intense combustion, dark regions, etc., and also indicate the presence of
extreme temperature gradients in the total combustion space (as do all of
the pictures and films taken). Inflammation occurs in regions in which the
local average fuel/air ratio is greater than 0.015 1b/1b. The author then
continues with a rather complete discussion of the process of combustion using
the results of many tests to support the text.

5. Other Factors

The author discusses the reaction velocity in relation to diesel engine
knock, the effects of turbulence on inflammation, and the products of incom-
plete combustion. He suggests that more information is needed on the per-

- formance of fuels during the inflammetion period, with particular attention

to the fundamental factors affecting reaction rate. He states (postulates)
that "uncontrolled” burning during the inflemmation stage is controlled by:
amount of fuel injected, the time of the cycle, rate of injection, duration

of ignition lag, air temperature, air pressure, type fuel, turbulence, atomiza-
tion of fuel, cooling of charge during cycle, load, compression ratio, blow-by,
cetane number (volatility).
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7. Garner, F. H., Morton, F., Nissan, A. H., and Wright, E. P., "Pre-Flame
Rgactions in Diesel Engines-Part I," Journal of the Institute of
Petroleum, Vol. 38, 1952, pp. 301-312,

The authors used a CFR F5 diesel fuel test engine and a Crossley BVD-1
precombustion chamber engine to test the effects of various additives of
diesel engine fuel. They determined that the effect of additives upon the
cetane number appears to be primarily of a chemical nature, although there is
the possibility that physical effects are also evidenced, say, altered surface
tension of the fuel might influence break-up of the fuel spray by controlling
the final droplet size. They postulate that the additive improves combustion
by contributing to the establishment of conditions favoring the initiation of
pre-flame reactions. '

8. Garner, F. H., Malpas, W. E., Morton, F., Reid, W. D., and Wright, E. P.,
"Pre-Flame Reactions in Diesel Engines-Part II," Journal of the Institute
of Petroleum, Vol. 38, 1952, pp. 312-343, '

The results of Part I prompted the authors to investigate the pre-flame
reactions of the two engines used in Part I. A gas sampling valve was
developed that allowed the sampling of cylinder gases at any point in the cycle
(the valve opened for 2° crank angle at any predetermined point in the cycle).
The extracted gases were then sampled for chemical content. Four fuels were
used in the test; a paraffinic, an aromatic, a naphtheic, and a combination
paraffinic aromatic with olefins,

For all four fuels tested, peroxides and aldehydes were detected during
the pre-flame period. There was a tendency for peek concentrations of
aldehydes and peroxides to be associlated with the point of ignition, and low
concentrations (relatively) to be associated with the point of peak pressure.

The authors state that their work has egtablished that peroxides and
aldehydes are formed by the reactlon of the injected fuel with the hot, compressed
.cylinder air—misfiring of the cylinder confirmed this. They further state
that there is evidence of at least two separate reaction mechanisms in the
engine; a low temperature reaction occurring during the delay period (defined
as the time of injection until the point of beginning of rapid cylinder pres-
gure rise), and a high temperature reaction occurring after ignition. The
delay period reactions occur around 662°F and result in the formation of
peroxides and aldehydes which reach peak concentrations at the point of
ignition. Then follows a period of considerably higher temperature which
results in a second peak concentration of peroxides and aldehydes. At this
time, they suspect that cracking (pyrolysis) of the fuel molecules takes place.

Different fuels gave different lengths of delay period, leading the
authors to speculate that the delay period in a diesel engine may be dependent
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upon the extent to which peroxides may be formed. Under cold starting condi-
tions, the formation of large amounts of aldehydes may prevent the peroxide
concentration from reaching the limit necessary for auto-ignition.

9. Garner, F. H., Grigg, G. H., Morton, F., and Reid, W. D., "Pre-Flame
Reactions in Diesel Engines-Part III," Journal of the Institute of
Petroleum, Vol. 42, 1956, pp. 69-9k.

Using improved equipment, the authors extended the investigations dis-
cussed in Part II. Their discussion contains the following information.

It is well established that in the vapor phase combustion of hydrccarbons,
that oxidation reactions occur at temperatures below those required for
spontaneous ignition. Ignition in the low temperature region involves the
formation of peroxides and a "cool flame", while in the high temperature region
peroxides play little part, and "cool flames" are absent.

With early injection, ignition is delayed because the air temperature is
not hot enough at the time of injection for auto-ignition. With late injection
incomplete combustion of the fuel also results in poor engine performance. The
relation of pre-flame reactions is then discussed in conjunction with a dis-
cussion of early and late injecticn.

High concentrations of aldehydes encountered suggest that the oxidation
of the fuel at low temperatures leads to a reaction in which aldehydes are
formed (due to a chain reaction in which oxidation of the fuel is cauged bty
the peroxy radical). As the reaction temperature further in-reases fdue o
compression) the aldehydes are further oxidized, ultimately resulting in
essentially COp and HpO. When fuel is injected early, the effect of the
reduction in temperature is to increase the delay period, permitting a
marked increase in aldehyde concentration, and "using-up" some of the aldehydes
by the "cool-flame" reaction, thereby lessening the efficiency of the "rot"
combustion. '

10. Garner, ®. H., Morton, F., Saunby, J. B., and Grigg, G. H., "Pre-Fliame
Reactions in Diesel Engines," Journal of the Institute of Petroleum,
Vol. 43, 1957, pp. 124-130.

The authors state that the combustion process in diesel engines may be
investigated by two different methods:

1. Analysis of the reactants and products at varying stages during
the reaction, as has been the case in their previous work.

2. A thermodynamic approach based on pressure and temperature
- measurements.
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This paper is a study of the effects of temperature and pressure on the
ignition lag controlled by varying the compression ratio and observing the
effect on the point of flame arrival.

The engine, a CFR-ASTM diesel fuel test engine, incorporated a pre-
combustion chamber head with a silica window that could be replaced by a
metallic disc. The point of ignition then was determined either by observa-
tion with a photomultiplier unit or by the "bouncing pin" method.

Conclusions reached are essentially as follows:

1. Evaporation rate of the fuel droplets seems to be the most important
factor affecting physical delay lag. The rate of evaporation is
influenced by:

properties of the fuel

compression air temperatures and pressures

droplet velocity (relative to cylinder air velocity)
air swirl

& 0 o P

2, It was concluded that physical delay is not the controlling factor
in the total delay time.

3, The reaction between the fuel vapor and the oxygen in the cylinder
may take place via several different processes:

a. "cool flame" ignition
b. hot (carbon) ignition

11. Garner, F. H., Morton, F., and Saunby, J. B., "Pre-Flame Reactions in
Diesel Engines-Part V. A study of Temperature, Pressure, and Ignition
Delay," Journal of the Institute of Petroleum, Vol. L7, 1961, pp. 175-193.

The effect of compression ratio on pre-flame reactions in a diesel engine

~ have been used to give some insight into the pre-combustion reaction, and

were investigated in previous work. The nature of the delay period and the
effect of pressure and temperature on ignition lag were examined and compared
with results obtained on rapid compression machines. However, the exact
ignition temperatures could not be determined at that time due to lack of
sufficient instrumentation. In this test, a two-color optical pyrometer
capable of recording rapidly fluctuating temperatures was employed, and enabled
accurate temperature determination. Pressure was recorded simultaneously using
a capacitance type pressure pick-up. The data obtained is presented in the
form of numerous curves, photographs, and tables.

by



The authors determined the following:

1. After injection of fuel (droplets) into the cylinder, the physical
state of fuel vapor and alr may consist of four zones:

a. the inner zone of unvaporized fuel

b. the second zone of vaporized fuel unmixed with air

¢c. a third zone of fuel-air mixture of variable fuel concentrations
d. a final zone of fuel-free air.

(Conclusions reached and presented by Elliott in 1949)

2. A postulated theory of combustion, and the relation of cylinder
temperature to the conduct of this combustion.

NOTE: The series of five papers summarized above constitutes a complete
and scholarly investigation into the nature of the pre-flame reactions,
and diesel combustion as a whole. The various authors were a group
of chemists, engineers, and students studying at Cambridge; their work
appears to be some of the best available in the literature.

12. Boerlage, G. D., and Broeze, J. J., "The Combustion Process in the
Diesel Engine," Chemical Reviews, Vol. 22, No. 1, Feb. 1938, pp. 61-87.

The authors present an analysis of the diesel process essentially as
follows:

"1, Mixture Formation

In order to obtain small drops upon injJection, the injection pressure
and cylinder air density should be high, the orifice of the nozzle small,
and the fuel viscosity low. The temperature of the cylinder then causes
rapid evaporation of the injected.droplets. However, fine atomization leads
to poor overall distribution in the volume of the cylinder, and here turbu-
lence comes into effect. 1In general, high wall temperatures are extremely
useful to vaporize liquid droplets of fuel.

2. Self-Ignition

The vaporization of fuel causes a momentary decrease in the cylinder
pressure due to abstraction of heat. However, this effect is soon over
shadowed by the heat generated by chemical reaction. The delay period is
defined as the time lapse from the beginning of fuel injection to either
flame conditions or the beginning of rapld pressure rise. Pressure rise
due to "flameless combustion" was observed in a motored CFR engine, which
the authors cite in their analysis of flame nuclei propagation. They state
that although turbulence promotes mixing end heat transfer to the droplets,
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hastening physical delay, it also transfers heat from the nuclei of combus-
tion and disperses the areas of mixture favorable to combustion. A graph
shows that for high cetene numbers, high turbulence results in shorter delays,
while for low cetene numbers, low turbulence results in shorter ignition lag.
The next section is a discussion of fuels along with the then three theories
of combustion.

3. Combustion Stages

a. Delay (physical and chemical)
Inflammation of fuel present at that moment
¢. Injection controlled combustion
.d. Afterburning of fuel not yet burned

L. Physical and Chemical Aspects of Combustion

Inefficient mixing

Deposits of liquid fuel on the combustion chamber walls

Long delays resulting in lean mixture and low flame temperatures

Dissociation of the flame gases, especially at high loads,
reducing the maximum fleme temperature

e. Chilling of the flame near the cool (relatively) cylinder walls.

a0 o W

The article closes with a further general digscussion of diesel engine combus-
tion. It was apparently a classic for its time.

15. Rothrock, A. M., and Selden, R. F., "Factors Controlling Diesel Engine
Performance," Chemical Reviews, Vol. 22, No. 1, Feb. 1938, pp. 89-106.

The paper begins with an illustrated discussion of the fuel jet as it
is injected and typical nozzle configurations are covered, to include a study
of droplet size distribution under various pressures. Then combustion and
combustion chamber design are discussed, with emphasis on the physical dis-
tribution of fuel in the cylinder volume, illustrated with photographs. The
photographs show, among other things, that the spray core disintegrates
only after the spray is cut-off.

This is a much cited reference for more modern articles, but it is not
too appliceble to the current combustion problem.

k. Wentzel, W., "Ignition Process in Diesel Engines," NACA ™ 797, June 1936.
The heating and vaporization process of fuel droplets in the CI engine
is analyzed on the basis of the theory of similitude—according to which,

the period for heating and complete vaporization of the average sized droplet
ig only.a fraction of the actually observed ignition lag. The result is that
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ignition tekes place in the fuel vepor—air mixture rather then on the

surface of the drop. The theoretical result is in accord with experimental
observations of Rothrock and Waldron. The combustion shock occurring at lower
thermal compression temperatures, especially in the combustion of coal tar
oil, is attributable to a simultaneous igniting of a large fuel vapor

volume formed prior to ignition.

A ponderous expression relating factors affecting the heating and
vaporization process of a fuel droplet is developed in the text, followed
by a section where the various parameters used in the expression are calculated
(cp, Ccy, ete.). Vaporization of droplets due to injection is discussed,
including that the initial ignition does not show up on the indicator card
because of the heat of vaporization of the spray core. The ignition lag,
however, is defined as the period that exists from the start of injection
until there is a visible pressure rise on the indicator card. The author
further points out that there might be a chemical delay as a par:c of the
overall ignition delay.

The remainder of the paper discusses the various referenced test results
in an attempt to compare the author's analysis with them. He further explains
the reason for rapid combustion (detonation) vwhen ignition lag is long.

15. Alcock, J. F. and Scott, W. M., "Some More Light on Diesel Combustion,”
SAE Paper 872A, presented at the Summer Meeting, Chicago, June 196k,

This paper discusses the process of combustion, as revealed by high
speed photography, in a small, high speed diesel engine. Two direct injection
type engines and one pre-chamber type engine were investigated, and selected
combustion sequences are both reproduced and discussed in the paper.

General conclusions reached as a result of this study are as follows:

1, In small engines, much of the fuel strikes the chamber wall and
moves along it.

2, Swirl is greater than has hitherto been supposed, and squish is much

less. _

Most of the flame is of the carbon-rich diffusion type

. Soot from very rich mixtures is always formed at high loads, but it

can burn later in the cycle, leaving a clean exhaust.

5. Combustion knock does not seem related to the total fuel in the
combustion chamber on ignition, but is rather related to the amount
of fast burning mixture present.



General Comments:

1. Direct measurement of air/fuel mixture velocities was not accomplished
by the "tracers" employed in an attempt to do so were thrown out of the mixture
by centrifugal forces.

2. Most flame velocities are under 400 ft/sec., and this is much less
than detonation or shock waves, which leads them to believe that normal
diesel knock is not detonation.

3, Spray velocities change little with an increase of engine speed.

L, Flame velocities normal to the swirl (radial velocities in the direct
injection chambers) are also roughly independent of engine speed, but the
circumferential velocities are roughly proportional to engine speed.

5. With normal delay, little of the heat release seems due to pre-mixed
combustion, as evidenced by comparison of the pressure rise and the luminous
flame curves,

6. Near TDC, the rate of change of pressure is roughly proportional to
the rate of heat release.

7. Flames observed in the early stages of combustion are believed due
to complete combustion, not partial oxidation of the fuel particles.

8. Ignition usually occurs in fine spray blown off the fuel jets or
gplashed off the wall. It seems that the multiple flame nuclei are connected
by "hot" flames from fuel not completely vaporized.

9. The peak temperatures of the carbon flame appear to be approximately
ﬂ532°F, hence the effects of radiation in engine heat transfer would be
gignificant.

1¢. There is a visible carbon flame at high loads to about half stroke,
then the color fades to red as the cylinder contents are cooled.

11. Diesel knock does not seem related to detonation as the flame
velocities are too low. Knock, which appears dependent on the amount of fuel
in the chamber, might be controlled by rationing the amount of fuel injected
before ignition.,
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6. Tsao, K. C., Myers, P. S., and Uyehara, O. A., "Gas Temperatures During
Compression in Motored and Fired Diesel Engines,” Trans. SAE, Vol. 70,
1962, pp. 136-145 and 154, ‘

The authors used a modified CFR engine with a slot cut across the top of
the piston to provide an unobstructed optical path through the combustion
chamber during the entire engine cycle. Access to the interior of the engine
was obtained through use of sapphire windows installed in the cylinder wall to
transmit radiation from the source and gases. The "null method" of infrared
temperature measurement was used, employing an optical pyrometer.

The data reported was based on the rapid increese in temperature as the
criteria for the end of the delay period. Operating variables were engine
speed and compression ratio for motored cycles; intake air pressure and temp-
erature, fuel quantity per cycle, engine speed, and fuel cetane number for
the firing cycles., i

Motored Engine Data Conclusions

1, Effect of speed on compression temperature: The temperature increases
as speed increases, due to the induction work dome on the gas during the intake
process. The rate of change levels off at higher engine sppeds (above 2000 rpm).
Temperatures ranged between 1480-1T700°R for a 15.8 CR, 600-1800 rpm, and 1320-
1530°R for 12.5 CR, 300-1800 rpm.

2, Effect of engine compression ratic: Compression temperatures are
higher at the higher compression ratios. The conclugion is drawn that heat
transfer is greater at the higher CR due to increasing surface/volume ratio
(and greater temperature differential) as observed by contrasting computed
vs. observed curves (computed pulytropic compression with n = 1.394),

Fired Engine Data and Correlation with Ignition Delay

1. Compression temperature is higher due to higher inlet air temperature.

2. The compression temperature increases with engine speed, but the
curves begin to level off around 15-1800 rpm. Higher inlet temperatures result
in a greater rate of temperature rise then lower inlet temperatures due to
legs time for heat transfer.

3, Ignition delay is shorter for higher compression temperatures and,
for points where compression temperatures are the same, ignition delay is less
for the higher engine speed. Bomb data for the same fuel and compression tem-
peratures has about double the lag time, and curves for the bomb data are much
steeper (the effect of temperature rise decreases delay time more rapidly until
the curves meet at about 1550°R).
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L. Generally, more fuel injected per cycle decreased the delay until at
a point approeching full load, the delay began to increase.

5. Higher intake pressures reduced the delay somewhat; more on a percent-
age basis in the engine than in the bomb, which is perhaps caused by the
increased turbulence within the engine. The temperatures were little affected
as the Pi/Pe ratio was increased, but rose slightly.

6. When compression temperatures and pressures at the point of injection
held constant, an increase in engine speed reduced the absolute delay time
but the delay in terms of crank angle degrees increased.

17. Taylor, C. F., Taylor, E. S., Livengood, J. C., Russell, W. A., and
leary, W. A., "Ignition of Fuels by Rapid.Compression," Quarterly
Transactions of the SAE, April 1950, pp. 232-2Tk.

A rapid compression machine was built by the authors in the Sloan
Laboratory. It used a charge of nitrogen at 500 psi to rapidly compress a
homogeneous charge of fuel and air in the cylinder of the device, causing
the charge of fuel and air to self-ignite. A window was provided for pictures.
Fuels were generally of the type used in SI engines (benezene, heptane, and
n-butane for a special study). However, compression ignition caused combus-
tion of the fuel, hence test results should be applicable to diesel combustion
study.

The following were some of the conclusions reached:

1. Autoignition occurs at a higher temperature (and pressure) if the
rate of compression is increased.

2. Delay period decreases with increases in temperature and pressure.

3, The mixture affects duration of delay period and the intensity of
the resultant "explosion'.

L. The reaction starts from many points (usually) and is progressive.
A correlation exists between the rate of inflammation and the rate
of pressure rise in the corresponding pressure-time record.

5. Most of the flame photographs show that the reaction is not very
homogeneous —great numbers of small luminous spots are formed, and
these spots persist for long intervals with surprising stability in
size and shape. It has been established that these spots are not
due to the presence of fuel droplets.

6. Autoignition of n-heptane is relatively rapid, benzene is relatively
slow, and iso-octane is intermediate.
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18. Stinson, Karl W., ed. Diesel Engineering Handbook 11th ed., N.Y.:
Diesel Publications, Inc., 1963.

Chapter 5, pp. 41-49.

This section is a general discussion of combustion in the I.C. engine;
however, the bulk of material is concerned with diesel combustion. The com-
bustion process is divided into four phases; the delay period, the period of
rapid combustion, the combustion of the remainder of the charge as it is
injected, and the afterburning periocd. '

The delay is composed of the period of physical mixing of the fuel drop-
lets with cylinder air (physical delay) and the chemical delay period, which
includes preflame oxidation in localized regions (temperatures from 1000 to
2000°F), the catalytic effects of the wall surfaces, the high temperature of
the mix, and miscellaneous particles from the last cylinder charge, plus
cracking of the fuel vapors to produce materials with a high percentage of
carbon.

The various factors that affect the delay period are discussed, to
include engine design, type of fuel, etc. Factors that reduce delay include
reduction of droplet size injected, increased air temperature of inducted air
charge, increased pressure of air charge in the cylinder, greater turbulence
of the air in the cylinder, and a higher cetane number of fuel used. Curves
supporting the above factors are included in the discussion.

19. Wilson, Grover C., "Development and Application of Automotive Fuels,
Gasoline and Diesel," SAE pamphlet SP-137, Engineering Know-How in
Engine Design, Part 3, 1955, pp. 21-2k.

Section I of the above reference is a discussion of diesel engine com-
bustion, included in the article so that a thorough discussion of diesel
fuels might be based on this information. The topics discussed include
cetane rating, the ignition delay period (including curves), and the various
factors influencing the delay period. These factors include the physical
delay due to formation of fuel-air mixture in the cylinder, the "pre-flame"
and "cool-flame" reactions, effects of pressure and temperature on the
chemical delay, and a discussion of camera and bomb studies current at the
time.

20. Olson, D. R., Meckel, N. T., and Quillien, R. D., Jr., "The Operation
of CI Englnes on Wide Boiling Range Fuels," Transo SAE Vol. 70 1962,

pp. 551-569.
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Some of the conclusions reached by the authors are as follows:

1. 7Ignition delay and average rates of pressure rise are highly
correlated to fuel properties and can be satisfactorily predicted from
linear multiple regression equatious.

2. Maximum combustion pressure is poorly correlated with fuel properties
and depends primarily upon engine design and conditions of operation.

3. Except for the Hercules pre-combustion chamber engine where‘ignition
delay was relatively insensitive, the delay period and rates of pressure rise
increased with a decrease in cetane number.

L., Under maximum load conditions (greatest amount of fuel injected),
the maximum combustion pressures and average rates of pressure rise increase
as the delay period increases.

5. Under minimum load conditions (1000 rpm) the maximum combustion

pressure decreases with an increase in the delay period as a result of
combustion occurring late in the expansion stroke.
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BOMB EXPERIMENTS

2l. Hurn, R. W. and Hughes, K. J., "Combustion Characteristics of Diesel
Fuels as Measured in a Constant-Volume Bomb," Quarterly Trans. SAE,

Jan. 1952, pp. 24-35,

The technique employed in this investigation utilized single-shot
injection of a metered quantity of fuel into an externally heated reactor
containing air under pressure. With the arrangement, including instrumenta-
tion, ignition delay, rate of pressure rise, and other effects were observed
or calculated for the combustion of the injected fuel under any given circum-
stances.

Since few fuels exhibit a well-defined point at which rapid combustion
mey be sald to begin, ignition lag was defined as that interval of time
between the start of rapid fuel injection and the time at which the original
pressure in the bomb is restored by heat relemsed by the burning fuel. Tempera-
ture limits and pressure limits in the area of study were 850-1050°F and
approximately 275-675 psig, respectively.

It was noted that ignition lag increased with a decrease in pressure,
due most probably to (1) less conductivity between heated air charge and
injected fuel and (2) cooling effect of the injected fuel is greater at
lower pressures hence lowering the bomb initial pressure and temperature.

At a certain point, T = 1000°F, ignition delay increased with an increase in
pressure, attributed to (1) less favorable spray development at the higher
pressures, and (2) quenching action of No as the Np/Op ratio was increased

due to increase of total pressure, the partial pressure of Op being maintained
constant by the use of artificial atmospheres. The results show, however,
that the ignition lag is greatly influenced by the available Op, and greater
pressures must increase the avallability of Oo.

Curves are presented for pressure-temperature-ignition lag relationships
(see Taylor and Taylor). Volatility and the type of fuel (base stocks)
were also studied in their effects on ignition lag, as well as the relation
of cetane numers. It was found that for cetane numers above 44 there were
no appreciable decreases in ignition lag (there was discernable difference
however) .
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22, Selden, R, F., "Auto-Ignition and Combustion of Diesel Fuel in a
Constant-Volume Bomb," NACA Report 617, 1938.

The variations in ignition lag and combustion associated with changes
in air temperature and density were studied for a diesel fuel in a constant-
volume bomb. The highest temperature approximated that obtained in the CI
engine operated in the usual range of advance angles. The test air densities
ranged from something less than compression density in an engine with normal
aspiration to a value corresponding to a considerable boost. Density varied
between 0.59-1.48 1bm/ft.” and temperature ranged from 870 to 1255°F. Ignition
lag in this study was defined as the period from the start of injection to
the first evidence of a pressure increase over that exhibited by the motored
engine,

Conclusions reached by the author are as follows:

1. For fuel injection into a constant-volume bomb containing stagnant
air at a temperature and pressure equivalent to those existing in the CI
engine, the ignition lag was éssentially independent of the injected fuel
quantity and was of the same magnitude as in the engine.

2. For the fuel used, the possible decrease in the ignition lag for a
given increase in air temperature or density became quite small at tempera-
tures and densities in excess of those generally occurring in CI engines.

3. The combustion efficiency improved as the ignition lag was lengthened,
hence it should be worthwhile to use those fuels in an engine whose ignition
lag corresponds to the higher permissible rates of pressure rise. The “use-
less afterburning” decreased as the ignition lag was lengthened.

4, The ignition lag tended to increase and the maximum rate of pressure
rise definitely decreased upon the addition of inert gases to an air charge
of fixed coucentration.

NOTE: Although the conclusions reached by the author do not seem to applicable
to the current problems of diesel combustion, the basic information and
curves contained in the article are deemed among the best presented by
the various authors.

25. Cohn, M. and Spencer, R. C., "Combustion in a Bomb with a Fuel-Injection
System," NACA Report 5ub, 1935.

Fuel injected into a spherical bomb filled with air at a desired
density and temperature could be ignited with a spark a few-thousandths of
a second after injection, an interval that is comparable with the ignition
lag experienced by the CI engine. The effect of several variables on the
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extent and the rate of combustion was investigated. Time intervals between
injection and ignition of 3-6 x 1072 seconds (and one of 5 minutes), initial
air temperatures of 212-482°F, initial air densities of 5, 10, and 15 atmos-
pheres, and air/fuel ratios of 5-25 were investigated.

The 5-minute interval between injection and spark permitted the fuel
to vaporize completely, which served as a control to those parts of the
experiment where ignition followed injection after a short time. An in-
crease in temperature decreased the reaction time for both short and long
periods, but increased the extent of combustion for only the short-period
mixtures. For the long period mixture, increasing the air density lengthened
the reaction time, but decreased it for the short period mixtures at pressures
of 5 and 10 atmospheres. However, at 15 atmospheres pressure, the reaction
time for the short period charge increased.

Conclusionsg

From the results obtained it must be concluded that the extent and
rate of combustion of a fuel injected in the liquid state, particularly at
low air temperatures and densities, are dependent upon the distribution and
the condition of the fuel at the moment of ignition. At high air temperatures
and densities, a marked similarity exists in the course of combustion of
liquid fuel injected into the bomb and ignited immediately and that of a fuel
allowed to veporize completely before ignition.

2k, Hurn, R. W., Chase, J. 0., Ellis, C. F., and Huges, K. J., "Fuel Heat
Gain and Release in Bomb Autoignition," Trans. SAE, Vol. 6k, 1956,

" pp. 703-T1L.

All data reported were obtained through testing with a constant volume
combustion bomb, as temperature and pressure control considerationg were
more easily handled with this type of test "set-up". Heat transfer between
the injected fuel and the gas medium in the bomb were calculated from
pressure data by common thermodynamic relationships. Heat release data
were calculated by comparing pressure-time curves that resulted from the
“injection of fuel into an oxidizing atmosphere to that obtained by injection
into an inert atmosphere.

A primary objective was to determine how fuel volatility affects vapori-
zation and heating of the fuel.

Conclusions reached as a result of bomb testing include the following:

1. The heat absorbed within a given time interval increases in the
same order as the thermal conductivities of the gases, and decreases with
increase of gas densities (the rate of heat absorption increases with in-
creased diffusivity of the gas).
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2. The rate of heat absorption i1s not materially influenced by the
quantity of fuel injected except during the terminal period of heat transfer.

%. Higher gas temperatures result in higher rates of heat transfer.

The data show that chemical heat release occurs only after an appreciable
interval of time during which the fuel is heated and may be partly or wholly
veporized. The rapidity of this heating and associated ignition delay are
influenced markedly by the physical properties of the surrounding gas. Fuel
volatility and chemical structure have relatively little influence on the
rate of heat transfer to the fuel in the pre-reaction period. It is also
shown that the delay period before release of chemical energy and the rate
of chemical energy release are influence both by the chemical composition
of the fuels and by gas-to fuel heat transfer rates during the pre-reaction
period.

25. Michailova, M. N. and Neumann, M. B., "The Cetene Scale and the
Induction Period Preceding the Spontaneous Ignition of Diesel Fuels
in Bombs," NACA T™ 813, Dec. 1936.

The authors attempted to define a process of determining cetene numbers
of diesel fuels using a combustion bomb because of the high cost of the
Waukesha engine at that time in the USSR. They calibrated the bomb with
mixtures of cetene and l-methyl napthaléne (mesitylene). In so doing, they
observed that the cetene numbers obtained in such & manner were some 5 to 10
units lower than they should have been.

It was established that the effect on the induction period (delay)
changes 1little at pressures and temperatures above 1022°F and 294 psia.
The authors further determined that for cetene numbers above 50, changes in
length of delay period are insignificant with further changes of cetene number.

The tests were conducted in a metal bomb heated by a nichrome spiral;
fuel was injected from a Bosch Jet using a special plunger pump. The delay
criteria are not included in the report. The amount of fuel injected cor-
responded to a coefficient of excess air of 1.7 at 308.5 psia and temperature
of 1076°F. The bomb wall temperatures ranged between 1067-118L°F.

26. Voinov, A. N., "Combustion and Carburation in Diesel Engines, "FTD-TT63-31,
Foreign Technology Division, Air Force Systems Commend, 1963.

Experiments were conducted using a single cylinder, dauble acting engine
(bomb), fed a homogeneous mixture of air and fuel, the engine assembly heat
stabilized by means of water jackets filled with an organic silicon coolant.
Special attention wa pald to a precise estimate of the compression temperatures
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and pressures as the author believes that they are the basi: parameters of
determining ignition conditions. Mixtures of fuel and nitrogen were used for
the determination of pressures and temperatures in conjunction with a "resistance
thermometer,"” piezo-quartz pressure sensor, and a multi-slit photo recorder.

The pressures and temperatures that produced ignition were determined at 5° ATIC.

Results from the experimentation with a variety of fuels showed that
there ig a definite "low-temperature region" characteristic of each fuel where
ignition is in greater measure determined by the temperature then by the
pressure, but at a certain point, the picture reverses. When the temperature
is further raised, the pressure-temperature relation is again changed (plot of
log p as a function of l/T), but the instrumentation could not yield accurate
results.

Various mixtures of fuel and excess air demonstrated that at low tempera-
ture and high pressure, the greatest inclination to autoignition is exhibited
by mixtures near stoichiometric with pronounced pressure minimums. When the
temperature is raised, the minimums smooth out and are displaced in the direc-
tion of rich mixtures. The tendency to ignite is with high temperatures and
rich mixtures for given pressures.

The author separates ignition of homogeneous fuel-air mixtures as
follows:

1. Point pre-ignition occurring at extremely small (point) foci,
which results in the propegation of fronts of turbulent flame

(as in spark ignition).

2. Space autoignition in certain volumes of finite size propagating
with considerably higher velocities (100-300 m/s) than in 1.),
with weak primary shock waves. The flame front is not well

defined.

3, Explosive or "quasi-detonational" ignition, with shock waves,
accompanied by propagation of flame front at supersonic speeds.

The experimental results indicated that the type of autoignition
experienced was dependent on the pre-ignition process temperature. As delay
time became shorter due to higher pressures and temperatures, ignition pro-
gressed from type 1) to type 3) as described above.

At first inspection, the indicator diagrams gave the impression that
with a rise in the temperature of combustion, the ignition delay increased
and that the intensity of the cold flame reaction dropped. However, replots
of the data in the form of relative increase of absolute pressure over
current compression pressure with delay plotted on the dependent variable
axis shows that there is a hot flame at some unchanged value of relative
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pressure rise. "Critical values" of relative increase in pressure in the
pre-ignition stages remain constant for various mixtures of the same fuel
and appear independent of pressure and temperature.

"Practical conclusion": The most favorable conditions for the origin
of volume autoignition (detonation) are realized by no means in the hotter
porticns of the charge. The ignition in the hotter portions occur first,
but is of a point nature. In the colder parts of the charge, the pre-flame
processes are delayed in development, but then proceed most rapidly with
the higher pressures created by the pressure rise within the cylinder.

Conclusions

1. The tendency towards autoignition is not closely associated with
the composition of the mixture.

2. At low temperatures of compression, the stoichiometric mixture
ignites most easily (at lowest pressure), while at high tempera-
ture, the rich mixture exhibits the maximum tendency towards
autoignition. In the range of low temperatures, ignition is
dependent mostly on the pressure.

3, When there is no "cold flame", or only a slight one, ignition
ig of a point nature.

L. Volume autoignition is aided by a mixture uniform in temperature,
high in pressure, and with a fuel of relatively low combustion
temperature, and with weak heat transfer from the reacting mixture.
At high temperature, and with greater heat transfer from expansion,
ignition of even fuels prone to detonation acquires a point nature.

5. Volume autoignition never starts near a hot surface (where ignition

is of a point nature), just as it does not start near a flame
front propagating from a spark.
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NACA COMBUSTION APPARATUS TESTS

27. Rothrock, A. M., "The NACA Apparatus for Studying the Formation and
Combustion of Fuel Sprays and the Results from Preliminary Tests,"
NACA Report 429, 19%2.

This paper describes in detail the NACA apparatus built at the Iangley
Memorial Aeronautical Laboratory for the study of the formation and combustion
of fuel sprays under conditions closely simulating those occurring in the
then high speed diesel engine. The results of many of the NACA tests pub-
lished were a direct result of experimentation with this apparatus.

Preliminary conclusions presented by the author are as follows:

Although the tests, the results of which are presented in this report,
were conducted primarily to determine the range of usefulness of the apparatus,
there are a few conclusions that can be drawn from the photographs.

1. The reproducibility of the fuel sprays under the same test condi-
tions was satisfactory.

2, High air temperatures slightly decrease the penetration and
increase the dispersion of the fuel sprays.

3. Air velocities of approximately 300 ft/sec in the combustion
chamber have a decided effect on the penetration and dispersion
of the fuel sprays from single hole orifices.

L. The effect of the air velocity on the fuel spray is dependent on
the number, arrangement, and size of the discharge orifices.

5. The physical properties of the fuel have an important effect on
the dispergion and penetration of the fuel sprays.

6. The rate of combustion of the fuel spray can be decreased by
forcing ignition to take place before injection is completed.

To Ignition can be forced to take place before injection is completed

by increasing the temperature of the cylinder and the combustion
chamber water jackets.
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28. Rothrock, A. M. and Waldron, C. D., "Effects of Air-Fuel Ratio on Fuel
Spray and Flame Formation in a Compression-Ignition Engine,"” NACA Report

55, 1935.

In this test, high-speed motion pictures were taken at the rate of 2,500
frames per second of the fuel spray and flame formation in the combustion
chamber of the NACA combustion apparatus (5.0 in. bore x 7.0 in. stroke,
13.2:1 CR, 1500 rpm). The engine was motored to the test speed, and then a
single charge of fuel was injected (with jacket and fuel temperatures held
relatively constant). An optical indicator was used to obtain the pressure-
time relationship in the combustion chamber. The air/fuel ratio was varied
from 10.4-365:1. Definite stratification of the charge was observed in the
combustion chamber at the higher ratios, even though moderate air flow was
present. The start of burning relative to the fuel sprays was not affected
by the air/fuel ratio, nor was the flame spread greatly affected by the ratio.
Flame spread, after the point of maximum cylinder pressure was reached was
relatively slow.

The paper contains excellent pictures of the injection and inflammation
process, clearly showing the multiple points of flame propagation observed
by so many investigators.

29. Rothrock, A. M. and Waldron, C. D., "Some Effects of Injection Advance
Angle, Engine-Jacket Temperature, and Speed on Combustion in a
Compression-Ignition Engine," NACA Report 525, 1935.

An optical indicator and a high speed motion picture camera capable of
operating at the rate of 2,000 frames per second were used to record simul-
taneously the pressure development and the flame formation in the combustion
chamber of the NACA combustion apparatus. Tests were made at engine speeds
of 570 and 1,500 rpm. The engine Jacket temperature was varied from 100-
300°F and the ignition advance angle from 13° after TDC to 120°BIDC. An
accumulator type injection system is used to inject fuel through the nozzle
into the cylinder. Ignition lag was defined as the time interval between
the start of injection and the start of pressure rise caused by combustion
as shown on the indicator card. Excellent reproductions of picture frames
are included in the paper as well as numerous data curves.

Conclusions reached by the authors are as follows:

1. The ignition lag in an engine with a quiescent combustion chamber
should be decreased to that value required to prevent obJjectionable
rates of pressure rise. The ignition lag should not be decreased
to less than this value because by so doing the effectiveness of
the combustion is decreased.
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2. With a short ignition lag in a quiescent combustion chamber the burn-
ing starts in the spray envelope and from there spreads throughout
the combustion chamber. With a long ignition lag the burning may
start at any point in the chamber. 1In either case the burning may
start at one point or simultaneously at several points.

3. The course of the combustion (aside from the original chemical
properties of the fuel) is affected by:

a. the time interval between the start of injection and the
start of combustion

b. ‘the temperatures and pressures existing in the combustion
chamber during this time interval.

‘c. the temperature and pressure of the air and the distribution
of the fuel at the start of combustion.,

Lk, In case the ignition lag is too long, it may be decreased consider-
ably by increasing the temperature of the engine coolant.

5. If the ignition lag is short, increasing the temperature of the
engine coolant decreases the ignition lag sufficiently to decrease
the rate of pressure rise but may in some cases decrease the
effective combustion of the engine.

30. Gerrish, H. C. and Voss, F., "Influence of Several Factors on Ignition
Lag in a Compression-Ignition Engine," NACA TN 43k, Nov. 1932.

An investigation was made to study the influence of fuel quantity,
injection advance angle, injection valve opening pressure, inlet-air
pressure, compression ratio, and engine speed on the time lag of CI single-
cylinder engine, as determined by an analysis of indicator card diagrams.
Injection lag was considered to be the interval between the start of injection,
as determined with a Stroborama and visually observing fuel spray, and the
start of effective combustion, gs determined from the indicator card, this
being the point where 4.0 x 10™° 1lbm of fuel had been effectively burned.
The NACA universal test engine was used in the studies.

The conclusions (or observations) made in reference to the above stated
test objectives are as follows: :

1. Fuel quantity: at éonstant gpeed for gsome advance angle and rate
of injection, from 1.2 x 10-# bo k.1 x 1.0"“L 1bm of fuel injected had
no appreciable effect on delay (ignition lag).

2. Injection advance angle: increases or decreases of lag time are

observed according to whether density, temperature, or turbulence
~ are the controlling influence. '
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6.

Valve opening pressure (pressure on fuel being injected): ignition
lag time increased with increase of injection pressure.

Inlet air pressure: the lag decreased linearly (almost) with an
increase in inlet air pressure. However, temperature was not held
constant, as the compressor had no after cooler.

Compression ratio: the lag was decreased by increasing the compres-
sion ratio.

Engine speed: the ignition lag decreased with increasing engine
speed.

The report presents the above trends in the form of curves, but gives
only a superficial explanation as to why the various results were obtained.
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SPRAY FORMATION AND FUEL VAPORIZATION

31. El Wekil, M. M., Myers, P. S., and Uyehara, O. A., "Fuel Vaporization
and Ignition Lag in Diesel Combustion," Trans. SAE, Vol. 64, 1956,

pp. T12-729.

In this paper, correlation of theoretical analysis with experimental
data from both combustion bomb and diesel engine tests is presented. Previous
known experimental facts concerning ignition lag are presented as follows:

1.

An increase in inlet air pressure and temperature, in fuel temperature,
and in jacket water temperature all decrease ignition lag to varying
degrees.

Ignition lag decreases with engine speed. This is generally
attributed to an increase in turbulence with speed. However, it
has been found that in bomb experiments, that increased turbulence
does not give a decrease in ignition lag. Probably actual compres-
sion temperatures increase with speed.

There is a reagonably good inverse relationship between the cetane
and octane scales. Since ignition delay in a SI engine is pre-
dominately chemical, octane number would presumably be related to
chemical delay. This would indicate that the chemical delay was
rate-determining.

While fuel volatility seems to affect ignition lag, the accompanying
change in fuel structure seems more important. For example, iso-
octane and n-heptane have markedly different ignition lags, but about
the same volatility, while cetane and iso-octane are markedly different
in both volatility and ignition lag.

Small concentrations of additives affect ignition lag. Although
they possibly affect spray formation and physical delay, it seems
more likely that they act in a chemical manner.

In a constant-volume bomb with everything else held constant, an
increase in quantity of fuel injected 1ncreases ignition lag if
combustion begins near the end of injection. This would indicate
a fuel cooling or a concentration effect.
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Paper conclusions are as follows:

10

It seems almost certain that adiabatic saturation is approached
closely in the spray core. As distance from the spray center
increases, the air-fuel mix becomes progressively learner with
consequently higher air-vapor temperatures. Under these condi-
tions adiabatic saturation is approached less rapidly. At the
extreme edge of the spray a few single droplets will almost
certainly be found.

The closeness and rate of approach to adiabatic saturation condi-

tions varies with distance from the spray core in a different

manner for fuels of different viscosities and volatilities.

A volatile fuel does not receive heat that much more rapidly than
a non-volatile fuel, as would be expected from differences in their
volatility.

Under adiabatic saturation conditions, a non-volatile fuel has as
good a chance, or better, to achieve the combination of temperature
and vapor/air ratio required for self-ignition and rapid combustion.

Physical delay is not a negligible portion of total ignition delay.
It may, in fact, be larger than the chemical delay.

Injection delay may not be of negligible magnitude in an operating
engine.,

While there are some differences in the way in which different fuels
receive heat during spray break-up, major difference between fuels
of varying cetane number lies in the manner in which they release
chemical energy during the very early reactions.

For the same fuel, total physical and chemical delays are smaller
in an operating engine than in a combustion bomb operated at the
highest temperature estimated to exist in the engine.

32. Yu, T. C., Uyehara, O. A., Myers, P. S., Collins, R. N., and Mahadenan,
K. M., "Physical and Chemical Ignition Delay in an Operating Diesel
Engine Using the Hot-Motored Technique," Trans. SAE, Vol. 64, 1956,
pp. 690-702.

Studies of combustion flame temperatures in diesel engines at the
University of Wisconsin had not shown much difference between fuels. Thus,
it was decided to make a detailed study of the pressure change occurring
during ignition delay.
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Ignition delay parameters are as follows:

1. Pressure

Temperature

. Composition of compressed gases
Rate of injection

. Vaporization of inJjected fuel

. Rates of reaction of vaporized fuel

NI =\ O

Because of the small magnitude of the pressure changes being studied
(a maximum of 13 psi with the pesk firing pressure about 1000 psi), the
reproducibility of the engine, instrumentation, and techniques was of
special interest.

Conclusions generated as a result of the testing are as follows:

1. There are small differences between fuels either in injection lag
or in spray break-up time.

2. Once spray break-up is accomplished there are small differences in
the rate at which fuel sprays receive heat from the compressed air.
A volatile fuel does not seem to receive heat more rapidly than a
non-volatile fuel.

3, The larger the cetane number, the smaller the peak value of the
change in pressures between the fired and the unfired cycles.

-4, Once spray break-up has occurred there is eppreciably more variation
in the rate of early chemical reactions than there is in rate of
fuel vaporization.

5. Vaporization of fuel on a weight basis does not seem to be much
more than half completed by the time rate of heat evolution due to
chemical reaction exceeds the absorption of heat due to vaporization.

,53° Mullins, B. P., "Bubble-Points, Flammability Limits, and Flash Points of
Petroleum Products," Combustion Researches and Reviews, eds. B. P. Mullins
and J. Fabri, London: Butterworths Scientific Publ., 1957.

Relationships between the bubble-points,* flammability limits, and flash-
points of a fuel have been demonstrated numerically for four hydrocarbon fuels

*The "bubble-point" of a hydrocarbon fuel is the temperature at which equili-
brium exists between the wholly condensed fuel and an infinitesimal quantity
of its vapor mixed with air in the ratio 1/R. When R is zero, the condition
is known as the normal bubble point, or, in the case of a single pure hydro-
carbon, the boiling point. '
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ranging from aviation spirit to gas oil. The mean molecular weights of the
fuels vapors at the bubble-points have been computed and several nomographic
methods of presenting corrected bubble-point data are outlined with examples.

Weak and rich flammebility limits in air of the four fuels were calculated
over a range of static pressures. The weak limit curve represents the condi-
tions of the closed flash-point test and so by differentiation of the curve,

a flash-point pressure correction factor was obtained for each fuel. Excellent
agreement between theoretical and measured values was found in all cases and .

a simple general rule for estimating flash points is given. Work includes

data for pressures up to 10 atm. (Paper is primarily concerned with prediction
of conditions relative to safe storage of the fuels tested).

3L, Holfelder, 0., "Ignition and Flame Development in the Case of Diesel
Fuel Injection,"” NACA T™ 790, March 1936.

The process of ignition and combustion in the case of spray injection
into heated air was investigated. Pilctures were taken of the spray (500/sec)
while temperatures and pressures were recorded simultaneously on oscillograms.
The delay period was ascertained by a comparison of the pictures taken and
the pressure trace on the oscillograph. Different nozzles and fuels were
used in a cylinder with no turbulence. Precombustion chambers were investigated.

Conclusions are essentially as follows: The variation of the pressure
(rise) in the cylinder depends on the ignition timing and the manner of com-
bustion, which depends on fuel, mixture ratio in cylinder, and physical and
chemical changes before combustion. The author contends that only a portion
of the charge is vaporized, and that this vaporizaetion process is equivalent
to a cracking process, which is not desirable. Also, he contends that in
addition to partial vaporization, oxidation of the hydrocarbons yields unstable
peroxides, the oxidation of which favors ignition.

The report includes an extensive description of the test equipment.
Other test "set-ups" are criticised. The basic parts used were a MAN diesel
- cylinder with windown, an electric air pre-heater, special camera, and
dynamometer-motor combination. The procedure used was to heat the air to
750-840°F, then compress it to 367-L4O psia, and then inject the fuel.

The pictures, taken with the aid of a strobe lamp, are quite clear.

Conclusions. The combustion of fuel sets in at some intermediate condi-
tion between liquid and gaseous phases, starts mostly at the spray edge,
and where atomizationis tnusally fine. The author refutes the idea that
complete or extensive atomization takes place before ignition. After com-
bustion has started, injected fuel burns immediately upon injection into
the combustion chamber. Higher temperatures shorten the ignition lag more
effectively than great air density.
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Tests with a precombustion chamber showed that the preheated chamber
produced combustion that had the energy (almost) of a detonation, and was
very effective in the main chamber. It was estimated thet the flame front
entered the main chamber at a velocity of about 82 ft/sec.

35. Meckel, N. T. and Quillian, R. D., Jr., "CIE Fuel—Iow Temperature
Influence on Injection and Combustion,” SAE paper No. 656A, Jan. 1963,

The paper describes a study to define the influence of low . temperatures
(to -65°F) on CI engine fuel injection characteristics and resulting effects
on engine combustion phenomena.

At high engine operating speeds, viscous fuel formed a normal spray
pattern. As viscosity was increased, the fully developed spray penetration
increased, and the cone angle decreased. Higher viscosity did not change
injection timing with unit injectors, but did with the plunger punp system..

The date show that effects of low fuel temperatures on engine combustion
were minor. Spray characteristics at cranking and low speed operation may
contribute to marginal combustion at low temperatures. The study indicates
theat standard analytical techniques may not adequately predict low tempera-
ture fuel performance.

36. Gerrish, H. C. and Ayer, B. E., "Influence of Fuel 0il Temperature on the
Combustion in a Prechamber CI Engine," NACA TN 565, April 193%6.

Results of experimentation showed that heating the fuel oil to 750°F
increased the injection period, changed the rate of injection, and eliminated
the spray core. Engine tests showed that the ignition lag, rate of pressure
rise, and maximum cylinder pressure were reduced. The IMEP, fuel economy,
and thermal efficiency were slightly increased. Operation of the engine was
smoother, the exhaust clearner, and carbon formation less than when the fuel
was heated to only 124°F.

Because the theoretical constant pressure cycle is more efficient than
the constant volume cycle, the experiment attempted to reduce the ignition
lag through fuel heating so that ignition could be controlled by the injection’
rate. All changes observed were slight.

The ignition lag was dgfined a8 the period between the start of injection
and the time when 4.0 x 107° lbm of fuel was effectively burned as determined
by enalysis of the indicator card.
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37. Nagoo, F. and Kakimato, H., "Swirl and Combustion in Divided Combustion
Chamber Type Diesel Engines," Trans. SAE, Vol. 70, 1962, pp. 680-696.

This paper is a study, using photos taken by the authors, of the swirl
and combustion characteristics of the divided combustion chamber type
diesel engine. The authors were most interested in the physical mixing
of the injected fuel in relation to air swirl, and the various effects of
piston cavity configuration, wall temperatures, and the various types of
"pre-combustion” chamber configurations on combustion in the divided type
chamber engines.
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DROPLET BEHAVIOR

38. Barman, G. L. and Johnson, J. H., "Single Drop Theory Used to Appraise
Injection‘Against Swirl in Diesels," SAE Journal, Vol. 71, April 1963,
pp. 57-60.

Conclusions

1. Air motion induced by the spray must be included in calculations.
This induced air motion increases spray penetration.

2. If the spray axis is directed into the squish area, the motion of
the fuel droplets is but little affected by squish. Fuel vepor
motion may, however, be much affected by squish.

3. Injection of fuel droplets against the swirl is less likely to
cause impingement of the drops on the cylinder wall then would
radial injection, but "piling-up" of the drops may occur, causing
locally rich mixtures, with possibilities of smoke and slow burning.

Discussion

The above conclusions are based on computations, made with various simplify-

ing assumptions with respect to the interaction and behavior of fuel droplets
and the air motion in the cylinder. Curves (polar plots) illustrating the
paths calculated are included, for swirl ratios of 10:1 an engine speed of
1800 rpm, and a mean droplet size of 0.001 to 0,004 in diameter.

39, El-Wakil, M. M., and Abdan, M. I., "Ignition Delay Analyzed from Self-
Ignition of Fuel Drops," SAE Journal, Vol. Tl, April 1963, pp. 42-L5.

Conclustions

An experimental and theoretical study of the self-ignition of individual
drops of pure hydrocarbons subjected to air streams at high temperatures and
atmospheric pressure shows that:

1. The lengths of the physical and chemical ignition delay periods
are generally comparable, although the physical delay becomes
relatively less than the chemical delay at higher alrstream tempera-
tures for the more volatile fuels.
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2. Physical, chemical, and total ignition delays are shorter, the more
volatile the fuel, the smaller the initial diameter of the drop,
and the higher the initial drop liquid and airstream temperatures.
The difference between fuels of different volatilities becomes
less important however, at the higher airstream temperatures.

3. The flame persisted for a short period of extra time after the
liquid had completely evaporated, in almost all cases,

b, Two distinct types of flame were observed. One, occurring at low
airstream velocities, was a diffusion-type flame, which usually
started at the lower end of the drop and then surrounded the drop
'completely, The other, called a detached flame, and occurring in

the case of high airstream velocities, started and stabilized itself

in a narrow plane above the drop. The height of this plane was a
function of airstream velocity. It varied between one and three
incheg. The airstream velocity at which transition from diffusion
to detached flame occurred was determined for volatile and non-
volatile fuels over a wide range of air temperatures. It is
believed that the transition velocity is a function of the flame
velocity. It increased with air temperature, but was rather in-
gensitive to fuel volatility, especially at low air temperatures.

Because ignition in the case of the detached type of flame occurs
at higher values of Reynolds number than is expected in the much
smaller droplets in actual combustors, and because it does not
lend itself to the boundary layer analysis that was used in this
study, the analysis was restricted to diffusion type flames.

Discussion

In general, total ignition delay increases with increasing number of
carbon atoms in the molecule, that is, as the fuel volatility decreases.
Cooling of the core of the injected spray affects the ignition delay in
actual engines. Empirical correlations for diffusion-type flames based on
data of the physical investigation were obtained for physical and total
ignition delay in seconds.

Lo, El-Waekil, M. M., Uyehara, O. A., and Myers, P. S., "A Theoretical
Investigation of the Heating-Up Period of Injected Fuel Droplets
Vaporizing in Air," NACA TN 3179, 195k4.

This report presents a detailed study of the unsteady-state portion
of the total vaporization time of single fuel droplets injected into alr.
Calculations were performed for numerous combinations of fuels, initial
droplet radii, temperatures and velocities, air pressures and temperatures.
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When fuel is injected into a stream of moving air, it leaves the
injector nozzle first as a ligament or sheet after which this ligament or
sheet breakes down into different size droplets originally moving at the
same speed. If the velocity of these droplets is higher than the air
velocity, then they start slowing down relative to the air, with the smaller
droplets slowing down faster, and penetrating a lesser distance while losing
their mass faster and earlier along their travel path. The mass of vapor
given away by each droplet is carried along with the air through the com-
bustion chamber. To this vapor is continuously added the vapor given away
by the larger droplets that have been formed later in time but that reached
that point because of their more rapid and greater penetration.' The total
amount of fuel vapor present at a certain cross section of the combustion
chamber therefore consists of the total vapor given away by all the drops
before reaching that cross section.

Much more discussion is presented relative to droplet motion and mass
transfer. The work is primarily oriented towards conditions existing in the
combustor of a gas turbine engine, but is applicable to conditions in the
diesel engine cylinder.

Some conciusions (deductions) reached by the authors are essentially as
follows: '

1. For the same fuel, the unsteady state becomes relatively larger in
magnitude with respect to the total veporization time the higher the
air temperature.

. 2. For the same temperatures, the unsteady state is relatively larger
in megnitude with respect to the total vaporization time the
higher the volatility of the fuel.

5. High volatility fuels have lower wet bulb temperatures for the
same air conditions.

L, At relatively low air temperatures extremely low volatility fuels
have wet bulb temperatures close to the air temperatures and spend only
a very small portion of their vaporization time in the unsteady state.
At high air temperatures however, the difference between the air
and wet bulb temperatures increases.

5. For any one fuel the wet bulb temperature is higher the higher the
air pressure or temperature.

Numerous curves were generated as a result of the theoretical analysis.
In order to confirm the conclusions reached, experimentation was conducted,
and the results are contained in the paper.
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L1. Wright Air Development Center Technical Report 56-3L4L, ASTIA Document
No. AD 118142, "Injection and Combustion of Liquid Fuels," Battelle
Memorial Institute, March 1957.

Chapter 18 - Droplet Combustion, by A. Levy

The combustion process in a liquid fuel-vaporized fuel-gir mixture
is far more complex than that in a homogeneous fuel-air mixture. Part of
the combustion may take place between the vaporized fuel and extremely
small droplets, and the air, and fuel in large droplet form may burn as
individual diffusion-type flamelets. The discussion of the burhing of
droplets is therefore introduced by a short review of the information in
Chapters. 4 and 10 on some of the effects of the size distribution of the
droplets. The various theories of droplet combustion, which are closely
related to theories of evaporation, are then considered. The chapter is
concluded with a review of the experimental results on flammability limits
and propagation rates in fuel mists, and the effect of the physical properties
of fuel sprays in flame stability limits in high velocity streams.

Studies of droplet combustion disclose the two parts of combustion delay,
the physical delay of evaporation and the chemical delay associated with pre-
flame reactions. Three combustion zones occur in such a process:

1. There is the preflame zone where intermediate oxidation products
are formed. Cool-flame radiation from the activated formaldehyde
occurs here also.

2. There is the flame front where the fast reaction occurs. The delay
here is a function of the temperature, pressure, and reaction mechanism.

3%, There is the main flame where the unevaporated fuel eventually
vaporizes and ignites. This flame region depends upon the drop-
gize distribution for its total flame length. To date, there has not
been sufficient effort placed on the burning in this last region.

A mathematical analysis of the burning rate ylelds the conclusions-
that to increase the burning rate it is necessary to:

a. increase the flame temperature

b. decrease reaction zone thickness, that is, increase diffusion
rate of the fuel, or increase reaction rate, or decrease the
radius of the drop.

¢. 1increase the thermal conductivity

d. decrease the latent heat of evaporation of the fuel.
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The effect of turbulence on droplet combustion would probably be to
increase the rate of combustion due to additional heating by convection.
Howewver, in the case of small droplets, turbulence would not be likely to
have a large effect, since the relative velocity of the air would not be
very much greater than that of the drop, and would tend to move the drop
with it. Burning times for kerosene droplets with diameters of 10 to 50
microns is estimated to be in the range of 102 to lO“LL seconds, and 50 taq
100 microns roughly in the range of 10™ " to 10°“ seconds.

Chapter 19 - Diffusion Flames, by A. Levy and A. A. Putnam.

Combustion in an atmosphere containing products of combustion, to some
extent, either through the combustion process proceeding, or through incomplete
scavenging, has a large effect on the efficiency of the over-all combustion
process:

1. A sharp lowering of the flame temperature, especially in rich
mixtures where more oxygen 1s needed for complete combustion. A
corollary to this is the reduced efficiency in the evaporation of
the fuel spray.

2. Cracking and polymerization is increased. Ordinarily, a certain
amount of cracking occurs in the primary zone. This is actually
beneficial, since the cracking produces volatile hydrocarbons.
But the lack of oxygen reduces the benefit of the cracking and
permits more polymerization.

- 3. The limits of flammability are reduced.
Note: Although this pubilication is primarily directed towards gas turbine
combustion, since the combustion in the combustor is of the fuel-injection,

heterogeneous mixture process, much of the bagic research, findings, and
theory are applicable to diesel combustion.
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HEAT RELEASE DURING CUMBUSTION

b2, Iyn, W. T., "Study of Burning Rate and Nature of Combustion in Diesel
Engines,” Ninth Symposium (International) on Combustion, New York:
Academic Press, 1963, pp. 1069-1082.

The burning rates in diesel engines are studied in detail and the rate-
controlling factors are examined in this paper. Chemical kinetics based
on activated collision could not play a part because otherwise 'the whole
process would be very temperature sensitive, and this is not consistent with
results obtained from experimental investigation, according to the author.
The temperature drop during the expansion stroke would demand a drop in
burning rate far greater than is shown by experiment, while the proportional
increase in burning rate with engine speed cannot be accounted for by the
small increase in cycle temperature. The major factors affecting the burn-
ing rate are injection rate, engine speed, and combustion chamber design,
all of which directly affect mixing. The burning processes in a direct
injection diesel engine generally may be divided into three phases as follows:

1. 1lst Phase: The premixed part of the fuel jet burns with a non-
luminous flame, and this phase exhibits the highest burning rate.
It lasts for only 5-7° of crank angle rotation.

2. ©2nd Phase: In this phase about 80% of the heat is released in
a period of some 40° crank angle rotation, and the burning rate
exhibits a general decay~~this phase is characterized by a
diffusion flame.

3, 3rd Phase: This low rate burning may last throughout the remainder
of the expansion stroke and contributes only some 10% of the total
heat released. The nature of the combustion is not clear, at present.

In order to obtain data for this investigation, a single cylinder,
direct injection engine (4.5 in. bore x 5.5 in. stroke) is instrumented so
that the rate of injection may be calculated from needle 1ift (orifice area)
and pressure drop across the orifice, while burning rate is calculated from
measured cylinder pressure and engine geometry. A second engine, equipped
for Schlieren photography, was used to study air movement and combustion
control through variation of compression temperatures and pressures.

The paper discussed in detail the affects of combustion chamber design,
and postulates on the source of the heat released in the "tail" of the heat
release (burning) diagram as well as the effects of load, speed, and timing
on the burning rate within the cylinder.
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43. Austen, A. E. W., and Iyn, W. T., "Some Steps Toward Calculating Diesel
Engine Behavior," Trans. SAE, Vol. 70, 1962, pp. 526-550.

The authors desire to perfect ways of predicting the behavior of
diesel engines from given engine geometry to obtain optimum performance of
the engine and to determine the injection equipment that will give the
desired performance. They developed a means of calculating the injection
characteristic (fuel flow vs. crark angle diagram) from the injection equipment
geometry, completely described in other papers. A (Leo) computer program has
been developed, and the correlation between the predicted and observed per-
formance is quite close.

In this study, the authors investigated the relationship between the
rate of heat release and the shape of the cylinder pressure diagram and
cycle efficiency. Since little is known about the form of heat release
diagrams of actual engines, or the amount of heat transferred during the
combustion period, it was decided to assume some simple geometrical forms
of rate-of-heat-release and then calculate the resultant cylinder pressure,
cycle efficiency, rate of pressure rise, and peak pressure. Various
simplifying assumptions are made to facilitate the calculations. Calculated
curves presented relate cylinder pressures as function of crank angle and
timing of injection for the various heat release diagrams chosen. In addition,
curves are presented for cycle efficiency, maximum pressure, and rate of
pressure rise for various compression ratios.

Conclusions reached are as follows:

1. lLate timing generally results in a reduction of both maximum
pressures and rate of pressure rise, most pronounced with a sloping
rate of heat release (b. or c.).

2. Cycle efficiency increases with advanced timing.

5. Peak pressure and maximum rate of pressure rise increase with an
increase in compression ratio.

L, TFor a given heat release diagram, there is an optimum peak cylinder
pressure above which no gain in efficiency can be expected.

5. In general, optimum peak pressures for 15:1, 20:1, and 25:1 CR's
are 1000, 1500, and 2000 psi respectively.

6. There is little advantage to be gained by burning fuel in a
period shorter than 40 degrees of crank angle.
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Other conclusions and/or observations are presented. Comparison with
actual engine test shows good correlation with the theoretical calculations.
If the heat release diagram were known specifically for a given engine,
much could be predicted. Optimum heat release would be within Lo degrees
crank angle rotation, with the peak pressure maintained to the end of the
heat release period (which is not a physical possibility, as described).

The authors then attempted to determine the relation between injection
characteristics and the heat release diagram desired. An engine and photo-
graphy were used in this phase of the project, in conjunction with the
previous calculations. Their results show three phases of combustion:

1. The initial phase, with a high rate of heat release (5 deg.)
2. A gradually decreasing rate of heat release (40 deg.) with
some 80% of the heat released in this phase.
3., The "tail", with small, but distinguishable rate of heat release.
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Although the rate of pressure rise should theoretically increase with
the amount of fuel evaporated and mixed during the delay period, the experi-
mentally determined points do not accurately portray this as they are quite
scattered. An ultimate objective of this work was to predict the cylinder-
pressure diagram. Because the test results were almost unbelievably close,
in order to support their work, the authors have formulated an "interim"
hypothesis of the combustion process, which is essentially as follows:

1. The first period is burning of homogeneous mixtures found. locally
within the cylinder (non-luminous).

2. The second period consists of Jets of fuel burning as turbulent
diffusion flames (predominantly displaying radiation from carbon
particles),

3, The "tail" of the combustion process is the burning of small
carbon particles; the unburned part of which join (condense or
coagulate) when cooled during exhaust to form smoke.

The above paper was essentially a formulation of information contained
in the following papers, plus other information current at that time.

L, The Institution of Mechanical Engineers, Proceedings of the Automobile
Division, 1960-61.

1. Knight, B. E., "Fuel-Injection System Calculations."
~ 2. Iyn, W. T., "Calculations of the Effect of Rate of Heat Release

on the Shape of Cylinder-Pressure Diagram and Cycle Efficiency."

3, Austen, A. E, and Iyn, W. T., "Relation Between Fuel Injection
and Heat Release in a Direct-Injection Engine and the Nature of
the Combustion Process.”

L. Priede, T., "Relation Between Form of Cylinder-Pressure Diagram
and Noise in Diesel Engines.”
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"M-SYSTEM" OF COMBUSTION

45, Meurer, J. S., "Evaluation of Reaction Kinetics Eliminates Diesel
Knock ~the-M-Combustion System of MAN," Trans. SAE, Vol. 64, 1956,
pp. 250-272.

According to the author, there are two phenomena in diesel combustion
that cause the most trouble and which we desire to eliminate:

1. .Combustion noise, a more or less intense knocking depending on
the fuel properties.

2. Exhaust smoke which develops before excess air is fully used up.

Reaction kinetics provide the basis for deriving a few rules to observe
in order to eliminate the above characteristics of diesel combustion:

1. Minimize the portion of fuel involved in autoignition
2. Allow fuel to oxidize gradually and try to heat fuel and air together
3, Mix fuel and hot air fast enough to effect a stoichiometric air/fuel
ratio before ignition starts, and make sure no more fuel is mixed
at any time than can burn with a permissible pressure rise.

The author then analyzes his engine design to show how it accomplishes
the above objectives by injection of a film of fuel onto the wall of the
combustion chamber (dome of the piston) with consequent vaporization of the
fuel due to the combined effects of heat transfer to the fluid film from the
hot wall surface and air velocity due to swirl of the inducted air, imparted
by a masked valve.

L6, Meurer, J. S., "Multifuel Engine Practice," Trans. SAE, Vol. 70, 1962,
pp. 712-728,

The combustion process in a diesel engine is represented as follows by
the author:
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Injection

Ignition Lag
—— Heterogeneous Atomized Mixture
Partial Eveporation

Combustion

Pre-decomposition - oxidation - free radicals + O
Peroxide Radicals
Peroxide Fission
H-O Radicals
Chain Reaction Cracking through thermal decomposition
Soot

Thermal decomposition
Ketones
Olefins
Aldehydes

High compression temperatures and ratios are needed to produce a
sufficiently rapid molecular decomposition of the fuel which tends to slow
down excessive reaction rates because the surface of injected droplets has a
tendency to be enriched with oxygen. This leads to a surprisingly high
initial rate of combustion which is even higher than for homogeneous gas
mixtures. The oxygen enrichment on the droplet surface leads either
directly to peroxide formation at the interface around the droplet, or
certain free radicals which are formed during the oxidation process which
adsorb another oxygen molecule forming peroxides. Since peroxides are
unstable and tend to form free radicals (particularly under the prevailing
pressure and temperature conditions), the development of rapid chain
reactions cannot be avoided. The heat from the initial spontaneous reactions
overheats those parts of the fuel droplets which did not participate in the
initial oxidation which leads to cracking of the original fuel molecules into
molecules with smaller numbers of carbon atoms, exhibiting small reaction
rates and leading to soot formation. The initially rapid reaction is sustained
by fuel molecules whose reaction rates are continuously decreasing due to de-
composition. Thus, the diesel engine "molds" its fuel in such a way that
the initially explosive reactions are subsequently converted into slow com-
bustion, at the expense of smoke in the exhaust.

1

L7. Hussmann, A. W. and Maybach, G. W., "The Film Vaporization Combustor,'
Trans. SAE, Vol. 69, 1961, pp. 563-5Tk.

The author first compares the two present methods of preparing the
air/fuel mixture for use in an internal combustion engine; the carburetion
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process which renders a premixed flame comparable to a bunsen burner flame,
and the injection of atomized fuel droplets resulting in a diffusion flame.
He then notes that premixed flames are essentially free from formation of
solid carbon particles as intermediate combustion products, while diffusion
flames produce a considerable amount of carbon in the intermediate stages
of the combustion process. If the combustion zone of the idffusion flame
1s sufficiently large and hot, and if sufficient oxygen is available, then
the carbon will burn. If the diffusion flame is quenched, or if not enough
oxygen is present, then smoke and carbon deposits will result, the amount
dependent on the fuel used.

He states that the ideal mixture formation is the intimate molecular
mixing of hydrocarbon molecules with the oxygen molecules in the combustion
alr. With the finest fuel atomization possible, a droplet of only 50 microns
in diameter still contains about 2 x 104 molecules of fuel (M = 196).

The "M-System" of combustion is then reviewed, and the application of
this system to turbine combustor combustion is discussed, along with the
advantages and disadvantages of this application. The specific problems
of fuel vaporization are discussed, and are essentially as follows:

1. The attachment of liquid films onto the inside wall surfaces -

in the presence of high velocity gas streams...
2. The spread of such films
» The stability behavior of such films
The problem of simultaneous heat transfer and mass transfer between
a high temperature, high velocity gas stream and the liquid film
(there is an optimum temperature for wall surface, slightly above
the vaporization temperature of the main fuel fraction; higher
temperatures not only slow down the rate of evaporation due to
the Ieiden frost phenomenon but may lead to partial cracking of
overheated fuel vapors and consequently slower rates for later
combustion).
5. Flame stability.

= W

"Blue flame" combustion could be maintained for air/fuel ratios of
L2.67:1 for air pressures in of 30 psia and 50-75:1 for air pressures of
LO psia. The air temperature in the 345°F. If the combustion products
were recirculated beyond a critical time in the combustor, the flame would
become strongly luminescent, showing that the fuel vapors were béing cracked,
hence slowing down the combustion reaction.
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ACCUMULATOR NOZZLE SYSTEM

4L8. Hooker, R. J., "Orion, A Gas-Generator Turbocompound Engine," Trans.
SAE, Vol. 65) 1957, pp. 293-350.

The objectives of designing the accumulator nozzle system are as
follows: \

l. To reduce the duration of fuel injection into the cylinder for a
given quantity of fuel.

2., To isolate from the injection process the influence of the volume
of tube between pump and nozzle.

3. To increase the fuel pressure, on which control of injection is
dependent, without overloading the pump-drive mechanism.

L, To increase initial fuel-flow rate so that a greater percent of fuel
might be burned at a constant combustion-chamber volume.

5. To eliminate pump delivery wvalves.

6. To enable use of an eccentric cam.
"T. To extend the pumping over a larger camshaft angle.
8. To eliminate the need for a leak-off line.

9. "To use somewhat smaller injection tubes since the charging rate is
much reduced.

The principle of operation of the accumulator system is that the stored
energy in the compressed fuel provides the potential energy for injection of
the fuel into the combustion chamber. As the pump plunger reciprocates through
the total stroke as indicated, the helix at the top of the plunger will cover
the filling-line hole, trapping a volume of fuel. The trapped volume of fuel
is a function of the angular position of the helix. As the plunger continues
to lift, the fuel is pumped through the injection line into the nozzle body.
Pumping continues until the spill edge at the bottom of the plunger matches
the spill hole, at which time the pressure is relieved in the plunger-barrel
volume and the injection line.

Initially, the spring holds the needle on its seat at the nozzle tip,
and the cuff on its seat at the nozzle top. When pumping starts, the cuff
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is lifted from its seat, and fuel flows into the nozzle body; in accordance
with the compressibility, the pressure of the fuel within the nozzle is
increased. When fuel delivery is interrupted by spilling of the injection
lined, the cuff returns to its seat retaining the pressure within the nozzle.
Since the fuel pressure times the area is greater than the spring force, the
needle is thereby forced upward opening the spray orifice for the injection
of the fuel.

Flow continues until the pressure within the nozzle body is less than
that required to overcome the spring force, at which time the needle closes.
The cycle is then complete and ready to be repeated. '

While the quantity per injection is a function of the plunger angular
position, the beginning of injection is controlled by the position of the
“spill edge" on the plunger.
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