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PREFACE

In this study, the term lean mixtures refers to fuel-air mixtures
containing air in excess of that required to form a stolchiometric mixture.
Two aspects of engine operation with lean mixtures were studied: 1) the
effect of engine variables on the lean limit or minimum fuel-air ratio
for steady firing, and 2) the performance of the engine operating with
lean mixtures.

An analytical study of the factors determining the lean limit
was made. On the basis of published data on lean limits it was concluded
that in a mixture of fuel and air, the minimum fraction of fuel necessary
for flame propagation was a linear function of the temperature of the re-
actants and independent of the pressure.

Measurements of the lean limit were made in a single-cylinder
CFR Engine operating at compression ratios of 7, 10, 15, and 16 with
propane gas as the fuel. The intake pressure was varied from seven
psia. to 19.4 psia., and the intake temperature from 100°F to 300°F.

It was found that for steady firing to occur, the minimum fraction of
fuel required in the charge in the engine cylinder was a linear func-
tion of the compression temperature and was independent of the compres-
sion pressure of the engine. The lean limit predicted in the analytical
study was about 35 percent leaner than the minimum fuel-air ratio for
steady firing.

The performance of the engine operating with propane-air mix-
tures ranging from stolichiometric to the lean limit was also investi-
gated. The engine was operated at part throttle at compression ratios
of 5.5, 7, 10, 13, and 14.9 and at a speed of 1200 rpm. with m.b.t.
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ignition timing. It was found that the ignition had to be advanced as
the mixture was made leaner. The thermal efficiency of the engine in-
creased gradually as the mixture was made leaner over most of the fuel-
air ratio range. The maximum thermal efficiency was about five percent
greater than the efficiency obtainable with a stoichiometric wixture.
The fuel-air ratio at which maximum efficiency was reached varied from
80 percent theoretical fuel at a compression ratio of 5.5 to 70 percent
theoretical fuel at a compression ratio of 14.9.

Pressure-time diagrams were obtained for use in studying the
combustion characteristics of lean mixtures in the engine. Two phases
of the combustion process were distinguished: a delay period and a
pressure rise period. The delay period, an interval of one to seven
milliseconds duration between the occurrence of the spark and the first
noticeable pressure rise, was found to increase as the mixture was made
leaner and as the compression ratio was decreased. The duration of the
pressure rise period was five to seven milliseconds, increasing as the
mixture was made leaner, but nearly independent of the compression ratio

Conclusions to be drawn from this investigation are:

1. The minimum fraction of fuel in the charge is a linear
function of the compression temperature but is indepen-
dent of the compression pressure.

2. The maximum thermal efficlency obtained with the engine
énd fuel used in this study was realized when the mixture
contained 70 to 80 percent theoretical fuel, depending
on the compression ratio. The maximum thermal efficiency
was about five percent greater than the thermal efficiency

obtained with a stoichiometric mixture.
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3. The pressure rise resulting from combustion of a lean
fuel-alr mixture is preceded by a delay period varying
from one to seven milliseconds, depending on compres-
sion ratio and fuel-air ratio. The increase of the de-
lay period makes it necessary to advance the ignition
timing substantially as the mixture is made leaner.
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INTRODUCTION

The spark-ignition engine has been under constant and intensive
development for nearly 60 years. Today there remains wide interest in
modification of the design of spark-ignition engines to improve their
performance. Increasing the compression ratio is one effective way to
increase the power and efficiency of engines(Bﬁll’lS) provided suitable
fuel is available. Since the maximum compression ratio of current com-
mercial gasoline engines is approximately ten, information concerning
the operating characteristics of spark-ignition engines with compression
ratios greater than ten should be of immediate interest.

In this study the use of lean fuel-air mixtures in high com-
Pression ratio engines was investigated. The term "lean" is applied to
fuel-air mixtures containing air in excess of that theoretically required.
The term "lean limit" is used to refer to the fuel-air ratio of the lean-
est mixture which would fire steadily in the engine. In reference to
work of other investigators in combustion bombs or tubes, "lean limit"
means the leanest mixture through which flame propagation is possible.
Two aspects of the use of lean mixtures in an engine have been studied:

(1) the effect of changes in the compression ratio on
the minimum fuel-air ratio for steady firing, and

(2) engine efficiency and performance with lean mixtures.

A rational explanation for the effect of compression ratio on
the minimum fuel-air ratio or lean limit was sought in the known effects
of the compression ratio on the state of the charge in the engine cylinder
at the time of ignition. The effects of the compression ratio and inlet
conditions on the state of the charge have been determined quantitatively
by several investigators.(1%,17,23,24,96,98,99) 1p addition,
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raising the compression ratio results in increasing the surface-volume
ratio of the combustion chamber, thereby changing the flame quenching and
heat transfer properties of the chamber. Changing the compression ratio
may also have some effect on the amount of turbulence of the mixture.
Finally, the amount of residual exhaust gas remaining in the cylinder is
reduced as the compression ratio is.raised(17’25). The residual exhaust
gas has at least two effects on the charge: namely, the charge is diluted
and the temperature of the charge is raised.

An analysis of the effect of temperature, pressure, and dilution
on the lean limit is discussed in Chapter I. This analysis is based on a
thermal theory of flame propagation; it is postulated that flame propaga-
tion is possible only if the adiabatic flame temperature of the mixture
exceeds a threshold temperature of about 3100°R. On the basis of this
postulate, the minimum percentage of fuel in the charge 1s shown to be a
function of the temperature of the mixture but not a function of the pres-
sure of the mixture. Published data of other investigators sﬁpporting
these conclusions are presented.

The lean limit for steady firing of propane-air mixtures was
measured in a CFR engine. A variety of tests, discussed in Chapter III,
were designed and garried out to show the separate effects of the igni-
tion system, the charge pressure, the charge temperature, and finally,
other important factors arising from increasing the compression ratio.
In analyzing the results of these tests the residual exhaust gas was
treated as an inert diluent having the measured exhaust temperature be-
fore dilution with the fresh fuel-air mixture; The amount of residual

exhaust gas was not measured, but calculated on the basis of an idealized



mixing process. The results of the tests are compared with the lean limit
equation developed in Chapter I.

In general, lean mixtures may be expected to have unfavorable
combustion characteristics in that the flame speed is lessened as the
mixture is made lea.ner(5895997o)e However, it is also true that the
temperature of the charge after combustion is lower when a lean mixture
is used and the heat loss to the combustion chamber walls is therefore
reduced. In addition, the deleterious effects of dissociation and vari-
able specific heats are reduced by the lower temperature of the combus-
tion products. Several investigators(uﬁ6ﬁ7f1292&) have attempted to cal-
culate the thermal efficiency of an engine on the basis of an Otto cycle
carried out with real gases., David and Leah(u) made allowance for heat
transfer in calculating thermal efficiency. In all cases, the thermal
efficiency was shown to increase as the mixture was made leaner. How-
ever, it was assumed that combustion took place at constant volume in
all cases, an assumption that was found to be invalid when lean uixtures
are considered, particularly at high compression ratios. Consequently,
it is not immediately evident from the above studies whether the thermal
efficiency of the engine will increase or decrease when the mixture i1s
made leaner.

It- would therefore be desirable to make an analytical study
which would include the effects of actual combustion rates on the ef-
ficiency of internal combustion engines. The necessary data for making
such a study are not available at the present time, however. First, it
has been shown that combustion in an engine is promoted considerably by

turbulence of the charge, but little information as to the turbulence
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in a high-compression CFR engine is available. It is not known if the
residual exhaust gas from the previous cycle is homogeneously distributed
in the charge at the time of ignition. In addition, data on combustion
rates at engine pressures and temperatures are lacking and variatlons in
combustion rate from cycle to cycle have not been explained. This lack
of information essentially precludes a more detailed analytical study of

the effect of lean mixtures on engine performance.

Engine tests with lean mixtures, reported by prkinson(T) in
1908 and by Ricardo<2o) in 1923, have shown that by making the mixture
leaner than the stoichiometric ratio, a small increase in thermal ef-
ficiency can be obtained. Burstall(l’2) has reported that further tests
with the Ricardo E-35 engine operating at several compression ratios
from four to eight with a variety of fuels showed that the maximum ef-
ficiency was reached at a fuel-air ratio appreciably leaner than stoilchio-
metric and was atout seven percent higher than the efficlency obtalned
with a stoichiometric mixture. Additional data by Paul -and Hﬂmﬁhreys(18),
obtained with a CFR engine at compression ratios of six to twelve; also
showed that the maximum thermal efficiency was attained with a lean mix-
ture and that the optimum fuel-air ratio became leaner as the compression
ratio of the engine was increased.

In Chapter IV, experimental data are given concerning the effect
of fuel-air ratio on engine performance factors, such as power cutput,
ignition timing, exhaust temperatures, and efficiency. These data cover

compression ratios from 5.5 to 14.9 with the engine operating at part

throttle at a speed of 1200 rpm., using a commercial propane fuel.



In Chapter V, a discussion of some combustion characteristics
of lean mixtures is given. Pressure-volume diagrams obtained from the

engine are used as a basis for this discussion.



CHAPTER I

THEORY OF THE ILEAN LIMIT

A. Basis for Lean Limit Equation

It has been observed that many fuels possess a lean limit, that
is, a minimum fraction of fuel in a fuel-oxidizer mixture for which self-
sustaining flame propagation is possible. One of the earliest measurements
of the lean limit of a hydrocarbon burning in air was made by Davy(55>
in 1816, At this time Davy advanced the theory that flame propagation
is possible only in those mixtures having a heating value sufficient to
produce a flame temperature at least equal to the "ignition temperature”.
This theory was supported by the observation that addition of inert
diluents or cold metal plates narrowed the range of fuel-oxygen ratios
that formed combustible mixtures. - Subsequently, IeChatelier and
Boudouard(uoful) observed that in the case of light hydrocarbons burn-
ing in air, the heating values of all lean limit mixtures were approxi-
mately the same. They also observed that this lean-1limit heating value
decreased as the initial temperature was raised. Burgess and Wheeler(51>
observed a similar constancy of mixture heating wvelue in 1911, and made an
attempt to calculate the lean limit on the basis of a measured lgnition

temperature. The calculated lean limit was found to be far leaner than

that actually observed, however.

In 1948, Egerton and Powling(38) pointed out that the adiabatic
flame temperature for a given hydrocarbon was very nearly constant at
the lean limit, regardless of dilution with inert diluents or elevation
of initial mixture temperature. This conclusion is compatible, or course,

with the previously observed constancy of heating value of lean limit

-



mixtures. In the case of methane, the adisbatic flame temperature at the

lean limit was found to be 2700-2800°R when the flame propsgated upward.
On the basis of the work of the above investigators it appears

that the important factor determining the lean 1limit is a temperature

threshold which mus*% be reesched in the flawme zone. For the oxidation

of methane and similar light paraffins, this threshcld seems to be

located at about 3000°R as will be shown later.

B. Development of Iean Limit Equation

In order to evaliuate the effect of changes In the physical
properties of the mixture of reactants on flame propagaticn, recourse
was taken to the thermal theory of deflagrations developed originally

by Msllsrd and Ie Chatelier(59f65’66)o Briefly stated, this theory

exists for any combustible mixture and that the mechanism of flame
propagation involves heating the mixture just ahead of the flame, by
thermal conduction, from its original temperature to the thresheld
temperature, after which the material so heated burns and heats more
of the mixture. This theory permits é calculation of the laminar flame
speed if the physical properties of the mixture, such as specific heat,
calorific value, thermal conductivity, and density are known. Consider-
ing that the physical properties of the mixture of reactants must be
such that the flame speed is greater than zerc, the flame speed equation
can be used to determine the flame propagation limits.

In the discussion which follows, the development of the flame
speed equation will be cutlined briefly and this egquation will be ap-

plied to the problem of determining the lean limit.
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1. The Flame Model

It is convenient, for purposes of analysis, to consider a
stationary flame burning in a flowing stream of gas, in the mammer of
o Bunsen burner flame. Unlike the Bunsen burner flame, however, the
flame considered here is flat and perpendicular to the gas stream, and
the cross-sectional area of the gas stream 1s constant (see Figure 1.1).
A mixture of reactants is supplied from the left at an initial velocity
corresponding to the normal flame prdpégation velocity, the products
flow away to the right. There is nd‘heat transfer between the gas
stream and the surroundings.

The flame consists of two important zones: the preheat zone
and the burning zone. The conversion of chemical energy to sensible
form by combustion is confined to the burning zone. In the preheat
zone, just ahead of the burning zone, the mixture is heated by ﬁhermal
conduction only. .The boundary between the zones, called the flame front,
is taken as the reference point for measuring distances.

The temperature at the flame front is called the "threshold
temperature" or "ignition temperature". In general, thermal theories
of flame propagation are predicated on the existence of a definite
"threshold temperature" which is assumed to be a constant for combustion
of a given fuel. Flame propagation 1is, theroetically, dependent on the
ability of the flame to preheat the reactants to the "threshold tempera-
ture".

Tt is also assumed that the gases involved in the combustion
process are ideal and have constant specific heats and constant thermal

conductivities. Pressure varlations are neglected.
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-10-

2. Development and Solution of Flame Propagation Equations

a. General Fquations

Under the assumptions outlined above, continuity of mass can be

expressed as:
PV = oV (1.1)

Furthermore, conservation of energy occurs in each element of the mixture

passing through the flame front, so that

o (a¢1) VF(hrp)2l - pic (
P = pdT 1.2)

I + P RP/ % /° dx (

Net rate of Rate of sensible Rate of increase

energy gain energy increase in enthalpy of

by conduction * due to chemical = element

of heat reaction

By combining Equations (1.1) and (1.2), and taking A and Cp to be con-
stant, the following general equation, to be applied with proper boundary

conditions, is obtained:

2 IV} Y] |
d°T _ Vs dT _ Vs (Fhep)dt -
dx2Z = dx oc(cp )5x = 0 (1.3)

A solution to this equation will relate the flame speed to the properties
of the fuel-air mixture, apd can be used to determine the range of con-
ditions under which the flame speed will be positive and flame propaga-
tion therefore possible. .Such a solution can conveniently be expressed
in terms of two parameters, the velocity parameter %f and the enthalpy
parameter % , which are given as follows:

_ Vs Xp _"Fhep (1.4)
V= i Cp(T+-Tp)
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A limited amount of physical significance can be ascribed to
these parameters. The velocity parameter 92/ is a dimensionless expres-
sion relating the flame speed to the thermal diffusivity of the gas mix-
ture. In essence, the velocity parameter is a ratio of the rate of ab-
sorption of heat by the reactants prior to combustion to the rate of
conduction of heat to the reactants.

The enthalpy parameter ?# ig a ratio of the enthalpy of com-
bustion per unit mass of mixture to the heat absorbed by a unit mass of
reactants in passing through the preheat zone. The physical signifi-
cance of these parameters is not important to the solution of the flame
propagation equation; these parameters are introduced here mainly as a
matter of convenience.

In obtaining a solution to Equation (1.4), it is necessary
to express the reaction rate é%%ﬁ in terms of the distance x and
the local temperature T. At the present state of knowledge, it is
not possible to represent the reaction rate in a form which will per-

mit an analytical solution to be obtained, and various approximations

are therefore used.

b. Solution 1 --Mallard and Le Chatelier(63:66)

This solution is based on the assumption that the temperature
gradient at the flame front is proportional to the difference between

the threshold temperature T and the final temperature Tp, that is

dT - Te-To

dx,xzo Xp



where X, includes a constant of proportionality. In addition,

lim T
X—> - oo

lim EE
dx

]
H
oe)

]
O

X=>» =0
Under these boundary conditions, a solution can be obtained in the following

form:

’}?[ = 62/+ ] (l°5)

(24)

c. Solution 2 --Tanford and Pease

This solution represents a limiting case where the reaction

rate dA increases rapidly with temperature. The basic assumption

d7r

here is

dh
dT

that is, the amount of heat release is negligible except when the final

= 0 when x< xp,

temperature Tp 1s approached. Additional boundary conditions are

lim T = TR
X = - &0
lim EE = 0
dx
X —> - O0
lim T = TP
§<—>~Xb

In the region x<xp, Equation (1.3) becomes

P Vs dT
X< < dx

o
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Under the boundary conditions given, the solution to this equation,

in dimensionless form, is

H = e (1.6)

d. ©Solution 3 -- Tanford and Pease(gh)

This solution represents a limiting case in which the reaction

rate is independent of temperature:

;J_J;:O when -X< O

d x

Sl—j—L: L when (O0=Xx=X

d X b b
In addition

lim T = TR

X == — 00

1im &L - o

dx
X => - 00

T = Tp when x = Xy

The solution obtained in this case is

ol = ”?/__W. (1.7)

l1-é
Three solutions to the general thermal equation for flame
propagation have been presented above. These solutions all represent

approximations to the real situation. It will be noted that these

solutions result in flame speed equations which are quite similar in

form and which can be summarized as follows:

U = (V) (1.8)
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where f(?/) is the appropriate function of U,

The relationship between 2 and ¥ is shown in Figure 1.2,
where the three solutions obtained above are plotted separately. It
will be observed that the parameter 7¥ increases when %/ is increased
in all cases, the rate of change of ‘%L being somewhat dependent on the
form of the solution. The curve corresponding to Solution 1 lies between

the curves corresponding to the bracketing solutions 2 and 5 respectively.

3, lLean Limit Equation

The relationship between 3yﬁ and ?# , shown in Figure 1.2,
may be examined for evidence of a leap limit, that is, a minimum value
of ?# . If it is assumed that the true curve relating YV and 7¢-5
though not precisely known, falls between Solutions 2 and 3, it is seen
that @ decreases continuously with decreasing ”v .

The actual minimum value of the parameter 2 is not known.
However, A cannot be negative since it is a product of the factors
Vs, Xy /)9 Cp, and 1/13 all of which are inherently positive. The
fact that %2 is restricted to positive values means that the lowast
possible limit of the enthalpy parameter §¥ is one (see Figure 1.2)
and therefore an absolute lower limit for the mixture strength is
determined. From Equation (1.4) the mixture strength Fy, corresponding

to @# = 1 is given as

Tm = T
Fy = gP._E_q_;E
~hRp

or (1.9)

F1, (-brp) L TR
Cp T T
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Equation (1.9) indieates a linear relationship between the initial
temperature TR and the minimum mixture strength Fr.

It should be made clear that the above development is in-
tended to show that flame propagation is not possible in mixtures.
leaner than the limiting mixture strength Fr. It does not neces-
sarily follow from the above discussion that flame propagation is

possible in all mixtures richer than Fi,.

C. Supporting Evidence for Lean Limit Equation

The lean limit Equation (1.9) has been developed from very
elementary flame propagation theory. It is well known that the wech-
anism of the propane-oxygen reaction is very complex and not fully
understood. In view of the simplifications which were made, it re-
mains to be demonstrated that Equation (1.9) is an adequate represen-

tation of the behavior of the physical system.

L. The Threshold Temperature

The threshold temperature indicates a point of transition

from the preheat zone to the burning zone. -Since the temperature
rise in the burning zone is due primarily to combustion, rather than
thermal conduction, a change in the temperature profile of the flame
should occur at the point where the threshold temperature is reached.
In addition, it will be seen from Equation (1.9) that the adiabatic
flame temperature of a lean limit mixture will be equal to the thresh-
0ld temperature. The magnitude of the threshold temperature can be
Jjudged from several sources of published datas

a) Temperature profiles of flames have been measured with very
fine thermocouples, as well as by optical and spectroscopic means(495552

55956’57’6O)q ‘The point where combustion begins is not clear upon
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direct examination of the measured temperature profiles, and two methods
of analysis for determining this point have been used. In both cases,

the general Equation (1.3), has been integrated to the form

Vs (+_ Us ( F hpp\ L
= (T-Tr) + 5(28) (1.10)

In one method of analysis(49)55’55ﬂ56)) %% and T were taken
from the measured temperature profile and VS was separately measured.
The value of the last term, indicating the extent of chemical reaction,
was then calculated as a function of x.

In the second method of analysis(57’6o>5;Equation (1.10) was

rearranged and integrated once more:

a7  _ Vs Vs Fhgpdt
T-Te o< dx o< CP(T’EO dx
V. h
n (T-Tg) = 58 x + F i ;Lj_x
~Ir

The preheat zone was thus shown to be characterized by a linear re-
lationship between x and the logarithm of (T - Tr), and the temp-
erature profiles were plotted in these coordinates. The point of
deviation .of the profile from the predicted linear relationship was
taken as the beginning of combustion.

Both methods of analysis yielded essentially the same re-
sult: combustion begins at 2550° to 2700°R for light hydrocarbons
burning in air, It has been pointed out that the accuracy of the
first method of analysis is strongly dependent on the accurate deter-

mination of the ratio :éi (56)0 An error in this constant can
o



~-18-

result in an apparent very gradual beginning of combustion at a tempera-
ture several hundred degrees lower than that given above. Such gradual
beginnings in combustion shown by the data of earlier investigators are
therefore ignored in arriving at the temperatures 2550° to 2700°R.

b) According to the lean limit Equation (1.9), the .enthalpy
of combustion of a unit mass of mixture at the lean limit is just equal
to the heat absorbed in preheating a unit mass of reactants to the thresh-
old temperature. Since there is no excess of enthalpy, the products of
combustion leave the combustion zone at the threshold temperature. It
follows, therefore, that the adiabatic flame temperature of a lean limit
mixture may be taken as a measure of the threshold temperature. Data
obtained by several investigators(52’59’”8) is shown in Table I. The
temperatures found here are about 2800° to 3000°R. In addition,.Egerton
and Powling(58) have shown that in mixtures in which non-combustible
diluents such as nitrogen, argon, or carbon dioxide were present, the
adiabatic flame temperature of lean limit mixtures was nearly the same
as that observed in air, as shown in Table II. These investigators
also reported that when the reactants were preheated to an elevated
temperature, the adiabatic flame temperature of lean limit mixtures
was nearly the same as that observed when the reactants were at room
temperature.

c) The temperature Ty, here called the "threshold tempera-
ture", is frequently termed "ignition temperature" in technical liter-
ature. However, the numerical values of this temperature quoted above
are much higher than the self-ignition temperature of a mass of heated

mixture(52’58’59’61). It should be pointed out that in attempts by
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TABLE I
-ADTABATIC FLAME TEMPERATURES AT THE LEAN LIMIT

Degrees Rankine

Pl Willismereiri®?) PR hnabes G5)
Methane 2928 2874 2869
‘Ethane 2993 2951 .
Propane 3158 2888 2829
n-Butane 3270 3081 2888
n-Pentane - 2994 -

TABLE II

EFFECT OF DILUENTS ON THE LEAN LIMIT

Lower Limit Adiabatic
Mixture Percent Fuel | | Flame Temp.  °R
CHy-Air 5.26 2916
CH)-05-C0p 9.0 3276
CHy-0p-A k.01 2970
CHy-Air-19% COo 6.0 2974
CHy~Air-19% N, 5. 297k
CH)-Air-19% A 4.85 2907

CHy-Air-3%% A k.57 2907
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various investigators to measure ignition temperature the combustible
gases were maintained at the ignition temperature for a relatively long
time, of the order of seconds. The heating ares was also large. It
has been shown that the temperature necessary to cause ignition of a
mixture is reduced considerably by extending the heating time and by
exposing the reactants to a heating element of large area<68>o Never-
theless, some ignition experiments using heated spheres projected into
a cool mass of mixture give results comparable to the temperatures under
a) and b) above(65?74377>0 It is .apparent that in the heated sphere
experiments the high temperature is confined to the immediate vicinity

of the flame zone and the time .delay is very short.

2, Measured Lean Limits

It is indicated in Equation (1.9) that a graph showing Fy,
as a function of the initial temperature TR should yleld a straight
X . hRp )
line with a slope of "*EET’ and an intercept Tr. Such a graph has
) | /
been plotted in Figure 1.3, using data obtained byﬂWhitek”7> for flames
propagating downward in tubes. The experimental points fall quite

close to a straight line with an intercept at about 3000° to 3200°R.
0,42,

B4

Teking Ty to be 3000°R, data obtained by several investigators(
47,48) were plotted in dimensionless form in Figure 1.4. A fairly
close correlation of the data with the experimental equation is
indicated.

It should be noted that several other investigators have pub-
lished data on the lean limit of various fuels in air as a function of

(27,28,29,30,33,42,45,148,56)

mixture temperature: These studies show

that progressively leaner mixtures can be burned as the mixture
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temperature is raised. The actual mixture strength of the leanest com-
bustible mixture seems to vary, however, depending on the duration of
the mixture heating period and on whether propagation is upward or
downvard (33,%7) | It has also been shown (26) that the lean limit is

a function of mixture turbulence.



CHAPTER IT.

. EXPERIMENTAL APPARATUS

A, . Description of Equipment

Experimental tests were performed to obtain data on engine
operation with lean mixtures. Photographs of the engine and some of
the instrumentation that was used are shown in Figures 2.1, 2.2, and
2.3. The apparatus can be divided into six maJjor parts:

1) the engine and accessories,

2) the air supply and metering systeu,

3) the fuel supply and metering systeum,

4) the engine output power and speed measuring and controlling
system,

5) the engine cylinder pressure recording system, and
6) the temperature measuring system.

These parts of the apparatus are described separately below.

1. .Engine and Accessories

Engine tests were run with a single-cylinder 5—1/& inch bore x
4-1/2 inch stroke Cooperative Fuel Research (CFR) Engine built by the
Waukesha Motor Co., Waukesha, Wisconsin. A high-speed crankcase assembly
(Part No. 500%59) was used. The engine was fitted with a variable compres-
sion ratio, split-head cylinder assembly (Part No. 416-69), permitting the
compression ratio to be adjusted from a wminimum of about 5.0 to a maximum
of about 15. A cross-section of this cylinder assembly is shown in Figure
2.4. The spark plug was installed in the 18 mm. tapped hole provided,
and the pressure pickup was installed in the other (7/8 inch x 18) tapped
hole in the cylinder head. This cylinder head assembly is equipped

-2l
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Figure 2.3 FPhotograph of Engine - Right Side



JISPUTTAD @UTIBUY JO UOT409C S80I H°72 24Nn3T4

{

ao¥ HSNd 3A1VA ml
)
“
WSINVHIIN m
/]
ONILVSNIdWO)D %
N SONI¥ 710 2 ANV SONIY 1~
WYV Y3MDJ0Y Q 4 TN
NOISS3HdWOD € HLIM 7 13N
404 / w LNV100)
1¥0ddNS @3xi4 4 NOLSId WANINNY 7
1 ‘m 3
d Y¥3IDNASNVHL 7
v W
_ 34NSS3ud
WIS H3T11SIM 1404
~ L¥0d INVLNI
onid | 4] LSNVHX3
—
NHVLS

1371N0
LNV00D

X \
TSI MG OI I IIIIIT AT I



~20-

with unshrouded overhead valves approximately 1~5/8 inches in diameter.
An aluminum piston was used and wag fitted with three plain compression
rings and two oil rings. A standard camshaft, (Part No. 105620-A) was
used. The valve timing provided by this camshaft is specified by the
manufacturer as follows:

Intake valve, opens 10° after top center,

closes 34° after bottom center,

Exhaust wvalve, opens 40° before bottom center,

closes 15° after top center.

The engine was equipped with a bypass-type oil filter; the
filtered oil was used to lubricate the valve rocker arm mechanism and
then returned to the sump. The temperature of the oil in the engine
sump was measured with an ironeconstantan thermocouple. - An electric
heater on the bottom of the crankcase and an external oil cooler were
provided, and these were used as necessary to maintain the oil temp-
erature at 150 ¥ 2°F, The engine was pressure lubricated throughout;
the oil pressure was maintained by a regulator at 40 to 45 psi.

The engine was water-cooled, using the standard CFR system.
The water in the engine cooling Jjacket was allowed to boil and the
vapor given off was condensed in a water-cooled condenser attached
to the engine cylinder head. The condensate was used to preheat the
fuel and was then returned to the bottom of the water Jacket.

A CFR ignition system, shown schematically in Figure 3.1,
was used. This system differs from the usual automotive system and
will therefore be described briefly. The CFR ignition system is a

150 volt impulse-type system in which the coil serves as .a high voltage
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pulse transformer. A half-wave rectifier, operating from the 110 volt
A.C. line, charges the U4 micro-farad condenser to approximately 150
volts during the time that the ignition contactor is open-circuited.
When the ignition contacts close, the condenser discharges rapidly
through the primary winding of the ignition coil, creating a high
voltage pulse at the qpark plug. The spark timing is readily adjusted
by rotating the contactor assembly. A neon-bulb indicator attached

to the engine crankshaft shows the crankshaft position at the begin-

ning of the spark. AC type C85 spark plugs were used.

2., Air System

The measurement of the rate of air consumption of a single
cylinder engine is complicated by the fact that the air flow is not
steady but intermittent. It has been.shown<lo5) that accurate mea-
surement of the air consumption rate of a single cylinder engine can-
not be obtained by measuring the average pressure drop across a sharp-
edged orifice unless a very large surge tank is interposed between the
engine and the orifice. An orifice is inherently inaccurate for mea-
suring pulsating flows because of the non-linear relationship between
the instantaneous flow rate and the instantaneous pressure drop. Be-
cause of this non-linear relationship, the average pressure drop is
dependent on both the average flow rate and the manner in which the
flow rate varies with tiuwe.

To avoid the error inherent in a sharp-edged orifice system,
the air flow was metered by a critical flow nozzle system. This
metering system subJjects the selected flow nozzle to a pressure dif-

ferential sufficient to insure that the gas velocity at the nozzle
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throat is .equal to the speed of sound at all times. The required up-

stream pressure is(lo5)

5 k-1
P = Pb(E;I) or approx. 2 Py (2.1)
where P = the absolute pressure upstream
Po,= the absolute pressure downstream

When P exceeds the required pressure, the flow rate is entirely in-
dependent of the downstream pressure and is therefore insensitive to
downstream pressure fluctuations. The mass rate of flow through the

nozzle is then given by the following equation:

Ky P

NEOE

where Wy = the flow rate 1b./hr.
Ky = a constant

Wy = (2.2)

P = the absolute stagnation pressure upstream
of the nozzle
T = the absolute stagnation temperature upstream

of the nozzle.

Because the air flows through the nozzle at a constant rate,
whereas the engine consumes air intermittently, a surge tank must be
placed between the nozzle and the engine. This surge tank must be of
sufficient size to limit the peak pressure developed between intake
strokes to a level that will not affect the nozzle flow.

A critical flow air system capable of measuring flow rates.
from 8 lb./hr. to 300 lb./hr. was constructed (see Figures 2.5 and 2.6).
It was provided with five rounded-entrance nozzles ranging in throat
diameter from .055 inch to .220 inch and constructed according to the
A.S.M.E. Power Test Code<lo§)° A shut-off wvalve was provided for
each nozzle making it possible to select any desired nozzle or combin-

ation of nozzles. The upstream nozzle pressure, and consequently the
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air flow rate, was controlled by a pressure regulator. A two cublc foot
surge tank was provided on the discharge side of the nozzles. Bourdon-
type pressure gauges were used to measure the upstream stagnation pres-
sure and the pressure in the surge tark, and an lron-constantan thermo-
couple was used to measure the upstream air temperature. The unit was
supplied with air from a 90 psi. shop air line. The entire unit was
housed in a Bud Relay Rack Cabinet.

An overhead line consisting of l~1/2 inch pilpe was used to
bring air, at intake manifold pressure, from the surge tank to the en-
gine. To eliminate possible resonance effects in this line, a second

two-cubic-foot surge tank was installed at the engine.

5. The Fuel System

In order to eliminate problems .which might arise in vaporiz-
ing and mixing a liquid fuel, the engine was operated on propane gas.
The same difficulties in measuring the flow rate under unsteady flow
conditions were encountered with fuel as with air. However, the fuel
flow rate was so much smaller than the air-flow rate that critical flow
nozzles of practical size could not be used. An alternate type of
critical flow system, shown schematically in Figure 2.7 was used in-
stead. In this system, critical flow takes place in the flow control
needle valve; the rate of the flow through this valve is constant, de-
pendent only on the upstream temperature and pressure and on the valve
setting. The flow through the measuring orifice, upstream of the con-
trol valve, is therefore entirely steady and thus can be accurately

computed from the pressure differential across the orifice.
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The mass rate of flow of gas was measured with a .060 inch dia-
meter sharp-edged orifice and a 30 inch differential manometer. The in-
dicating liquid was .a commercial oil mixture having a specific gravity
of 1.00. Most of the tests were run at manometer readings varying from
% inches to .15 inches. The fuel flow was calculated according to the

equation:
We = Koy P B (2.3)

where We = the fuel flow rate b /hr.

P = the absolute pressure upstream from the
orifice, psia.

h = the differential manometer reading,
inches HyO0 .

T = the absolute temperature of the gas
upstream from the orifice,  °R.

Ko = the orifice constant, determined by
calibration.

The pressure and temperature of the fuel at the orifice were
controlled to approximately 30 psig. and 160°F by the fuel regulator
and heat exchanger, a modified Mo@el AQ62A vaporizer-regulator made
by the Zenith Carburetor Division, Bendix Aviation Corporation. Al-
though the original purpose of the unit was to vaporize liquid pro-
pane under pressure, it was found that less pressure fluctuation was
encountered if the propane was allowed to vaporize in the supply tank.
The heat exchanger incorporated in the vaporizer was retained to in-
sure against any liquid carry-over and to heat the gas to a tempera-

ture well above saturation so that ideal gas laws could be applied.

4, Power and Speed Megsurement

The engine was coupled to a 10/15 hp. D.C. cradle dynamo-

meter. The dynamometer was used to start and motor the engine, and to
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absorb engine power and control engine speed when the engine was running.
The dynamometer was equipped with & 50 lb. Toledo scale with l/lO 1b.
divisions for measuring torque. A 10.5 inch torque arm was used; the

corresponding horsepower equation is:

rpm x Scale Reading (2.4)
6000

Horsepower =

The dynamometer stator balance was checked, the scale linkage was ad-
Justed, and the scale calibration was checked with test weights. The
maximum scale error was less than 0.1 pounds.

The speed of the engine was measured with a Hewlett-Packard
Model 521-A Electronic Counter. An Electro Products Model 3010-A
magnetic pickup was used in conjunction with a 60 tooth gear attached
to the dynamometer shaft to provide electrical pulses at the rate of
sixty per revolution. .These pulses were counted for a one second
reriod by the coﬁnter; a reading in engine revolutions per minute was

thus obtained directly.

5. Engine Pressure Pickup

In order to study the combustion process in the engine the
instantaneous pressure existing in the engine cylinder throughout the
operating cycle was displayed as a function of time on a Tectronix
Model 512 Oscilloscope. Photographs of the oscilloscope face were
made for permanent records.

A Kistler SIM Pressure Pickup, Model PZ-1k4%, was used to
sense the pressure. This pressure pickup is a piezoelectric device,
containing a quartz sensing element, and is designed to be used in

the pressure range of 0-3000 psia. Additional manufacturer's ratings
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are: resolution .1 psi, lihearity .1 percent of full scale. .The pres-
sure pickup was mounted in the 7/8 inch x 18 tapped hole in the engine
head using an adapter, as shown in Figure 2.8. The pressure in the
engine cylinder was transmitted to the pickup through a 5/6h inch(llo)
hole about 5/& inch long. The pressure pickup was coupled to the
oscilloscope through an electrostatic amplifier (Kistler Mpdel PC1h
Piezo-Calibrator). The Piezo-Calibrator includes a calibration cir-
cult by means of which a pulse of known amplitude can be produced;

the calibration circuit was actuated during part of the intake stroke
by a contactor geared to the camshaft. It was found that the Piezo-
Calibrator picked up a small stray electrical charge from the engine
ignition system each time the spark occured. The accumulation of
these charges caused the pressure trace to tend to drift off the os-
cilloscope screen. A second contactor was therefore added to ground
the Piezo-Calibrator input circuit during part of the exhaust stroke,
removing the charge and thus stabilizing the pressure trace on the
oscilloscope screen. A circuit diagram of the pressure recording ap-
paratus is shown in Figure 2.9.

An Electro Products Model 3010-A magnetic pickup was mounted
to register with a small drilled hole in the rim of the flywheel at
bottom dead center -position; a pulse derived from this pickup was
used to synchronize the oscilloscope sweep generator with the engine.
A second magnetic pickup was mounted to register with a series of holes
spaced at 10° intervals in the flywheel; the pulses derived from this
.second pickup were superimposed on the pressure trace and served to
act as timing marks. The pulse corresponding to top dead center was

witnessed by two additional pulses occurring about 2° before and 2°

after, respectively.
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6. Temperature Measuring Equipment

The engine exhasust temperature was measured in the exhaust
pipe about three inches from the exhaust port. A chromel-alumel thermo-
couple with five concentric radiation shields was used to measure the
exhaust temperature. The thermocouple was read with a ILeeds and Northror
Model 8667 millivolt potentiometer; the cold junction temperature was
measured with a thermometer lying on the potentiometer case.

All other temperatures were measured with iron-constantan
thermocouples and were recorded on a Brown Type Y155X62(PSD12)-(W7)-
(60)(G)(V) recording potentiometer which had been calibrated against

steam and ice points.

B. Calibration of Instruments

1. Engine Compression Ratio Gauge

A micrometer gauge was attached to the engine to measure the
position of the cylinder assembly relative to the crankcase so that
the engine compression ratio could be computed. A calibration pro-
cedure for setting the zero point of the micrometer scale was carried
out as follows. The engine was allowed to stand for a sufficient time
to attain room temperature throughout. The flywheel was rotated to a
position at which the piston was brought to top center position with
the valves closed. A measured amount of water from a burette was put
in the cylinder through the spark plug hole. ’The cylinder head was
lowered, raising the compression ratio, until the water began to rise
in the spark plug hole. The valves were then opened manually to

eliminate air trapped around the valve seats. After the air had been
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relieved, the head was adjusted to bring the water level in the cylinder
to the bottom edge of the spark plug hole and the micrometer reading
was noted.

The volume contained in the spark plug recess with the spark
plug in place was measured with the cylinder head removed and was found
to be .262 cubic inches. The pressure pickup adaptor was found to en-
close an additional .012 cubic inches. The clearance volume was computed
by adding the volume contained in the spark plug recess and the pressure
pickup adaptor to the volume of water used. The micrometer was reset
so that a reading of -.300 inches corresponded to.zero clearance volume.
The micrometer setting for any desired compression ratio was then cal-

culated by the formula:

MR = 2 - .300 (2.5)
r~1
v
where MR = the micrometer reading in inches
D = the engine stroke, 4,500 inches
ry = the engine compression ratio.

After performing this calibration, the water was removed from
the cylinder and the engine was operated for about 15 minutes to dry it

out.

2. The Air Measuring System

Each nozzle of the critical flow air measuring system was cal-
ibrated at at least two flow rates against a ten cubic foot air dis-

placement tank. The results of the calibration are shown in Table XII.

3. The Fuel Measuring System

The calibration of the fuel measuring system was checked per-

iodically. The fuel tank was placed on a platform scale and a measurement
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was made of the time required to use a specified amount of fuel at a
flow rate corresponding to an orifice pressure differential of about
ten inches of water. The scale was read to ¥ .0l pound. The results

of several calibrations are shown in Taeble XIII.

4. Pressure Pickup Calibration

The pressure pickup was calibrated on a dead weight tester.
Because of a slow drift in the output of the Piezo-Calibrator when the
pickup was subjected to a static pressure, a three-way valve was used
to switch the pickup rapidly from atmospheric pressure to the test
pressure. The pressure pickup system was found to be linear, within
the limits of accuracy with which the oscilloscope could be read. The
calibration circuit of the Piezo-Calibrator was adjusted to correspond

to the measured pressure.

5. The Pressure Gauges

The two Bourdon-type pressure gauges, which were used to mea-
sure the air pressure at the metering nozzles and the fuel pressure at
the metering orifice respectively; were calibrated on a dead weight
tester at 5 psi. intervals. The air pressure gauge was found to be

correct within +

.2 psi. The fuel pressure gauge was found to read
about .5 to .6 psi. too high. Appropriate corrections to the gauge

readings were made in computing data.



CHAPTER III

THE EFFECT OF ENGINE VARIABIES ON THE ILEAN LIMIT

A. Measurement of the Lean Limit in an Engine

The minimum fuel-air ratio for steady firing in the engine was
measured at compression ratios of 7, 10, 13, and 16 and at intake temp-
eratures of 100°, 150°, 180°, and 300°E. It was found that the ignition
timing had some effect on the lean limit, as discussed on page 59.
Consequently, the ignition timing was maintained at 19° B.T.C. for all
tests. The speed of the engine was controlled to 1200% 10 rpm. by ad-
Justing the dynamometer load. In most cases, combustion was so poor with
these very lean mixtures that the power output of the engine was not
sufficient to overcome engine friction and the dynamometerwas used to
supply the additional power necessary. In one series of tests the in-
take pressure was varied from 7 psia. to 19.4 psia. In all other
tests, however, the mass rate of flow of air was held constant for
reasons given on page 66. The intake pressure therefore varied from
about 11 psia. at 100°F to 13.3 psia. at 300°F.

Prior to making a series of tests, the engine was operated
at a moderate load for about one hour, until the desired temperatures
had been reached. The fuel flow rate was then reduced to the point when
misfiring began, while simultaneously adjusting the dynamometer to main-
tain constant engine speed. Misfiring was detected by observing the pres-
sure-time trace on the oscilloscope. Misfires were indicated by a pressure-
time trace that was symmetrical about top dead center position up to 40°

after top center.

~lilm
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B. Effect of Ignition System Characterigtics

In the preceding discuséion of the leanilimity it was implied
that the term "lean limit" refers to the ability of a fuel-air mixture
to sustain a flame, presupposing that any such mixture can be ignited
by a suitable source. Since the criterion by which the lean limit 1s
Judged is combustibility rather than ignitability, it follows that the
ignition system can have no effect on the measured lean limit. That is,
in order to meagure the lean limit, an ignition system capable of
igniting any combustible mixture must be employed. Insofar as the ig-
nition system hag any influence on the lean limit, the ignition system
is inadequate for the purpose of measuring the lean limit. A spark-
type ignition system, as used in this study, may be inadequate in two
ways: (1) it may fail to provide energy in an adequate quantity
and at a suitable rate for ignition, or (2) the spark plug electrodes
may quench the flame. An investigation of these two possible effects

of the ignition system was made.

1. TIgnition Energy

It has been shown that a spark must have at least a certain
minimum amount of energy to insure ignition of a combustible mixture
under a given set of conditions. The minimum amount of ignition energy
necessary depends on the pressure, the temperature, and the fuel-air
ratio of the mixture and on the duration of the spark(68969972986)0
It has been reported that the initial portion .of the spark is most ef-
fective in causing ignition, and the amount of energy required for ig-
nition increases as the duration of the spark is increased, at least

(68,86)

for sparks in excess of 100 micrcseconds duration The required
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energy also is approximately inversely proportiohal to the absolute preg-
sure of the mixture at sub-atmospheric pressuregjy the energy required

for ignition of & slightly rich propane-air mixture decreases from approxi-
mately 3.5 millijoules at 7.5 inches of mercury absolute to about 0.5

(68)

millijoules at atmospheric pressure Extrapolation of these data is
recognized as being a questionable procedure and is undertaken here only
because of the lack of data on ignition energy requirements under engine
conditions. On the basis of the relationship observed at sub-atmospheric
pressures, a quenching distance of .025 inches was estimated to corres-
pond to the compression pressure of the engine operating at an intake
pressure of 10 psia. and a compression ratio of 7. In addition, raising
the temperature of the charge reduces the amount of spark energy re-

quired(68186);

at the compression temperature of the engine the minimum
spark energy is probably reduced by an additional factor of ten over

that which obtains at room temperature. The resulting figure of .0025
millijoules for the minimum ignition requirement should be taken only

as indicating the order of magnitude because of the approximations in-
volved in arriving at this figure. This figure also applies to an approx-
imately chemically correct propane-air mixture; lean mixtures require
considerably more energy. It has been shown that the required ignition
energy increases rapidly as the fuel-air ratio approaches the lean limit.

Available data(68969’86)

are limited to energies of approximately ten
times the amount required for a chemically correct mixture. However,

it appears that very large increases in emergy are required to permit

appreciably leaner mixtures to be ignited.
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All engine tests reported in this study were made using a
standard CFR igunition system. A circuit diagram of the igunition system
is shown in Figure 3.1. The high volftage necessary to form a spark at
the spark plug electrodes was furnished by an ignition coil, essentially
a high voltage transformer. A high wvoltage pulse was produced by dis-
charging a capacitor through the primary winding of the coll at a selected
point in each engine cycle by mearns of an engine-driven contactor. An
attempt was made to measure the energy of the spark and to evaluate vari-
ous methods for controlling the energy of the spark in order to deter-
mine the effect that variations in spark erergy would have on the lean
limit. The energy of the spark can be determined by measuring the in-
stantaneous voltage and currevt of the spark with an oscillograph and
integrating the product of current and vcltage. However, because of
the high voltages involved, such measurements require specialized equip-
ment which was not available. Some measurements were therefore made of
sparking voltage using a Heyer Dynatester; the accuracy of this instru-
ment is unknown, however. Typical results of this kind of test show an
initial voltage pulse of approximately ten kilovolts followed by several
periods of arcing at a voltage of about one kilovolt. After the last
period of arcing the system oscillates untlil the remaining energy has
been dissipated. -Some measurements of the current of sparks in air at
room temperature and pressure were also made using a Tectronix Model
512 Oscilloscope. The current pattern of a spark was found to consist
of several surges ocrresponding to several arcing periods. The first
surge had a peak current of about 100 milliamperes and lasted about 100
microseconds. The amount of energy dissipated in this first surge of

current is estimated on the basis of the above meagurements of current
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and voltage to be between ten and twenty millijoules, about half the
total amount of energy supplied to the primary circuit.

The energy avallable at the spark gap was therefore several
orders of magnitude larger than the minimum energy required for a chemi-
cally correct mixture, and it was concluded that the CFR ignition system
provides an .adequate amount of energy for measuring the lean limit. Direct
experimental evidence to support this conclusion is presented below.

Sevefal methods of varying the spark energy in air were &at-
tempted. The results are summarized in Table ﬁﬁﬁl .Series resistors of
various sizes were also placed in the secondary circuit. They were not
effective in reducing the energy of the first surge of current, although
the overall duration of the spark was reduced by the presence of the
resistor. Calculation of the IR drop across the resistors at the mea-
sured current shows that the voltage rating of the resistors was far
exceeded and apparently internal breakdown of the resistance occurred
during the arc. Some tests were also made with a primary capacitor of
1.5 microfarads instead of the regular primary capacitor of 4.0 micro-
farads; the effect of reducing the primary capacitance seemed to be
similar to the effect of reducing the priﬁary voltage, namely, both the
peak Vpltage and the number of arcs formed were reduced. Finally, some
tests were run in which the primary voltage was changed.

The range of primary voltages that could be used for engine
operation was determined. First, the effect of primary voltage on the
peak secondary voltage available was measured; the results are shown
in Figure 3.2. Second, the actual firing voltage in an operating
engine was measured. It was found that the firing voltage required

under the conditions of the test was eight to ten kilovolts at the
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TABLE TIT

EFFECT OF IGNITION SYSTEM CONDITIONS

ON IEAN LIMIT IN CFR ENGINE

Speed..ccoscocons .1200 rpm
Ignition Timing.. 19°B.T.C.
Compression RatiOeccoesss e
Intake Temperature...l00°F.
Intake Pressure....l0°psia.
Fuel....Commercial Propane.
Minimum
Fuel-Air Electrode Electrode Supply
Ratio Diameter Gap Voltage
Inches Inches Volts
.0k15 Norlt .020 135
L0415 024 .020 150
L0411 .02k .020 200
.0415 .02k .0%0 150
.0hk13 .024 .030 250
.0hk13 024 .03%5 250
NOURIS .02k .025 150
.0h12 .02k .020 150
.0k22 024 .015 150
L0437 024 .012 150
0h16 .02k 025 150
0416 .0k0 .025 150
0428 064 .025 150
.0L5kh .120 .025 150
L0481 . 120 .020 150
+OL5h +120 025 150
0438 .120 »030 150
0421 . 120 .0%5 175
LOL11 .120 .060 200
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leanest mixtures used (see Figure 3.3). A minimum primary voltage of
approximately 1355 volts was thus established. It was also found that
the peak current and amount of charge passing through the arc could be
increased by raising the primary voltage, as shown in Figure 3.4. Thus,
by varying the primary voltage, the energy of the spark could be varied
somewhat, provided that the primary voltage avallable was sufficient to
initiate the spark. Accordingly, some measurements of the lean limit
were made with various primary voltages between 135 and 250 volts DC.
The results of these measurements are shown in Figure 3.5. No clear
evidence of a substantial variation in the lean limit produced by vary-
ing the primary voltage was found. It was therefore concluded from
both extrapolations of data of other investigations and actual tests
that the ignition system presently used provides adequate energy for

igniting the mixtures used in this study.

2. Quenching Effects

It has been observed that when the spark plug gap is made very
small, the amount of energy necessary for ignition increases(68569)o
This effect has been ascribed to the quenching properties of the electrodes.
The spark plug electrodes absorb a certain amount of heat from the mixture
in the gap and may also destroy important active radicals or ions gener-
ated inthe flame zone, thus tending to have a quenching action. In general,
the distance over which a body is effective in quenching a flame depends
on the geometry of the body and the properties of the fuel-air mixture
burned. The susceptibility of a combustible mixture to quenching by a
cool body is usually defined in terms of the parallel-plate quenching

distance, the minimum separation of two parallel plates that will not
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inhibit flame propagation in the gas enclosed between them, and in the
ensuing discussion the term "quenching distance" means this parallel-
plate quenching distance. If the spacing of the spark plug electrodes
is less than the quenching distance of the mixture being used, quench-
ing may take place in the spark plug gap and ignition of the mixture
may thus fail to occur.

The quenching distance of a fuel-air mixture depends on the
pressure and temperature of the mixture(68369579) and probably on the
temperature of the quenching body. The temperature of the electrode
surfaces under near lean-limit operation is not known but is probably
relatively low. In general, the quenching distance seems to be approxi-
mately inversely proportional to the pressure; the quenching distance
also decreases with increases in initial mixture temperature. Most of
the data on the quenching distance have been taken at pressures below
atmospheric pressure and at room temperature. In order to estimate
the quenching distance in an engine, it was assumed that the relationships
between pressure, temperature, and quenching distance observed at low
temperatures and pressures obtain under the conditions existing in the
engine. The validity of this assumption should be considered question-
able and the estimated quenching distance uncertain in view of the data
available. The quenching distance of a stoichiometric mixture in the
engine is estimated to be .010 inches at a compression ratio of séven9 and
less at higher compression ratios. The quenching distance increases as
the mixture is made leaner; as the lean limit 1s approached, the rate of
increase of the qﬁenching distance becomes large(68)° Although the

quenching distance of a lean limit mixture has not been measured, the
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data avallable show that increasing the electrode spacing to five to ten
times the quenching distance of a chemically correct mixture is adequate
to avoid quenching mixtures having substantially the same fuel-air ratio
as the lean limit mixture.

In cases where the spacing of the electrodes 1s less than the
quenching distance of the mixture, it may still be possible to ignite

(69,8k)

the mixture by supplying sufficient spark energy The amount of
additional energy which must be supplied to make ignition possible de-
prends on the relative diameter of the electrodes. If the diameter of
the electrodes is equal to or smaller than the quenching distance, igni-
tion may be secured with electrode gaps appreciably smaller than the
quenching distance with very little increase in energy.

A series of tests was made in the engine at a compression
ratio 7, with an intake pressure of 10 psia. and temperature of 100°F,
to determine under what conditions the measured lean 1limit was indep=-
endent of the electrode configuration. The results of these tests are
shown in Figure 3.6. Following from the preceding discussion the quench-
ing distance under the operating conditions af these tests and with
approximately a lean limit mixture is estimated to be .050 inches to
°lOQ inches. Tt will be seen that with .120 inch dlameter electrodes,
which were standard spark plug electrodes, the leanest combustible mix-
tures could not be ignited with spark plug gaps of less than .OLO inches.
On the other hand,. when the diameter cf the spark plug electrodes was
reduced to .025 inches the spark plug gap could be reduced to .020 inches

without affecting the measured lean limit. If follows therefore that

these data define the range of spark plug gaps that may be used for
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measuring the lean limit in the engine. It also follows from the preceding
discussion that the gap sizes which may be used at this compression ratio
and intake temperature will also be adequate to avoid quenching at higher

compression ratios .and higher intake temperatures.

3. Effect of Ignition Timing

It was found that the ignition timing had some effect on the
lean limit, as shown in Figure 3.7. -With the spark occurring at Lo°
before top center, the minimun fuel-air ratic for steady firing was
about five percent richer than that for 10° to 20° of advance. On the
basis of the data shown in Figure 3.7, lean limit measurements were
made with the ignition timing set at 19° before top center throughout.

The effect of ignition advance can be explained on the basis
of the compression temperature. At 40° B.T.C. the piston has completed
about 85 percent of its stroke, whereas at 20°, 95 percent of the stroke
has been completed. At a compression ratio of 7; 61 percent of the cou-
puted total temperature rise has taken place at 40° B.T.C. and 87 per-
cent of the temperature rise has taken place at 20° B.T.C. When the
compression ratio is raised to 13, the temperature rise at 40° B.T.C.
is only 51 percent of the total temperature rise for a full stroke;
while at 20° B.T.C., 80 percent of the total temperature rise has
taken place. When ignition takes place at 40° B.T.C., therefore, the
temperature of the mixture is appreciably lower than the full compres-
sion temperature, and consequently the measured lean limit is somewhat

richer than it would be if ignition took place at 20° B.T.C.
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C. . EBffect of Residual Exhaust Gas

In an operating engine, a part of the exhaust gas from the
previous cycle is present in the cylinder when the intake valys opens
and this residue mixes with the incoming fuel-air mixture. The pre-
centage of residual gas present in the total charge is decreased when
the compression ratio is increased and also when the density of the
mixture in the intake manifold is increased relative to the density
of the exhaust gases. In addition, the amount of residual gas varies
as a function of engine speed, valve timing, valve flow characteristics,
and inertia effects in the intake and exhaust manifolds.

For purposes of estimating the amount of residual gas pre-
sent in the charge, the intake process is idealized as follows:

1). The exhaust valve closes at T.D.C., ending the exhaust
process. The residual gas trapped in the clearance volume has the mea-
sured exhaust gas temperature and a pressure of 16.5 psia. Actually,
the exhaust valve is partially open at this time and does not close
completely until 15° after T.D.C. The actual tewperature of the gas
present in the cylinder is also probably different from the average
temperature of the gas discharged into the exhaust manifold because of
expansion during blowdown and heat transfer to the engine.

2). During the first part of the intake stroke the intake
valve remains closed,.while the residual exhaust gas expands isentro-
pically to the intake pressure.

3). .When the pressure in the cylinder reaches the average
intake pressure, the intake valve opens. Fresh mixture is drawn into
the cylinder and mixed adiabatically and at constant pressure with re-

sidual gas for the remainder of the .intake strcke.
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4). It is assumed that all processes are adiabatic and that
the molecular weights and specific heats of the gases involved are con-
stant and equal.

It can be shown (see Appendix A) that under these conditions,

the fraction of residual gas is

1
f = e (3.1)
1+ rT[l‘V i ( I )le)/k]
rp | TP

The temperature of the mixed charge is
T = f % Ty (3.2)

Equations similar to Equations (3.1) and (3.2) above are cited in
References 9 and 17. The quantity 5ii was taken as .24 by these
authors, corresponding to a mean specific heat at the temperatures in-
volved, and this wvalue has also been used in the computations in con-
nection with this study. The computed amounts of residual exhaust gas
ranged from about 8.5 percent to about three percent with most tests
run in the range of three to five percent. The presence of the residual
gas raised the charge temperature by varying amounts ranging from 20°
to 80°F.

Other methods of determining the fraction of residual exhaust

(22’25)n .The expansion of the residual

gas in the charge have been used
gas from exhaust pressure to intake pressure has been considered as a

throttling process and the flow work done during the expansion may be

taken as lost to the surroundings or as added to the enthalpy of fresh
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mixture. No great difference in the computed amount of residual gas re-
sults from the use of either of these assumptions instead of the method
that was used.

There 1s some evidence that the percentages of residual gas

(23)

calculated by this method are too low. In one study » measured
values were two or three times as large as the values calculated. There
is very little information available about this discrepancy and no sat-
isfactory explanation has been given.

No tests were made in which the effect of residual exhaust -
gases could be directly evaluated. However, in succeeding sections of
this paper, the effect of charge dilution and increase of charge temper-
ature by the residual exhaust gases have been included in the calcula-
tions. In considering the effect of dilution, the residual gas has
been treated as having the same effect gs an equal mass of air. This
procedure is based on data of Reference 58, where the effect of a di-
luent is shown to depend mainly on its specific heat. In view of the
fact that the residual gas is about 80 percent nitrogen and at least

six percent oxygen with the remaining 14 percent being combustion pro-

ducts, the effect of residual gas as a diluent should not differ ap-

preciably from that of an equal amount of air.

D. .Effect of Pressure, Temperature, and Coupression Ratio

Since an increase in the engine compression ratio results in
an increase in compression temperature and pressure and a decrease in
the amount of residual exhaust gas, the lean limit is a function of the
compression ratio, as well as the engine inlet conditions. The geo-

metry of the combustion chamber is also changed when the compression
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ratio is varied. Such a change in geometry may affect the lean limit if
the heat transfer or flame quenching properties of the combustion chamber
are altered significantly. In the following paragraphs, the separate ef-
fects of pressure and temperature and the overall effect of ¢compression

ratio are evaluated.

1. Effect of Intake Pressure

The effect of changing the intake manifold pressure, and there-
by changing the compression pressure, is shown in Figure 3.8. The lean
limit fuel-air ratio decreased from about .0410 pounds of fuel per pound
of air at a pressure of 7 psia.to about .0375 at 19.4 psia.

An analysis of the data shows that the change in the lean
limit was primarily due to a decrease in the amount of dilution by re-
sidual exhaust gases, however. The lower curve in Figure 3.8 is plotted
in terms of the fraction of fuel in the charge where the charge includes
the residual exhaust gases. The fraction of fuel in the charge decreased
from about .0372 at 7 psia. to about .03%6L4 at 19.4 psia. In view of the
uncertainties in determining the point of misfiring, this change is not
necessarily significant. It may therefore be concluded that changing
the compression pressure produces little, if any, change in the minimum
rercentage of fuel required in the charge.

The fact that changing the pressure does not change the lean
limit significantly except at pressures of the order of 0.1 atmospheres
or less has been reported in several other investigations@%ﬁ”hg?58)°
It is to be noted that the lean limit equation which has been proposed
predicts that the lean limit will be independent of pressure. The ex-

rerimental data are therefore consistent with this prediction.
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2. Effect of Temperature and Compression Ratio

The effects of intake manifold temperature and engine compression
ratio on the minimum fuel-air ratio for steady firing are shown in Figure
3,9, It will be seen that the minimum fuel-air ratio decreases about five
percent for an increase of 100°F in the intake temperature. The minimum
fuel-air ratio also decreases about 20 pereent when the compression ratio
is raised from 7 to 16.

These data were taken with the ignition timing fixed at 19°
B.T.C. If the ignition were to occur too early in the cycle, the charge
would be only partly compressed and the temperature and pressure of the
charge would be appreciably lower than at top dead center. The ignition
timing was therefore chosen in accordance with the data presented in
Figure 3.7, where the effect of ignition timing is shown and where it
can be seen that the lean limit is not affected by ignition timing
when the ignition occurs within 20° before top dead center.

Because the engine speed and mass rate of flow of air were
held constant during these tests, the intake manifold pressure increased
from 11 psia.to 13.3 psia when the intake temperature was changed from
100°F to 300°F. The intake manifold pressure was measured in the surge
tank from which air was supplied to the engine and represents the aver-
age pressure in the intake manifold. Due to the pulsating type of
flow present in the intake manifold, the pressure at the intake port
of the engine varies during the engine cycle, and the average surge
tank pressure does not therefore necessarily represent an accurate
measurement of the effective intake pressure. In contrast, the air

consumption of the engine was readily controlled and measured with the
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instrumentation used in this study. Consequently, it was felt that in
this .series of tests the air flow should be regulated and no attempt
should be made to maintain .a given intake pressure.

In summary, it can be sald that variations in intake pressure
result in little change in the minimum fraction of fuel in the charge
necessary for steady firing. When the intake temperature is raised or
the compression ratio increased, however, somewhat leaner mixtures

can be burned.

-E. Correlation of Effects of Engine Variables

In Chapter I, the propagation of flame was considered as a
thermal phenomenon. It was shown that the minimum fraction of fuel
necessary to render a mixture combustible was a function of the temp-
erature of the mixture and some of the properties of the components of
the mixture.  With a given set of components, for example propane and
alr, this lean limit was shown to be a function of temperature only,

according to the equation:

= F1hgrp
Cp

=T - IR (1.9)

The results of the experimental study may be interpreted in the light
of this equation.

First, the effect of pressure on the lean limit is similar to
that predicted by this equation. It was shown in Figure 3.8 and also
predicted by Equation (1.9) that the minimum fraction of fuel neces-
sary to sustain combustion in the charge is independent of the pressure.

A number of other investigations have shown that the lean limit is
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essentially independent of pressure over a wide pressure range(27128952:
35,&2,&&,58,59,61)° An exception to this, general principle occurs at
low pressures of the order of 0.1 atmospheres, where a minimum pressure
for flame propagation apparently occurs. This exception is nof accounted
for by the equation that has been proposed and is evidence that the
equation is somewhat oversimplified. In this study, however, pressures
during combustion were at least several atmospheres in all cases.

Secondly, the effect of intake temperature and compression
ratio on the lean limit may be shown in relation to the temperature of
the charge after compression. To use the terms of the lean limit Equa-
tion (109) the compression temperature and heating value of the mixturgs
corresponding to the data presented in Figure 3.9 were expressed in the
dimensionless terms, TR/TT and_.F§ hiP, respectively. The'relétion-
ship between the dimensionless heating value and the dimensionless temp-
erature of the reactants is shown in Figure 3.10. The data included
here apply to a range of compression ratios from 7 to 16 and intake
temperatures from 100°F to 300°F. The minimum dimensionless heating
value necessary for combustion, i.e., the lean 1limit, was found to
range from .884 to .608 corresponding to dimensionless temperatures
ranging from .426 to .700. The onset of misfiring is shown to occur with
mixtures about 35 percent richer than the predicted lean limit mixture.
As shown in Figure 3.10, the effect of increasing the compression ratio
on the lean limit is very similar to the effect of raising the inlet
temperature. The lean limit apparently depends on the compression temp-
erature rather than the compression ratio itself, as shown by the fact
that, at a given compression temperature, the lean limit for various com-

pression ratios is approximately the same.
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It should be pointed out that the results shown in Figure 3.10
were coumputed on the bagis of an assumed isentropic compression of the
charge from an initial state attained after mixing with the residual
ges. It has been shown that the compression process ig approximately
isentropic(lB’lA’%)° However, the initlal state of the charge 1s some-
what uncertain due to lack of accurate knowledge of the amount and temper-
ature of the residual exhaust gas. It 1s probable that the actual temper-
ature of the residual gas 1s lower than was assumed due to heat loss to
the body of the engine. There 1s some evidence that the amount of residual
gas 1s appreciably larger than that calculated(luf25>, possibly due in
part to the lower temperature. The errors resulting from the inexact-
ness of the residual gas computation are such that the actual compres-
sion temperature may be up to 100° lower than the calculated tempera-
ture, and thé dimensionless heating wvalue also as much.as .03 less than
the calculated value. These possible errors are largest at the lowest
compression ratio, and become small at a compression ratio of 16.

An important reason that the lean limit was found to occur
at appreciably richer mixtures than was expected probably lies in the
way the lean limit was defined. The lean limit was measured at the
onset of misfiring, that is, the leanest mixture that would ignite on
every cycle. It was noted that the engine could be run on appreciably
leaner mixtures before misfiring became as frequent as one cycle out of
four or five. Other investigators have reported the existence of a range
of lean fuel-air ratios where laminar flame propagation occurs irregu-
lar1y<28’55’)+2’58)° The direction of flame propagation is important
in establishing the lean limit(28:55), probably as a result of flame-
induced convection currents. In an engine, where turbulence, tempera-

ture gradients, and mixing with residual gases all occur, flame



-T2

propegation irregularities are likely to be greater than those encoun-
tered in laminar flame experiments. Therefore, the onset of misfiring
in an engine will probably occur at a richer mixture than the lean limit
measured in a combustion boumb or tube.

An additional factor tending to make the onset of misfiring
occur at a richer mixture 1s the possible nonuniformity of the mixture
due to inadequate mixing of the fuel and air. The fuel-air mixture
passes through two elbows and an air heater before entering the cylin-
der, and the turbulence induced by these elements aids in mixing the
fuel and air. No change in engine operation was observed when a cop-
per mesh flame arrestor was inserted in the intake passage of the
engine; the additional turbulence generated by the flame arrestor ap-
parently did not improve the mixing of fuel and air significantly. The
uniformity of the charge was not measured, and it is impossible to state
positively whether the mixing of fuel and air was adequate.

The compression .stroke of the engine occupies a period of .025
seconds at the speed used in these tests, 1200 rpm. It was pointed
out at the end of Chapter I that the duration of preheating of the
fuel-air mixture has an effect on the lean limit(h7)o This effect is
brobably due to preflame chemical reactions in the mixture. Although
the rate of such reactions‘undoubtedly increases with the preheating
temperature, there is insufficient information available to predict
the effect of preflame reactions durirg the high temperature portion
of the compression stroke. No attempt was wade in the present study to
determine the effect of variations in the rate of compression, i.e.,

engine speed, on the lean limit.
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In summary, it may be said that the minimum percentage of fuel
in the charge required for steady firing in an engine is independent of
the pressure in the cylinder and decreases linearly as the compression
temperature increases. The only effect that a change in the intake mani-
fold pressure could clearly be shown to have on the minimum fuel-air ratioc
is a secondary effect due to changes in the amount of residual exhaust
gas. .The minimum fuel-air ratio decreased with an increase in either
compression ratio or intake manifold temperature in a manner such that
the fraction of fuel in the total charge was a linear function of the
compression temperature. The only effects of changes in compression
ratio on the lean limit that could be clearly demonstrated were the ef-
fect of compression temperature and the secondary effect of changes in

the amount of residual exhaust gas.



CHAPTER IV

ENZINE PERFORMANCE WITEH IEAN MIXTURES

A, Performance Tests

In addition to information about the range of mixtures which
can be successfully ignited ir an engire, it is of considerable practical
interest to know the performance characteristics of an engine with a lean
mixture., Performance tests were therefcore made to determine the power
and efficiency of the engine operating with a range of lean fuel-alr
ratios. Data were takern at compression ratios of 5.5, 7, 10, 13, and
14.9. The engine was operated at 1200 5 rpm. and at part throttle;
the intake pressure was approximately 10 psia. Part throfttle operation
was usad because the anti-knock reguirement could not be met satizfactor-
ily at full throttle. The intake temperature was held fixed at 100° £
2°F, M.b.t. ignition tiwming was used in all tests. That 1s, the igni-
tion timing was adjusted for maximum power and when a range of ignition
advance gettings gave the same maximum power, the minimum advance in
this range was used. The spark plug gap uced in these tests varied
from .020 inches to .060 inches; in general, the largest gap that would

arc reliably under engine operating conditions was used.

B. Observed Performance Characteristics

1. Power Output

The power output of the engine operating over a range of fuel-
air ratios from about .00 to .060 1b. fuel/lb. air is shown in Figure
L.1. The horsepower figures given refer to indicated horsepower, ob-
tained by adding the friction horsepower absorbed irn motoring the engine

~Th-
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to the brake horsepower of the engine. In all cases, horsepower decreased
appreciably as the mixture was made leaner, and over most of the mixture
range horsepower was roughly proportional to the fuel-air ratio? Within
this proportional range, the decrease in power with lean mixture was
simply due to supplying less energy in the form of fuel. For the lean-
est mixtures, however, the horsepower decreased‘more rapidly than the
fuel-air ratio, indicating that the engine did not utilize the very lean
mixtures as efficiertly as the somewhat richer mixtures. Leaner mixtures
could be burned when the compression ratio was increased, and for a

given fuel-air ratio the engine produced more power at high compression

ratios.

2. Optimum Ignition Timing

It was found that when either the compression ratio or the fuel-
air ratio was altered, the combustion characteristics were changed to the
extent that it ﬁas necessary to adjust the igrnition timing for maximum
efficiency at each operating point. The experimentally determined opti-
mum ignition timing is shown in Figure 4.2, The effect of fuel-air ratio
is such that the point of ignition had to be advanced about 30 crankshaft
degrees in spanning the range from = stoichiometric fuel-air ratio of
.064 to the leanest mixture used at each compression ratic. At the low-
est compression ratio, 5.5, the engine required 20° to L40° more spark
advance at a given fuel-air ratio than at a compression ratio of 14.9.

The amount of ignition advance required under given conditions is re-
lated to the duration of combustion. The fact that ignition timing must
be advanced when the mixture is made leaner signifies the combustion takes
a longer time when the mixture is lean than when it is rich. A more de-
tailed discussion of the effect of fuel-air ratio and compression ratio

on combustion time will be found in Chapter V.
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3, Exhaust Temperature

The exhaust temperature, measured in the exhaust pipe about five
inches from the exhaust port, is shown in Figure 4.3 as a function of the
fuel-air ratio and compression ratioc. It was found that the exhaust temp-
eratures decreased 150° to 250°F as the mixture was made leaner in nearly
linear fashion except at the very lean mixtures. The exhaust temperature
also was less at high compression ratic than at low compression ratio,
varying about 250°F over the range of compression ratios used, namely,
5.5 to 1k.9.

The exhaust process represents the heat rejection phase of the
fundamental Otto cycle. When the mass flow is constant, as in the series
of tests in this study, the gquantity of heat rejected is indicated by
the elevation of exhaust temperature above the intake temperature. Un-
fortunately the exhaust temperature does not represent all of the heat
rejected in a practical working engine because of an appreeiable amount
of heat transferred to the walls of the combustion chamber and ulti-
mately to the engine cooling water or the atmosphere. The exhaust
temperatufe can therefore be taken only as a relative measure of the
amount of heat rejected.

The data on exhsust temperatures shownin Figure 4,3 can be
interpreted as showing that the amount of heat rejected by the engine
decreases as the mixture is made leaner and as the compression ratio
is raised. The effect of compression ratio on the amount of heat re-
jected results from the fact that at high compression ratios, a larger
portion of the energy supplied is converted to useful work than at a
low compression ratio. The remaining energy, to be rejected as heat,

is consequently reduced as the compression ratio 1s raised. When the
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fuel-alr ratio is changed, however, the efficiency of the engine is nearly
constant over most of the mixture range, as will be shown in a subsequent

section. The reduction in exhaust temperature obtained with lesan mixtures
within the range of nearly constant efficiency is due entirely, therefore,
to a reduction in the amount of energy supplied as fuel.

It will be observed that in the region of the very learest mix-
tures the exhaust temperature rises. As will be shown subsequently, this
region of rising exhaust temperature corresponds to a range of fuel-air
ratios where the efficiency is no longer constant but decreases rapldly
with a reduction in the fuel-air ratio. In this range of fuel-alr ratios,
engine operation is marginal, and it is difficult to obtain consistent
data. At some points in this region, a reduction in exhaust temperature
instead of an increase was found. This reduction 1n temperature probably
represents the effect of incomplete combustion in an appreciable number

of cycles.

4. Friction Horsepower

In Figure 4.4, the variation in motoring friction horsepower
with changes in compression ratio is shown. THe fricticn horsepower in-
creased about 15 percent as the compression ratio was raised from 5.5 to
14.9. This increase in friction is probably the result of the increased
bearing loads caused by the high gas pressures accompanylng an increase
in compression ratio. The friction horsepower wag independent of the
povwer level at which the engine was operated 1mmediately prior to the
motoring test, provided the oil temperature was closely regulated.

The friction horsepower was measured by motoring the engine

with the ignition system shut off, other conditions being the same as
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when the engine was firing. This method may be criticized as being in-
accurate. In particular, if the conclusion drawn above, namely, that
high gas pressures increase»the friction horsepower, is valid, it is
clear that the friction horsepower will be greater when the englne is
firing than when it is not firing. Moreover, the friction will tend
to increase as the mixture 1ls made richerand.progressively higher gas
pressures are developed. On the basis of a comparison of the compres-
sion pressures to the firing pressures, 1t 1s estimated that the actual
friction horsepower when firing & nearly stoichiometric mixture is
about sevem percent or .l5 horsepower greater than that measured.

With the leanest mixtures used, the friction horsepower when firing

is estimated to be gbout 3.5 percent or .07 horsepower grester than
the motoring friction. The figures given for indicated horsepower cor-
respond to the measured friction and are therefore probably too low

by the amounts given above.

It should also be pointed out that the "pumping work" in-
volved in inducting the air to the engine is considered as friction
work when measuring engine friction by motoring. This pumping work
originates from the difference in pressure between intake and exhaust
and from other pressure differences due to flow losses in valves and
menifolding. The pumping work 1s probably somewhat greater when the
engine is firing than when it 1s not firing because the gas exhausted
is considerably hotter, and therefore greater in volume, when the en-
gine is firing. .The pressure during the initial part of the exhaust
stroke is also somewhat different when the engine is firing from that pre-

sent when it 1s not firing.
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C. Efficiency of the Engine

The efficiency of the enrngine as a device for energy conversion
is shown in Figures 4.5, 4.6, and 4.7. In general, the thermal efficiency
is a measure of the extent to which the chemical energy supplied as fuel
is converted to the desired form, namely mechanical work. OSeveral bases
for calculating efficiency have been used to ald in understanding various
aspects of engine operation.

Most of the data is given here in terms of the indicated thermal
efficiency, which 1s based on the power déveloped by the working medium
in the cylinder, that is, the indicated horsepower, and the enthalpy of
combustion of the fuel supplied. The indicated thermal efficiency is
useful for analyzing the efficiency of energy conversion processes with-
in the engine cylinder. The effect of fuel-air ratio and compression
ratio on the indicated thermal efficiency is shown in Figure 4.5 and a
second time in Figure 4.6. It will be noted that over most of the
range of fuel-air ratios used, the efficiency rises when the mixture is
made leaner. The maximum thermal efficiency was about five percent
greater than that obtainable with a stoichometric mixture. It was shown
in Figure 4.1 that the horsepower decreases as the mixture.is made
leaner. However, as shown in Figure 4.5, this decrease in horsepower
does not result from a failure to use fuel efficiently but simply from
the fact that less fuel is supplied. As the mixture is made very lean,
however, a point of maximum efficiency is reached. It was found that
the efficiency falls very rapidly if the mixture is made still leaner.
This point of transition can then be taken as the lean limit of useful

mixture ratios.
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Referring again to Figure 4,5, it will be seen that lines of
optimum ignition timing have been superimposed on the efficiency curves.
In general, the ignition timing must be advanced as the mixture is made
leaner, and retarded as the compression ratio 1s raised. At any given
compression ratio the ignition timing must be varied by at least 20° in
order to span the range of fuel-alr ratios from stoichiometric to the
leanest useful mixture.

Exhaust temperature lines have been superimposed on Figure k4.6,
which is otherwise the same as Figure 4.5. Throughout the range of ef-
ficient operation, the exhaust temperature decreased as the mixture was
made leaner. .Exhaust temperatures also decreased when the compression
ratio increased. It was found that the exhaust temperature was depen-
dent on the ignition timing and these data therefore apply only when

the optimum timing is used at each operating point.

D, The Available Energy

The efficiency data given above are intended to show what
fraction of the energy supplied by the fuel is converted to useful work.
In accordance with the usual practice, the amount of energy supplied
has been taken to be equivalent to the enthalpy of combustion of the
fuel. It can be shown, however, that the maximum amount of energy
available as work from a thermodynamically reversible oxidation of
propane is equal to the change in free energy (Gibbs' function, h - Ts),
computed on the basis of the initial and final states of the working
medium being at ambient pressure and temperature(lo7:lo9)o The change

in free energy may therefore be used as a basis for computing efficiency.
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The -available work, as given by the change in free .energy, may
be greater or less than the enthalpy of combustion, depending on whether
heat is transferred from or to the surroundings. In the case of the com-
bustion of propane-air mixtures the free energy of combustion is slightly
greater in magnitude than the enthalpy of combustion and is also somevhat
dependent on the fuel-air ratio. The enthalpy of combustion of propane
is -20,060 B.T.U. per pound of fuel. The free energy of combustion varies
from -20,3%60 B.T.U. per pound of fuel with a stoichiometric mixture to
-20,515 B.T.U. per pound of fuel with a mixture containing 60 percent
theoretical fuel. Therefore, the efficiency of the engine is a little
lower when computed on the basis of the free energy of combustion than
when computed on the basis of the enthalpy of combustion. Both sets of

curves are shown in Figure 4.7.

E. Useful Mixture Range

On the basis of the indicated engine efficiency shown in Fig-
ures 4.5, 4.6, and 4,7 it is possible to define a lean limit of useful
mixture ratios. This useful mixture limit can be taken . as the point
where the efficiency begins to decrease rapidly as the mixture is made
‘leaner. The leanest useful mixture varies from about 77 percent theoret-
ical fuel at a compression ratio of 5.5 to about 65 percent theoretical
fuel at a compression ratio of 14.9. The engine can be operated ef-
ficiently at any mixture ratio between stoichiometric and the useful
lean limit. However, it has been shown that the ignition timing must
be adjusted to correspond with the mixture ratio being used. It has
also been shown that the exhaust temperatures decrease as the mixture
i1s made leaner in this range of fuel-air ratios. The use of lean wmix-
tures should not, therefore, lead to problems in exhaust valve cooling

if proper ignition timing is used.



CHAPIER V

IGNITION AND COMBUSTION .CHARACTERISTICS

In view of the importance of the combustion process as part of
the internal combustion engine cycle, an attempt was made to obtain some
information concerning the effect of lean mixtures on combustion in an
engine. It will be recognized that observed trends in engine operating
characteristics, such as ignition timing requirements, are due to changes
in combustion rate or other combustion characteristics brought about by
changes in the fuel-air ratio. A knowledge of the changes in the funda-
mental process of combustion will therefore help to explain the changes
in engine performance that are observed when the fuel-air ratio is
changed. In the paragraphs which follow, the combustion process is
analyzed with the aid of pressure indicator diagrams, and two stages
of combustion have been distinguished. In addition, the duration of
the terminal part of the combustion process at high compression ratios
was found to be materially different when detonation occurred. Finally,
there is a description of the change in combustion characteristics oc-

curring when the lean limit of useful fuel-air ratios is reached.

‘A. Indicator Diagrams

To obtain information on combustion characteristics, charge
Pressures in the engine cylinder were measured with a quartz element

pressure pickup(llo)

and were plotted as a function of charge volumes on
logarithmic coordinates. The resulting curves are shown in Figures 5.1,
to 5.19 inclusive., .Each diagram represents two, three, or four immedi-

ately successive cycles superimposed, and shows only the compression and

expansion strokes of the engine; the inteke and exhaust strokes have been

omitted. These figures have been placed at the end of this chapter,
-89-
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These pressure data have been plotted in logarithmic coordinates
of pressure and volume in order to distinguish the effects of combustion
from the pressure changes brought about by compression and expansion of
the charge due to motion of the engine piston. It has been shown that
the compression process is approximately isentropic during the period

(14,23)

prior to combustion The relationship between pressure and vol-

ume of a perfect gas undergoing such a compression process is:

PVE = C, a constant,
or:

log P = -k log V + log C.
This relationship is also applicable to the mixture of feal gases present
in the charge, with reasonable accuracy. Therefore a graph of "log P"
as a function of "log V"' will show the compression process as a straight
line with a slope of -k. It has been found that the expansion process
subsequent to the completion of combustion follows a similar straight
line of approximately the same slope. The effect of combustion on the
cylinder pressure begins, therefore, at the point where the observed
"log P - log V" relationship departs from the straight compression line.
Similarly, the end of cowbustion is indicated by the point where the
linear expansion curve, parallel to the cowpression line, begins. It
should be mentioned that it is possible for heat release and heat trans-
fer to occur simultaneously at such a rate that a straight expansion
line can result. No attempt has been made here to eliminate such a

possibility.
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B. Observed Characteristics of the Combustion Process

It will be noted upon examining Figures 5.1 to 5.19 that there
is a time delay between the ignition of the charge and the point where the
curve deviates appreciably from the isentropic compression line. The pres-
ence of this time delay suggests that the combustion process in an engine
consists of at least two parts: 1) a delay or "pre-pressure" period, and
2) a period of rapid flame travel and pressure rise. .For purposes of
measurement, the transition between these two intervals was considered
to take place at the point where the pressure was four pereent above the
isentropic compression pressure at the same volume., The end of the pres-
sure rise period was taken as the point where the pressure was 96 percent
of the projected expansion pressure at the same volume.

The length of the delay period was found to be a function of the
compression ratio and the fuel-air ratio, as shown in Figure 5.20. At
compression ratios below 10:1, the delay period decreased quite rapidly
when the compression ratio was raised, while at compression ratios in
excess of 10:1 the decrease in the delay period was relatively small.

The delay period also increased substantially as the mixture was made
leaner, particularly at the lower compression ratios. In some cases
there was a scattering of 10° or more in the measured length of the de-
lay period in a series of cycles under a given set of operating condi-
tions. The values given in Figure 5.20 represent the mean of one to
four measurements and hence are subJject to some uncertainty because of
the rgletively small sample size.

The duration of the remaining part of the combustion process,

described as the pressure rise period, is shown in Figures 5.21 to 5.24
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inclusive. In general;, the time occupied by the pressure rise period in-
creases as the mixture is made leaner, as shown in Figures 5.22 to 5.24.
It is interesting to compare the mean rise time, shown in Filgure 5.21,
with the mean delay time, shown in Figure 5.20. The pressure rise time
does not appear to be changed appreciably when the compression ratio is
varied, whereas the delay period increases two to three times over the
range of compression ratios from 14.9 to 5.5. When light knock was pre-
sent at a compression ratio of 14.9, the flame travel period was appreci-
ably shortened, However, the delay period during these knocking cycles
was not significantly different from the delay period in non-knocking

cycles.

C. Pre-Pressure Period of Combustion

The "pre-pressure' or delay period in the combustion process
in spark-ignition engines has not been generally recognized as a
separate phenomenon in technical literature on iInternal combustion en-

gines. OSeveral investigators, however, have published data indicating
the existence of such a delay period(89’90’91’92995’9u’95’96’97’98’99’

10031019102>, although not all of these considered this period to be a

distinct phase of the combusticn process. From the data available,
at least four characteristics of the pre-pressure rise period may be
identified.

First, it has been reported that the pre-pressure period is
relatively long when lean mixtures are used(9lﬂ969979loo)5 and a similar
result has been shown in the present study (cf. Figure 5.20). It was
also found in the present study that the duration of the pressure rise

period, which follows the delay period, increased when the mixture was



made leaner. However, the change in the pressure rise time was about
50 percent over the range of mixtures used, whereas the change in delay
time was about 300 pereent.

- A second characteristic of the pre-pressure phase of combus-
tion was shown by Ricardo(99), who fpuﬁd that the duration of the pre-
pressure period was independent of engine speed. In contrast, the sub-
sequent rate of pressure rise was approximately proportional to the en-
gine speed. In a series of experiments in a closed vessel containing
a fan,.David(92) later confirmed the conclusion that the duration of
the pre-pressure period is independent of the degree of turbulence of
the mixture, but the rate of pressure rise following the pre-pressure
period increases rapidly as the mixture is made more turbulent.

Third, it has been shown in photographic studies of flame
propagation that the flame, initiated at the spark plug, may travel
as far as one quarter of the distance across the combustion chamber

(959101’102), As discussed be-

before a noticeable pressure rise occurs
low, at least part of the delay period is due to the necessity for the
flame to travel such a distance before a sufficient volume of mixture
has been burned to cause a noticeable pressure rise. The area already
inflamed shows a sudden increase in luminousity about the time that the
pressure begins to rise, but it is not clear whether this luminousity
indicates a cause or result of the pressure rise or 1s merely an unre-
lated phenomenon. In many of the flame photographs the occurrence of
the spark is followed by an initial period during which no flame is

visible. This period of no visible flame was quite short under the

conditlions existing when flame photographs were made. In general,
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however, no clearly visible phenomenon has been shown to correspond to
the relatively long delay perioé obgerved with lean mixtures.

Fourth, Withrow and Boyd<lOl) found that, in the case of gas-
olene-benzene fuel blends, the length of the delay period was indepen-
dent of the knocking tendency of the fuel blend.

A number of attempts have been made to explain the existence
of the delay period and the processes occurring during this time. It
has been pointed out that because of the geometry of the flame, the
pressure rise may be expected to be undetectable at first(95795’98)°
The initial volume and area of the flame formed at the gspark plug are
both very small. .Since the rate of pressure rise is proportional to
the mass rate of bmrning(19),q the rate of pressure rise will depend on
the area of the flame front, the density of the unburned mixture, and
the flame speed relative to the unburned mixture. The pressure rise
may be expected to be quite small until the flame has attained appreci-
able size and surface area, even though the initial flame speed be
high. David(ga) has calculated that less than five percent of the
total pressure rise will have occurred when the volume of the burned
gases has reached 20 percent of the total combustion chamber voluue.

It is therefore clear that the process of flame growth from a small
source is one factor in accounting for the pre-pressure period.

There are some reasons for supposing that other factors be-
sides the flame geometry are ilmportant in consideration of the delay
period. The effects of changes in fuel-air ratio or compression ratio
on the length of the delay period are much larger than the accompanying

effects on the rate of pressure rise. Furthermore, turbulence has been
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shown to have amarkedeffect on flame speed, but no effect on the length
of the delay period. A number of authors have speculated as to other
combustion mechanisms, with little heat release, which may occur during
the delay period(95f9u)° The details of these other mechanisms, if
they exist, are obscure at present, and no satisfactory explanation of

the "pre-pressure" phenomenon seems to be available at the present time.,

D. Useful Mixture Limit

In Chapter IV, reference was made to the leanest useful fuel-
air ratio. It was found that the efficiency decreased substantially if
the mixture was made leaner than the leanest useful ratio, which varied
from approximately 77 percent theoretical fuel at a compression ratio of
5.5 to 65 percent theoretical fuel at a compression ratio of 14.9. It
might be expected that the attainment of the leanest useful mixture ratio
would be accompanied by some significant change in combustion characteris-
ties.

Engine operation was found to be very irregular in the very
lean mixture range, and the variations from cycle to cycle were large.
The irregularity of the combustion process made if difficult to observe
any general trends in the characteristics of combustion. In many cases,
the duration of the pressure rise period was increased significantly
when the fuel-alr ratio was made less than the leanest useful ratio men-
tioned above. The length of the pre-pressure period also increased in
some cases, but does not show a clearly defined change corresponding to
the decreasing efficiency. It was observed that the optimum ignition
timing was not clearly defined when using very lean mixtures. However,
the engine did not misfire at any mixture ratio used in the performance

tests.
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Figure 5.4 Pressure-Volume Diagrams.
Operating conditions same as in Figure 5.1.
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Figure 5.20 Average Duration of Delay Period.
Operating conditions same as in Figure 5.1.

100



AVERAGE DURATION OF MEAN PRESSURE RISE PERIOD - DEGREES

-116-

80 : l | I | ]
Q------ - Compression Ratio = 5.5
© ——-- Compression Ratio = 7.0
®—-— Compression Ratio = 10
70 ©® —— Compression Ratio = I3
® —— Compression Ratio = 14.9
60 X\
T/ \\ ® ? Q
1 \ Y l' "‘
9‘"@\\ /‘\'e’ “\ ,l "
b L )
50 N 7 x ' .
‘v' “\ \x " Q
D \\ ; /Q
/ Ay
Q o)
L \ &//'e
40 \ V\
| N\
| CR:14.9 \ ®
DETONATION \\
30 |— OCCURING ———2 % *\
K

60 70 80 90
PERCENT THEORETICAL FUEL

Figure 5.21 Average Duration of Pressure Rise Period.
Operating conditions same as in Figure 5.1.
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Figure 5.22 Duration of Pressure Rise Period.
Operating conditions same as in Figure 5.1.
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TABLE XITIT

FUEL ORIFICE CALIBRATION

- T
Orifi Constant = We N—
ririce O f ’\/Ph

Average
Date  Weight Average Pressure Average Orifice
of of Fuel Flow Flow Fuel Difference Fuel Constant
Test Used Time Rate Pressure at Orifice Temp. Ko
1b. min. 1b/hr. psia. in, H0 °R.
10-19-59  .905° 36.%3 1.493  L45.76 9.27 616 1.80
1- 3-60 1.00 35.h 0 1.695  46.54 11.94 618.5 1.785
1-19-60 1.00 39.9 1.505 bk .5 9.95 619 1.78
2- 1-60 1.20 46.5  1.55 46.5 10.08 619.2 1.79
3-15-60  .h4O 15.75 1.524  hWhk 10.05 615 1.785
TABLE XTIV
FREE ENERGY OF COMBUSTION OF PROPANE-AIR MIXTURES
¢ 1.0 0.9 0.8 0.7 0.6
y 0 2.81 6.32 10.9 16.9
Mole Fractions C3Hg 0k03 .0362 L0321 .0280 L0240
of Reactants 02 .2015 2024 .203h 2041 .2050
No L7582 761k L7645 L1679 L7710
Free Energy
of Reactants kcal. -15.34 -16.25 -17.39 -18.86 -20.77
per Mole Fuel
COo L1163 .1048 L0934 .0817 L0703
Mole Fractions Hy0 .1550 .1398 .1253% .1090 L0937
of Products Op .0000 .0206 L0413 L0624 L0831
No .7287 L7548 L7400 .Th69 . 7529
Free Energy
of Products keal. -513.0 -515.0 -517.2 -519.6 -522.5
rer Mole Fuel
Change in
Free Energy kcal. -Lot.7 -498.7 -499.8 -500.8 -501.5
per Mole Fuel
Change in
Free Energy BTU. -20,%60  -20,40%5  -20,4kk  -20,488  -20,51h

per 1lb. Fuel
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Figure 5.24 Duration of Pressure Rise Period-

Operating conditions same as in Figure 5.1.
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CHAPTER VI

CONCLUSIONS. AND RECOMMENDATIONS

A. Conclusions

1.

The lean limits of flammability of light paraffin hydrocarbons

in an engine are functions of the temperature of the reactants,
as predicted by the lean 1imit equation.

The lean limits of 1light paraffins in an engine are not appreci-
ably affected by changes in pressure.

The predicted lean limit fuel-air ratio was about 35 perecent
leaner than the point at which the engine began to misfire.

An increase in the inlet temperature oxr compression ratio of a
spark-ignition engine results in the ability to burn a leaner
mixture. The fuel-air ratio at the point of misfiring correlates
with the compression temperature.

Conventional spark plug electrodes appear to quench very lean
mixtures at ordinary gap settings.

The maximum thermal efficlency was obtained with a mixture con-
taining 70 percent to 80 percent theoretical fuel, depending on
the compression ratio. As the compression ratio was raised,

the point of maximum efficlency was shiftgd toward leaner mixtures.
The maximum thermal efficiency at a given compression ratio was
five percent higher than the thermal efficiency obtained with a
stoichiometric mixture.

Combustion of lean mixtures in an engine is accompanied by a
time delay of one to seven milliseconds between the occurence

of the spark and the beginning of the pressure rise. The length

~120-



10.

11.

12.
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of the delay period increases when the mixture is made leaner,
especlally at low compression ratios.

The pressure rise following the delay period occurs in approxi-
mately seven to nine millisecondéy depending on the fuel-air
ratio, in this type of engine at a speed of 1200 rpm.

The increased ignition advance required with lean mixtures is
due principally to the increase in the delay period which occurs
as the mixture is made leaner.

Cycle-to-cycle variations in pressure increase as the mixture 1s
made leaner.

The exhaust temperature decreases as the mixture is made leaner.

B. .Recommendations

1.

The processes occufring. during the pre-pressure or delay period
should be studied. Observation of flame propagation in a quartz
head engine and spectrographic analysis of the gases in the
vicinity of the spark plug are suggested as techniques for this
investigation.

Further study of the threshold temperature and its relationship
to the mechanism of oxidation of hydrocarbons should be made°
Information on engine efficiency and other operating character-
istics should be extended further into the lean mixture range
by the use of hydrogen or hydrogen-propane mixtures as fuels.
The effect of lean mixtures on the amount of unburned hydro-
carbon components in the exhaust should be investigated.

A method of cycle analysis that does not presuppose that the

combustion process occurs instantaneously and at constant
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volume should be developed and applied in high compression engines.

Cycle-to-cycle variations in the pattern of pressure development
should be studied with respect to the effect of these variations
on the thermal efficiency of the engine, and the factors causing
these variations.

The effects of engine speed and charge turbulence on the lean

limit should be studied.



APPENDIX A

RESIDUAL EXHAUST GAS

In order to calculate the amount of residual exhaust gas present

in the charge and the temperature of the charge after mixing with the

residual exhaust gas, the following assumptions will be made:

(1)

(2)

(3)

(&)

(5)

Residual exhaust gas at exhaust temperature Te and
pressure Pe fills the clearance volume Vc at the
beginning of the intake stroke.

During the first part of the intake stroke, the
residual exhaust gas expands isentropically to

the intake pressure Pi, and a temperature T,.
Fresh mixture is drawn into the cylinder and mixed
with the residual gas at constant pressure P; for
the remainder of the intake stroke.

The gases involved are ideal, and have equal molecular
weights and specific heats.

All processes are adlabatic.

Under these assumptions, the expansion of the residual gas at

the beginming of the intake stroke will follow the law

P_e_>l/ k 1/x

V., = V (P] = V. r (A.1)

The residual gases will then mix with the fresh mixture, as follows:
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mR T, mRT; (mqm)RT,

p e ST i
1 M Vr M Vi M I‘VVC
m CpT  + mCT, = (mr + m:"L)CPTc

By combining these equations,
1/k
v, = Vc(rvurP )

é

The fraction of residual exhaust gas is

f = My _ 1
m, ¥ my 1+ mi/mr ®
But
PiViM PeVM
"5 BmDy fr = @,

mi _ PiTeVy _ E_T_Ci;
My PeTsVe r'p Vc)

From Equation (A.k4):

]

1
m, T 1/% ry
AR IRRE C AN

I'p
1

1+ R
I“T ,I-'; -—rpik-ls;k)

£ o=

The temperature of the charge ‘I‘c can be computed also.

PeVCM
m = =
r R Tg
PiI"chM
m +nm =
T 1 R Tc
o, + ms rVPiTe
P. r
= L = =L
T fr.v Pe 'I'e o Te

(a.4)

(2.5)

(A.6)

(A.7)

(A.10)

(A.11)

(A.12)

(A.13)



APPENDIX B

THE FREE ENERGY OF COMBUSTION

1. Free Energy of Formation of Components at 25°C and 1 atm.;
Data taken from Reference 108.

Free Energy (g°)

Compound Phase kcal./mole
COp gas -94.2598
CxHg gas -5.614
H,0 gas -54.6351
No gas 0.0
0o gas 0.0

2. Free Energy of Components in a Mixture of Reactants or Products
at 25°C and 1 atm.(lo7’lo9):
For the nth component:
Bp = gg + RT 1n Xy o
The free energy of the mixture as a whole is
g = % Xn8n -
3. Mole Fractions of Components in Mixtures of Reactants or Products:
CsHg + (y + 23.8) Air - 3C0, + LH,0 + 18.8N, + y Air
L.76 Air = Op + 3.T76Ny
y = a constant depending on fuel-air ratio.
Molecular weight of CzHg = 4kh.0
Molecular weight of Air = 29.0

The fraction of theoretical fuel is

b b

~

p = ik + 29(y + 23.8) * Ik + 29(23.8)
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Therefore, the constant y is
29 1
v <!+4 + 23.8)(¢ - 1).

Mole Fractions of Reactants:

1
O5Mg T v + 24.8
0 5 = y + 23.8
2 b, 76(y + 24.8)
, « = D2:T6(y + 23.8)

L, 76(y + 24.8)

Mole Fractions of Products:

= 2
%0, * vy + 25.8
H.O X = _..._)—.I'..__._
2 y + 25.8
0 = J
2 * 7 W60y + 25.8)
18.8 + .2_, %65,
1\T2 X = . v
vy + 25.8

L, Total Number of Moles per Mole of Fuel:
Moles of Reactants =y + 24.8

Moles of Products =y + 25.8
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TABLE IV

LEAN-LIMIT DATA FOR SEVERAL HYDROCARBONS

Dimensionless
% Fuel Mixture Welght Fraction Dimensionless Heating Value
by Temperature of Fuel Temperature -F1, hrp
Fuel Volume TR Fr, TR/Tr T T Reference
% °R - - -
6.3 522.6 L0357 .185 .790
6.2 582 .0352 .188 .780
5.95 672 .0338 .217 .Th9
5.75 762 .0%26 246 .722
CHy 5.50 852 .0312 .275 .691 L7
5.30 ol2 .0299 .302 662
5.10 10%2 .0289 .333 640
k.90 1122 L0277 .361 614
4.80 1212 Nozkal <391 .600
6.0 528 L0340 L1705 LT54
5.45 672 .0308 217 .T20
CHY 5.05 852 .0286 275 633 42
3.65 1392 .0204 RIVX] )
3.25 1752 .0182 .566 ko3
5.5 528 .0312 .1705 .691
5.3 672 .0299 217 662
CHy 5.0 852 .0282 275 .625 30
4.9 1032 L0277 333 .613
LT 1212 .0256 .391 567
3.9 1392 .0219 e} 485
1.53 522.6 L0372 .1685 .8h1
1.50 582 .0%65 .188 .825
C5H12  1.hb 672 .0351 .217 .o
1.39 762 .0339 246 L767 g
1.3k 852 .0327 275 .739
1.30 glo .0318 .302 . 709
1.22 1032 .0298 333 62k
1.26 538.8 .0365 LATH 817
CgHyL 1.22 672 L0353 217 .788 48
1.18 762 L0342 246 e
1.1k 852 L0331 275 .ThO
1.05 538.8 L0354 LTk .790
CTH16 1.02 672 .0345 217 770 48
.99 762 .033k 246 JTAT
.95 852 .0322 275 .T719
.96 538.8 .0368 ATk .821
CgH18 .9% 672 L0357 .217 .79 48
.90 762 L0345 246 .T70
.86 852 .0330 275 .735
.81 672 .0348 217 776
CoH20 .76 762 .0327 .2k6 .30 48

.T1 852 .0316 275 Ry(on
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TABIE XI

COMBUSTION PRESSURE DELAY AND RISE TIME
DATA FROM PRESSURE INDICATOR DIAGRAMS

Intake Pressure ...

Split-Head CFR Engine
Speede.eecsnnnns ees0ss1200 rpm,
«++10 psia.
Intake Temperature......l00°F,
Ignition TimingesseosssesM.B.T.
FuelevesvsesCommercial Propane

©1 Time of Spark - Degrees from T.D.C.
©1 Time of Occurence of 4% Pressure Rise - Degrees from T.D.C.
2] Time of Occurence of 96% Pressure Rise - Degrees from T.D.C.
Op Pressure Delay Period (67 - ©7) - Degrees
O Pressure Rise Period (05 - 915 - Degrees
Compression Ratio = 5.5
F
428 o97.7 ~35 =25 18 10 43
-35 -20 . 22 15 L2
~35 -15 27 20 b2
Av. 15 2]
k29 92.2 ~37 -15 3k 22 49
=37 -10 38 27 L8
Av. 25 8.5
Lot 88.8 -4 -20 32 21 52
-4l -12 50 28 62
Av, 25 57
430 8.9 =47 -22 27 25 49
-Lh7 -15 27 32 42
-47 -10 30 37 40
Av. 31 Jnn
k371 80.9 -51 -19 25 22 i
-51 -18 27 33 45
-51 -5 35 46 40
-51 -5 45 Eé 50
Av. %9 55
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TABLE XI (continued)

COMBUSTION PRESSURE DEIAY AND RISE TIME
DATA FROM PRESSURE INDICATOR DIAGRAMS

Compression Ratio = 5.5

Run gb ' o1 o1 o
432 770 -65 -25 20 Lo 45
-65 -25 23 Lo 48
-65 -22 23 L3 L5
-65 -22 Lo 43 62
Av, %) ?6
433 .5 -65 -15 30 50 L5
-65 -15 L3 50 58
-65 -5 60 60 65
-65 -5 60 60 65
Av. 55 58
Compression Ratio = 7.0
419 9%.8 -28 =13 3% 15 L6
-28 -13 35 15 L8
Av, 15 7
a7 87.0 -36 -1k 26 22 4o
-36 -1k 26 22 Lo
Av, 22 0
418 81.7 =41 -20 22 21 ho
~41 -13% 30 28 L3
Av. 25 2.5
420 76 .4 -43 -23 22 20 45
) -5 52 38 57
Av, 29 51
Loy 15.2 =52 =20 35 35 55
-52 - 8 57 Jk b5
Av, 37 5
Loo T72.% -60 -18 28 Lo L6
-60 -12 38 IS 50
-60 -5 70 55 5
L8 57

Av,




TABLE XI (continued)
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COMBUSTION PRESSURE DELAY AND RISE TIME

DATA FROM PRESSURE INDICATOR DIAGRAMS

Coupression Ratio = 10

Run g or o1 eo op oR
0

LO1 91.1 -24 -15 2% 9 38
-2k -15 28 9 3
-2k -15 29 9 Ll
Av. 9 L2
Lo6 85.2 -25 -1kh 2% 11 37
-25 14 27 1 11
Av. 11 39
400 79.4 -28 -16 30 12 L6
~28 -13 40 15 53
-28 -13 Ny} 15 53
Av, i 51
Lo5 72.8 -37 -17 30 20 L7
=37 -1k 33 23 L7
Av. 22 ﬂ?
Lol 68.0 -45 -22 32 0% 5l
-45 -15 33 30 L8
Av. 27 51
403 65.9 -48 -23 2% 25 L6
-48 -15 43 33 58
Av. 29 52
Lo2 62.8 -50 -2k 22 26 L6
-50 -15 L3 35 58
Av. 30 52

Compression Ratio.= 13
h13 90.8 -16.5 -5 30 11.5 35
-16.5 -5 31 11.5 36
-16.5 -5 32 11.5 37
Av. 11.5 36



COMBUSTION PRESSURE DELAY AND RISE TIME
DATA FROM PRESSURE INDICATOR DIAGRAMS

Compression Ratio

-137-

TABLE XI (continued)

Run F o1 01 O oRr
% -
hio 8%.8 -20 -10 30 Lo
=20 =10 39 L9
Av. EEDS
411 78.2 24,5 -13% 22% 35%
24,5 =13 4o 55
Av,
LoT 73.4 -31 -12 Lo 5k
-31 -17 30% 47*
Av,
bk 67.2 -4l =20 20% Lo*
~41 -20 30 50
Av,
415 65.1 47 «26 35 61
47 -26 45 71
Av, 66
416 63,6 -56 -22 25 65
-56 -13 50 63
Av, 3N
Compression Ratio
357 96.6 -11 -4 23% 7 27*
359 89.0 -14 -6 23% 8 20%
-1k -6 25% 8 3] %
Av. 8
365 78.2 20,5 -6 20% 14,5 28%
-20.5 - 6 20% 1,5 28%
-20,5 - 6 2% 14,5 33%
Av, k.5

¥ Detonation occurred
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TABIE XI (continued)

COMBUSTION PRESSURE DELAY AND RISE TIME
DATA FROM PRESSURE INDICATOR DIAGRAMS

Compression Ratio = 14.9

F .

364 T34 -25 -12 19% 13 31%
-25 -14 19% 11 33%
Av. 12
363 694 -30 -14 oL* 16 38%
-30 -12 42 18 54
-30 -12 Lo 18 5k
Av. 18
362 66.5 =37 -13 28% 2L INES
=57 -13 65 2h 78
Av. 2L
360 634 -41 -12 50 29 62
-b] -12 53 29 65
-1 -12 180(?) 29 ?
Av. 29 63
358 61.3 -40 -10 Lh 30 54
-0 -10 50 30 60
Av, 30 57

* Detonation occurred
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TABLE XII
AIR METER CALIBRATION

Room Temperature-at air tank TL4°F.
Barometric Pressure 14,22 psia.
Tank Capacity 9.80 cu., ft.

or .706 1b, air at TL4°F,
Air Temperature at Nozzle T2°F,

ZZ 1€ = o
Nozzle Constant = Wy T lb/hr (QR)l/E
P psia.
Nozzle Nozzle Flow Nozzle Nozzle
Number Time Pressure Rate Constant Constant
- Min. psia. 1b/hr. - Avg.
1 4,335 © 54,22 9,69 4,13 4,15
1 2,496 ok, 22 17.0 h,17
2 2.997 39.2 14,13 8,33
2 1,834 64,0 23,10 8.34 8,33
2 1,837 64.0 23.06 8.33
2 1.268 9.0 33,41 8.22
2 1.260 ok ,0 33,62 8.27
3 1.459 59,2 29.0% 17.11 17.1
3 1.456 3942 29,09 17.15
3 893 64,2 W7o bk 17.08
3 .893 6h.1 L7, bk 17.10
3 679 84,3 62,38 17.10
3 679 84,3 62.38 17.10
by « (55 9.7 56,11 32,66 32,6
L 2756 39.7 56,03 32,62
L .610 ho,2 69,4k 32,62
L 611 49,2 69.33 32,57
Ly .508 59.2 83,38 %2.55
L 506 59.3 83.72 32.63
Iy « 95 84,1 119.3 32,78
Iy « 554 84,1 119.7 32.89
5 369 - 39.0 114,8 68.02 €7.6
5 . 528 Ll 1 129.1 67.65
5 268 54,2 158.1 6741
5 226 64 .1 187.4 67.56
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TABLE XIIT

FUEL ORIFICE CALIBRATION

Orifice Constant = Wf J%%;

Average
Date  Weight Average Pressure Average  Orifice
of of Fuel Flow Flow Fuel Difference Fuel Constant
Test Used Time Rate Pressure at Orifice Temp. K,
1b. min. 1b/hr. psia. in, Hp0 °R.
10-19-59  .905° 36.3 1.493 45,76 9.27 616 1.80
1- 3-60 1.00 35.0 0 1.695  L6.5k 11.9% 618.5 1.785
1-19-60 1.00 39.9  1.505  hk.5 9.95 619 1.78
2- 1-60 1.20 W6.5 1.55 b6.5 10.08 619.2 1.79
3-15-60 .Lo 15.75 1.524 kb 10.05 615 1.785
TABLE XIV
FREE ENERGY OF COMBUSTION OF PROPANE-ATR MIXTURES
) 1.0 0.9 0.8 0.7 0.6
y 0 2.81 6.32 10.9 16.9
Mole Fractions C3Hg .0403 .0362 .0321 .0280 L0240
of Reactants ) .2015 2024 .203k 2041 .2050
No L7582 761k L7645 L1679+ L7710
Free Energy
of Reactants kcal. -15.5k4 -16.25 -17.39 -18.86 -20.77
per Mole Fuel
COo L1163 L1048 L0934 .0817 L0703
Mole Fractions Hy0 L1550 .13%98 .1253 .1090 .0937
of Products Op . 0000 .0206 L0413 L0624 .0831
No L7287 L7548 L7400 LTh69 L7529
Free Energy
of Products keal. -513.0 -515.0 -517.2 -519.6 -522.5
per Mole Fuel
Change in
Free Energy kcal. -L97.7 -4o8.7 -499.8 -500.8 -501.5
per Mole Fuel
Change in
Free Energy BTU. -20,560  -20,405  -20,44L 20,488  -20,51)

per lb. Fuel
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