EPA-460/3-76-022
July 1976

NITROGEN OXIDE CONTROL
WITH DELAYED-MIXING,
STRATIFIED-CHARGE
ENGINE CONCEPT

U.S. ENVIRONMENTAL PROTECTION AGENCY
Office of Air and Waste Management
Office of Mobile Source Air Pollution Control

Emission Control Technology Division
Ann Arbor, Michigan 48105




This report is issued by the Environmental Protection
Agency to report technical data of interest to a
limited number of readers. Copies are available free
of charge to Federal employees, current contractors

and grantees, and nonprofit organizations - in limited
quantities - from the Library Services Office (MD-35),
Research Triangle Park, North Carolina 27711; or, for a
fee, from the National Technical Information Service,
5285 Port Royal Road, Springfield, Virginia 22161.

This report was furnished to the Environmental Protec-
tion Agency by the Department of Mechanical Engineering,
University of Wisconsin, Madison, Wisconsin 53706, in
fulfillment of Grant No. R803858-01-0. The contents
of this report are reproduced herein as received from
the University of Wisconsin. The opinions, findings,
and conclusions expressed are those of the author and
not necessarily those of the Environmental Protection
Agency. Mention of company or product names is not to
be considered as an endorsement by the Environmental
Protection Agency.

Publication No. EPA-460/3-76-022

i1



EPA-460/3-76-022

NITROGEN OXIDE CONTROL
WITH DELAYED-MIXING,
STRATIFIED-CHARGE
ENGINE CONCEPT

by
L.W. Evers. P.S, Myers. and O.A. Uyehara
Department of Mechanical Enginecring

University of Wisconsin
Madison, Wisconsin 33706

Grant No. R803858-01-0
EPA Project Officer: John J. McFadden

Prepared for

ENVIRONMENTAL PROTECTION AGENCY
Office of Air and Waste Management
Office of Mobile Source Air Pollution Control
Emission Control Technology Division
Ann Arbor, Michigan 48105

July 1976



ABSTRACT

The purpose of this study is to explore methods of
controlling the nitrogen oxide emissions from internal
combustion engines. From computer calculations, the
delayed mixing stratified charge engine concept was
selected. In the delayed mixing stratified charge en-
gine concept, combustion is initiated and completed in
a fuel~-rich region, then air is mixed into those rich
products. A study of existing engines shows that some
operational stratified charge engines limit nitrogen
oxide emissions in a manner similar to the delayed
mixing concept. A single cylinder engine was modified
to include an air injection valve. When air was injected
after rich combustion, the nitrogen oxide emissions were
lower, the hydrocarbon emissions were lower, the carbon
monoxide emissions were about the same and the
efficiencies were lower than for homogenedus operation

at the same overall fuel-air ratio.
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PREFACE

The material presented in this report is essentially
the Ph.D. Dissertation of L. W. Evers. Much of the
support for the study was provided by the U. S.
Environmental Protection Agency. The theoretical study
given in Chapter II was presented as a Society of Auto-
motive Engineers (SAE) paper (741172) at the International
Stratified Charge Engine Conference in Troy, Michigan
(1974). Other results are to be presented in a SAE paper
in February 1977.

The thesis was written in the conventional British
units. Appendix I has been added to the report which

includes the conversion to SI Units.
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CHAPTER I

INTRODUCTION

The oxides of nitrogen emissions from vehicle internal
combustion engines are one of the causes of photochemical-
smog. Smog is produced by the interaction of nitrogen
oxide, hydrocarbons, air and sunlight. In an attempt to
prevent this form of air pollution, the Federal Government
has set standards for the emissions from motor vehicles.
Nitrogen oxide emissions of conventional spark ignition
engines are difficult to deal with because they tend to
be large at high efficiency and high power operating
conditions.

Our general approach to the problem was to study
engine processes, doing theoretical calculations to
determine if the nitrogen oxide emissions could be re-
duced while maintaining satisfactory engine performance
The most promising concept was then selected for experi-
mental evaluation.

A computer program approximating conventional homo-
geneous engines was used to provide a better understand-
ing of nitric oxide emissions. The computer program was
also used to determine how unusual operating conditions
influence nitric oxide emissions. A second computer pro-

gram was used to study nitric oxide emissions of stratified



chafge engines. From these studies it appeared that the
delayed mixing stratified charge engine concept had the
most potential for limiting nitric oxide emissions and
maintaining engine performance.

The delayed mixing stratified charge engine concept
consists of.having all of the fuel concentrated in a
rich region where combustion is initiated. After com-
bustion of the rich mixture is completed, the lean region
consisting of air or air with recirculated exhaust gas
is gradually and thoroughly mixed into the rich products
of combustion.

When the nitrogen oxide emissions of various types
of internal combustion engines were examined, it was
apparent that the delayed mixing concept was part of a
unique group of engines. This group of engines uses
similar principles of operation and has similar trends
in the nitrogen oxide emissions. The nitrogen oxide
emissions of this group tend to be lower than other en-
gines for operation with near stoichiometric fuel-air
ratios. The other group of engines is usually operated
lean to 1limit nitrogen oxide emissions.

The experimental program is intended to simulate
the combustion processes of the delayed mixing strati-
fied charge engine concept. The experimental engine was

not intended to represent a practical engine configuration



but waé, instead, a means for testing the delayed mixing
concept., A single cylinder (CFR) engine was modified to
include an air injection valve which could inject air at
the desired time in the engine cycle. The experimental
engine was operated at a variety of conditions which

provided the results necessary to evaluate the delayed

mixing concept.



SUMMARY

The theoretical studies of engine power, fuel
economy and emissions shown in Chapter II indicate that
the delayed mixing stratified charge engine concept is
capable of limiting the nitric oxide emissions while
having reasohable efficiency and specific power. The
delayed mixing process consists of rich combustion fol-
lowed by air being mixed into the rich products. During
the initial phase of rich combustion little nitric oxide
is formed due to the lack of oxygen in the charge. When
the air is mixed into the rich products of combustion,
two factors can be used to limit nitric oxide. First,
if the final overall fuel-air ratio is kept near stoichio-
metric, the nitric oxide will be low because the mixture
is rich for most of its kinetic history. However, if
the overall fuel-air ratio is made lean, the product
mixture will have both the high temperatures and oxygen
required for nitric oxide formation. With delayed mixing
and a lean overall fuel-air mixture, the nitric oxide
emissions can be very high. The second factor which
can be used to limit nitric oxide formation is the time
at which expansion cooling stops the nitric oxide
kinetics. If the end of the active nitric oxide kinetic
period were to occur before the air is added to the rich

products, the final nitric oxide concentration would be



that associated with rich combustion. Likewise, as the
end of the active nitric oxide kinetic period is extended
into the mixing process, the final nitric oxide concen-
tration will be more affected by the mixing process.

It is shown in Chapter III that some real engines
have low nitrogen oxide emissions when operated near
stoichiometric fuel-air ratios. Those engines and the
delayed mixing concept have similar combustion processes.
This group has been defined as the limited mixing strat-
fied charge engine group because the products of combus-
tion are by some means temporarily prevented from mixing
with the rest of the charge. The mixing process which
follows combustion is characterized by the products
mixing into the air, or by the air mixing into the pro-
ducts, or by some intermixing process. Engines are
judged to be part of the limited mixing group by examin-
ing the influence of fuel-air ratio on the nitrogen oxide
emissions and by examining the combustion processes. The
Ford Programmed Combustion (PROCO) Engine, the Newhall
Engine and the divided chamber diesel engine are included
in the limited mixing stratified charge engine group.

The delayed mixing stratified charge engine concept
was simulated by a single cylinder (CFR) engine with pro-
visions for air injection. A rich charge is drawn into

the combustion chamber through the normal inlet wvalve.



The equivalence ratio of this charge is called the car-
bureted equivalence ratio. At the desired time in the
cycle the air is injected which reduces the equivalence
ratio to the value called the overall equivalence ratio.
Details of the experimental engine, the entire test
facility and instrumentation are presented in Chapter 1IV.
The experimental engine was operated with air in-
jection occurring after combustion to simulate the de-
layed mixing processes. The experimental results are
presented in Chapter V. A comparison can be made of the
emigsions for homogeneous operation and for delayed mixing
operation at the same overall equivalence ratios. The de-
layed mixing operation is much lower in nitrogen oxide
emissions, lower in hydrocarbon emissions and about the
same in carbon monoxide emissions. From the hydrocarbon
and carbon monoxide emissions, it can be concluded that
the combustion‘process is éqmpleted. The magnitude of
the nitrogen oxide emissions from the delayed mixing
operation is similar to that of homogeneous operation
if its overall equivalence ratio were equal to the car-
bureted equivalence ratio of the delayed mixing engine.
Apparently, little additional nitrogen oxide is formed
due to air injection, because the completion of the com-
bustion occurs late in the expansion when the temperatures
are relatively low. Results with a large diameter or

with a small diameter air injection nozzle were similar.
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The indicated enthalpy efficiency of delayed mixing
operation is very low compared to that of homogeneous
operation at the same overall equivalence ratio. Since
the completion of combustion occurs late in the expan-
sion little additional work can be obtained. Attempts
were made to inject the air during the combustion pro-
cess in order to extract more work and find the trade-
off between nitrogen oxide emissions and efficiency.
These experiments resulted in the discovery that air in-
jection during combustion would disrupt the combustion
process. In a sense the air injection would tend to
blow out the flame. As a result the hydrocarbon emis-
sions increased, the carbon monoxide emissions increased,
the efficiency remained low and the nitrogen oxide in-
creased. Other tests were run with air injection be-
fore combustion. 1In these tests, all the emissions were
similar to those of homogeneous operation at the same
overall equivalence ratio. The efficiency approached
that of homogeneous operation at the same overall
equivalence ratio. Efficiency was less than with homo-
geneous operation because of the greater heat transfer
rates due to motion of the charge caused by air injection.
The motion of the charge also resulted in very stable and
rapid combustion.

Another factor which reduces the efficiency farther

is the work required to compress the injected air. 1In



the test facility the air is compressed separately and
injected as desired. The measured power and correspond-
ing measured efficiency do not include the work required
to compress the injected air. Estimates of the air in-
Jection compression power are made and subtracted from
the measured power to obtain the corrected power and
corresponding corrected efficiency. Generally the mea-
sured efficiency is slightly greater than homogeneous
operation at the carbureted equivalence ratio and the
corrected efficiency is lower.

In order to evaluate the potential of the delayed
mixing concept, it is necessary to know if the low
efficiency is an inherent result of the combustion pro-
cess or if it is a result of the means used to simulate
the combustion process. In the Newhall engine, the PROCO
engine and the divided chamber diesels the combustion
process, which is similar to the delayed mixing concept,
is achieved through the use of fuel injection. Thus, it
would seem possible to devise a delayed mixing engine
that would use fuel injection instead of air injection
to obtain stratification. The resulting efficiency would
not include an external compressor. Much of the efficiency
of the experimental endgine can be attributed to the air in-
jection which is the means selected to simulate the delayed

mixing process.



A certain amount of inefficiency is due to the com-
bustion process itself. The fact that the combustion is
delayed will mean that it will occur later in the expan-
sion and consequently be less efficient. The Newhall
engine, El-Messir (1973), has a lower efficiency than a
corresponding homogeneous engine. The divided chamber
diesel,'Obert (1968), has a lower indicated enthalpy
efficiency than a corresponding open chamber diesel.

The calculation of both the efficiency and the IMEP
depend upon the power of the engine. For the same
fuel flow rate, the efficiency and the IMEP will be pro-
portional to each other. A comparison can be made between
operation with air injection after combustion and homo-
geneous operation at the same mass flow rate of fuel
and the same total mass of air. The low efficiency
assoclated with air injection after combustion results
in correspondingly low IMEP.

The measured IMEP of the experimental engine simu-
lating delayed mixing was found to be somewhat greater
than that of homogeneous operation. The reason for
the greater IMEP is that the carbureted air flow rate
was maintained constant with air injection adding to
the total mass of the charge. In a sense the air injec-

tion is supercharging the engine.



In summary, the delayed mixing stratified charge en-
gine concept is an effective method qf controlling the
nitrogen oxide emissions. The carbon monoxide emissions
are equivalent to those of homogeneous engines and the
hydrocarbons are lower. The disadvantage of the delayed
mixing concept is its low efficiency inherent in the

combustion process.

10



CONCLUSIONS

The computer models of homogeneous and stratified
charge engines indicated that the delayed mixing
stratified charge engine concept could be used to
limit nitric oxide emissions, while having reason-
able specific power and efficiency.

In general engines can be divided into two groups
representing markedly different responses of
nitrogen oxide emissions to changes in the overall
fuel-air ratio. The first group is characterized

by producing the maximum hitrogen oxide (either ppm
or g/kw-hr) near stoichiometric fuel-air ratios or
slightly lean. The second group, which includes

the delayed mixing concept, is characterized.by
producing the maximum nitrogen oxide emissions at
leaner fuel-air ratios and being less sensitive to
changes in the fuel-air ratio.

Experimental simulation of the delayed mixing strati-
fied charge engine concept has shown that nitrogen
oxides are much lower than for a corresponding homo-
geneous engine. The emissions of hydrocarbons are
lower than for a corresponding homogeneous engine, while
the carbon monoxide emissions are about the same.
Efficiency is much lower than for a similar homogen-
eous engine.
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- The difference between the predictions of reasonable

efficiency and the low efficiency found with the
simulated delayed mixing engine ié due to the late
time in the expansion when the combustion process

is completed and due to external work required to
compress the injection air.

Air injection resulted in increased motion of the
charge which increased heat transfer rates.

Air injection during combustion disturbed the com-
bustion process which resulted in greater hydro-
carbon emissions, greater carbon monoxide emissions,
and lower efficiency."

Air injection before combustion resulted in emissions
similar to those for a corresponding homogeneous
operation and efficiencies slightly below the
corresponding homogeneous operation. The combus-
tion process was found to be very rapid with re-
duced cycle to cycle peak pressure variations.

The major disadvantage of the delayed mixing
stratified charge engine concept is its inherent

low efficiency resulting from the extended combus-
tion process. Attempts at reducing the combustion
period by injecting air earlier resulted in disturbing
the rich combustion process without increasing the

efficiency.
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CHAPTER 1I

A THEORETICAL STUDY OF NITRIC OXIDE EMISSIONS
FROM INTERNAL COMBUSTION ENGINES

A. INTRODUCTION

It is the objective of this study to establish a con-
cept for an internal combustion engine that would limit
the nitric oxide emissions with minimal sacrifice in
specific power and efficiency. Initially the work was
aimed at understanding the formation of nitric oxide. Of
the various computer models which were developed, the most
significant are the homogeneous and stratified charge en-
gine models. A paper which describes these engine models
entitled "A Search for a Low Nitric Oxide Engine" was pre-
sented at the Central States Section of the Combustion
Institute in March, 1974, (unpublished) and at the Inter—
national Stratified Charge Engine Conference in October,
1974, SAE 741172, Evers, Myers and Uyehara (1974). Excerpts
from the paper are presented to describe the nitric oxide
emissions from homogeneous and stratified charge engines.

A large number of combustion and expansion configura-
tions and processes were studied where exhaust NOx concen-
trations might vary by several orders of magnitude. Be-
cause of the number of calculations needed short computa-

tional times were judged more important than a high degree
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oflprecision. It was further felt that after identifi-
cation of low NOx configurations and processes which
also had reasonable efficiency and specific power, more
detailed and more precise simulations could be run if
desired. Consequently, a simplified computer program
was developed.

In developing the simplified computer program it
was deliberately kept flexible and not identified with
a particular engine configuration. This resulted in
the arbitrary specification of a number of input items.
However, in general, when specifying input items a

specific engine "configuration" is typically in mind.

B. NITRIC OXIDE KINETICS

The kinetics of nitric oxide have been used by many
investigators in predicting the nitric oxide concentra-
tion in the products of combustion. The method requires
the selection of appropriate elementary chemical re-
actions, the corresponding reaction rates, and a group
of simplifying assumptions.

Newhall and Shahed (1971) showed that the two elemen-
tary chemical equations A and B (called the Zeldovich
mechanism) satisfactorily predicted the nitric oxide
concentration of fuel-lean mixtures but somewhat under-

estimated the concentration of fuel-rich mixtures.
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+0&NO +N (4)

0, + N2 NO +0 (B)

The tests were performed in a closed constant volume cy-
lindrical combustion chamber. In order to perform the
kinetic calculations, Newhall assumed that all of the
species in the combustion products except nitric oxide
were at equilibrium concentrations.

The Zeldovich mechanism is used for all the kinetic
calculations presented in this chapter. The equations are
easily handledin computer calculations. For more infor-
mation about the method used to calculate nitric oxide
concentrations see Appendix A. Additional equations can
be added to the Zeldovich mechanism in hopes of improving
the accuracy of kinetic calculations. Since we are look-
ing for large changes in nitric oxide levels, the Zeldovich
mechanism is sufficient.

Lavoie et al. (1970) used an expanded set of elemen-

tary chemical reactions which added equations C through F

to the Zeldovich mechanism.

N +OH @ NO +H (c)

H + N0 @ N, + OH (D)
=

0 + N0 &N, + 0, (E)

0 + N,0 & NO + NO (F)

They also showed that the N and N20 concentrations exist

nearer a steady state value than an equilibrium value.
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Thus they assumed that N and N20 exist at the steady state
concentrations and all the other specigs, except NO, exist
at equilibrium concentrations. A computer model based on
this kinetics mechanism was found to be in agreement with
internal combustion engine test results. The comparison
was made for fuel-lean mixtures, No comparisons were
offered for fuel-rich mixtures. Lavoile pointed out that
equations D, E and F are only important for lean mixtures
at low temperatures.

A thorough review of nitric oxide kinetics done by De
Soete (1975) concluded that equations C and D had little
effect for equivalence ratios less than 1.5 and temperatures
greater than 3240°R (1800°K). DeSoto's choice of the most
acceptable set of kinetics equations are the Zeldovich
mechanism (equations A and B) plus equations E and F.

Fenimore (1971) showed that for fuel-rich hydrocar-
bon flames the Zeldovich mechanism did not predict the
nitric oxide formed in the flame. He suggested that
nitric oxide formed in the flame was due to a different
kinetic mechanism such as equations G and H. The nitric

oxide generated by that mechanism is called "prompt NO".

CH + N, € HCN + N (G)

Y
C2 + N2 ¢ 2CN (H)

The assumption of equilibrium concentration of atomic

oxygen in the flame was investigated by Iverach et al.

16



(1973) . They measured the nitric oxide concentration in
a rich premixed flame and back calculated the Zeldovich
mechanism to obtain the atomic oxygen concentration re-
quired to produce that quantity of nitric oxide. Through
other measurements they were able to determine the actual
atomic oxygen present in the flame. A comparison shows
that the atomic oxygen concentration required by the
Zeldovich mechanism is orders of magnitude greater than
the actual concentration for hydrocarbon flames and about
equal for CO/H2 flames. They concluded that prompt NO
was formed by a different kinetic mechanism as suggested

by Fenimore. Their choice for the mechanism is equation

G and I.

c + N2 & CN + N (1)

By only using the Zeldovich mechanism in our calcu-
lations we expect to somewhat underestimate the nitric

oxide concentrations for fuel-rich conbustion.

C. COMPUTER MODELS

Since the nitric oxide concentration is not markedly
affected by the intake, compression,or exhaust processes,
they were not included in the computer program in the
interest of reducing the computer time. Calculations of
specific power and efficiency required estimation of the

work of these processes. The intake and exhaust work was
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assﬁmed to be zero. An isentropic compression to the state
specified at the beginning of combustion was used to esti-
mate the work of compression. It was further decided not
to include heat transfer in the computer programs. Ne-
glecting the heat transfer shortens the computer time while
resulting in greater pressures, temperatures and an over-
estimate of the nitric oxide concentration. In essence,
the approach was to treat the gases as being in one or
more closed adiabatic containers of uniform pressure with
specified initial conditions and an arbitrarily specified

expansion and combustion process.

l. One System Model

The one system model is intended to describe homo-
geneous combustion siﬁilar to a conventional homogeneous
charge spark ignition engine, but in a general manner.
To describe the regions within the one-system model we
considered two approaches. In both approaches the re-
actants were assumed to be one homogeneous region. The
mixed products approach assumes the products to be one
homogeneous region with copstant properties throughout,
including pressure and temperature. As new products of
combustion are formed they are instantaneously mixed with
existing products which can change the average properties
of the product region. The unmixed products approach

assumes the product region to be made up of a number of
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small subregions each with its own individual properties.
Each subregion could have a different temperature but they
all have the same pressure. As products of combustion are
formed they are grouped into the small subregions which
maintain their own identity and do not mix with the other
products.

An advantage of the unmixed products approach is that
temperature gradients and their influence on nitric oxide
formation can be shown in the product region. Blumberg
and Kummer (1971) compared the nitric oxide formed by
the mixed and unmixed products approach. They found the
ratio of nitric oxide predicted by the mixed products
approach to nitric oxide predicted by the unmixed pro-
ducts approach to vary by only * 17% over a range of
equivalence ratios from 0.7 to 1l.3.

The mixed products approach was selected for these
calculations because it was sufficiently accurate and re-
quired less computer time. The computer time for the
mixed products approach is shorter since it is only neces-
sary to keep track of two regions, products and reactants.
With the unmixed products approach it is necessary to keep
track of the reactants plus the many small subregions of
products.

The thermodynamic equations and computer programs used

to describe the one-system model are given in Appendix B.
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2. Two System Model

The two system model is used to represent nonhomo-
geneous combustion as occurs in stratified charge engines.
The program consists of two one-system models each capable
of handling two regions, reactants and products. As is
shown in Figure 1, initially both system 1 and system 2
are homogeneous reactants.

In the general case, reactants in both systems would
be converted to products but not necessarily at the same
rate. After some interval to be specified (called the
time of combination) the two systems are combined to form
a single system having three regions as shown in Figure
1. The reactants remaining in system 1 or 2 at the time
of combination are maintained intact but the products
from both system 1 and 2 are immediately mixed. See
Appendix C for details of the two system model and computer
program.

All calculations reported herein used the special
cases of either delayed or instantaneous mixing models
as shown in Figure 1. In both the delayed and in-
stantaneous mixing models the reactants in system 2(A2)
are either air or a homogeneous mixture of air plus ex-
haust gas recirculation (EGR) of exhaust composition.

For delayed mixing the combination of system 1 and system

2 occurred immediately but A2 did not start to mix with
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Figure 1 Two System Model of the Stratified
Charge Engine Configurations
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prdducts Pl until system 1 was entirely burnt. Then A2 is
mixed with Pl at a specified rate unt@l complete mixing
occurs and only products having the exhaust air-fuel ratio
exist in the system.

In instantaneous mixing, combination occurs immediate-
ly; Ry is converted to Pl at a specified rate; and Pl is
instantaneously mixed with A2' To illustrate, if the rich
products of system 1 are mixed with A2 (let A2 be air),
the composition of [A, + ZAPl] (see Figure 1) will change
continuously from that of air to that of exhaust products
as Rl is burnt. This is in contrast with delayed mixing
where, if A, is air and Rl'is a rich mixture, the com-
position of [P1 + ZAA2] will gradually change from rich

products to products having exhaust composition.

D. DPOTENTIAL ENGINE CONFIGURATION

1. Homogeneous Charge-Conventional SI Engine

As indicated previously, when specifying initial and
other conditions necessary to run the program,one tends
to have a specific engine configuration in mind. The
first configuration which was studied primarily for re-
ference purposes was basically the conventional spark
ignition engine with a wide open throttle. In order to
use the program for this configuration, the program re-
quires that the pressure, temperature and composition at

the start of combustion, the rate or extent of combustion
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and a function to describe the system volume be specified.
The Weibe (1956) function was selected to represent
both the extent of combustion and the system volume.
Figure 2 illustrates use of the Weibe function to describe
the extent of combustion. Three variables are required to
define a specific combustion process. For the calculations
presented the time of combustion (tc) was varied while m,
equaled two and acvequaled five. Also shown in Figure 2

igs a cosine burning law which sometimes is used to re-

present combustion, Heywood, et al. (1973).

The expansion function also uses the Weibe function
to describe the displacement volume (see Figure 3). The
total volume of the system is equal to the displacement
volume plus the clearance volume. A clearance volume was
selected which is equivalent te a compression ratio of
nine. Since the expansion function shows an increasing
volume from the clearance volume to the maximum volume
this is analogous to a crank and piston at top dead center
and at bottom dead center. Both the time of expansion (%)
and m, were varied while a, was held constant at five.

The initial condition of the one-system model can be
defined by its pressure, temperature, fuel-to-air equiva-
lence ratio, fuel composition and the amount of recircula-
ted exhaust gas. The fuel was taken to be C8H16‘ It was

assumed that the fuel-to-air equivalence ratio for the
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Figure 3 The Expansion Function for the One-
System Model (Weibe) and the Two-
System Model (Crank and Piston)
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recifculated exhaust gas is the same as that of the reac-
tants.

Three parameters were selected to characterize the
performance of an engine. These are indicated specific
nitric oxide (ISNO) which relates the pollution level to
engine power,. indicated enthalpy efficiency (IEE) which
measures the utilization of the fuel, and indicated mean
effective pressure (IMEP) which is related to specific
power output and thus relative engine size. These terms
are defined in Appendix D which also shows how the compres-
sion work was calculated. See Appendix I for SI units.

One set of calculations represented a study of seven
independent variables. Four of these variables were the
initial conditions, two of these variables were t, and m,
from the expansion function and one variable was tc from
the combustion function. Each of seven variables was
assigned a high and a low level. All possible combination
of these variables were calculated (27 = 128 runs).

From the seven variable-two level calculations, it is
possible to establish that the four major variables in-
fluencing nitric oxide levels are the fuel-to-air equiva-
lence ratio, the initial temperature of the reactants, the
exhaust gas recirculation, and the time of expansion.

Consequently, another parametric set of calculations was

1. As discussed by Lauck et al. (1962), the indicated
enthalpy efficiency is numerically equal to thermal
efficiency which is more commonly but incorrectly used.
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performed with these four variables. The values of the
variables used in these calculations are shown in Table I.
A total of 135 calculations were made to represent all
possible combinations. |

The results of the calculations are presented in
Figures 4 and 5. In each curve shown in Figure 4,indicated
specific nitric oxide is plotted versus indicated mean
effective pressure for the fifteen combinations of equiva-
lence ratio and fraction of exhaust gas recirculation.
Each of the nine curves represent one of the nine com-
binations of the three values of time of expansion and
the three values of initial temperature of the reactants.

The first observation is that the nine indicated
specific nitric oxide curves are very similar in shape to
each other. Also, not unexpectedly, only at high equiva-
lence ratios (rich mixtures) or low equivalence ratios
(lean mixtures) does the indicated specific nitric oxide
reach desirably low levels. There does not exist some
fortuitous combination of variables which excludes the
influence of equivalence ratio. Exhaust gas recircula-
tion in combination with either rich or lean mixtures
contributes greatly to the reduction of nitric oxide.

The addition of exhaust gas recirculation or cooler
initial temperatures results in lower product temperatures

and consequently lower nitric oxide concentrations.
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TABLE 1
Values of the Parameters for the Calculations

Show in Figures 4 and 5

Parameters Values
Equivalence Ratio (F) .6, .8, 1.0, 1.2, 1.4
Initial Temperature of 800.°R, 1200.°R, 1400.°R

the Reactants (TiR) (444.°K), (667.°K), (778°K)
Exhaust Gas Recirculation
(EGR) .0, .1, .2
. 2
Initial Pressure (Pi) 250. psi (172400. N/m")
Time of Expansion (te)-sec .005, .025, .05
(v6000 rpm) (~v1200 rpm) (v~ 600
rpm)
Expansion Shape (mg) 1.
(ae) 5.
Time of Combustion
(tc)-sec .05 te
Combustion Shape (m.) 2.
(a.) 5.
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Peak specific nitric oxide levels occur just to the
lean side of stoichiometric except for high engine speeds.
The peak nitric oxide levels occur in the lean region be-
cause of the greater oxygen concentration and high asso-
ciatéd temperatures. As the mixtures become leaner, the
flame temperatures decrease substantially and so do the
nitric oxide rate constants and the amount of nitric oxide
formed. However, note the change in the effect of EGR
(at F = 1.0, for example) from the lower right curves
hand to the upper left hand curves in Figure 4.

The indicated mean effective pressure is changed by
those factors which influence the specific volume of the
charge or the amount of fuel. Reduced temperature, higher
fuel air ratios in lean region, or less exhaust gas recir-
culation all result in a greater indicated mean effective
pressure. The magnitude of the IMEP is greater than
conventional spark ignition engines because the initial
conditions resulted in a larger mass of charge. Calcu-
lations with a smaller charge have the same trends.

In the computer model, a decrease in the time of
expansion results in lower nitric oxide concentrations
because less time is available for nitric oxide formation.
In the model we have assumed no heat transfer. In an
actual engine, the amount of heat transfer also depends on

the time of expansion (or cycle time) and a decrease in the
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time of expansion (decreased cycle time) would cause de-
creased heat transfer which will tend to increase the level
of nitric oxide concentration. Actual nitric oxide concen-
trations would reflect a balance of these effects. Since
any engine coupled to the wheels by conventional trans-
missions would operate over a range of expansion times,
it would be aifficult to take advantage of possible bene-
fits of rapid expansion to 1limit nitric oxide formation.
The indicated enthalpy efficiency curves, Figure 5,
have well known shapes. Changes in indicated mean effec-
tive pressure stretch the curves. The indicated enthalpy
efficiency is seen to be mainly a function of equivalence
ratio with a small change due to exhaust gas recircula-
tion. A+t high equivalence ratios the efficiency drops
due to unburnt fuel. As the mixture becomes leaner than
stoichiometric the efficiency increases because of the
lower temperatures and the accompanying reduction in

specific heats and dissociation.

2. Stratified Charge Engine

Generally, in a stratified charge engine having the
objective of reducing NOX‘emissions. combustion takes
place in a rich region and the rich products and air are
combined in a prescribed way to give a stoichiometric (or
leaner) exhaust mixture. The two cases - delayed and in-
stantaneous mixing - described under the two-system model

represent two extremes of mixing and were used to study
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stratified charge engine performance. Crank and piston ex-
pansion was used for the two-system model because of the
minor effect of changes in the expansion function had on NO.
The instantaneous mixing model is somewhat similar to
an engine having a prechamber in which the rich reactants
are burned. The products leave the prechamber and are
rapidly mixed with the air in the main chamber. In the
instantaneous mixing model the mixing would be instantaneous,
the pressure in both chambers would be the same and the
volumes of both the prechamber and the main chamber would
change. In the delayed mixing model the air would be in
the prechamber. After combustion, air would gradually be
forced out of the prechamber and into the products by
changes in the volumes of the main chamber and prechamber.
Let us define the time of heat release2 to inciude
both the energy release due to rich combustion and the
energy release when additional air is supplied to the pro-
ducts of rich combustion. Note that heat release does not
include energy release due to changing chemical equilibrium.
The first computations that were run compared the effects
of changing the time of heat release on delayed and in-
stantaneous mixing (see Figure 6), when the exhaust pro-
ducts are stoichiometric and the overall exhaust gas re-

circulation is twenty percent. The relative shapes of the

2. The term heat release is used in a descriptive sense,
and refers to the analogy between combustion and heat
addition processes.
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heat release curves are shown in Figure 7. It should be
noted that,as the duration of heat release was increased,
the ma jor amount of combustion for instantaneous mixing
occurred considerably later than that for delayed mixing.
This occurred because,in the delayed case,only the period
of mixing ana not the duration of the rich combustion was
changed.

In spite of the relatively delayed combustion for the
instantaneous mixing case, it shows significantly higher
NOx for the same IMEP. The reasons for this unexpected
result is that for instantaneous mixing the product mixture
[A2 + ZAPl] is always in the lean region starting with es-
sentially air passing through the relatively high NOx for-
mation zone of around 0.8 equivalence ratio and finally
reaching a F = 1.0. For delayed mixing the product mixture
[Pl + ZAAZI is on the rich side starting with F = 1.4 and
ending with F = 1.0.

The next set of computations were run with a constant
time of heat release but the overall EGR and overall fuel-
air ratio were varied. Rgcirculated exhaust gas was
assigned the composition corresponding to the final over-
all equivalence ratio. Heat release patterns for both
delayed and instantaneous mixing are shown on the top of
Figure 8 and corresponds to D, and I2 in Figure 7. Also

included in Figure 8, on the bottom, is the variation of
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the product mixture equivalence ratio for delayed and in-
stantaneous mixing at two different exhaust equivalence
ratios (is also called overall equivalence ratio) with

no EGR. The resulting computed indicated specific nitric
oxide for instantaneous mixing is shown in Figure 9 while
ISNO for delayed mixing is shown in Figure 10.

The trends shown in Figure 9 for instantaneous mixing
are obviously different from those for delayed mixing
shown in Figure 10. These differences can readily be ex-
plained by recalling that, in general, the maximum nitric
oxide is formed when the equivalence ratio is around F =
.8. Thus,if the equivaledce ratio of the product mixture
is required to pass through equivalence ratios near F = .8,
the nitric oxide levels will be high. If the F = .8 region
can be avoided at least until expansion has cooled the
products, the nitric oxide levels will be low. For ex-
ample (as can be seen in the‘lower part of Figure 8), with
an exhaust equivalence ratio of 0.6, the product mixture
m2 + ZAPl] for instantaneous mixing never passes through
a fuel-air ratio having rapid NOx formation rates, i.e.,
it never exceeds F = 0.6. By contrast, for delayed mixing
with an exhaust equivalence ratio of 0.6, the product mix-
ture [Pl + ZAAZJ passes through the fuel-air ratio having
rapid NOx formation, i.e., F = 0.8 region prior to reach-

ing its final exhaust value of F = .6. Consequently, as
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shown in Figure 10, exhaust NOx concentrations with delayed
mixing increase with leaner exhaust mixtures rather than
decreasing as in the case of instantaneous mixing, the
exact trend depending upon the amount of EGR. This effect
is further accentuated by the rich fuel-air mixture being
diluted with the recirculated exhaust gases having a lean
equivalence ratio corresponding to the exhaust equivalence
ratio. The resulting products have an equivalence ratio
that is closer to stoichiometric than the rich air-fuel
mixture. It should be clear, however, that regardless of
how rich the fuel-air mixture is made [Pl + ZAAl] must
pass throﬁgh the rapid NOX formation region, if the ex-
haust is to have lean products composition.

In order to obtain a direct comparison between in-
stantaneous mixing and delayed mixing, the data presénted
in Figures 9 and 10 are replotted by equivalence ratio
and EGR as shown in Figures 11 and 12, respectively. Also
included in Figures 11 and 12 is a homogeneous combustion
case which corresponds to the same time of combustion and
has a heat release characteristic identical to that of
instantaneous mixing.

Looking first at Figure 11 for the exhaust equivalence
ratio of F = 1.0, delayed mixing has the lowest ISNO and, by
a slight amount, the greatest IMEP. The slightly greater

IMEP is due to the earlier heat release of delayed mixing.
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The fact that the IMEP is slightly greater for the instanta-
neous mixing than for the homogeneous case is due to lower
temperatures of the product mixture for instantaneous mix-
ing and therefore less dissociation although the heat re-
lease curves are identical. At an exhaust equivalence ratio
of F = 0.8, the delayed mixing and insfantaneous mixing pre-
dict about the same results since they are both required to
finally arrive at the high nitric oxide formation region.
From an NOx standpoinf,instantaneous mixing is by far the
most desirable at an exhaust equivalence ratio of F = 0.6,
and even homogeneous combustion is better than the de-
layed mixing,since it is not required to pass through the
region of F = 0.8. In summary, at stoichiometric mixtures,
delayed mixing gives lower NOx for about the same IMEP than
instantaneous mixing. However, as the exhaust mixture is
made leaner the situation reverses until, for an exhaust
equivalence ratio of F = 0.6, the instantaneous mixing
gives NOx several orders of magnitude lower than delayed
mixing. This effect is shown more dramatically in Figure
12 where the difference in trends with equivalence ratio

is clearly illustrated. It can also be seen in Figure 12
that all three curves have different shapes at different
values of EGR. For example, with zero EGR the delayed
mixing curve is nearly horizontal while with 0.2 EGR it

has a large negative slope. Note that fhe shape of the

homogeneous curve is also changed significantly.
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A comparison of the efficiencies of delayed mixing,
instantaneous mixing,and homogeneous combustion is given
in Figure 13. The instantaneous mixing and homogeneous
combustion cases show about the same variation because
they both have identical heat release functions, but
the efficiency is slightly higher for the instantaneous
mixing because of lower specific heats and less dissocia-
tion. The delayed mixing is somewhat more efficient be-
cause more of its heat release comes earlier in the expan-
sion.

Figures 14 and 15 can be viewed as the potential en-
gine combustion configurations for an arbitrarily speci-
fied maximum permissible value of ISNO. The logical
choices would be those configurations having the highest
IMEP and efficiency, i.e., the ones nearest the upper
right hand corner. Associated with each point is a group
of symbols which specify delayed mixing (D), instantaneous
mixing (I), or homogeneous combustion (H) engine configura-
tions. The equivalence ratio (F) for homogeneous combus-
tion or the average overall exhaust equivalence ratio
(FE) for stratified charge engine configurations is in-
cluded. Finally the amount of recirculated exhaust gas
(EGR) for homogeneous combustion or the average overall
amount of recirculated exhaust gas (EGRO) for stratified

charge engines 1s also shown.
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At the very low value of ISNO = 0.1, only a few of the
combustion configurations can be used, as seen in the lower
part of Figure 14. The delayed mixing looks attractive be-
cause of its reasonably high IMEP and efficienéy. Both
lean homogeneous combustion and lean instantaneous mixing
have slightly greater efficiencies but substantially lower
IMEP's. 1In contrast, the rich homogeneous combustion for
the H, F = 1.4, EGR = 05 combustion configuration has a
slightly larger IMEP but a considerably lower efficiency.
These results emphasize the basic limitation of the homo-
geneous charge engine with regards to the formation of
nitric oxide, When operated rich,the efficiency is low and
when operated lean, the IMEP is low. |

As the 1limit of ISNO is raised to 1.0, 2.0 and 5.0 as
shown in the top of Figure 14 and in Figure 15 the éhoice
of configurations increases. The stoichiometric delayed
mixing stratified charge engine configuration still
appears to offer the best compromise of efficiency and
IMEP in comparison with homogeneous combustion configura-
tion. A+t these levels the very lean delayed mixing case
(D, FE = ,6) appears to be a poor choice because of
its very low IMEP. Note that points representing an
equivalence ratio of 0.8 cluster in the center of the
figures. For this 0.8 value, delayed mixing is slightly
better than instantaneous mixing which in turn is slightly
better than homogeneous combustion.
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Homogeneous combustion and instantaneous mixing cases
with an overall stoichiometric mixture become permissible
at ISNO = 2.0 and 5.0. Their efficiency is about the same
as the delayed mixing stoichiometric case but their IMEP
is less.

A1l of the above comparisons weré made at conditions
analogous to wide open throttle. Comparisons at lighter
loads depend upon the type of load control used, i.e.,
throttling versus ovefall fuel-air equivalence ratio con-
trol. Note that as the overall equivalence ratio is
changed, the ratio of the volume of the fuel-air mixture
to the volume of air must éhange. When the equivalence
ratio is reduced for the instantaneous mixing case the
ISNO is reduced along with the IMEP as shown in Figure 9.
If the instantaneous mixing stratified charge engine were
to be controlled by changing_the overall equivalence ratio,
it would have the advantage of reduced emissions at re-
duced powers. In contrast, the delayed mixing stratified
charge engine controlled by changing equivalence ratio
would have small changes in ISNO with no exhaust gas re-
circulation (See Figure 103. However when EGR = .2 the
ISNO would increase as power (equivalence ratio) decreased.
At low ISNO levels the delayed mixing engine configuration
would have to operate near stoichiometric with consider-

able EGR. Consequently, throttling would be the only
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feasible method of controlling engine power under these
conditions.

In summary, the delayed mixing stratified charge en-
gine configuration operated with an overall mixture near
stoichiometric is the best compromise of efficiency and
IMEP at moderate to low levels of ISNO. Howevern the

method of load control may depend upon the level of ISNO
permitted.

E. CONCLUSIONS

1. The conventional homogeneous charge engine, by operating
either very fuel-rich or very fuel-lean, can limit the
nitric oxide emissions.

2. Exhaust gas recirculation is an effective way of re-
ducing the nitric oxide emissions from either a homogen-
eous or stratified charge engine.

3. In the delayed mixing stratified charge concept (rich
combustion followed by the addition of air to the rich
products), extending the period during which the air is
mixed into the rich products greatly reduces the nitric
oxide level and also reduces the power.

4. For the delayed mixing stratified charge concept, the
nitric oxide levels are low when the exhaust gas recir-
culation is high and the exhaust equivalence ratio is

near stoichiometric.
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5. For the instantaneous mixing stratified charge concept
(products of rich combustion as they are formed are in-
stantaneously mixed with the air and product mixture), the
nitric oxide levels are low when the exhaust gas recircu-~
lation is high and the exhaust equivalence ratio is fuel-
lean. .

6. If an arbitrary level of nitric oxide were specified,

the various engine configurations would compare as follows;

Configuration Exhaust Eq. Ratio Efficiency IMEP
Homogeneous Charge Rich Low High
Homogeneous Charge . Lean High Low
Instantaneous Mixing Lean | High Low
Delayed Mixing Stoich. High High

7. The delayed mixing stratified charge engine concept
has considerable promise because of its reasonably high
efficiency and IMEP associated with low nitric oxide

levels.
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CHAPTER III

A DISCUSSION OF NITROGEN OXIDE EMISSIONS FROM

VARIOUS TYPES OF INTERNAL COMBUSTION ENGINES

A. INTRODUCTION

Various types of internal combustion engines will be
discussed and compared on the basis of their nitrogen
oxide emissions versus overall fuel-air ratio. It will
be shown that, in general, engines can be divided into two
groups with markedly different responses of nitrogen oxide
emissions with changes in the overall fuel-air ratio.

The first group is characterized by producing the
most nitrogen oxide emissions (either ppm or g/hp-hr) near
stoichiometric fuel-air ratios or slightly fuel lean.

This group consists of homogeneous charge engines, rapid
mixing stratified charge engines, three-valve stratified
charge engines and open chamber diesels. In the first
group the fuel is distributed throughout the air before
combustion or the products of rich combustion are rapid-
ly mixed with the lean ratios.

The second group is characterized by producing the
most nitrogen oxide emissions (either ppm or g/hp-hr) at
leaner fuel-air ratios and being less sensitive to changes
in the fuel-air ratio. This group consists of the limited

mixing stratified charge engine and the divided chamber
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diesels. In the second group of engines mixing is tempo-
rarily limited between the rich products- of combustion and
the lean region.

The two different groups can be explained on the

basis of the fundamental concepts of nitric oxide chemical
kinetics. Nitrogen oxides are formed in the products of ccm-

bustion because these are formed at a sufficiently high temper-

ature and have oxygen.available. The nitric oxide chemical
kinetics are 'slowed down by cooling associated

with the expansion process of an engine. Thus nitric

oxide active chemical kinetic period starts with combustion
and ends during expansion. The availability of oxygen is
primarily a function of the local fuel-air ratio (or
equivalence ratio). The temperature of a local region of
products is a function of the flame temperature, the amount
of compression or expansion, the heat transfer, mixing with
other regions, and chemical reaction due to the mixing of
regions with different chemical composition. The fuel-
air ratio is important to the temperature of the products
because it influences the flame temperature and the chemi-
cal reaction resulting from mixing. It is not surprising
that the fuel-air ratio is a significant parameter since

it affects both the available oxygen and the product temp-
erature. The pressure also affects the nitric oxide forma-
tion rate to a small extent and since the pressure effect

is small it will not be included in the discussion.
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The final concentration of nitric oxide is primarily
a result of the temperature and equivalence ratio history

of the products of combustion.

B. COMBUSTION CONCEPTS OF STRATIFIED CHARGE ENGINES

In many stratified charge engines a fuel injection
system is used to form a rich combustion region. The lean
region is initially composed of residual product from the
previous cycle plus the fresh charge of air or air with
EGR. The difference between the various types of these
stratified charge engines is in the processes used to com-
plete the combustion when the rich products are mixed with
the lean region. Conceptually these engines can be divided
into two categories, thoée which rapidly mix the rich pro-
duct of combustion with the lean region and those which
1imit the mixing of the rich products with the lean region.

The difference between simplified examples of theA
rapid mixing and limited mixing stratified charge engines
is illustrated in Figure 16. The generalized combustion
schematics shown in Figure 16 assume that the combustion
chamber can be divided into a few regions of uniform
properties. The percentage of the mass in the various
regions is shown as a function of the percentage of the
time of heat release.

Figure 16a representsrapid mixing of the products of

rich combustion (Pl). As soon as a small element is
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burnt it is thoroughly mixed throughout the lean product
mixture to give at any instant A2 + ZAPl. Initially the
product mixture consists of residual products plus air

or air with EGR (Az). This process is symbolized by
R;P-A for the rapid mixing of the rich products into the
lean product mixture (or lean region). The combustion
processes shown in Figure 16a are similar to the theoret-
ical instantaneous mixing concept discussed in Chapter II
and represent a simplification of the rapid mixing group
of stratified charge engines.

The combustion schematics presented in Figure 16b
and Figure 16c¢ represent two simplified versions of the
limited mixing stratified charge engine group. Both ver-
sions start with a period of rich combustion with no mix-
ing. If the lean region (A,) is mixed into the rich pro-
ducts (P1 + ZAAz) the process is symbolized by L;A-P.
This combustion process is similar to the delayed mixing
concept discussed in Chapter II. The delayed mixing
concept represents one simplified version of the limited
mixing stratified charge engine group. If the rich pro-
ducts (Pl) are mixed into the lean region (A2 + ZAPl) the
process is symbolized by L;P-A. This version of the
limited mixing stratified charge engines was not dis-
cussed in Chapter II and cannot be simulated by the com-
puter program.
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The combustion schematics are presented as an aid to
describing the more complicated combustion of real engines.
The Texaco Controlled-Combustion System (TCCS) Engine is
an operational version of a rapid mixing stratified charge
(R;P-A) enging as are some open chamber diesels. The Ford
Programmed Combustion (PROCO) Engine, the Newhall Engine
and some divided chamber diesels are operational examples
of limited mixing stratified charge engines (L;P-A).

It should be pointed out that the three-valve strati-
fied charge engine which normally uses carburetion to
distribute the fuel throughout the charge does not fit
into the categories of rapid mixing or limited mixing
stratified charge engines. Instead it is similar to a
homogeneous engine with the small prechamber functioning

as a method of charge ignition.

C. DEFINITIONS OF SOME TYPES OF INTERNAL COMBUSTION
ENGINES
Listed below are definitions of some of the various
types of internal combustion engines as used in this
paper.

Internal Combustion Engine: An internal combustion

engine is an engine in which the products of combustion
are used directly as the working fluid, Obert (1968).

Homogeneous Charge Engine: A homogeneous charge en-

gine is an internal combustion engine in which the design
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is intended to distribute all of the constitutents of the

charge uniformly throughout the combustion chamber.

Stratified Charge Engine: A stratified charge en-
gine is an internal cbmbustion ehgine in which the design
~is intended to distribute the constituents of the charge
nonuniformly throughout the combustion chamber; For ex-
ample, the fuel can be arranged into fuel-lean and fuel-

rich regions; the fuel-lean region can be air.

Diesel Engine: A diesel engine is a stratified
charge engine which uses the high temperature of the com-
pressed air to ignite the injected fuel.

Open Chamber Engine: An open chamber engine is an

internal combustion engine which has a single combustion

chamber.

Divided Chamber Engine: A divided chamber engine is

an internal combustion engine in which the clearance
volume is divided into two (or more) connected chambers.
The chamber in which combustion is initiated is called
the precombustion chamber or prechamber; the other chamber
in which expansion occurs is called the main chamber.

Three-Valve Stratified Charge Engine: A three-

valve stratified charge engine is a divided chamber spark
ignition stratified charge engine which uses a third valve
to admit a fuel-rich mixture near the spark plug in the

small prechamber and uses the normal inlet valve to admit

a fuel-lean mixture into the larger main chamber.
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Rapid Mixing Stratified Charge Engine Group: The

rapid mixing stratified charge engines are a group of
stratified charge engines in which all of the fuel passes
through the rich region and the products formed during
the combustion initiated in the rich region are rapidly
mixed with the lean region.

Instantaneous Mixing Stratified Charge Engine (R;P-A):

An instantaneous mixing stratified charge engine is a
theoretical version of the rapid mixing stratified charge
engine group, in which the products formed during rich-
region combustion are instantaneously mixed throughout
the lean region.

Limited Mixing Stratified Charge Engine Group: The

limited mixing stratified charge engines are a group of
stratified charge engines in which combustion is started
in the fuel-rich region, then by some means the mixing
is temporarily limited between the rich products and the
lean region. The lean region can be mixed into the rich
products, the rich products can be mixed into the lean
region or the rich products and the lean region can be
mixed into each other.

Delayed Mixing Stratified Charge Engine (L;A-P): A

delayed mixing stratified charge engine is a theoretical
version of a limited mixing stratified charge engine

group. Combustion is initiated and completed in the rich
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region and then the lean region is mixed into the rich pro-

ducts.

D. HOMOGENEOUS ENGINES

Most automobiles and many light and medium duty trucks
are powered by homogeneous charge spark ignition engines
which have open combustion chambers. Considerable re-
search has centered on reducing NOx emissions from these
engines. Although many factors influence NOx emissions
fuel-air ratio is the most significant. Huls (1966) mea-
sured the emission from a homogeneous charge engine. A
typical curve from his thesis is reproduced in Figure 17
and shows the variation of emissions with air-fuel ratio.
The maximum NOx emissions occur at a slightly lean fuel-
air mixture. At these conditions the two important
factors in nitric oxide formation, high temperature and
availability of oxygen, are in optimum proportions to
produce maximum NO emissions. When richer fuel-air
mixtures are used the lack of oxygen limits nitric oxide
formation. When leaner fuel-air mixtures are used the
lower temperatures limit nitric oxide formation.

The NOX emigsions of homogeneous engines can be re-
duced by oberating either very rich or very lean. Rich
operation results in higher levels of hydrocarbons and
carbon monoxide plus lower efficiencies. For these rea-

sons very rich operation is not desirable. A lean burning
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homogeneous engine has the advantage of lower hydrocarbons,
lower carbon monoxide and higher efficiency but has the
disadvantage of lower specific power, lower flame speed
and difficulty with ignition. When attempts are made to
operate even leaner a point is reached called the lean
limit where the engine will start to misfire.

Recent developments in spark timing control and car-
buretion described by John (1975) and by Adams (1976)
have allowed homogeneous engines to operate at lower fuel-
air ratios. The "lean-burning engines" have lower ni-
trogen oxide emissions, lower carbon monoxide emissions,
lower hydrocarbon emissions (except at very lean opera-
tion) and higher efficiency due to more complete combus-

tion. The disadvantage is their lower specific power.

E. THREE-VALVE STRATIFIED CHARGE ENGINES

The three-valve stratified charge engine is the most
investigated form of the divided chamber spark ighition
stratified charge engine. It has a long history with
the initial patent being issued to H. R. Ricardo in 1918.
A thorough presentation of evolvement, analysis and pro-
gression of three-valve stratified charge engines is pre-
sented by Turkish (1974).

A fuel-rich charge is drawn into a small prechamber
through the third valve and a lean charge is drawn into

the main combustion chamber through the normal inlet valve.
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Combustion is initiated by the spark plug located in the
prechamber. As pressure builds up in theé prechamber it
forces high temperature rich products of combustion out
through an orifice into the main combustion chamber. The
hot products initiate combustion of the lean mixture in
the main chambér. Nitrogen oxide produced in the pre-
chamber is low because of its rich charge and its small
percentage of the total charge. The low temperature |
associated with lean combustion of the main chamber charge
limits the main chambers nitrogen oxide contribution.

The three-valve engine could be regarded as a ver-
sion of a homogeneous engine since most of the charge is
in the main chamber and the charge in the main chamber
is roughly homogeneous.

The Honda CVCC engine, a three-valve stratified
charge engine, clearly demonstrated the potential for
the low NOx emissions by meeting the original 1975 United
States and 1975 Japanese emissions standards, Tasuku
Date et al. (1974). Honda's approach has been to opti-
mize experimentally and analytically the prechamber
volume, the orifice size and the fuel distribution as is
described by Yasuo Shizuo et al. (1974).

The essential aspect of performance of all three-
valve stratified charge engines, that accounts for the

low NOx emissions, is the ability to operate at very
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lean overall fuel-air mixtures in the main chamber. When
a three—&alve engine is compared to a similar convention-
al homogeneous engine as was done by Tasuku Date et al.
(1974) of Honda, by Davis et al. (1974) of General Motors,
by Purins (1974) of Ford and by Yasuo Sakai (1974) of
Nissan the results are essentially the same. Davis states,
"At lean overall mixtures, both the Jet Ignition Strati-
fied Charge Engine and the conventional spark ignition
engines have similar HC, CO, and NOX emission character-
istics when overall air-fuel ratio is changed." Tasuku
Date, Yasuo Sakail and Purins presented curves which showed
a direct comparison between their type of three-valve en-
gines and a similar homogeneous engine. These results of
Tusuku Date and Yasuo Sakal are reproduced in Figures 18
and 19. The lowest nitrogen oxide emissions correspond

to leanest operation not normally obtainable by conven-
tional homogeneous engines.

From Figures 18 and 19 it is apparent that the peak
nitrogen oxide emissions occur at approximately the same
overall air-fuel ratio for both the homogeneous and three-
valve engines. The nitrogen oxide peaks coincide because
most of the charge is in the main chamber and is somewhat
homogeneous. The small amount of charge in the prechamber
mixes rapidly with the main chamber charge and represents

a convenient method of ignition.

65



99

IDLING 50 mile/h

(ISFC =410 9/PS¢-h) (ISFC=220 9/PSi-h)

T T 711

\ — CVCC ENGINE 1.0
2 | ~=== CONV. ENGINE :
‘ f’,_--\
P ™
V0o ) 2.5
’IA‘ ‘\\
P s NOy
v \
\

(9/PS;-h)

co

1 1% 15 16 17 18 13 14 15 16 17 18 13 20 21
AIR - FUEL RATIO (A/F) AIR - FUEL RATIO (A/F)
Figure 18 Comparison of Exhaust Emission of CVCC

Engine with Conventional Engine

From Tasuku Date et al.

(1974)



1200rpm 7c30%
@ \ 1.5.F.C. =250 9/ipsn
& 20 ‘
¢ \
10 \\
S L RO SR —
0
6 -
= 5+ \\
& \
> & W N
3+ S ,/’
o 2 e L=
x \'-T’/
1
0
3
/7N |———TORCH IGNITED ENGINE
// \ |===CONVENTIONAL ENGINE
/ \ v
5 2 7 "
o /
= / \
o A \\
5 « // /-\ \\
(=] - T ~
= S=~~do
0 =l 1 |
13 14 15 16 17 18 19 20
OVERALL AIR—FUEL RATIO
Figure 19 Comparisons of Exhaust

Emissions at Constant
Indicated Specific Fuel
Consumption

From Yasuo Sakai (1974)

67



F. RAPID MIXING STRATIFIED CHARGE ENGINES
1. Instantaneous Mixing Stratified Charge Engine
Concept

The instantaneous mixing stratified charge engine con-
cept described in Chapter II is a simplified theoretical
version of the rapid mixing stratified charge engine group.
It has the most nitric oxide emissions near stoichiometric
fuel-air ratios as seen in Figure 12. The shape of the
nitric oxide curve is similar to the homogeneous curve.

The combustion process is similar to that described in
Figure 16a, R;P-A.

The lean region is initially air or air with EGR (Az)
and it is at compression temperature. As combustion occurs
the rich products which are formed are instantaneously
mixed throughout the product region. The result of com-
bustion is that the product mixture fuel-ratio and tem-
perature increase toward those of the corresponding homo-
geneous case. The nitric oxide formed by the instantaneous
mixing case will, as usual, depend on the time available, the
product mixture temperatu?e history and the product mix-
ture fuel-air ratio history.

When the final mixture is stoichiometric the in-
stantaneous mixing engine has nearly the same nitric oxide
emissions as the homogeneous engine. Under these condi-

tions some of the temperature history is sufficiently
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high to increase the nitric oxide formation rate and to
allow the instantaneous mixing engine td form about the
same amount of_nitric oxide as the homogeneous engine.
This process is assisted by the fact that the equivalence
ratio of the product mixture passes through the rapid
nitric oxide forming region, which is slightly fuel-lean.
For the other conditions shown in Figure 12 the in-
stantaneous mixing engine produces less nitric oxide than
the homogeneous engine. Under these conditions the tem-
perature and the equivalence ratio of the instantaneous
engine is always less than that of the homogeneous engine
as is the resulting nitric oxide formatién rate. The
lower temperatures and leaner product mixture does not
allow the instantaneous engines nitric oxide concentra-
tion to reach the level of the homogeneous engine before
the cooling associated with expansion stops the nitric

oxide kinetics.

2. Texaco Controlled-Combustion System (TCCS)

Texaco Inc. has developed an open combustion chamber
stratified charge engine which uses the Texaco Controlled-
Combustion System (TCCS). In this engine air is caused
to swirl in the combustion chamber. Fuel is injected in-
to the swirling air and immediately ignited. A flame
front is established that burns the fuel as fast as it

is injected. The rich products of combustion are rapidly
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cooled by the excess air. The NOX emissions as reported by
Mitchell et al. (1972) are presented in Figure 20. His
curves show the variation of NOX emissions with changes
in the engine IMEP. Although fuel-air ratios are not
plotted directly the lower IMEP corresponds to leaner
overall fuel-air ratios. Mitchell states, "Fuel combus-
tion under rich mixture conditions limits formation of
oxides of nitrogen in the flame zone. A quick quench of
the burned gases by the cold excess air precludes further
NOx formation in these post-flame gases.” This descrip-
tion along with the generally increasing nitrogen oxide
concentration with IMEP implies that the TCCS engine
could be considered a rapid mixing stratified charge en-
gine. The rapid mixing stratified charge engine would be
expected to have increasing nitric oxide emissions with
increasing IMEP as does its theoretical counterpart the
instantaneous mixing engine. See Figure 9 for the cal-

culated results of the instantaneous engine.

G. LIMITED MIXING STRATIFIED CHARGE ENGINES
1. Delayed Mixing Stratified Charge Engine Concept
The delayed mixing concept of stratified charge en-
gines is a theoretical version of the limited mixing
stratified charge engine group which corresponds to the

combustion process described in Figure 16b, L;A-P.

70



<~ 10

~N

oF

i 5 e

f'z 4’, S

. M- ~

o

z 0

[ ——BASE ENGINE
] — WITH MODIFICATIONS 8 EG
e 3O[ " —- WITH MODIFICATIONS, EGR
x | 8 CATALYST
% 20 X
]
T 10 AN
o N
§ L o
o .
= o Seo
O 20 40 60 80 100 120
IMEP-PSI
Figure 20 Single Cylinder Evaluations

HC plus NO_ Emissions
From Mitch®ll et al. (1972)

71



A1l of the fuel is in the rich region which burns first.
During the rich combustion little nitric oxide is formed
because of the lack of oxygen even though the temperature
of the rich products is quite high. When the rich com-
bustion is finished, the lean region (air plus EGR) is
added incrementally to the rich products. The incremen-
tal addition of the air continues the combustion process
and keeps the product mixture temperature high. If the
overall air-fuel ratio is lean the excess air will cause
a reduction in the temperature of the product mixture.

The amount of nitrogen oxide which is formed with an
overall stoichiometric mixture is less for the delayed
mixing engine than the corresponding homogeneous engine
burning a stoichiometric mixture as shown in Figure 12.

The difference is primarily caused by the equivalence ratio
of the delayed mixing engine being richer than that of the
homogeneous engine. The product temperature for both en-
gines would be similar. Expansion stops the nitric oxide
kinetics before the nitric oxide concentration of the de-
layed mixing engine reached that of the homogeneous engine.

When the overall mix%ure of a delayed mixing engine
is very lean the nitric oxide emissions from the de-
layed mixing engines are much larger than the instantaneous
engine using a correspondingly lean mixture. The delayed

mixing product mixture starts at a high temperature and
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is provided with abundance of oxygen which results in the
high nitric oxide concentration. The expansion cools the
product mixture and stops the nitric oxide kinetics before
the reverse reactions can reduce the concentration. 1In
contrast the homogeneous mixture is always at a low tem-
perature which limits the nitric oxide formation.

If the delay period were to be extended to the end of
the active nitric oxide kinetic period the nitric oxide
emissions would correspond to that of a homogeneous en-
gine operating at the rich equivalence ratio. In general,
the delay period is not that long and some nitric oxide
is formed due to mixing of the lean region with the rich

products.

2. Ford Programmed Combustion (PROCO) Engine

Ford Motor Company has developed a type of open
chamber stratified charge engine which is called the
Ford Programmed Combustion (PROCO) Engine. Stratifica-
tion is established by causing the air in the combustion
chamber to have a high swirl and to spray the fuel into
the central region of the swirl. A spark plug located
near the fuel spray cone ignites the rich region. Lavoie
and Blumberg (1973) of Ford compared the nitric oxide
emissions from the PROCO engine to that of a similar

homogeneous engine. Their results are shown in Figure

21. They found that near overall stoichiometric fuel-air
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mixtures, the PROCO engine had less nitric oxide emissions
but that for very lean mixtures, the PROCO engine had
greater nitric oxide emissions than the homogeneous en-
gine. Blumberg (1973) of Ford has been able to predict
the same trends in nitric oxide emissions by use of a
computer model of the PROCO engine. The theoretical re-
sults are also shown in Figure 21. One essential featufe
of the model is that the stratification of the charge
remains throughout combustion and expansion until the
charge temperature is sufficiently low to prevent changes
in the nitric oxide concentration. In the model the
richest element, in the center, burns first and combus-
tion progresses to the leanest element. When the over-
all equivalence ratio is made leaner each element like-
wise becomes leaner. Since the first elements to burn
adds the most to the nitric oxide concentration and the
first elements are made leaner (still rich but nearer
stoichiometric), they tend to increase the nitric oxide
concentration. The last elements to burn which are lean
and become leaner, tend to reduce the nitric oxide con-
centration. The net result is that the nitric oxide con-
centration is nearly independent of fuel-air ratio as
seen in Figure 21.

An interesting comparison can be made between the

delayed mixing engine with zero EGR shown in Figure 12

75



and the PROCO engine also with zero EGR shown in Figure 21.
Both show very little change in nitric oxide concentra-
tion with equivalence ratio. The swirl stratification
model and the delayed mixing model both have a delay in
the mixing of the rich product region. - In the Ford swirl
stratification model, the delay extends until the nitric
oxide kinetics have been stopped by expansion. In the
delayed mixing model the delay lasts only part way through
the active nitric oxide kinetic period. In the actual
PROCO engine some mixing is likely to occur between the
various elements during the active nitric oxide kinetic .
period and yet the measuréd nitric oxide concentration

is also nearly independent of equivalence ratio. The
delay before the rich products start to mix and the limit-
ed amount of mixing that does occur before expansion
cooling stops the nitric oxide kinetics are the main

reasons for the shape of the nitric oxide emissions curve.

3. Newhall Engine

A version of the divided chamber spark ignition
stratified charge engine has been built and tested by
Newhall and El-Messiri (1973). The fuel is injected
into a large prechamber and only air is brought into
the main chamber. The nitrogen oxide emissions shown
in Figure 22 have a maximum at about an overall equiva-

lence ratio of .7. If the rich products leaving the
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prechamber are rapidly mixed with the air in the main
chamber as is done in the instantaneous model the nitric
oxide maximum would occur near stoichiometric, probably
not leaner than an overall equivalence ratio of .8. Sup-
pose all of the nitric oxide were to be formed in the
prechamber and the mixing were delayed until after the
active nitric oxide kinetic period. If the maximum
nitric oxide occurred af a prechamber equivalence ratio
of .85, the overall equivalence ratio would be about .55
(.85 x .65 = .5525)., Apparently a limited amount of
mixing and nitric oxide formation does occur in the main
combustion chamber which accounts for the nitric oxide
maximum occurring between the instantaneous mixing con-
cept and the other extreme of all of the nitric oxide
being formed in the prechamber.

The Newhall Engine could be included in the L;P-A
group shown in Figure 16c. The rich products of com-
bustion probably remain in the combustion chamber for a
short period and when they emerge, they mix rapidly with

the lean mixture.

H. COMPRESSION IGNITION STRATIFIED CHARGE ENGINE
Although diesel engines are stratified charge engine
they are not usually grouped with spark ignition strati-

fied charge engines because of the large differences in
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the combustion processes. Certainly the diesel combustion
process is considerably more complex than many spark
ignition stratified charge engines. However, the chemi-
cal reactions and chemical kinetics of nitric oxide apply
equally as well to diesel engines as they do to spark
ignition stratified charge engines, as they do to any
form of combustion with air. For example, Tuteja (1972)
showed that the Zeldovich mechanism could be used to cal-
culate the nitric oxide concentration in diffusion flames
with reasonable accuracy. Many diesel engine models
based on the nitric oxide chemical reactions and chemi-
cal kinetics have satisfactorily predicted nitric oxide
emissions. Some examples are Cakir (1974), Shahed (1973)
Nightingale (1975) and Khan (1973).

Most of the nitric oxide is formed in the regions of
hot products of combustion, some is formed in the combus-
tion zone and none is formed in the cool reactants.
Nightingale (1975) of Ricardo and Co. demonstrated this
point by taking samples inside of a diesel combustion
chamber at various times and locations during the combus-
tion process. His results,shown in Figure 23,are for a
point in the center of the fuel spray. As combustion
proceeds, the hydrocarbons drop to a low level and the
CO2 increases to a higher level. The CO peak is due to

the richness of the region being sampled. After combustion
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is completed, the nitric oxide level continues to increase
until it peaks. This is evidence which shows that much
of the nitric oxide is formed in the products of combustion
as would be expected from the chemical kinetics.

Nightingale also presented results showing the nitric
oxide concentration versus equivalence ratio for all
samples taken later than 59 ATDC. At an angle of 50 ATDC
most of the combustion should be complete. His results
are given in Figure 24a., In general, the results indicate
that samples of products having an equivalence ratio near
.9 will have greater nitric oxide concentrations than
either richer or leaner samples. A similar curve was
obtained by Rhee (1976) with samples in the lean region
and is presented in Figure 24b. The magnitude of the
nitrogen oxide emissions reported by Nightingale isbmﬁch
lower because of the engine modification necessary for
photographing the combustion process. The nitric oxide
maximum occurs at about the same equivalence ratio as
the nitric oxide maximum for homogeneous combustion.
The similarity in the results is because both types of
combustion produce most of the nitric oxide in the com-
bustion products by means of the same chemical reactions
and chemical kinetics, even though the combustion pro-
cesses used to form the products are very different.

A study of Pischinger (1972) compared the nitrogen

oxide emissions from open chamber (direct injection)
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diesels and divided chamber (indirect injection) diesels.
His results are given in Figure 25. The open chamber
diesel has increasing nitrogen oxide levels with increas-
ing BMEP while the divided chamber diesel has a maximum
nitrogen oxide level at about the center of its operating
range. Monaghan et al. (1974) and others have found
similar results in comparing the open chamber and divided

chamber diesels.

1. Open Chamber Diesel Engines

The open chamber (direct injection) diesel has a
nitrogen oxide emissions curve that is similar to the
characteristic shape of the rapid mixing stratified
charge engine group, as shown in Figure 25. The explana-
tion for the increasing nitrogen oxide concentration with
increasing overall fuel-air ratio depends on how the com-
bustion process is visualized. Shahed (1973) and
Nightingale (1975) present combustion models in which
the combustion is assumed to occur at stoichiometric
conditions and no mixing occurs between the products
formed at various times. With their models the increase
in the overall fuel-air ratio results in more products
at stoichiometric conditions and consequently more ni-
trogen oxide. In Khan (1973) combustion model, air is en-

trained in a vaporized fuel jet with fuel and air mixing

occurring within the jet. The rate of combustion is
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determined by the mixing process. In this model, the
changes in the equivalence ratio of the products will in-
fluence the nitric oxide concentration. Khan's model
predicts a nitric oxide peak at high overall fuel-air
ratios whereas Shahed's and Nightingale's models do not.
See Figure 26. The existence of a nitrogen oxide maximum
at high fuel-air ratios is shown experimentally by Night-
ingale (1975), in Figure 26b. The smoke limit usually
prevents diesels from operatiﬁg at high overall fuel-air
ratios where the nitrogen oxide maximum occurs.

If Khan's model is used to visualize the combustion
processes, then it would be possible to include the open
chamber diesel in the rapid mixing stratified charge
engine group. The nitrogen oxide emission curve from
the open chamber diesel also indicates that it should be

in the rapid mixing group.

2., Divided Chamber Diesel Engines

In the divided chamber diesel engines, the fuel is
injected into the prechamber where combustion begins.
The pressure in the prechamber increases and forces the
product mixture out into the main chamber. Typically
the design of the combustion chambers promote swirl in
the main chamber. As is shown in Figure 25, the nitrogen
oxide concentration has a maximum which does not occur
for the open chamber diesel normal operating range. The

nitrogen oxide maximum can be explained by postulating
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that the product mixture entering the main chamber has
limited mixing with the main chamber air.

The mixture in the prechamber will always be richer
than the overall mixture because only a fraction of the
air is in the prechamber. At high powers (BMEP) the
prechamber contains a rich fuel-air mixture. The rich-
ness of the mixture would account for low nitrogen oxide
concentrations in the prechamber. Other factors could
1limit the nitrogen oxide formation in the main chamber.
For example, it is possible that the secondary swirl
caused by the products entering the main chamber from
the prechamber could result in fluid rotation with the
high temperature (low density) products in the center
and the low temperature (high density) air on the sides.
This stratification could account for some of the delay
in the mixing process. Poésibly the products mixture
enters the main chamber too late in the nitric oxide's
active kinetic period to result in more nitrogen oxide.
The increase in heat transfer due to the swirl could re-
duce the temperatures and consequently limit nitrogen
oxide concentrations.

Because of the complexity of the combustion and
mixing processes, it is difficult to attribute the shape
of the nitrogen oxide curve to any one factor. However,

it seems reasonable to group the divided chamber engine

87



with the other limited mixing stratified charge engine be-
cause it has the same general shape of nitrogen oxide
emissions, the prechamber limits mixing,and the swirl

in the main chamber also limits mixing.
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CHAPTER IV
THE TEST FACILITY AND INSTRUMENTATION

A. INTRODUCTION

In order to study the delayed mixing concept of strati-
fied charge engines, it was first necessary to decide wheth-
er the test facility should simulate a practical engine or
simply test the concept. There are many problems associa-

"ted with designing a practical engine such as keeping the
rich charge and the air separated before mixing, finding
an effective way of mixing the air with the rich}products,
and determining the most appropriate values for the main
variables. Because of the problems associated with the
design of a practical engine it was decided not to attempt
the simulation of a practical delayed mixing engine.

The alternative to designing a practical delayed
mixing engine is to experimentally simulate the combus-
tion processes and study the main parameters. This is
the approach taken here. The test facility consists of
a single cylinder CFR engine fitted with an adjustable
carburetor and an adjustable air injection system. The
test facility simulates delayed mixing combustion by ad-
mitting a rich charge to the combustion chamber, burning
the charge and injecting the air when combustion is

essentially complete.
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A schematic diagram of the test facility is presented

in Figure 27.

B. ENGINE
An ASTM-CFR (Fuel Research Engine, 4-1957) single cy-
linder engine with variable compressioh ratio was used
for the experimental program. Three radial access ports
plus the spark plug hole were in the head assembly. One
port directly across tﬁe cylinder from the spark plug was
used for the air injection nozzle. The two other ports
are located at 45° either side of the spark plug. One of
these ports houses the pressure transducer. Prior to
testing,the engine was disassembled, cleaned and rebuilt.
When the compression ratio was adjusted, the influence
of the nozzle, inlet and exhaust valve penetration, and
spark plug on the clearance vqlume was included in the
calculations. The procedure as deduced from the ASTM
Manual (1971), is to place a small block, .625 inches
(15.9 mm) high, in the combustion chamber positioned
between the valves while the piston is at top dead center.
Next the head is cranked down until it stops. A micrometer
mounted between the variable head assembly and the stationary
base of the engine is adjusted to .362 inches k9.l9 mm) . The
compression ratio can be calculated by means of the follow-
ing equation.
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. . _ 4.5+ 0.3 + micrometer reading
Compression Ratio = 0.3 + micrometer reading

In this equation the 0.3 inches corresponds to a phy-
sical distance of .263 (.625 - .362 = .263) and 4.5 cor-
responds to the engine stroke. The value of .3 is used
in place of .263 to compensate for a slightly larger cy-
linder diameter in the clearance volume. Corrections for
the volume added by the spark plug is equivalent to an
additional .004 inches, the valve penetration reduces the
volume equivalent to .0253 inches and the air injection
nozzle increases the volume in accordance with the size
of nozzle used. The correétion for the 5/16 inch nozzle
is equivalent to an increase of .0156 inches. The com-
pression ratio equation for this nozzle is as follows.

. . _ 4.5 + ,294 + micrometer reading
Compression ratio = «294 + micrometer reading

The compression ratio equation for the .0935 inch nozzle

is as follows.

s . _ L,5 + .28]1 + micrometer reading
Compression ratio = ~.281 + micrometer reading

Connected to one end of the engine crank shaft is a
dynamometer and connected to the other end is a sprocket
used to drive the cam-operated air injection valve. The

angular location of the sprocket teeth are sensed by a

*All the numbers on this page are in inches, to convert to
millimeter multiply by 25.4.
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magnetic pick-up for use as timing marks on the oscillo-
scope display. Another magnetic pick-up is used to indi-
cate top dead center; a third triggers the sweep of the
oscilloscope; and a fourth magnetic pick-up senses engine

speed for the emergency shut-down system.

C. DYNAMOMETER

A 50 horsepower (37285 watt) General Electric dynamo-
meter serial number 2127382 is used in conjunction with the
control system. The dynamometer system keeps the engine
speed constant at the desired level for either motored or
powered operation. A 24.75 inch (6278.7 mm) diameter scale
calibrated in .2 lbf (.89N) increments is used to measure
a force which can be converted to engine power by the
relationship below. |

Force Read on Scale x RPM
4000.

Horsepower =

When the engine is producing power, the scale force is an
indicator of brake horsepower based on this conversion.
When the engine is being motored with the ignition turned
off the scale force indicates the approximate frictional
horsepower. The sum of the powered and motored horsepower
is approximately the indicated horsepower.

Also connected to the dynamometer is the sensor for a
tachometer. The engine RPM is displayed on one of the con-

trol panels.

93



D. FUEL SYSTEM

The fuel system is shown as part of.the test facility
schematic presented in Figure 27, Fuel is stored in out-
board engine fuel tanks. The tanks are connected to an
automatic fuel weighing system. In the fuel weighing sys-
tem a time is measured which corresponds to a specified
mass of fuel; in our tests twenty grams. A fuel pump
draws the fuel from the scale and delivers it to the float
bowls. The float bowls maintain a constant level by means
of the float bowl valve. Two float bowls in series are
used to increase the stability of the fuel flow rate to
the engine. Fuel leaves through the bottom of the second
float bowl, passes through the main needle valve which is
a 1/4 inch micrometer valve and enters the venturi of the
CFR carburetor where fuel mixes with the air.

A number of calibration runs were performed on the

fuel system by extracting fuel from between the needle
valve and the carburetor. A small valve was installed in
that line for the purpose of controlling fuel flow rate.
During'the test period the fuel was collected in a beaker
while the fuel scale was activated as often as possible.
A comparison is shown below of the time interval corres-
ponding to the flow of twenty grams of fuel as obtained
from the fuel scale and calculated from the accumulated
fuel.
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Time Interval -seconds

Fuel Scale
Time Interval
Average Std. Dev. Accumulated Fuel Ratio
64,02 .53 65.18 »9822
65.51 1.26 65.93 «9936
66,42 634 66.74 .9952
66.15 721 66.34 9971

Although the scale is seen to be quite accurate one
known source of error can be calculated is due to the
buoyancy associated with the tubing used to draw the fuel
from the fuel beaker located on the scale. Since the
fuel level in the beaker is lowered during the weighing
process the buoyancy force exerted on the tubing and the
beaker is reduced. The reduction in the buoyancy appears
to the scale as removal of fuel. Thus the scale would
indicate more fuel removed for the beaker than was actual-
1y removed or the time interval indicated by the fuel
scale for the removal of twenty gram of fuel is shorter
than the correct value. For our system the error is
equivalent of .0922 grams. The ratio of the time inter-
val indicated by the fuel scale to the time interval cor-
rected for buoyéncy is .9954. This is approximately the
ratio of the fuel scale time interval to that deduced
from the accumulated fuel. If the fuel scale were to be

corrected for buoyancy of the fuel removing tubé the
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accuracy would be greater. However, it is sufficiently

accurate without the buoyancy correction.

E. CARBURETED AIR SYSTEM

The air that flows through the carburetor, called
carbureted air, is drawn into a surge'tank through a
laminar flow element as indicated in Figure 27. The surge
tank reduces the air flow fluctuations and establishes a
nearly constant pressﬁre differential across the laminar
flow element. An inclined manometer is used to measure
the pressure differential. The laminar flow element was
calibrated by motoring the engine and measuring the air
entering the laminar flow element with a large bellows
meter. The flow of air through the laminar flow element

can be described by the linear relationship shown below.
Volumetric Flow Rate (CFM = 5,964 x AP(inches of H20)

A choke is located in the carbureted air line to
restrict the air flow for part load operation. An emer-
gency air shut off valve is also located in the air line
which closes in the event.of an over speed accident.

The air enters the venturi section of a CFR car-
buretor and mixes with the fuel. Between the carburetor
and the engine is a section of piping which is heated

with a strip heater. A mercury manometer is used to

measure the inlet fuel-air mixture pressure and various

*See Appendix I for conversion to SI units.
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temperatures are measured by thermocouples connected to

the multipoint recorder.

F. INJECTION AIR SYSTEM

The high pressures associated with combustion require
that the injection air be compressed to high pressures. A
high pressure air compressor is used to fill high pres-
sure air storage tanks as shown in Figure 27. During
engine operation the air is drawn from the storage tanks
and passes through a pressure regulator which controls
the entrance pressure to the flow restriction. The flow
restriction is used to measure the air flow rate. Fol-
lowing the flow restriction is a needle valve which is
used to control the flow of air. A surge tank near the
air injection valve damps out flow fluctuation caused by
the periodic opening of the air injection valve. After
leaving the air injection valve the air flows through a
nozzle which controls how the air enters the combustion
chamber. More details about the main components of the

air injection system are given in the following sections.

1. High Pressure Air Compressor System

A four stage Joy Model 15-H air compressor capable
of reaching pressures of 3500 psi (24130 KPa) is used to
supply the high pressure air. Five air storage tanks rated

at 2300 psi (15860 KPa) are used to store the air. The
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tanks provide sufficient capacity for normal operation of a
few hours. Typically the air pressure is reduced to about
1200 psi before entering the engine test cell. The pressure

regulator used is pneumatically controlled.

2. High Pressure Air Flow Measurement System

A major problem associated with the air injection
system is the method of measuring the air flow rate. At the
high pressures used,‘a laminar flow element would have to be
very small in diameter and very long to provide sufficient
pressure drop for accurate measurement. There is also the
question of high pressure requirements of the pressure
differential measuring device.

The approach used was to include in the line a sub-
stantial flow restriction. The flow restriction consists
of a .054 inch (1.37 mm) diameter tube with three .017 inch
(0.43 mm) diameter wires in-it. Within the four foot flow
restriction the flow would be turbulent. For fully developed
turbulent flow through a nearly constant temperature tube a
computer program was developed which correlated the flow
through the flow restriction to the inlet pressure, inlet
temperature and the outlet pressure. Numerous calibration
runs were made under various flow conditions. The measured
flow was compared to the computer program predicted flow
rate. A very slight adjustment was made in a constant in

the friction factor equations in order to establish
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agreement between the measured and calculated results.
The deviation from the calculated values is usually less
than 2 psi (13.97 KPa).b The details of the computer pro-
gram and the calibration of the flow restrictions are

pPresented in Appendix E.

3. Air Injection Valve

The air injection valve had to be specially designed
because of its special requirements for large flow rates
and short open periods. The essential features of the
valve are that it opens and closes in 40 crank angle
degrees and it can let in a mass of air about equal to
the carbureted charge at wide open throttle. A sketch of
the valve is shown in Appendix F. Included in.A?pendix G
is a computer program which describes the flow of air
through the valve and the dynamic forces resulting from

the cam engaging the cam follower.

G. PRESSURE TRANSDUCER SYSTEM

An AVL type KQD 250C pressure transducer is mounted
in one of the access ports in the head assembly. This
type of pressure transducer is water cooled and has
been found to be quite accurate by Lancaster (1975).
The pressure transducer was prepared, as recommended by
Lancaster, with a General Electric RTV 560 (synthetic

rubber) coating to reduce the heat transfer. The
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pressure transducer signal goes to a Kistler charge ampli-
fier model 566, S1N848. The signal from the charge ampli-

fier is displayed on the oscilloscope.

H. OSCILLOSCOPE

A Tecktronix Type 35A oscilloscobe is used to display
the cylinder pressure signal and the timing marks. The
timing marks indicate ten crank angle degree increments
with the top dead cenfer pulse being greater in amplitude.
The oscilloscope has a single beam. In order to show
both the pressure signal and the timing marks it is neces-
sary to use a special plug-in unit which will either al-
ternately display the two signals or simultaneously dis-
play both signals by alternately displaying small incre-
ment of each (chopped). The oscilloscope was checked-
out and calibrated before it‘was put in service.

The engine speed can be obtained from the oscillo-
scope display of the timing marks. From the oscilloscope
it is possible to determine the elapsed time between top
dead center pulses. This elapsed time can be converted

into engine RPM. The engine speed was determined by

this method.

I. MULTIPOINT TEMPERATURE RECORDER
A Leeds and Northrup multipoint temperature recorder
serial number E79-52108-1-1 is used to record the various

temperatures. The thermocouples are chromel-alumel, Type
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K. The multipoint recorder has the capability of recording
24 different temperatures. Twelve of the temperatures can
be in the range of 20°F to 250°F (266.3°K to 394°K) and the
other twelve .can be in the range of 200°F to 2000°F (366.3°K
to 1366°K). The numbers indicated on the test facility
schematic diagram (Figure 27) correspond to the numbers

printed by the multipoint recorder.

J. EMISSIONS CART SYSTEM

The emissions cart system is composed of two parts
the cart containing the instrumentation and the cart con-
taining the calibration and purge gas cylinders. The in-
strumentation cart is set-up to measure nitrogen oxides
(NO and NOX), carbon monoxide and hydrocarbons. There
are valves on the instrumentation cart that are used to
select a purge gas (nitrogen), room air, the appropriate
calibration gas or a sample from the engine exhaust gases.
The sample is run through an ice bath and filter before
it goes to the instrumentation. Pumps on the instrumen-
tation cart cause the sample to flow from the exhaust pipe
and through the instrumentation. Details of each of the

instruments is given below.

1. Nitrogen Oxide Measurement
The nitrogen oxide measurement is made by a chemi-

luminescent NO—NOX gas analyzer model 10A manufactured
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by Thermo Electron Corporation. The instrument has seven
ranges for 0-10 to 0-1000 PPM, its sensitivity is .1 PPM
and can measure either NO or NO_ .

The chemiluminescent nitrogen oxide analyzer uses the
photons generated when nitric oxide and ozone are reacted
to count the number of nitric oxide molecules. A photo-
multiplier tube is optically filtered so that it will
only respond to the nitric oxide photons. The rate of
flow of sample through the reaction cell is maintained
constant so that the output signal will be proportional
to nitric oxide. When the nitrogen oxides (NOX) are to
be measured the sample isApassed through a thermoconverter
which converts the various oxide of nitrogen to nitric

oxide before the sample goes to the reaction chamber.

2. Carbon Monoxide Measurement

The carbon monoxide is measured by a nondispersive
infrared detector (Infrared Analyzer - IRISA) manufactured
by Beckman. The instrument consist of two parts; a unit
containing the sensing elements and a unit containing the
electronics and meter. A nondispersive infrared detector
detects carbon monoxide by comparing the amount of in-
frared radiation absorbed by the sample and a reference
gas. Infrared radiation is passed through a reference
cell and also through a cell containing the sample gas.

After the radiation passes through the cells it goes to
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two cells containing carbon monoxide. If the sample con-
tains carbon monoxide it will absorb some of the energy
of the infrared radiation that is at the carbon monoxide
absorption frequencies. Thus the infrared radiation
leaving the sample cell will be deficient in energy
associated with the carbon monoxide absorption bands.
Since the detection cells are filled with carbon monoxide
they too would absorb energy in the absorption band of
carbon monoxide. The detection cell associated with the
sample cell will receive less energy in the absorption
bands when more carbon monoxide is in the sample cell.
The detection cell associated with the reference cell
will receive the same amount of energy in the carbon
monoxide absorption bands. The differences in the energy
absorbed by the two detection cells results in a pressure
differential which is measured by the deflection of a

diaphragm between the two cells.

3. Hydrocarbon Measurement

The hydrocarbon measurement is made by a Beckman
Hydrocarbon Analyzer, model 109A. The instrument operates
on the principle of flame-ionization. A hydrogen flame
is established that burns with a negligible number of
ions. The sample gases are introduced into the re-
actants of the flame. If the sample gases have hydro-

carbons present they will form ions when they burn. The

103



ions are collected and result in a signal proportional to
the concentration of hydrocarbons in the sample. It is
necessary to maintain constant flow ratesrto assure the

accuracy of the measurements.
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CHAPTER V

THE EXPERIMENTAL PROGRAM AND TEST RESULTS

A. INTRCDUCTION

The objective of the experimental program is to de-
termine if the advantages of the delayed mixing concept
shown by the theoretical study presented in Chapter II
can be realized in an experimental engine. The experi-
mental program is also intended to show the influence of
ma jor input variables on the emissions, efficiency and
power.

A CFR engine was modified to include an air injec-
tion valve which can inject air at various times in the
cycle or not at all. Typically a rich charge would be
drawn into the combustion chamber. The charge is ignited
before top dead center. Air is then injected into the
combustion chamber after the rich mixture has finished
burning. The combination of the rich mixture combustion
followed by air injection is intended to represent the
delayed mixing concept as symbolized by L;A-P. The delay
between the combustion of the rich mixture and mixing is
controlled by the timing of the spark and the air injec-
tion. Since it takes a finite amount of time for the
air to mix and react with the rich products, this repre-
sents a difference from the théoretical concept which

assumes that no time is required for the mixing.
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The engine input variables were examined to determine
the best way to control and measure thém, and to decide
which factors to vary and which to hold conétant.

In addition to the measurement of the nitrogen oxide
emissions, the carbon monoxide and hydrocarbon emissions
were measured. The engine power and efficiency were
also determined. A section is devoted to a discussion
of the theoretical trends expected in these results.

The experimental program is divided into two sec-
tions. The first set of tests were performed with a
large diameter air injection nozzle and the second set
of tests were performed With a small diameter air in-
jection nozzle. Within each set of data the major
variables studied were the overall air-fuel ratio, the
+iming of the start of air injection and, to a lesser
extent, the carbureted air-fuel ratio. As the experi-
mental program proceeded, problems were recognized and
fixed. For this reason some of the data is more accurate
than others.

In general, the data obtained from each experiment
is punched on computer cards and then processed by com-
puter programs to obtain the results in a more convenient
form. The computer programs used to reduce the data are

given in Appendix H.
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B. ENGINE INPUT VARIABLES

Listed below are the important engine input variables
which influence the performance of the delayed mixing
stratified charge test engine. These input variables
fall into two categories, those that can be changed while
the engine is in operation and those that require a
mechanical modification to the test facility. The first
group will be called operational variables and the second

group will be called design variables.

1. Operational Variables
1) Fuel Flow Rate: The fuel flow rate is controlled by
the main needle valve of the carburetor and is measured
by the fuel scale.
2) Carbureted Air Flow Rate: The carbureted air flow
rate is controlled by the choke and engine speed. A
laminar flow element and an inclined manometer are used
to measure the flow rate.
3) Injected Air Flow Rate: The injected air flow rate
is controlled with the flow control valve and determined
by the upstream temperature, the upstream pressure and
downstream pressure of the flow restriction.
L) Start of Air Injection: The start of air injection
is adjusted by selecting the desired relative position
of the drive sprocket mounted on the crank shaft and the

driven sprocket on the cam valve before the drive chain
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is installed. The position of the crank shaft is measured
on the flywheel and the position of the air injection
valve is measured by a protractor mounted on the driven
sprocket of the air injection valve.

5) Spark Timing: The spark timing is controlled by ro-
tation of the housing containing the points and is mea-
sured by either an induction pick-up displayed on the
oscilloscope or by a timing light.

6) Compression Ratio: The compression ratio is controlled
by moving the engine head assembly up or down with

a crank. A micrometer measures the position of the en-
gine head, from that measurement the compression ratio
can be determined,

7) Engine Speed: The engine speed is controlled by the
dynamometer system and is measured by both a tachometer
and the time between top dead center pulses on the
oscilloscope.

8) Engine Inlet Pipe Pressure: The inlet pipe pressure
is controlled by the choke and is measured by a mano-
meter.

9) Engine Inlet Pipe Temperature: The inlet pipe is
heated with a strip heater and its temperature is mea-
sured by a thermocouple.

10) Injection Air Temperature: The injection air tem-
perature can be controlled by a heat exchanger and is

measured by a thermocouple.
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2. Design Variables
1) Period of Air Injection: The period of air injection
can be changed by changing the cam design, but was not
changed.
2) Nozzle Geometry: The nozzle diameter can be changed
to change the injection velocity and the nozzle direction
can be changed by drilling the nozzle at an angle to the
nozzle center line. |
3) Shrouded Valve: A shrouded valve can be used to in-

duce swirl in the combustion chamber, but was not used.

3. Equivalence Ratios as Alternate Operational
Variables

It is customary to discuss engine performance in
terms of fuel-air (or air-fuel) ratio or equivalenée
ratio because the performance is usually a strong func-
tion of these variables. In general, equivalence ratio
will be used. The set of three variables fuel flow
rate, carbureted air flow rate and injection air flow
rate will be replaced by an alternate set of three
variables carbureted equivalence ratio, overall equiv-
alence ratio and carbureted air flow rate. It is
necessary to also include the carbureted air flow rate
in the second set in order to specify the amount of

charge.
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4. Specified Operational Variables

Since there are ten operational v;riables it would
be impractical to methodically test all combinations.
If two levels of each variable were tested 1024 (2lo =
1024) runs would be required. It is necessary to hold
many of the variables roughly constant and examine those
of greatest interest. Listed below are the variables which
were usually held constant and a justification for each.

Engine Speed: The engine speed was kept at about
800 RPM. This was done because of concern over the
possibility of an air injection valve failure. The dy-
namic forces on the cam follower of the air injection
valve increase with speed. At 800 RPM (13.3 rev/sec) the
valve sounds fine and should have a long life based on
calculation by the air injection valve computer program.
When lower speed operation was tried the coupling between
the dynamometer and the engine failed. It has been re-
placed by a larger coupling and has operated well at 800
RPM (13.3 rev/sec).

Carbureted Air Flow Rate: For nearly all of the
runs the carbureted air flow rate was held constant at a
level equivalent to a wide open choke and throttle at
800 RPM (13.3 rev/sec).

With the engine speed held constant it would be

possible to change the mass flow rate of carbureted air

110



by adjusting the choke, but it would also be necessary to
readjust the fuel flow rate at each point because the
change in inlet pipe pressure affects fuel flow rate. It
takes some time to establish a constant fuel flow rate
because the fuel scalé does not provide an instantaneous
measure of fuel flow rate, only an integrated average
value. Several readings must be taken at each fuel flow
setting to determine if the flow is steady and at the
desired flow rate.

The advantage of a constant maximum carbureted air
flow rate is that once a constant fuel flow rate has
been established the carbureted equivalence ratio will
be constant. It is then possible to run a series of
tests at various overall equivalence ratios by changing
only the rate of air injection.

With a constant carbureted air flow rate it is
possible to calculate the fuel flow rate desired for a
specific carbureted equivalence ratio and the air in-
jection flow rate desired for a specific overall equiv-
alence ratio. A number of tables and curves were made
to assist in reaching a specific operating condition.

Carbureted Equivalence Ratio: In general, the
carbureted equivalence ratio was adjusted to approximate-
1y 1.4, At this condition only about 65 PPM of nitrogen

oxide are produced by the carbureted mixture. This value
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of equivalence ratio also corresponds to that used in the
theoretical model.

Engine Inlet Pressure: The engine inlet pressure is
related to the carbureted air flow rate which is held
constant, thus the engine inlet pressure will also be
constant.

Compression Ratio: At compression ratios much in
excess of seven the eﬁgine will knock. It was
concluded that the engine should be operated at a com-
pression ratio of seven.

Spark Timing: In the large diameter nozzle tests,
the spark was arbitrarily set. Later it was concluded
that the spark should be set at the maximum advance for
best torque (MBT). The spark timing at the MBT repre-
sents the most power and best efficiency that can be

obtained at that operating condition.

C. A DISCUSSION OF THE THEORETICAL TRENDS EXPECTED

IN THE EXPERIMENTAL RESULTS

1. Nitrogen Oxide Emissions

Both Chapter II and Chapter III have dealt with
the trends in nitrogen oxide emissions. In summary,
the nitrogen oxide emissions for a delayed stratified
charge engine can be expected to increase with leaner

overall equivalence ratios, with leaner carbureted
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equivalence ratios, with earlier air injection and with
advanced spark timing.

2. Carbon Monoxide Emissions

In engines the most significant factors affecting
the formation of carbon monoxide (CO) are the fuel-air
ratio and the CO chemical kinetics. When a fuel-rich
mixture is burned CO is formed instead of CO, because
of the lack of oxygen. Thus the richer the fuel-rich
mixture the greater the concentration of CO in the ex-
haust.

Carbon monoxide is also found in the exhaust of en-
gineswhen operated with fuel-lean mixtures. The exhaust
gas concentration is determined by the fuel-air ratio,
the temperatures, the pressures and the chemical kinetic
history. In the combustion chamber the equilibrium con-
centration of CO is high after combustion and decreases
during expansion. The actual CO concentration rapidly
approaches the high equilibrium value while temperatures
are high and attempts to follow the decreasing equili-
brium values during expansion. The chemical kinetics of
CO freezes during the expansion with the resulting co
concentration lying between that of the equilibrium
value at combustion conditions and the equilibrium value
at exhaust conditions. Newhall (1969) has described this

behavior of CO in great detail.
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In the experimental engine the amognt of CO found in
the exhaust will depend upon the mixing and reaction of
the injected air with the rich products of combustion.

If the injected air does not mix and react with rich pro-
ducts, large carbon monoxide emissions would result simi-
lar to those expected for homogeneous operation at the
carbureted fuel-air ratio. If the injected air does

mix and react with the rich products, small carbon mon-
oxide emissions would result similar to those expected
for homogeneous operation at the overall fuel-air ratio.

The carbon monoxide emissions for air injection
‘operation before combustion will also depend upon the
mixing process. The more rapid the mixing the closer
the level of carbon monoxide emissions will be to the
homogeneous operation at the overall fuel-air ratio.

With air injection the amount of charge is greater
because the injected air adds to the constant maximum
carbureted air intake. Since the charge is greater the
cylinder pressure will also be greater. The greater cy-
linder pressure will not influence the equilibrium con-
centration of CO but it mQy change the CO kinetics by
changing the concentration of other species which are
pressure sensitive. It would be necessary to perform
a kinetics computer calculation to determine the pressure

effect on CO concentration.
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3. Hydrocarbon Emissions

Daniel and Wentworth (1962) showed that the primary
source of hydrocarbon emissions for conventional four-
stroke spark ignition engines was due to the quenching
of the flame as it approached the cool combustion chamber
wall. They also showed that oxidation of the hydrocarbon
emissions could occur in the exhaust pipe if sufficient
oxygen and high enough temperatures are present.

After combustion is completed an envelope of un-
burned fuel-air mixture lies around the combustion chamber
surface. The amount of unburned hydrocarbon contained
within the envelope depends of the volume of the envelope
and the fuel density within the envelope. The volume of
the envelope is changed by changes in the quench dis-
tance, piston motion and air motion. The envelope also
includes any crevices that are not penetrated by the
flame front, such as between piston and the cylinder.

The thickness of the quench layer is a function of
pressure, temperature and fuel-air ratio. Increases in
the temperature and pressure tend to decrease the quench
layer thickness. The effect of fuel-air ratio on the
quench layer thickness is complicated by its affect on
the pressure and temperature. In general, the quench
distance reaches a minimum thickness at a slightly rich

fuel-air ratio. The amount of hydrocarbons in the
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quench layer will also depend on the fuel-air ratio.
Hydrocarbon emissions are found to decrease as the fuel-
air mixture is made leaner until they become low and rela-
tively constant for lean fuel-air mixtures. But, if the
fuel-air mixture is made sufficiently lean to result in
misfire, the hydrocarbon level will increase due to the
unburned fuel.

When air is injected into the cylinder before com-
bustion, there are many factors which will affect the
hydrocarbon level and it is difficult to conclude how
these factors will sum to influence the total hydrocarbon
emissions of early injection. The increased pressure
forces more fuel-air mixture_into the crevices favoring
higher hydrocarbon emissions, but also tends to reduce the
quench layer thickness favoring lower hydrocarbon emis-
sions. The increased density of the quench envelope would
tend to increase the hydrocarbons. When air is injected
during the compression stroke, it is unlikely that it will
be able to penetrate the boundary layers and crevices be-
fore combustion. Consequently, the fuel-air mixture in the
quench envelope will be fuel-rich, which would tend to in-
crease the hydrocarbon emissions. It is difficult to pre-
dict how the total hydrocarbon emissions of the early air
injection operation will compare to homogeneous operation
at the same overall fuel-air ratio.

When air is injected after combustion, the quench

envelope has already been formed under conditions of
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the rich carbureted charge. The greater fuel-air concen-
tration will tend to increase the hydrocarbon emissions.
In contrast, the injection of air will increase the veloci=
ties in the combustion chamber which will reduce the
boundary layer thickness and tend to reduce the hydro-
carbon emissions. Again it is difficult to determine how
these factors affect the hydrocarbon emissions of the
late injection operation as compared to homogeneous
operation at the same overall fuel-air ratio.

4. Engine Power

In a conventional homogeneous engine the specific
power depends on the engine speed, spark timing, fuel-
air ratio of the charge, amount of charge, compression
ratio and a number of other minor variables. Engine
speed and compression ratio have been held constant for
most of the tests. Spark timing has either been held
constant or adjusted for the maximum advance for best
torque operating condition. For most operating condi-
tions the amount of carbureted charge was also held con-
stant at the maximum value. Thus, the fuel-air ratio is
the most significant variable remaining.

When the homogeneous engine is operated fuel-rich,
power is limited by the amount of air available for com-
bustion. Since the carbureted charge is constant the

amount of power is expected to be nearly constant. At
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very rich fuel-air ratios, the fuel will displace some of
the air causing a slight reduction in power. When the
homogeneous engine is operated fuel-lean, the power is
limited by the amount of fuel available for combustion.
As the fuel-air ratio becomes leaner the power will de-
crease.

Engine operation with air injection results in a
larger charge since tﬁe carbureted charge is constant
and the injected air will add to the total charge. The
extent of the increase in power associated with the
larger charge will depend of the total amount of charge,
the air injection timing, the carbureted fuel-air and
the overall fuel-air ratios.

The air which is injected into the combustion chamber
must be compressed to the appropriate pressure. The work
required to compress the air will depend on the process
used. If a method of compressing the air in the cylin-
der along with the rich charge and by the combustion
process can be developed,then external compressors will
not be required. The wo?k of compressing the air would
be similar to that of compressing the charge. In the
experimental engine system,the air is compressed separ-
ately to greater than injection pressure and stored in
gas bottles until it is injected. The work used to

drive the compressor is not a reasonable estimate of the
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work required to compress the air for injection. It has
been assumed that the air compression work is best re-
presented by an isentropic compression for room tempera-
ture and pressure to injection pressure as measured in
the accumulator before the air injection wvalve.

5. Engine Efficiency

The fuel-air ratio significantly influences efficiency
for both homogeneous operation and air injection opera-
tion. With air injection operation two fuel-air ratios
have to be considered, that of the carbureted charge
and that of the overall charge including the injected air.
The efficiency for homogeneous charge engines is ekpected
to drop sharply for fuel-rich mixtures because of the
lack of oxygen to complete the combustion process. -Like-
wise making a fuel-lean mixture leaner results in better
efficiency because the combustion process goes nearer
to completion.

During air injection operation the efficiency assoc-
iated with the combustion of the rich charge would
correspond to the efficiency of the homogeneous opera-
tion at the same rich fuel-air ratio. The addition of
air to the rich charge will tend to complete the combus-
tion process and increase the efficiency over that of the
carbureted charge alone. When the air enters the combus-

tion chamber early in the expansion it can do useful work
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through expansion even if it does not react. Increasing
the amount of éir injected will make the overall mixture
leaner and further increase the efficiency. The efficiency
of the delayed mixing engine will fall somewhere between
the efficiency of the homogeneous operation corresponding
to the carbureted fuel-air ratio and to the overall fuel-
air ratio.

If the air injecfion occurs late in the expansion
process, little additional work can be extracted because
the amount of expansion which remains is small and in-
sufficient time may remain during the expansion to mix
and react the air with the rich products. On the other
hand if air is injected early, before combustion, it will
have time to form a more nearly homogeneous mixture at
the overall fuel-air ratio. .Under this form of opera-
tion the efficiency should approach that of a correspond-
ing homogeneous operation at the same overall fuel-air
ratio. The efficiency of air injection operation is
expected to be between that of homogeneous operation
with the carbureted fuel-air ratio and with the overall
fuel-air ratio.

Spark timing is used to adjust for maximum engine
torque. When the engine is operating at the maximum
torque it is also operating at the maximum efficiency

because the power output is greatest for a constant amount
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of fuel input. With the spark too far advanced the com-
pression work will be done against combustion pressure
and with the spark too far retarded the pressure peak
will occur later in the expansion. In either operating
condition the efficiency will be less than maximum.
Another factor which affects the efficiency of the
engine is the heat transfered to the combustion chamber
walls. The convective heat transfer will be increased
by greater velocities in the combustion chamber. When
air is injected the velocities will be greater because
of the kinetic energy of the air jet. The efficiency
of air injection operation could be lower due to more
heat transfer than corresponding homogeneous operation.
Two measures of efficiency will be used in the pre-
sentation of results. The measured indicated enthalpy
efficiency is based on the brake horsepower of the engine
plus the mounted horsepower. The corrected indicated
enthalpy efficiency is based on the brake horsepower
plus the motored horsepower less an estimated power re-

quired to compress the injected air.

D. LARGE DIAMETER NOZZLE TEST RESULTS AND DISCUSSION
1. Check-0Out
Much of the initial operation was intended to check-

out the system and to determine how best to control the
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the system. Some mechanical problems with the air in-
jection valve were discovered and corrected. The coupling
between the engine and the dynamometer was too small and
had to be replaced. The carburetor float bowl was first
replaced by a‘larger one and later bdth float bowls were
placed in series to stabilize the fuel flow rate. It
was necessary to replace the fuel pump, one was pur-
chased which incorpor;ted a pressure regulator. The new
fuel pump greatly improved the stability of the fuel
flow to the carburetor. Improvements were made to the
fuel scale to improve its accuracy. Although the re-
pairs and maintenance were time consuming they did not

represent significant technical problems.

2. Test Conditions for Large Diameter Nozzle

The large diameter nozzle has a diameter of .3125
inches (7.938 mm) and is directed perpendicular to the
center line of the cylinder and into the clearance volume.
A flow restriction consisting of a .0935 inch (2.37 mn)
hole in a disc was placed between the air injection valve
seat and the nozzle. The flow restriction caused an in-
crease in the air injection accumulator pressure to pre-
vent the flow of combustion product into the air injection
valve. The maximum velocity through the flow restriction
is sonic velocity which resulted in the maximum velocity

from the nozzle of about one hundred feet per second.
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The engine was operated near 800 RPM with the maximum
carbureted air flow rate. The compression ratio was held
constant at seven. The spark timing was held constant at
10° BTDC. Both the injection air temperature and the
carbureted air temperature were uncontrolled. These
temperatures were usually above room temperature due to
higher temperature of the engine.

The magnitude of the other variables which changed
during the testing are shown in the figures.

All testing with the large diameter nozzle was done

with air injection after the start of combustion.

3. Summary of Results for Large Diameter Nozzle
1) The nitrogen oxide emissions for operation with air
injection are much lower than homogeneous engine opéra—
tion at the same overall air-fuel ratio.
2) The carbon monoxide emissions for operation with air
injection are essentially the same as homogeneous engine
operation at the same overall air-fuel ratio.
3) The hydrocarbon emissions for operation with air in-
jection are lower than homogeneous engine operation at
the same overall air-fuel ratio.
4) The measured indicated enthalpy efficiency for
operation with air injection is lower than homogeneous

engine operation at the same overall air-fuel ratio.
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5) The corrected indicated enthalpy efficiency for opera-
tion with air injection is much lower than homogeneous
engine operation at the same overall air-fuel ratio.

4. Nitrogen Oxide Emissions for Large Diameter

Nozzle

A set of NOx emission results for the low velocity
nozzle is shown in Figure 28. The homogeneous curve was
obtained by operating the engine without air injection
at various overall equivalence ratios. At very rich
operation the nitric oxide concentrations are very low.
As the overall equivalence ratio becomes leaner the
nitric oxide increases until it peaks at about ﬁo = .95,
Af this equivalence ratio the engine combustion becomes
unstable which in part accounts for reduced NOx at lower
overall equivalence ratios. The lower flame temperatures
associated with fuel lean opefation also reduce the NOx
emissions. An NOx peak with slightly fuel-lean mixtures
is typical of homogeneous engine operation.

Also shown in Figure 28 is a set of results with
air injection having a carbureted equivalence ratio (ﬂc)
of about 1.4 and at varioﬁs air injection timings. With
the start of air injection at 42° ATDC (crank angle
degrees),very little additional NOx is formed due to an
injection. Advancing the air injection to start at 22°

ATDC increases the NOx slightly. With the air injection
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starting at 12° ATDC, the amount of NOX formed increases
markedly. When the air is injected earlier, it is injected
into higher temperature products. Thus, in the process of
mixing and reacting with the rich products,it is more
likely to prodﬁce additional NOX emissions.

For each of the air injection timings, the curves were
connected to the homogeneous operating point corresponding
to their carbureted equivalence ratio. The point on the
homogeneous curve represents the amount of NOx which is
formed during the period of rich combustion. The in-
jection of air will reduce the overall equivalence ratio
and result in additional NOx formation. It is possible
to operate at different points along the curve by chang-
ing the amount of air which is injected.

One set of data was obtained at a carbureted equiv-
alence ratio of about 1.6 and with air injection starting
at 42° ATDC. Although the NO_ formed by the carbureted
charge is lower than that formed by Ac = 1.4 the ex-
haust NOx is about the same. The slope of the curve
is much steeper than the corresponding curve at ﬁc = 1.4
with air injection starting at 42° ATDC. The difference
in the shape of the curves can be explained by consider-
ing the differences in the amounts of air which must be
injected. To reach an overall stoichiometric equivalence

ratio, it is necessary to inject 40% more air into the
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combustion chamber if the carbureted equivalence ratio

is 1.4 but 60% more air if the carbureted equivaience
ratio is 1.6. Since the total charge will be substantial-
ly greater, the cylinder pressure will be greater. The
relative increase in pressure will compress the products
of combustion and increase their temperature. The

higher temperature will result in more rapid nitric oxide
formation.

5. Carbon Monoxide for Large Diameter Nozzle

Presented in Figure 29 is a plot of the exhaust gas
carbon monoxide versus overall equivalence ratio. The
homogeneous operating points, indicated by squares,
are connected by the solid line. The other points,
representing air injection operation, are not connected
because they are very near the homogeneous curve.

These results show that the injected air has suf-
ficient time to mix and react with the products of the
rich charge. The combustion is completed to the same
degree as homogeneous operation with the same overall
equivalence ratio. Under these air injection operating
conditions, the exhaust emissions of carbon monoxide are
mainly a function of overall equivalence ratio.

6. Hydrocarbon Emissions Large Diameter Emissions

The hydrocarbon emissions are presented in Figure
30. For operation with air injection, the hydrocarbon

level is substantially below that of the homogeneous
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operation with the same overall equivalence ratio. The
most likely explanation for the lower hydroéarbons is
that the turbulence and general increase in the motion
of the charge due to air injection reduces the thickness
of the quench iayer. |

7. Engine Efficiency for Large Diameter Nozzle

Because the injection air is compressed separate-
ly from the engine the measured output power does not
include the work required to compress the injection air.
An estimate of the work required to compress the in-
jected air is made and subtracted from the measured work.
As a result the efficienéy can be presented as measured
values or corrected values. In Figure 31 both the mea-
sured and corrected indicated enthalpy efficiencies are
presented.

The homogeneous efficiencies reach a maximum at
an overall equivalence ratio of .95. The efficiency is
lower for leaner operation because the engine experiences
partial misfire. The homogeneous efficiency is lower
at greater equivalence ratios because of the incomplete
combustion of the fuel.

Engine operation with air injection shows a general
increase in measured efficiencies with leaner equivalence
ratios. If no air were injected,measured'efficiency

would be equal to that of the homogeneous operation at
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the carbureted equivalence ratio. As the -amount of in-
jected air increases the measured efficlency increases
and the overall equivalence ratio becomes leaner. The
addition of high pressure air during the expansion

stroke will resﬁlt in more measured work. Also, when the
air mixes with the rich products, it will tend to finish
the combustion process.‘causing.higher pressures and an
increase in measured work. Although the measured
efficiency is increased with air injection, it is less
than homogeneous operation at the same overall equivalence
ratio. The lower measured efficiency is due to combus-
tion being completed late in the expansion stroke. The
later in the expansion stroke the combustion occurs

the smaller will be the amount of expansion work.

When the measured work is corrected by subtracting
the estimated work of compressing the injected air, the
resulting corrected efficiency tends to decrease with
increasing amounts of air injection. Apparently the
increased amount of work produced by the injected air is
less than work required t9 compress the air. A large
compression ratio is required to bring atmospheric air
to injection pressure and only a small expansion ratio
is available in the engine. If the air did not react in

the combustion chamber and only expanded, the lower
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expansion ratio would 1limit the work extracted from the
air to something less than the compression work.

8. Discussion of Results for Large Diameter Nozzle

The low values of carbon monoxide and hydrocarbons
lead to the conclusion that the injected air does mix
and react to complete the combustion process. However,
the measured indicated enthalpy efficiency shows only
slightly more output power as a result of air injection.
It appears that the combustion occurs too late in the
expansion to contribute much to output power. Either
the mixing is too slow or the air is injected too late
in the expansion. It was decided that the mixing should
be increased by changing the nozzle to a smaller dia-
meter to obtain a higher velocity for more rapid
mixing.

The large diameter nozzle was picked initially be-
cause of the lower pressure drop across it. In a
practical engine it would be desirable to have the
minimum pressure drop across the nozzle. The engine is
going to have to provide the work required to inject or

mix the air with the rich products of combustion.

E. SMALL DIAMETER NOZZLE TEST RESULTS AND DISCUSSION
1. Test Conditions for Small Diameter Nozzle
The small diameter nozzle has a diameter of .0935

inches (2.37 mm) and is directed at an angle of 45 degrees
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from a perpendicular to the center line of the cylinder

in a plane parallel to the pistons top surface. The dia-
meter was selected to be equal to that of the flow re-
striction placed between the nozzle and :the air injection
valve seat for the large diameter nozzie tests. In this
way, flow through the valve would be similar for both types
of nozzles.

The engine was opefated near 800 RPM with the maximum
carbureted air flow rate. Compression ratio was maintained
at seven. The spark timing was varied in attempts to
operate at the maximum advance for best timing, but these
conditions were not always obtained. The injection air
temperature was uncontrolled and was above room tempera-
ture due to temperature of the engine. The carbureted
fuel-air mixture was heated for some of the test con-
ditions by a strip heater wrapped around the inlet pipe.

For the small diameter nozzle, some of the opera-
tion was with air injection before combustion. These
points were run to show the entire range of air-injection
timings.

The values for important variables which changed

during the tests are shown in the figures or in Table II.

2. Summary of Results for Small Diameter Nozzle
1) The nitrogen oxide emissions for engine operation
with air injection usually increase with leaner overall

equivalence ratios.
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2) The nitrogen oxide emissions for engine operation

with air injection when compared to homogeneous operation
at the same overall equivalence ratio are much lower with
air injection after combustion, are about the same with
air injection before and rapidly increase with earlier
air injection during combustion.

3) The carbon monoxide emissions for engine operation
with air injection areusually the same as those of homo-

geneous operation at the same overall eguivalence ratio,

but greater for air injection during combustion, very
early in the compression, or very late in the expan-
sion.

L) The hydrocarbon emissions for engine operation with
air injection areusually lower than homogeneous 6perétion
at the same overall equivalence ratio if leaner than 1.15,
but greater for air injection during combustion or

or very early in the compression.

5) The measured indicated enthalpy efficiency for engine
operation with air injection is always less than homo-
geneous operation at the same overall equivalence ratio.
The measured efficiency for air injection operation is
low with air injection after combustion, approaches the

homogeneous operation with air injection before combus-

tion and is generally low with air injection during

combustion.
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6) The corrected enthalpy efficiency for engine operation
with air injection is always much lower than homogeneous
operation at the same overall equivalence ratio.

7) The measured indicated mean effective pressure for en-
gine operation‘with air injection is higher with lean
operation and with early air injection. Air injection
after combustion has low IMEP. With air injection during
combustion the measured IMEP is at a minimum.

8) When air is injected before combustion the combustion
process is rapid, the cycle to cycle pressure variations
are small, and the peak pressure is greater than the
corresponding homogeneous operation.

9) When air is injected very early in the compression
stroke (128o BTDC) the combustion process will result

in knock.

10) Air injection can cause up to 40% more heat trans-
ferred to the cooling water on the basis of BTU per

pound of charge.

3. Nitrogen Oxide Emissions for Small Diameter
Nozzle
The nitrogen oxide emissions associated with homo-
geneous operation are shown in Figure 32. The data re-
presents a band rather than a single line because of the

variation in the spark timing, same operation was with
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engine inlet pipe heated, the accumulatien of small mea-
surement errors, and the small variation in operating
conditions. The maximum nitrogen oxide emissions occur
at a slightly\lean equivalence ratio as would be expected.
The engine was not operated much leanér than the maximum
NOx because of the start of misfiring.

In Figure 33 a few +typical air injection operating
conditions are shown along with the band of homogeneous
operation as a function of overall equivalence ratio.
This same set of data will be shown for the other results
versus overall equivalence ratio. In general, starting
air-injection earlier in the cycle results in large
nitrogen oxide emissions. With air injection consider-
ably before combustion as represented by the start of
air injection at 38° BTDC and 88° BTDC the nitrogen
oxide emissions correspond to the levels expected from
homogeneous operation at the same overall equivalence
ratio. When air injection is very late in the cycle
(92° ATDC) leaner equivalence ratios cause a reduction
in the nitrogen oxide concentration. The air injection
occurs when the temperatures are so low that little addi-
tional nitrogen oxide is formed and the air reduces the
concentration by dilution.

In order to better show the influence of the timing

of air injection on nitrogen oxide and other results,
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they will be plotted versus start of air injection. Since
various operating conditions were run at one air injec-
tion timing the points shown will correspond to an over-
all stoichiometric mixture. The magnitude of any speci-
fic point was obtained by plotting the variable versus
overall equivalence ratio, fitting a curve to the data

and noting the intersection of that curve with a stoichio-
metric mixture. A summary of the extrapolated stoichio-
metric results is shown in Table II1. Generally the car-
bureted equivalence ratio was about 1.4. A carbureted
equivalence ratio is estimated for each point in Table

II. Also shown in Table 11 is the spark timing and start
of air injection.

The nitrogen oxide emissions versus the start of
air injection aJ_;e presented in Figure 34. Generally NOX
is low for air injection after combustion and high for
air injection before combustion. When the air injection
occurs near top dead center during combustion, the nit-
rogen oxide emissions are very sensitive to changes in
the air injection timing and to changes in the other
variables. The spread in the nitrogen oxide emission
at 2° ATDC and 8% BTDC attest to the sensitivity of this
region.

It was particularly difficult to adjust the spark

for the best torque with air injection near top dead
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TABLE IX

Summary of Results for Air Injection Operation
Extrapolated to a Stoichiometric
Fuel-Air Mixture

s 8 . ) ¢ NO Meas. Meas.
symbol si sp c X Co HC IEE  IMEP
(deg.) (deg.) (ppm) (%) (ppm-C) (%) (psi)

O 92 -26 1.39 59 2.6 1150 21.2 165
A 22 -30 1.42 100 .5 720 24.5 133
O 22 -30 1.60 97 .55 950  22.8 132
VA 2 -20 1.44 95 >3.0 1850 22.5 120
O 2 -20 1.38 115 3.0 1800 21.5 113
O 2 -30 1.43 160 .45 780  24.5 130
O 2 -40 1.35 150 .40 750  24.2 120
O -8 -10 1.36 630 1.4 1300 24.2 122
\V -8 10 1.39 260 >3.0 2030 21.6 111
O -8 -20 1.40 285 1.5 1100 23.4 120
<:> -8 -22 1.42 185 2.4 1550 22.3 120
\V/ -18 -30 1.43 580 1.0 700 22.7 123
& -28 +10 1.44 1350 92 1150 21.1 137
<:> -28 -6 1.24 1250 1.3 1250 26.0 128
(:) -38 -8 1.40 1200 .6 640 24.8 129
O -48 0 1.39 1650 .85 1220 25.8 136
O -68 -6 1.42 1250 1.3 1000 25.0 132
D -78 _5 1.45 1200 .5 1350 26.5 142
A -88 -10 1.41 1200 .5 630 25.1 134
\V/ -128 -6 '1.42 260 2.6 1900 22.3 128
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center. When the air is injected before combustion the
best timing is about 6° BTDC probably because of the
greater turbulence. When the air is injected after com-
bustion the best spark timing is about 25° BTDC. Also
changes in the spark timing will affect the timing of
the pressure peak in the cylinder, which in turn influences
the injection air pressure. The injection air pressure
takes some time to stabilize. Thus, if one were to ad-
just the spark timing by merely observing the engine
torque it would be easy to select the wrong timing. Ob-
servation of the éylinder pressure was used to determine
the spark timing near top dead center. This method re-
quires judgment as to the most appropriate position of
the pressure peak with respect to top dead center. The
ad justment of spark timing by observing the cylinder
pressure is better than observing the engine torque, but
not exact.

The spread in the nitrogen oxide data with air in-
jection starting at 2° ATDC can be explained mainly by
the spark timing. The two points with the greatest
nitrogen oxide emission have spark timings of 30° BTDC
and 40° BTDC; from the pressure trace the spark is too ad-
vanced. The two other points have spark timings of 20°
BTDC; from the pressure trace the spark is too retarded.

The advanced timing causes higher pressures and temperature
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which result in more nitrogen oxide emissions. The re-
tarded timing causes lower pressures and temperatures
which result in low nitrogen oxide emissions.

The two points with 20° BTDC spark timing with start
of air injection at 2% ATDC differ in their carbureted
equivalence ratio. The low nitrogen oxide point also
corresponds to the richer carbureted egquivalence ratio.
Since the richer carbureted equivalence ratio would pro-
duce less nitrogen oxide before air injection it is rea-
sonable to expect a lower final nitrogen oxide emission.

The same type of reasoning can be used to explain
the spread in the nitrogen oxide data points with air
injection at 8° BTDC. The more advanced timing results
in greater NOx emissions and richer carbureted equivalence
ratio result in lower NOX emissions.

When air is injected before combustion the nitrogen
oxide concentration corresponds to that of homogeneous
operation with the same overall equivalence ratio.
Apparently the injected air mixes quickly to form a some-
what homogeneous mixture at the overall equivalence ratio

before combustion.

Iy, Carbon Monoxide Emissions for Small Diameter
Nozzle
The carbon monoxide emissions for homogeneous opera-

tion are presented in Figure 35. A curve drawn through
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the data points describes the homogeneous carbon
monoxide emissions. For rich operation the carbon mon-
oxide levels are high while for lean operation the carbon
monoxide emissions are low.

The carbon monoxide emissions for the typical set
of air injection operating conditions are presented in
Figure 36 along with the dotted line corresponding to
the homogeneous operation. All of the data points fall
near the homogeneous curve except for operation with the
start of air injection at 8° BTDC and 92° ATDC. High
values of carbon monoxide are expected with very late
air injection (92° ATDC) because of the short time avail-
able for combustion and because of the low temperatures

Many points with air injection starting near top
dead center have greater carﬁon monoxide emissions than
homogeneous operation as seen in Figure 37. It is pos-
sible that air being injected during the period of com-
bustion, as is the case for these points, can quench and
disturb the combustion process. Probably the regions of
incomplete combustion do not mix and as a result appear

in the exhaust.

5. Hydrocarbon Emissions for Small Diameter Nozzle
The hydrocarbon emissions for homogeneous operation
are shown in Figure 38. Two factors account for the

spread in hydrocarbon emissions. Part way through the
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testing program it was found that the wall of the engine
inlet pipe was wetted by fuel and there existed the pos-
sibility of liquid fuel entering the inlet valve. For
this reason the walls of the inlet manifold were heated.
As a result of the heater the hydrocarbon emissions
dropped. Another factor is the improvement of the cali-
bration procedure of tﬁe hydrocarbon analyzer. The hydro-
carbon analyzer is sensitive to the flow rate of sample
and calibration gas. These two flow rates should be the
same. A pressure regulator in the instrument is used to
adjust the scale reading to correspond to the hydrocarbon
concentration of calibration gas. It was found that
changes in the calibration gas pressure supplied to the
instrument would change the calibration gas flow rate.

A procedure was devised to measure the calibratlon gas
flow rate with the carbon monoxide flow meter and to set
the flow rate equal to the sample flow rate.

The hydrocarbon emissions for the typical set of
air injection timings are shown in Figure 39 along with
the dotted lines representing the band of homogeneous
operating results. With fhe exception of air injection
starting at 8° BTDC the data shows lower hydrocarbon
emigssions for air injection operation with overall
equivalence ratios leaner than 1.15. With air injection

starting very late in the expansion (92° ATDC), the
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hydrocarbons are nearer the homogeneous operation. The
greater turbulence in the chamber reduces the hydrocarbon
envelope and consequently the hydrocarbon emissions.

Air injection starting near top dead center results
in greater hydrocarbon emissions as shown in Figure 40,
The disturbance of the combustion process by air injection
would account for the greater hydrdcarbons and would be
consistent with the greater carbon monoxide emissions

found for the same injection timing.

6. Engine Efficiency for Small Diameter Nozzle
Shown in Figure 41 is the measured indicated en-
thalpyefficiency as a function of the overall equivalence
ratio for the homogeneous operation. The efficiency de-

creases with richer equivalence ratios. The spread in
the data 1s primarily due to variations in the timing

and the accuracy of reading the dynamometer force. The
low speed of the engine and the cycle to cycle variations
of the engine resulted in a pulsating output torque. The
needle on the dynamometer scale would vibrate requiring
an estimate of its average value.

The measured indicated enthalpy efficiency for the
typical set of air injection data is shown in Figure 42
with the homogeneous operation shown by dotted lines.
Earlier air injection as well as leaner overall operation

tend to increase the measured indicated enthalpy efficiency.
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Note that with injection before combustion, the measured
efficiency is less than the corresponding homogeneous
operation. The difference in efficiencies is probably

due to greater heat transfer caused air injection induced
charge motion. An increase of 4L0% in the heat transferred
to the cooling water on the basis of BTU per pound charge
was measured for operation with air injection.

In Figure 43 the corrected indicated enthalpy
efficiency is shown as a function of overall equivalence
ratio. With injection before combustion the corrected
efficiency is about equal to the efficiency of the
homogeneous operation with the carbureted equivalence
ratio. The estimated work required to compress the air
is a substantial percentage of the engine output.

The measured indicated en{halpy efficiency is plotted
versus the start of air injection in Figure 44. The
greater measured efficienclies occur when the air is in-
jected into the combustion chamber before ignition. The
measured efficiency is larger because the injected air
has time to mix with the rich charge before combustion
thus allowing more fuel to burn nearer top dead center.
When air injection occurs well into the expansion stroke
little additional work can be obtained from the comple-
tion of combustion.

With the start of air injection at 20 ATDC the spread

in the efficiency can be attributed to the different spark
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timing. Spark timing of 300 BTDC and 40° BTDC have greater
efficiency than the two points at 20° BTDC. The four
points corresponding to air injection starting at 8° BTDC
have a spread that can not be explained entirely by spark
timing. The highest and lowest efficiency points both
have a spark timing of 10° BTDC. The difference between
the two points is due to the carbureted equivalence
ratio. The higher efficiency point has the leaner car-
bureted equivalence ratio. It is reasonable to expect
that leaner carbureted equivalence ratios would result
in greater efficiencies.

The measured indicated enthalpy efficiencies are
quite low for air injection during the combustion pro-
cess. This result is consistent with the high CO and
hydrocarbons for the same injection timing. If the in-
jection of air disturbs the combustion process and cause
incomplete combustion less energy will be available to

do work.

7. Engine Power for Small Diameter Nozzle

The measured indicated mean effective pressure (IMEP)
will be used as a measure of the specific power of the
engine. Presented in Figure 45 is a plot of IMEP versus
overall equivalence ratio for homogeneous operation.
The IMEP is nearly constant in the rich region and de-

creases in the lean region with leaner operation. The
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homogeneous data represents a band of results mainly be-
cause of the difficulty in setting the MBT spark timing and
the fluctuations in the dynamometer torque reading.

Presented in Figure 46 is the typical set of air
injection data versus the overall equivalence ratio. The
measured IMEP is seen to increase with leaner overall
equivalence ratios. This trend reflects the increasing
amount of injected air. In a sense the injected air
supercharges the engine. The influence of the timing
of air injection is given in Figure 47. ‘A minimum in
the measured IMEP occurs near top dead center when the
air 1is being injected during combustion. The air in-
jection apparently disturbs the combustion process éauéing
incomplete combustion with reduced power.

When the IMEP is corrected by subtracting the esti-
mated work required to compress the injected air the
magnitude of the corrected IMEP is equal to or less than
the corresponding homogeneous operation. Air injection

before combustion results in the largest corrected IMEP,.

8. Start of Air Injection at 128° BTDC

The results obtained with air injection starting
at 128° BTDC will be presented separately because they
deviate from the pattern of the other data. By referring
to Table II it is possible to compare the result of the
128° BTDC air injection timing with the result of other
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early air injection timings. The 128° BTDC air injection
timing has less nitrogen oxide emissions, greater carbon
monoxide emissions, greater hydrocarbon emissions and
lower efficiency. Knock was also observed for the 128°
BTDC air injection timing and not in the other air in-
jection timings.

A second set of data was obtained at the 128° BTDC
air injection timing with the nozzle rotated 90° so that
the air jet is directed down into the cylinder and at an
angle of 450 to the cylinder center line. For the ro-
tated air jet, the nitrogen oxide, carbon monoxide and
hydrocarbon emissions approach the values of other early
air injection. The pressure trace indicates knock,
which accounts for the low efficiency.

The probable reason for'the difference in the re-
Sults is that when the air is injected in the plane of
the piston surface a stratification results with air on
top and rich fuel mixture below. By rotating the nozzle
down into the cylinder the stratification is prevented.

The knock for both cases is probably due to the
extra compression of the charge when it is injected
very early because of the large cylinder volume at the

time of air injection.

9, The Effect of Air Injection on Combustion

One interesting discovery was the effect of air
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injection on the combustion process. The time interval
between the spark and peak pressure was reduced from about
40 crank angle degrees for homogeneous operation to 15
crank angle degrees with early air injection. As a re-
sult of the more rapid combustion,the MBT spark timing
was changed from about 250 BTDC homogeneous operation to
about 6° BTDC. Also the cycle to cycle peak pressure
variations were nearly eliminated. Presented in Figure

48 is a set of pressure versus time curves which show typical
homogeneous operation, air injection during combustion,
and air injection before combustion. The marks along

the bottom of the pressure trace represent 10° crank

angle degree increments with the large mark at top dead
center.

The most probable explanation for the rapid and
consistent combustion is that the turbulence resulting
from air injection causes increased flame velocities.
Lancaster et al. (1976) have shown that the flame velocity
increases with greater turbulence in the combustion cham-
ber of spark ignition homogeneously charged engines. The
kinetic energy of the injected air is large because of
its high velocity. Much of the kinetic energy will be
converted to random turbulent motion. The influence of
the turbulence can be seen when the air is injected

during the combustion process as shown in Figure 48b. A
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definite increase in the rate of combustion is observed

as a result of air injection.

10. Discussion of Results for Small Diameter Nozzle

It is apparent that air injection after combustion
can reduce the nitrogen oxide and hydrocarbon emissions.
Carbon monoxide emissions are at essentially the same
level for either operation with air injection or homo-
geneously. However, when the timing of air injection is
advanced nearer the combustion period to extract more
work, all the emissions increaseland the efficienéy de-
creases. 1t seems very unlikely that the delayed mixing
concept will be able to 1limit emissions while operatingwith
homogeneous mixture efficiencies. The measured éffiéiencies
are low with air injection because of the incomplete com-
bustion when the air is injected during combustion and
because of the increased heat transfer due to charge motion.
When the work required to compress the injected air is
charged against the cycle the efficiency is very low.
Likewise the corrected IMEP will also be low.

The air injection before combustion resulted in very
rapid and consistent combustion. Even with the desirable
combustion, the measured efficiency was less than a cor-
responding homogeneous operation probably because of the
additional heat transfer associated with the air injection

induced charge motion.
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Appendix A

METHOD USED TO CALCULATE NITRIC OXIDE

The rate of formation of nitric oxide is described

the following set of equations.

Rate Constants:

N,
NO
02

NO

+ 0> NO+ N ; K

7 x 10'% exp(-75,000/RTY}

le
. = 13
+ >N, + 0 5 Ky =1.55x10
+ N> NO+ 0 Kzf = 13.3 x 10°T exp(-7,080/RT)

+0—>02+N;

~
|

2p = 3.2 x 10°T exp(-39,100/RT)

Rate Equations:

or

dézo] = Ky W21 (0] - K mol[o] + Kzf[oz][N]

- Ky, (W01 (0]

&\
u
h
I
oy
=
=
)
h S
n

Klf[NZ] [0] + Kzf[OZ]'[N]

B = Ky, [N] + K,,[0]

For the case of constant temperature, pressure and

equivalence ratio, 4 and B are constant. The solution

to

this first order differential with constant coeffi-

cients is given below.

(ol = 4+ ((wol,- &) e BF2TP) k= vime

b

*degrees Kelvin
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This equation was used to predict the nitric oxide forma-
tion by evaluating 4 and B at an average value of tempera-

ture, pressure and equivalence ratio for a time step.
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APPENDIX B
ONE SYSTEM COMPUTER MODEL
The following set of equations can be written for
the one system model when it consists of two regions, re-
actants and products as seen in Fig. Bl.

Conservation of Energy:

m&R= -ph?—h?%
MpUp - p%P * thP
Conservation of Mass:
Mg = mp + mp
Conservation of Volume:
VT = VR + VP

Ideal Gas Relationships:

pVR =m_R_T

pVP = m_R_T

Also the internal energy, its rate of change with the

temperature, and the gas constant for the reactants can
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be obtained from equations describing these properties
as functions of pressure, temperature, fuel equivalence
ratio, and exhaust gas recirculation. The internal
energy of the products and the gas conétant, their rates
of change with respect to pressure, temperature, and
equivalence ratio are obtained from equations describing
these properties as fuﬁctions of pressure, temperature,
fuel and equivalence ratio.

The two region equations can be solved for the

following rate equations.
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Main Computer Program: The computer program uses

a modified Euler method to predict the temperature of the

reactants and the products. The pressure at the new

point is determined from the temperatures at the new

point, the gas constants and the total specific volume

at the new point.

Computer Program Input:

NUR:

TITLE:

PHE:

TR:

EGR:

TOE:

XXA:

XXM:

TOC:

The number of different sets of engine operating
conditions to be calculated.

A one line title for each set of operating con-
ditions, this could be the run identification
number.

The initial pressure in psia.

The equivalence ratio of the charge.

The initial temperature of the reactants in
degrees rankine.

The fraction of the total mass which is re-
circulated exhaust gas.

The time of expansion in seconds.

A shape factor of the Wiebe function describing
expansion, see Figure 3.

A shape factor of the Wiebe function describing
expansion, see Figure 3.

The time of combustion in seconds.
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XA:

XM:

Function
DELT(s):

Function
VOL(s):

Function
ALF(s):

Subroutine

FENERG

Subroutine
EQFLT( ):

Subroutine
NO ( ):

Subroutine

EQBM:

Subroutine
ENERGY:

The shape factor of the Weibe function de-
scribing combustion, see Figure 2.

A shape factor of the Weibe function de-
scribing combustion, see Figure 2.

This function assigns the magnitude of the
time step depending on the time (s) in the
expansion.‘

The volume function assigns a system volume
depending upon the time in the expansion.
It uses the Weibe function.

This function describes the mass fraction
burnt by a Weibe function dependent on the
time in the expansion.

The FENERG subrouﬁine is used to calculate
the properties of the reactants.

This subroutine is used to calculate the
equilibrium flame temperature.

The NO subroutine is used to calculate the
nitric oxide formed during a time step.
This subroutine calculates the equilibrium
concentrations of the various species in
the products of combustion.

The ENERGY subroutine determines the pro-
perties of the products of combustion. This
subroutine was developed by G. L. Borman

(1964) and can be found in his thesis.
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APPENDIX C
TWO SYSTEM COMPUTER MODEL

The following set of equations can be written for
the two system model having three regions, lean reactants,

rich reactants and combined products as seen in Fig. Cl.

Conservation of Energy:

= hrp™rp

mrrtLr = T PVirg

mertrr = = PVgr ~ PRrp™RrP

LR"LP

+ h

Conservation of Mass:

Conservation of Volume:

VT= VLR + VRR + VP

Ideal Gas Relationships:
PVrr = ™RRLRTLR

PVrr = MrefrrTRR
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/;;;; REACTANTS

|

Temperature (TLR) (TRR)

Mass (mLR or BL) (mRR or BR)
Volume (VBR or vLR) (VRR or URR)
Exhaust Gas Recirculation (EGRL) (EGRR)

RICH REACTANTS

Fuel to Air Equivalence Ratio of

The Recirculated Exhaust Gas (FEL) (FER)
Internal Energy (uLR) (upp)
Enthalpy (hLR) (hRR)
Fuel to Air equivalence Ratio of

the Fuel and Air (F.) (Fp)

<—4§ PRODUCTS
Temperature (T;)
Mass (mp)

Volume (VP or vP)

Internal Energy (uP)

Gas Constant (RP)
Enthalpy (hp)
Fuel to Air Equivalence Ratio (EP)

SYSTEM
7P£;;§ﬁfé(?b)

Volume (VT or vT) ] .
Rate of Change of Vo}ume (VT or v,)
Rate of Combustion (@P or &P)
Fraction of the System which is Product (qp)
Fraction of the System which is Lean Reactants (BL)

Fraction of the System which is Rich Reactants (B8j,)

Figure C1

Two System Thermodynamic Model With Three Regions
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The internal energies and gas constants will be handled
as discussed in the one system model.
The rate equations for the two system model having

three regions are as follows.
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Main Computer Program: The two system model consist
of a main program and eight subprograms. The main pro-
gram keeps track of combustion, expansion, and mixing
processes. It also handles the program input and out-
puts. The subprograms are called as needed to perform
their specialized tasks. Listed below are the input

terms as an aid to understanding the program:

Computer Program Inputs:

NUR: The number of different sets of engine
operating conditions to be calculated.

TITLE: A one line title for each set of calcula-
tions, such as run number.

TOM: The time of combination of the two product
systems (seconds).

GAM: The initial fraction of the mass in the
lean system.

CL: The time between the initiation of combus-
tion of the two systems (seconds).

THDO: Crank angle at which combustion and the

computer program begins (degrees).

RPM: The engine speed (revolutions per minute).

C: Clearance volume divided by the displaced
volume.

XLR: The length of the connecting rod divided by

the radius of the crank shaft.
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TOCL:

TOCR:

XML:

XMR:

XAL:

XAR:

PL:

PR:

FL:

- FR:

TLR:

TRR:

EGRL:

EGRR:

FEL:

Time of combustion for the
(seconds).

Time of combustion for the
(seconds).

Shape parameter "m" of the
tion for the lean system.
Shape parameter '"m'" of the
tion for the rich system.
Shape parameter '"a' of the
tion for the lean system.
Shape parameter '"a'" of the

tion for the rich system.

lean system

rich system

combustion

combustion

combustion

combustion

func-

func-

func-

func-

Initial pressure of the lean system (psia).

Initial pressure of the rich system (psia).

Equivalence ratio of the lean system.

Equivalence ratio of the rich system.

Initial temperature of the lean system re-

actants (degrees Rankine).

Initial temperature of the rich system re-

actants (degrees Rankine).

Mass fraction of recirculated exhaust gases

in the lean system.

Mass fraction of recirculated exhaust gases

in the rich system.

The equivalence ratio of the recirculated

exhaust gases in the lean system.
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FER:

Subroutine
RPT ( ):

Subroutine
(PRDMIX( ):

Subroutine
PRESEQ ( ):

Subroutine
EQFLT ( ):

The equivalence ratio of the recirculated
exhaust gases in the rich system.

The RPT subroutine is used to calculate the
reactant to producté process for a time
step. This subroutine is capable of handling
two regions of reactants and one region of
products. The output of RPT is the new
properties at the end of the time step.

By setting the fraction of one of the re-
actant regions to zero the subroutine will
handle two regions, one product region and
one reactaﬁt region.

The PRDMIX subroutine is used at the time
of combination when the two product regions
are combined into a single one. This sub-
routine determines the properties of the
combined product region.

After the products are combined the pres-
sures in the two reactant regions and the
combined pyoduct region are probable dif-
ferent. PRESEQ subroutine adjust the
volumes of each region until they all have
the same pressures. The regions expand or
contract isentropically.

EQFLT is used to calculate the equilibrium

flame temperature.
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Subroutine
NO ( ):

Subroutine
PRD ( ):

Subroutine

RENERG ( ):

Function
DELT ( ):

Subroutine

EQBM:

Subroutine
ENERGY :

The NO subroutine is used to calculate the
nitric oxide formed during a time step.
The PRD subroutine calculates the change
in properties for a time step when com-
bustion is completed and only products re-
main. |

This subroutine calculates the properties
of the reactants.

This function assigns the magnitude of the
time step depending on the time in the ex-
pansion.

The EQBM subroutine calculates the equili-
brium concentration of the various species
in the products of combustion. EQBM is
shown in Appendix B. This subroutine was
developed by Cherian Olikara.

The ENERGY subroutine determines the pro-
perties of the products of combustion.
This subroutine was developed by G. L.
Borman (1964) and can be fqund in his

thesis.

The computer program follows.
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DIMENSION TITLE(24)
DATA CAT/8,/sHAT/16./20AT/04/sFAPC/+5/2QHV/19157./2NOFR/0/,KL0O/ 1/
'Y FORMAT(! STRATIFIED CHARGE EMGINE SIMULATION = JAN 22,1974'/)
WRITE(6,45)
READ,NUR
150 READ(5,35)TITLE
WRITE(6,35)TITLE
35 FOQMAT(264A3)
READ, TOM,GAM,CL
READ, THDO,RPMpCH XLR
READ,TOCL ) XML XAL
READ,TOCR,xMkaxaAF
READSPLIFL)TLRIENRL,LFEL
READSPR,FR)TKRHEGRR,FER
WRITE(by 18)REFM, TN, C1p GAN :
15 FURMAT(! .RPMm1,FB,0,'  TIME WHEN MIXING NCCURS=',E1245,
1t CUMBUSTION LAG=',E12,5+!' MASS FRACTINN CF LEANe',F5,3)
WRITE(6,25)FLIEGPL,FTL,TACL XML XAL
WRITE(6,85)FR)EGRR, FFR, TNCRs XMRXAR
25 FORMAT (' LEAN=EQ'!'IV RATIN®=',F5,2,' EXHAUST GAS HECIR=',F5,3,
1t EXHAUST gAS EQUIV RATIN=',F5,2,
2! COMBUSTIUN = TIMI=1,E1044,! XMLz! sF4,10' XALm'yFé,1)
8s FORMAT(' RICH=EQ!'IV “ATIO=1,F5,2,' EXHAUST GAS KRECIR=',F5,3,
1! gXHAUST GAS gNUIV RATIN=',F3,.2,
2! COMBLSTIUN = TIMEs'E10,45! XMPz=! ,F4,1s'" XARz'ppé,])
wRITE(6555)

55 FORMAT (! TIME CRANK ANGLE VOLLME NO=PPM
1 TesP PRUp PHE PRp TE!'P REACT PRESSLRE FRACTION BURNED
2 WURK ')

27 ZZz=(2.*CAT+hAT/2.-DAT)/2.
FAS=(CATH 4G #HATH) 008 +0ATH6,)/(222%32.+222%2,T6%28,01])
FMwT'CAT*{Z-O 1*]AT*1-008+0AT*160
TH=THDD
THF=THD%,0174353
[F(THE)16,17»16



L0¢

17

16
18

30

32
200

202

vGal

60 10 18

VG 2C+,5=C0S(THE) /2 s+ XLR#(1e=SQRT(1le=( (SIN(THE)/XLR)%%2 }))/2,
OFo=g,

$=0,

ALL5=O|

ALQS’O.

NF‘L =O.

wFR=0,

XNmPL=0,

XNHPR=0O,

RMu =0,

RMPRBOQ

Jiu=1l

ILel

IRal

IF{TOM)I30,30G,532

Jdaé

cCel=Cl

CL.OC

IF(CL)20G,2002300

CALL EQFLYTUTLPsPLITL 2FLaQHY,FASIFAPCLEGPLLFELLFMWT)
CALL RENFRG(PL,TLR,FISEGFLIFEL,ULRIDUITLR,RLR,QHV,FAS,FAPC,FMRT)
VOLS=RLR*TLR/PL

TVL=VOLS

yorL=VvG

UbrB=ULR

XKL= {DUTLR+RLR) /DUTLA
WOLSTLR¥RLR®() ¢=( (1 4+C)/VGI%¥(] 4=XKL) )/ (] e~XKL)
GAML'l. ,

FLAASEGR  ®FE /(Le*FE  *FAS)+ {1 -EGRL)RFL/(1.+F| *FAS)
FLP=FLAA/(1,~FASHFLAA)

IFtJJ.EQ.y)CCL=O,

50 TQ 201}

DTe«DELT(S)
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215

211

210
235

242
201
65

250
275

1F(S.,GE.,TOM) GO TN 4n0

SsS+DT

THD2S*RPMRE , ¢+ THDN

THE=THD%,017453

VG 2C¢,5mCOS(THE) /2, +XLRM(1¢mSQRT(Le=( (SINCTHE)/XLRI%®2 )))/2,
TVLLeTVY

TVLEVOLS*VG/VODL

DTyls(TvlL=TyLL)/ DT

PLL=PL

TLPPTLP

GU TO (215,211,21M, 1L

alLLSS=ALLS _

ALLSEY =EXP(=XAL¥( ((S=CCL)/TOCLI®Xx({XIIL+1,)))
RMAL=(ALLS~ALLSS) /DT

IF(S~CCLyGE,TUCL) ILa2

CALL RTP(PL;GAML;TLF TRR;TLP:FL:FR:FLP:DFP:AlLﬁSrALRSSaRNBL:RFBR
10EGRLIFELJEGRRAFER,TLLANTVLIFASIFAPC,QHVAFNMLT,TT)
GO 70 235

ALy S=],

ALLSS‘lc

RMaL =0,

TLQ‘O.

{La3

CALL PRDU(PL,TLP,FLP,OTVL,TVLL,FAS,FAPC,DT)
XNSPLLeXNOPL

IF(FLPQLTOIQE'Q) GN *0 242

CALL NO(XNDPLIXNIPLL,PLLAPLOTLPPTLP FLPLALLSS,ALLSSDT)CATIHATLOAT
1> JERRNOFR,KLO)

IF(TERR,,NEL,8) GO TO 50
JFLEWFL4(PLL4PL)®(TVI -TVLL) /2,
WRITE(6265)S)THDIVGoXHOPLAaTLPAFLPTLRIPLLIALLSOVFL
FDRMAT(5E14cb)F6|3I4?1405)

GU TO (203,3142275,370)2JJ

Jum2

g0 TO 202
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203
204
300

302

314

315

IF(S=ABS(CL))202,204,2Nn4

Jile2 ,

CALL EQFLT(TRP,Pr,TRA,FR,QUV, FAS,FAPC,gGRR,FER,FMWT)

CALL RENERG(PR,TAP,FLsEGRR,FER,UNRsD! ITRR,RRR,QHY, FASSFAPCHFMyT)
VO4S2RRR*TRA /PR

TVR=VDRS

VvGAR=VG

JRRB=URKR

XKi=(DUTRR+RRK)/D''TR:

ACRZTRR¥RRR* (L= ({Lewg)/VAIRH(L,~XKR) )/ {1e=XhR)

GAMR=20,

FRAASEGRRWFEF/ (L +FE #FAS)+ (1 ~EGRR)%FR/ (1. +FR%FAS)
FRP=FRAA/(],~FASXFRAL)

IF(JJEQeLICCR=D,

IF(JJWEQe2)CCR=ANS(CL)

G T 3¢l

NT«DELT(S)

1F(S,GE,TNM) GO T 400

S=g+NT

THI=SKRPMuE , 4+ THDD

THE=THD™,N17453

VG =C+ BaClS(THE) /24 +XLR#(1e=SQRT(La=((SIN(THE)/XLR) w2 )1)/2,
TVRRETVR

TVe=VORS*YG/Y6IR

DTyRa(TVR=TyRR) /DT

PRR=PR

TRpPzTRP

60 TO (315,311,310),1R

ALRSS=ALRS

ALaS=Ll=EXP (=XARM(((S=CCR)/TACRI%K(XIR+141))
RMaR=(ALRS=ALRS5) /DT

1F(S-CCR,GE,TUCR) IR=2 ,
cALL RTP(PR,GAMR,TLR,TRR,TRP,FL,FR,FRP,DFP,ALLSS,ALRSS,RHBL;RNBR
1sEGRLIFELJEGRRIFRR, TVRRIDTVR,FAS,FAPC, QHVOFMWT,LLT)

GO TO 335



0Te

IR

310
335

342
3ol

303
304
305

400
405

ALRS=],

ALRSS=]},

RMaR=0,

TRR=Q,

1Re3

CALL PRD(PR,TRP,FRP,NTYR,TVRR,FAS,FAPC,DT)
XNOPRRsXNOPR

IF(FRP LT 1, E=6) G0 TD 342

cacl NOC(xNDBR,XNPRR, PRR, PR, TRPP, TRP, FRP, ALRSS, ALRS2DTo CATIHATOAT
12 JERR,NOFR,KLD)

IFtTERR,NE,0) GO TN SO
wWFR=WFR+(PRR¢PR)¥(TYV: ~TVRR) /2,
WRITE(6,65)S,THDs Vo XHNPRITRPSFRPsTrRsPRIALRSIWF,
60 TO (3C3,202,202,3%5)sJJ
IF(S-ABS(CL)I302,304,304

JJe3

¢0 TO 200

pEpR

FPaFRP

TPaTRP

WFL‘O.

wFR=0,

»FuO,

XNnP=0,

ALP=0,

cCL=CCCL

yGu=yG

TVOL=GAMRVOLS+ (1lamGA' ) %VIRS

vOe TVDL

GO TUL 401 .

CALL PRDMIXU(PS,TPS,FraPLaTLP,FLP)PRITRPAFRP,ALLS,ALRS)
1GA» s FAS)FAPC,)QHV FHWT XNIPL, XNOPE s XNDP )

CALL PRESEQ(FATPsPS»TPS,FP,TLR,PL, FL »TRR,FR,FR L,EGRLsFEL
1)EGRRIFER)ALLSJALRS}CAH)TVULJFASJFAPC;QHVJFPHT)
YGN=VE



1T2

75
402

414
442

443

450
452

455

vOs TVOL

ALP3ALLS#GA+ALRS* (] ,~GA!!)
HFaGAMMWF L+ (1e=GA™ )% 'FR

wRITE(6,75)

FURMAT (' THE PRIMICTS ARE MIXED AT THIS TINE!')
50 70 401

CTaDELT(S=TOM)

§EQ+DT

THNSS*uPiws , ¢ THD"

THE=THD%,017453

VG 2C4,50CNSCTHE) /2 +XLR#(1emSQRT(14=((SIM(THE)/XLR)%%2 }))/2.
TVAaLL=TVEL

TVaL=Vixyg/ve0

DTyOL=(TVaL-TyOLL) /DT

PP aP

TPp=TP

GO TU (442,650,450,410),1L

ALLSS=ALLS '

1F(S=-CCL)450,450,443

ALLS=] ¢=EXPl=XAL®(({S~CCL)/TNCL) ¥ (XL +1,)))
RMaL=(ALLS-ALLSS)/DT

IF(S=-CCL.GE,TOCL) 1IL=2

GO TN (452,455,455),1R

ALRSS=ALRS

ALRS= 1 =EXP(=XARM(( (S=CCR)/TACRI*&(X"\R+1,)))
RMRR= (ALRS~A|LRSS) /DT

1F(S-CCR,GE,TUCR) IR=2

ALeP=sALP ,
ALo=ALLSHGAMSALRSW(L,~GAN)

FPp=FpP :

FPAAZ (FLPRALLSRGAM/ (1. +FLPHFAS)+FRP®ALRS*(1,.~GAMN)/ (1 +FRP*FAS))
1/ALP

FPaFPAA/(],~FAS*FPAA)

AFDP=(FPPaFP) /2,

NFos(FP~FPP) /DT



cte

@20
411

412
613

417
680
48}

410
435

CALL RYP(P,GAMMTLR,TRRyTPoFL)FR)FPP)DFP,ALLSSsALRSS2RMBL,RMBRSEGRL

1sFELIEGRRHyFERITVNLL,NTVOLIFAS)FAPCQIIV)FMRT, DT}
GO TO (4)2s4110412)01L
ALLS=],
ALLSSs],
RMRL‘OQ
TLQ=0|
[La3 .
GU TD (417,413,417),1R
ALHS’I.
ALQSS'IO
RMyR=0,
TRR=0,
IRg3
IF(IL=3)635,480,480
JF{IR=3)435,481,48]
{Lad
AFp=FP
DFP=°0
ALP=L,C
ALPP=]1,0
GO TD 435
CALL PRD(P,TP HFP,,DTVCL,TVNLL,FASSFAPC,DT)
XN PP=XNLCP
CALL NO(XNOP,XNOPP,PIrsPsTPPTPLAFPIALPPIALPS LT, CATIHATIOAT, JERRY
INDERSKLD)
IF(IERR ,NEL) GO TO 50
WFsWF+(PP4P YR (TVIL-TVOLL) /2.
ARITE(E,65)S,THD» Vo ¥NNPITPLFP,TLR2PLALLSHHF
GU TO (408,408,4n8,85),IL
CRITE(6,55)TkR,ALRS
FURMAT(76XsE14,5-14X,E16,5)
IP(THD-180.3402150)SW
O+ TINUE
EALE ENERGY(PsTPsFPsEASS P, FAPCHRPDUP,DUT,CHIF, LEPSDRT, DRF)



€T

105

106

lo7

108

59

URaGAMRULRB4 (1 ,~3A11) %U!RRA

'JBeUP~UR+WF

VRFSGAMRYOLS®RVA/VaNL+ (1. =5AM)RVORS*VE/VEIR

vPe=RP%®TP /P

VBaVPFeVRF

NCRGAMBNCL¢(lsmGAM ) R ILR

sNaWF+W(C

GM0= . 00685461 g PleX i

SNI=GMNQ% 2544 40 /' M

EFF=WN/ (LHVE (GAM#( | (~EGRUIXFLAFAS/ (le+FL*FAS)+(1o~GAM)* (1 ,=EGKR)
L*FR®FAS/ (] ,+FRRFAS)))

EPaWN¥(l,4c)/VPF

WRITE(6,105)UPsUR,UE,UB

FORMAT (Y EMERGY BALANCFE = UP=t'»E12,5," t'‘R='>E12,5,

1! WORK=1?,EL12,5," SiM=a',EL12,5)

JRITE(62106)VPFIVRF, B

FORMAT (1 SPECIFIC NLUNE BALANCE AT fINAL CcOMCITIONS~ VPe=!
12E12452¢ VRat1,E12.50" NIFFERENCE=',E1245)
WRITE(G,107)wC,EFF,ED, 5N

FORMAT(! PERFORMANCE PARARETERS -~ ESTIMATED COMPRESSION WCORks=!
1sE124,5/ ENTHALPY (FRIEIENCY=')ELl2.5," IMEP=1,E12.5,
2! ISNC=s1',EL12.5//)

PUCH 108,UB,VR,gFF, P, SN

FORMAT(5EL14,5)

NUR=NUR-Y

IF(NUR)59,5%9,150

sTnP

END '
SURRQUTINE RTP(P ,GA"t ,TLR,TRR,TP,FLopRsIpEPP,OFPIALLSS,)ALRSS,RMBYL
1;§MBR:EGRL;FEL,EGRR,FER;TVDLL,DTVDL:FAS:FAPC:QHV;FMWTpDT)
FFL=1

FFa=l,

IF(GAM,LE,1,E~4) FFL=0,

IF(GAM,GE, ,.9999) FFR=0.

CALL ENERGY(P,TP,FPP,FAS,UP,FAPC,RP,DUP,DLT,DUF,DRP,DRT,DRF)
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4
o

cALL RENERG(P:TL?;FL:ECRL:FEL:ULR;DUTLRaRLR;QHV:FAgwFAPC:FMNT)
CALL RENERG(psTRR)pR,EGRN, pERSURR,DUTRRIPRR,QHY2 FAS2 FAPCo FMANT)
ALP=aALLSS&GAN+ALRSSk(1.~GA!)

MPaUP+RP%RTP

Hlp=ULR*RLR®TLR

IRR=URR+RRKR*TRP

JLeRLR*TLR/(P®(DI!TLR+RLR))

LRuRRR2XTRR/(F®(D'ITRE+RPR))

AAm (TPHDRT+RP) /(DN IT+TPRDNT+RT)

Pla(l.~ALLSS)®GA MpLT

RRe(le=ALRSS)®(1.=GA  }*RRR

M2 RMBLKGAMK (RLRHUT| A-PPRTP)=~NHMORK (L y=GAM) R (RER*TILR-RP*TP)=PRDTVO(
HETVOLL-ALPXTP%xDFP

NEALP¥(RPRTP/P=TP¥nc | -nUM)

FRALPR(DUT+THHNRT+RF)
CERMBLEGAMK (L Lp~"1P )+t MRR®(La=GAl )R (HER~HF)
ESPUF+TP®DRE

DPx (HeCRAA+DIPRALP(TP:D F=EXAA) ) /(G=2L¥BL =25 %RR~DAAA)
DILR=ZL*CP*»FFL

DTPR=ZR*[PHFER

IF(ALP’I'!,IU)ZO

nIpsRpP=EXDFP¥ALT

60 1O 30

DT (C+DRDP=FXAL™%DF ) /F

TRiR=TRR

YLaRaTLR

[)‘i’i‘,RR‘DTrR

7T LRR=DTLR

D1pPaDTP

TLasTLR4PTLR*%OT

TRIzTRR+[' TRR®=DT

TP TP+ TPRDT

ALLS=ALLSS+p BLXDT

AL« SsALRSS+HBR®NT

FPuFPP+DFPxNT



STZ

TV L=TVDLL+DTVOLeDT
ALPSALLS*GAM+ALRS* (1 ~GA)
P=((lo'ALLS)*GAMJRLk*TLR*(1.—ALRS)*(1.—GAV)*FPR‘TRR*ALP*RP*TP)/
1TVL
CALL ENERGY(P)TP,FP,FAS» IPLFAPCARPHDUP, DT, LIF,CRF)ORTHDRF)
CALL RENERG(PITL " FL,EGRLIFEL,ULR,DUTF,ELR,CHV)FAS)FAPC, FMWT
CALL RENFRGUIPITR 4Tk EGRFIFECLURRS DUTRPIRRR» GHYVS FASIFAPC, FMWT)
P zUP+RPRTD
HLR=zULR+FLRATLR
HRRz=URP+RRR& TR
ZLgRLR%TLR/ (Px(D!'TLF+RLR))
IR=RRR*TER/(P¥(N"'TRR+FRR))
AAz (TPHDRTHRP) /(NIT+TP%ORT+RT)
Alz=(l,~ALLS)®GAM¥RLP
BRl(lo’ALRS)*(lo‘GAM)*RpR
ATaRMBLH#GAM 2 (RLRXTLR-RPXTP )= MPRu( 1o =CAM) ¥ (FER%TRR~RPRTP)=«P¥DTVOL
GETVOL~ALP®TPEpRD
DFALPR(RPRTP /P T X i=nUp)
FALPX(DLUT+TRRNR T+ D)
CEuMBLAGAMK (mL="1P)+; MBR¥ (1. =GAM) % (HRR~HP)
EEDUF+TP®DRF
NPa(H+CHAA+DFPRALPR(TPxDPF=ExAA) )/ (G721 %BL~ZF*RR~D%AA)
NTLR=ZL®NPHFFL
DIARSIREDPRFFR
To=(Cen%NP=-EXALT®RNE") /F
TLIZTLRR4 (DTLR+DTLRRY¥DT/2,
TR=TRRR+(NTRR+DTREK ) %NT/2,
TP2TPP&(DTP+TPP )%DT/2,
"((l.*ALLS)*OAM“QLR*TLR+(1--ALRS)*(1.’GAV)#RRR*TRR*ALP*RP*TP)/
1TVeL
RETURN
END
SURRQUTINE PROMIX(PS,TPS,FPaPLITLP2FLPsPRITRPIFRPALLSIALRS,
1GA~ FAS)FAPC,QHVIFHW T XNNPL o XNOPR » XNDIP)
CALL ENERGY(PLOTLP,FIP,FASSULPSFAPCARLPADLP,,UTLUFIDRP,DRTHDRF)
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30

20

io

CALL EHERGY(FRITI®,F ' PLFAS,URPSFARCARRPIDLP, LUT» GUFIDRPHDRT 2 DRF)
XNOPSE (ALLSHCAM®X!NP | ¥RLF+ALRS® (1, ~CAM  *XNOFR*ERP )

CUL=z,1]

ALP=ALLS*GAM+ALRS*(],.=0A])

BLaALLS®CAM/LLP

RRaALRG®( 1, =GAM) /ALP

VPaB RELPRY b /D +R] kT RP&TEN /PR

FPAAE (FLPRALLSH AL/ (L. +FLPRPAS)Y+FRPHALRSH ()1, ~CAI)/ (), +FRPRFAC))

1/ALP

FPabFPAA/ () ,=FASRIRAA)
TPaBL ¥R FeBRERRP

dPA=BLRUL PeRRRORD
TPPsRLRTLP+Rr%ETKP
Pza2PxTPP/VP

CALL EMERGY (TP yr b FAS) IP)TAPCHF PP, DLP, 1 UF,) URP ) DRT, DRF)
JPp=UP

TPSTPP*ICC'Q

PEQIPETP/VP

CALL ENERGY(PaTP,FP,rAS, P, FAPCLKPADIP, DT, CUF,CHP DRT, DRF)
PUsUP-UPL

[F(ABS(DU) =L, 10n,20
T=TP
TPaTh=nUk(TPmTOR)Y /(1. =PD)
TPp=T

JPp=yp

60 T 30

TPS=Tp

PSP

YN P X DPS/(4LPenD)

RETURN

eN,

SUSRIUTINE PRESE (P, Tr,p5sTPSsFpsTLPopLs FL ,TRF,PRAFR LEGRL,FEL

12ELRRIFEFJALLISALES, TAY S TVNL, FASSFAPC, QYL FMUT)

CALL EFIERGY(PS, TS, FryFASSUPS,FAPCIRP , 0P, CitT,CUF, DRF,DRT, DRT)
CALL RENERGEFLITLE ,F pFGRLoFRLIULRI D' TLRIRLF,QINV, FAS,FAPCSFMAT)
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30

20

CAT L RENERGUFR T O, G Ry FIRIPKIDUTERSRPR, QI EAS,FAPCHPMUT)
ERNL=01 ’

ALP=ALLS*GA ‘+ALKI¥(],-54")

Cla(]e=ALLSI¥GAY

CR={]le=ALRSI*(La=nnpA")

JRASCLRUL R+ %™

TV LaCla LR TLR/ L +0 4 ROTAN/PR4ALP K FRTFS/ TS

2Li5=RLR

RR4S=RKR

wPy=gp

TLES=TLR

TK:8aTRR

XKL= (DUTLR+PLR)Y /MITL

XK= (DT Q4R )/ HITES

pPP=zRS

P=rS

TLAz2TLRESR O PwnL RO/ (P %l ) Y (XEL=Ya)/Xe b))

TREETRPS#((FPRRe™ /(TR&RET) YRk ( (AKR=1 )/ AKP) )

TPalPS

CALL REMERG(i 5T " ,p s TG FTLo LR DUTLR,PLR,QIN, FAS,FAPCL,FMYT)
CALL RENFRG(F TP, F sEGRR,FRR,UEAS D 'TFR,RRR, QI ,FAS,FAPC,FMYT)
FRoWa2ClL#ULReCREUTD g A

P=;’S'1(,)l

TLoSTLRS*((VERLRS/ (P %0 L7 ) )% (XKL=1a)/Xe L))

TRz TRRSH ((Fek2ARE /(" RxeR™7 ) Yok ( (XKR=1, ) /XKPR),

TP (PRTVIL=CL®< [ ®T" =CR%RRR*®TKR) / (RP%ALP)

CALL RENFRG{VaTL pFLsEORLIFELSULKIDUTLRIPLRIQHVIFAS2FAPCoFMWT
CALL RENERG(FATKI pFF,ENRT S FEF S URVHIDUTRESIPR, tHUSFASIFAPCHFMWT?
CALL ENERGY(PaTPFP,tASsiIP,FAPCIRPSDIIP,DUTHLUF,CHPSDRTIDRF)
ERA=ALPR(UP=URS)+C LY 'LR+CT4*UPR~URA

IF(ABSUERWI~ER/LI10,10,20

pPp=pP

P=P=ERwk(P=PP) /(TR ="R!¥W)

pPaPpPP

ERyWZERW
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1o

110

3o
20

lo

U 10 30

COSTINUE

RETURN

ENA

SURRIUTIHE EWFLT (TP s TR,PHE,QIVIFAS,FAPCOECHIFE, FMWT)
NATA DHE/,2/

CALL RENERGIFITR,PUE,,EGR)FES IR, NITRYPR, QIVAFAS,FAPCHFHWT)
HRaUR+RR®TR

FASEGR¥FF /(1 +FEXFASY+ (] =EGrI*PHE/(L+PHE*FAS)
FPafFA/ (]l e=FAS*EA)

TP TR+3000,

CALL ENERGY(FaTP,FP LFAS, IP,FAPC,RPDIP, LT 0UF, HRPHORT, DRF)
P e JP4+RPARTPD

NHeHR =~HP

IF(ARS{Dr)=inEYLINN 10,20

TPaTP4DH/(NUTH+x P+ TwTD)

U TJ 116

O TINUE

RETURN

ENT

SUERIDUTIIE S (X, X OPP PRy P Ry TPl TP, PHESALLIALSDTACAT,HATSTIAT,:
11ERR)NDFF KL )

COMMON/BLIOC/C 27 57 oF T ,°P Vs X KM XHZ o XNH, XCPp XM, 02,
I1XH2U0, X( 02, X120 XAy X113, 1 e K

NATA V/1.9850B/

t=cAY

A= 4AT

=AY

F=PHE

T=(TPFeTPY/?,

p=(PP+PF) /2,

TEF=T/1,.8

CCaP/ ()G T%E240BCTRTIE)

= JTJFR

=¥ LTI
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99
loo
10

XN COCEXNIPPREPR /(1 e ¥4 TH82 OS67%TPP,/L &)

CALL ECHBt

[E<R=]

[F(LNELC) G TY 90

ALlaX i2uX kT b L3RTUF (=T .5F&/(VRTEL) Y R(CCxCC
AZ.XUZ*X**13,3;9*T;gnEKP(-7”30./(V*TEE))*CC*CC

laXhk] ,585E12%CC

RE2a X3, 2FE9®TEEXRT X} (=30 1EA/ (VRTEZ) )%((

ASAL+A2

u=ul+B2

XN CaCALL/ALYR(X' 'NCEL ~TOPRPE/(TPRPP )+ (A/R=XHCCC ¥ (1 e~EXF (=R¥*DT ) )
I +(le=aLL/AL)*¥0a%"T/2,
XNSPXNICk] (E+ea] 4, Tub2OB0THTP/ (] 48%pF)

G0 T 10

RITE(H100)TERR

FORMAT (Y SURROUTIVE EQB) PAILED - EPRAOR COCE 1S',14)
COLTINUE

RETURN

ENO

SURUUTIVE Pol(PaTR, PR, 0TV L, TVALLAFAS,FLRC, 0T

CALL EEFRGY(F)TPL,FP LFAS) PP APC,RPANUP, LT, LUy URPIDRT,DRF)
IPa(TPRORT+aF) /(7' T+ TP T+RT)

OPe (=PRDTVO, Y/ATVELL=TR%Cp P =Zpx(, PXTP/D=TR%D, P~DUP ))
TV LaTvOLL+ TV LT

nlpal DPa(lpPe™D/PaTPRNER —DUP Y)Y/ (DUT «TExDPT +KP)
TPR=TP

2TpPaDTP

TPRTP+DTERNT

Py PRTF/TYNL

CALL ENERGY(raTosFp »FASS, PO FAPCARPoDUPLDLT2LUF» DRP2DRT,DRF)
P (TPRDETHRE )}/ (PIT+* P T4+RT )

oP e (=PRQTV( )TV ILTFRDRP «=2P%(RF¥TP,/F~TF*DRP=DLIP ))
nlp=( DP¥(ROXTP/p=Trkngp =pUIP ) )/ {(DUT +TP¥DRT +RrP)
TPaTPP+ (I TP+ TPP)®XNT /2.

PEAPRTP/TVO



0ce

10

RETURN

END

SUBRRQUTJI.E RENERAG(P,"R,PUELERR,FFLURNDUTRIPP,QIIN,FAS,FAPCHFMWT)
HEy2QHV=19185 04 (((()1.5757E=-15%TR~5,4231E~12)1:TP=4,5082E-"B)*TR
143 ,6285F=04)%TR+%,47.5¢=02)%TR+15,791+155.,07
DHEVT®(((7,3785E=15%7R=2,1737E=11)%TP=1,251CF~-NT7)%kTR+7,2570E~"4) -
1%T2+3,47-5F=02

RFule9B5G/F T

JFeHFVRF®TC

DBUTF2DHFV T =4%F

JAS((( (6431518l ?¥Tr-9,3032F«13)%TR+2,90186F-119;8TR+5,1979E-04)
1T+ ,16524)1%TK
DUTAR(((3,1878E=1HxT =3,748527 12 ' %T el 1704 E~CEY1%TH
1+1.03958F=N8)%TH«+, 14528 _

CALL EVERGY(FaTRy FELFAS) 'EsFAPCIRESNPELJ LT anLFESDHPELDRTES RFE)
Rm(lamEGR ) (PHERF/ SxUr+'A) 7 (PIHEXFAS+], )+ EGR «UF

PUTR=2(] qwEGR )M (P ExF SxNITF+3ITAY /(P EuF AS+] )+ EGRRDITE

FRe (1, =EGR)®(PrExE SuFlr+ D6857)/(PHE#FAS+]  )+ECR%QE

RETURN

ENG

FU CTION DFLT(S)

DI ENSTID B(32)

QATA B/SaE‘SIlo&’“Jl.E“3/

1=1

IFtSeGEL W9%F=3) I=z141

TF(SeGF 0 ,9GF=2) I=T1+1

CELT=B(I)

vETURN

END



APPENDIX D
DEFINITIONS OF THE DEFORMANCE PARAMETERS
USED IN CHAPTER II

Indicate Specific grams of NO(g/Zb ) 2544.4(Btu/hr-hr
Nitric Oxide = Bt
(ISNO) (W =4

exp comp) (Zb

The work required for exhaust and intake is assumed to be

zero.
TZR(l-CR(l'k))
i = = *
Comaz:i51on (T-%) x 778 TZ,X F

CR = compression ratio

#The term F was evaluated slightly differently

for the one system and two system models.

ft-1b

Btu
Indicated Mean (wexp comp)(lb Tom) X 788 ( Btu )
Effective Pressure 3
(IMEP) (v -vz)( ) x 144 ( )
(wex -W Btu
. p comp) ( )
Indicated Ib, 101 miz
Ethalpy = . 6.,
Efficiency :
Lower fueZ mix
IEE FA(—ab———-) (1-EGR) ( )
(1EE) gzat BTU ) 15, ota1 mix
Comb.  fuel ra .
(1+FA) (;p—)
1 air
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APPENDIX E

AIR INJECTION FLOW RATE MEASUREMENT

The flow rate of high pressure air going to the air
injection valve is measured by means of a flow restric-
tion. The flow within the flow restriction is turbulent
and is assumed to be isothermal. The heavy brass walls
of the flow restriction and its very small cross sectional
area will assist in making the flow more isothermal. A
computer program was written which calculates the flow
rate as a function of the inlet pressure, inlet tempera-
ture and the exit pressure. This computer program is
incorporated into the data reductions computer programs.

When the computer program was compared to the cali-
bration data it was found that the friction factor equa-
tion had to be adjusted in order to obtain a fit. Shown
in Figure El is a plot of the actual and calculated exit
pressure of the flow restriction versus the actual
pressure drop across the flow restriction. Only a few
points fall outside of an error of two psi. The smallest
divisions on the pressure gage is one psi.

The subroutine called FRI calculates the flow rate
from the measured inlet temperature, inlet pressure and
outlet pressure. The program uses a trial and error

method to determine the flow necessary to have a calculated
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outlet pressure equal to the measured outlet pressure.
Many of the equations used were obtained from Chapman

(1971), the friction factor equivalence were obtained
from Kays (1966).

The subroutine FRI follows.
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vee

60

20

10

30

32

31
33

62
40

SUBROUT INE FRI(PATMsTOsPOsPBOSFR)
DATA GC/32¢1739/9R/53436/3XK/1e399/sVES/12.4E-6/
19RH/4e066E=G/ XL /3492/9A/1a212E=5/22/4105/0Y7425/790/02/
TO=TO+459.69

PO=(PO+PATMY*144,
PBO=(PRQ+PATM) #144,

FRR=0e

PB=PO

FRA=FR/A

CON=PO*SQRT (XK*#GC/(R*T0O)}

XMA=FRA/CON

FRAA=CON®XMA/ L (194 (XK=~1 ) *XMARXMA/2 L ) # % ((XK+1 o)/ (2, %#(XK=10)) 1))
EER=(FRA~FRAA) /FRA
IF(ABS(FER)-1e¢E~4130930910

XMA= (FRA~FRAA! %XMA/FRAA+XMA

6O 10 20

VFA=]e+(XK=10¢) #XMA®XMA/ 2,

TA=TQ/VFA

PA=PO/ (VFA*%X(XK/(XK=16e)))

CA=SORT (Xk#R*TA%GC)

VA=XMAXCA

REA=VA®L  #RH*PA/ (RTARVES)
IFIREA=34E4)31931+32
E=Z#( (3 ,E4)%#(Q=-Y))

F=E/(REA*%Q)

GO TO 33

F=Z/(REA%®#*Y)

CONTINUE

DFA=1e/ ( XK%#XMA®XXMA) +AL OG ( XMA®XMA% XK )
DFB=DFA-F*XL/RH

IF(DFB)I61+61962

XMB=,1

DFBB=1a/ (XK%#XM3%XMB)+ALOG (XMB%#XMB*XK )
ERR=(DFB-DFBB!/DFB
IF(ABSIERR)=1F=4)50+50980



A4

80

50

70
100

61

55

XMB=XMB+(DFR-DFBB)* { XMA-XMB/ (DFA-DFRB)
GO TO 40

pBB=PB

PB=PA®XMA/ XMB

ERR=PB-PBO
IF(ABS(ERR)~¢1155955970
FRS=FR

FR=FR-FRR#*#(FR-FRR)/ (PB-PBB)
FRR=FRS

GO T0 60

FR=,8®#A®CA®PBO /(R#TA)
PRINTsFR

CONTINUE

RETURN

END
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APPENDIX F

MECHANICAL DESIGN OF AIR INJECTION VALVE

The air injection valve is a spring loaded and is
activated by a cam engaging the cam follower. A sketch
of the air injection valve is shown in Figure F1l. The
cam follower is mounted in a holder which can slide back
and forth to open and close the valve. The spring is
used to keep the valve closed. Downstream of the valve
seat is a flow restriction which prevents back flow of
high pressure and temperature products of combustion.
The large diameter nozzle is shown in the sketch, it
screws 1nto the engine.

The cam is mounted on a disc that is connected to a
shaft which in turn is mounted on two bearings. The
drive sprocket is keyed to the shaft. The shaft is
perpendicular to the center line of the valve steam,
With the valve closed, the center line of the shaft is
five inches from the center line of the cam follower.

A computerized milling machine was used to make the
cam surface. An eight-power polynomial as described by
Mabie et al. (1958) is used for the motion of the cam.
A computer program is used to calculate the shape of the
cam surface. The computer program for calculating the

cam surface follows.
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A second computer program is necessary to convert
the shape of the cam to punched tape instruction for
the milling machine. M. Fugelso very capably made the

punch tape and operated the milling machine.
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APPENDIX G
PERFORMANCE OF AIR INJECTION VALVE

A computer program was written which predicts the
flow rate through the nozzle for various angular posi-
tions of the cam. The program also calculates the dynam-
ic forces resulting from the cam engaging the cam follower.
The flow is assumed to be isentropic. The flow is not
allowed to be supersonic because neither the valve seat
or the air injection nozzle have a converging-diverging
shape.

The flow path through the valve starts with an
isentropic compression to the valve opening area, then
a sudden enlargement to the inside diameter of the valve
seat and followed by an isentropic compression to the
diameter of the nozzle. The subroutine ISENT handles
isentropic compressions, the STEP subroutine handles
sudden steps in the diameter and when the nozzle is near
choked flow it is necessary to reverse the calculations
of the step which is done by PETS.

The air injection valve performance computer pro-

gram follows.
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(AN

650

12
11

DATA GC/22,1739/sR/53,36/sXK

10/3+14159/,QC/40174532/9'/ 1
READ,)NUR

PRINT,HNUR

READ,DC

PRINT,DC

nCaDC/ 12,

REaD,RPM

PRINTHRPY

READ) P11, 1O

PRINT,PO,TO

READ,PIDC,ALD
PRINT,PDC,ALL

AL J=ALT%®QQ

DBme3125/12s

XLrR%g,

C=,166667

VG mlH o 5mCNS (ALU) 720 XLRH(1o=SORT (L= (SIF (ALY /yFI¥%RI))) /<o
QEAD)XL)E"TH

PRINT,XLpB,TH

TOa:14459,69

PRaP Ixléa,

AQsALO+THe? ¢ %QG

Sg=iH/ (6 *RP!)
VG-C+.5~CUS(AU)/2.+XLR*(1.~SﬁQT(1.—((SIL(AH)/XLF)*mz)))/;’
FEwPUCH((VOL/VG) #*%XK)

PEaPE*®) 44,

T=TH/B

1F(T=14)11011s12

T=ABS(1=2,)

CO.TINUE
De0s02 755k (T3 ) =20 TR0 Tuk5) 4260731550 (Thunb)=1300"65 (1 kx7)
+205609R*(THxy)

ACC2 (30,5883 %KT=418, NN (TUXT)+51) 44h5% (THH4)

1=57106053% (TS )+143,4132% (Toekb) ) %XL, /(R%D)

1.379/,
?

/
/95K/404/sFU/20C,/



£ee

38

39
37

41
42
15

16
17

95
22

21
23

91

23

D (XL/B) k(0097 03, k(T2 ) =20,780428 e (Txps)+264 7315540 4% Txxd)

1 "13060965%7 Kk (THRE) 40, 560844 (THRT) )
RRad,=~DxXL

ALsATAN(CD /(= Q%RT))

XLaXlL/12,

XDu XL %D

1F(XD-08)39,36,3"
AARQ*DB®[B/2,48284

GO T A7

AA R Qi (XDRDB=XDkX" /24 Yo T77]
POE=PU/PE :
AAnAA¥, T3

ABmQ¥DB%(d/ %,

ACald%DCxNC /4,

RAR=AA/ AL

RBC=AB/AC

aAc=RAB¥*uBe

XMESQRT( (=] o+ (PUEM( [ XK=Lo )/ XK)))%R24/(XK=1.))
IF(le=XM)41ra2,02

XMal,0

[F{RACw]l,s) 15215010

XMASXM

g0 10 17

XMA=XM/RAC

ERR=PUE

XMAA.OQ

IF({RABel,)21,2102

CALL ISEMT(XMAPRAB,X!B,PAB,TAR,LA)
6D TD 23

CALL STEP(XMASRAB)XMIaPARITAT JLA)
CALL ISENT(XMB,RAC,X"1C,PRC,TAC,LA)
IF(LB=1)9009009]

RBA=1,/RAB

[F{RABm],193,92,"2

CALL PETS(XMALRAB,X"'B,PAR,TABSLA)



vee

$7
92
36
90

13
“7
9
55
56

“O

,28

76
75

IF(LA=] )90,50,97

CALL STEP(XMAIRAN)XI.T2PAT2TA LAY

CALL ISENT(XMBHRPC,X"CsPCyT CalF)

6Q 10 90

CALL ISENTUXMBLRTNA)XA,PTA,T A, LA)

PA =] ,/PRA

TA:=2l,/TRA

2348 (Jet (XKl )%X {AuXI'A/2, )%k (Xb /(XIwly) )

TOAs] o+ (XK=1l, )X 1AkX "A/2,

SN EsPIAMPARRP L

FRRRE®ERR

FRA«=pQE=pJFE

[F(ARS(ERR)m] 4E~%)T75,75, 13

[F(LA+LBw3)Bs0Ts4?

IF(ERR)BG,»T5275

(F(L3=11K0,8sh5

TF(EFR=ELRRIGOS) T 66

XMLEXMA=] o 2ME RR®(XTTA=XTAN) , (TRR=FRAP

53 T 95

AMS=XMA .

IF(ERRWERPRR JBu5pTH)R"

AMASXMAERR¥(XVA=X ALY/ (FPD=TRER)

XMAAZXMS

23 1T 95

BRINTHERE )PIESPULE,X A, X Ny X" C
sPURSCRT (XK GO/ (FeTN)) '

ggaAuc;N*XMA/(?l.+(xr~l.)*XW&*X“A/Z.)**((XK41.)/(2.*(Xk-1.))))

FR:.SFRAA®AA

?D-P?/laa,

FELPE/Ll44,

xDaXli¥*}2,

YT YL Y

SpaP/POY,

TA= T /TUA

IF(Lle=XMAYTT,T77473



sec

79

78

79

70

PBaPE

TBaO,

pC=0,

TC=0,

FRIz(,

ﬁRCS«_).

o T 79

PBaPA/PAF

TB-[A/TAF‘

bCaPR/PRC

TCesTR/TBC
FR%=l4“-*pF*AB*X"“*S“PT(YV*GQ/(Q*TB))
EREEL1G4G wPCEACKX (xS RT (AKXGT / (EXTC))
FCraFU®SKxXU+B e 'unP %FP 1wACC/GC~ARR Dx]44.
FCASSINCALIMECR/MNDS( L)
FC.3FCR/CDSLL)
alLLL=AL/5Q

TOaTﬂ'459.69
TARTA=459 469
TRalB=459,69
TC.TC—459.69
PRINTHJFCRIFCAPFC 2 ALLL
PRINT XD AA,RAR,RC, " AC
BRINT ) XNA, XMA XiC
PRINT,FRA,FRB,FRE
PRINT, SO
PRINT,PQ,PA,PB,PC,PE
PRINT,TO,TA,TB,TC

NUR #NUR-1
[F(NUR)T70,70,60

STuP

END



9¢€Z

51

3l

51

10V

50

30

50

101

43
40

SURRDUTINE ISENT(XIA,RAB,X!P,PAK,TAB, L)
DATA XK/1,399/
L=}

RAS®( ({1, ¢ CXKmL  )MXI,KXMAZ2 )/ CUXKHL ) /2 ) 4m((XpeL, ) /(2 *(XK-1)))

1)/xMa

IF(RAS®RALB)EL1,61,00

XMe =,

CBaXMB/{ (1l y* ( Xkl )RR X IR/ Do)k (Xbale)/(2,%(XF=1e))))
XMAA=Q,

FRrR®1,

XMA=CB

CAg (XMARRAB) /((1yd(Xti=L1 ¢ mXMARX A2 ) s ( (XH4L10)/(24%(XK=14))))
ERRReERR

ERR=CBmCA

IF(ABS(EFR)m] E=()40,40,51

XMy sXMA '

IF(ERRmEFRE)I00043,1"C

XMABXMA=ERR® (XMAnXIAL) /(CRP="RER)

XMAAmX|4S

60 14U 31 .

CARCXMARRAR) /((Lod (Xt =La ) wXMARXTA/2¢ ) geuc( (XK4 Lo )/ (20%(XF=14)1)))
XMi-Bm0,

ERFEY,

XM:=CA

CBaXMB/C (Lo {Xrmlg ) 'RaX 1N/ 2 ) okxe( (X Ly )/ (Z24%(Xk=1e)1}))
ERRRBERR

ERK=CAmCH

IF(ABS(EKR ) m]l s F=T7)4(1,4N, 5"

XMS=XMB

IF(EKRwEKRR)Y1GLp63,1"1

XMi=XMBep RR](XMBmXI!R") /{FRR="RRR)

XMpBBXIS

50 T2 30

PRINTHERK,CA,C XA, AR, YR

FBAm Llod (XK@l o ) XM"PuiiMR/2¢ )/ {1as (XK=LY XFARXMA/2,)



Lez

71
70

62
%1

=10

30

50
101
102
30

106

PA=XMOMSQRT (FuA) /(X A%RAD)

TAnsFBA

1F(XMBw],)70,71,71

L=2

CONTINVE

RETURN

END

SURROUTIIE  STEP(IXIIA,RAB, XD, FAR, TAS, L)

NAYA XK/1,39%9/

L=l

IF(X“&A-l. )6\);01,61

xMasl,

L=2

CAmXKEXMARXMAd]) 4 /RAP

XMi=], o - "
CBaXHARSLRT (L, # (XK=l )R VAINIA/D )/ (1 +(XK=1 ) ¥XIB¥XER/2,))
10l v XK¥XIBRXMB) /4

ERx={(A~CB)/CA

XM::BuXMB

XM= XMARRAR i -
CBaXMAXSCRT( (Lo (XK=14) %X ARNNA/2,)/ (Lot (XH-L1 o) XUBRXIE/Zq) )%
101« ¥XKEXMBRXMB) /XMB

FRHRRBEKR

ERR=(CA=-CB)/CA

[F(ARS(ERR)m]l sE=5)40,40,57

XMS=XMB

[F(ERRmEKRR)101,43,1"1

EFm—=ERRM (XMBwXMBP) , ( (EPRmERRT ) %Xi18)
IF(ABS(EF)=41)100,100,90

EFHEF/Z.

g0 TO 102

XME=XMB+ER®XMB

XMEBaXMS



8t¢

43
40

30

50

101
102
30

100
43

40

61

0 YO 30
PRINT,ERK,CA)CRy XA, ARy X"D

FBAS( )y {XKalo) X' NgXMB/2e)/ (Lo (XK=1,)uXVARXMA/Z,)

PARBXMBRSQRT(FEBA)/ (X 1A%RRAR)

TAR=FBA

nETURN

END

SURRLUTINE  PETS (Xita,RAB, XNR,PAR, TAR, L)
SATA XK/1,399/

L=l

CBml #(XKa] )axMnuy "

XMLE L

CABKMBYS Ry ((Ly+(XKm1 o )RXINHIIR /24 ) /(1 a® (XK=1o YR RUARK A2, ) )%

LIXK®XMARXMA+) o /RAR) /UIA
FRrR®((B=CA)/(B

XMAABXMA

AMAZXMRB /AL

CARXIABMSURT ( (], + (X ms g )RV NKIP /0 ) /(1% (XE=1,)%)
LUXKEXMAKXMA+] o /RAS) /A
FRERSERR

ERR=((bBeCA)/CB
IF(ARS(ERR)®]l sE=5)40,40,510
XMS=XMA
IF(ERRmwERRRILO1,43,1N]
Cra=ERR® (XMALXMALY J((ERR=EFRT ) %X 1A)
IF(ABS(EF)=,1)10"0 107,00
EF.EF/ZO

0 D 102

XMamXMASE FRXi A

XMABwXH18

50 TO 30
FRINTHERKyCA,Co X AT AR X7
IF({XMAm] ) 60261501

XMnal,

L=2?

iy
\

A¥XTN/ 24N 1k



6€C

21V

FBATCLa v (XKmLlg ) X0 R/ 20 ) / (Lot (XK= ) XV ARAMA/ Z0)
PAISXMB®S 3R T (FuA} /(X A¥KAB)

TAZ=FBA

REPURN

ENG



APPENDIX H

DATA REDUCTION COMPUTER PROGRAMS

The data obtained from each operating condition (run)
is punched on computer cards to expedite the calculations.
Two computer prograﬁs are available one with a short out-
put in which the important results are on one line, the
other longer output provides more detail. One important
advantage of using a computer program to reduce the data
is that, if changes are desired in the calculations, all
of the calculations can easily be repeated.

The long output and then the short output computer
programs follow. Note that the subroutine FRI called

by the programs is included in Appendix E.
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APPENDIX I

CONVERSIONS TO SI UNITS

Units Used To Obtain

Term In Report SI Units SI Units
Length inches x 25.4 millimeters (mm)
Force 1b, x 4.448 Newton (N)
Mass lbm T 2.2 Kilogram (kg)
Temperature °R + 1.8 Deg. Kelin (°K)
Energy BTU x 1055. Joule (J)

Energy hp-hr X 2684519. Joule or Watt-sec
Power hp x 745.7 Watt (W)

Pressure psi X 6895, Pascal (Pa) (N/mz)
IMEP " " "

ISNO g/ihp-hr x .0003725 kg/J or kg/W-sec.
CFM £t3/min.  x. 0004719 m>/sec.

RPM rev./min. + 60. Hertz (Hz) (rev./sec.)
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DIMENSTION TITLE(23)

DATA R/53,36/sTA/GB9,69/2"/ 04407 JoXK/1.2396/0VE/3T7433/
12FAS/ 06628/

WRITE(6s45)

FORMATL//Y  SUMMARY F RPSNLTS =F'//)

KEADsNUR

PRINT, HUF

READ(5,35)TITLE

~RITEC6»35)TITLE

FU-MAT(3X,23A3)

REAVSTLI2T12,T3,74,T5

wRITE(6,25)T10T20T3,74,75

FORMAT (Y Ti®'HFT7,410'7 T2 F 7410 T32'FT7.30" Ta=13F7,10
1! TE=1,F7,1)

READ,PAT“)P2;D4A;vi¢i‘s, PZ.C .

BRITELEL)LS)PATH,)"2,Puh,PaR,P4AC

FORMATLY PATus,F7,3, 1PSTA  To=1,F7,2,'1" HC Panz'sFT7,151F51C
194H3'3F7oll' PQC:';V7.1)

KEAD HC»CQp X Us X'11X

CRITECO L1350 X XMTX

FOXMAT(! EMISSIUIS= C=',F7,0, PPt €0zt ,F7,-, ' FERCET "=t
12F7:0,PPM POXs'FT7,0,'PP000)

RELUSDH1,DT1sFpar™

ARITE(62585Y0R1,0TL, PRl

FURMATOY DHy=t,Fr 3, ' THC'FS DT =t ,F7,05 ' SECTNDS FP=',F 7,2,
1'L5s FralyF7,2) ‘

READSXI1pC S

~RITEC(E)EBYXE »Ca 5

FORMATLY HatyFe,200 C='sFcaps 0l S=t1,E 0.2, 8EC/CH)
‘.{E,’QD)FR{A

“RITE(EL)LTBIFRIA

FEORMATY FRIL=1pFE,6, ' LE/SFC)

RELDIRMR,T132T14

wRITE(OL185)kMRITLOST1S

FOFMAT(!Y RMRe1, 8743, T133' 7,102 Tl4=1,57417/)
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IF(FRIA)LLaL1012

CALL FRI(PATN,T4sP4A, P4B8,FP1A)

FRF=v/DT1

FREASPATME]L 46 ¢%5,96673%0H1/ (67 %R%(T1+TA))
WRITE(GI75)FPF}FQCAI:pIA

FOrMAT(Y MASS FLOW RATF=  FURL=1,F9,7,'L3S/85C (CARBURETID AIR=?
1,Fe,6," INJECTE™ AIT=',FR 6)

FRTASFRCA+FRIA

A1raFRIA,FRTA

xCY=FRCA/FRTA

WRITE(6,B5)RCT,RIT

EORMATEY FRACTIU™ NF AIR CARTURETED=',F7,5,' FRACTIND TF plR I0JE
1CTEDmI1,F7,.5)

ER=FRF/(FRTAXFAS)

ERc*FRF/(FRCA*FAS)

WRITE(6»95)ERUSEFC

FOSMAT(Y EQUIVALTHNCE RATI- OVEFALLs'sF7e4, ! CARRBURETEN=1,F744)
«PsXN¥6C, / (C*S)

SRITE(6p195)RAPM

FORMAT (! RPMat,F?,2)

“PMaFMRRPM/40200,

HPR2FPRRPM/ 4000«

P2mP2/2,036

HPCRFRIAMC(R&( T2+ TA M ({ ((PGC+PAT /LR 2+PATH) Y ®3c{ (XK=14)/XK))=14))/
LUXK=L1e)#P2%VD/12,)/7(550a%,30)

WPAC3HPB=HPC

HP I SHP R +HPM

HPICBHP [ =HP(

VRITE(E)105)HPRSIFC, IPBC,'IPH,IPIHPIC

FOKMAT (! HORSPOWRSR~ GROSS BFRAKE=',F7,640'FP EST INJ AIR COMP=1,
1E7.4»" NET ARAKE@1,r7.64,"' IDTORED=',FT7.4»' RUSS [Mlo='y
2F7.42"  NET IND=',F7,4)

ASQZQZOS/(ZO747*600*FRF)

EEn=zHPB %A

EERCeHPB(C %A
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EEI=HPI*A
EEICaHPI( %A
WwRITE(6,115)FERL,FERC,EFI,EEIC
FOKMAT(!' ENTHALPY EFTICIF'ICY= GPOSS BRAFE=',F6e4s' "'ET BF AKEs!
1sFbe4s!) GROSS I'NICATEDa',Fé,4,' LET I'CICATRC=12F0,4)
Rz21215,50/RFM
SMFPoHPB%B
AC EPeHPRCuB
CMpEPeHPC %R
X1'gP=1lP]%p
X1 MPaHP D
;RITE(o;125)BMEP;ECHTP;CWEP:XIHEV;XICNP
FO<MAT (Y MEAN ERpECTIVE p2CSSyYRF=~  577ISS BRAVE=1,£7742
1' NET BRKAKEz',F?,2,! C™WPRISSIMi='sFT420" GRrsS Inthe!,F .2,
2' NET 1%Ds',F7.,2) '
ys(4.5+12,5*4.76/ERD—cﬁ*.”45)/(1--C“/200.)
N2653,59%YREFREX3N00, /114,232
210 Ewm6%®30,005%D
BSHUXEXN! Xwk /hPR
RCSNX=XNIR*E/HPBC
XIoMNXEXN XRE/HPT
X]CSXTXNIX*E/HPIC
RITE (69 155)RSHOKSRC MY XTSHY,XTCSX
FOARMAT (' SPECIFIC 'DX= GRMASS BRAKE=',EL12,5, G/ ("IP=iF )]
1! NET BRAKE=',gl2,5,' GRNSS 1rn=t,r12,5,0 NET LiD=1,E12,2)
F=.Ol*28.011*0
2ScOsCOnF /HPP
BCSCr=sCO%F/HFBC
X1sCi=CO*F/HF]
X1¢SUzm(eF/REIC
CRITE(62165)FSCU,2CSIM, XISC,XICH
FO<MAT (' SPECIFIC CPm GRI5S BRAKE='sE12,3, ' CH/H7=1 )T
10 NET BSAKE=',E12,5,' CRNSS IND=',T1Z,5,0 NPT Tih=t,r12,5)
4TcNs=an*0.usbé7*(713-T14)
ATCWL=HTCWS/ (FRTA#FRE)
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RITE(6,205)TCaSs 1TONL
205 FO«1AT(!' HEAT TRATSF-RRE™ T9 COULING UATTR =1 ,F2 4, OTU/SACY,

1F8,1s" BTU/L=1//)

U- = UR=1

IF (7R )E9,59,15%0

ST P

CLEYSTOY TITLE(Z4)
PATA R/53,36/9TA/48G,60/52 /4744 /2K /14295/2V0/374023/

12FAS/ 06828/
RITE(6,65)

FOQuMAT (/7Y SyUMARY F RESIILTS  =F1//)

RITE(6,201)
FORMAT (' AU

2')
READ, NUR
2EADSN

SEAD(5235)TITLE

FORMAT(24A3)

ER" “FC FiCa SleCA SP=CA [P Ip

[EPG THER "IIX&PPIT "NXAS6  CNePER  CDLS56G

READ»T10T25T30T42Ts
UEAU:PATH,PZ}P4A}DQEQP4C
REAUSHC,COp X0y X"!11IX
READ,)DH1,DT12FP,FI

READSXNHCyS
REaD,FRIA

READJRAR,)T13,T14
IF(FRIAYL1,11012
CALL FRIC(PATI ) T4aP4A,P4BFRIA)

Ct'p
AC=PPH
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FRF®y/pT1

FRCA-PATH#144.t5.9643*DH1,(bﬂ.*R*(T1+TA))

FRTASFRCASFRIA
kRrisFRF/(FRTAKFAS)
ERc®FRF/(FRCA®FAS)
KPP isXN®60 , / (C%S)
rPrMigFMERFM/G6L00
LPnsFP®*RFM/ 4000,
pemP2/2.036
HPCEFRIA®( (R (T24TA4)

“((((74C+PATT)/(?2+PATH))**((XK‘l.)/XK))-lo))/

1(X«-1.)+RPM#(PAT”-F2)*VD/144’.)/(550.*-5>

P ISHPB+HPM
AP JC®HP I =HP(

An42,20B/(20747%50 % RF)

EETEHPI*A
EEICaHP (%A
Hz21215,60/RPM
XIHEP=HPI*E
XjeMPeHPIC*B

Y’(“'5*12'5*Q.76/ERF
V653,59 YREEFR3IONN,

E‘look-b*BO.UOh*“
XISNX=XNT X*E/HP]
F=,01%28,011%0D
XIsCrsCp»F/HF ]

RITE(6220C) 12 ERTPFR

~CM*. 7651 /(1. -¢1/200.)
/114,232

r;rR;A,R?“,wPIJH“C,EYIJE&1r:X1HEP;X1C%P

15X~ 0Xs XISNX,ClsXISCM,HE
FU%MA1(Iﬁ:ZFb.B;F7.5:lax:Fﬂ-ZJZF’.412F6.4:2F7-21F6-9"°-3’r/'3'F°-

13)F7.0/)

va )

U BNUR =]
IFI(NUR)59,59,152
ST P

EN
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