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INTRODUCTION

This réport is the final report on the project entitled "Improving .
the Performance and Fuel Consumption'of Dua]‘Chamber Strapified Charge
Spark'Ighition‘Engines.“ The final yéar of the project was supported By
the Department of Energy (ERDA) under Grant US ERDA EC-77-2-02-4493.

The final year was a continuation of earlier supporf under the NSF RANN
-program and initial funding was supp]fed Qnder‘NSF Grant NSF
-AER'74420702. A final report of the work under NSF sponsorship has been
sent t6 NSF and is also available from the University of Illinois under -
Report No. UILU ENG 77-4012.

- The current report is based primarily on the graduate dissertations
of two former University of I1linois graduate students. Dr. Samuel S.
Pan wrote his doctoral disdertation on the theoretical model for the
combustion process in the DCSC engine,_and Mr. James Bruckbauer com- |
pleted his Master of Science degree with the experimenta] study of the
performance of the DCSC engine as a thesis topic. Mr. Glenn Gehrke also

assisted in the completion of thé experimental studies.
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SUMMARY-

‘The project described he;ein.invo]ves‘a cdmbined experimental and
theoretical 1nvest1gat1on of the nature of the combust1on processes 1n
a dual chamber stratified charge spark ignition engine. From earlier
work [1 2]*, it was apparent that the prob]em.of_understanding the
mixing process in the main chamber gases is essential in determining and
improving the operaiing éharactéristfés of the engine, paftfculaf]y in
the area of nitric oxide emissions. Consequent]y; the efforts of this
_current work were concentrated in this area. The experimenta]'fnvesti-

gation was conducted on a specially constructed single cylinder engine

" which has been described elsewhere [1,2]. This engine was used to both
- conduct experiments to study mixing'effects and to obtain experimental
data fbr the validation of the computer model which was constructed in
- the theoretical portion 6% the study. The details of these studies.are
contained inAthe following sections of the report. The significant
results of the studies will be summarized here.

In an effoft to gain more insight into the experimentally occurring
mixing processes, a new fuel injection system was construcfed for the
maih chamber intake port. It utilized an electronically controlled
*injector with a variable start of ihjection. The fuel air ratio was
controlled by varying the durationAof the injector nozzle opening.

Other studies have indicated that port injecfion can have beneficial
effects in extending the lean limits of combust1on and 1ntroduc1ng
further charge stratification [3]. Studies were conducted on the effect
of -fuel injection timing on performance and emissions using the com-

" bination of orifice size and.prechamber to main chamber flow rate ratio -

*Numbers in brackets refer to entries in REFERENCES FOR SUMMARY, p. S.7.




which gave the best overall compromise between emissions and perform-

ance. In general, fuel injection gave slightly higher oxides of nitro-

gen, but considerably lower hydrocarbon and carbon monoxide emissions

than the carbureted form of the engine. It was also found that fuel

injection into the main chamber intake port Starting at top déad céhter(

gave the Towest emissions at equivalent power levels. Injection at 110

degrees after top dead center also gave lower nitric oxide and hydro-

~carbon emissions but slightly higher carbon monoxide emissions. Emis-

sions of hydrocarbons and carbon monoxide were higher with injection at

60 degrees after top dead center and at bottom dead center while nitric

oxide emissions remained about the same. Injection duration, which was.

a function of the fuel air ratio, was on the order of 70 crank angle .
degrees.
- The differences in emissions with changes in injecfion timing

indicated that. there were inhomogeneities in the main chamber charge at

the time of combustion. In an effort to improve the degree of mixing in

the main chamber, a seriés of experiments was conducted in which the
shape of the main chamber intake port was modified in order to impart a
swirling motion to the main chamber intake charge. These experiments

indicated a substantial increase in the power output from the engine

' which.is'thqught to be due to the increase in combustion rate which

‘resulted from the increased turbulence created by the intake port ob-

stryction. Consequently, nitric oxide emissions also increased. The
data indicate, however, that at equivalent power levels, the nitric
oxide emissions are approximately 30 percent lower with swirl in'the"'
main chamber than without swir].l This effect is felt to be due to the

i
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reduction of the zone of intermediate stoichiometry which exists between
the preéhambef gases and the main chamber gases. The swirl improves the
mixing on the intaké stroke, giving a more homogeneous main chamber
mixture, a smaller zone with slightly lean stoiéhiometry, and conse-
quently 10Wer nitric oxide emissions at equiva]ent power levels. 'This

_ conclusion has been substantiated byAstudies with the computer simu-
“lation. | | '

The ‘second portion of the study was the devélopment.of a compufer‘
'simuTationlof the combustion process. - The technique chosen was to
-'construcf a one-dimensiona]Af1ame wfth time and spatially dependent
croég sectional area and to calculate the flame propagation process by

the numerical integration of the conservation equations for mass, momen-

“tum, and energy. Experimentally determined ignition delays were used to

" . determine the start of combustion, i.e., the establishment of a de-

-velbped f]éme. An empirical'turbu]ent diffusivity model was used along

‘with simple second order Arrﬁenius type kinetics for the oxidation of

the fuel. Simple Zeldovich kinetics'were used-for the nitric oxide

kinetics, assuming equilibrium atomic oxygen and steady state nitrogen
atom concentrations. A modified version of fhe Woschni heat transfer
. torrelatfon was used for heat transfer calculation. While it is well
recognized fhat under some condftions the combustion is strongly 1n;
f]uencéd by a jet issuihg from the pre;hamber, our photographic studieé
"héve indicated that the combustion in the DCSC engine can often be
characterized'by a spherical or one-dimensional flame. The results of
the combined experimental and theoretical study indicate that the one-
dimensional hodel can ineed be used to quantitatively study the effects
of'non—uniform_mixtures on the behavioral trends of nitric oxide em-

issions and performance.
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One of the prime objectives of the model use was the investigation
of the‘effects of main chamber mfxihg on the performance and emissions.v
Our previous work had indicated that the use of a perfect miiing hode]
for the main chamber gases at the time of combustion was inadequate with
_respect to explaining the effects of variaticns in the percent f]ew
through the prechamber and effects of variations in the prechamber air
fue]'ratio. A simple mixing model was developed in which it is assumed
that at bottom dead center at the end of the intake stroke, 50 percent
of the main chamber gases have perfectly mixed with the overfill from
the prechamber. |

The remainder of the main chamber gases are assumed to be‘unmeed
with respect to the prechamber overfill gases, i.e., they rehath.at~the"-
composition of the main chamber intake gases. It is also assumed that
no further mixing occurs on the compression stroke'and that only gases
nat.the composition of the intermediate zone enter the prechamber on the .
compression stroke. This simplified model was successful in calculating
the effects of variations in prechamber fuel air ratio and prechahber to
main chamber flow rate ratio on the emissions of nitric oxide and the
~engine pressure time h1story The use of a model which assumes perfect
“mixing in the main chamber cannot predlct this effect 51nce, under the
- ‘variations in the flow rate and air fuel parameters in the experimental
'studys'the perfect main chamber mixing model predicts the same fuel air
ratio in the main chamber. This is inadeuate to exp]aihhthe observed
.experimenta] results. The mixing model also predicted that-an increase
“.In the degree of m1x1ng in the main chamber at the time of combust1on
 should a]so reduce the n1tr1c ox1de due to the reduction of the zone of

intermediate stoichiometry which is assumed to exist at the output of
i
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the prechamber. This conc]usfon Was borne out by the experimental
studies. | :

. A slightly more éomp]icated mixing model which allowed for ad-.
ditional mixing between the prechamber and majh chamber gases on the
compression stroke was also tried but gave results which were not sub-

- stantially different from the previous mixfng model. It.is rea]fzed
that the assumption of 50 percent mixing at the end;of the ihtaké stroke
is arbitrary but there is n0'¢urrent1y available information on the
natufe of the mixing proceés in DCSC engines.
The general conclusions of the study are as-fo1lows:
1. The degree.of charge ‘homogeneity in the main chamber at the
time of combustion is very important in determining the nitric
- oxide emissions of the dual chamber stratified charge spark
ignition engine (DCSC).

2. A dégree of swirl in the intake charge is beneficial in impkqvjng ‘
the performance of thé DCSC engine in that higher power was
attained at a given level of nitric oxide emission with the
engine utilizing swirl as opposed to the engine.without swirl.
Hydrocarbon and cérbon monoxide emissions were also reduced
.with the use of swirl and the combustion rate was increased

"due to the added turbulence.
3. The use of timed fuel injection in the main chamber intake
system significantly reducés'hydrocarbon and carbon monoxide
-emissioné, with an insignificant effect on niffic oxide
emission and power. Injection-startiﬁg at tdp dead ;enter on
the intake stroké proved to have the Towest overall emissions

for a given power level.
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41 The ratio of the prechamber fuel flow to the total fuel flow
to the engine is more significant than the ratio of pre-
chamber air flow td total éif flow fn dete?mfninghperformancé'
characteristics.

5. A one-dimensional combustion model can be used to accurately

predict trends in éngine opefation condftions éhd nitric oxide
emissiohs even though the actual flame in the engine is.hbt )
- completely one-dimensional.

N 6. A simp]é model for mixing of the méin.chamber and prechamber
intake gases at thé‘étarfvof combression proved adequate to
‘expTain the-gffects,of swirl, iéﬁitioﬁAtiming, oVera]].fue]
afr_ratid; vo]umefrjc efficienty; ;nd §§riati§ns1in.prechamber
air fuel ratio and fuel rate percentage on engine power and

nitric oxide emissions.
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ABSTRACT

A one~dimensional mathematical model for the simulation of the

combustion process in a dual chamber stratified charge spark ignition

engine has been developed. The model includes the submodels of igni-
tion, mixing, chemical kinetics, heat transfer, turbulent diffusivity,
and NO formation. A superimposed Gaussian distribution function for

the temperature and species is used for the ignition simulation.” Three

mikingvzones: the perfectly mixed prechamber, and a perfectly mixed
and an unmixed zone in the main chamber, are assumed for the mixing

‘model.  An empirical rate equation assuming a reaction which is first

order in fuel and first order in oxygen with an empirical pressure

correction is used for the chemical kinetic model. The heat loss is

calculated through a modification of Woschni's eQuation. Turbulence

phénomena are simulated by a simple ﬁixing length theory with an

empirical effect of throat diameter change. The simple Zeldovich

-mechanism is used for the NO calculation. Studies are made on the

basic parameters, such as the turbulence level, the preexponential con-

stant, the heat transfer, the mixing percentage, the total air fuel

ratio, “ne prechamber intake air fuel ratio, the prechamber intake

mass flow ratio, the voldmetfic efficieqcy, the throat diameter, and
the spark location and timing. .The calculated results correlate well
with the expefimental data. All the predicted trends agree with,thé
experimental trends over thé rangefof the engine conditions investi-
gated. The model will be useful for the improvemént‘of ;he pefformance'

and the design of the dual chamber stratified charge spark ignition

i
N

éngines.'
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CHAPTER I

INTRODUCTION -

.Since the development of high speed digital computers, a large
amount of engine modeling work has been accomplished through the
numerical simulation technique. The cost and time invested for the
research and development of>the engine modeling have been reduced
significantly. Onée.:he simulation model is developed, it can be
used for a thorough investigation of the basic design parameters. It
4 is too costly and tedious to work on the engine experimentally. " Com-
puter simuiation thus becomes more and more an important tool for the
reééarch and development of the engine design (Boni 1975).

The engine simulation models usually can be classified into two
categories: the zero-dimensional and the multi-dimensional.

In the first category, which has been the most popular because
of its éimplicity,'tﬁe combustion chamber is divided into burned and
.unburned_zones; With~onlyvtime ;aken_asAa dependent variable, the
1first léw of thermodynamiés is applied to the combustion zones
iﬁdividuéily.'.The system is'deécribed by a set of ordinary differ-
ential equations. Tﬁe results are obtained Ey solving thg ordinary
differential equations. It uses experimental data, like pressure time
history, to correlate a proper burning rate. The correlation between
the ﬁumeriéal4re9ults and tﬁe'expgrimental data are satisfied. .
However,~there!is ﬁo information about the spatial variation of the
dependeqt Variables; . For instance, the propagation of the flame can

!




not be described through this type of model. Although it has been
very useful for the engine research and development, the informa-
tion-from the prediction of the model is limited.

f‘Iﬁ ﬁhe second category which includes one, two, or three
dimensional modgls, the spatial variation is considered. Basic
physical laws are appiied through the conservation of mass; momentum
and energy to the whole systgm. In addition to the tiﬁe dependence,
the independent vari;bles also may involve one, two, or three space
variables. The system is describe& by a set of partial differentidl

equations. The numerical technique required is more complicated and

demanding,-bﬁt more information is predicted. The propagation of the

‘flame, and the aerodynamic structure of the fluid are well described

through the multi—dimepsional models. Obviously, more effort and
cost have to be paid off. A literature review of engine modeling
is discussed in the next chap;er.,

Thé nature of this research is a one-dimensional model for a

dual chamber stratified charge (DCSC) spark ignition engine. The

. main assumptions are: one phase, one dimensional, overall one step

second order chemical'kinetics, equal turbulent diffusivity for mass,

" momentum and energy, and the simple Zeldovich mechanism for NO emis-

sion. Seven non-linear unsteady state partial'differential equationé
are solved by}the MacCormack predictor-corrector technique. The
Courtant-Friedrich-Levy (CFL) stability criterion is obeyed for the

maximum time step size. Because of the non-stoichiometric combustion

in the DCSC model, a restrictive time step control is also applied.

!




Many ad.hoc sub models, such as the mixing model,'thé sécond order
chemical kine?ics, the heat transfer, the turbulent diffusivity, the . i
simple Zéldovich mechanism, the Gaussian ignition profile, and the i
geometry functions, are used. Thépredictionsof the simulation médel

are compared with experimental data. Basic studies are made for the

-geometrical péra@eters, the operational parameters, and the combustion

parameters. The detail of the:mode% develqpmept.and its results are

discussed in the following chapters.
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CHAPTER II
LITERATURE REVIEW

A. History, Research And Development

Due to the fossil fuel shortééé problems, ways to use fuel econom-
ically have bécome the main concern in every eneréy utilization facil-
ity. This has a strong impact on the automobile industry. Mucﬁ
research effort has Leen conceﬁtrated on fuel economy design. To
design more efficient power plants is one of the approaches. ﬁeanwhiie,
the exhaust emission contrbi has also been forced by the government
legislafion to be épplied in the newer model vehicles. The DCSC spark -
igﬁifién engine is one of the prospective power plants which has both
the advantages of fuel economy and lower emission.

The concept of the DCSC engine was invented by Sir Harry R. Ricardo

- in 1918. Since then, there have been many patents of DCSC engine. which

have béen issued (Turkish 1974). Roessler and Muaszew (1975) described
most of the résearch and development work of automobile manufacturers,
engine manufacturers and research institutes as well as listing all
fhe paﬁents wﬁich have been granted in the United States.

The engine manufacturing industry showed little interest in the
early years. However, the inferest of the ﬁCSC engine was renewed
recently due to the advantage of its low emissions and fuel economy.

Many groups have been inveétigating the possible application of this

-prospective engine on the light duty vehicles.



Honda Motor Company was the most successful one in the research.
and development of DCSC engines. Their Compound.Vortéx Controlled
‘Combustion (CVCC) engine (Date, et al., 1974; Yagi, et al., 1976) has
" been built in the Civic model since 1975. Not only did it pass 1975

U.S. federal emission standards but also it has the same or better fuel

economy compared to the conventional engines. Other industry groups,
such as Fofd Motor Company (Purins 1974), General Motors Corporation
(Davis,et al., 1974; Krieger, et al., 1976), Eaton Corporation (Turkish
1974), Volkswagenverk AG (Brapdstetter 1975, 1976), have also done sub-.

stantial rq;éarch and development work on the DCSC engine.

- B. Physical Description Of The Dual Chamber Engine

The dual chamber eﬁgine consists of é prechamber and a main cham-
ber connected by an orifice as shown in Figure 1.l‘The spark plug is
located in the prechamber. During the intake proceés, a rich mixture
is supplied to the prechamber, and a lean mixture is suppliea to the
main chgmber. Some extré richAmixtﬁre ofltheAprechamber overflows into
thé main chambef and mixes with the 1ean miiéure‘there.' During the
compression process, some lean mi#ture of the'mainvchambér flows back
into the prechamber and dilutes.the rich mixpure in the-prechémber;
This mixing effecf can bé seeﬁ.clearly on the air-fuel ratio versus
crank angle diagram as given in‘Figureli. Durihg thg intake period,
the air fuel fatio in-the-preéhamber stays constaht,-an&‘thé‘air fuel
ratio in the main chambef is enriched by the over—flow:;ich mixtﬁrel

from the prechamber. During the. compression period, the air-fuel
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ratio in the main chamber staysAconstant, the air-fuel ratio in the
prechamber is diluted by the back-flow lean mixture from the main
chamber. An ignitable mixture is formed near the spark plug at the
time of ignition. The rich mixture in'the prechamber is burned first.
A fapid pressure rise is induced'in.the prechamber. The burning flame
propagates through thé orifice as a strong jet into the main chambef.
This flame jet ignites the lean mixture in the main chamber. The DCSC

engine is therefore named as the '

'jet ignition engine." The stratified
charge and the two-staged combustion are the unique characteristics of

the dual chamber combustion.

C. Advantages And Disadvantages

According to the emission characteristic curves as Figure 3
illustrafed, the lean mixture burning producés the least emission.
With conventional spark ignition engines, the air-fuel ratio has a
lean.limit~arOUnd 19 to 1 because of ‘the ignitability; and even if
the lean mixture is ignited, the combustion rate is sléw and thus the
efficiency is low. ,The‘DCSC_engine éaseSfbbth pfoblemé. "“The rich
mixture which is supplied to the'prechamber>éSSures positive ignition .
at the time of spark. The jet induced thrbugh the'cénngcting orifice
generates substantial turbulence for both bettér mixing and more
efficient burning in the cdmbuétipn chambers. Through two-staged com-
bustion in the bCSC'enéine, the overail air—fuellratio*één,be extended
' beyqnd the conventional legn,limit. This éépébiiity—of efficient

burning of the lean mixture is the way to achieve better fuel economy.
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Due to the charge stratification,-fhe peék temperature in the main
chamber is lower, and fherefore it produces a much less NO emission.
The relative high average temperature in the lﬁtef part of the com-
bustion and ample oxygen availabiiity also promote more complete
oxidation of HC and CO. Less power output and more heat loss are

the disadvantages.

D. Engine Modeling

The combustion in the internal combustion engine is an unsteady
state, three dimensional, and sometimes two phaée phenomena. Bracco
(1974, 1977) gave an excellent review on modéiing comBustion within
the infernal combustion engine. For simplication simulation models
are made with varying assgmptions. The less.restraints appliés to
the modél; the more information it can predict, and the closer it
should be able to simulate to the real case; however, more efforts
need to be invested.

It is tdo complek and too costly to work on a three-dimensional °
model at the present stage. The Princeton group'énd other researchefs
have been working on two-dimensional, two-phase, unstéady stage models
(Bnacco 1977; Boni 1975, etc.). This will be the most detailed model
which has ever been investigaﬁed. |

/~ One-dimensionél models are the next most informative ones.
‘Sirignano (1971) presented an uniform charge reciprocating gngine.

Bracco and Sirignano (1972) examined an uniform charge, rotary engine.

Bracco (1973) also investigated a model for a direct injection,
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stratified charge rotary engine. A carbureted stratifie& charge,
reciprocating engine was presehted by Rosentweig-Bellan and Sirignano
(1973). Boni, et al., (1976) developed a one-dimensional model for a
divided chamber, stratified charge engine, as did Dwyer, et al., (1976)

for a prechamber of a stratified charge engine. Sorenson (1978) has

- simulated turbulent combustion in a single constant volume chamber.

. Zexo dimensional models are the most popular ones because. of their

simplicity. Only time is taken as the independent variable. The .sys-—

tem is modeled by ordinary d;fferential equations instead of partial

differential equations. Theiinformafion predicted is hence less than ‘
the higher dimensional models.. Hires (1975) investigated thé'perform—
ance and emissions from .a jet ignition stratified charge engine. A
model of a three-value stratified charge engine with a small prechamber
was presented by Dévis, et al., (1974). Asanuma, et al., (1978) had
a complete zero—dimensional simulation cycie for the three-value
étratifiéd charge engine. o

Although Davis, et al., Hires, and.Asanuma,.et al., have worked on
the DCSC engine, the spatiai information was absent.. Both Dwyer and.

Bellan and Sirignano have investigate& a stratified charge ehgine for

-a single chamber. Only Boni, et al., did one-dimensional simulation

~on a DCSC engine, but the model was not compared with any experimental

data. One of the objectives of this research is to compare and cor- .

- .relate the simulation model with the experimentai data.



CHAPTER III

OBJECTIVES

(1) to develop a one-dimensional simulation model for the combustion
process in a DCSC spark ignition engine.
The simulation model covers the duration from the initiation of

the flame by the spark to the completion of the combustion.

(2) to compare the predicted values with the experimental data.
The experimental data, such as the pressure~time diagram, the
NOAemission,<will be used for the correlation between the simulation

model and the test engine.
(3) to use the developed model to do a basic parameter study.
“(a) total air-fuel ratio.

(b) prechamber intake air-fuel ratio and prechamber intake mass

- flow ratio. : A : - i
(c) volumetric efficieﬁcy.
(d) fhroat'diameter.

(e) spark timing.




12

CHAPTER IV

MODEL DEVELOPMENT

A. Assumptions

1. aOne—DimenSional System

Only one spatial independen£ &ariaﬂle is involvea (Figure 4-6).
Thé'flame starts in the prechamber, pésses through. the orifice, and
propagates into the main chamber. It is assumed that all the pro-
perties are uniform along the'direction‘perpendiéular to the spatial

axis. The cross section area perpendicular to the spatial axis is

. taken as the burning area of the flame. It is assumed that the flame

has a very fast lateral expansion rate, and therefore, it has the
same burning area as the expansion area at the outlet of the orifice

when the flame reaches the main chamber.

2. All Fuel Vaporized

It is a-one—phase flow andAﬁremixed_System. All fuel is vaporized

and mixed with the air and the residual before the initiation of the

.combustion.

3. All Substances Assumed To Be Ideal Gases

All the gases obey the perfect gas law.

4, All Gases Mixed At The Start Of Combustion

Two types of mixing model have been assumed.



a) Complete mixing model

All fuel, air and residuals are completely mixed in the main chamber

as well as in the prechamber at any time before spark ignition. This

~model was used at the beginning of the research for itS‘éimpliqity.

b) Three-mixing-zones model
The éomplete mixing model is good in the prechamber for its
relatively small volume. In the maiﬁ chamber, because of the rela-
tively lafge volume and the time dependent volume cbange, complete
mixing becomes a questionable'assumption. It has been éonfirmed

(Date, et al., 1974; Krieger,ef él., 1976).that ddring‘tﬁe intake per-

‘iod, the overflow rich mixture from the prechamber mixes with the

lean mixture of the mainnchaﬁbér near the orifice outlet. During tﬁe
compression period, only thevportioﬁ near the orifice 6utlet of the
main chamber flows back into the prechamber and dilutes the rich mix-
ture in the prechamber. The mixture at the ﬁoundéry of the main
chamber -probably neitheflmixes witﬁ‘the overfiow‘riéh-mixfﬁre from the
prechamber nor flows back into fhe prechambéf,'but remains at ‘the
intake air-fuel ratio cénditibn all the tiﬁe. Thé model is thus
modified that there are three ﬁixing zones: :the prechamber rich zone,

the main chamber intermediate zone, and the main chamber lean zone.

* Only the mixture in the prechamber rich zone mixes with the mixture

in the main chamber intermediate zone. The main chamber lean zone is

assumed to have the intake air-fuel ratio throughout the intake and

the compression processes. The detail of this three-mixing-zones model

appears in the Appendix J.

i
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5. Fuel Chemistry Described By A Single Step Reaction

For the purpose of simplification, ethylene C2H4 was used for the
fuel. The products consists of carbon dioxide and the water vapor for

the stoichiometric combustion,

> 200, + 2H.0 + 3 x 3.764 N. .  (IV.1) -

, + 302 + 3 x 3.764 N, 2 2 2

CoH,,

2H

6. Identical Molecular Weight For All Gases

The average molecular weight for the mixture which has been cal-
culated in Appendix G is 28.85. For the purpose of simplification, all
the gases have identical molecular weight as the average vaiug; - By

~ this assumption, the mole fraction is identical to the mass fraction.

7+ Inviscid Flow

The fluid flow is assumed frictionless. Since the turbulence
level is high in the dual chamber flow system, the viscous effect is

relatively small.

8. Overall One Step Second Order Chemical Kinetics  '

A+ B>C o (1v.2)
o a*e)® o awy

An empir:i@él chemical vk'inet:’ic model similar to that of the Princeton
group (S:’irignaﬁo 19713 ?Br:acz:b, et al., 1972) was .u's.efd. The éssmnption
is maﬂe.arbfitm?rﬂy that a = b = 1, Aan emp‘i‘r‘i'cai term P is added to"
.carrélate the effect of pressure; The empiriéal‘expreésion for the
model is, '

i
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ddﬁ] - _zpB [A]a[B]b exp (~E/RT) [1bm—m01e/in3 sec] (IV.4)

9. Heat Loss Modeled By An Overall Heat Transfer Coefficient
Q = - UPAx (T, = T) [in-1bf/sec] (1V.5)
The overall heat transfer coefficient U is estimated throﬁgh

Woschni's heat transfer equation (1967). The equation derivation and

its units conversion are given in Appendix E.

10. Turbulent Effects Modeled By A Turbulent Diffusivity Which

Is The Same For The Mass, Momentum And Energy Diffusion

The model of the turbulent diffusivity is similar to the Princeton
models (Sirignano, Bracco, et al.). The turbulent Lewis number,
Prandtl number and Schmidt number were assumed to be one. .Therefore,
the turbulent diffusivity is the same ﬁof the mass, momentum and energy-
diffusion. Fdr the dual chamber system, it was modeled by a éimple

mixing length theory,

@ =clLlxu' ‘ [in2/sec] ' (IV.6)
, dr ¥
where ¢ = C_ ()
.8 dth
Ix = (y + C2) o . [in] .
o _ . :
u U +. |yl _ [in/sec]
2 ' . '
u_=u_/u . : {in/sec].

pn P PTr
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Mainly, the ﬁodel consists of three élements, the correlation
constant, the mixing length, and the turbulent intensity: (1) The
correlation constant c correlates the effect of throat diaﬁeter. . The
ratio of throat diameter raised to the power y simulates the  change of
turbulence caused by the ch;nge of the orifice size. The values of
constant Cs and vy are determined by c¢omparison with the'experimental
data to give correét.burning.rate. (2) The instantaneous chamber
heighf is used for the mixing length. (3) The turbulent intensity is
modeled by two barts. The first part is due to the piston speed.
Through furbulent flame speed aﬁalysis (Sorénson 1978), the turbulent
flame speed is proportional ;o the square root of the turbulent dif-
fusiviﬁy. The turbulent flame speed is also proportional to the
engine speed. IE is assumed that the turbulent diffusivity is pro-
portionél to the turbulent intensity. The turbulent diffusiQity is
therefore proportional to the square of the engine speed. The
literature daté (Seménov 1958; and Lancaster 1976) showed this
relationship; In Lancaster's investigation, it was felt that his
shrouded nonstationaﬁy data is more relévant to the dual chamber flow
system Because its mean velocity is better defined. This particular
set of data does show the quadratic relationship between.the tuf—
bulent intensity and the engine speed. For consistency of units,
the square of the mean piston speed has been normalized by dividing a
reference mean piston speea. The second part of the characteristic
belocity is due- to the absolute value of. the local gas velocitf.

Obviously, the higher the gas velocity is induced, the more the tur-

bulence is generated.

e e pry—
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11. Simple Zeldovich Mechanism For NO Formation

Newhall and Shahed (1967) used a simple Zeldovich mechanism for

NO formation

- k1l
——l
O + N, == NO + N o | (1v.7)
B k2 ' :
N+0,9=—NO+0 (1v.8)

The steady state for nitrogen atom concentration [N] and the
equilibrium state for oxygen concentration [02] and oxygen atom con-
centration [0] were assumed. The detail of the model development and

the specific reaction ‘constants are presented in Appendix C.

B. Mathematical Formulation

When applyiﬁg the basic physical laws to the simplified geometry,
the system is described by the conservation equations for the mass,
momehtum, energy, and the épecies. Since it is a one-~dimensional,
time dependent model,‘thesé conservation equations are partial differ—
ential equations. The details 6f the derivation of the conservation
equations are bresented ih Appehdix A. The inifial cbnditibns are the
initial values_at the time of spatk.‘ The boundary conditions aré the

boundary values at the two--end walls. .

1. Equations

- a) Conservation of mass

a%.(oA) + 3?; (pAu) = 0 o : (1.9)
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b) Conservation of momentum

u, Bu_ _123P, 1 3 ., du . '
st T USx T T o ax + pA 3x (pAaax) : (IV'IO)

’

c) Conservation of energy

3 : 3 u 9 Qu uP JA P 3u
ot (CVT) tu 9x (CVT) + pA 3x (quax) +,pA 9x + p ax
1 o1y (U o _
~ pA 3¥x (pACpaax) pA (Tg Tw)
€,€,p
172 -E/RoT P 3A
+ hrZ 5 € = OA ot (Iv.11)
M
d) Conservation of mass for species
o€ de o€, ESELP '
_1 _i_1 3 i -8B 172" -E/RoT
5t + u 5% - DA 3% (pAaTS;) + YiZP M (Iv.12)
e) Equatioﬁ of state
p = fROT | , (1Iv.13)

M

Initial Conditions -

a) el(o, X) = €10
b) ez(p, X) = €,
c) 83(0, x) = €34

d) EA(O’ X) = €40

I
[y
|
m

e) 65‘0’ x) lo e20 - E30 - e40

f) P (o,

tad

~
1]
v}



g) p(o, x) =p

h) T(o, xs) =T

(o}

S

i) u(o, x) = 0‘
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The initial values of the mass fraction of the species were cal-

culated through the-mixing model subroutine.

The initial value of

gas pressure was obtained from the engine pressure data at ignition.

The initial total intake mass was calculated from the total mass flow

rate, the residual fraction and the engine speed, as follows: '

The initial total volume was obtained from the geometry function.
initial density and temperature were then calculated through the

equation of state. The initial spark temperature was estimated

m, =.2 ﬁT/[(l - f) x rpm x 60]

through the ignition subroutine.

3. Boundary Conditions

a) u(t, o) = u(t, L) =0

b)
c)

d.)

e)

£)

2 (t, 0) = (r, 1) =
= (& o) - 2 (e, 1) =
L, 0 =2 (¢, 1) =
? (t, 0) = 3;} _(t‘, L)
%, | %,

e (t, o) = S (t, L)

(Iv.14)

The
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383 = 863
8) 35 (t, 0) = 5= (¢, L) =0
de de
bop oy = b _
h) 9% (t’ 0) h 3x (t, L) = 0
. o€ “ 385 .
i)}jﬁ? (t, o) - 7;;'(t, L) =0

The gas velocity was zero at the end walls. It was also assumed
that the density, the pressure, the temperature and the mass fraction

of the species have Zero gradient at the boundaries.

C. Numerical Method

Totally, there are seven n9n¥linear partial differential equations
with unknown dependent variablgs p, u, T, €15 €55 Eg; and‘ea. The
inclusion of the momentum equatioﬁ results in a set of equations that are
both hyperbolic and parabolic in nature. All the differential equa-
tions have been written in time derivatives of the dependent variablés.
The details of this derivation are given in Appendix A. The MacCormack
predictor—correc;or technique‘(Dwyer; et al., 1974) is used to inte-

. grate these temporal derivatives.

1. The Numerical Integration Technique

a) Predictor

n dY.n ) ‘
Yi + (dt)i.At , ‘(IV.15)

-,ntl _
Yy T
Euler's method is used first to predict a value at one time step

advance. Y represents all the dependent variables.

-
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b) Corrector

ay
dt

e . ©(1v.16)

1= v+ v e €D
The improved Euler method is then used to correct the predictor
at one time step advance. This predictor—cprrectof technique gives
second order accuracy. The standard forward difference, centrai dif-
ference and backward difference schemes are used for the sbatial
derivatives. The forward difference is used for the first order

spatial derivatives in the predictor.

n _Yn

av.n _ Yie1 7Y ‘ @17y

i~ Ax

The backward difference is used for thé first order spatial derivatives

in the corrector

n+l _,Yn+l
n+1 - i i-1
i Ax

dY

Qﬁ? (1v.1§)

The central difference is used for the second order spatial derivatives

in both the predictor and the corrector

n- n n
a®yon Y41 T2y Y
= 2)i = - e - (1Iv.19)
dx
+1 n+l n+1
. 2 Y oy 4 v :
@ §)2+1.= _ i+l e i-1 (1V.20)
dx ° Ax

Appendix B gives all the equétions in finite difference form for both
the predictor and corrector.’

{

i



22

2. The Stability Criteria

a) The maximum time step
For the calculations in wave dynamics, the Courtant-Friedrich-

Levy (CFL) stability criterion must be obeyed (Warming, et al., 1973),

At = - ; ) . (IV.Zl)

where c¢ = local acoustic velocity [in/sec]

The time step size calculated from CFL condition is used as the maximum

time step allowed.

b) The festricted time'step
It is.found that for stratified charge chemical reaction system,
more step size restrictions are needed for a stable calculation.
(1) The température rise at .any location. during any one time
~step is limited to only one percent increase. This
restriction is to prevent the instability caused by the
overshoot in regiongléf fapid.temperaﬁure rise.A The

restricted time step is calculated as following:

3T | S
5t At = fT T . ) | (IV.ZZ)
At = £ —L_ (IV.23)
_ T 3T .
: ,
= 0.01

where f
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(2) No species concentration is allowed to become negative,

(3)

otherwise, it violates physical laws.

Also, the nega-

tive values will change the sign of the reaction rate

term and cause instability. This restriction is quite

severe in the stratified charge combustion system due

to its non~stoichiometric chemical reaction. The

restricted time step is calculated as follows:

}aei
TS
gt
ot = fe J€.,
_1
ot

where f€'=.0.7

A minimum time step is set as

a bound.

If any of the

(Iv.24)

(1Iv.25)

species .concentration becomes very small, the time step

will become extremely small as the second step size

criterion takes effect. As the concentration approaches

zero, the number of integrationsbecomes infinitely large.

To prevent this occurrence, the derivative of any species

. . -6
of which the concentration is less than 10

is set to

zero. Because of its negligible concentration, the energy

release and mass concentration are not significantly

affected. This restriction is used only when the deriva-

tive of species concentration is negative. If this

. s . A -7 .
restriction is applied, a minimum time step of 10 is

assigned.
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The complete flow chart of the restricted time step control is
shown on Figure 44. Generally, the maximum time step from CFL con-
dition is used, but when the restricted time step becomes smaller, the

restricted time step is applied.

3. Computer Programming

For more generality and better programming, the simulation model
has been developed into one main program, thirteen subroutines, three
subfunctions and one common data block. The program is written in

FORTRAN IV, and run on the IBM 360/75 digital computer: of University

‘of Illinois at Urbana-Champaign. The average CPU time for a complete

calculation is around 20 minutes. The flow chart of the main program,
the description of each subroutine, and the complete program appears

in Appendix K.

D.. Model Development

1. Model Geometry

The development of model geometry has two stages.

a) The simplified geometry
Initially a simplified geometry was assumed consisting of a

cylindrical prechamber and cylindrical main chamber connected by a

:cylindrical orifice as shown in Figure 4.

b) The modified geometry .

In the second stage, some modifications of the geometry are made:’

)
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(1) Due to the discontinuity by the sudden area change at the
| inlet and the outlet of the orifice; numerical instability
was encountered. Tﬁe cylindrical orifice was then modified
to a nozzle shépe as illustrated in Figure 5. This contin-
uous smooth area chahge through the orifice solved the
" instability problem and gave much better numerical accuracy.
Physically, the gharacteristic of a fluid flow interaction

between the two chambers is also better described by a

; nozzle passage.

|
: (2) To match the test engine geometry, the shape of the main

l chamber was modified from a cylinder to a wedge as shown

‘ in Figure 6. The effect of the main chamber shape on cal-
culated pressure time history is shown in Figure 7. The
original simplified cyliﬁdrical main chamber has a clearance
height of 0.4104 inches. When the clearance height near the
orifice outlet is increased, the clearance height at the end
wall needs to be decreased.in ordér.to keep the same main
chambér volume. The change of the m#in'chamber from the
cylindricallshape to a wedge‘shape changes the mass distri-
bution. More mass is buyned earlier andla faster pressure
rise is encountered. The wedge:shaped méin.chambér with-a
maximum clearance of 0.8074 inches was gsed for ‘the simu-

lation modgl.

|
' - (3) Figure 8 illustrates the effect of the spark location on

i - the calculated pressure time history. The spark was -
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originally set at 0.274 inéhes.near the end wall of the.
prechamber. When the spark location was moved out from
the-end wall, the power output was increased.A This is

due to the flame traveling in both directions when the
spark is out in the chémber, instead of only one direction
when the spark is located at the end wall. According to
the conventional theory of the chamber design (Obert, 1973),
if‘the ignition starts in the middle of the chamber, it
takes half the time for‘phe flaﬁe to travel across the
chamber than if the igniﬁion starts at either end. In the
engine case, although the spark is located at end wall of
the prechamber, the origin of the spatial axis was set at
.the pre;hamber intake value. It was believed that the test
engine had the similar case as the later versioﬁ, where
the spark located in the middle of the prechamber. A
distance of 0.548 inches froﬁ the origin was chosen for

the spark location to simulaté the distance from the pre-
chamber intake valve to the spark plug in the test engine.

The prechamber has the same cylindrical shape. as before. The detail

- of the gebmetry function for the dual chamber model is given in Appen-

dix I.

'2. Model ‘Parameter Study

The basic parameters for .the combustion model are: the turbulent .
diffusivity a, the preexponential constant Z, the activation energy E,

the overall heat transfer coefficient U, and the mixing pércentage PM2,
i
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. A constant value of 30 Kcal/gm mole was used for the activation energy
(Sirignano and Bracco, 1972). The sensitivity of the other parameters
has been studied. The following base values were used for this pur-

3

pose:

QR
|

-01 @+ b [in®/sec]

: : )
3.05 x 1014 [in3/lbm mole sec]

N
[l

Percentage of heat transfer of Woschni's model = 100%

Percentage of mixing in main chamber = 1OOZ.

a)‘Turbulent diffusivity

It is known that the higher the turbulence level, the better the
mixing, the faster the burning fate, and the higher the power output.
The calculation agreeé with this trend. Figure 9 and Figure 10 give the
effect of the turbulent diffusivity on the calculated pressure time
history apd mass fraction burned. Tﬁe data of the mass fraction burned
was estimated from the :photographs of the engine combustion (Hull énd
Sorensqn,vl978). The mass fraction burned cﬁrve was calculated
thrdugh the empiriéal equation (Miller, et al., 1954), -

0-0
o

AO
c -

Mass fraction burned = %[1 - cos( - m] " (IV.26)

initial angle of combustion

where ©
o

AOC -crank angle duration for combustion.
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Figure 9. Effect '0f Turbulent Diffusivity On Pressure Time History
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3a .

a=o0. I(upn4lu|)in2/sec
Z=305«x IOMin3/Ibm mole sec

Spark Location=0.548in.
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Figure 10. Effect Of Turbulent Diffusivity On Mass Fraction Burned
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The -effect of the turbulent diffusivity on NO production is given in
Figure 11. It can be seen that the optimum value for this condition

is between 3 and 4 times the baseline value from Figures 9, 10 and 11.

b) Preexﬁonential constant

The effeét of the preexponential constant on pressure and ﬁass
fraction burned is shown in Figure 12 and Figure 13.‘ It can be seen
that this preexponential constant plays an important role in the
chemical kinetics. From the investigation of turbulent  combustion
modeling (Sorenson 1977), the flame speed is proportional to the square
root of the product of the preexponential constant and the turbulent
diffusivity. With the proper combination of the preexponential con-
stant and fhe turbulent diffusivity, the correct burning rate can be

correlated to the éngine data.

c) Heat traﬁsfer

The effect of heat transfer on the calculated pressure time his-
tory and the NO production appears in Figure 14 and Figure 15 respec-
tively. Comparing Figure 14 and Figure 9, the calculated ffessurg
time history for the base diffusivity without heat transfer is about
the samé as that for 3 times the base diffusivity withbheat transfer.
Since the heat transfer affects the burning rate énd the peak temper-
ature, it plays an important role for both the power output and NO

production.
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a= 0.1(upp+fu)lin?/sec
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Percentage of Mixing in M.C. = 100 %
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Figure 11. Effect Of Turbulent Diffusivity On NO Production
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Figure 13. Effect of Preexponential Constant On Mass Fraction Burned
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d) Mixing pefcentage
The effect of the mixing percentage on the calculated pressure
time history and the mass fraction burned is given in Figure 16 and
Figure 17. The less the mixing percentage, the richer the mixtures

are in the intermediate zone and the prechamber, and the faster the

burning rate will be in the first part of the combustion. The effect

of the mixing percentage on the prechamber eduivalence ratio at spark
is shown in Figure 18. It agrees with the expected trend. The effect
of the mixing percentage on the NO prdduction appears in Figure 19.
The less the mixing percentage, the more the NO production. It is
known that the main source of the NO formation is in the intermediate
zone., The peak values of NO formation occur at~sligﬂtly leaner than
the stoichiometric. The lower mixing percentage gives an environment

that encourages the NO formation.

3. Numerical Parameters

In -order to investigate the effect of the spatial grid size on
numerical accuracy, test calculations were made'with 20, 40, 60, 80,
and 100 spatial grid points. It was found that the calculated results
converged when'the number of internal grid points was beyond 80. At

the completion of the calculation of the 80 points, the mass conserva-

tion.has an error of 2%. The effect of the grid size between 80 points

and 100 points appears in Figure 20. The grid size of 6.85 x 10_2

inches was used for the model's calculations.
The maximum time step calculated from the CFL condition assuming

a grid size of 6.85 x ].'0_2 inches, a maximum gas velocity of
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3000 ip/sec, and a maximum gas temperature of 5200°R is 1.5 x 10“6 sec.
When setting the time derivative equal to zero aﬁd the mass fraction
of fuel and/or oxygen becoming 1gss than 1 x 10-6, the minimuﬁ time
step size is 1 x 10_7. The maximum percentage of temperature rise at
each point is restricted to 1%. The maximum percentage for the con-
sumption of fuel and/or oxygen during one prédictor time step is
restricted to 70%. The minimum value for the mass fraction of the
fuel and/or oxygen for setting the time derivation equal to zero is

1x 1078,

4. Basic Correlation Runs

Four sets of data with variations of the thrqat’diameter and the
volumetric efficiency have been chosen for the basic correlation:
(1) small orifice with part throttle? (2) small orifice with wide open
throttle, (3) large orifice with part throttle, and (4) large orifice
with wide open throttle. The basic parameters have been correlated
according to the experimental data of the pressure-time diagram. The
conditions for these runs are listéd as No. 1 - No. 4 in Table 3.
The correlation bétween the calculatéd results and the experimental
data for the pressure time history are illustrated in Figures 21, 34,

and 36.

a) Turbulent diffusivity
Equation IV.6 is used as the final model of the turbulent dif—
fu§ivity. The correction power vy for the correlation of the effect of
the throat.diameter is 2. The constant éoefficiént CS Has a vaiué

b
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of 0.7. The turbulent diffusivity calculated through the model has a
value of approximately 50 in2/sec, which is in the same order of
‘magnitude as one would estimate Lancaster's shrouded nonstationary

data for a single chamber CFR éngine (1976).

b) Preexponential constant '

Equation IV.4 is used as the chemical kinetic model. The correla-
tion with both the'pgrt throftle and the wide open throttle data gives
B a value of 2 for.the correction of pressure. By using the final
furbulence diffusivity model and the chemical kinetic model, the pfeé

7

exponential constant has a vaiue of 6.3 x‘lo-l in3/lbm sec to give the

optimum burning rate for all the basic runs.

c) Mixing percentage
The three-mixing zones model is used. Fifty percent mixing in the
main chamber at the spark time is arbitrarily assumed.

+

d) Heat transfer
During the course of correlation, it was found that: (1) the cal-
‘culated NO is much lower than the data; (2) the calculated burning
rate during the expansion period is too slow compared to the data.
Three modifications have been investigated:
(1) using ﬁean gas tempefature instead of 1oca1’gas tempera-
ture in the equation IV.5. |
It was found that the héat loss through this calculation
is 'less than before. This method of,applicatioﬁ is more

consistent with the original development of Woschni's



(2)

(3

equation. The value of NO production is increased by a

value of approximately 70% by this modification.

assumiﬁg adiabatic condition for the main chamber lean
zone. |

It is .assumed thaé the élow burning rate at the expansion
period may be due to the over-estimated heat transfer rate
during that time. Some evidence for this may be seen by
comﬁaring predicted heat transfer rates with those mea-
surediby Oberbye, et al., (1961). The adiabatic condition
is assumed for the main chamber lean zone ohly. The cor-
relatién of both the pressure time history and NO produc-

tion is improved over the original version.

assuming fifty percent of the heat transfer calculated

. from the Woschni's'equation as used in version (1).

It is felt that the heat transfer calculated from the
Woschni's equation is overestimated, since his model

was developed from the diesel engine data. Thirty to

" forty percent 6f the heat is transferred by radiation in

a diesel engine (Ebersole, et al., 1963) which is not the
case for the SI engine. Fifty pércent of the heat‘trans—
fer calculation from the Woschni's equation is chosen for
the investigation. Again the correlation of both the

pressure time history and NO production are improved.




For consistency of both the physical model which has heat transfer

throughout the chamber and Woschni's model, the modification of version

A(3) is used for the final heat'transfer model.
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CHAPTER V
RESULTS

The experimental work was done on a single cylinder Briggs and
Stratton éverhead valve engine by Mr. Kenneth W. Grandys (1977) in
the IC engine laboratéry of the Univeréity of Illinois at Urbana-
Champaign. Premixed propane and air were supplied to the prechémber,
and premixed iséoctéﬁe and air were supplied to the main chamber.

The experiments were conducted at a constant engine speed of 2100 rpm
and at éither a partial throttle volumetric efficiency of 46% or an
~open throttle volumetric efficiency of 77%. Two nozzle sizes were

studied: orifice diameter of 0.332 inches, and 0.437 inches. The

prechaﬁber ﬁolume included the volume within the 0.548 inch long
nozzle. Three groups of prechamber air-fuel ratios and mass flow
ratios were selected for the engine tests. Group A had a nominal pre-
chambef air-fuel ratio of 7, and é prechamber mass flow ratio of 10%.
Group B had a.nominal prechamber air-fuel ratio of 4, and a prechamber
mass flbw r#tiO’of 10%. - Group C had a reduced prechamber mass flow
ratio of 5%, and pfechamber air-fuel ratio of 4, The operating con-
ditioﬁs are listed in Table 1.

The pressure data was monitored by.a Kistle£ model 602H preésure
transducer in each chamber.- The pressure signals and crank angle
information from a.magnetié pickup were displayed on an oscilloscope.
The pressure—tjme data'fbr each condition was recorded on a Polaroid
oscilloscope cameré. Since the pressure-time diagram indicates .

i
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Table 1. Operating Conditions Of Prechamber Engine '
speed 2100 rpm
displacement 32.4 in3
compression ratio 7.98
spark timing 10 - 31° BTC

coolant temperature

volumetric efficiency

AFT :

-throat diameter

Ath/Vp

v /v
P

part throttle

open throttlé

small
large
small
large
small

large

110° - 138°F (120°)
44.0 - 48.0 (45.8)
75.é - 78.5 (76.8)
15.84 - 24.12
0.332 in |
0.437 in

0.15748 in 1

0.25400 in *
11.9%

12.7%

: , .
Note: Average range values shown in parentheses.
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both the power output and combustion rate, this will be the basic data

for the comparison.

The NO concentration was measured by a Beckman 315-A NDIR detector

in terms of parts per million (ppm). For the comparison with the cal-
culation results, the mass of NO formed per mass of fuel supplied to

the engine was calculated:

NO'= 1.44 x 107> —NO x IHP

. _FA
B X 1T+ FaA
where INO = indicated nitric oxide [gm/hp-hr]
IHP = indicated horsepower [hp]

The experimental data were recorded in Grandys' thesis (1977).

A. Typical Results

A typical printout of the constant parameters for a condition of

large orifice with wide open throttle is given in Table 2.

1. Pressure-Time Diagram

A typical calculated pressure-time diagram for a condition of
large orifice at wide open throttle is illustrated in Figure 21. The
agreement between the calculated result and the experimental data is

excellent.

2. Temperature Profile

The calculated temperature profile as a function of distance and

time appears in Figure 22. The ignition process can be seen as a

i

. temperature spike in the prechamber at 10 BTC. The flame propagating

[Gm NO/gm fuel] (v.1)
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Table 2. Constant Parameter of Simulation Médel

*&¢*% DUAL CHAMBER COMBUSTION MODEL PARAMETERS *%xs=%

x¢%%¢ GEOMETRICAL PARANETERS *%wmis
12,6171 % ATH®*BORE/VP = 0.9987
0.5975 CBIN va = 4,0896 CBIN
0.3266 S)IN ATH = 0.150C SQIN
C.6448 IN DIAT = 0.4370 IN
5.4800 IN XLR = 6. 440C IN
1.370¢ IN X10 = 0.5480 IN
n.u037 IN CLR = 0.6067 IN
7.9229
ssxs%  OPERATIONAL PARAMETERS #t#s#
9,3827 % TINSC = 10,9969 BIC
6.5480 IN AP ST = 14,2920
4192.4881 R ™ = 90C.06CC R
2,0738 Py = 0.0612
- 3.5259 PHIN = 0.6056
3.5259 PHIM2 = 7.9492
1.2516 PHS M2 = 0.9492
n.e IN/SZC US M.C. = 2.0 IN/SEC
180.0990 pSI PS H.C. = 180.000C PSI
1161.78%6 R TS M.C. = 1161.78C6 R
*k k&% COMBUSTION PARAMETERS ®#&i%
642,63 LBP-IN/LBM-R EDE =
6.37090D 17 CBIN/LBN-SEC = 68 =
1.71785D 28 LBF-IN/LBHN ARV =
' 50 % cs =
axx«& NUNERICAL PARAMFTERS ##ksx
a1 . NP = 29
21 NTH = 25
47 POM2 = : 53.8835 1
. 72.90 % ENIN = 1.00€20D-06
1.50000D-76 S¥FC DLTMIN = 1.3900CD-07 SEC

YC = 4.6801
APS = 9.9650
BORE = 3.5620
S = 3.2514
X00 = 1.9180
CL = 0.3104
RPN = 2100.0000
SH10 = 6.355690-05
SHTO = 1.20433Dp-03
PT = 0.0700
PHIT = 0.8343
PHOM1 0.6056
PHSNM1 = 0.6056
27193,.00

386.00

28.85

4.04030-01

NN = 52
NOO = 29
Psy2 = 48,5239
PC = 1.€0
DELX = 6.850GC0D~02

CBIN
CBIN
SQIN
IN
IR

IN

LBH
LBY

B
LBA-IN/LBP-SQSEC
1BM/LBMOLE

A9
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Figure 21. Typical Pressure-Time Diagram




Gas Temperature (°R)

6000 |

56

Orifice

< Prechamber-bftr |

- I

5000 |- L
. —

4000 F

3000 -

10BTC

2000

—ola Main Chamber ‘a:
) [
|

|

|

!

§

|

[

[

|

|

1000 : '

o | en—

X (in.)

a = 0.7(dr/dsyP(y+c O {upn + fu)) in%/sec
2:6.3x10'7in3/1bm sec

Percentage of Heat Transfer = 50%
Percantage of Mixing in M.C. = 50%

Ay, xB/Vp = 0.9047

V=

774 %

Vp/Ve =12.62%

Ay

= 18.17

AF|p =4.44

FR=

rpm

9.38 %"

= 2100

Spark Location = 0.548in.

Figure 22. Ty};ical _Terpperafure Profile

I




27

initially in two directions can be seen at 7.5 BIC. The flame speed
is accelerated until it passes through the orifice with maximum speed
at'S.ﬁTC, and then slows down in the main chamber. The peak tempera-
ture at the orifice exit is due to the stoichiometric combustion con-
dition. The drop in temperature aﬁ 60 ATC is due to both the expansion

and the heat loss.

3. Velocity Profile

The calculated velocity profile as é function of distance and
time is given in Figure 23. Comparing with Figure 22, flow out of tﬁe
prechamber .is observed when the flame is in the prechamber at 7.5 BTC,
4and‘reverse flow is observed when the flame is in the main chamber
after 5 BIC. The flow becomes forward again at 40 ATC due to the expan-

sion effect.

4. Equivalence Ratio Profile

Figure 24 gives the calculated equivalence ratio profile as a
function of distance and time. Three-mixing zones at the spark time
- can be éeen on this figure. Ihe diffﬁsion is observed in both direc-
tions. The stbichiometriC'copdition in the intermediate zone in thé

main chamber is observed.

5. Fuel, .Oxygen, and Product Mass Fraction Profile-

Figure 25 gives the calculated mass fraction profile of fuel,
oxygen, and product as a function of distance at two different times.

The ignition profiles for the species can be seen cléarly at 10 BTC.
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At TDC, the oxygen is almost consumed in the prechamber; some fuel is
consumed in the combustion zone and some fuel remains unburned in both
prechamber and the main chamber. The burned and unburned zones can be

easily divided by the product profile at TDC.

6. Nitric Oxide Mass Fraction Profile

The calculated mass fraction of NO profile as a function of dis-

- tance and time is illustrated in Figure 26. By comparing with Figure

24, converting the spatial scale to the equivalence ratio scale, the
standard bell shape of the NO formation is clearly shown and the peaks

occur for equivalence ratios slightly leaner than the stoichiometric.

" The main contribution of NO is in the intermediate mixing zone. The

expansion effect is observed at 60 ATC.

B. Parameter Study

Table 3 lists the conditions of all the simulation runs for the

parameter study. The number one run was chosen as the baseline run.

1. Total Air-Fuel Ratio

The effect of AFT 6n pressuré time history is-given ip,Figure 27.
When AFT increases, the power output decreases. The spark timing
needs to be advanced in order to give a.similar power output when the
overall leaner mixture is burned. The effect of AFT on NO production

is shown in Figure 28. Both the experiment and the calculation

illustrate the trend of a reduction in the NO production when the over-

all air-fuel ratio increases. The magnitude of change correlates well



Table 3. 1Initial Conditions For Parameter .Study

mt AF AF FR . Os - eid Oo

11

Ath X B/Vp riv _ - ip ! . € . . Po IA)atNa'
No. (%) (1bm/hr) Z) (°CA BTC) (°cA) ~ (°CA BTC) (psi) Date
— — A — 73

1 .5609 - 45  40.168 17.78  4.24  9.39 15 4 11 120 9/27/76
2 .5609 77 69.571  17.45  4.47  9.59 10 . 5 . 5 200 lO/fg/76
3 .9047 45 40.913 - 19.41  4.31  9.34 24 9 15 115 lO/f§/76
4 19047 77 70.778 18.17  4.44  9.38 27 "17 10 180 10/§§/76
5 .5609  45.  39.935 120,77 4.30  9.42 20 | 7.5 12.5 120 9/2ﬁ?76
6 .5609 - 46 40.918 23.66 4.31 9.34 27 9.5 17.5 115 9[1ﬁ376
7 .5609 45  40.196 17.81  4.3&  9.43 13 3. 10 - 120 9/2??76
8 5609 45 40.809 21.21  4.37  9.34 20" 7.5 12.5 125 9/1?;76
9 .5609 45  40.820 21.08  4.37  9.33 26 8.5 17.5 115 9/1ﬁ?76
10 .5609 45  40.820 21.08  4.37  9.33 15 7.5 7.5 130. ~9/1ﬁ;76
5609 45 40.110 20.10  7.28  9.50 15 12.5 2.5 130 10/§576

12 5609 45  39.996 20.10  4.30  9.40 . 17 4.5 12.5 115 9/2g?76
13 '.5so§ 45 42.652 20.08  4.36  4.90 23 s 15 120 9/2?;76
14 .9047 75  68.152 19.53  7.01  9.64 28 18 10 195 lO/g;/76
15 19047 76 70.174 19.76  4.44  9.46 30 20 10 195 10/g3/76
16 9047 77 68.532 19.78 444 4.92 30 25 s 200 10/28/76

]
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Figure 27. Effect Of AFT On Pressufe Time History
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Figure 28. Effect Of AFT On NO Production
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for.AFT of 17.78 and 20.77. This correlation is changed at the AFT of

23.66. The effect of AFT on combustion duration is shown in Figure 29.
This agrees with the expected trend that the combustion rate is slower

:

when a leaner mixture is burned.

2. Prechamber Intake Adr Fuel Ratio And Mass Flow Ratio

The effect of prechamber intake air-fuel rétio and mass flow ratio
with large orifice at wide open throttle on calculated pressure time
history is shown in Figure»30. Both the experiment and calculation
show that when either reducing the prechamber intake mixture strength
or the prechamber infake mass fldw ratid, the power outpﬁt is decreased.
-The effect of this group parameter on calculated NO production corre-
lates very well with thg'experimental data except the C group as
illustrated in Figuré 31. Both the data and the calculation have the
trend of NO production in the order of group B, A, and C. Another set
of the effect of prechamber fuel group parameter.with a small orifice
at part throttle on the calculafed‘preésure,tiﬁe hisféry and the NO
productioﬁ is sﬁown ih Figures 32vand’33‘respectivé1y. The corfelatioﬁ'
of NO production is not as good as the previousisét. The trend of NO

production in the order of B, C, and A agrees between the data and the.

calculation.

‘3. Volumetric Efficiency

- The effect of volumetric efficiency on pressure time history is
illustrated in Figure 34. This effect is simulated by the correction
parameter on pressure in the chemical kinetic rate equation. The

”
i :
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correlation between the calculation and the data is excellent. Figure
35 gives the effect of volumetric efficiency on NO production. " Both
the trend and the magnitude of change agree well between the calcula-

tion and the data.

4. Throat Diameter

Figure 36 illustrates the effect of the throat diameter on the
pressure time history. A correction facfor for the turbulence level
due to the changé of the‘throat diameter was built in the turbulent
diffusivity model. The correlation between the calculation and the
data for the effect of the throat diameter is good. The sméller the
throat diameter, the stronger the fléme jet from the prechamber, the
higher the turbulence level, and the faster the burning rate. The
effect of the throat diameter on the NO production at different AFT
is shoﬁnlin Figure 37. Both trend and the magnitude of change agree

between the calculation and the data.

5. Spark Timing

The effect of the spark timing on the calculated pressure time
history is given in Figure 38. When the spark is advanced, the power
iﬁcreases; the spark retarded, the power decreases. Bogh the data
and the caléulétion demonstrate this characteristic. The effect of
spafk timing on NO production is shown in Figure 39}- The correlation-
between the calculation and the data is good. When advancing the spark,

increasing the residence time at high temperature, it increases the NO

production; retarding the spark, decreasing the residence time at high

I
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temperature, it reduces the NO production. Figure 40 and Figure 41
also give the correlation between the calculation and the data for the
pressure time history and the NO production at another set of condi-
tions.. One is the baseline runm, the other has the spark retarded 2

- crank angle'degrees‘from the baseline. Table 3‘gives the ignition

. delay estimated for the célculatioﬁs.
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CHAPTER VI
DISCUSSION, CONCLUSION AND RECOMMENDATION

A. ‘Discussion

1. Assumptions

'é) One;dimensional system
The combustion ﬁrocess is a three-dimensional phenomena. For
' simplification, a one;dimensional model was used for the-simulatién,
The cross sectioﬁ area was used as the flame area while the true flame
area shopld somewﬁét be like a spherical one. From the photograph
stuéy, a jet strucfure was observed at the orifice outlet for the
smail orifice (Hull and Sorenson 1978). This jet structure can not.be
described‘by the one-dimensional model, although the turbulence level
‘has been correlated for the effect of throat diameter. Constant‘pro—
4pertiés‘wefe assumedlon the cross sectional plan. 1In the real case,
there should bé somé gradieﬁté in temperature, velocity, and species
concentration. Especially at'the orifice outlgt, there is a large
véldcity gradient due to the sudden area éxpansion.

‘ Genéral gpéaking, the one-dimensional model is adequate to
describe the pressure level, the flame propagation rate,nitric oxide
formation trends and the stratification phenomena. The mixing effect
and the tﬁrbulent effect will be better simulated by the.higherAdimen—

sional model.



'b) The mixing model

The mixing process plays an important role in the DCSC simulation

work. .From the parameter study, the percentage of mixing affects the

power output, the combustion rate ahd thé Nd emission level. It was.
believed that there sﬁould be an intermediate mixing zone in the DCSC
sys;gm, §s was called either mixture cloud (Date et al., 1974), or

jet plume (Krieger et al;,-1976). Due to the stratification, this
intermediate mixing zone covers the air-fuel ratio around the stochio-
metric region. Tﬁe quantity of this region will affect the combustion
rate; the peak temperature, the peakApressure, and.the NO formationm.
These effects have been verified from the parameter study of fhe
percentaée mixing. A constant mixing percentage was assumed for the
calculation in all the conditions. Actually mofe mixing may exist for

the small orifice than the large orifice because of the higher turbu-

" lence level on the intake stroke.

From the photograph study (Kriéger,Aet al., 1976 and Oppenheim,
et al., 1978)-thé intermediate mixing zone has either the shape of a
hemisphere for large orifice or a round jet for the small orifice.
The intermediate mixing zone in the mixing model for this research was
mechanically divided by the space coordinate. This simulation is cef-
éainly anlapproximation to the real case, and could deviate from the
actual case. The higher dimensional model should be_superior in this

area.
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c) The fuel chemistry

In-tﬁe test engine,-propahe C3H8 was supplied to the precbamber
and isooctane CSHIS was supplied to the main chamber. For simplicity,
ethylene C2H4 was used as the fugi for the simulation model. Obviously,
there are some differences of the ﬁolecular weight, the C/H ratio, the
sFoiéhioyetric air fuel ratio, ;he heating value, and the chemical
kinetics for these fuels, although the iﬁitial intake air fuel ratios
have been corrected from the engine data for the simulation ﬁodel as
discussed in Appendix Hl1l. The deviation from this simplificatibn would

not be expected to have a large effect on the simulation.

d) Identical molecular weight
Again, for simplification, the average molecular weight was assumed
for the cémbustion of the éthylene C2H4 system. This is certainly not
the case for the combustion of the propane Q338cn:the isooctane system.
The mole fraction is‘no longer the same as the mass fraction, although
for most hydrocarbon fuels, species_mass fractions have little depen-

dence on the carbon number of the fuel.

e) The chemical kinetics
In the combustion rate equation the values for the preexponential
constant Z, the activation enefgy E, the correction power of B for the
pressure, the reaction order of a fof the.fuel, andAthe reaction order
of b fér the oxygen are either correlated with the data'or'taken from
the references. This rate equation though not perfect, is fairly num-

erically stable throughout a wide range of calculation conditions.

i




However, it needs to be verified by‘m;rerdata in order to be used more
generally. Other kinetics (Tiggelen 1957; Edelman 1971 and 1977) have
been tried for the simulation model, ﬁut all exhibit numerical
inétability; It is known that the‘combustion rate is very much con-
htrolled by the chemical kinetics. -This could affect the power output,

the flame speed, the combustion duration, and the emission level.

f) Nitric oxide kinetics
In the engine combustion, some dissociation occurs at the high

temperature range, for example:

H,0®O0H + 0 : . (VI.1)

2" -4
<
co, & co + %0, | (V1.2)
>
Hy % 2H _ (VI1.3)
N, & 2N o ‘ (VI.4)

In the simple Zeldovich mechanism, the dissociation was neglected,
which underestimates the oxygen concentration. In the simple Zeldovich
mechanism, the rate of reaction IV.7 is decreased, and the calculation

. of the NO formation could be thus reduced from the true value."

g) Heat transfer
_Woschni's heat transfer equation was developed from diesel engine
data. In diesel engines, 30% .to 40% heat transfer during combustion is

by radiation (Ebersole, et al., 1963). It would over-estimate the heat
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loss by using his eq@ation in the spark ignition engine, since the
‘radiation is negligible in the case (Obert, 1973).

In Woschni's equatioh, the mean gas temperature was used for the
gas temperature throughout the whoie chamber. In the real engine, we
know that there is always a certain temperature gradient across the
chamber. The gas'teméerature ne#t to the boundaries is usually lower
than fhat of the core combus;ion zone. Also, the mean éas temperature
is. lower than the lo;al gas temperature in the burned region, and
higher than the local gas temperature in the unburned region. By this
analysis, the Woschni's modél may over-estimate the heat loss at the
boundaries and in the unburned region, but under-estimate the heat
loss in the burned region.

The parameter study indicates that‘tﬁe heat transfer is very
influential to the burning rate, the.power output, and the NO emission

level. A correct heat transfer estimation is essential to the correct

results.

h) Turbulent<diffusivity

»TAe magnitude of the turbulent diffusivity célculated from the
one~dimensional model. is in the same orderasIancaster'sshfoﬁdedvalue.
- However, fhe use of a square power on the throat diameter to simulate
the effect on the turbulence level needs more verification. The two-
dimensional model should be. more accurate than the one-dimensional
model. "Nevertheless, the two-dimensional model also needs experimental
data to estimate its parameters. The importance of the furbulent dif-

fusivity is confirmed by the parameter study.
i . .
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2. The Initial Conditions

The initial velocity at the spark time was aséigned zero in the
simulation model. 1In the real engine, there ‘'should be some reverse
flow at the spark time due to the compression. This initial gas
velocity éould contribute to the iﬁitial furbulence level.

A Thqmini;ial pressures were read from the photographs. The magni~
tude of the initial pressure at the spark time is not exact. The
deviation from the true value could reach up to *10 psi. In one case
of calculation, 25 psi difference of the peak pressure was induced by
only 5 psi difference of the initial;pressure.

The initial condition of the air-fuel ratio in both chamﬁers was
estimated from the mixing model. When the mixing percentage changes,
the initial air-fuel ratios in both the rich zone of the prechamber
énd the intermediate zone of the main chamber change. The effect of
this percentage change has already been discussed. However, there is
no experimental information about thé true percentage mixing in the
DCSC engine. Fifty percent mixing at spark was arbitrarily used for
the calculation in all the conditions.

In the ignition model a Gaussian temperature profile was super-
imposed to simulaté an established flame. Ignition delay.was not con-
;idered, Therefore, for the simulation calculatioﬁ, there is an
ignition delay timé difference from the experimental ignitibn time.
Thenexact ignition delay of different conditions is'not known however.
The starting time for the calcﬁlation is approximately chosen when the

experimental pressuré'starts to rise rapidly. The error-of this

i




approximation could be #5 crank angle. The effect of the ignition

timing has alréady been discussed in the parameter study.

Seven percént residual fraction was used for the full 1oad,
fifteen percent residual fraction Qas used for the part load (Sorenson,
1977). The error of the résidﬁal fraction could affect the calculation.

for the initial species concentration and the initial total intake mass.

3. Numerical Technique

a) The numerical stability
The CFL stability criterion plus the restricted time step'control

gives satisfactory stability in the simulation model.

b) The numerical convergency

For the simulation model, at least 80 to 100 internal grid points

are needed to give convergent results. The mass conservation for 80

grid points is around 2%.

4. Error Analysis

There are three basic types of erfors in a numerical computation:
inherent, truncatioh, and roundoff (Dorn 1972).
" The inherent errors are errors associated with data, caused by
fhe uncertainty in measurements, or the approximate nature of repre-
senting the data. ' The uncertainty in measurements is not the topic in -
this research work. Here, we will concentrate on the approximate
nature of representing the da;a. First, it is known that there is

some cyclic variation about the data measurement in the engine. The

{
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statistical average of the data measured over a number of engine cycles
is the standard way to present the engine data. Due to the lack of
' adequate instrumentation at thé time the experiments were done, only
the data of a single cycle weré collected. Second, as mentioﬁed before,
due to the lack of the information of exact ignition delay, the start-
ipg‘poiqt was approximately read from the photographs for the siﬁula—
tion model. Errors inherent in the supplied data are very probable.
Regérd~to the t}uncatioﬁ errors, the MacCormack predictor-corrector
finite difference method has a third order of truncation errors for the
partial differential equations. A better, more accurate numericai»
‘technique is the only way to improve the truncation errors. Also, the
trﬁncation errors are function of the spatial grid size. Thg smaller
the grid sizé, the smaller the truncation errors.
The computation of this numerical calculation uses a double ére—
cision feature, which Has the accuracy up to 16 dgcimal digits. This _
means that-the roundoff errors only appear on the 16th digit number.

Therefore, thé roundoff errors should be the least possible source of

_errors in the calculation.

B. Conclusions
(1) A one-dimensional model has been developed for the simula-
tion of combustion in a dual chamber stratified charge
spark ignition gngine. |
(2) Through the use of empirical corrections for nozzle

diameter and pressure dependence of fuel kinetics,




(3)

(4)

(5)

" (6)

€))

quantitative predictions of burning rates can be achieved

over a range of engine conditioms.

Relative changes in nitric oxide emission can be predicted
quantitatively over these conditions although the absolute
magnitude is low by a factor of two to three for most con-

ditions.

The'pred&cted gffects of changes in total air-fuel ratio,
prechémber air-fuel ratio and mass flow percentage,

volumetric efficienc&, nozzle diameter, and spark timing
on pressure time history and relative changes in NO emis-

sion agree well with the experimental data.

The effects of heat transfer model assumptions on burning

rate and NO formation have been investigated with the model.

The degfee of mixing between prechamber intake gases and
main chamﬁer intake gases on the intake stroke in the main
chamber has a strong effect on NO formatibn. The majority
of the Nb produced results from slightly lean mixture
résulting”from partial mixing of the prechamber and the

main chamber intake gases.

The model can be used for the improvement of the perform-
ance and the design of dual chamber stratified charge

spark ignition engines.
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C. Recommen&ations

(1)

(2)

(3)

(4)

(5)

(6)

)]

(8)

(9)

(10)

A two—dimensionél model needs to be developed.

More investigation and azta are needed for ‘the mixing

model in a DCSC engine.

More sophisticated fuel chemistry and its chemical kinetics

are needed.

Better heat transfer correlation and modeling technique

-1s worthwhile for further investigation.

More data are needed to verify the turbulent diffusivity

model.

The statistical averaging of the pressure data over the

cycles is strongly suggested.
An ignition delay correlation is needed.

More accurate information is needed for the initial con-
ditions of the gas velocity, the pressure, -the ignition

timing and the residuals at spérk.

A complete cycle analysis for the correlation of the mean
effective pressure and the specific fuel cdnsumption is

recommended for the further study.

The experimental work on the effect of engine speed, mixing

percentage, turbulence, and heat transfer is suggested.

\
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APPENDIX A
DERIVATION OF THE DIFFERENTIAL EQUATIONS

When applying the basic conservation laws to a differential con-
trol volume, a set of differential equations can be written. The dual
chamber model is a one-dimensional, time dependent, and variable area

system, and so is the differential control volume.

1. Conservation Of Mass ”’//’,////A

. m

in store : out
- ¥

e——— AX—-—u

Applying the conservation of mass to the control volume, one can write,

Bstore - Pin - Pout .-4 (A.1)
where m = Jl-(m) = JL,(pAAx)
store ot ot A
n, = (pAu) |x
mout = (DAU)IX+AX .

Substituting back into the equation A.1, dividing by Ax, and taking
the limit, Ax - 0, one obtains the differential equatiog for the con~

servation of mass,
a5 (0A) + 2= (pAu) = 0 )
at ax * ‘

By differentiating, and manipulating, one obtains the time derivative

for the density,
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‘3 . pdA _du  pu 3A 20 (A.3)

2. Conservation Of Momentum

P(A]|x+bx - Alx)

~(PA) ‘| x — ——& (PA) |x+0x

mom, ———& mom —& mém
in . store 4

Ax

out

By Newton's second law, the momentum is balanced as,
Total force = Time rate of momentum change ' (A. &)

where total force = (PA)|x - (PA)|x+Ax + P(A|x+Ax - Alx)

time rate of momentum change = mom + mom - mom,
store out “in
‘mém ; Ji-(mu) = Ji—(pAAxu)
.. .store ot at
_ du

mbmout = (pAu u)|x+Ax (pAa ax)|x+Ax

o du, | '
mom, = (pAu u)lx - (pAa ax)Ix ;

The second terms in the mc';mout and mbmin are the momentum contri-
bution due to the diffusion effect. When substituting back to the
balance equation A.4, dividing by Ax, and taking the limits, Ax - O,

one obtains,

2 M _ 2 D eai?y - B opg By
._'ax(PA) + P % - at(pAu) + ax(pAu ) = (pAa 5%) (A.5)

" By differentiating, manipulating, and applying the mass equation, one

H \
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obtains the differential equation for the conservation of momentum,

u ,  du_ _13® 13 . 3u
ot tu 3x p 9x pA 3x (oA ax” "’ (a.6)
By further differentiating and manipuléting, sincea = f(u), one
obtains the time derivative for the gas velocity,
ou 1 3P 82u du da du o JA la 3p
3t ook T2 T au ek T A T p ) (4.7
3. Conservation Of Enerfzz///,////‘ A
Ein store | Eout
Ax -
Wout Qin
From first law of thermodynamiés,
Q- Wop = AE , (A.8)
where Qin B Qcond} + Qc:onv.'+ Qchem.
T _ ATy _ aT
Qond. = [(pACpa ax)[x (pACpa ax)|x+Ax]
. Qconv. = -UPAx (Tg"Tw)
Qchem. = hr K2[A][B]AAx

8 ~E/RT €1P E,P
M M

€1€,02 o~E/RT
M2

= hr ZP AAx

B

= hr ZP © AAx
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AE - Estore out Ein

U ) u2
Estore ~ 3¢ (™) = 3¢ [PAMX(C,T + =) ]
. 2

Eour = pAu(CpT + %f)|x+Ax

. 2

B, = eAu(C T+ %)I'x .

Whéré the heat conduction of the gas mixture is.simulated by a turbu-
lent diffusivity mechanism. By substituting all the terms back into
the balance equation A.8, dividing by Ax, and taking the limit,

Ax % 0, one obtains,

2‘
-8, f152°  -E/RT _ , 0A
2 ot

B BT m o
BX(PACﬂxax) UP(Tg TW)-+hrZP y

5 o’ s "2
= 3‘-[pA(C T + ——0] + == [pAu(C T + ——)] (A.9)

Since h = u + Pv, CPT CVT + P/p, the second term on the right hand
side becomes,

2 9, B u2 9
——-—[pAu(c T + —)] %;[DAI'J(CVT + 7)] + H(Aul’.) .

I

By further differentiating, substituting of the mass conservation
equation, and substituting the momentum equation multiplied by the

veloeity, and upon further manipulating, one obtains,

WP AA , P ou

2 9 1_9__
Bt(CvT) tu ax(CvT) + pA ax( ) + pA 3x p 9Xx
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3T

B°1°2° -E/RT_ P A
p X

i _ -
ax) " pa(Ty = T, * hrzP = X3c O

&3 o
‘ M

By further differentiating and manipulating, using Cv = £(T), and

= f(u), one obtains the differential equation for the conservation of

energy,
c aC
3V BT v
[C +'1?aT -u [c +TaT]
2
_u[a_au @ du 94, du 30‘ 8u+g__3_ua_p]
3 2 A 3X OX @ 9x du X . p 90X 98X
X
2 Y 2
uP A P du 9" T oT da 3u v ,9T
T PA3x  p ax + [Cpa “xz + Cp 3X du ox +oo 9T (ax)
Q
@ T3, o T3, _ -
+ A Cp 9x 9x p P 9x Bx] A (Tg Tw)
€.€6.0 )t ' :
B 12" -E/RT P 3A
+ hrZP 7 e oA Bt (A.11)
M
1 :
By defining BB = C + 7T 2% and solving for the time derivatives of
v T

the temperature, one obtains,

3T 5T AT ,3a du , o 3A , & 3p
— - —— —— — _.—+__
ot u dx + BB {[Cp ax (au ax A 9x p 9X
2 C
3T 3 Vv . )
talC, =+ ( ))] .
9x :
P ,u 3A° au‘
e @ T + 5 50)]
3 . _n Eq1€,P _
+ [--"gg (T - T ) + hrZP B L2 . E/RT]
- pA ‘g w . .MZ
32u du Bd ou o JA
; + [—ua—2+u§ % ox T A ox '5"5;)]} (A‘.12)4

ax
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4, Eonservation Of Mass For Species

So

Tin m - out

I d » » . : )
= = + . _
Pstore 7 "in T Pour T Mgen. ‘ . (A.13)
where £ = -2 [me,] [pAAxe, ]
STT Tstore ot i
ﬁ = (pAue )Ix = (p Aaa€1)|
in -
= . dedi o
-8 =E/RT 518292
o . =V,2P " e 'Y =—— AAx .
gen, 1 . M
The second terms of m, and m .. 2re the mass contribution from the

Substituting all the terms back into the balance

ebtains,
5 : aei
%——;—E[@Agi] = =5 (pAue ) + (pAa —)
_B _1___ e’.E/RT‘ . ' (A.ll})

+* viZP A =

By differentiating, substituting the mass conservation equation; and A

manipulating, one obtains the differential equation for the comservation
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of species, l

e ae de, -
i i 1 29 ) i
-_— = —_ v
+u (pAa 'Bx) + _iZP

1 3 -8 £1°2° -E/RT
3t . 9x . pA 93x )

m (A.15)

By further differentiating, and manipulating, one obtains the time

derivative for the species concentration,

2 .
3€i=aaei+aei [~ + 00 3u o 34 E@_]
3t T Tx. Y T e ax T A ax b ex
ax , .
€E.E.P _ .
+ ViZP 8 1M2 e E/RT (A.16)v

stoichiometric mole fraction for the species

3]
=
;)
H
o
<
I

v.-= -1 for the fuel
?. = -3 for the oxygen

v, = +4 for the product;
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APPENDIX B
FINITE DIFFERENCE EQUATIONS FOR THE PREDICTOR-CORRECTOR TECHNIQUE

All the time derivatives of the dependent variables are written
in finite difference forms and solved by the MacCormack predictor-
corrector technique. The subscript i represents the spatial grid

points, and the superscript n the temporal steps.

1. Mass Equation

a) Predictor

n n- n

_ n n n _ n.
Pi 3A\n K Yt 7Y% P Y% osan 0 Pit1TPi (D)
( &y = - 2GD] - o - @ - o)
at’i 1 Ax n 9x’1i i Ax
A A,
i i
n+l ‘ 3p. . ) '
p; = p + [( ) ]At (B.2)
b) Corrector
n+1 . n+1 n+l
p. u, - u,
( )n+1 _ i (aA n+l pn+l i i-1
An+1 ot i i Ax
i
n+l n+l n+1 _ n+l
Pi_ " AymH | nl Pi Pi-1 (5.3)
Rag! ax’ i Y T Ax .'
1 )
n+l n 30 n+l, o ; '
pr =k [py +oy  + GDI Al (B.4)

2. Momentum Equation-

a) Predictor




n n n n
Ju\n _ _l_P1+1 Pi ot Yiv1 ~ 2u1 tu -1
ot’1i n Ax i 2
P. Ax
¢ 1 .
L S L o0 .
o4 it i I (Ba)n( i+l i) +._1¢§é)n
Ax i Ax n'ox’i
A ;
_~i
o8 P n
L Pin "i]
n- Ax
Py
+
ug 1. + [(au n]At
b) Corrector
n+1 n+1 n+l , n+1 n+l
Quntl | 1 i R T W S N Bl S I
ot’i n+l T oAx i 2
P, Ax
i
nt+l n+l ntl _ un+1
! i-1_ o+l da n+l(u1 i-1)
. Ax au’i -Ax .
&n+l n+1 n+l n+l
P BAymL i p1-1]
n+lox’i n+1 Ax
A P.
n+l n n+1 au n+1
=%
vy 2 [uy +uy © o+ Gy TAtd
3. Energy Equation
a) Predictor
n n n n 'n
—_ T T - T i -
3T\n _ n i+l i n i+ 'Ban
GPi ™ "% T 4 + BB; {[C (G4 Ax
n- n n n n
®: sAn . %4 Piv1 T P4 n, . Tipp "2 T
+ =), ) o, (C
n ox’i n Ax i 2
i A, , Ax
i i
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(B.5)

(B.6)

(B.7)

(B.8)
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. n n n n n n
N (ac.v)n(Ti+l Y 21 4 1 P_i(__J;(aA)n Uipl T Y4
oT "1t Ax A ox’i Ax
' i i
BT n€2n n
(aA)“)] + Lt - 1) 4 hrzpBp? b4 e /R4
An ol i W i M2 .
i i% ‘
n _ 2 n + .n un _l_ n un _ n
+ [~ o0 b 50 M i €5 R W €5 ui((a_a)n it1 ~ Y
Ui%4 2 Yy AX du’i AX
Ax :
o> 0Ln pn _ pn
i,8An , %1 Pinl i
+ =GOt )1 - (8.9)
A, P,
1 . 1
n : 1
where BB, =
i n by . n
Cvy + T3 57 )1
- n+ T ' .,
T’i‘ 1 T + [(8 )n]At ’ (8.10)
b) Corrector
‘ Tn+1 _'Tn+l
CEI)H+1 - _ un+1 i i-1
ot’1i i : Ax
n+l n+1 n+1 ‘n+l
4l T =Ty, saumtl % T Y-
+ BBi ‘{[Cp Ax ((Bu)l Ax
0Ln+l . c‘n+1 ntl n}l
i (BAynHL Pi Pic1
An+1 9x’1 n+1 Ax
i Py
. n n n . .n¥l n+1
+ o™l Tigp— 2T + T . (acv)n'-i-l(Ti - Ti—l))]
i P 2 3T ‘i AX
Ax
Pn+l un+1 . n+1 _ n+l
(- i (i @A fi-1, 1 24yl
+ pn+1 Ap+l ox’1i Ax Ap+l ax’ i

i i




A W, T T Xy -~ u
(e1°49) : T = 0, dZ7a + [ — +
/2 [P R Tg o Ty By
u®’u u u u
ﬂ<
. T, Xe. U XV T, ng T Xy
G+ + Go? ] +
uwve'r, T, _ T+F, u'me u T, THE
u u u u u
xy
T-T, Mw H+Hu B cﬁwmv
o’ T
1030Tpaig. (e
uot3yenby soyoodg
) T
(21D (3v H+aﬁamv + H+=H + H_ =yl
T T
H+cA e ul * H+c>o .
= y aiaym
T H+cmm 4
e
(11°9) . , 4 . ([ 1t
‘d - d "0
u T+u~ T+u
H<
Xe, T+u Xy Xy T
e I = H+cﬁamvv i} e T
T+u u .H+c H+a T+u
XV
T Na T & Hsl.“_ +
I-T, + _ 'nz - T+T, T+u T+u
T+u T+u T+u
T.. T
W v. 'd
Z T .\ T_,T+U T+4u
—_— d I - T .
HH+aHm\m- T, g, THU g-2234 + (L - 1) T 1+
T+u® T4u T+u®

SoT
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where Vi = the stoichiometric mole fractions for the species
V., = -1 for the fuel
.V, = -3 for the oxygen

v, = +4 for the product

ntl _ n e n S
ey =gyt [(ax)i]At : (B.14)

b) Corrector

n+l - ‘n+l n+1l

@gyn+l _ ot il T 26—t 4
at i i 2
Ax
en+1 _ en+1 _ un+l _ un+1 dn+l
' i i-1 n+l1 da.n+l i i-1 i JA . n+l
+ - Ax [—ui + (Bu)i Ax + An+1(3x)i
: i
an+1 ntl = n+l c n+1€2n+l
i i i-1 -8 n+l i i -E/RT
, v _ = .
+ m i ] + iZP Py n e (B.15) .
Pi
ntl _ n L oen¥l,
e; =k ley+e, 4 Gy); Atl , | . (B.16) |
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.APPENDIX C
THE NITRIC OXIDE KINETICS

Newhall, H. K. and Shahed, S. M. (1967) used the simple
Zeldovich mechanism to simulate the nitric oxide kinetics,

kl

.
a=—
0o+ N2 A NO + N | (c.1)

k2
——t
. N .
N+02 49-—]3 NO + O | (C.2)

The steady state for nitrogeh atom concentration [N] and the equilibrium
state for oxygen concentration [02] and the oxygen atom concentration

[0] were assumed; that is,

i 0, (c.3) 4
: 2 ,
and _ . kO = lﬁﬂ—-. v (C.4)

By using the equations C.1 - C.4, the reaction rate for the nitric oxide

was expressed as the following:

amol _ .. % 3 | moles
S = 2k0%k1[0,17[N,] x B.C [(B322%1 (©.5)
2
1 - k3k4 _ [nO]
- klk2 [N2][02]
where BC = 14 K4 [NOJ

k2[0,].
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kO = 14.06 exp (-115, 600/RoT) | (g noles)

cm
-3
gm mole sec

cm3

gm mole sec
cm
3

gm mole sec
cmy

gm mole sec

ol = 629 - . - , , [EE“%%%Sil

Kl = 7.14 x 107> exp (~75,500/RoT) [ ]

K2 = 1.20 x 1020 T exp (-5,500/RoT) 0 ]

k3 = 3.20 x 109 T exp (-39,100/RoT) [ ]

K4 = 1.50 x 1003 [ 1

[o
[N2] = €gp | [3“%%&].

_ - ' . ' moles
- [NOY = ¢,p . (B350
.Ro = 1.987 ' [cal/gm mole °K]
T=1 [°K]

p=1 ‘ ’ ' ' .[%_1—6].

By units conversion, and substituting into BC and C.5, and dividing

by p, one obtains,

%€N0 - 5.24 x 10M% % o %exp (-120754.90/T) x BC (2] (C.6)
- 5 sec
ot | chem.
2 .:E 2 : .
1-5.60 x 10 . 45 exp (37956.72/T)
where BC = es 2
1+ 2.25 x 10° =% exp(4982.39/T)
Ts3 ‘
€, = mass fraction of oxygeh
€ ﬁ_maés fraction of nitric monoxide
€. = mass fraction of nitrogen

5 o T = gas temperature [°R]

! - . 1bm, -
p = gas density [Egg] .
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APPENDIX D .
GAUSSIANvDISTRIBUTION FOR THE IGNITION PROFILES

Assuming Gaussian distribution function for the ignition profile,

£(x) = —— exp [-(x - w)2/26%) @D
V2182
it gives,
AT, = AT [-(T - 1.)%/26% °R] (D.2)
i.‘_ s exp —( - s ] : ' [ ] £,
‘where AT =T -T | | [°R]
S S [o] '

standard deviation.

©
It

For the spark temperature calculation, three points are generated: the
peak spark, middle spark, and the lower spark. It is assumed that
90.00% oxygen is consumed at peak spark, 12.18% middle spark, and 0.03%

lower spark according to the Gaussian distribution function, i.e.,

2L

. Mgy = +9000e, | S (D,3)
Beyy, = .1218¢, | A ’ | (0.4)
AeZL = .0603§2S (D.S)
wﬁére AEZH = the oxygen consﬁmed at peak spark
A€2M = the oxygen éonsumed at middle-spark'
Ae ; the oxygen cénsdmed at lower spark;
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Threugh the stoichiometric

rélatioﬁship, the fuel consumed at three
p@inﬁs can be obtained,
ey = 173 Beyy : A(-D.6)
N = L3 4«3 i - .
AelM i/3 AEZM‘ (D.7)
_AélL;a-1/3 ey (0.8) -
where AélH = the fuel consumed at peak spark
AélM = the fuel consumed at middle spark
Aeyy = the fuel consumed at lower spark.
The spark ignition temperatures are then estimated through the energy
balance equation,
T )
oo DA £
hr x A = Op JT deT (D.9)
(o]
‘where  hr = 1.71785 x 10° [1bf-in/1bm]
for peak spark
Y for middle spark
 for lower spark
. S
T e

[moles]
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3
i

£ flame temperature , [°R]

(@]
]

2.257196 x 10° - 1.858418 x 10°/T

+ 16.03333 /T [Btu/1bm°R].

Tﬁe standard deviation is estimated by the following equation,

1 b
6§ = C K[z=—F7.1
‘21n(ATH/ATM)

where C = dimensionless constant, 0.5
K = a constant for controlling the number of gride
points |
ATH = temperature rise at peak spark [°R]
ATM = temperature rise at middle spark [°R].

Since the standard deviation § determines the steepness of the ignition
profile, the constant c can be adjusted to simulate the proper flame
thickness. The temperature profile in the vicinity of the spark is

then.calculated through,

Ty T + AT,. 4 o (D.11)

The ignition species profile is estimated from the ignition temperature

profile accordingly,

Aeli ATi ‘
= } . (p.12)
e1o e1s Ts To
€ - € :
: _ 1o ls . ‘ .
Asli =T - 7T ATi (D.13)

m
[l
m
1
>
™

(D.14)
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Using the stoichiometric relationship for the reaction,

Aezi = 3A¢1i o (DTlS)
A€3i = —4Aeli ' | (D.16) .
one obtains,
€pg = €5 = Bey; |  oan
€31 = €30 " Ae,. . ©(d.18)

3o 3i

- The ignition profile for any location can thus be established.
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APPENDIX E
HEAT TRANSFER MODEL

For turbulent flow in pipes, the conventional heat transfer rela-

tionshipAis of the form,
Nu = f (Re, Pr, D/L). (E.1)

By assuming,
(1) constant Prandtl number
(2) negiecting-the influence of burned fuel on thermal con-
ductivity of the gas
(3) piston diameter and mean piston sﬁeed being characteristic
parameters, |

Woschni (1967) obtained the correlation,

Nu = 0.035 Re?" 8. (E.2)

By substituting proper correlations for k, p, and u, Woschni simplified

the equation to,

h = 1108730+ 8p0-2770.33 [Keal/m’hr°K]  (E.3)
where P = gas pressure {atm]
W = Wn + Wc, gas velocity [m/sec]
Wn = 2.28 cm , [m/sec]
cm = mean piston speed [m/sec]
- Vd Pf - Pm
We = 0.00324 Ts Vs Ps - [m/gec]
i Ts = gas temperature at spark [°K]
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Vd = engine displacement [ms]A
Vs = volume at spark _ [m3] -
Pf = péak firing pressure [atm]
- Pm = peak motoring pressure . [atm]
Ps = pressure at spark . - [atm]
D = bore size ‘ ' [m]
T = mean gas temperature : [°K] .

By units conversion, one obtains,

\ -
h o= 7.1309 x 107 3p0 80 8p70-2070-53 14 1bE/insecR] (E.4)

where P = gas pressure } [psil]
U = gas Qelocity [in/sec]
D = bore size [in]
T = mean gas temperature [°R].
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APPENDIX F

THE -LEAST SQUARE FITTING OF SPECIFIC HEAT AS
A FUNCTION OF TEMPERATURE

Assuming the following case,

¢ =1.075 ¢ = 0.829
P m

£f = 0.081 £ = 0.088
p _ ' m

V. = 0.08 V. = 0.92
P m '

and for the stoichiometric combustion reactionm,

cC,H, + 302 + 3 x 3.764 N2 + 2C0, + 2H

o, 2 20 + 3 x 3.764 N, (F.1)

the initial mass fraction of the species were calculated:

Prechambef‘ ' | ﬁain Chamber
0.0644 C,H, | 0.0500
0.1818 0, - 0.1836
0.0091 - co, ' 0.00985.
0.0091 H,0 0.00985
0.7356 N, ' 0.7467 .

Assuming all the oxygen in the prechamber and all the fuel in the
main chamber being consumed at the end of combustion process, the

final mass fraction of the species becomes:
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Prechamber ' . Main Chamber
0.0038 c,H, ' 0
0o | 0, - 0.0336
0.1303 ‘ co, 0.10985
0.1303. HO . 0.10985
0.7356 R | 0.7467 . : -

Some d;ta of the specific heat at constant pressures as a function
of temperature were generated through a subprogram PROPSI (Savage

1977). The correlation for the specific heat at constant pressuré
of temperature dependence was then established through the least

square fitting technique. Assuming the correlation is as following,

The least square fitting technique (Dorn and McCracken 1972) gives,

m
- L
S =..z (C - a0 - alT, 1 —a2T.2)2
. . pi ; i i
| i=1 . .
| m
| 3S -1 5 - =
| 320 = ) 2(c,; - a0 - alTy ~ - a2T, )(-1) = 0
. i=1 :
m - ‘
- 1 -
25 - } 2(C_. - a0 - alT, - a2T,. ?) (-T, 1) =0
3al L. "7pi 1 1 +
i=1
m ' ’ 3
3s _ -1 3 b _
327 = .le(cpi a0 - alT, a2Ti*)(-T;%) = 0 .

|
|
i
|
C_ = a0 + al/T + a2/T [1bf-in/1bm°R]. (F.2)
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Three equations with the three unknown coefficients can be written as,

ma0 + IT. Yal + ZT.%aZ = IC .
. i i pi

-1 “1.2 S NS -1
ZTi a0 + Z(Ti )" al + Z(Ti )(Ti ) a2 = ZCpiTi

Y 1,k B2
IT,* a0 + Z(Ti_ )(Ti ) a% + (T, )" a2 = chiTi
In matrix form, it appears,
_ ) —- - _ -
m IT. = IT,? a0 IC_.
i i Pi
- - -1 -
T 1 IT, 2 LT, ° al = zC 1
i i i i'i
1 -
LT, * LT, g IT, a2 IC .1‘.;5 .
i i i pi i
_ dL N .

Through computer programming and calculation, the constant coefficients

were obtained,

a0 = 2.257196 x 10°
al = -1.858418 x 10°
a2 = 1.603333 x 10°.

The least square fitting with the original data was plotted on
Figure 42. The specific heat at constant volume was then calculated

through the following relationship,
c =C -R [1bf~in/1bm°R] (F.3)

where R = 642.6343 | " [1bf-in/1bm°R],



3.4
3.2

30
ao+0i/T +a2 VT

Cp (IN.- LBF/LBM°R) x10™°

- 2.8 ao = 2.257196 x 103
_ a1 =-1.858418 x 103
2.6 a2 = [.603333 x |0
2.4 | |
22 F
2.0 1 ] ! ! L L L L

500 1000 1500 2000 2500 3000 3500  4000. 4500
Gas Temperature (°R)

'~ Figure 42. The Least Square Fitting Of Specific Heat Function

5000

8TI
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The temperature derivative of the specific heat was also calculated,

dcC

dc
Vv __P__ 2 f ‘
T - I al/1" + a2/s/T . (F.4)



APPENDIX G

AVERAGE MOLECULAR WEIGHT

120

For the combustion of ethylene CZHA’ the stoichiometric reaction

is,

C,H, + 302 + 3 x 3.764 N2—4>2C02 + 2H

274

20 + 3 x 3.64 N2 .

The stoichiometric air-fuel ratio has the value of,

_ 3 x 4.764 x 28.96

Mot =2 x 12+ 4 x 1.008 477
The total moles of reactants are,
n, =1+3+ 3 x 3.764 = 15.29 .

R

The average molecular weight of the reactant mixture is thus,
/

x (2 x12 4+ 4 x 1.008) +

1

_ 3 x 4.764
R~ 15.29

M 15.29

The total moles of products are,

= 2+2+3x3.764 = 15.29 .

The average molecular weight of the product mixture is thus,

2 o 2
Mp = 1539 ¥ (1 x 12 + 2 x 16) + 15.39
3 x3.7646 B
x (2 x1.008+1 x 16) + T15.29 x (28) = 28.79 .

The average molecular weight of the gas mixture is then,

x (28.96) = 28.90 .



W - 28:90 + 2879 _ pq g5

Basing on the average molecular weight, the stoichiometric air-fuel

ratio becomes,

_ 3 x 4.764 x 28.85
st .1 x 28.8

= 14.292 .
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APPENDIX H
EQUIVALENCE RATIO

1. The Intake Equivalence Ratio Calculation

In the engine case, propane C3H8.was used ip;the prechamber,
isooctane 08H18.was used in the main chamber. However, ethylene

CZH4 was used in the simulation model calculation for simplicity.

i - For the consistency of the comparison, equivalence ratio has to be

converted from the engine data. For.the combustion of propane C3 g’

the stoichiometric reaction gives,

C3H8 + 502 + 5 x 3i764 N2 > 3CQ2 + 4H20 +5 x 3.764 N2 . (H.1)

The stoichiometric air-fuel ratio for propane is,

~,

x 4.764 x 28.96 _
x 12 + 8 x 1,008 1°-60 -

5
AF =
sFCBH8 3

7

. For the combustion -of isooctane C8H18’ the stoichiometric reaction

gives,

(Cgllyg + 12.50, +12.5 x 3.764 N, > 8C0

2 + 9H20 + 12.5 x 3.764 N2. (H.2)

‘s

The stoichiometric air-fuel ratio for isooctane is,

_12.5 x 4.764 x 28.96 _

StCSH18 8 x 12 + 18 x 1.008

AF

15.11 .

The total stoichiometric air-fuel ratio can be calculated by,

AF. _ = AF X FR + AF (1 - FR) .- (H.3)
ATst stC3H8 st08H18
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The.equivalence ratios of the prechamber, the main chamber, and the

total at the intake condition are calculated through,

AFstC3H8 . -
o] = —— . (H.4)
ip AFip _

AF
. _ StC8H18<

im AF,
Sim

AF

The air-fuel ratios for the simulation model at the intake condition

are then calculated through,

‘ AFstCZH4
Mip = T | ®-7

stC,H,

_ 274 .

A im = o | | (8.8)
. o |

, ‘AFstCZH4 :
. AF, = ———— | ‘ (2.9)
T QT

2. The Instantaneous Local Equivalence Ratio

Knowing that the stoichiometric reaction has the following form,

A+ 3B ~>4C ‘ (H.10)

and assuming the same average molecular weight for all thé substances,

the instantaneous combustion reaction equation can be written as,

(a+%)A+(b+§£9)B+C : | | (H.11)
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where a=¢€

1
b = 62
c = 63 - 630 .

The instantaneous local equivalence ratio is then obtained,

_ AFsr _ 3 x 4.764/1
1 AF; oy %9) (4.764)/(a + D)

[a + c/4
b + 3c/4

I}

3 ] . . (H.12)
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APPENDIX I

" GEOMETRY FUNCTIONS FOR DUAL CHAMBER SYSTEM

1. Prechamber

‘a).Cylindrical prechamber

i oi

A= A o | . (1.1)
AV = A Ax ‘ - (1.2)
dA . . .

i .
x| 0 . , - (1.3)
3A - .

i _ . - .
EC 0 _ , o 4 _ ‘ 4 (I.4)

b) Nozzle shaped orifice

(1) converging section

oi i th
Ai = Ap - Bl (Xi - xoi) : : (1.5)
| wvhen x, = xth Ai = Ath
A - Ath
| thus Bl = i . L
x - X .
| “th oi

e
oy, = f i+%[Ap - Bl(x, - x_,)]dx

Bx[B3 = BaCrpyy +x; )] -  (1.6)

>
i

= B3 -.B4(x (1.7)

14y T Xi—%)



where B3

It
2
.+
for
H
Mo
o)

i
_Bl
B4 = =
A, :
Ea
aAi .
t

) : . . -
(2) diverging'section

Ai = Ath exp[BZ(xi - gth)]

-when xi = xoo+% A= Aob+%

1n (A /A_)
thus B2 = ( 00+? th)
’ Kootk Xth
14 '
AVi'= x Ath exp[BZ(xi - xth)]dx
i-% . e

+ BS[exp(BZXi+%)—exp(B2xi_%)]

.

L | Ath
where 35 =37 exp (-B2 Xth)
Ay = AV, /Bx
BAi : : ’
7¥:~= thB2 exp[BZ(xi _.xth)]
BAi o
ot

(3) three connecting cells

(a) the orifice inlet
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(1.8)

(1.9)

(1.10)

(1.11)

(1.12)

(I.13)

(I.14)



>
]

>
<
il

JA
ax oi
A

3? oi

(b) the

Avth =

th

A
X

th

LY R
at|th

(c) the

oo-%

oot

00

AV
00

3A
9X |oo

1]

xoi

%[Ap + B3 - Ba(xqi+% + Xoi)]

AoiAx

-LB1

throat

Xth

Bax[B3 - B4(xy, + Xy 1))
B5[exp(B2xth+%)—exp(Bthh)]

AVth/Ax

orifice outlet

X
00

B5[exp(BZxoo)Qexp(BZXOO_%)]/%Ax

Dy ot (Boony, + 1)

L + '
?(Aoo—% Aoo+%)

AOOAX

Aoo+% - Aoo—%

Ax
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(1.15)

(I.16)
(1.17)

(1.18)

' (1.19)

(1.20)
(1.21)

(1.22)

' (1.23)

(1.24)

(1.25)

- (1.26)

(1.27)
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Y . '
3t|oo %Doo+% ot . ' : ' (1.28)

yhere Doo%% D (xoo+%)

Hoo+35 = H (xoo+%)

" 2. Main Chamber

X, > X

i oo
y = a + bx
when x = X y = C21 . Cll =.a+ bx1
- when x = X, y = C22 C22 =a+ bx2
C21x2 - szxl
a= —
S|
cL, - C2
b = 1 — 2
X Xy
y = [(Ce;x, - cz x)=(C) = CR)xl/(xy = %) (1.29) -
H(x) = 2y = (XZ — xl) [(Cll,lx2 Clle) (CQ,l 24022)x] ‘ (I.30)
D(x) = 2 /(x - x) (x, - %) : ' 4 - (1.31)
R02
y(t) = RC(1 - cosO) + (1 c0s20) - (1.32)
it 2. _ ‘ '
A DT oy (e - crp : (1.33) |
2 1 . : .
i (x2 - 2x + xl) .
i : (1.34)
TE-xE, - )
x = %) (x, = x
& RCw(s1nO + 2L sinZO) : o (I.35)
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AG,) = DEOMHG) + y(©)] | T (136
f}f; b & 4 (oo + y0] L }' @

dA _ o o
i D( ) - A N (1.38)
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APPENDIX J

MIXING MODEL

1. Definition And Assumption

a) General definitions

mtp ‘ ap' fp

mt:m = mam + mfm
m . =m +m

at ~ap an
My = Bep ¥ Bep

B = mtp + Pem T Mat + Tee = map + mfp + 1]Alam + fm
“p __ Tfp - _ 1
m_ . m +n 1 + AF

tp ap fp P
mfm _ mfm - 1

tm mam.+ mfm 1 + AF
m m - AF

ap _ ap _ P
m m + m 1 + AF

tp ap fp P

PR
m AF
am _ am _ m
tm  Dam + me .1 + AFm
m
FR = e m = m, FR
m tp t
t .
mtm
1 - ER = —t L mt(l - FR)

b) Special definitions and assumptions

(1) assutﬁing equal density in both chambers
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‘mass through the P.C. intake value = m_ FR

t .

op t

\Y
" mass to fill the P.C. = p V_=nm VE
T

. A
mass of the P.C. overflow into the M.C. = mt(FR - VE)
T

percentage of the P.C. intake mass overflow into the M.C.,

vp Vp
X—mt(FR—W)_FR—v-T— 11
T m, FR ©  .FR (3.1)

(2) assuming two zones, ml and m2, in the M.C., where ml is the
lean zone in which mixing never occurs, m2 is the inter-
mediate zone which has perfect mixing effect with the over-

flow from the P.C. The mixing percentage is defined as,

m2

ol Fm2 (3.2

PM2

(3) assuming certain percentage mass of the M.C. flowing back
into the P.C. during compression period. According to

Hires' derivation (1975),

vV - Vv V
Y='(T s)p.
vV - V.V *

T P s

(J3.3)

(4) assuming m2 being the portion that flows back into the P.C.
during compression, ml stays constant, the mixing percentage

changes;
|2
m2¢ = m (1 - VE)P¢M2°
T

-

v Os

2 - P
m2,3, = m (1 - 3 Y AY
T 0,
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0
: \Y s
= m2 - = - B -
m2g = w2, - m2,3 m, (1 VT) (P9M2 e{ AY)

PsM2 (J.4)

PoM2 (J.S)

il
g
)
8
+
~
>
<

Air-Fuel Ratio Estimation

~a) Overall air-fuel ratio

n AF, AF,

: m

: = = _ap _am-’_ __ip

mat map t mam mtp m + mtm m 'thR 1+AF, _Fm (A-FRYT3aF
: o tp tm ip

im
l+AF

= —_—t
fp + Mem tp m p + mtm m thR 1+AF. m (1- FR)

B
1
=S

|

ft 1+AF

AF, AF

oy ip _im
m, FR T7ar 1p + (1-FR) THAF__ _
AFt “h = 1 1 (3.6)
ft FR ———— + (1~ FR)—]—:‘EF_— .

ip

- By manipulation, solving for AFim’ one obtains,

AF, FR(AF, +1) - AF_(1+AF, .
| AF, FR(AF +1) - AF, (1447, ) | o
im FR(AFt+l) - (1+AFip) ‘ et

" b) Air-fuel ratio at BDC

AF¢mi = AFim ' : - (J.8)

AF AF,

__im _ip
1+AF P¢M2 + FR X]

m2 , = mt[(l—FR) 1747
~ip

a¢

X



1 .. L
= - — R ———
m2f¢ mt[(l FR) 1947 PoM2 + ¥R T5AF X]
im ip
Afim : AFip
: - PoM2
m2 [(A-FR) gozF - POMZ + FR 3 X]
AF - ap _ im o ip
¢m2 m2 _ 1 PéM2 1
fo [Q-FR) 75— POM2 + FR o5— X]
im - ip
AF = AF, o (1-P2) + AF, o (P$M2)
AF = AF,
¢p ip
¢) Air-fuel ratio at spark
AFsml ='AFd)ml - AFim
AFst - AF¢m2
XR 'AF¢m2 |
Am2,3. =m (1 - <B) =—202 ,y
gs t VT ;+AF¢m2
e
s .
masp = ma¢p + z Am2,3as
e
¢
v, A O v AFMé
=m - + ) om (1 - P ot AY
't V., THAF, 0, t vy THF
2 ip Vp | AF<1>m2 k
=m [=——"+ (I-FFH) ——"— Z AY]
t VT l+1§Fip VT l+AF¢m2 O¢
| 0
\Y A s
=g 2 __1 Py 1
Prsp - Mt v, TRAF Q-5 TiEE L AY]

T ¢m2 O
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J.9)



: 6]
A AF \'J AF s
p ip __P ~ ¢m2
- Tar, t O - 7)) T5aF L AY]
T T ¢m2 0O
, _ _asp )
AFs B - C]
. 8P fsp Vp 1 Vp 1 S
£ + @1 - ] AY]
V., LHAF, V. L+AF sm2 %
Residual Estimation
a) Overall products
3 3 . 3
A +-$— (B + 3.764D) 65— - 3) B+ 4C + . 3.764D

T A » T . T

no= (- 3) + 4+ x 3.764

P T 2
)
f oo T
2 n
: P
_ 4
f3 " n
P

" b) Mixing model

at TDC

Vﬁ
f =f =
P T Vc
fm = fT - fp

134

(J.14)

assuming the residual perfectly mixed with the intake fresh change

in both the P.C. and the M.C. .

mp = m + mp




"Rp _
mt + me + mRm m

By solving the equations, one obtains,

me = Clmt

e = Cth

!
’
k=

where Cl1 =

C2 = — )
"The total mass in the engine becomes,

m, = m +mg, + mpy = (L#+CL+C2) my

4, Mass Fraction Estimation

2
&
4

=

Al

a) Mass fraction of residuals

135

(J.15)

(3.16) 

(J.l?)

|"m,FR ’

'3
L

(1) at TDC

ip = m.FR + mf. :
P T Ur%p

(1 +cl+ c2)f
FR + (1 + CL + CO)E

ef = vafm
im mt(l - FR) + mTfm

(L +CL + C2)f_
ST -FR) + (L +CL+COE

(J.18)

(J.19)
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m¢ FR(I-x)
(2) at BDC o o mfex
mfp(l=x)
ol
mTfp(l _ X) . m, FRx
ey = mFR(I < X) + mf (1T - X)
T'm
(1 +cl+enf | | ™ (=FR)
TFRE (@ FCLFCNE, efip : (J.20)
e ) @IEPX‘+ mTfm
¢m mTfm +-mTpr + mt(l—FR) + thRX
(1 +ClL+C2)(F_ + £X) - :
= o__p (3.21)
T+ CL+CD(f, + £X + (I~ FR + FRX) y

Assuming the mass fraction of the residuals in both the P.C. and

the M.C. are uniform at all the time i.e.,

b)

efip = Efim (J.22)
cf = ef. 1 J.23
Sop T Tom ( )
;fsp = efsm . (J.24)

Mass fraction of species

(1) at BDC

.

: mR¢p = me (L - X) =.Cl(1 - X)mt

mR¢m = mpo + meX = (C2 ﬁ C1X)mt



-~ fép

a¢p

tép

mT¢p

féom

aém

t¢m

m‘I'qam

Let f

,’.

\Y

= mt.cbp +°mR¢p = I'nt[v—p + C1(1-X)]

= mtq)m + mR¢>m

op

om

T

AR AF;
+ FR —=2— X]

1+AF, 1+AF

im ip

m [1 - FR + FRX]

m_[1 - FR + FRX + C2 + CIX]

c1 (1 - X)
C2 + CIX

1+ Cl+C2
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Vv
L +c1@-3

G =
“Tép VT
GT¢M=.1—FR“+‘FRX+C2+CIX
. _ "fép Vp. 1 '
€1¢P = ET—d); V—,; 14AF /GT(bp (J.ZS)
m, /4.764+m,, f AF,
- _a¢p R¢P 2 _ _ip
€2¢p mT¢p [V 1+AF ./4 764 + f¢ fZ]/GT¢p (J.26)
e _ TRop’3 _ £, £,/0, (3.27)
3¢p - Drop ¢p 3" "T¢p :
€5¢p =1 - el¢p - €2¢p - €3¢p (J.28)
€ = —mfﬂ“z— = [(1-FR) 1 P¢M2 + FR 1 X1/G... P¢M2
1¢m2 P¢M2 1+AF. 1+4AF, Tém
mT¢m im ip
(J.29)
_ . n ¢m2/4.764 + n1R¢mf2P¢M2
2¢m2 mT¢mP¢M2
AF, AF, .
= {[(1~FR) 55— POM2 + FR =P X]/4.764
: im T ip
4+ f om 2P¢M2}/G P¢M2 (J.30)
£ P¢M2
€y 2=IIL—R51'!'[L——f £4/6y, (J.31)
gm2. M ¢mP¢M2 ¢ 3 \ /
€som2 ~ T T Clom2 T €2¢m2 T 3¢m2 (J.32)
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m,. . =q _tm fm (1 - P¢M2) = m_ (1 - FR) = (1 - PoM2)
foml t moom t 1+AFim 4
m - —tn "an (1 - P¢M2) = m_ (L - FR im g 2
apml "t moom ¢ =m (1 - FR) L+AF, (1 - PoM2)
m R
_ féml _ . 1
“1¢m1 ~ T o (LPOH2) @ - FR) THAF /G pm (J3.33)
_ ) ma¢m1/4.764 + mR¢mf2 (1 - P¢M2)
2¢ml Tpgm (L - POH2)
AF, '
= [(1 - FR) T;K%E—/4.764 * £nf2)/Cpyn ‘o (3.34)
T im X
 Mpgpfa(l - ROM2) : -
€3¢m1 " My g (L - POH2) £ onf3/Crom R (3.35)
€ =1 (J.36)

5¢éml T f14ml T %2¢ml T €3¢ml

(2) at spark

"Rop _ op
Brep CTop
- PRem _ Fom ’
mchm GT¢m
. v f
mRsm.= pS(.Vm + Vds) mR¢m = mt a- VP—) G = :

¢m _ Ts T¢m

niRT=me+mRm= (C1 + c2) m
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f

v
, $m
- - = [CL +C2- (1 -<L) Im
"Rsp ~ "RT ~ "Rsm Vs Crom

t

5
g
|
G
h
[7)]
el
+
oo
w
o)
+
B
o]
wn
o

' v. % v £,
n [+ 0 -B Jav+a+c-a-g) A
A T e¢ _ Ts T¢m

0 ) v £
. V S m
i ) P AY) + (1 - =B ]
rem = U T Ppgp = m [(1 - v;)(l - g | Vs GT¢m
¢

Vo
ClL+ C2 - (1 - VJL)-E——-
Ts Tém

&=
1]
t
Hh
n
o
[

v - f
fsm = (1 - VJL) EjEL
. Ts Tém

S f

. v
BY + €L +C2 - (1-32) ;;QEL
' Ts T¢m

+ (1,—-V—p)
T

v A f
a - VR)(I - AY) + (1 - VlL) EAEE
T e¢ : Ts T¢m

g?
¢
%%
)

q)'
1]

0
A s |
top T w2 Tt - D) s L e/
sp o mp Yy ip T T m2 @, P

(J.37)
] 4

maSp/4'764 * mRSsz
2sp stp

e Map oy om2 :
= ([ —2B 4 1 - —2 ] AY]/4.764 +<fspf2}/GTSp

V.. 1+AF, vV 1+AF
20
T ip T L (J.38)
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f .

3sp e RN | (3.39)°
sp stp sp 3" Ts :

€5sp 1- ®1sp ~ %2sp T € (J.40)

v
1
m =m (1 -32) pem2
fom2 ~ Tt V. L+AF,
V .
¢m2
m =m (1 - —B) P¢M2
a¢m2 t VT 1+AF(1>mz
0
s
Masm2 maq>m2 N Z Amasm2,3
0
L
A "AF GS
=m, (1 - —‘;P—) H—Ag—— [P¢M2 - § AY]
T ¢m2 0 :
¢
Vp 1 ' G)s
Beom2 = B¢ (1 T Toar, (P42 - LAY
T ¢m2 0
¢
' . @ .
m \) s .
_ fsm2 _ __P 1 . _ '
Slem2 “a pez - L7V TeAr o [PM2 - ) AY)/Gp PsM2  (3.41)
Tsm T $m2 0,
_ ) mem 2/4 764 + M em f PsM2
2sm2 MTsmPsMZ
v AT 8 |
= {1 - VT) m[PdJMZ -— @z AY]/4.764+fsmf2PSM2}/GTSmPSM2
- ¢ _ (J.42)
nLRsmf3PsM2 ‘
€3sm2 ~ mo, PSM2 fsmf3/GTsm (3.43)
. sm :
(J.44)

€5sm2 1- Elst - €2Sm2 - s35m2




egsml =1- elsml - eZSml - €33m

Yy 1
=m (1‘— v ) (1 - PsM2)

B sm1 1+4AF,

Ts im

' VE Ayim

Masml ~ M¢ a- \) ) 1+AF, (1 - PsM2)

Ts im

m \'4
e - fsml = - E) 1 /G
1sml m, (1 - PsM2) \' 1+AF, Tsm
sm Ts im

0oy /4:764 + mo £, (1 - PsM2)

om (1 - PsM2)

€2sm1 . n

\

(a-<2
VTs

im

IIKF;; /4.764 + fsmfZ]/GTsm

£,(1 - PsM2)
_ ?Rsm 2 -f £/

€3sml m, (1 - Psi2) sm 3/ “Tsm
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(J.45)

(J.46)

J.47)
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APPENDIX K
DESCRIPTION AND LISTING OF COMPUTER PROGRAM

1. Main Program

Originally, there was a long main program. When the model became

. more complex, all the.sections wﬁich have a specific routine task

were programmed into subroutines; Then, the main program had a compact -
form and became more distinctive and understandable. The flow chart

of the main program is illustrated on Figure 43.

2., Subroutines

a) INI

This is the initialization subroutine for the model. All the
iﬂitial values are calculated and assigned. All the constant values

are calculated in this subroutine.

b) MIX
This is the subroutine for the species mixing betwegn the fresh
charge and tﬁé residuals, the rich mixtﬁre in the prechamber and the
lean mixture in the main chamber. All the air-fuel ratios and the

concentration of the species of the three mixing zones are calculated

for at the time of spark.

¢c) GOM

This ié the geometry functions subroutine. The spatial locations,
the croés sectipnfareas, the pe?imeters, the area derivatives, the
individual cell volumes, and the total volume are all calculated in

- this subroutine.




INPUT DATA

INITIALIZATION

!

GEOMETRY CALCULATION

?

SPARK IGNITION

!

CALCULATE INITIAL
AVERAGE VALUES

\ pR'NTAT_T'/Z_Q FROM DISK

ISTEP = ISTEP +|

ZIMFB 2 0.99

NUMERICAL INTEGRATIONS

NO

DCA > CAPT
: YES '

CALCULATE INTERMEDIATE
AVERAGE VALUES

PRINTAT 1,

Figure 43. Simulation Model Main Computer Program Flow Chart

STORE DATA ON DISK

INPUT INTERMEDIATE DATD
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d) SPK

This is thé subroutine simulating the spark ignition. The
ignition temperature is estimated through enérgy balance equétioﬁ.
After the Spark location is defined, A Gaussian temperature profile
is assigned in the vicinity of the spark. The proper species con-
centration profiles are also estimated according to the temperature
profile. The ignition is thus éstablished. The detailed theory is

given in Appendix D.

e) SUM

This is the subroutine for calculating the instantaneous mean
values in the dual chamber system. First it sums up all the local
numerical quantities of é specific variable in.each chamber. The
averége Valqe of that variable in each chamber is then calculated
by dividing the summation over the number of grid points in each
chamber. The mass fraction burned and the average values of the
pressure, the equivalence fatio, and the species concentration can
be obtained at any time when the subroutine is called. The detail
of the local equivalence ratio calculation is givén in Appendix H2.
The detail of tﬁé mass-fraction burned calculation appears in

Appendix I. 4

f) PRC

This is_the output subroutine for all the constant parameters.
The constant parameters are cléssified‘as the geometrical parameters,
thé operating parémeters, the thermalbparameters, and thé numerical

i
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parameters. By this way, output formats can be separated from the

main program.

g) PRV

This is the output subroutine for all the variable parameters.
Any pgfameter which is a function of éither space or time'beloﬁgs to
tﬁis categbry. The intermediate values of all the variables can be
printed out at any time when this subroutine is called. The frequency
of the output is controlled by an input parameter of crank angle
interval. Since both PRC and PRV have the same structure and data
slock, two programs are combined into one single subroutine by a
"multiple entries feature. PRC is the main subprogram; PRV is

associated to it by an entry point.

h) INT
This is the subroutine for numerical integratiﬁn. The MacCormack
‘predictor—corréctor scheme is programed into this subroutine. It can
be easily substituted by any other standard numerical integration

technique.

i) DER

This.is the subroutine for derivatives. All the spatial
‘derivatives and the temporal derivatives are included in this sub-
routine. Again, it can be easilf modified by changing the equations

to simulate different systems..
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j) ™™P -
This is the subroutine for thermal properties calculation. The
mean gas temperature of the system, the specific heats, and the overall

heat transfer coefficient are calculated through this subroutine.

k) TID
This is the subroutine for the turbulent diffusivity model. The

turbulent diffusivity is calculated by this subroutine.

1) TSC
This is the subroutine for restricted time step control. The
feature and the purpose of the restricted time step control has been

discussed in section C2b) of Chapter IV.

m) BOD
This is the subroutine for the boundary conditions. It is easily
changed for any modification of the boundary conditions for different

problems.

- 3. Subfunctions

a) FX(W) .

This is the subfunction for spatial location calculation. Any

b

integer grid point can be transferred into exact spatial location

through this function.
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NSTRT

DELT = MAX TIME

o

U= Jd 4|
T
BUFF = 0.0l ————
151/84

NO

ves [

S
DELT= BUFF

@ -
_/ez\hlo
5 0 Y} ;
YES

Al ' €2 €
BUFF=0.70,——, = —~ : 3
13€,/31 BUFF=070 13¢5/ 81l BUFF=0.70 Bey/ 3t

= BUFF

DELT= BUFF

DELT=1x10"7

DELT = 1x10~7

Figure 44. Restricted Time Step Size Control Program Flow Chart
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b) FD(W)
This Is the subfunction for the chord length calculation. The
chord length of the main chamber at any location is calculated through

this function. .

c) FH(W)
This is the subfunction for the clearance height calculations.
The clearance height at any location in the main chamber can be .

obtained through this function.

f

4. Common Data Block

Common blocksAhave been used for communicating the specific data
between the main program and the subroutines or bétweeh the subroutines.
Through the common blocks, not only it'can share. the memory space among
the programs, but also eliminate the parameter list in the SUBROUTINE
and the CALL statements. All the §ata which is in the common blocks

can be initialized in this common data block.
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5. Computer FORTRAN Names

A . area .
AFIM ‘M.C. intake A/F
AFIP  P.C. intake A/F
AFIT  total intake A/F
AFSM1  A/F of M.C. lean zone at spark time
AFSM2  A/F of M.C. intermediate zone at spark time
AFSP A/F of P.C. at spark time
AFST total A/F at spark time
AFSTM stoichiometric A/F for Cgl,g in M.C.
AFSTP  stoichiometric A/F for'c3H8 in P.C.
AFSTT overall stoichiometric A/F
" AFSM  M.C. A/F at BDC

AFOMI  A/F of M.C. lean zone at BDC

AF®M2 A/F of M.C. intermediate zone at BDC

AL" turbulent diffusivity

ALU derivative of turbulent diffusivity with respect to the
. velocity, %%1

ALO initial turbulent diffusivity

AM stoichiometfic-coefficient of fuel

AMW average molecular weight

ANG ' crank. angle in‘'radian

AOMR stoichiometric mole fraction for air

- AOOM cross section area at'Xoo_%_

AOOP cross section area at X
, oo+




{
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AP cross section area of P.C.

APS piston area

AREN chemiéal kinetics for the combustion

ARENO chemical kinetics for‘NO

'AT time derivaﬁive of area function, %E

ATDA" %— —g%

ATDVP ratio of throat area to P.C. volume, Ath/Vp

ATH orifice throat area

AX spatial derivative of area function, %ﬁ

won 12

VAO, Al, A2 constant coefficients for specific heat'function
BA - variable in energy equation

BB variable in energy equation

BBM stoichiometric mole fraction of oxygen for C8H18
BBP stoichiometric mole fraction of oxygen for CBHé
BC variable in chemical kinetic equation

BD variable in energy equation

BM stoichiometric coefficient of oxygen

BOD subroutine for boundary values

BORE bore size

ﬁSQ square of the bbre size

BSY function of bore size

"BUF maximum time step size uﬁder control

Bl, B2, B3, B4, B5 constant coefficients for geometry functions
CA crank angle in degree



CAPT
CAR
CAST
CL
CLL

CLR

CoI
00
cP
CR
s
CSP -
CT
CTH
cv
c1,02,c3
D
DAH
DAM
DCA
DCL
DCX
DEG

DELT
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crank angle durétion.for output
reference crank angle -
crank angle for data storage
average M.C. clearanée .
maximum M.C. clearance
minimum M.C. clearance
stoichiometric coefficient of product
node location of orifice inlet in real number.
node location of orifice‘outlet in real number
specific heat at constant ﬁressure
compression ratio
constant coefficient for turbulent model
node location of spark in . real number
derivative of specific heat with respect to temper;ture, %%
node location of tﬁroat in real number
specifié heat at constant volume

constant coefficients for resiaual fractions
M.C. chord
variable in spark temperatufeAcalculation
variable in spark temperature calculation
crank angle difference
clearanée difference
clearance function

conversion factor from radian to degree

time step size



DELTA
DELX
DER

. DE1
DEIDT
DE2
DE2DT
DE2H
DE2M

'DE3
DIAP
DIAT
DLTMAX
DLTMIN
DLXHF
DLXSQ

DM

DOOP

DPP

DT

DV

DVP

DVR

DX

EDR
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standard deviation for Gadussian distribution function
spatial grid size |

Subroutine for the derivati?é equations

function of fuel consumption

proportional function for fuel in the ignition model
function of oxygen consumption

proportional function for oxygen in the ignition model

mass fraction of oxygen consumed at peak spark temperature

mass fraction of oxygen consumed at middle spark temperature

function of product formation

diameter of P.C.

diameter of throat
maximum time step
minimum time step
LAX

AX2
differential mass
D(-Xoo+55) .

peak pressure difference between firing and motoring
Gaussian distribution funétion for temperature profile

differential volume

differential volume in P.C.

"VSR/VTR

spatial derivative of D function, %3

ratio of activation energy to universal gas constant, E/Ro
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EMIN minimum value for the species mass fraction

ENER1, ENER2, ENER3, ENER4 - lumped terms used in the energy equation

EPC maximum percentage of species consumption
El mass fraction of fuel
E1F predicted El at t + At
E1lS . El at spark time
E1SM1 El of M.C. lean zone at spark time
E1SM2 El of M.C. intermediate zone at spark time )
E1SP El of P.C. at spark time
ael
E1T . time derivative of El, e
, . del
E1X spatial derivative of El,j;:
. 2 .
E1XX second spatial derivative of El, 3 i}i
: 39X .

E1oM1 El of M.C. lean zone at BDC
E16M2 El of M.C. intermediate zone at BDC
E10P El of P.C. at BDC
E2 mass fraction of oxygen
E2F predicted E2 at t + At
E2S E2 at spark time
E2S5M1 E2 of M.C. lean zone at spark time
E2SM2 E2 of M.C. intermediate zone at spark time
E2SP E2 of P.C. at spark time

. e 3e2
E2T time derivative of E2,—§E—

s . . de2
E2X spatial derivative of E2, 7;?

’ 2

E2XX second spatial derivative of E2, inif

E28M1 E2 of M.C. lean zone at BDC




.E2¢M2
E2¢P
E3
E3F
E3SM1
‘E3SM2
E3sP
E3T
E3X
E3XX

E30

E3¢M2
E30P
E4
E4F
E4T
E4X
E4XX
E5
ESF
E5SM1
E5SM2

E5SP

E3oM1

’ E5¢M1.
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E2 of M.C. intermediate zone at BDC

E2 of P.C. at BDC

mass fraction of product

predicfed E3 ét t + At

E3 of MTC' lean zone at spark time

E3 of M.C. intermediate zone at spark time
E3 of f.C. a£ spark time

timetderivative of E3, 33

ot
spatial derivative of E3, %i%
2
" ssecond spatial derivative of E3, 3 i;
9x

initial E3

E3 of M.C. lean éone at -BDC

E3 of M.C. intermediate zone at BDC
E3 of P.C. at BDC

ﬁass fraction of nitric monoxide

predicted E4 at t + At

time derivative of E4, %ﬁ?
. . . aeh.
spatial derivative of E4, o
‘ 2
second spatial derivative of E4, é—%é
' 3x

mass fractibn of nitrogen
predicted E5 at t + At -

E5 of M;Cf lean zone

E5 of M.C. intermédiate zone
E5 of P.C. at spark time’

E5 of M.C. lean zone at BDC



E5¢M2 .

E5¢P

FD(W)

FH(W) -

FODPI
FOTPI

FOUR

Fp
FR
FRMVPT
FRT
FSM
FSP .
FT
FTo
FX(W)
FoM
FoP
F2

F3

GOM

GR

GTSM
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E5 of M.C. intermediate zone at BDC
E5 of P.C. at BTC

function of M.C. cﬂordA

function of M.C. clearance

M.C. residual fraction

4w

4w

four

M.C. residual fraction

P.C. residual fraction

P.C. intéke mass flow ratio

FR - VP/VIT

total intake mass flow rate
residual fraction in M.C. at spark time
residual fraction in P.C. at spark time
total residual fraction

total residual fraction ét BDC
function of spatial location
residual fraction in M.C. at BDC
residual fraction in P.C. at BDC
residuai fraction of oxygen
residual fraction of product
subroutine of geometry function
gravity corstant, gc

total mass fraction in M.C,'at spark time



GTSP
CT¢
GToM

GT¢P

HALF
HOOP
HPY
HR .
HT

HX -

INI
INT
IP1

ISTEP

JB .

JBM1

JP1l
- JSPL

JSPR

CH(X

total mass fraction in P.C. at spark. time’

total mass fraction at BDC

total mass fraction in M.C. at BDC
total mass fraction in.P.C. at BDC
clearance in M.C.

one half

oo+%). .

H+Y

ﬁeat of reaétion

heat transfer coefficient

spatial derivative of H function,%g
internal grid poinf

subroutine for initiatization
subroutine for numerical integration
I+ 1>

counter for the integration steps
grid point |

K+1

JB -1

J-1 . E .
I+1 | |

left sidé grid points.from the spark
right side grid p;ints from the spark

code number for grid size control
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K1

K2

K3

K4

MARM1

MARM2

MWFP
M2

M2P1

NM1
NM2

NOI
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code with values of 1,2,3,4 to indicate the restrictive
time step control due to fuel, oxygen, product and
temperature respectively

code to indicate grid point where the restricted time
step applies \

code for transfer control

percentage of heat transfer

mass fraction of aif in main chamber

mass fraction of air in M.C. lean zone

mass fraction of air in M.C. intermediate zone

- mass fraction of air in P.C.

mass fraction of fuel in M.C.

mass fraction of éuel in M.C. lean zone

mass fraction of fuel in M.C. intermediate zone
mass fraction of fuel in P.C.

molecular weight of air

molécular weight of C8H18

molecular weight of/C3H8

dividing node bétween intermediate zone and lean zone
M2 ; 1

numbef of grid ﬁoints

number of grid points in M.C.

N-1

N-2

node location. of orifice inlet



NOO
NOOM1
NOOP1
NP

NSP
NTH
OMEGA
ONE
ONEMFR
ONEMO
ONEMPS
ONEMP¢
OXBH
OXBM

032

PER
'PERP
PERT
PF
PH
PHIM
PHIP
PHIT

PHM
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node iocation of orifice ogtlet
NOO - 1

NOO + 1

number of grid points in P.C.
node location of spark

node location of throat -

angular frequency

one
1 - FR
1 -~ 032
1 - PSM2
1 - PeM2

percentagé of oxygen consumption at peak ignition temperature
percentage éf oxygen consumption at middle ignition temperature
overflow form P.C. to M.C.

gas pressure

perimeter of the cross section area

perimeter of P.C.

perimeter of throaf

predicted P at t + At

equivalence ratio

intake equivalence ratio of M.C.

intake equivalencé ratio of P.C.

total intake equivalence ratio

equivalence ratio of M.C.
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PHP equivalence ratio of P.C.
~ PHSM | equivalence ratio of M.C. at spark timeé
PHSM1 equivalence ratio of M.C. lean zone
PHSM2 equivalence ratio of M.C. intermediate zone
PHSP equivalence ratio of P.C. at spark time
PHT- total equivalence ratio |
PHOM equivalence ratio of M.C. at BDC
PHOM1 equivalencé ratio éf M.C. lean zone at BDC
PHOIM2 equivalence ratio of M.C. intermediate zone at BDC
-PHOP°© - equivalence ratio of P.C. at BDC
PI ' om
‘PM. M.C. mean pressure’
PP P.C. mean pressure
~ PRC subroutine for constant output
‘PRV subrOu;ineAfor variable output
o PS ' pressure at spark time
PSM2 percentage mixing at spark time'
_PSY mean pressure qf the system
PTT total residuals
PX spatial derivative of gas pressure.
f@MZ , percentage mixing at BDC
P2T ' residual of oxygeﬁ
P3T fesidual of produét
P5T . residual of nitrogen

RAD conversion factor from angle to radian




RC

RO

ROF

ROS -

ROT
ROX

RPM

R23

SDE3
SDE3M
SDE3P
SE1
SE1M
SE1P
SE2
SE2M
SE2P
SM1
SM10
SM2
SM3
SM4&

SM5 .

crank arm length
gas density

predicted RO at t + At

RO at spark temperature

time derivative of RO, %%
3

spatial derivative of RO, N

engine speed, rpm

universal gas constant

feéerse—flow from M.C. to P.C.

stroke

summation of E3
summation of E3 in M.C.
summation of E3 in P.C.
summétion of ﬁl
summation of E1 in M.C.
summation of El1 in P.C.
summation of E2
suﬁmation of E2 in M.C.
summation of E2 in P.C.

total mass‘of fuel

.initial mass of fuel

total mass of oxygen

total mass of product

'total mass of NO

total mass of nitrogen
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SMT. - total mass in the system
SMTM - total mass in M.C.
SMTP total mass in P.C.
SMTO initial total mass
SMT1 total mass in M.C. lean zone
SMT2 - total mass in M.C. intermediate zone
S00 slope at orifice outlet
SP summation of pressure
SPK subroutine for ignition
SPM summation of pressure in M.C.
SPP summation of pressure in P.C.
SRT square root of ‘mean temperature
SUM subroutine for average Value.calculatipn

SUMA23 mass of air flows back into the P.C.
SUMF23  mass of fuel flows back into the P.C.

SUMM23 total ﬁass flows back into the P.C.

s1 characteristic length for the turbulent model

T - gas temperature |

TF predicted T at t + At

TH A temperature difference of peak spark temperature from

.inital temperature

THREE three

¢
. TIME current time ,
TIMSC spark time in crank angle

TIMSR spark time in radian
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™ . - temperature difference of middle spark temperature from

initial temperature

T™P subroutine for thermal properties
TNP total moles of thé mixture
TPC maximum percentage of temperature change
TS temperature at spark time /
TSC subroutine for time step control
TSH peak spark temperature
TSM) middle spark temperature
TSY mean temperature in.the syétem
TT time derivative of T,-%%'
" TTD subroutine for‘turbﬁlent diffusivity
™ wall temperature
TWO two
TWOANG 2@
TWODB 2/B
TWOD3 2/3
X spatial derivative of T, %% _
TXX second.spatial derivative of T, gigl
. x" , ’
U gas velocity
UF predicted U at t + At
UP piston speed
UPN normalized pistonAspeed'
UPR refefence piston speed

Us gas velocity at spark time




Usy

UxX

Vo
VP

VPA

VPDVC
VPDVTS
VPDVTT
VSR
vr
VTR
VIS
VTT
VITMVP

wC
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mean velocity in the system

time derivative of U, %%

U -

ax

32U
2

spatial derivative of U,

second spétial derivative of U,
9x

volume

combustion chamber volume

engine diéplacement

M.C. Qolume

summation of M.C. volume

orifice volume

P.C. volume

estimated P.C. volume

estimated P.C.ivolume

ratio of P.C. volume to total combustion chamber volume, VP/VC

VP/VTS

VP/VTT.

1 _ VP/VTS

total volume

1 - VP)VTT

total volume at spark time

total volume

VIT - VP

function of gas velocity due to combustion

function of engine sbeed

spatial location



- =7

XIM

XJp

XLC

XLO

X0I

X00

X00M

X00P

XPO

XSP

XTH

YT
Y1

Y2

ZERO

ZMFB

total spatial length of the dual chamber system
sﬁatial length of the orifice
connecting rod leﬂgth

spatial location of orifice inlet
spatial location of orifice outlet
Xoo - %

Xoo + %

spatial variable in geometfy function
spatial location of .spark

spatial location of throat

piston travel distance from TDC

time derivative of Y, %%
séecific ﬁeat of initial temperature

specific heat of sﬁark.temperature
preexponentiél constant for chemical kinetics

zero

mass fraction burned
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6. List pf ComputerfPrograms

c..‘t‘““tt‘t‘t.‘tt&‘ttt‘tt‘t““‘t‘t‘t“t‘ttttt‘tit*t“*“‘tt‘tttt##‘t‘tt.‘.‘.

C COMBUSTION MODEL MAIN PROGRAM : =
c.#‘ttt“ttttt't*t##tt##t##tt#tt#&ttt#tttttt#&tt#ttttttvtt‘tt#tttti‘ttttt#“gt‘.
. INPLICIT REAL*8(A-1,0-2) :
COMHON /BLCTL/Z ERO,HALF,CNE, TWO, THREE,POUR,PI,TINSC,TINE,CA,
RPN,CR,VD,THODB,PHIP,PHIH,PHIT,PHT,FT,FP.FH,GR,FRT,
PR, RR,HR,Z,EDR,AFST,POM2,PSM2,ISTEP,M2,N,KY,
NM1,N42,NP,Nd, NSP, NOL, NTH , NOO,NOOM 1,NOOP1,K,K1,K2,K3
COMMON /BLINI/US, TS, PS,PHOP, PHCH2,PH M1, FHSP, PISH2,PHSM ,PHSH, B
E1se,=225P,E35pP,255P,E1S82,E2542,E3542,E5512,E1541,
E2SM1,E3SM1,E5SM1, AFIP, AFIT
comHow® s/BLGOM/XLC,XOI,X00,CL,DCL,CLL,CLR,S,RC,XLB,DIAT,DIAP, AP,
ATH,APS, PERP, PERT, XPO,XLO, VP, V¥, VC,DVP,VPDVC,ATDVP,
B1, 52 53 B4,B5,DLXHF,XTH,DO0P,HO0P,S500,A00M,DCX, HX o
xse, OHFGA TINSR,POTPI,DZG,VT,VTS,BORE
COMMON /BLSPK/TSH,TSM,E15,E25,DAH, DAr TNP ~
CoMMON /DLSUM/PP,Pﬂ,snr,sul,snz,sna,snu,sns.snro,sa1o,zuFB,PuP,PHu
COMMON /BLDZR/AMW,PSY,TW,USY,BSY,UPN,CS,S1,DELX,DLXSQ,HT,TSY
COMMON /BLTSC/TPC,EPC,EMIN,DELT,DLTMIN,DLYTMAX
DIMENSION RO{101),U(101),T(101),P{101),E1{101),BE2{101),E3(101),
E4 {101) ,E5(101) ,PH[101) ,E30(101) ,ROP[101),UF {101),
TF (101) ,PP{101) ,E¥F{101) ,E2F{101) ,E3F (1G1) ,E4P [101),
ESF{121) ,ROT {10 1),0T(101),TT (101),E1T {101) ,E2T {101),
E3T (101) ,E4T (101) ,X(101) ,D(101) ,H(101) ,PER(101) ,A(101) ,
V{101) ,AXx(101),DK(101), AT(101),AL(101)
10 FORMAT(8D10.2) .
20 FORMAT {615) . ,
CALL UNDERZ (*OFFY) . ' i

N - WA -

W s

N EWN =

c . #%% DATA INPUT %% ‘
READ (5, 10) TINE, CAPT, CAST
c: #%% CHECK IF TINE = ZERO ®%%

IF (TINE.NE.ZERO)GOTO 30 ) ) Ve
BREAD(S,10)TINSC,PS,ATDVYP,DIAT ' .
READ {5, 10) AFPIP,APIT,FR,FRT,PT
READ(5,20) K, M2,K4
o #%% INITIALIZE VARIABLES AT TIME = ZERO #*%¢
ISTEP=0 : .
N=K*20¢1
CALL INI{RO,U,T,P,E1,E2,E3,24,E5,PH,R3C,X,D,H,P2R,A,V,AX,DK,AT,AL)
GOTO 40 ’
C *s%x READ INTERMEDIATE DATA PROM THE DISK IF TIME > ZERO 8%
" 30 READ{11)H,(RO{J),U(J)(T(J),P(J),EV1(J),E2(J),E3(J) EU(JI),E5I},
PH {J) 4 E3G{J) 4 X(J),D(J) H(J),PER(I) ,A(J)(V(J) AX(J),DX{J),AT(J),
AL (J) ,J=1,N) ,TINY,CA,OMEGA,TINSR, FOTPL, DEG, DOOP, HOOP,RC, HYX,
Aoo%,s500,s1,7sY,vT,vVpP, PP, PY, SHT,SH1,SH42,5M3,5H4,5M5,5S4T0,SH10,
PHP, PHM,PHT, Z4FB, RR,HR ,UPN,DELX, DLXSQ,DELT,HT,USY,BSY.PSY,
) DLTMAX,ISTEP, N1, NP, N¥,NOI ,NTH ,HOO,NOOM 1, NO0P1 K1,K2,K3,K4
Cc #*x* PRINT INITIAL VARIABLES ##*=
40 CALL PRV(RO,U,T,P, El E2,E3,EU,E5,X, PH,AL)
CAR=CA
C © %%  NUMERICAL INTEGRATION #x%
S0 ISTEZP=ISTEP+1
CALL INT(RO,V,T,P,E1,E2,E3,B4, ES (ROF,UF,TF,PF,E1F,B2F,E3F,E4P,B5F,

NEwWwh =

1 BOT,UT, TT, B1T,E2I.E3T EUT,X D,HPER, A,V ,AX, DX,AT.AL)
DCA=CA-CAR
C *** CHECK IF DCA = CAP FOR PRINTOUT #x*x

IP{DCA.LT.CAPT) GOTO 50 .
CALL SUM[RO,P,E1,E2,E3,E4, 5 ¢V, E30, PH)
C- %¢& PRINT VARIABLES EVERY CAP ANGLES ¢%*
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CALL PRV(RO, U T, P EY,B2,E3,204,E5,X,PH, hL)

CAR=CA

c _ -#%¢ CULCK LF CA = CAS POR DLSK STORAGE ‘#%¢
IF (CA.GE.CAST)GOTO 60

c - s#% CHECK IF COMB TIME HAS PINISHZD s+
IF(ZNFB.LT-0.99D0)GOTO 50

C: *#» DISK STORAGE #*x

60 REWIND 11 :
WRITE (11) N, (RO(J),U(J),T(J).P{J),B1{J),B2(J).E3(J),EBUJ),E5(J),
1 PH (J) ,E30 {J) ,X{J),D{J),H(J),PER{J) ,A(J),V (J),AX[J),DX[J),AT(I)0
2  AL(J),J=1,N) ,TIKME,CA,OMEGA,TINSR, FCTPI, DEG,DOOP, HOOP,RC, HX,
3 aooM,so0,sS1,TSY,VT,VP,PP, PN,SHT,SN1,S42,583,544,SH5,S4T0,SH10,
4  pHP,PHM,PHT,2Z4%FB,RR,HR,UPN,DELX,DLXSQ,DELT,HT,USY,BSY,PSY,.

5 DLTHAX, ISTER,NH1, np.uu,uox NTH, uoo.uoou1 NOO?I K1 K2, xs,xu

70 sTOP i
END o : ~




168

[ 2 212 23222122223 ] ‘Ottttt#tt.ttt“‘ttt0.*#‘t!tt#tttttﬁ“‘tt‘tt“*tt“ﬁ‘.#t.t‘.#t‘

C INITIALIZATION SUBPROGRAM
COERMR A AR E AR ARG U CL SR UK RS L ST R EADE RS AR R RKRAKSERERARA SRR KSR RO XE RS ERSAR S RAEEOER G XD

1

N.-l W N -

WA -

1
2

SUBROUTINE INI{(RO,U,T,P,E%1,E2,F3 ,EU,E5,PH,E30,X,D,H,PER,A,VeAX,
DX,AT,AL)

INPLICIT REAL*8 (A-H,0-2)

CONMON /BLCTL/ZERO,HALF,CKE, TWO, THREE,POOR,PI, TINSC, TINE,CA,
RP#,CR,VD,TWODB, PHIP,PHIN,PUIT, PHT,FT,FP,F4,GR,FPRT,
FPR,RB,HR,Z ,EDR,AFST, POM2, PSM2,ISTEP,H2,N, KU,
NM1,NH2,NP, NN, NSP,NOT,NTH,NOO, NOOM 1,H00P1,K,K1,K2,K3

CONNON /BLINI/US,TS,PS,PHOP,PHOHZ,PUOH1,EUSP,PUSMZ,PHSH1,PHSH,

E1spP,8225P,E35P,F55P,21542,E25M2,E35M2,E5SH2 ,B15NM1,

E25M1,E3541,ES5SM1,AFIP,AFIT

COMBON /BLGOM/XLC,XOI,X00,CL,DCL,CLL, CLR,S,RC,XLR, DIAT,DIAP,AP,
ATH,APS,PERP,PERT, XPO, XLO, VP, VM, VC,DVP, VPDVC, ATDVP,
B1,52,83,B4,55,DLXUP, X T4, LOOP, HOOP, SO0, ADOH, DCX, HX
XSP,08EGA, TIMSR,FPOTPI, DEG, VT, VTS, BORE

COMNON /BLSPK/TSI, ‘

.CONYON /BLSUM/PP,PM, SHT,SM1,SH2, SH3,SH4,SHS,SKTO,SN10,ZnFB, PHP, PHE

COXMON /BLDER/AMW,PSY,TW,USY,BSY,UPN,CS,S1,DELX,DLXSQ, HT,TSY

COMMON /BLTSC/TEC,EPC,EMIN, DELT, DLTAIN,DLTHAX

DIMENSION RO (N),U(N),T(N) P (N), B1(N) ,E2 (N) ,B3 (N) ,B4(N) ,ES (N),

PH (N), B30IN) X(N),D(N), H(N),PER(H),A(N).V(N),AX(B),

TSM,E15,E2S,DAH,DAM, TNE

DX (N) (AT {N) (AL (})

K1=0

R3=0

NSP= {NSP~1) *K+1
NOI=5¢K+ 1
NTH=6 %K +1
NOO=T7#K+1
M2=N2%K+1¢K/2
IP {42.GT.N) H2=N
DLTMAX=DLTMAX /K
Nu1=y-1

NM2=N-2
DELX=XLC/NN1
DLXHF =liALP*DELX
DLXSQ=DELX*#2
DELT=DLTMAX
HOOP1=NOO+1
NOOA1=N0O-1
H2P1=H2+1
NP=NOO

NM=N-NP

CSP=NSP

COI=NOI

CTH=NTH

C00=N00

XSP=PX (CSP)
XOI=FX(COI)
XTH=PX (CTH)

. X00=FX (C00)

XOOP=FX (COO+HALP)
X00N=FPX (COO-HALP)

RAD=P1/180.DC
DEG=ONE/RAD
TIMSR=TIMSC#*BAD

OMEGA=RPM&TWC*PI/60. D0

BR=RB/ANMW

a . .



10

20

AR=HR /24N

XL0=X00-X0I

XPO-= ¥LC+X0U

BORE=XLC-X00

TWODB=THO/BORE

FOTPI=FOUR*PI

PODPI=FOUR/PI

‘BSQ=BORE**2

APS=BSQ/PODPI

ATIi=PT/FOUR*DIAT#*2

VP=ATH/ATDVP .

ATDVP=ATDVP* BORE

VM=APS*CL

VC=VP+VH

VPDVC=¥P/VC

CR=ONE+VD/VC

AP=VP/X00

DIAP=DSQRT (FODPI*AP)

PERP=PI*DIAP

PERT=PI*DIAT

€S=0.7DC* (. 332D0/DIAT)°°2

CLR=CL-CLL .

DCL=CLL-CLR

“HX=-THODB*DCL

DCX=CLL*¢XLC-CLR*X00

-S=FODP1*VD/BSQ

RC=S/THWO .

UPR=2100,DO*THO*S /60 , DO

UP=RPU*THO*S /60, D0

UPN=UP**2/UPR

DOOP=FD {X00P)

HOOP=FH (X00P)

AOOP=DOOP*HOOP

B2=DLOG (AOOP/ATH) /(X O0P-XTH)

B1= (AP-ATH)/ (XTH=XOI) ‘

B3=AP+XOI*B1

B4=B1/THO

BS—ATH/BZ*DEXP(-BZ*XTH)

VO=B3% (XTH-XOI) ~BU* (XTH**2-X0T*82)

1 +B5* (DEXP (B2*#X00) -DEX P (B2*XTH) )

VPA=VP-VO

VPB=AP*X01

DV=DABS (VEB-VPA)

IF({DV.LE.1.D~6)GOTO 20

AP=VPA/XOI

GOTO 10

DVP=AP#DELYX

DIAP=DSQRT (FODPI*AP)

PERP=PI*DIAP

AQON=B5% [DEXP (B2*X00) nzxp(sztxoos))/anﬂP
po 30 J=NOOP1,N

J=J

- X (J) =FX{XJ)

D (J)=PD (X (J))

“H{J) =PH {X (J))

30

DX (3) =TWO* (X PO-THO*X (J)) /D (J)

_ CONTINUE
CALL GOM(X,D,H,PER,A,V,AX,DX,AT)
ALO=S 1% UPN

.
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40

50
60

.70

80

T u(3)=us

SMT=THO*PRT/{ (ONE-FT) *RPN%60. DO)
VIS=VT :
TS=PS*VTS/ {SNT®RR)

ROS=SHT/VTS

SHT2=Z2ERO.

. DO 40 J=NOOP1,42
DA=ROS*V (J)
SHUT2=SHT2+DN

CONTINUE
SMT1=ZERO
IP{M2.EQ.N)GOTO 60

DO 50 J=H2P1,H
DH=ROS*V {J) .
SMT1=SHMT1+4DX

‘ CONTINUE
SHTN=SHT1+SHT2
PSH2=SHT2/SHTH
CALL MIX
SHTP=2ERO
SM10=ZERO A

po 70 J=1,400
XJ=J '
X (J)=FX (XJ)

U (J) =US
T(J)=TS
P(J) =PS

RO {J) =ROS
E1({J) =E1SP
E2 {J) =E25P
E3(J) =E3SP
E4 (J) =2 ERO

ES {J) =ESSP

PH (J) =PUSP

E30 (J)=E3SP

AL{J) =ALO
DM=ROS*V(J)
SMTP=5S4TP+DN
SH10=5SH 10 +DM*E15P

CONTINUE
DO 80 J=NOOP1,H2
U{3)=Us
T(J) =TS
P(J)=PS
RO (J) =ROS

B1(J) =E1sN2

_E2{J) =E2542

B3 (J) =E35H2
E4 (J) =ZERO
E5 (J) =ESSH2
PH {J)=PH5H2
E3% (J)=E3SH2
AL({J)=ALD
DM=ROS*V {J)

-SM1C=S¥10+DM=E1SH2

CONTINODE
IF (42 .EQ.N) GOTO 100
Do 9C J=82P1,H

T {J) =TS
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100

P (J) =PS
RO (J) =ROS
21(J) =E15M
E2{J)=E25M1
E3(J) =E35H1
EU (J) =ZERO
ES5 (J) =FS5M1
PH(J) =PHSH1
E30 {J)=E3sH1
AL {J)=AL0C
DM=ROS*V(J)
SH1)=5M10 +DH*E1sN1
: CONTINUE
SNTD=SMTP+SHMTHM
CALL SPK(RO,T,E1,E2,E3)
CALL SUM(RO,P,E1,E2,E3,E4,E5,V,E30, PH)
DPP=250.D"
PSY=PS
WN=2, 28D0%,0254D0*yp .
WC=.070324D0*TSH/1.8D0*VD/VT* {DPP/PSY)
USY=( (NN+HC) /.CG254D0) *%,8D0
BSY=BORE#*#*_,2D0
CALL THP (CP,CV,CT)
CALL. PRC (RO,U,T,P,B1,E2,E3, B4,BS,X,PH,AL)
RETURN . ’
EKND
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C INITIAL MASS MIXING SUBPROGRAM *
C."ttttitt“ttttttt-ttt*tt‘#*‘wtt*ktttttt#tttttt!tttttttt#tt*tt#**t#tttttﬂytttt
SUBROUTINE HMIX .
INPLICIT REAL*8 (A-H,0-2)
REAL*8 JAPRP,NPRM, MAKP, YARM,4PRM1,4ARM1, MPRY2, NARN2 ,H WFP, HHPH ,HWA
couuou /BLCTL/ZERO,H ALP,ONE, TWO, THREE FOUR,PI,TINSC,TINE,CA,
RPH,CR,VD, THODB,PHIPD, puln PHIT,PHT FT,PP,PN,GR,PRT,
PR, RR, HR,Z,EDR,APST,PON2,PSM2,ISTEP, nz N, K4,
NM1,N42, NP, N¥, NSP, NOI, NTH, NOO, NOOH¥ 1, voop1 K,K1,K2,K3
conuon /BLINI/US,TS PS,PHOP,PHON2, PHOH1 PHSP?,PASH2, PHSHI Pusn,
E1Sp,LC25p, E3SP E5SP,E1SM2,E2542,B3SH2,E5542,B1SM1,
225H1,S3SH1,E55H1,AFIP,AFIT
comMoN /BLGOM/XLC,X0I,x00,CL,DCL,CLL,CLR,S,RC,XLR,DIAT,DIAP,AP,
ATH,APS,PERP,PERT, XPO,XLO, VP, V4, VC, DVP,VPDVC,ATDVP,
2 B%,82,B3,B4,85,DLXHF,XTH,DOOP,HOOP, SO0, A00H8, DCX, HX,
3 XSP,OMEGA, TI8SR,FOTPI, DEG, VI, VTS, BORE
COMNON /BLSPK/TSH,TSH, E1S E2sS,DAH, DAH.TNP
DATA AM/1,DC/,BM/3.DO/,CH/4,D0/,0XBH/.9D0/,0XBs/,1218D0/, .
1 BB2/5. DO/,esﬂ/12.500/.uuyp/ua.06u00/,nHPa/11a.luuDOy.
2 MWA/28.96D0/,A0NHR/U,764 DO/
DH=BMe3.764D0
ONTHPR=ONE-FPR
ANG=PI
THOANG=THO*ANG
Y=RC* (ONBE- Dcos(ANG)+RCt(ouB-Dcos(ruonuc))/(Pouathn))
VIT=VC+APS*Y
VITYVP=VTT-VP
VPDVTT=VP/VTIT
VIR=ONE-VPDVTT
ANG=~TINSR
THOANG=THO*ANG
Y= RF*'ouv-DCOS(AuG)oac¢(ouB-DCOS(TBOAuG))/(rouatxna))
VIS=VC+APS*Y
VPDVTS=Vp/VTS
VSR=ONE-VPDVTS
DVR=VSR/VIR
PRMVPT=PR-VPDVTT
032=FRMVPT/FR
ONEMO=0NZ-032 .
R23=VPDVTS* {VIT~VTS) /VITMVP ' .
SUNM23=R23 ’ .
ONEMPS=ONE-PSH2
POM2=PSM2¢DVR+SUMM23
ONEFNPO=ONE-PON2
AFPIM={AFIP*PR* (APIT+ONE) -AFIT* [AFPIP¢ONE))/ .
1 (FR* (APIT+ONE)~ [APIP+ONE)) . Lt
APST=DM¥AOMR/AM '
APSTP={BBP*ACHR*MNHA) / (AN*MKFP)
APSTH=(BBM*AONR*NWA) / (AQSMEFK). .
APSTT=AFSTP* PR+APSTH®*ONEHFR : . . . .
PHIP=AFSTP/AFIP ' .
PHIM=AFSTM/AFIN
PHIT=AFSTT/AFIT
AFIP=AFST/PHIP '
AFIM=APST/PHIN
APIT=APST/PHIT
MFPRP=ONE/ (AP IP+ONE)
MARP=AFIP/ (AP IP+ONE)

WN -

N oo




173

HNFRU=ONE/ (AFIN+ONE) ;

MARN=AFL3/(APIN+ONE) i

PHOP=PHIP

AFOM2={ONTHP E*MARM*POM2¢ FR*MARP*032) /
(ONSHUFR*MPRM*POM2+ PE*MFRP*032)

PHOUZ2=AFST/APON2

APCX1=AFIN

PHIMY=PHIN

AFQd4= APOHZ*POHZ*APOH\*OHBHPO

PHOM=AFST/AFON

BARM2=RFIN2/ [APON2+ONR)

MFRM2=ONE/ {APON2+0ONE)

MARM1=MARM

MPRM1=MFRM

SUMA23=SUMM23*#MARN2

SUMP23=SUMM23«MPRM2

AFSP= (VPDVTT*HABPOVTB*SUHA23)/(VPDVTT‘SPB?*VTR*SUBPZJ)

PHSP=AFST/AFSP

APSM2=AF( 42 ) ] ]

PHSN2=PHO N2 : : ' K .

AFSM1=AFIM

PHSM1=PHO M

PHSM2=APST/AFSM2

PHSA=PHSH2*PSM2+PHSHI=ORENPS

P2T=BM/PHIT-BN

P3T=CH

PS5T=DM/PHIT

PTT=P2T+P3T+PST

F2=P2T/PTT

FP3=P3T/PTT

FP=PT*VPDVC

FN=FT-PP

C1=FP/{ONE~-FT)

C2=Fli/ (ONE-PT)

PTO=C1+C2

GTN=0ONE¢+FTN

FOP=C1*ONEMO

FONK=C2+4C1%032

GTIOP=VPDVTT¢+FOP :

GTCM=CNEMFR+FR*032+P0H .

E1NP=VPDVIT*MFRP/GTOP

E20P=(VPDVIT*MARP/AONR+FOP*F2) /GTOP '

E30P=F2P*F3/GTCP

ESOP=CNE-E10P-E20P-E30P

E1042=(ONENFE*MFRM&PON2+PR€032%MFPRP) /GTOH/PON 2

E2042= ((ONEHPR*HARH‘POHZ*FB‘O3235539)/AOHRfPO!*PZ‘POBZ)/GTQH/POBZ

E30M2=FCHU*F3/GTIN

ES5CHM2=0ONZ-E1(CM2~E20M42~-E30M2

E10M1=ONZMFPR*MNPRY /GTON

E2241={ONEMFR*4 ARM/AONR+FON®F2) /GTOH

E30M1=FOn¢¥P3/GTON

BES5O0M1=0NE-E1CM1-E2081-E30N1

C3=PO¥/GTON

PSM=VSR*C3

PSP=PTC-7SH

GTSH=VTR* {ONE-SUMN23) +PSH

GTSP=GT0-GTS M

E1SP=(VPDVTT*MPRP+VTR*SUHF23) /GTSP

BZSP=((VPDVTT#uARP#VTRQSUHAZJ)/AOER#PSP‘PZ)/GTSP,



'E35P=PSP*P3/GTSP
E5SP=ONE-E1SP-E25P-E3SP

E1SH2=VTRY (PCH2¢4FAH 2=5UnF23) /GTSN/P582
B2SM2= (VTR * (PO12%4ARN2~ SUHA23)/AO!B’FS!‘FZ‘PS!Z)/GTSH/PS!Z
E3SN2=FSN*P3/GTSH
ESSH2=ONE-S1SH2-E25N2-B35H2
E1SM1=MFRM1*VTR/GTSH

E2541= (HARY14VTR/A0HR+FSH*F2) /GTSH
E35M1=FSN*F3/GTSH
ESSN1=ONE-E1SH1-E2SX1-E3sH{
DE2H=E2SP*OXDH

DE24=E2SP*OXBM

DAH=DE2H/BN/E1SP

DAS=DE2M/BN/E1SP

E1S=E1SP-DE2H/BA

B25=E2SP-DE2H

TNP=ONB/E1SP

RETURN

. END
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C GEOMETRY SUBPROGRAM *

Cosse

‘t“““tt‘#t‘t**‘#*t1‘##"‘#‘#‘!‘**““*“tttl#t!f‘t‘l#i‘#t“‘#“0““‘.“

SUBROUTINE GOM(X,D,H,PER,A,V,AX,DX,AT)

IMPLICIT REAL*8 (A-H,0-2)

COHNON /BLCTL/ZERO,HALF,GNE, TWO, THREE, FOUR, PI, TINSC, TINE,CA,

1 ®PM, CR, VD, TNODB,PHIP,PHIN,PHIT, PHT, FT,PP,PH,GR,PRT,

2 FR,RR, HR,Z, SDR JAFST, POM2, PSH2, TSTED, N2, K, K4,

3 NH1,NM2,NP,Nd,NSP,NOI,NTH,¥00,NOOX1,NOOP1,K,K1,K2,K3

COMNON /BLGOM/XLC,X0I,X00,CcL,DCL,CLL,CLR,S,RC,XLR,DIAT,DIAP,AP,
ATH,APS,PERP, PERT, XPO,XLO, VP, VH,VC, DVP,VPDVC,ATDVP,

1
2 B1,B2,B3,B4,B5,DLXHF,XTH,DCOP,HOCP,S00,A008,DCX,HX, .
3

10

20

30

40

50
60

XSP,O0MEGA, TINSR, POTEI, DEG, VT, VTS, BORE

COMMON /BLDER/AMW,PSY,TW,USY,BSY,UPN,CS,S1,DELX,DLXSQ,HT, TSY
DIMENSION X(N),D{N),U:N),PER(N).A(N),V(H).AX(N),DX(N),AT(N)
ANG=OMEGA*TIME-TIMSR
TWOANG=TWO*ANG .
Y=RC* [ONE-DCOS (ANG) + RC# [ONE=DCOS (TWOANG) )/ (POUR*XLR) )
S1=CS* (Y+CL)
CA=ANG*DEG
YT=04EGA*RC* (DSIN (ANG)+RC*DSIN (TUOANG) / (TUO*XLR))
IP(K3.EQ. 1) GOTO 70

#%¢ PRECHAMBER VALUES #¢¢
DO’ 60 J=1, NOON1
XJ=J
XJIP=FPX (XJ +HALP)
XJIM=PX (XJ-HALF)
IF{J.GT.NOI) GOTO 20
IP (J.EQ.NOI)GOTO 10
A (J) =AP
PER (J) =PERP
AX {J) =ZERO
AT (J) =ZERO
V(J)=DVvPp
IF (J.EQ.1) V{J)=HALP*DVP
GOTO 60
A{J)=HALF* (AP+B3-Bt4* {XJP+X0I))
V(J) =A{J) *DELX
AX (J) =—HALF*B1 . g
GO TO 50 S

*x% ORIPICE VALUES #¢= :
IF(J.GT.NTH) GOTO 40
IP (J.EQ.NTH)GOTO 30
A (J)=B3-BY4% (XIP+XJN)
V(J)=A({J) *DELX
AX (J) =-B1
GOTO 50
v [J) =DLXIiF* {B3~ Bu*'XTHOIJu))+BS*(DZXP(BZ'XJP)-DBXP(BZ‘XTH))
A {J)=V(J) /DELX
BX (J) =2ERO
GOTO 50
V (J) =BS* {DEXP (B2*XJP) -DEXP (B2*XJK))
AX (J) =ATH*B2*DEXP {B2* (FX [XJ) -XTH))
A (J) =V (J) /DELX
PER (J) =DSQRBT {POTPI*A (J))
AT (J) =ZERO
CONTINUE
K3=1

#¢¢ NAIN CHAMBER VALUES so#



70

80

- - 90
S0 100

VAT=ZERO
-7 DO 109 J=NOO,N

IP{J.NE.NOO)GOTO 80

RO0P=D0OP* (HOOP+Y)

A [J) =HALF* [AOOM+A0OP)

V(J)=A(J) *DELX

PER {J)=DSQRT (FOTPI*A [J))

AX {(J)-= (A00P- AOON) /DELX

AT {J) =HALF*DOOP*YT

GOTO 90

HPY=U (J) +Y

A (J)=D{J) *HPY

PER {J)=TH0* (D (J) +HPY)

AX {J) =D [J) *HX+HPY*DX (J)

AT(J) =D(J) *YT

V {J) =A (J) *DELX

IF (J.EQ.N)V {J)=HALP*Y (J)

YAT=VNT +V (J) .
CONTINUE

VT=VP +VHT

RETURH

END
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(22222 S R 22 22 ttttottt‘t‘t‘ttttt‘ttttttttt‘tttt‘.‘aet.tctﬁgttt‘t'ttth‘»;a‘qpt .

ITION SUBPROGRAN _ : »
“0‘**’#““#&“##ttttttt‘ttt ._t##‘.“0t‘t“‘t.t.““.‘t‘.“..‘.‘ CoRSGESROR S
SUBROUTINE SPK(RO,T,E1,E2,E3) :

INPLICIT REAL*8[A-H,0-32)

 COBMON /BLCTL/ZERO,HALF,ONZ,TWO,THREE,POUR,PI,TINSC,TINE,CA,

RPM,CR,VD, THODB, PHIP, PHIM, PHIT, PHT, FT, PP, PH,GR,FRT,
FR,RR,HR,Z,EDR ,AFST,P0N2, PSH2, ISTEP, %2, N, K4,

NH1,NH2, NP, NH, NSP, NOI, NTH, NOO, NOOA1,NOOP1,K,K1,K2,K3 .
CONMON /BLINI/US,TS, P5,PHOP, PHON2,PHON1, pusp,pusnz.pasni,pusn,

E1SP,E2SP, E35P,E5SP,E1SH2, B25M2,B3582,E5562,E1541,
E2SM1,E3SM1,55581, APIP, APIT

COMNON /BLSPK/TSH,TSM,B1S,E2S,DAH ,DAN,TNP

DIMENSION RO(N),T(N),E1(N),E2(N).EJ(N) ‘

DATA A0/2.257196D3/,A1/-1.858418D5/,42/1.603333D1/ .

DT (L) =TH*DEXP (~ [L-NSP) **2/[THO*DELTA*#2))

TWOD3=TKO/THREE

po 32 I=1,2
IF(I.EQ.1)DA=DAR

IP(I.EQ.2)DA=DAY

£=1S )

Y1=TNP* (AO*X+A1%DLOG (X) +TWNOD3*A2%X*2 (1, SDO))

Y2=TNDP* (AO*X+A1%DLOG (X) ¢ TWOD3*A2#X*+*(1.500)) .
Y=Y¥2-Y1-HR*DA

DY=DABS (Y)

IF(DY.LE.1.D-3) GOTO 20

YD=TNP* (A0 +A1/X+A2%DSQBT (X)) .

X=X-Y/1D

GOTO 10
IF{I.EQ.1)TSH=X

1P (I. EQ.2) TS H=X

CONTINUE

TH=TSH-TS

TH=TSH-TS

DELTA= K‘HALF*DSQRT(-HALP/DLOG(TE/TE)).
JIB=K+1

JSPR=NSP+ 3#K

JSPL=NSP-3#*K

IF (JSPL.LT.JB)JSPL=JB

JBN1=JB~1

WN A

N

~ DE1DT=(EISP-E1S)/TH l. . .' ;

&0

DE2DT=(E2SP-E2S) /TH
DO 40 J=JSPL,JSPR

DTJI=DT {J}

DE1=DE1DT*DTJ

DE2=DE2DT*DTJ

DE3=-FPOUR*DE1

T{J)=TS+DTJ

RO(J)=PS/ (RR*T (J))

EY(J) =E1SP-DE1

E2 (J) =E25P-DE2

F3(J) =E3SP-DE3

IP {J.NE.JB) GOTO 40

TJB=T {JB)

ROJB=RO (JB)

E1JB=E1 (JB)

E2JB=E2 (JB)

E3JB=E3 (JB) i
CONTINUE



50
60

IP {JSPL.NE.JB) GOTO 60
DO S0 J=2,JBM1Y
T{1) =TIB
RO (J) =ROJB
E1({J)=E1JB
E2(J)=E2JB
E3(J) =E3JB
CONTINGE
T(1)=T(2)
RO(1)=RO[2)
B1{1)=E1({2)
E2(1) =E2(2)
E3({1) =B3(2)
RETURN
END
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C SUBSATION SUBPROGRAM
CEIBEEEASEREECARER TR AR ERR KA ERR AR RE R AR R PR R LR L XA R RERRA XK R R AERAKR AR PR ORERS

1
2
3

1

SUBROUTINE Sys{FroO, P, E1,E2,E3,E4,ES5,V,E30,PH)

IMPLICIT REAL®8 (A-H,0-2)

COMNON /BLCTL/Z FRO,HALF,ONE, THO, THREE,POUR, PI, TINSC, TINE,CA,
BPM,CR, VD, TWODB,PHIp, PHIN,PHIT, PHT, FT , FP,FH,GR, PRT,
PR RR,HR,Z o EDR (AFST, PON2, PSH2,ISTER N2, Ny KH,
N81,NH2,NP, NH, NSB, NOI, NTH, NOO, NOOH 1, NOOP 1, K.K1,K2 ,K3

COMYON /BLSUN/PP, P, SHT,SH1,SH2,SH3 ,SH4, SN5, SHTO, SN10, ZHFE, P 1P, B HY

DIMENSION BO(N) 0B (N) B1(H)¢B2(N) ¢ E3 () ¢ B4 H) 4 ES {N) ¢ PE (F) o zsoxu),

v (¥) :
$PP=2 ERO
SPM=ZERO
SHT=ZERO
SE1P=2ERO.
SE18=2FRO’
SE2P=ZERO
SE24=2ERO

. SDE3P=ZERO -
'SDE34=2ERO

"ESJ=ES {J)

SN1=ZERO
SHN2=ZERO S
SH3=ZERO o L.
SHu=ZERO :
SM5=2 ERO

: DO 10 J=1,NOO
E1J=21(J) :
E2J=E2(J)
B3J=E3(J)
E4J=E4 (J)

E30J3=E39({J) o . .
DE3J=E3J-E30J : ) -

' PH(J)’TUR“E‘(E1Jf.2500’DE3J)/(EZJO.?SDO#DB3J)

10

SPP=SPP+P (J)
SE1P=SE1P+E1J
SE2P=SE2P+E2J
SDE3P=SDi&3P+DE3J
DH=RO [J) *V (J)
SMT=SNT+DY
SKH1=SH1+DM*E1J
SM2=SM24DNMN*E2J
SH3=SM3+DN*E3J -

- SHY=SHU+DM*ELJ

SM5=SHS+DH*ES5J .
CONTINUB : . B

PP=SPP/NP

pHp= THREL*(52194.2500tsn£39)/:52290 75C0*SDB3P) .
DO 20 J=NOOP1,H

E1J=E1(J)

E2J=E2{J)

E3J=E3(J)

. E4J=E4 [J) .

ESJ=ES5 {J)
E30J=E30 (J)

DE3J=E3J-E30J

PH (J).=THREE® (E1J+. 2SDO‘DBBJ)/(B2J0-7SDO‘DE3J)
SPH=SPHP (J)

L4



SETN=SE1%+E1J
SE2M=SE2H¢E2J

- SDE3M=SDZ34+DE3J

DM=RO {J) *V [J) )

- SHT=SHT +DH

SH1=SH1+DN*E1]
SM2=SH2+DM*E2J
SM3=SM3+DM*E3J
SMU=SHU+DN*EUJ

- SMS=SUS+DM*ES

20

CONTINUE
PM=SpPH/NY

PHil= THREE‘(SE1H0.25D0¢SDE3!)/158250 7500059835)2

SE1=SE1P+SE1IN

SE2=SE2P+SE2H

SDE3=SDE3P+SDE3N

PHT=THREE®* (SE1+,25D0%SDE3)/.(SE2+, 750095083)
ZBPB"SH10°SB1)/SE10

BRETURN

END
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C OUTPUT SU3BPROGRAMN -
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SUBROUTINE PRC{RO,U,T,P,E1,E2,E3,E4,BS5,X,PH,AL)

INPLICIT BEAL#*8 (A-H,0-12)

COMHON /BLCTL/ZIRO HALP,ONE, TWO, THREE, FOUR, PI, TINSC, TIME,CA,
RPX,CR,VD, IWODB,PHIP,PHIN,PHIT, PHT,FT,PP,FH,GR,PRT,
PR,RR,HR,2Z ,EDR ,AFST, POHZ PS42,1STEP ,M2,N, KU,
NH1,NH2.NP,NH,NSP,NOI,NTH,NOO,NOOH1,HOOP1,K,K1,KZ,K3

coMMoOMN /BLINI/US,TS,PS,PHOP,PHOM2,PHOMI,PUSP,PHSM2,PHSA 1, PHSH,
B1SP,52§P EJSP'uJSP Elsd2, EZSHZ E3sHM2, ESSHZ E1SH1
E2SM1,83SH1,ES5SH1, AFIP,AFIT

W =

ATH, APS, PERP, PERT, XPO, XLO, VP, VN, VC,DVP,VPDVC,ATDVP,
81,82, B3,B4,85, DLXH¥, XTH, DCOP, HOOP, SO0,AD0H,DCX,HX,
XSP,ONEGA, TI{SR,FOTPI,DEG, VI,VTS,BORE

CONMON /BLSPK/TSH,TSM,E1S,E2S,DAH,DAM, TNP

COMMON /BLSUM/DPP, PM, SHT, SN1, SM2, SU3, SHU,SUS,SHTO, SN 10, ZHFPB,PHR, PEN .~

COMMON /BLDER/AMW,PS5Y,TW,USY,BS7,UPN,CS,S?,DELX,DLXSQ, HT, TSY

COMMON /BLTSC/TPC,EPC, ENIN, DELT, DLTHIN, DLTHAX

DIMENSLON RO (N) ,U(N),T(N) . P(N),ET1(N),B2(N),B3(N),EU(N),ES(N),

1 E(N),PH{N) ,AL(N). -

10 PORAAT('1'/30X, *s*t¢% DUAL CHAMBER COMBUSTION MODEL PARAMETERS ¢

109%8% 7/ /7 /740X, *% k%« GEOMETRICAL PARANETERS *¥*%%x¢//

: " VEDVC =',T17,2PP12.4,T30,*%*, T4C, ' ATH¥BORE/VP =1,757, .

CPF12.4,T80,°VD =*,T97,P12.4,T 119, CBIN' /

t vp =, T17,P12.4 ,T30, 'CDIN' ,TU0, *vl =%, T57,P12,4 T70,

*CBIN',T8C,'VC =',T97, F12.4,T119, 'CBIN®/

' Ap =¢,T17,F12.4,T30,'SQIN',TUO, *ATH -'.T57,P12.0,T70.v

*SQIN®, T80, 'APS =f,T97,F12.4,T110,' SQIN'/ _

* DIAP =*,T17,F12.4,T30,'IN',T40, 'DIAT =',T57,F12.4,.

T7C,YIN*,T8%, YBORE =',T97,F12.4,T110,*IN'/ . _

* XLC =',T17,F12,4,T30,'IN', T4O0,*XLR ="', , e

T57,FP12.4,T70, IN?,T8G,%S =',T97,P12.4,T110,  IN*/ .

s xoI =*,T17,F12,4,730,¢IN',T40,"'XLO =*,T57,

P12.4,T70,*IN*,T80,9X00 =9,T97,F12.4,T110,*IN'/

¢ cLL =',T17,P12.4,730,°IN*,T40, CLR =*,T57,

P12.4,T70,'INY, T80, 'CL =*,T97,F12.4,T110, ' INY/

' CR =',T17,F12.4)

20 PORNAT('-'/UCX,'¥**%%# OPERATIONAL PARANETERS ETRRY sy

* PR =*,T17,2PF12,4,T30,"%',T49, ' TINSC =*,T57,

OPF12.4,T70,'BIC*,T8C, RPN =',T97,F12.4/

* XSp =+,T17,F12.4,T39, 'IN',T40, *AF ST =1,T57,

P12.4,780,'S410 =',T97,1PE12.5,T110, 'LBY"/

* TSH =¢,T17,0PP12.4,T30, 'R, T4O, *TH =*,T57,

F12.4,770,'R' ,T8C,?SHTO =',197,1PE12.5,T110,'LBA/

* pp =+,T17,0PF12.4,T40, F¥ =*,T57,F12.4, A

T80, FT =*,T97,F12.4/* PHIP =',T17,F12,4,T40,

*PHIM =',TS57,F12.4,T80, *PHIT =*,T97,F12.4/

* pHCP =',T1V7,F12.4,T40,* PHON2 =',TS57,PF12,4,780,

‘PHOM1 *,T97,F12.4,' PHSP =',T117,F12,4,T40,

'pnsnz -',T57 P12.4,T8C,* PHSH1 =',797,P12.4/

US P.C. =t,T17,F12. 8, T30, 'IN/SEC' ,T40,

'us u.C, =*,757,P12.4,T70, 'IN/SEC*/

© PS P.C. =0,T17,F12.4,T30,'PSI*, T4O,

'PS N.C. -',TS7 F12,4,T70,¢PSI%/

* TS P.C. =9,T17,0PF12.4,T30, R*,TUO, .

'TS B.Ce =%,T57,FP12.4,T70,*R?) .

30 FORBAT(*-*/40X,*%%*e0% COHBUSTION PARAMETERS #%essst//

QUEgUOAOAEPOVOIONEWN W= N b

HEANHUAE OO SO NS wWwN -

COMNON /BLGOM/X1C,XOI,X0C,CL,DCL,CLL,CLR,S,RC,XLR,DIAT,DIAP, AP, ) ;

Dot




182-

* RR =*,T21,P12.2,T34,'LBP-IN/LBN-R*,T70,
*EDR =',T97,P12.,2,T110,'R"/
¢ 2 =9,721,1PE12.5,T34,'CBIN/LBN~-SEC',T70,
'‘GR =*,T97,(PF12,2,T110,' LBM-IN/LDFP-SQSEC?/
¢ HR =',T21,1PC12.5,T34,'LBF-IN/LBH',T70,
*ANW =',T97,0PP12,2,T110, "LBM/LBMCLE'/
¢ K4 =¢,T21,112,734,°%*,T70,°CS =*,T97,1PB12.8) .
Q0 FORMAT('~'/40X,"#%+%%x NUNSRICAL PARANETERS = ®easuke gy
* N =¢,T717,112,T40,'NP =19,T57,
112,780,'HM =9,1797,112/
¢ NOI =',T17,1I12,TU0, 'NTH =1,T57,112,
T80,*NOO =*,T97,I12/ '
* M2 =',T17,I112,TuUG, 'pPON2 =',7T57,2PFP12.4,T70, .
*%1, T8N, PSH2 =',T97,P12,4,T110,°%*/
* peC =*,T17,FP12,2,T30,'%',T40,
*EMIN =¢,TS57,1PE12,5,T80,
*TPC =',T97,2PF12.2,T110, %'/
¢ DLTMAX =*,T17,1PE12,5,T3),'SEC*,TU0,
'DLTHIN =*,T57,E12.5,T7C,*SEC', T80,
YDELX =',T97,E12.5,T110,'IN’)
.50 PORHAAT('1','TIME =9,T15,1PE13.5,T30,*'SEC*, TU0,*CA =,
T51,CPF13.,2,T66,'A1C*' ,TBO,'ZMFB =',T795,2PF13.5,7110,
*xX'///¢ ISTEP =4,T15,0P113,T40, :
*TSY . =',TS5%1,F13.2,T66,'R",T80,'HT =',T95,
F13.2,T110, *IN-LBF/S-R-SQIN" /% PP =¢ T18,P10.2,T30,
*PSI' ,TU0,'PH =' ,T54 ,F10,2,T66, 'PSI',T80,
'y7 =¢,T95,P13.5,T110,'CBIN'/
' SHT =*,T15,1PE13.5,T39,'LBN" ,TUO, *SHT " =¢,T5h
+L13.5,T66,'LBM*, T8, *SH2 =¢,7T95,E13.5,T110,'LBN"/
¢ sn3 =',T715,%13.5,T30, 'LBN*,TUO,*SNHY =1,T51%,
B13.5,T66,'LBM*, T80, 'SHS =% ,T95,E13.5,T1192,¢LBNY/
t PHP =9,T15,0PFP13,4,TU0, * PHY =',T51,F13.4,780,
¢PHT =t ,T95,F13,4)
60 PORMAT(' DELT =',T15,1PE13,.5,T30,*'SEC',7X,*NO TIHE CONTROL*)
70 FORMAT([' DELT =',T15,1PE13.5,T30,'SEC’,7X,* PUEL CONTROL AT',I9)
80 FORMAT(® DELT —',T15 1PE13.5,T30,*SEC',7X,'OXYG CONTROL AT',I9)
90 PORNAT(* DELT «T15,1PE13.5, T30, 'SEC?',7X,*PROD CONTBOL AT*,19)
100 FORMAT(' DELT ,T\S,19213.5,T30,'sscv,7x.'Tzap CONTROL AT',I19)

~SIANE WN -

CEPOVOLONEWN -

N OO YNV Es W=

110 FORMAT{ /* Jo X RO U AL T P
1 E1 E2 E3 E4 ES
2 PH '/ IN LBMABIN IN/SEC SQIN/SEC R PSI'/)

120 PORMAT (1X,I13,P7.2,1P2E12.3,0PF7.2,F7.0,F6.0,1P5E13.5,CPF8.4) . ‘
- WRITE(6.10) VPDVC, ATDVP,VD,VP, VN, VC, AP, ATH,APS,DIAP,DIAT, BOBE ,XLCo |
1 XLRB, S, X0I ,XL0O,X00,CLL,CLR,CL,CR
WRITE(6,20) PR, T INSC,RPM,XSP,AFST,5810,TSH, TV, SNTO,FP,FN,PT,PHIP,
PHIN, PUIT, PHOP ,bliON2, PHON 1,PHSP, PHSH2,
2 PHSM1,Us,US,PS,PS,TS,TS
WRITE(6,30) RR,EDR, 2, GR, HR,ANW,K4,CS
WRITE (6,40) N, NP, N, NOT, NTH,NOO, 12,p0H2, PS82, EPC,EHIN,TPC,DLTHAX,
1 DLTHIN,DELX
RETURN
ENTRY PRV(RO,U,T,P,E1,E2,E3,E4,E5,X,PH,AL)
WRITE {6, SC) TINE,CA,ZHFD, ISTEP, TST, ur,pp,pu,vm,snr,sa1 suz.saa.suu,
1. SM5,PHP,PHN,PHT
IP (K1.EQ.C) WRITE {6,60) DELT
IP(K1.EQ. 1) WRITE (6,70) DELT,K2
IF (K1.EQ.2)¥RITE{6,80) DELT,K2
IP(K1.EQ.3) HRITE (6,90) DELT,K2
IP (K1.EQ.4) WRITE(6,100)DELT, K2
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WRITE (6,110)

BRITE (6,120) (J,X(J), RO (J) ,U{J) ¢AL(J),T{J),P[J),BY(J),B2{J),
1 B3 (J) ,B4 (J) (ES (J) (PH (J) o J=1,H)

‘RETURN -

END
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C NUMERICAL INTEGRATION SUBPROGEAN

ctttttttttttgtttt-.t*t*y:tﬁ*t:tttt‘ttttttttcttitttt#teattﬁﬁtﬁti#vttttttttt‘ttttt.

1
2 AL)

WN -

WA -,

10

20

SUBROUTINE INT{RO,U,T,P,EI1,E2,E3,E4,E5,ROF,OF, TP,PP,E1P,E2F,E3F,
E4P,E5F,ROT,UT,TTI,EIT, 821 E3T E4T,X,D,H,PER,A,V,AX,DX, AT,

INPLICIT REAL*S (A-H,0~2)

CONMON /BLCTL/ZERO,HALF,ONE, THO, THREE, POOR,PI,TINSC,TINE,CA, |
RPY,CR, VD, THODB,PHIP, PHIN, PHIT,PHT, PT, FP,FM,GR,PRT,
FR,RR,HR,Z ,EDR ,AFST, PON2, PSH2, ISTED, M2, N, K4,
NHM1,N42,NP,N3, NSP,NOI, NTH, NOO, NOOK1,NO0P1,K,K1,K2,K3

CONNON /BLGOM/XLC,X0I,X00,CL,DCL,CLL,CLR,S,RC, XLR,DIAT, DIAP, AP,
ATH, ADS, PERP,PERT, XPO, XLC, VP, VH,VC, DVP, VEDVC,ATDVP,
B1,82,D3,84,B5,DLXHP,XTH, DOOP,HOOP, SO0, AOON,DCX, X,
XSP,ONEGA, TINSR,FOTPI, DEG, VT, VTS, BORE

_ COMMON /BLDER/AMW,PSY,TW,USY,BSY,UPN,CS,S1 «DELX,DLXSQ,HT,TSY

COMNON /BLTSC/TPC,EPC, ENLN,DELT, DLTMIN, DLTHAX

DIMENSION RO(N) ,U(N),T(N),P(N),E1(N},E2(N), B3 (N) ,E4 (N) ,E5 (N) ,

1 ROF(N) ,UF{N)., TF (N) , PP {N), E1F{N),52F(N) E3P(N),EUP(N),

2 . ESF (N) , ROT (N) , UT (§) ,TT (¥) ,E1T (N) ,B2T (N) ,B3T (N) ,B4T (H) o

3 X (N) (D (N) ,H(N) ,PER(N) ,A(N), V{N),AKX(N),DX (N) ,AT (N) , AL [N)

DELT=DLTMAX
*%%  DPREDICTOR CALCULATIONS %##

CALL GOM(X,D,H,PER,A,V,AX,DX,AT) s
CALL THP(CP,CV,CT) ,
K1=)
K2=0

DO 10 J=2, Nu1
I1=J v
CALL [DER(I,J,RO,U,T,P,E1, 22 E3,B4,E5,ROT Ur.rr,xlr.xzr,aar,A
1 E4T, PER, A, AX.AT,AL CcP,CV cr)
CALL TSC(J,T,51,E2,E3,TT,EIT,£2T.B3T).

CONTINUE ,

SP=ZERO ' ‘ R —

. DO 2) J=2,NHT . o
ROF (J¥=RO (J) +ROT(J) *DELT : "
UP (J}=U(J) +UT (J)*DELT . . .
TP (J) =T {J) +TT (J) *DELT ) .
PF (J) =ROF (J) *TP (J) *RR
BIF{J)=E1(J)+E1T(J) %*DELT
E2F {J)=E2[J) +E2T {J) #DELT
E3F (J)=E3 (J) +E3T {J)* DELT
E4F {J)=B4 (J) +E4T(J) #DELT
ESF (J)=ONE-E1F(J) -22F (J) -E3F (J) -E4 P (J)
SP=SP+PF {J)

- CONTINUE

**%* PREDICTOR BCUNDARY VALURS ®%%

CALL BOD(ROP,UP,TF,PP,E1F,E2F,E3P,E4F)’

- PSY=(SP+PF (1) +PP[N)) /N

*%% COBRECTOR CALCULATIONS ¢t@
TINE=TINE+DELT
CALL GoON(X,D,H,PER,A,V,AX,DX,AT) - .
CALL THP(CP, CV CcT) o . '

SP=ZERO )
DO 30 J=2,NN1 . !
I=J-1 s :
CALL DER{I,J, ROP UP, TP,PF,E1F,E2F,E3F, EQP ESP.ROT UT,TT, E1T, EZT,
1. E3T, BUT,PER A,AX,AT,AL,CP,CV,CT)

RO(J) HAL?‘(BO(J)OROP(J)¢DELI*ROT(J))

184



30

U{J)=HALFP#* (U (J) +UP (J) +DELT#UT (J))
T(J)=HALP* (T (J) +TP (J) +*DELT*TT (J))

P(J) =RO (J) *#T (J) *RR , :
E1(J) =HALP* (E1(J)+Z1F (J)+DELT*E1T {J))
E2 (J) =HALF* (E2(J) ¢+E2P [J) ¢+DELT*E2T (J))

'83(J)=HALF*(E3(J)4E3P(J)ODELT‘E3I(J))

E4 (J) =HALE* (E4 (J) +E4P (J) +DEL T*E4T[J) )"
ES5 (J)=ONE-E1 {J) ~E2 (J) -E3 (J) - E4 (J)
SP=SP+P (J) :

' CONTINUE

*%% CORRECTOR BOUNDARY VALUES ese

CALL BOD(RO,U,T,P,B1,E2,E3,B4)
PSY=(SP+P (1) +P (N) ) /N
RETURH _

" END
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C DIFPERENTIAL EQUATIONS SUDPROGRAM ’ ‘.

Ctttt##*#t#tttttttttt¢ﬂ¢aﬂﬁtA&tt:ltlttti#tt#titt*#*#t#t#*tt#tt##tttttt*#‘t“tl“
SUBROUTINE DER(I,J,RO,U,T1,P,EV,E2,E3,E4,E5,ROT,0T,TT,E1T,E2T,B3T,
1 E4T ,PER,A,AX,AT,AL,CP,CV,CT)

IMNPLICIT REAL*8 (A-1,0-2)

CONSON /BLCTL/ZERO,HALF,ONE,THO,THREE,FOUR,PI, TIHSC TIME,CA,

. RPM,CR, VD,THODB,PHIP,PHIH PHIT PHT Fr,fP,P4,GR,PRT,
PR,RR,HR.Z,EDR,AFST,POHZ,PSHZ,ISTBP,H2,N,KQ,
NM1,NM2,NP,NM,NSP, NOI, NTH, NOO, NOON1,NOOP1,K,K1,K2,K3

COMMON /BLGON/XLC,XOI,X0O0,CL,DCL,CLL,CLR,S,RC,XLR,DIAT,DIAP,AP,

W -

1 ATH,APS,PERP,PERT, XPO,XLO, VP, V4, VC,DVP,VPDVC,ATDVP, .
- 2’ B1,B2,B3,B4,B5,DLXHF,XTH,DOOP,i00P,S00,AO0H,DCX, HX,
3 XSp,ONEGA,TIMSR,POTPI,DEG, VT, VTS, DORE
COMMON /BLDER/AMW, PSY,TW,USY,BSY,0PN,CS,S1,DELX,DLXSQ,HT,TSY
DIMENSION RO (N) ,U(N),T(N),P{N)4B1(N),E2(K),E3 (N}, B4 (N} BS(N),
1 ROT{N) ,UT{N), rr(u),£1T(N).Bzr(u).83m(u) BuT(u),pza(u).
2 A(N), AX(N),AT(H),AL(N) .
IP1=I+1 "
JP1=0+1 ’
JN1=J-1
ROJ=R0(J)
0J=u(J) ~
o TJ=T (J) : : ' e
‘ pPJ=p {J) .

O EWJ=EN(d) ’
E2J=E2{J) .
E3J0=E3(J) ' re.

EU4J=E4{J) . :
E5J=25(J) o ‘ - C e
AJ=A(J) ) ' o . ) ¥

PERJ=PER {J)
ROX= {RO (IP1) —KO {I)) /DELX
UX= (U (IP1)-U (I))/DELX
TX= (T {IP1)-T (I)) /DELX
PX= (P (IP1)-P(I))/DELX - . o
E1X={E1{IP1)-E1{1)) /DELX _— -
E2X=[E2 (LIP1)~E2 (I))/DELX : '
E3X=(E3 (IP1)-E3(I))/D3LX
FUX= (=4 (1P1)-F4 (T))/DELX
AXDA=AX {J)/AJ
ATDA=AT (J) /AJ
UXX=(U(JP1) ~THO*UJ+U (JN1))/DLXSQ . .
TXX={T{JP1)~THO*TJ+T (JN1})/DLXSQ . )
E1XX=({E1(JP1) ~TWO*E1J+E1 (JH1))/DLXSQ f
E2XX=[E2{JP1)~-TWO*Z2J+E2[JN1)) /DLXSQ '
E3XX=(E3(JP1) ~-TWO*E3J+E3 {JN1))/DLXSQ
BUXX=[EU[JIP1) -THO*E4J+EY (IN1)) /DLXSQ
CALL TTD{UJ, ALJ,ALU)
AL (J) =ALJ
BA--UJ#ALU*UX*ALJ*(AXDAfBOX/ROJ)
BB=ONE/ (CV+TJ*CT)
BC= {ONE-5.60D-2*Z8J*%2/ (ESJ*E2J) *DEXP {37956.72D0/TJ) )
1 / (ONE+2,25D3%E4J/ (TJ*E2J) *DEXP (4982.39D0/TJ))
_ BD=ATDA +UX+UJ*AXDA
AREN=Z*PJ*%* (~2_D0) *E1J*E2J*ROJ*DEXP {(-EDR/TJ) .
ARENO=5,U5D14=E2J%x, SDO*ESJ¢ROJ°*.5DO*DEXP(-120750.91DO/TJ)*BC
BNER1—CP‘Txt(BA+UJ)0ALJ¢(cporxxocrthﬁxx)
xuzaz—-pa/xoavao




ENER3=~HT*PERJ/ (ROJ*AJ} * {TSY-TW) +HR*A REN
ENERU==UJ/GR* (ALI*UXX+UX* {BA¢UJ))

ROT (J)=-Il.I*ROX=ROJ¥DD

UT {J) ==GR/ROJ*PX+ALJI*UXX ¢ UX* BA
_IT(J)-—UJthoaat(ENER1ozunxzozquJozuzau)
E1T {J) =ALJ*E1XX +E1X*BA-AREN :
E2T (J)= ALJaszxozzx#aa-rnazztanzu-aazrtlnxuo
E3T (J) =ALJ*E3XX+E3X3BA+FOUR*ARE}

BU4T(J) =ALJ*ELXX¢BUXe BA+ARENO

BETURN L
END !
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C THEBMAL PROPERTIES SUBPROGRAM .

C'*‘.ttttt*t‘i*#**t tttv*ttktttaﬁﬁttﬁtﬁOtt‘"Otﬁtittt.t‘“*“*l*0&““#“#0‘.‘.‘0

SUBROUTINE THE(CP,CV,CT) : A

IMPLICIT REAL*8 (A-H,0-2) N

“COMMON /BLCTL/ZERO,HALP,ONE, TRO, THREE, POUR,PI,TINSC,TINE,CA, '
RPM,CR,VD,THODB,PHIP,PHIN, PUIT, PUT, PT, P, F4,GR,PRT,
pa,na,un,z,EDR,APST,ponz.psnz,xsrap,nz,u,xu,

 NM1,N¥2,NP,NM,NSP, NOI,tTH, NOO, NOOH1,NOOP1,K,K1,K2,K3

coN#ON /BLGOM/XLC,X0I,X00,CL,DCL,CLL,CLR,S,RC,XLR,DIAT,DIAR, AP,
ATH,APS,PERP,PERT, XPO, XLO, VP, VM, VC,DVP,VPDVC,ATDVD,
B1,82,B3,B4,B5,DLXHF,XTH, DOOR, HOOP, S00,A008,DCX,HX,
XsP,OMEGA, TINSR,POTPT,DEG, VT, VTS, BORE

COMNON /BLSUM/PP,PN,SNT,SN1,SH2,SH3,5M4, SHJ'SHAQ S410,Z8FB,PHP, PHA

CONYON /DLDER/AMN, ST, TH,USY, BSY, UPN,CSyS1 ;DELX,DLXSQ HT,TSY -

DATA A0/2.257196D3/,A1/- 1.85801805/,A2/1 60333301,

TSY = (PSY*VT) / (SHTO*RR)

_SRT=DSQRT (TSY) L .

CP=AN¢A1/TSY+A2*SRT . _ . _ , \

CV=CP-RR : _

CT=-A1/TSY*%2+A2/ (TH O*SRT)

HT=K4/100. DO% (7,1309 D-3%PSY**_8D0*USY/BSY/TSY*%.53D0)

RETURE

END’

WK =

WN =
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c‘t‘t“tttttltttttttlttt**it##-l###“'*“““.“‘t"""‘.“"0.00#0‘30.0‘0#"‘.‘
C TURBULENT DIFPUSIVITY SUBPROGRAM .
C‘t‘*“#t#it*tit#*t*t#*tt*t***#ttt‘#t‘“*““##‘tt“t“#‘t““‘t‘#‘#t“#*“#“‘t
SUDROUTINE TTD(U,AL,ALD)
 IMPLICIT REAL*8{A-H,0-2Z)
© COMMON /BLDER/ANW,PSY,TH,0SY,BSY,UPY,CS,S1,DELX,DLXSQ¢HT, TSY
AL=S1¥ [UPN+DABS (U))
ALU=S1 A
RETURN : d
END : -
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CERRRXER N RS RE P AANF A2t b kA& XESRAREE RN B XL tttt#i#ttttttttttt##tt#tt#ttttt‘.oc.oct'c
C TINE STEP CONTROL SUDPROGRAN ' . .
c.‘tt*‘tt"l*#k*#tttlttittﬁﬁﬁﬂﬁik *vttvtttttti*tﬁkt##lttttt*ttt_t&#tt.&tt‘at“‘mao.‘
SUBROUTINE TSC({J,T,E1,E2,E3,TT,E1T,E2T,EIT)
IMPLICIT REAL*8(A-H,0-2)
COMMON /BLCTL/ZERO,HALP,ONE,THO,THREE;FOUR,PI,TIHSC,TIHB,CA.
1 RPH,CR,VD,THODB,PHIP,PHIH,FHIT,PHT,PT.PP,PH,GB,?RT,
2 PR, RR,HR, 2, EDR,AFST,POH 2,PSM2,XISTEP,N2,N,K4,
3 Nﬂl,NHZ,NP,NH,NSP,NOI,NTH,NOO,NOOH1,HOOP1,K,K1.K2,K3A
COMMON /BLTSC/TPC,EPC,ENIN,DELT, DLTMIN, DLTHAX
DIMENSION T(N).E1(N),Ez(u),zs(u),IT(N).EIT(N),EZT(N),831(8)

S PORMAT('-'/5X,'TIME STBP IS TOO SHALL',S5X,*ISTEP =',15,5%,*'K1 =*,

1 I3,5X,'K2 =*,13,5X,*DELT 2, 1PR12.95) . ) . .

TTJI=TT(J) '
TJI=T{J)

BUP=TPC*DABS (TJ/TTJ)

IF (BUP.GE.DELT) GOTO 10

DELT=BOF

_K1=4

K2=g
: 10 E1TJI=EAT {J) : .
E1W=E1(J) ’ ’
IF(R1TJ.GE.ZERO)GOTO 40
BUF=T.PC*DABS (E1J/E1TJ)
IF {BUF. GE.DELT) GOTO 40
IP{E1J.GE.EMIN)GOTO 20 ] )
IF(BUP.GE.DLTMIN)GOTO 20 . T o ,
E1T {J) =2ERO : :
DELT=DLTHIN
: GOTO 30
20 DELT=BUF
30 K1=1
K2=J
. 80 E2TJ=E2T(J)

" E23=E2(J)
IF(22TJ.GE.ZERO)GOTO 70
BUF=EPC*DABS (E2J/E2TJ)
‘IF (BUP.GE.DELT)GOTO 79 . ,
IF(E2J.GE.ENIN) GOTO 50 . .
1F(BUF.GE.DLTMIN)GOTO 50 .

E2T (J) =2ERO
DELT=DLTHIN
: . GOTO 60
59 DELT=BUF
69 K1=2
K2=J . o
70 E3TJI=F3T (J) .

E3J=23(J) : )

IF{E3TJ.GE.ZERO)GOTO 80"

BUF=EPC*DABS (E3J/E3TJ)

IF {BUF.GE.DELT) GOTO 80

DELT=BUF

K1=3

K2=J

80 IF(DELT.LT.1.D-10)GOTO 90

RETURE

90 WRITE {6,5) ISTEP,K!,K2,DELT
_STOP )
END

t
)
;:
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C.“‘t“‘*‘ttttttttttttttttt*##tt#tttﬂtt‘tttttttttt#ttt#t‘tttt‘tttt‘t‘.tt‘.‘.“‘
C BOUNDARY VALUE SUBPROGRAN °
C‘titt**ttt*ttttt#ttttttxtttttt‘ttttttt#tt##aﬂﬁt#tttttttt‘tttt#ttt‘tt‘ttt&“tt#‘
SUBROUTINE BOD (RO, U, T,P,E1,E2,E3,E4)
INPLICIT REAL*8 (A-H,0-2)
connoN /BLCTL/ZERO,HALF,ONE, TWO, THREE,FOUR,PI, TINSC,TINE,CA,
1 - RPH,CR,VD,TWODB,PHIP, PHIN,PHIT,PHT, FT, FP, FH,GR,FRT,
2 PR, RE, HR Ze EDR,APST pouz PSHZ ISTEP , 62 ,N, K4, . .
3 Nul.uuz NP,Nd,NSP, NOI,NTH, KOO, HOON1, uooe1 KoK1,K2,K3
DINENSION RO(N) ,U[N) ,T(¥), P(u),sl(u).az(u),za(u) E4(H) .
RO (1) =RO(2)
U(1)=2ERO
CT(1)=T(2)
L P{1)=P(2)
B1(1)=E1(2) . o L .
E2{1) =E2(2) . o : :
E3({1)=E3(2) - ’ ’ D :
EU (1) =E4 (2)
RO.(N) =RO [NM 1) ) . , .
U(N) =ZERO : . L L
T{N) =T[N41) b ' ) : :
P{N)=PB{Nia1)
BE1 (N) =B1(NN1) .
E2 [N)=E2 (N#1) ) S s
«.  E3{N)=B3[NM1) . . v o . .
: B4 (N) =BU4 (NB1) _ o .
RETURN . i
BED - )
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c‘ttt#“ttitt‘t*tttttti**tt#t‘&ttttttttttttt.t#‘#“““‘.‘t“ttt"‘t.““t.““‘

.C PUNCTION SUBPROGRAM .

C.t“ﬁ**#*“t"#‘tt‘*ttt*#*ﬂ*tttttt#‘tOt#t"t#tt#tltttittﬁ#*###$$$$0$6$$$$3“‘#‘

PUNCTION FX (W)

INPLICIT REAL*8(A-H,0-2)

COMMON /BLCTL/ZERO, HALP,ONE,TWO,THREE,POUR,PI, TINSC,TINE,CA,
RPS,CR,VD,TWODB, PHIP, FHIM,PHIT,PHT,FT,FP,FN,GR,FRT,
PR, RR, HR, 2, EDR ,APST,PCH 2, PSH 2, ISTER, §2, NyK4 »
N1, N2, NP, N, NSP, HOL, KIH, NOO, NOON 1,NOOR1,K,K1,K24K3 .

COHMON /BLGOM/XLC,X0I,X00,CL,DCL,CLL,CLR,S,8C,XLR,DIAT,DIAR, AP,
ATH,APS,PERP,PERT, XPO,XLO,VP,VN,VC,DVP,VPDVC,ATDYP,
B1,B2,B3,B4,B5,DLXHP,XTH,DOOP,HOOP, SO0,AO0HN,DCX,HX,
XSP,0MEGA,TINSR,POTPI,D2G, VT, VTS, BORE

COMMON /BLDER/AMW,PSY, TH, UST,BSY,UPN,CS, 51, DELX, DLESQ, BT, TSY

PX=(¥-ONE) $DELX

RETURN

ENTRY PD (W)

FD=TWO*DSQRT ( (¥~ 100)t(ch-w))

RETURN

ENTRY PH(H)

‘PH=TWODB#* [DCX-DCL*H)

- RETURN

_END

Nh)d

WK
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ctttttttttttttttttcttattttttttctt.tztttaootttta..onttoottcoootttttttooovto.-cot‘

C COANON DATA BLOCK - L
C‘.‘it#‘tttmttt*tttttttttttttttttt*vttt#ttt‘t#‘#ttt.ttttt“ttttttt.ttttt&“t‘t.av
BLOCK DATA

INPLICIT REAL*8({A-H,0-2) }
COMMON /BLCTL/ZERO,HALF,ONE, TWO,THREE,FOUR, PI,TINSC,TINE,CA,
RP4,CR,VD, THODB,PHIP, PHIN, PHIT, PYT,FT,PP,FN,GR,PRT,
PR, RR, HR,2,EDR ,APST ,PUN2,PSH2,ISTEP, M2,N, KU,
NM1,NH2,NP, N¥, NSP, NOI, NTH, NOO, NOON1,NOOP1,K,K1,K2,K3
COMMON /BLINI/US,TS,PS,PHCP,PH H2,PHCM 1, PHSP,PHSM2,PHSM1, PUSH,
E1SP,Z2Sp,E3SP,E55P,E1S#2,E2542,53542,E5582,215M1,
' £2541, E3SH 1,554 1, AFIP,APIT
COMMON /BLGOM/XLC,X0I,X00,CL,DCL,CLL,CLR,S,RC,XLR,DIAT,DIAP,AP,
ATH,APS,PERP,PERT, XPO, XLO, VP, ¥}, VC,DVP,VPDVC,ATDVP,
B1,B2,B3,B4,85,DLXHF,XTH,DOOP,HOOP, SO0, AOOM,DCX,HX,
XSP,OMEGA,TIMSR,POTPI,CEG, VT, VTS, BORE ' L .
coMMON /BLSPK/TSH,TSHM,E15,E2S,DAH,DAM,TNP . 3
CONNON /BLSUM/PP,PM,SNT,SK1, SN2,5M43,584, SM5,SMT0, S410,2ZMFB,PHP, PHN .
conuoN /BLDER/AYW,PSY,TW,USY,BSY,UPN,CS,S1,DELX,DLXSQ,HT,TSY
COMNON /BLTSC/TEC,EZPC,EMIN,DELT,CLTHMI K, DLTHAX
DATA HALF/.5DC/,0NE/1.D0/,THO/2. DO/,THREE/B D%/,FOU0R/4.DC/,NSP/3/,
XLC/5.48DG/, XLR/6.,44DG/,VD/32,480/,CL/.4104D0/,CLL/.4037D0/, -
BPM/2106.D0/,PI /3.1415927D0/,DLTHAX/6.0D-6/, AW /28.85D0/,
GR/386.DC/,BRR/1.854D4/,HE/4,956D9/,EDR/27193,.D0/,T8/500.D0/,
2/6.30D17/,EHIN/1.D-6/,ZEBO,US/2*0.D0/,TPC/.01DO/,EPC/.7OD0/,
DLTNIN/1.D-7/ . :

WM

W N N s

U'DUN-.

BED

=2
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A/fa.‘ Auxiliary chamber input air/fuel ratio.
F/Fm Main thamber input air/fuel ratio.
A/Ft | ‘Overall input air/fuel ratio to engine..
bmep, imep Brake and indicated mean effective pfeSsure.
bsfc, isfc Brake and indicafed specific fuel consumption.
cvce Compound vortex controlled combustion.
COF‘ . Cakbon_monoxide.
HC Unburned-hydroﬁarbons."
N0i | Nitric oxides.
" Ga | Mass bf fuel and air -to auxiliary chamber.
Gt Total mass of fuel and air to engine.
GFa: Mass of fuel to auxiliary chamber.
GFt o Total mass of fuel to engine.
EGR Exhaust gas recirculation.
A/Féi‘ Auxiliary chaber>a1r/fdé] ratio at ignition.
A/Fmi - Main chamber air/fuel ratio at ignition.
~Va Auxi]iary'chamber c]eérance volume.
Ve, Engine clearance vo}uhe;
Ft Torch area.
’AMBT | Minimum spark advance for Beét torque.
FID: Flame ionizqtion detector.
NDIR ~ Non-dispersive infrared detector.
ppm Parts per million..

ATC, BTC After and before top dead center for piston.

VOLF Volumetric efficiency.

,AAF Air to fuel ratio.
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SFC
MEP

Spark.igﬁition.
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Specific fuel consumption.

Mean effective pressure.
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I, INTRODUCTION

Recent,government regﬁ]ations‘on the automotive enginé have
made it necessary to improve fuel economy while decreasfng HC, |
CO, and NOx emissions. As of now, these three.combustion
products are the only tai]pipe discharges contro]]ed under the
Clean Air Act. The primary theory of sm§g formation is that
reactive hydrocarbons and nitrogen 0k1des in a particular mix-

" ture react photochemically to form many products‘[l]. The complex
set of reactions involved receive energy from the ultraviolet
end of the solar spectrum. This is why po]]ution.is often worst
on hot, dry summer days. The powerful irritant ozone is one of
the products of the hydrocarbon-nitrogen oxide reactions. Air
pollution and smog can/be reduced by decreasing the number of
reactive hydrocarbons at one particular concentration of NOx.
Therefore decreasing NOx should also improve air qué1ity.

Carboﬁ monoxide can impair nérveé and heart of man by reducing
the oxygen-carrying capability of the‘blood. It has a life of
five years before being destroyed by oxidation reactions.

Whi1e the environmentalists are attempting to rfd our air
of pbl]ution, projected oil supp]y deficiencies may rid the
‘ country of its large automob11e By 1985‘an auto company must’
f1e1d a f1eet of cars that average 27.5 mpg. The séarch is on
in the technical commun1ty for either alternate powerp]ants,
fuels, or the desired modifjcations to existing engines which
will comply with the Taws. If this is not accomplished, cars

will have to be downsized and the large auto will disappear.



Current industry solutions to'the problems are far from

(being_finai. The use of cata]ysts‘means lead free fuel must be

' used.‘ Exhaust_éas recirculation (EGR) and air pumps wifh all

i their-coﬁtrois are making the auto.éngine into a very intricate.

) piece of machinefy; E]ectronic cdntrois‘make the future look

" even more complex. Diese1 engines may have difficulty with future

f emission laws because of high NOx and particulates. Three way

cata]ysts'fo reduce HC, CO, and NOx create problems of exact

| fuel metering needs which cannot be -accomplished with conven-

tional carburetors.

One engine coﬁcept that has received a great deal of atten-
tion in the past decade is the stratified charge engine. This
engine'allows an'air/fue]_mixture to burn more perfectly at
relatively 1ow péak temperatures. This paper will be dealing

with a three-value, divided chamber stratified charge engine.




II. THE THREE-VALVE, DIVIDED CHAMBER STRATIFIED CHARGE ENGINE

The conventional S.I. engine has several weaknesses that a
stratified charge engine cah overcome. The homogeneous
mixtures of conventional engines within the air/fuel limits that
allow flame propagation yield Tow combustion efficiency. Opera-
tfbn also occurs in air/fuel rahges‘which correspond to that of‘
maximum NOx and high HC emissions. Also, with these mixtures,
end gases can self-ignite and octane requirements are higher
thaﬁ what would be needed for a leaner mixture.

‘The stratified charge concept inlengines can overcome many
of the pollution problems of the S.1. engine with as good or better
fuel economy. Lean ignitability is possible by introddcing a
small, rich charge around the spark which cén ignite the bulk of
the mixture, which is.1ean. Opérating with lean equivalence
ratios means lower octaﬁe reduiremeﬁts, higher thermal efficien-
cies and combustion in the region of low NOx and‘CO formation
with 1bw HC emisﬁions. Open chamber étratified charge'engines
inject fuel into an air swirl to achieve the regions of rich and
1ean.mixture. These types show great promise, but also have
particulate emissions 1ike diesels. The 3-§a1ve stratified charge
engine uses a supplementary chamber and extra valve to supply
the fich chargg about the spark p]gg. This prechamber serves
as the place for flame initiétidn and‘physica11y creates charge
stratification when a lean mixture is supplied to the main chamber.

Since the rich auxi]iary'mfxture is only a small portion of

the total mixture Supp]ied to ‘the engine, leaner overall air/

. fuel' ratios can give better economy or at least as good as a

conventional engine. By operating rich, the prechamber is in a



-region of low NOx formation.‘ The orifice between the auxiliary
and main chambers adds turbulence to the escaping prechambef
gases which éids in ignition of the lean main chamber. This
orifice is refered to as the torch opening. | |

Prechamber studies of this type make {nteresting studies

since mixture formafion is fathef(qdmp]ex. During'the intake
stroke both auxiliary and main intake valves open witﬁ rich
.Charge delivered to the prechamber and a Tean charge to the main
chamber. The rich prechamber mixture combine; with any residual
1éft in the prethamber. A portion of this mixturé overflows
through the torch opening into the main chamber and mixes to

_ some degree with the lean charge. Upon compression, some of the
mixture fofmed in the main chamber is pushed back into-the auxili-

_ary chamber and dilutes the prechamber mixture. This helps insure

. good-ignitabi]jty.’ The degree of stratification is an'imﬁortant
part of the mixture formation. If the overflow does not perfectly
mix, then an intermediqte mixture is'formed near the torch opening.
qu or possibiy more layers of ;tfatificafidn:wou]d then exist
in the main chamber -alone. However, if the prechamber overflow
did mix completely with the Tean main chamber mixture, theh.on]y
the stratification between the rich prechamber and lean main
chamber would exist. Fjguré 1 illustrates the intermediate zone.
This-is.What Honda refers to as their mixture cloud { 2].

Thé‘question of degree of mixing is one that this investi-

~gation attempted to answer. Most past studies by Hondé, Ford;

| GM and others have involved main chamber carburetion. In order

to gain added insight into mixture formation and optimum oberating

i
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conditions, the main chamber was fuel injected in this study}
It was reasoned that the added flexibility of vériab]e injection

, ’ ( ‘
~timing and more precise fuel ‘metering would aid in the understanding

of the engine operating conditions.




IIT. EXPERIMENTAL SETUP AND PROGRAM

A. The Stratified Charge Engine

The base for tne engine in’this'experiment was a modified
32.4 cnbic inch, single cylinder, flathead, utility enginevby
Brigg§ andlstratton. The three-valve prechamber head was designed
in a graduate project by Glenn Miller. The head was then built
at the University of I1linois with fabricated and purchased com-
ponents. Honda's cvee engine, the only stratified charge type
in current‘productidn vehicles, formed the basis for the head
design. _ |

The head was machined out of a steel block and.conteins‘the
three valves . and prechamber. It was built in a wedge configura-
tion mnch like Honda's design. - The engine could also be run as
an overhead valve, conventiona] version if a spark plug was
screwed into the orifice outlet and the prechamber intake valve:
was disconnected. The orifice itself was'removable and three
sizee wene initially built and tested. -Prechamber volume (Va)
was also made adjustable. Data taken by Grandys [3] was available
_for thelengine run inlthe conventional S. i version.
‘ The overhead va]ves of the main chamber ran off of the
or1g1na1 Briggs and Stratton cam w1th ]engthened push rods.
The thlrd valve, acting as an intake valve for the. auxiliary
cnamber, was operated by a Separate can and follower. The cam
ran at half of crank speed by a belt drive off the crankshaft.
'Both aux1]1ary and main- chamber intake valves opened at approx1—

mately the same time. The camshaft operating the third va]ve also

]
[




had é lobe which operated a set of points that were adjustable
for variable ignition timing. A cpnventiona1 automotive ignition
system W1tﬁ coil, points and‘condenser was used. An édaptation
of a Kistler pressure transducer to the Champion spark plug was
made to monitor prechamber pressure. Crank angle pulses every
ten degrees from magnetic pickups were disp]ayéd along with the
pressure traces 6n an oscilloscope. Pictures taken with a
polaroid scopé camera recorded the display, with triggering off
-the ignition points.

Two separate fqe] metering systeﬁs supplied main and auxiliary
combustion chambers. Air and propane from compressed tank sources
were used to supply the preéhamber to avoid véporization problems
pointed but'by Purins [4]. The use of Matheson dual-float rotameters
equipped with a 605 tube for air and 603 tube for propane allowed
good control over the rich mixtures. The air and propane mixed in
a surge tank before enterfng the prechamber. '

| During initial investigations of this engine, the original
Briggs and Stratton updraft carburetor was used to supply main
chamber charge. In this study:the main chamber was supplied with
fuel By port fuel injection. The fuel‘injectof used was a
lekswagen‘type 3 injector mouhted at a 30‘degree angle to the
air f]dw.‘ The original deraft carburetor was retajned for use
in throttling the air flow. The fuel line gystem was a common
fai] with only one réi] used (since it was a one cylinder engine).
lA'Bosch fuel pump was‘utiiized in cbnjunction with a Volvo pres-.
sure fégu]ator. These gave éh injection pressure of 25 psi.

Air consumption was measured by a laminar flow meter which was



T

upstream of‘a surge -tank. Iso octane was supplied as fuel to
the main chamber ahd its consumption measured by an electric
 timer and burette.
In order to fire and close the fuel injector a combination
mechanical-electrical unit was built. The diagram of the system
is shown in Figure 2. Mechanical points ran off another lobe
on the same camshaft that operated the prechamber intake valve.
Ihjection timing was adJUSted by rotating the points around the
lobe.v When the points closed, the injector opened, $ince the
righthand portion o0f the circuit was closed between injector coil,
battery and bulb. The Zener diode kept a constant voltage in the
éircuit. Meanwhile in the lefthand portion of the circuiﬁ, the
RC circuit, consisting of a capacitor and adjustab1e resistance,
began to charge. When the required voltage wa§ reached, the
unijunction fired and current passed through resistors 1 and 2.
Current then flowed to the SRC and.fired it. This opened a one
way gate. A short circuit occuréd and current flowed through EBC
instead of EAD, and the fuel injéction closed since no current
passed through the injector coil. -
.wheﬁ-the points open, all voltages in the circuit went
back to zefo:and the process §tarted ovef again. Varying the value
of the resistance varied the time the injector was held opén,~and
- fuel metering was controlled in this way. Changing resistance
éhanged‘the-amount of fuel &dded to the air stream flowing.
‘through'the bort, and .thus changedAthe‘A/me Two 12~vo]t batteries
were used, one for the ignitidn system. and fuel pump and one for the

fuel injection circuit. Figures 3 and 4 show these circuits.
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The head temperature was cbntro]]ed'by circulating Eoo]anf
around the ports and'contro11ing the amount ofAcoo1ing water
through the counterf]ow heat- exchanger through which the coolant
passed. A chfome]-é1ume1 thermocouple just downstream from the
exhaust valve monitored exhaust temperature. Engine output was

absorbed by a D-C motor-generator coupled to the output shaft.

B. Exhaust Testing System

An exhaust monitoring system was constructed which complied

with standard SAE practices as stated in the 1976 handbook [5] .

‘Hot gases from the engine entered a»mixfng tank with water cooled

coils which removed some water vapor and froze exhaust reactions.
Figure 5 shows the system used. The sample from the tank was
used to test for HC, CO, and CO,. Further water vapor was

removed by a water trap. The portion of the sample to be tested

" for C0-COp was run through a dessicant also, to remove all remain-

ing water vapor. This protected the NDIR windows from water
vépor damage. The sample to the FID was not run through the
dessicanf bécause of HC absorbtion problems. The first filter
removed soot from the sample, the second remerd'dgssicant particles.

Beckman 400 and 402 flame ionization detectors were used to

~give HC cdncentration in parts per million of methane (CH4). Cco

was detected by a Beckman 315-A nondispersive infrared‘detéqtor.

Two ranges could be run with this unit, 0 - .65% and 0 - 10%. A

. Beckman 315-B NDIR gave C02 concentrations in a 0 -15% range

‘which could be used-to help set air/fuel ratio.
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/In monitorfng NO*, a chemi]umineécent analyzer (CLA) was
used. The unit used was a Thermal Electron 12A modified to sample
at under one half atmosphere pressure to avoid condensation in the
samp]ﬁng<1ine, Both NO and NOx readings could be taken with this
insfrument. The readout was in bpm NOx and NO. All emissions
equipmeht output was recorded on Texas Insfrument strip chart
recorders. Nitric oxide readings were corrected according to the

technique by Matthews, Sawyer and Schefer Bﬂ}. After startup

and a warmup period emissions were sampled continuously.

C. Test Procedure

A program was decfded upon which would try to determine the

conditions of minimum NOx levels, since this is one of the main

objectives of stratified combustion. Information on the mixing of

the two charges was also one of the primary purpdses of thevA
investigation. The results of the fuel injection of the main cham-
ber would be compared to the carbureted version tested by Grandys.

v The important parameters of the prechamber stratified charge
engine have ‘been~po1'nted out by Ford [4], Honda [2], &M [7]

and others. They include prechamberAVo1ume (va), the air/fuel
ratio to4the prechamber (A/Fa), the air/fuel ratio to the main

chamber (A/Fm), total overall air/fuel ratio (A/Ft), ratio of

auxiliary mass flow to total mass flow (Ga/Gt), and ratio of

a
J

auxiliary fuel mass flow tdutota1 fuel mass flow (GFa/GFt)
Dimension]ess‘parameters of importance are. the ratio of torch
opening area to éuxiliary chamber vo]umé (Ft/Fa), and auxiliary
volume to clearance volume (Va/Vc). The prechamber volume includes

i .
the volume within the .548 inch long removable nozzle.




Three nozzle sizes with diameters of .201, .332 and ;437
inches were originally studied in the carbureted engine. However
Because of combustion knock;'the smallest nozzle was discarded.
The .332 diameter orifice was found to cause higher NOx emissions
than the_]afge .437 inch nozzle [3, 8]. Therefore the investi-
gation was performed using only the large orifice (437 inch
diameter) which had a Ft/Va ratio of..l cm']. A11 tests were
. berformed at a conﬁtant speed of 2100 rpm. Prechamber volume
(va) was also kept constant during all tests.

In order to compare fye] injection with carburetion of the
main chamber, the.Graﬁdy's experiment 'of running three prechamber
fUé]ing<groups over a range of air/fdei‘fatios was repeated.
Group A had én A/Fa=7, and Ga/Ft=10%. Group B had A/Fa=4 and
6a/Ft=5%, and Group C had A/Fa=4 and Ga/Ft=5%. These were all
nominal values, with all full throttle values within 13%, and
part throttle within 5%. Thesefgroups were run at full throttle
(défined as 77% VOLF, within 3%) for fue]iinjection timings of 00
and 1100 ATDC on the intake stroke. Spark timings were fixed to
duplicate Grandy's runs from 250 BTC to 36° BTCl §Ver an air/fuel
range of 15 to 22. Group A was also run at part throtp]e (44%
VOLF, within 1%) forAa fuel inje;tibn timing of 1109 ATC.

Spark timings were fixed'from 200 BTC' to 300 BTC, over an A/F
- range of 15 to 21. '

In order to investigate injectfdn timing effeéts, Group
A was run at full throtf]e for four fnjection timings over a
range of A/F ratios. The fuel“jnjettion_timings were 0, 60,

116 a?d.]SO degrees ATC of the fntake stroke. Runs were made at

MBT -timing that ranged from 28° BTC to 30° BTC.
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The final ‘experiment was to run at prechamber equivalence ratio§
of 1, 2, 3,44'and 5. Total A/F r?tio was kept at épbroximate]y 18.
Each five equivalence ratioé of the prechamber were run ‘with Ga/Gt=
5% and Ga/Gt= 10%. Spark timing was kept constant at 25°
BTC to insure constant mixing of the prechamber overf]ow for all

5 equivalence ratios, even though the air/fuel ratios of the

~overflow would all have been different. This meant that since-

percentage qf overf]ow.was the same for all five runs, main
chamber'degreé of mixing should have been the same for 511 runs.
| Next these runs were repeated With all conditioné the same
except for é block being placed in the mafn'chamber intake port
io direct the incoming}charje. This would cause swirl in the
chamber, it wés theorized. Figure 6 shows placement of the block
in the intake port and theoretical swirl direction. 'It was

hoped that the swif] would cause the pkechémber overflow to mix
more completely with the main chamber mixture. Therefore if
there was a large difference between runs with and without swirl,
iﬁformation concerning degree of mixing wfthout swir]hmjght be
found.' The head design has very 1itt]e built-in swirl, if

any. Even with an offset valve,'thé intake bort comés in at

a 900 angie to the valve, and thus there is no directing of the
intake in'a'ciréu]ar direction which would pfoduce a swif1.<

In all runs, the emission data was taken on the strip charts.

‘Other data recorded was: exhaust témperature, fuel tjme; pot

setting, burette fuel constant, dyno load, main chamber air flow-

meter pressure differential, air and propane pressures and float

1eve]s; head temperature, injectidn timing; and spark timing.



Orifice

Swirl
directio

Port Block

Figure 6. Diagram of three-valve head with block in intake port to produce swirl,

‘81l
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Friction Toads were also taken after runs. A summary of engine

conditions is shown in Table 1.

D. 'Combusfion Photography with Carbureted Version

A second Briggs and Stratton block with an. extended piston
bo1ted‘to the original was set up to enable the main combusion
‘chamber to be viewed from fhe bottom. A quartz window was -
used as fhe piston face, with the pistonAs1otted front and back
to allow itAto move:about a mirrof, aﬁd,the mirror to- be Viewed

by a hﬁgh speed camerav Thus h1gh speed fllms of the combust1on

process cou]d be taken, with the same head bolted to the extens1on.

Iso octane was aga1n used as fpe]. Copper o]eate_was added
(2% by Weight) to try to get the lean combustion in the main
chamber(to burn more visib]y; Both color and black and white
pictures were takeﬁ Spark timing wés'20° BTC. Eng1ne speed
was approx1mate]y 1700 rpm, but s1nce the total runn1no time

Tfor this setup was only f1ve to ten seconds, exact operating

conditions weren't known. This wés especially true for the A/Fm,

since . 1t could not be determ1ned in such a short time for

carburet1on

ottt A Yo



TABLE 1 -

Engine Operating Conditions

Engfne»'-‘

Speed - Constant 2100 rpm
Disp]acement : | N | . 32.4 in3.
- Compression ratio | - 7.98
Coolant temperature ' 'A | - 1109-1409 F.
Spark timing | - . ‘Fixed and MBT 200-49° BTDC
Ft/Va - A | Large nozzle I 1 emtL
Orifice diameter ] o Large nozzle .437 in.
Vé/Vc. - A ' With large nozzle 12.7%
Fuel injéction timing | Variable - 00, 60°, 1109, 180° ATC
Volumetric Efficiency Part throttle 44% (* 1%) '
o Full throttle 7% (f 3%)
Main chamber fuel B _ Iso bctane
Prechambef fuel | ‘ : | Propane
- Fuel line injection pressure | 25 psi
Overall air/fuel range' - o : | 15-24
‘Prechamber Fueling Groups A/Fa ' . Ga/Gt (%)
| A | 7 - 10
B a4 3 10
¢ 4 o | 5




and B show almost identf;a] power and fuel consumption. Over 18,

2

IV. RESULTS AND DISCUSSION

A. Prechamber Fueling Groups

As stated before, the three prechamber groups run by.Gréndys'
were run in this study with similar spark timings for TDC fuel

injectidn. The groups were as follows: Group A - A/Fa= 7,

‘ Ga/Gt=TO%,'Group B - A/Fa=4, Ga/Gt=10%, and Group C - A/Fé=4,_

Ga/Gt=5%. . Figure.7 shows the results of mean effective pressure
aﬁq specific'fue] consumption plotted as §<function of air/fuel
ratio. A1l groups were run at full throttle (77% VOLF) and

bmep, imep, and bsfc were corré&ted‘for changes in atmospheric
humidity and temperature. These results show Group C has poorest

fuel economy and lowest power. At ratios of under 18, Groups A

there is a slight advantage to Group B. The fuel consumption

 curves for B do not.turn up at ‘lean A/Ft as the ones for A and

C do.

It is suggestéd that these results and the engine'emission
trends shown later can be. explained using a concept présented
by GM [i]. This ié, that if both a lean and a rich region exist
together, there will be a transition zoﬁe that exists which contains

a mixture at or near the stoichiometric value. . Honda's mixture

_ cloud theory states that a region with an intermediate air/fuel

ratio forms in the main chamber near the torch opening. This

‘mixture cloud is the product of partial miking of the rich

'prechamber overfiow'with lean A/Fm. Thé "correct" mixture cloud

formation results in a cloud that is rich enough to promote good
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Figure 7. Mean effectfve pressure and specific fuel

consumption - TDC Injection.
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tranﬁitiona] burning from the préchamber to the lean A/Fm
mixture. Thus, HC and CO oxidafion will be good and these
emissions will be low. Too rich of a cloud would cause rapid
'temperature and pressure rise in the main chamber, which would
cauée large NOx formation. Therefore, the correct size inter-
mediate zone must be formed to give reduction ih all three
emissions. | '

It is be]ievéd that this mixture cloud theory‘is the beﬁt
lmeans'of explaining the operation of this test engine. It has
been shown in Figure 7 that there exists differénces in power .and
fuel consumption between the three groups. Referrihg ahead to the
emission curves, Figures 8, 9 and 10, it can be Seen that even
greater differences exist betweeﬁ emission values for the three
~groups. These differences cannot be explained with the perfect
mixing assumption as Grandy's postulated. A computer simulation
reported by Sorenson [Q] used ﬁhé‘assumption of perfect mixing
‘of prechamber ovérf]ow to calculate air/fuel ratios in the pre-
chamber and main chamber at ignition. The results are shown in

Table 2 fdﬁ A/Ft=20.2, fu11 throttle and 209 BTC spark timing.

TABLE 2

" Caluclated A/Fmi and A/Fai Values for A/Ft=20

~Gfoug A B [4
A/Fmi ~ 2] 21.4 21.1

A/Fai , 14,7 11.5 12.5
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The calculated data shows that at ignition, Groups B and C
would have almost the same prechamber and main.chamber air/fuels.
Therefore, experimental emission and performance for these two
groups should have been almost identical. This was not found
in test results as pointed out, which tends to disprove the per-
_fect mixing, two zone combustioﬁ assumptfon.

Pan performed a three zone mixing modé1.EQ] with a prechamber
perfectly mixed région,Aa main chamber intermediate zone, and the
main chamber leén mixture. The intermediate zone -only mixed with
the preéhambér'gésés. A 50% mixing,percentage was assumed for
all three groups. This model was able to predict NOx values fairly
accurateiy and give the orders<of the groups as far as NOx produc-
tion found experimentally. Figure 8 shows the. resuits of the NOx
formation; Group C has the lbwest production, with Group A
second and Group B giving the hjgheﬁt values over the A/F range.
It is believed that'N0x productibn ié a function of:the‘inter-
mediate zone A/F ratio, with the group having the‘most mixture
near slightly leaner than stoichiometric ratio‘produciﬁg the most
NOx; Table 3 ‘shows représentative calculations by Pan at full.
throttle, A/Ft=20.8 and the three zone equivaTence fatios found.
The intermediate zone equiva1ehce>ratio fepresents a point just
outside the torch openiﬁg in the main chamber.

The calculated intermediate zone equivalence ratios show
fhat Group B is richest, A second fichest, and C leanest. This
brder corresponds to the order of experimental NOx curves. Group
B was highest over the entire'air/fuel tested, A second highest

and C{]owest as shown in Fjgufe'8. The rich prechamber is a




 Growp AfFa . Ga/Gt
A o 7 10% )
B ® 4 10%
c a .4 5%
14|__ ' '
VOLF  77%

13

Indicated NOx (gm/ihp-hr)

16 17 18 - 19 20 - 21 . 22
: A/Ft
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TABLE 3

Calculated Equivalence Ratios for the Three

Zones of Combustion Model, VOLF=Z7%, A/Ft=20

26

Spark Time Prechamber Intermediate Zone Main Chamber
100 BTC ©.993 .833 .63
10° BTC 1.162 .872 .524
50 BTC 1.065 | .781 .639
TABLE 4

Calculated Equivalence Ratios for the Three Zones

of Combustion Model, VOLF=44%, A/Ft=20.8

Spark Time Prechamber Intermediate Zone Main Chamber
2.58TC .89 - .79 .60
12.5 BTC . 1.1 .85 495

.61

15.0 BTC 1.0 .76
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small quantity and does not produce much NOx, and the A/Fm is

lean enough so that it will have low NOx production from slow

combustion. It is the intermediate zone that controls NOx

_production, with the slightly richer Group B having more mixture

slightly lean than the dthér groups. Thus it has the mdst NOx pro-
duction. Table 4 shows the ca]cu]at1ons for part throttle data.
Tab]e 4 shows the same trends with part as full thrott]e
However, here Group B is richest in the intermediate zone, but
C and A are almost identical. Part throttle runs by Grandy's with
carbufetion showed Groﬁb B proddéed highest NOx, but Groups C and
A were almost the same in NOx.emissfohs. The part thrétt]e runs
were not made with.the fuel injected version for all three groups.
Figures 9 and 10 show indicated HC and CO emissions‘for~fhe

A/F range. The HC curves show that at A/Ft=16.5, Group C gives

lowest hydrocarbon emissions. At highér A/F ratios, the Group

C HC emissions are highest. Grohp A and B have similar HC
emissions over the air/fde]s tested. Group A was run lean enoygh
to seelfhe turn up of hydpocarbons. At an A/Ft=16.5, the Group C
conditions must have a high enough ihtermedfaye zone A/F and A/Fm
to give fqét combustion that gave low HC. At higher ratios, the
lean A/Fm and Teaner intermediaté zone than A or .B gave slow
combustion which resu]ted‘in unburned hydrocarbons being high.

The lower power and higher fuel consumption shown in Figure 7 shows

. poor combustion at Teaner mixtures than 16.5. Groups A and B

appear to have favorable conditionsmfor‘HC oxidation with the richer
intermediate zones.’ Thi§ shows. a trade-off between low HC and

high NOx, with Group A giving the best combination of the three

. groups.
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The CO trends of Figure 10 agree with arguments presented

SO far. The poor combustion seen with Group C conditions shows

“up in higher CO. Group C showed higher exhaust temperatures in

tests, indicating slower combuétion in the cylinder with oxidation

: 'continuing during exhaust. The excess HC burns in post reactiohs,

‘but CO is not oxidized to C02 because exHaust temperétures were

nof above the 1400°F needed to give good CO oxidation. Groups

A and B show similar vé]ues for CO above an ‘A/Ft of 17.5. The faster

_burning of these two because'ofvthe richer intermediate zones

thah for Group C gives the lower CO and showed up as cooler .

exhaust temperatures. Below 17.5 CO for Group'B goes up faster

than'for Group A, probably because fhe intermediate zone becomes

quite rfch and more CO is produced than can be oxidized. Group

A intermediate zone won't become as rich until a lower A/F is

reached, so CO goés up at a lower A/Ft than for Group B.

Figure 11 shows a comparison of‘spark timingé for the three groups,

_and it.is seen that all Were very similar for any A/Ft to justify

the comparison made.

" B. VaryingAPrechamber Equivalence Ratio
With and Without Swirl

In order to find basis for the mixture formatibn theory, the
effects of varying stratification with constant Ga/Gt were probed.
In Pan's model discussed beforé, a 50% mixing percentage was
‘ assumed for all fueling groups. This meant that half the A/Fm
"mixéd with the pfechamber overflow, no matter what Ga/Gt was.

‘This assumed degree of mixing was not a function of Ga/Gt Oniy,

But réther could be related to engine geometry and charge flow
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into the cylinder. It is not knbwn whether this is a correct
assumption; However in_this test all the stratification was
varied at constant Ga/Gt, SO'mixing‘§h0u1d have been constant
for each value of A/Fa no matter which mixing is related to.
Ignition timing.was held at 250 BTC to he]p.insure’constant
mixing also.

| The prechamber equiva]énce ratib was varied at ratios of 1,
2, 3,‘4 and 5 while A/Ft was kept at a nominé] value df 18.
As prechamber equivalence ratio«wa§ increased, stratification
increased because A/Fm was also being leaned to keep A/Ft
constant. The test was run first with Ga/Gt equa1 to 5%, then
repeated for Ga/Gt equal to 10%.

~ In-cylinder sampling of mixtures on the compréssion stroke at
Nissan ﬁ@ showed pockets of rich mixture about the torch
opening and main chambef at the end of intake. Thesévpockets
were found to disappéar by the end of compression. It was found
to occuf because swirl eXisting in the main chamber. By ignition
time, A/Fmi consists of a basica]]yAhomogeneous mixture. This
Acondition'of one mixture, the A/Fmi, in the main chamber corresponds
to the perfect mixfng case fof the prechamber’overf1ow. There-
fore the'test,‘described above was repeated with swirl added to
the main .chamber. Figure 12 shows the NOx and IMEP values found
with both cases versus prechamber equivalence ratio.

The effects of increasing equivalence ratio aﬁd thuslincreas-

~ing stratification showed that for the no swirl case, NOx went
—upfas'stratification was increased. Power also went up. The

hydrocarbons and CO were found to decrease during the same process.
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This seems to show better combustion as stratification was
increased. It was stated that mixing should have been constant

during the tests with the same Ga/Gt, the intermediate zone should

. have been the same size for each run. However A/F should have‘

been increasing for each increase in equivalence ratio. This

would explain the increase in NOx as the intermediate zone

became richer and more mixture approached the slightly lean state.

‘The 10% Ga/Gt test showed higher. NOx and power than the 5%
caée. This tends to show that Ga/Gt does effect mixing degree
of breéhamber overflow. No definite conclusions can be made
about how much moreAmixing there is_with a larger Ga/Gt. Howéver,

if a larger mixing zone was formed in the main chamber and con-

~tained more of the slightly lean mixture it.would explain the

higher NOx production and power. Higher power would also be
influenced by greater torch strength as A/Fa was increased.
The same experiment of vérying‘stratification‘was performed

by GM'{jﬂ 'dnd gave somewhat different results. They found that

NOx did not keep increasing for each increase in A/Fa. Rather,

it peaked at some equivalence ratio and dropped off after that.
This could be caused by different geometry factors that influence

the mixing in fhe GM engine differently. Repeating_the experi-

ment on the U. of I. engine at a different A/Ft would give a

better comparison to the GM data. For this experiment, a leveling

.A_off of'NO} occured'between_équivalence ratios of 2 and 3 for the

- prechamber and 10% case, and 3 and 4 for the 5% case. However

NOx increased again after these ratios. GM did have a similar
conclusion that an intermediate air/fuel zone was formed that

leads to high NOx formation.
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Looking. at the swirl cufves in Figure 12 shows much flatter power
curves'and NOx curves. HC and CO were not found to decrease signi-
ficantly with increased stratifitatidn. This would appear to be
because the swirl mixed the chamber into a homogeneous mixture
which had about the same A/Fm for all values of-préchamber equi-
}fvalence ratios. Only the‘added prechamber torch strength would
: fncrease power. With a hpmogeneous mixture, the combustionv
transition from prechamber to main chamber should have beeh
s]oWer.without an intérmediate zohe. Therefore temperaturé and
pressure rises would have been smaller and sﬁou]d haVe_giVen

lower NOx production, but this was not found.

| Instead of lower NOx and lower power with the homggeneoﬁs mix-
ture, Figure 12 showed higher.power and higher NOx than the no swirl
case. The cause'of this is most likely the added‘ﬁain chamber
turbu]ence from fhe swir]. If a comparigon of NOx couid be made

at similar power levels for the no swirl and swirl case, it would
be pqssib1é to find if NOx was less for the homogeneous case.
Figure 13 has IMEP plotted versus NOx for the swirl and no swirl
cases. By extending the curves slightly, NOx can be compared at
the same IMEP for both. If 110 psi is selected, it is seen that
NOx will be lower for the swirl case. This gives evidence to show
that the homogeneous main chamber case would have lower NOx, and
the no swirl case must have a non—hbmogeneous main chamber. -

Figure 14 shows a block diagram with equivalence ratios that

_may be set up in the stratified charge engine. The dashed line
represents the imperfectly mixed main chémber w{th an.infermedfate

zone formed. Perfect mixing is represented by the solid line,
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Figure 14. Block diagram showing possibTe equivalence ratios
' formed in the prechamber and main chamber.
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_wheré there are just two mixtures present, A/Fai and A/Fmi.

It is illustrated by this diagram that the imperfect mix will

have more regions near 511ght1y leaner than stoichiometric.

‘Th1s would give higher NOx, but faster trans1t1ona1 ‘burning between

prechamber and main chamber which increases power and reduces

HC and CO.

C. Comparison of Fuel Injection to Carburetion

Data takén byAGrahdys Eﬂ for the carbureted version 6f this
test engine Will be compared to the fuel 1hjected version for the
_thrée fueling groups. Two injection times O and 110 degrees
ATC will be used for the comparison. Also, Group A at 110 ATC
iﬁjectibn and part throttle wf]] be compared to carbureted Group
A data at part throttle.. |

Figures 15 and 16 show the emiséion and performance com-
parison'for fueling Group A and TDC injection.l Spark timings
were similar for the comparison. Mean effective bresspre is
slightly hjgherlénd economy slightly better for the injected
version. However the improvement is so small that it can be
said that performance is:simi1ar for carburetion and injection.
Emissions are not similar, as Figure 16 pbints out. CO is slightly
highef ovér the A/F range and HC about twice as high for the curb
version. NOx is higher for the {njected version, however for any
_level of NOx picked, if HC and COAare'compared at the NOx level
. for both, the injected version would still show a large ad&antagev

in lower emissions.
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| The trends for Group A, TDC injection hb]d for the other
groups and injection time a§ well. Figures 37 and 18 show thé
. Group B, TDC injection‘comparison. Again spark times are shown
to be similar for the‘comparison. There is a s]igﬁt power and
"economy advantage to the injected version, but nothing significant.
CO is higher for the cafb version, and HC is again about twice
as‘high as for the injectéd engine. NOx is up with injection,
as was seen with Group A. ~
Figures 19 and 20 for Group C, TDC injection versus carbure-
~ tion do show one different trend. - Here is can be seen that the
carburéted engine has a slight power advdntage and lower fuel
economy with similar épérk'times; CO is lower for the carb
version, and HC emissions are the same for both here. The NOx
results are reversed with the injected version hﬁving Tower NOx.
These different trends for Group C can be attributed to the'boor
running of the injection version under Group C conditions. The
fact that the injected enéine Would run only out to an A/Ft of
about 19.6 as opbosed to 20.5 for the carb'version illustrates
the difficulty in operating the engine with injection and Group
C fueling conditions. | |
Figures 21 and 22 show fhe Group A bomparison, only with 110
ATC injection. The samé trends appear as for the TDC-carb
comparison. A slight power and fuel economy, with lower CO,
.1ower HC and higher NOx for the injected engine.
Figures 23 and 24 show the same trends for Group B, 110 ATC

injection. This is the same result seen for the TDC injection.

o
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" with the carb engine having higher specific fuel consumption, lower

power, higher HC and CO, and lower NOx. Spark times are shown

to be slightly retarded for,tﬁe ca}b engine, which would make the

comparison of emissions biased towards the carb engine.' So it

is.seen that the NOx curves would be closer and the HC advantage

betfer for the injected engine if eparks were more similar.
Fugures 25 and 26 have Group.C comparisons to the 110 ATC

injection. The spark for the injected version is slightly

retarded; which should give the edge to the injected engine as

‘far as lower HC and NOx. However HC is still so much lower for the’

injected version that it could not be from the spark timing
differences. CO is much lower wfth injection, .and NOx is slightly
lower. Power is similar for both, with a slight advantage to the

carb version, as is the case with fuel economy. The engine ran

- better for Group C fueling conditions with the 110 ATC injection

timing. This is pointed by lower HC and CO emissions than the
carb engine, which was reversed at TDC injection for CO.
HC was the same as the carb engine.

Figures 27, 28 and 29 show a comparison at part throttle,

.Group A and 110 ATC injection timing. Figure'27 shows that power

and fuel economy are similar for both versions. The HC advan-
tage in lower emissions'is smaller for part throttle with
injection. The NOx curves also show much less difference, with

the carburet1on hav1ng a very small advantage with 1ower emissions.

CO is less for the injection," a]though more- points would be needed

: w1ththe same A/Ft to make a better comparison. Bas1ca11y, the

trends are the same. for part thrott]e Group A as full thrott]e,
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the differences between the carb and injected version are

just not as great.

D. Varying Injection Timing for Fixed and MBT Spark Tihings
In order to investigate injection timing effects, fuel Group
A was run over an - A/Ft range with injection times df 0, 60, 110,
and 180 degrees ATC. Group A was run since it gave the best
trade between low HC and low NOx of the three fueling groups.
Initially fixed spark times were used. Then the experiments
were repeated using MBT spark. Figures 30 and 31 show the
times used for each A/Ft run for fixed and MBT times respectively.
Mean effective pressureé'and specific fuel consumptions
for‘fixed and MBT runs are éhown in Figures 32 and 33. These
curves show'power is esséntia]]y the same over the varied spark
times, with the MBT power and economy curves almost the same as
the fixed timing curves. This shows a very flat power curve
over a spark range for this engine. Only the 180 ATC injection
shows any significant power loss and SFC rise ffom the other three
injectionltimings. This holds for both fixed and MBT runs. The
basic conclusion from these curves is that fqé] {njection time
has little effect on power and economy characteristics of this
engine. However, as will be seen, the same is not true for
emissions.
Figures 34 and 35 show NOx emissions for fixedAand MBT times.
For fixed timings, the four NOx curves are essentially the same
curve. ‘Howéver'for,the MBT adyanced times, there is a separate

curve for each . injection time. NOx values are higher for the
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advanced times of spark and that'is expectéd as pointed out by

Purins -Eﬂ in a Ford study. The 180 ATC case gives only slightly

higher NOx values for MBT than the 180 at fixed spark. The HC

and CO results shown Tater also have this bunching of the four

curves at fixed times, and a spread in. the curves at MBT,

advanced times. This would tend to show that conditions existing

'ih the engine at advanéed times, disappear with further compres-

sion. It is possible that since this engine is injécting fuel into .

the aif stream being drawn into the engine, varying when the fuel

is injected can set'up areas in the main chamber that have

different air/fuel ratios. One section.of the cylinder may

contain the fuel and anothér may jhst héve air that was taken in,

and thus pockets of rich or lean mixture forms. It is impossible

to determine how the mixture would be formed or where in the

cy]inder; but at'MBT, the 180 injection gave lowest NOx, 110
.-second.lowest, 60 third and TDC injection highest. At the more

retarded.timingé of spark these pockets'could disappear from more

.mixing caused by cdmpressionAor some othér turbulence in the

cy}inder. | | _ | |

This explanation can be supported further by the fact that

the 180 ATC case showed the 1éast différehce between fixed and MBT
~¢ases; and gave lowest NOx emissions at MBT. The injection duration' 

in this system was not known, but it was assumed that with injec-
“tion at ‘180 ATC, the bulk of injection was with the value either

partia]]y'or totally closed. In this engine, intake valve opening

takes piace at 290 BTC and closes at 2330,A+C. Therefore in the

‘ .180,ATC~case, fuel would not be injected into the air stream.
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In‘féct with injection after the valve C]osed, the fuel would not

be drawn in until the next intake stroke when incoming air would
vaporize fuel off the valve and port. Therefore no pockets would

be sét up where some of the air -had fuel mixed with it and some

did not. Thus the MBT and fixed cases could be expected to

have about the same mixture conditions and give NOx ehissions

_which Vafied only because of sﬁark‘timing differences. Thjs was
seen in the results, with thé MBT NOx case being on]yAs1ight]y
'higher than fixed case. 'It'was stated before that a more homogen-
eous mixture in the main chamber'give5'1ower NOx, and’it.is'ﬁossib]e
that this is why the 180 ATC injection gave lower NOx at}MéT. »The
mixfure being vaporized off the intake valve and port Cou]d tend

to give a more homqgeneous mixture than if pockets of fue1 were
delivered to the engine in the airflow.

| Another poséib]e explanation for the results of the Nbx curves

is vaporfzation differences as pointed out by Peters and Quader ﬁé].
They did tests with fuel injection timing using port injection |
and found it influenced emissions apd performance. THey théorize
that the air/fuel mixture formed by injecting at peak valve opening
contains many fuel droplets. The one f&rmed by injection after
“valve closing would be a mixture'somewhefé-between the one with
many dropiets and a prevéporized one. Peters and Quader cohc]ude~
that the droplets éause an increase in flame speed and ignitability
if optimum drob]et size is bresént, One reason for this could be
that-strat{fication on a microscale could form around each dfop]et.
Thus NOx could go up higher for the case with droplets, and go

Tower for the case where injection occurs after the valve closed .

i
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because of slower combustion. With TDC, 600 and 110° ATC injection,
fuel is beihg injected into the air stream, and droplets could
exist in fhe mixture formed. These three iﬁjection timﬁng curves
fbr NOx showed higher values than the 180 ATC case; which fits this
exp]anétion's prediction of NOx production. At more retarded
sbark times, the droplets could be atomized by further'compressioh
énd the effects cancelled out, which would give the same emissions
for all four injection timings. At MBT, there are differences in
the NOx curves for eacﬁ.injeétion time. This could be becéuse_
of differences in droplet formation because of injeétion time.
 Beale ﬁé] states that aerodynamic breakup of d fuel droplet

is an important part of mixture formation. This is when dynamic

'Aforces‘dn the droplet exceed surface tension. Beale states that

as the valve first opens during fntake, valve seat flow velocity

- is high and this is what causes atomization. After the valve

- opens, port velocities are high, and atomization of droplets

occuks'here'instead of around the yalve seat. Thus-injection time
could affect droplet size according .to how open the valve was
at injection. .This would cause the differences seen at MBT in
the NOx curves. | | | |

Figures 36 and 37. show. HC results for fixed'and MBT times.
The smé]l_spread in curves is Seen at fixed times, with about

a 1Agm/ihb-hr difference in all four. At MBT, there is a 3

~gm/ihp-hr spread. HC decreases at retarded timings'because of

increases in exhaust temperatures and more post reactions resulting.

The 180 ATC gives highest HC emission for fixed and MBT curves,

with 60 ATC injection second highest.. The 110 ATC and TDC times



Group A
Fuel Injection

TDC
600

1100
1800

R DO

Indicated HC (gm/ihp-hr)

0 ! 1 | 1 | |
16 17 18 19 20 21 22
A/Ft :

Figure 36. Indicated HC for fixed spark - varied injection.

66



Group A .
Fuel Injection

T0C
600
1100
1800

16

15 |-

s 0O

14 L

.f\

[

= .
]

o 8 |-
-

s

&

-~ 7 L
o

T

®

+ 6 —
<

O

5

£ 5 -




- 68

gave similar emissions with these being the iowest. The TDC fnjec¥

tion also gaveAsecond lowest NOx at MBT, showing fhat this injec-

tion time gives a-good'combiﬁation nf low NOx and lowest HC.
Figures 38 -and 39 show fixed and MBT CO emfssions. The

180 ATC gave hiéhésf CO0 for bdtH spark timings. The 60 ATC

injection gave the lowest CO‘emissioﬁs. This could be because

of the high HC for this case. In this engine the exhaust‘tempera-

ture range was befween 1110-12509F, HC may oxidize to CO, but the

Cco do;s not oxidizé. Thus reducing HC increases CO 4

The 11OAATC and TDC curves show higher CO and lower HC. Again,

:sprééd for fixed spark between the éurves Qas small, while it was

significant for the MBT spark.

E. Comparison of Injection Timings

In making the comparison of injection timings the NOx
levels of 2 and 4 gm/ihp-hr were selected.  Tab1e 4 shows thé
comparison for MBT timings. | |

Table 4 tabulation shows theﬂ180 ATC injection is least
desirable. The poorer-combustioh is pointed out by high HC and
COland‘fueI consumption. 3The 60 ATC.injectfon also gives high
HC, but better fuel consuhption. The 110 ATC injection gives
the'bést HC values, but‘much higher CO than the TDC injection.
The'TDC‘gives the best timing, with good power, low fuel consump-
.tion'anﬂ‘favorab1e HC and CO emissions. Table 5 shows the

.same comparison for fixed spark timings.
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TABLE 4
Comparison of Injection Timings for MBT Spark'

NOx Injection HC Co A/Ft IMEP ISFC

4 TDC 3.9 2.18 20 98.6  .385
4 60 5.5 2.3  20.35 96 .39
4 110 3.8 2.7 206 93 .39
4 180 6.05 2.55 19.5 99 403
4 Carb 2.7 3.8 19.25 100 .39
2 TDC 5.5 3.3 21.15- 88 427
2 60 7.2 2.95 2115 88 425
2 110 4.7 3.5 2115 85 .435
2 180 7.0 3.5 20.6 88 427

2 Carb 2.5. 4

.25 . 20.4 92.5 . .41



TABLE 5

Comparison of Injection Tiniings for Fixed Spark

NOx

Injection

N A T

N NN NN N

TDC
60
110
180
Carb

- TDC
60
110

180

Carb

1.07

1.35
2.25

—
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wow ™

=Y

N o

co

IMEP  ISFC

A/Ft
19.45 105.5 .375
19.3 104  .383
19.45 105 - .375
19.25 101 .395
19.25 100 .39
20.8 91 .397
206 91 .4
120.45 96 .395
20.15 92 415
20.4 92,5 .41

. _



73

i

Again, Table 5 TDC injection shows a Slight edge over the
110 ATC for most cases, with 60 ATC third best and 180 ATC
wprst. The 110 ATC shows some advantage at 2 gm/ihp-hr with
better ISFC, HC and power levels. However this advantage is very

marginal and is not seen at 4 gm/ihp-hr.

F. High Speed Photographic Studies

The high speed movies of the main chamber combustion were
taken with the carbﬁrqted version as described before. Even though
six runs were made, it is felt that this portion 6f the research
was still in the initial stages. The photography shows no‘dramatic
proof of the presence of the mixture cloud. The problem was
trying fo see the lean mixtﬁres burning, since they burn a faint
 b1ue. Much of the visible f1gme seen from the film was believed
to be the rich pkeéhamber torch. "Since rich mixtures burn bright
yellow, this was bhotographéd easier at'high speeds.>'

Thé color pictures taken with copper oleate added do have
.some evidence to back up the thedry of zones with rfch mixture
eiisting in the main chamber. This copper.addifive shows up in
dark green regidns in the mainAchambef, These'regions were only
visible in part of the main chamber. This tends to shbw that
other regions were too lean tolproduce a dark enough color to be

photographed.
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V. CONCLUSIONS

Thé results of this investigation show that during the mixture
formation process in the three-valve stratified charge engine,
perfect mixing of the prechamber overflow does not occur. Instead,
there is some degkee of mixing with the main chamber mixture and
an intermediate zone or zones form just outside the torch opening.
This zone will be made up of mixtureAthat is slightly lean or
close to being s]ight]y lean.  Therefore this zone size contro]s
NOx production, since slightly lean mixtures produce maximum
nitric oxides. Too lean of an intermediate zone gi?es poor
tranéitional burning from fhe'fich prechamber to the lean main
chamber, arnd high HC and CO can result a]ong‘with low NOx from
slow combustion; Too righ of an'intermediate zone can give low
. HC and CO emissions from faster combugtibn,‘but will é]so create
large NOx emissibns; Therefore the optimum mixture cloud which
~gives both}low HC and CO and low NOx must be produced in the engihe
for an emission advantagé over the conventional S.I. engine.

It was found that with the engine géometry used, Group A
fueling group gave the most desirable mixture formatiqn.' The
values of A/Fa=7, Ga/Gt=iO%.gave a sufficient1y 1akge but also
lean enough mikture zone with good torch strength to burn the lean
A/Fm in the main chamber. ThisAgéve low HC and CO emisSion§ and
Tow NOx levels. Computer simuléfion showed that prechamber mixture
_pércentage may be fixed for any prechamber overflow and not
_necéssari]y depend on amount of mass percentage delivered through
- the prechamber. Therefore it would Be the intermediate zone A/F

that controlled emissions and not zone size, since the size would
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be about the same for all three fde]ing grdups. Power and fuel
economy is similar for Groups A and B and only slightly iess
desirable for Gfoup C. However emissions vary much with changing
~fueling groups.

In generé], the fuel injection prodtced a mixture which gave
slightly'higher NOX, but'significéntly less HC and CO over the
parbureted engine when run over an A/Ft range. HC and CO could
be reduced even_mdre with a therma]freactor or fnSu]ated exhaust
‘port. "Exhaust temperatures'wefé found to be from 1100-12000F.

- This is much lower thén the 14000F needed fo give compiete

A HC-CO oxidation. Low head temperatures and thin exhaust port
walls are the main reasons for lower temperatures than found in
other stratified charge engines such as Honda's and Ford's. Power
and_economy were notlsignfficant1y chdnged with fuel injection.

TDCAinjectibn_gave'the‘most favorable mixture formation for
low NOx, CO and HC emissions. The 110 ATC injection also gave
low HC and NOx but siightly higher CO emissions than the TDC
case. The 60 ATC injection and 180 ATC injection{ga?e much
worse HC and CO emissions for a given NOx level. 'This was
believed to have been’qaused by differences ih'mixture formatioﬁ
caused by different placemént of rich zones in the cylinder |
becauée of the different'ihjection timé.' It is possible also
that droplet formation from theAinjection spray could have played
é'part in different mixture formation from changing:atomization

characteristics with changed injection time.
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VI. RECOMMENDATIONS

In order to find further evidence to explain the stratified
charge mixture formation, more experiments performed in this report
could be run égain‘using the swirl inducing port block. The .
fuel injection timing variation at fixed and MBT times could be
run with the swirl in the main chamber. Then results df this
swirl and no swirl data could be compared. Fuel injection variation
could also be done using a premixed air énd fuel charge. Then
any droplet effects wou1d>bé canceled out and pockets of mixture.
formed by injection into an air stream in the port would also
not be present.' This could help to find what causes emission
changes with injection timing changes. Any of these tests could
be run at part throttle also to see if the theories presented hold.

The experiment of vafying'prechaﬁber equivalence ratio should
be repeated at bfher A/Ft ratios; Also, the attempt should be
made.to find experimental points for the swirl and no swirf‘
case of imep versus NOx that cou]d.be directly compared, so
the curves would not have to be extended. |

Muchvmoré work can be -done with the photographic engine. .

A means must be found to enable crank angle to'bé photographed .
along with the combustion process. It is also suggested that a
sodium compound such és Sodium ethelate be used to doﬁe the fuel .
"instead of copper oleate. This should help the main chamber lean
mixtures burn a brighter color so it can be filmed. Also the port:
'b1ock could be left in the head and pictures taken for comparison
to the no swirl combustion. Then possibly exact degree of swir]

could be determined. The fuel injection in the main chamber should



also give the approximate A/Ft and A/Fm in the engine. Fuel
injectibn films should also be interesting to compare to the

carbureted versiqn photography.
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APPENDIX

Formulas to figure specific mass emissions were taken from the SAE
handbook Eﬂ} 'For'the éxper%menta] procedufes used, the following
equations were used to find emissions in gm/hr. The molecular

weight of air Qas taken as 29 to reduce the SAE equations to those

below.

HC, gm/hr = 0.000217 * (airflow + fuel flow) 1bm/hr

* HC, ppm dry * K

CO, gm/hr = 4.38 * (airflow + fuel flow) 1bm/hr
* C0, % dry * K

NOx, gm/hr = .00072 * (airflow + fuel flow) 1bm/hr
* NOx, ppm wet * KH

K was a correction factor to convert dry measurements
to wet basis.

K=1. - (1.21. * F/A + 0.0407)

KH is a factor for correction NOx for the effect of humidity.

KH = 0.634 + .00654. * H - 0.0000222 * H2
where H = 7000 * W

with W being the humidity ratio in 1bm water/lbm air.
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