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ABSTRACT

A computer simulation is presented that predicts the efficiency,
performance and nitric oxide emissions of a spark ignition engine.
Predictions of the model for wide-open-throttle and turbocharged op-
eration were verified through comparison with manufacturers' engine
performance data. Simulation studies were performed to determined
the effects of lean operation, turbocharging and heat transfer on
the efficiency, performance and nitric oxide emissions of a spark
ignition engine. The 5.7% naturally aspirated and 3.8% turbocharged
and naturally aspirated engines were chosen for this study.

The cycle simulation studies of lean operation showed that the
improvements in fuel consumption were the same for air and EGR at
equal levels of mixture dilution. EGR, at the same dilution level
as with air, produces much greater reduction in specific NO emissions.
Further studies revealed that turbocharging significantly improves
the efficiency and performance of a spark ignition engine. However,
the bsNO emissions are higher for a turbocharged engine. Heat trans-
fer reduction studies indicated that the changes in engine efficiency
and performance may or may not be favorable depending upon the method
employed to reduce heat loss. Increasing the thermal boundary layer
resistance significantly improves efficiency and performance, where
as heat loss reduction by using ceramic cylinder components adversely
affects power as a result of decreased volumetric efficiency. It is
anticipated that heat loss reduction through utilization of ceramic
engine components ccupled with a turbocharger may provide a feasible
method to significantly 1mprove the efficiency and performance of
spark ignition engines.
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Title: Professor of Mechanical Engineering



ACKNOWLEDGEMENTS

The author wishes to express her sincere appreciation to
Professor John B. Heywood for his exéellent guidance and support
throughout this work.

Many thanks are due Mr. Tom Wallace of Buick Motor Division,
GMC for the engine test data he supplied and for his help in
understanding the operation of the Buick 3.8% Turbocharged engine.

The author also wishes to thank Mr. Ned McClurgh of Chevrolet
Engineering and Mr. Chris Walmsley of AiResearch for the invaluable
data they provided for this project.

The author was supported in part by a Cummins Fellowship and
an Ashland 0il Fellowship.

This work was supported by NASA under Grant No. NSG-3245 and

by the Department of Energy under Contract No. E(11-1)-2881.



TABLE OF CONTENTS

Title Page . - . L] L . . . . - . - . - . . . . . . . . - . . . 1

Abstract . . . . . . . . L] . . . . L] . - ° 2 ° ° ° . ] . . . v 2

AcknowledgementsS . « « « « o & o o + o o o o o o o o 4 o s o 3

Table Of CONLENES. « « « o o o o o o o s « o o o o o » o o o« oob

LiSt Of TAbleS . « « o o o o o o o o o o o o s o o o o o o + . 6

List of FIgUTES. . . & & ¢ & ¢ o o o o o o o o o« o o o« o o o o1

II

IT.

IiI.

IV.

V.

INEtTrOodUCELION « « o & o o o o o o o o o o s o o« o o o « o« 10

Spark Ignition Engine Simulation . . . . . . . . . . . .12

Model Description . . . « & ¢ ¢« o ¢ o o ¢ o o &+ o o od2
Basic ASsumptions . . . . .+ ¢ ¢ ¢ 4 s o o o o o o o 137
Combustion Model. . . + &« + ¢ &« ¢« ¢« ¢« « o« o &« « + » .14
Heat Transfer Model . . . . +« & & ¢ ¢« « o o o « « o .17
Method of SOlution. « « « o o &« o o o « & « « o s + «19

LW -
e e

Model Validation. « . « o « o« o o o o o o o o o o » « .21

1. ProcedUre . ¢ « o o o o o o o o o o o s o o o o o o« 21
2. Wide Open Throttle Performance. . . . . . . . . . . .22
3. Turbocharged Performance. . . . . « « ¢« « « « « « o« .23

Simulation Studies of Lean Operation, Turbocharging and.28
Heat Transfer

1. Engine Specifications. . . . . +. « = « ¢« ¢ ¢« & & o+ . .28
2. Lean Operation . . . + « « « o o o o o o s+ o o o o« o 28
A. Study MetodologY . « « « o o« o = o o « o o o o « o 28
B. ReBULES. &« v v « + o « o o =« « o o o o o o o« & « « 30
3. Turbocharging. « « « « « « o o o « &+ o o o o« o o « o« »31
A. Study Methodology. « « « + « « o+ « « o« « « o o « o 231
B. RESMIEB. & & o o o o o o o o o o ¢« o o o & o 4 o . W23
4, Heat TranSfer. . « « « « o o o o o o o« ¢« o o o o o o o35
A. Study MethodologY. « « « « « ¢ & o o o o o o o « & o35
B. ReSULES. . + & « o o o o o o o o o o o o o o o o + 236

ConcluSions « « « ¢ « o o o ¢ o o o s o o o o o o o o . 239

REFOIencCeS « « « « « o o o o o o o o o o o o o o o o o o o o J42

Tables L] . [} . L] ] L] ] . ° L] [} L] L} L} . L} L] L] L] . . . . [] L] . .44



t
Table of Contents (con't) Page No.
Figure Captions. . . . ¢ & ¢ ¢ & ¢ v ¢ 4 ¢ v & o o s o o o o « o 54
Figures. L] L] . L] Ll L] L L L] L] . . . . L . L) . L] L] . L] Ll L] ® L] - L] 57'
Appendix A . . . . . . 4 it it et e e e e e e e e e e e e e e 77

Appéndix B L] ] L L] L] . . L] . . L] L] L . L] - L] L] . ] L L] ° L] L] L] L] 81



LIST OF TABLES

Table No. Page No.

1 Engine Specifications 44

2 5.72 W.0.T. Performance Simulation Test 45
Matrix

3 3.82 Turbocharged Maximum Performance 46
Simulation Test Matrix

4 Buick 3.8%2 Fmep 48

5 Part Load 3.82% Simulation Test Matrix 49

6 Simulation Input Data for Lean Operation 50

Studies - Base Condition

7 Structure of Parametric Study for Comparison 51
of the 3.82 & 5.7% Engines

8 Simulation Input for Heat Transfer Studies 52

9 Results of Heat Transfer Study - Method 2 53



LIST OF FIGURES

Figure No. - Page No.
1 Profile of outputs predicted by the 57
cycle simulation
2 Schematic of three zone combustion model 59
3 Schematic of mass fraction burned profile 60
4 Equivalence ratic versus engine speed for 61

a Rochester 4bbl carburetor at W.C.T.

5 Bmep versus speed for comparison to engine 62
data for 5.7% engine at W.O0.T.

6 Comparison of engine data and simulation 63
output of bsfc values for 5.7% engine at
W.0.T.

7 . Comparison of bmep values of engine data 64

and simulation output for 3.8% turbocharged
engine at maximum output power

8 Comparison of bsfc values of engine data 65
and simulation output for 3.8% turbocharged
engine at maximum output power

9 Comparison of bmep values of engine data 66
and simulation output for 3.82% turbocharged
engine at varying loads and 2000 rpm

10 Comparison of bsfc values of engine data 67
and simulation vutput for 3.8% turbocharged
engine at varying loads and 2000 rpm

11 Comparison of effect of EGR and excess air 68
on plot of bsfc versus bsNO

12 Comparison of effect cf EGR and excess air 69
on plot of exhaust temperature versus bsNO

13 Simulation predictions of bsfc versus power 70
for 3.8% and 5.7%2 engines



Figure No.
14

15

16

17

18

19

Bmep versus speed for 3.82 turbocharged
and 5.7% engines

Bsfc versus speed for 3.8¢ turbocharged
and 5.7% engines

Simulation predictions of bsNO versus
power for 3.82 and 5.7% engines

Brake power and thermal efficiency
versus percent normal heat transfer

Mean exhaust temperature and thermal
boundary layer thickness versus percent
normal heat transfer

BsNO versus percent normal heat transfer

Page No.
71

72

73

74

75

76



10

I. Introduction

During the past few years the growing concern over fuel
conservation has prompted engine manufacturers to design toward
more fuel efficient engiises. Three particular areas of interest
which have shown promise in improving enigne efficiency are:
lean operation, turbocharging and reduction of heat trangfer.
However, to study experimentally these effects on engine effi-
ciency can be a difficult task since engine operating conditions
and combustion parameters are interrelated in very complicated
ways. Therefore, the use of engine cycle simﬁlations has proven
to be successful as a tool to help quantify some of the trade-
offs inherent in optimizing engine efficiency. This study pre-
sents the use of a cycle simulation to predict the effects of
laan operation, turbocharging and heat transfer of spark igni-
tion engines.

The cycle simulation presented is a thermodynamic, zero-
dimensional model of a conventional spark ignition engine. The
principles of thermodynamics in conjunction with energy and mass
conservation are used to determine the conditions in the engine
cylinder during compression, combustion and expansion. The mass
flow through the intake and exhaust valves is modelled as quasi~
steady, adiabatic nozzle flow. The cylinder contents during
combustion are modelled as three separate zones: an unburned gas

zone, an adiabatic core burned gas zone and a boundary layer
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burned gas zone. The correlations of Woschni (6 ) have been
used to model the heat transfer and the calculation of NO for-
mation in the adiabatic burned gas core is based on the Zel-
dovich kinetic scheme.

The results of the model for wide-open-throttle and turbo-
charged operation were verified by comparison to manufacturers'
performance data. Matching of the brake mean effective pressure
and brake specific fuel consumption of the simulation to the
manufacturers' data was used as the criteria for determining
validity of the model. The results of the model for part-throttle
operation had been previously verified (3).

A parametric investigation of the effects of lean operation,
turbocharging and heat transfer on efficiency, power output, spe-
cific fuel consumption and specific NO emissions was then carried
out. Three engine designs were chosen for this study, a 5.7%
naturally aspirated engine and the 3.8% naturally aspirated and
turboch;rged engines, as they represent a large portion of the
automotive market.

The following sections provide a description of the model
and its validation at wide-open-throttle and turbocharged oper-
ation. A detailed explanation of the study methodology is given
followed by the results of the simulation studies.

A listing of the simulation model is included in Appendix B .
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II. Spark Ignition Engine Simulation

1. Model Description

Many of the component pieces of the engine cycle model have
been described previouely (1 ) - (3). The inputs to the calcu-
lation are: engine geometry, engine speed, intake mixture fuel-
air equivalence ratio, exhaust gas recycle fraction, intake man-
ifold pressure and temperature, exhaust manifold pressure, com-
bustion chamber wall temperature, parameters which define the
burning law. One-dimensional quasi-steady flow models are used
for the intake and exhaust processes. The first law of thermo-
dynamics is used to determine conditions in the engine cylinder
during compression, combustion and expansion. Empirical correla-
tions are used for heat transfer in conjunction with a simple
boundary layer model.

The model - or cycle simulation - then predicts the follow-
ing: mass flow rates through the engine, the cylinder pressure,
unburned and burned mixture temperatures, heat transfer to the
combustion chamber walls, work transfer to the piston, all as
functions of crank angle during the cycle. An example of these
outputs versus crank angle is shown in Fig. 1 . From this in-
formation, the indicated power, specific fuel consumption, ef-
ficiency, mean effective pressure and mean exhaust temperature,

are then computed for the particular engine operating point.
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The calculated cylinder pressure and burned gas temper-
ature profiles, with the equivalence ratio and fuel composition,
are used in parallel to compute the rate of formation and decompo-
sition of nitric oxide (NO) in the burned gases through the com~-
bustion and expansioﬁ processes. In this manner, the engine ex-
haust NO concentration and specific emissions are obtained.

2. Basic Assumptions

The following assumptions were made in developing the cycle
simulation model for a conventional spark-ignition engine.

1) The engine cylinder is treated as a variable volume plenum.
The cylinder pressure is a function of tiue only.

2) The charge is assumed homogeneous during intake and com-
pression. During combustion, three zones exist: an unburned zone,
an adiabatic burned zone, and a boundary layer burned zone. Each
zone is assumed to be uniform in composition and temperature.

3) The volume of gas where the fuel oxidation process occurs
is assumed to be negligible.

4) It is assumed that‘the individual species in the gas mix-
ture behave as ideal gases. Tﬁe unbﬁrned gas is composed of a
non-reacting mixture of air, fuel and residual gases. The burned
gases are a mixture of reacting gases, assumed to be in chemical
equilibrium. An approximate method for computing burned gas prop-

erties is used (4).
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5) Quasi-steady, adiabatic and one-dimensional flow equa-
tions are used to predict mass floys jpast the valves. The intake
and exhaust manifolds are treated as infinite plenums having
specified pressure gnd temperature histories. When reversed flow
past the intake valve occurs, a plug flow model is assumed (5).

6) Heat transfer is predicted with the correlations of Woschni
which were developed ror diesel engines and generally applied to
spark-ignition engines ( 6).

7) The mass fraction burned as a function of crank angle is
gspecified by a Wiebe function.

8) Nitric oxide emissions are calculated by using the extended
Zeldovich kinetic scheme, with the steady state assumption for the
N concentration and equilibrium values used for H, O, 02 and OH
concentrations in the adiabatic core (l1). The sudden freezing
assumption 1s used for calculating boundary layer NO. This assumes
that the NO accompanying the mass transfer to the boundary layer
is immediately frozen.

Most ot the above assumptions have been used previously in
cycle simulations and have been shown valid under normal engine
operating conditions.

3. Combustion Model

A three zone combustion model is used to describe the com-
bustion process. The use of three zones -- an adiabatic burmed

gas zone, a boundary layer burned gas zone and an unburned gas
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zone —— resulted from the need to include the NO formation cal-
culations in a realistic fashion. A schematic of the three zone
combustion model is shown in Fig. 2 .

The mass fraction of the charge within the cylinder which has
burned at a given crank angle is specified by a Wiebe function

of the fellowing form (7 )

1
x =1 - exp{-a[(0 - ‘90)/A0b]} (1)

where:

x = fractiou of total mass in cylinder burned

a = efficiency parameter

m = form factor

O = crank angle

eo = gtart of combustion

Aeb = combustion duration
This formulation allows one flexibility in specifying the shape
of the curve; the values in this study were determined by matching
with experimental traces and were a = 5, m = 2.2.

Figure 3 shows the parameters which define the start and

duration of the combustion process. Oo’ the crank angle at start
of combustion, must be specified as input. For 0 > Oo’ the mass

fraction burned is given by the Wiebe function, Eq. (1). The
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start of combustion is related to actual spark timing by an ig-

nition delay, AQ g 38 shown. This ignition delay differs from

i
an empirical ignition delay often used, AOId, which is the crank
angle interval between spark and 10 percent mass fraction burned.
eo is usually related to start of combustion timing which gives
maximum brake torque at constant inlet pressure.

The combustion duration Aeb, is also specified as an input.
This is the crank angle interval from start of combustion to the
100 percent burned position of the curve in Fig. 3 . This com-
bustion duration (0 to 100 percent) differs from the 10 tc 90
percent burn duration AG: often used empirically.

The three energy equations used during combustion for the

three zones are:

Eu = -Qu .wu -mbhu (2)

Ea B -W; + mbhu - mblha (3)
Bp1 = W Yy tmph, (4
where the subscripts u, a and bl refer to the unburned, adiabatic
core and boundary layer zones. In addition, properties of an aver-
age burned gas zone (mbl + ma) are calculated.
The mass transfer rate of the unburned gas to the burned gas

(ﬁb) is determined by the derivative of the Wiebe function (7 ).

The rate of mass transfer to the boundary layer is calculated
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through the simultaneous solution of the aforementioned three
energy equations, conservation of mass, and the perfect gas law
for each zone. An average boundary layer temperature is defined

as
Ty, = (T, - T) / 1n (T/T,) (5)

where the subscripts bl, a and w refer to the boundary layer,
adiabatic core and wall.

4, Heat Transfer Model

The heat transfer correlations of Woschni (6 ) have been
used to model the heat transfer process. The convective heat

transfer coefficient is expressed as:

.ZT.547

h = .0136 (WP)'8 / (d ) (6)

convective heat transfer coefficient, J/mzs K

=2
K

P = pressure, Pa

o,
u

cylinder bore, m

T = temperature, K

=
]

mean gas velocity, m/s

where W =
2.28C compression and expansion
6.18C ~ scavenging

3.24E—3[(V8T1)/(P1V1)](P-Pm)~+ 2.28C combustion
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C = mean piston speed, m/s

V_ = cylinder volume, m3

s
Vi = instantaneous cylinder volume, m3
Ti = instantaneous temperature, K
Pi = instantaneous pressure, Pa
Pm = pressure in the cylinder of corresponding

motored engine, Pa

In the model, heat transfer occurs from both the unburned
and burned gas mixtures to the boundary surfaces and not across
the flame front. The surface area ratios of the burned and un-
burned mixtures exposed to heat transfer are calculated from the

engine geometry.

2/3

A = (vb/Vz) (7)
2/3

Au = (Vu/Vz) (8)

= gurface area of the burned gas région
= gurface area of the unburned gas region
= volume of the burned gas

= volume of the unburned gas

N< t:< U‘< ¢> U‘P

= instantaneous volume of the cylinder

The heat transfer equation is then expressed as:
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Qj = hmc('rj - Tc) (9)

where the subscript j refers to the unburned gas or burned gas

and the subscript c refers to the component surface areas, ie.

piston, cylinder walls, head, intake and exhaust valves.

The total rate of heat transfer is:

(10)

5. Method of Solution

The basic simultaneous differential equations which must

be integrated to analyze the engine cycle are:

(1) Intake, Compression and Exhaust Processes

(1)
(11)

(111)

mass flow rate equations for intake and exhaust valves
energy conservation for the cylinder contents

Woschni's correlation for heat transfer to the walls

(2) Combustion and Expansion Processes

1)

(1)

(111)

(iv)

energy conservation equations for unbufned, adiabatic
core and boundary layer systems

mass burn-rate equation

Woschni's correlation for heat transfer to the walls
for the burned and hnburned systems

equations for the rate of change of the mass of NO

in the adiabatic core and boundary layer.
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These equations are solved using a modified Euler predictor-cor-
rector technique. This integration scheme is adequate for solving
the thermodynamic system equations. The NO equations are solved
using a fourth order predictor-corrector scheme. This added com-
plexity 1s necessary for accurate integration of the governing
equations for the NO since the NO kinetics are extremely temper-
ature dependent.

For each calculation, a mean exhaust temperature is computed
from the mass averaged enthalpy of the burned gas as it exits
the cylinder. This mean exhaust temperature is used as an indi-
cator of trends in hydrocarbon emissions. If T;xh decreases,
less afterburning will occur; if T;xh increases, more afterburning
will oécur. The calculated values of E;xh are higher than typical
measured exhaust temperatures. The calculated temperature cor-
responds to the valve seat location. Measured exhaust temper-
atures are lower because heat losses to the exhaust valve, in the
exhaust port, and in the exhaust manifold occur.

The cycle simulation calculations deal only with the contents
of the engine cylinder; thus only indicated quantities are com-
puted. Since the simulation covers the complete four-stroke cycle,
pumping work over the intake and exhaust strokes is determined. To
obtain brake values of engine parameters, mechanical friction is

calculated using the method proposed by Bishop (8).
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III. Model Validation

1. Procedure

Experimental validation of this model fér part-throttle
operation is given by Heywood et. al. (3 ). However, in order
to perform parametric studies to evaluate the performance of
the 5.7% naturally aspirated engine and the 3.8% turbocharged
engine, the model must first be validated at wide-open-throttle
(W.0.T.) and turbocharged operation.

The simulation output was checked against W.0.T. perform-
ance data (G.M. Test Code #1 (18)) provided by Chevroleti and
Buick. Tables 2 and 3 show the simulation test matrices for
the model validation. Although most of the input operating par-
ameters were provided by the manufacturers' data for this cycle
simulation it was necessary to determine an ignition delay, Aeig’
to relate the crank angle for start of combustion to the actual
engine spark timing and to determine a combustion duration, Aeb,
for the given operating conditions. An outline of the procedure
used to determine Aeig and Aeb for the model validation studies
is given in Appendix A. In the cases where equivalence ratio, ¢,
was varied the values of ¢ were estimated from carburetor flow

data as given in Fig. 4 . The actual values of fmep used for

determining predicted values of bmep are given in Table 4 .
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2., Wide Open Throttle Performance

Figures 5 and 6 show the comparison between the brake mean
effective pressures (bmep) and brake specific fuel consumption
(bsfc) of the actual engine and the simulation output at W.O0.T.
Three studies were performed (Table 2 ): 1) equivalence ratio
held constant, 2) equivalence ratio varied to account for the
changing air-fuel ratio with engine speed and 3) equivalence
ration held constant and bmep values obtained using actual fmep
data instead of Bishop (8 ).

The results of matching the bmep values of the simulation
to the engine data as given in Fig. 5 show a deviation of up to
approximately 25 percent. However, in each of these studies,
the results exhibited trends similar to those of the actual
engine. The matching of the bsfc values of the simulation to the
engine data also showed a deviation of up to 25 percent ( Fig. 6 ).

To fully evaluate these results three sources of uncertainty
must be identified: 1) experimental uncertainties of the data,
2) uncertainty in matching the simulation to the engine test
conditions and 3) inadequacies of the model. Although the engine
performance data provided by Chevrolet are those of a 5.7%
engine, and the geometrles of the engine input parameters to
the simulation (ie. valve 1ift, valve timing, wall thicknesses
etc.) are those of the standard Chevrolet: 350 CID engine,

they are not known with certainty to be identical to those of
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the Chevrelet. eagine tested. In addition, some of the conditions
of the engine test were not known and had to be estimated intro-
ducing some uncertainty into the data for this application. Thus,
matching the simulation to the engine test conditions may have
introduced some error as a result of the interdependcy of such
parameters as inlet pressure, equivalence ratio, start of combus-
tion timing and combustion duration. With these qualifications,
the model gives sufficiently accurate predictions of trends
and magnitudes to be useful for assessing the effects of engine
performance at W.0.T.

3.  Turbocharged Performance

Figures 7 and 8 show the comparison of the simulation out-
put, bmep and bsfc, with the W.0.T. maximum performance of the
3.8%2 turbocharged engine. Five studies were performed (Table 3):
1) MBT timing with constant ¢, 2) retarded timingl with constant
¢, 3) retarded timing, constant ¢ and Aeb adjusted to correlate
with the retarded timing, 4) retarded timing, ¢ adjusted to
account for the changing air-fuel ratio with engine speed and
Aeb adjusted to correlate with the retarded timing and variation
in equivalence ratio and 5) similar to study 4 with thelexception

that predicted brake mean effective pressures were obtained by

using actual fmep data.

1 Start of combustion timing was retarded at speeds of 2500 rpm
and greater to match the engine spark advance curves.
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Close agreement was obtained between the simulation out-
put of bmep (Fig. 7 ) and the engine data for the first study
using MBT timing up to approximately 2500 rpm. At this point,
knock begins to occur in the engine due to the high inlet pres-
sures. To prevent the occurrence of kn&ck in the engine the
spark timing is retarded approximately 8?degrees at 2500 rpm
and then advanced from this point for the higher speeds. As
a result, the simulation output with MBT timing exhibits a
divergence from the engine data at speeds of 2500 rpm and
greater. The subsequent studies in which spark timing, burn
duration and equivalence ratio were adjusted to attempt to
represent the actual engine performance improved the match
with the test data to within a modest margin of error.

Figure 8 shows the comparison of the bsfc of the simula-
tion with that of the turbocharged engine. The simulation
output values fall up to 30 percent below the actual data.
However, the results of study 4 (the dashed line) in which
the timing, burn duration and equivalence ratio were adjusted
to represent the actual enigne performance, exhibited trends
gimilar to those of the engine data with closer matching.

Much of the error in matching the bsfc values may be
due to the estimation of the equivalence ratio. The values

of ¢ were estimated from the carburetor flow data (Fig.4 )
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for a naturally aspirated engine. It 1s known that in addition
to retarded timing to deter knock, the turbocharged engine at
maximum powerboutput utilizes a ficher mixture than a naturally
aspirated engine at maximum power. Therefore, the use of the
carburetor flow data may have resulted in an underestimation of
¢ over much of the performance range. In addition, the model
assumes 100 percent of the fuel is burned. This is not true
for the engine. With mixture nonuniformities and incomplete
combustion much of the engine input fuel remains unburned re-
sulting in high bsfc values.

Closer agreement of the engine data and the simulation out-
put could be obtained for most of the performance range if much
of the empiricism could be removed from determining the combus-
tion parameters. For the purposes of this study the model suf-
ficiently predicts the performance of turbocharged operation
of an engine.

An additional model validation study was performed to ex-
amine the feasibility of simulating the turbocharged engine's
performance over a range of loads at a constant speed. This
was necessary to de;ermine i1f accurate predictions of the turbo-
charged eugiﬁéh performance could be made by calculating the in-
put parameters (exhaust pressure and inlet temperature) from
compressor and turbine maﬁs rather than using the manufacturer's

test data. An engine speed of 2000 rpm was selected for this
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study as 50 percent of the operating range (507 to 1007% load)

utilizes the turbocharzing effects. The start of combustion
timing was related to manufacturer's data and AOb determined

by the correlations of Hires et. al. (14). The equivalence
ratio ranged from stoichiometric to rich to accommodate the
high load operating conditions. The intake pressures were
taken from manufacturer's data. The predicted bmep values
were determined through the use of Bishop and also by using
actual fmep data. Details of the input parameters are given in
Table 5.

Figure 9 shows the comparison of the bmep values of the
simulation output and the engine data. The results show a sim-
ilaf trend to the engine data though they are slightly high by
almost a constant factor over the entire operating range. This
constant factor of error suggests the effects of additional
power drain due to the engine accessories. Therefore, the
effects of such accessories as the generator, A.I.R. pump,
power steering pump and fan were taken into account (19), which
then reduced the margin of error to within approximately 10 per-
cent,

The results of matching the bsfc values for this study are
given in Fig.1l0 ., Ciose agreement was not obtained over much of

the operating range, This again is probably due in part to the
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estimation of ¢ and Aeb as discussed previously.

For the purposes of the parametric study the results of
this study indicate the method of simulating the performance of
the tﬁrbocharged engine by calculating the input parameters

from the turbine and compressor maps is adequate.
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IV. Simulation Studies of Lean Operation, Turbocharging and Heat

Transfer

1. Engine Specificatioms

Parametric studies were performed to evaluate the efficiencies
and emission characteristics of lean operation, turbocharging and
heat transfer cf spark ignition engines. A 5.7% engine, with
geometry similar to the Chevrolet 350 CID and Ford 351 CID engines,
and the 3.82 turbocharged and naturally aspirated engines were chosen
for these studies as they represent a large portion of the automobile
engines on the market today in the U.S. Detailed engine specifications
are given in Table 1 . The following sections describe in detail the

study methodology and results of the parametric studies.

2. Lean Operation

A. Study Methodology

It is well known that engine operation with a close~to-stoich-
iometric mixture of fuel and air has high NO emissions, and at part
throttle, high pumping work losses. Lean engine operation -~ dilution
of the fuel-air mixture with excess air - has been proposed and used
to reduce the impact of both these problems. Lean engine operation,
however, lowers exhaust temperatures and slows the combustion process.
Hydrocarbon emissions control and misfire may therefore become major
problems.

The proposed extensive use in the U.S. of a three-way catalyst
system for simultaneous removal of HC, CO and NO in the exhaust

system requires an alternative form of mixture dilution. Three-way
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catalysts are only effective on engine operation with stoichiometric
mixtures. Engine NO emissions and pumping work with stoichiometric
mixtures can be reduced with dilution with recycled exhaust gases.

It is important therefore to compare the characteristics of engines
at part-throttle operated with lean mixtures, with the characteris-
tics when operated with stoichioﬁetric mixtures with EGR. -

The 5.72 displacement production engine was used for this
study. Since ordinary spark ignition engine operation encompasses
a wide range of operating modes, e.g. idle, acceleration, decelera-
tion and cruise, the results of a simulation study are most useful
if engine speed and load are held fixed at selected vaiues which
are representative of common operating modes. For an appropriate
vehicle with this size engine, a moderate vehicle acceleration point
with engine speed of 1400 rpm and brake torque 149 Nm was chosen as
the reference point. This corresponds to a brake mean effective
pressure of 328 kPa. All calculations were done at this load-speed
condition.

The burn duration was held constant at 60° which is a representa-
tive combustion duration for this particular engine operating at the
reference point. Combustion timing was always related to the timing
which gave maximum brake torque. MBT start of combustion timing was
determined from plots of imep vs 8, and was found to be essentially
independent of equivalence ratio and percent EGR for a given engine
geometery, engine speed and burn duration. Details of the input

parameters for this study are given in Table 6 .
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B. Results

Figure 11 shows the effect of dilution with air, and with EGR
for a stoichiometric mixture on bsfc and bsNO. The solid line shows
the effect of leaning out the mixture with air (the numbers indicated
in the figure are air-fuel ratio and, in brackets, the equivalence
ratio); the dashed line shows the effect of EGR. At equivalent
levels of dilution (e.g. 10 percent EGR and an equivalence ratio of
;89) the fuel consumption is about 1 percent lower with air as
diluent. This is due to the slightly lower specific heat ratio of
the mixture with recycled exhaust. However, EGR is very much more
effective with a stoichiometric mixture as a means of reducing NO
emissions because it contains negligible oxygen.

At a given value of bsNO, lean operation always gives better
fuel economy, primarily because much greater dilution with air is
required to achieve the same bsNO reduction. For example, for a
stoichiometric mixture bsNO = 10.7 gNO/kW~hr; a factor of three
reduction is obtained with 10 percent EGR or with an equivalence
ratio of 0.76 (an air-fuel ratio of 19.5-20). The fuel consumption
with air as diluent is 6 percent better than with EGR. However,
achieving good combustion characteristics with ¢ = 0.76 is much more
difficult than with ¢ = 1.0 and 10 percent EGR, and the hydrocarbon
emissicns may well be higher.

Figure 12 shows that at equivalent levels of dilution, the mean
exhaust temperature with EGR and air are essentially the same. At

equal NO emission levels, the exhaust temperature with air dilution
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is significantly lower (v 120 K). The implications for hydro-
cerbon emission control are complex, however; EGR, equivalence
ratio, gas temperature during expansion and exhaust strokes,
catalyst configuration (1if an&) as well as spark timing relative
to optimum are all significant variables in the HC emission prob-
lem.

Experimental verification of the predictions in Fig. 11 is
provided by the results of Nicholson (10) on a 4.2% V-8 engine
at constant speed and torque. The effects of EGR for a stoich-
iometric mixture, and air, on bsfc and bsNO until misfire occurred
as determined from engine data are matched closely by the pre-
dictions of Fig.1land 12 (the load, speed and engine details
are slightly different). The engine data on hydrocarbon emissions
showed that minimum engine emiasiéns occurred at about ¢ = .92
without EGR, and increased as the mixture was further leaned out.
For the above comparison of EGR and air as diluents, at the
same NOx emission level (with 10 percent EGR at § = 1.0, and
without EGR at ¢ = .77) the HC emissions with the leaner mix-

ture were about 20 percent higher.

3. Turbocharging
A. Study Methodology

In previous years, engine manufacturers' responses to desires
for increased power and performance were to increase the displace-
ment of the engines. However, increased displacement generally
results in decreased fuel economy during part—-throttle operation,

thus making it an undesirable solution for today's engines. An
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alternative to the use of increased displacements for increased
power 1s turbocharging.

Turbocharging is a means to provide, through the use of an
exhaust gas driven compresscr, greater air flow delivered to a
given displacement engine by increasing the density of the incom-
ing air-fuel charge. This increased air-fuel charge, when burned
during combustion, is then realized as additional power output.

The turbocharger consists of two main assemblies; a turbine
and a compressor. Exhaust gases from the engine, containing energy
normally dissipated in the form of heat and pressure, expand across
the turbine to near atmospheric pressure and are expelled through
the vehicle's exhaust system. This exhaust gas energy is conver-
téd into mechanical work which, through a connecting shaft, drives
the compressor. Thus an increased charge of air and fuel can be
delivered tc the engine through the utilization of waste gas energy
without increased engine displacement. Therefore, it_is important
to compare the performance, efficiencies and emission character-
istics of a larger displacement engine with a smaller displace-
ment turbocharged engine at part-throttle and W.O0.T.

This study was performed using the geometries of the 5.7% nat-
urally aspirated and the 3.8% turbocharged engines (Table 7 ). To
simulate a turbocharged engine, input parameters (inlet pressure
and inlet temperature) were taken from the manufacturer's perform-
ance data. Turbine and compressor maps were used to check mass

flow rates and speeds to assure comparable performance to the turbo-
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charged engine. Combustion duration and equivalence ratio were
held constant at 60° andll.O respectively. Indolene clear was
chosen as the fuel with the properties for Indolene taken from

LoRusso (17).

B. Results
Figure 13 shows the comparison of bsfc for the 3.8% turbo-

charged engine and the 5.7% naturally aspirated engine as a
function of engine power at selected engine speeds. At any given
power level the 3.82 engine exhibits lower fuel consumption than
the 5.72 engine. Assuming a moderate vehicle acceleration point,
brake power = 40 kW and an engine speed of 2000 rpm, the reduction
in fuel consumption for the smaller displacement engine is approxi-
mately 9Z. At this point, the turbocharger is actually "idling"
and rotating at relatively slow speeds. Thérefore the turbocharged
engine is performing essentially as a naturally aspirated engine,
and the improvement in bsfc comes from the improved mechanical
efficiency of the engine. As the demand for power is increased the
turbocharger comes into effect and positive manifold pressures are
realized. However, at low engine speeds such as 1200 rpm, the
turbocharger has very little effect and therefore the maximum
power the 3,82 engine can develop is approximately 35% less than
the 5.72 engine. At higher speeds, where the turbocharger does
have an appreciable affect on inlet pressure, these maximum power
differences diminish, and as shown in Fig. 13, the maximum power

outputs for both engines are equal at 3200 rpm.



A definite fuel economy gain for the 3.8% turbocharged engine
is shown in Fig.13 for each power output point. In practice though,
to achieve the high output power levels, for both engines, the incom-
ing charéz ;ill richen. At these power levels, the turbocharged
engine will also require an even richer mixture and retarded timing
to deter knock. Figures 14 and 15 compare the actual engines' per-
formances at maximum power output levels. The bmep levels of the 3.8%2
turbocharged engine exceed those of the 5.72 naturally aspirated
engine as shown in Fig. 14 . However, the bsfc values of the 3.8%
turbocharged engine as shown in Fig. 15 are higher, as expected, partic-
ularly at the higher speeds as a result of the richer mixtures to
prevent knock. These extreme condiéions would only be experienced in
vehicle operation during periods of heavy acceleration or speeds above
110 kph. Therefore, the 3.8% turbocharged engine is more efficient
than the 5.72 engine during normal vehicle operating speeds and loads.

Wallace (1é) compared the in vehicle performance (a 4000 pound
EPA inertia weight vehicle) of the 3.82 turbocharged and the 5.7%
naturally aspirated engines. His work revealed that the 5.7% pro-
vides an EPA fuel economy balue of 18 miles per gallon while the turbo
3.82 improves this value to 19 miles per gallon.

Figure 16 shows the comparison of the bsNO emissions for the
3.82 engine and the 5.72 engine. The 3.82% engine exhibits higher
bsNO emissions th;n the 5.72 engine at a given power output. This

is due to the higher loads, and consequently, higher cylinder
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pressures and temperatures at which the 3.82 engine must operate

to produce the power equal to that of the 5.7% engine.

4. Heat Transfer

A. Study Methodology

As an ever increasing importance is placed on fuel economy
and emissions of intermal combustion engines, automotive manufacturers
are looking for ways in which to increase the thermal efficiency of
engines. Heat balance studies conducted by Ament et.al. (15) on a
5.7%2 engine have shown that for certain operating conditions as
much as 80 percent of the fuel heat’ of combustion may be lost to
the coolant and exhaust through radiation effects. Although, the
laws of thermodynamics prove that much of this heat loss cannot be
recovered as useful work, it has been shown that even a one per-
cent ilmprovement in the thermal efficiency of automotive engines
could reduce fuel consumption by approximately 80,000 bbl/day (15).
Therefore it is important to examine the reduction of heat loss
in engines and its effects on performance, efficiency and emissions.

The 5.72 and 3.82 naturally aspirated engines were used for
this study, A speed of 1200 rpm was selected as it is a representa-
tive mid-range operational speed for both engines. Combustion dur-
ation and equivalence ratio were held constant at 60° and 1.0 res-
pectively. Combustion timing was always related to the timing which
gave maximum brake torque.

The effects of the changes in heat transfer were examined by
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two methods: 1) by changing the resistance of the thermal boundary
layer ‘and 2) by changing the thermal resistance of the walls. The
resistance of the thermal boundary layer was changed by multiplying
the convective coefficient obtaimed from Woschni's cor;elation (Eq. 1)
by a factor ranging from 1.25-0. This re+> permits one to examine
the effects of uncertainty in heat transfer on the simulation pre-
dictions and to study the importance of combustion chamber surface
area and gas motion, both of which affect heat transfer. The second
method employed changing the thermal conductivity, k, of the compon-
ents which make up the combustion chamber walls (piston, head and
cylinder walls). A summarization of the input details for these
methods is given in Table 8 . |
B. Results

Figures 17, 18 and 19 exhibit the results of the first method for
reducing heat transfer in which the resistance of the thermal boundary
layer is increased. Figure l7 shows an approximate 17 percent increase
in the brake output power and a 20 percent increase in the brake ther-
mal efficiency when the heat transfer is reduced to zero. This gain
in output power and efficiency does not represent the total heat loss
energy. Figure 18 shows the effect of heat transfer reduction on
the mean exhaust temperature. The exhaust temperature increases by
approximately 32 percent which accounts for the remainder of the heat
loss erergy.

Figure 17 can be used to assess the effects of uncertainty in
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the heat transfer calculations. If a 25 percent error was involved
in the heat transfer, the output power and efficiency values would
only vary by approximately a factor of 5 percent which would not be
significantly detrimental to the evaluation of predicted results
oﬁtained using this cycle simulation.

The effects of reduced heat transfer on bsNO emissions are given
in Fig.1l9 . Due to the evolution of higher temperatures as heat trans-
fer is reduced the bsNO emissions increase. An approximate 15 per-
cent increase in bsNO for both engines is shown to result from reduc~-
ing heat transfer to zero.

Table 9 displays the results of the study in which heat trans-
fer was reduced by changing the thermal conductivity of the components.
The thermal conductivity of the‘components was reduced one at a time
to a value of k = ,001 BTU/ft-min- F to simulate adiabatic behavior.

In run #5 the thermal cenductivity of all the components was reduced
to k = ,001 BTU/ft—min—oF to approximate an adiabatic engine.

The results in Table 2 reveal a slight increase in the thermal
efficlency with reduced heat transfer in most cases, however, unlike
the previous results, the output power decreases as the heat transfer
is reduced. This reduction in output power results from a decrease
in the volumetric efficiency as shown in Table 9 . The reduced
thermal conductivity of the walls results in higher wall temperatures
which heat the incoming charge reducing its density, and thus, decreas-
ing volumetric efficiency. The increase in the temperature of the in-

coming charge also produces extremely high unburned gas temﬁeratures
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as the mixture is compressed which would result in a severe knock-
ing condition. In addition, with the high cylinder temperatures the
bsNO emissions also increase.

These two studies of heat transfer reduction have shown drastically
different results. The first study in which the thermal boundary
layer resistance was increased, showed the possibility for positive
gains in efficiency. However, the feasibility of applying this con-
cept to an actual engine is questionable. Application of this method
would require engine geometry designs which tend toward laminar bound-
ary layer flow. Given the operating conditions of an engine this would
prove to be a difficult task.

The second method in which an "ideal" ceramic was employed to
reduce the thermal conductivity of the cylinder components exhibited
only a slight increase in efficiency. Other aspects, such as decreased
power output, decreased volumetric efficiency and extreme knocking
conditions would sugéest this method to be undesirable. The use of a
turbocharger however, would increase the volumetric efficiency above
that of the base condition and also utilize the higher exhaust gas
temperatures for a further increase in efficiency. Under these con-
ditions though, severe knock would exist. Again, this study was per-
formed using an "ideal" ceramic. Actual ceramics, which do not have
such favorable thermal resistivity properties, may not produce such
an extreme operating environment and coupled with a turbocharger may

provide a feasible and significant improvement in engine efficiency.
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V. Conclusions

1. The predictions of the model for wide-open-throttle and
turbocharged operation were verified by comparison to manufac-
turers' performance data. Error in matching the simulation.out—
put with the engine data can be attributed to three sources: 1)
uncertainty of the engine operating conditions, 2) inadequacies
of the model and 3) uncertainty in the empirical estimation of
the combustion parameters.

2, Exhaust gas recycle as a mixture diluent acts similarly to |
air in its effect on specific fuel consumption and exhaust tem-
perature.

3. A comparison of air and EGR at equal levels of mixture dilu-
tion shows that the improvements on fuel consumption and decreases
in exhaust temperature that result from changing thermodynamic
properties of the working fluid and reduced pumping work are the
same. EGR, at the same dilution level, produces much greater
reduction on specific NO emissions. At the same specific NO
emissions levels, dilution with air gives better fuel consumption
and lower exhaust temperatures because much greater dilution is
required.

4, A 3.82 turbocharged engine is capable of producing power
greater than that of a 5.72 naturally aspirated engine. The smaller
displacement turbocharged engine is approximately 10 percent more
fuel efficient under normal operating conditibns, as it performs

essentially as a naturally aspirated engine, and the improvement

in bsfc comes from the improved mechanical efficiency.
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5. The turbocharged engine utilizes richer mixtures than a natur-
ally aspirated engine at high speeds and loads for increased power
and to deter knock. As a result, under these extreme operating
conditions the bsfc values of the 3.82 turbocharged engine are
higher than those of the 5.7%2 naturally aspirated engine.

6. The 3.82% turbocharged engine exhibited higher bsNO emissions
than the 5.72 engine at a given power output due to the higher
loads, and consequently, higher cylinder pressures and temper-
atures at which the 3.82 engine must operate to produce the power
equal to that of the 5.7% engine.

7. Brake output power, efficiency and exhaust temperature in-
creased as a result of reducing the éngine heat loss by increas-
ing thermal boundary layer resistance. The feasibility of this
method of heat loss reduction is questionable since it requires
engine geometry designs which tend toward laminar boundary

layer flow.

8. An error of * 25 percent in the heat transfer would not be
significantly detrimental to the evaluation of predicted results
obtained using this cycle simulation.

9. The reduction of heat transfer by increasing the thermal
resistance of the engine components results in decreased power
output as a result of decreased volumetfic efficiency. High

wall temperatures heat the incoming charge, reducing its density

and thereby decreasing volumetric efficiency. Increased inlet
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temperatures also results in very high unburned gas tempera-
tures during compression and therefore a severe knock condition
would exist.

10. It is anticipated that the use of actual ceramics in an
engine would not produce such extreme operating conditions and
coupled with a turbocharger may provide a feasible and signifi-

cant improvement in engine efficiency.
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Table 4 - Buick 3.8% Fmep*

RPM W.0.T. Closed
Throttle
_kPa __kPa
800 22.5 67.4
1200 36.0 76.5
1600 49.5 90.1
2000 72.1 103.5
2400 90.1 117.0
2800 117.0 130.5
3200 144.0 144.0
3600 180.0 166.5
4000 198.0 180.0
4400 225.1 202.6

*G.M. Test Code #11
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Table 5

Part Load 3.82 Simulation Test Matrix

Run # RPM S.0.C. A® ) P P T

b in ex oin
psig psig F

BO1 2000 -32.0 94 1.00 -6.76 0.50 96.0
BO2 2000 -26.0 63 1.10 -3.67 0.50 98.0
BO3 2000 -20.0 50 1.10 -0.49 2.96 98.0
BO4 2000 -18.0 47 1.10 1.76 5.25 105.0

BO5 2000 -15.0 47 1.15 3.72 5.94 118.0
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Table 6

Simulation Input Data for Lean Operation Studies
Base Condition

Equivalence ratio, ¢ 1.0
exhaust gas recycle, percent 0
Start of combustion timing, ﬁa 22°BTC
Combustion duration, Aeb 60°
Speed, rev/min 1400
Fuel heating value, MJ/kg 44 .4
Stoichiometric air-fuel ratio 15.1
Fuel molecular composition CBHlB
Inlet manifold pressure (gauge), kPa -23.8

Inlet mixture temperature, K - 319.4
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Table 8

Simulation Input for Heat Transfer Studies

Method 1 - 3.8%.& 5.72 Engines

Equivalence ratio 1.0
Speed, rev/min 1200
Combustion duration 60°
Inlet pressure W.0.T.
$.0.C. timing MBT
Heat transfer multiplier - 1.25 -0

Method 2 - 5.7% Engine

Equivalence ratio 1.0
Speed, rev/min 1200
Combustion duration 60°
Inlet pressure W.0.T.
S.0.C. timing MBT

Thermal conductivity:

1) Base condition: k=0.560 BTU/ft-min—gF (head, walls, valves)
k=2.200 BTU/ft-min- F (piston)

2) Head: k=0.001 BTU/ft-min-"F

3) Piston: k=0.001 BTU/ft-min-'F

4) Cylinder wall: k=0.001 BTU/ft-min-CF
5) All components: k=0.001 BTU/ft-min-F
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Table 9

Results of Heat Transfer Study - Method 2

Basge Adiabatic Adiabatic Adiabatic All
Condition Piston Head Cylinder Adiabatic
Heat
Transfer .242 .208 .212 .184 .056
(=)
Power, kW 89.77 85.16 85.69 73.03 64.77
T ., 1235 1299 1292 1376 1604
exh
n__.s % 82.6 77.4 77.9 68.8 57.7
vol
bsNO
o/Kii-hr 14,03 15.85 15.73 16.19 18.12
Ta11®a%) 409 1245 1373
K
T (max), K 836 922 914 1003 1242
Tad1ab ™% 5437 2681 2678 2716 2821
K
P .o KPa 3783 3723 3738 3385 3176
imep, kPa 957 913 918 794 714
nthi .352 .357 .357 .349 .366
bmep, kPa 871 826 831 708 628
n
thy ke .320 .323 .323 .310 .323
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Fig.

Fig.

Fig.

Fig.

1

2

3

Profiles of variables predicted by the simulation through-
out the four-stroke engine cycle for a 5.72 engine at
Plotted against crank angle are: cylinder volume/clear-
ance volume, inlet and exhaust valve 1lift, inlet and
exhaust mass flow rates, cylinder pressure P, mass frac-
tion burned x, unburned mixture temperature Tu, mean
burned gas temperature T£, temperature of burned gas
adiabatic core Taf instantaneous heat transfer rate Q
(normalized by the initial enthalpy of the fuel-air mix-
ture within the cylinder), nitric oxide concentration NO,
thermal boundary layer thickness Gt (normglized by the
cylinder bore B).

Schematic of three zone combustion model. U denotes un-
burned gas zone, A denotes the adiabatic burned gas core,

BL denotes the burned gas boundary layer.

Schematic of mass fraction burned profile. es is spark

timing, Go is the start of combustion, Aeid is the igni-
*
tion delay and AOb is the combustion duration. Aeid and

AG; are the usual empirical definitions of ignition delay
and combustion duration (0-10 percent and 10-90 percent
burned respectively).

Variation in equivalence ratio with engine speed at W.O.T.

for a Rochester 4bbl carburetor using indolene.



Fig. 5
Fig. 6
Fig. 7
Fig. 8
Fig. 9
Fig. 10
Fig. 11
Fig. 12
Fig. 13

Comparison of bmep values of the simulation output with
engine test data at varying speeds for a 5.72 engine at
W.0.T.

Comparison of bsfc values of the simulation output with
engine test data at varying speeds for a 5.72 engine at
W.0.T.

Comparison of bmep values of the simulation output with
engine test data at varying speeds for a 3.8% turbocharged
engine at maximum output power.

Comparison of bsfc values of the simulation output with
engine test data at varying speeds for a 3.8% turbocharged
engine at maximum output power.

Comparison of bmep values of the simulation output with
the engine test data at varying loads for the 3.82 turbo-
charged engine at 2000 rpm.

Comparison of bsfc values of the simulation output with
the engine test data at varying loads for the 3.82 turbo-
charged engine at Zz000 rpm.

Comparison of effect of EGR and excess air on plot of
brake specific fuel consumption versus brake specific

NO emissions. Dashed line ¢ = 1.0, various percentages
EGR. Solid line, EGR = 0; numbers are air~fuel ratio

and (equivalence ratio).

Comparison of effect of EGR and excess air on plot of
mean exhaust temperature versus brake specific NO emis-
sions. Details as in Fig. 1ll.

Comparison of the bsfc versus power output of the 3.8%2
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turbocﬁarged and 5.7% néturally aspirated engines at
three speeds. ¢$=1.0, MBT timing, A0b=6O?

Fig. 14 Comparison of the actual engine bmep values of the 3.8%
turbocharged and'5t72 naturally aspirated engines at
maximum power output.

"Fig. 15 Comparison of the actual engine bsfc values of the 3.82
turbocharged and 5.72 naturally aspirated engines at
maximum power output.

Fig. 16 Comparison of the bsNO emissions versus power output
of the 3.82 turbocharged and 5.7% naturally aspirated
engines at three speeds. ¢=1.0, MBT timing, A@b=60b.

Fig. 17 Plot of the brake power and thermal efficiency versus
percent of normal heat transfer for the 3.82 and 5.7%
N.A. engines. MBT timimg, 1200 rev/min, ¢= 1.0, A0b=6d?ﬂ

Fig. 18 Plot of the mean exhaust temperature'T and thermal bound-
ary layer thickness sth (normalized by the bore, b)
versus percent normal heat transfer. Detaills as in Fig. 17

Fig. 19 Plot of the brake specific NO emissions versus percent

normal hc -t transfer for the 3.82 and 5.72 N.A. engines.

Details as in Fig. 17.
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Figure 2.
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APPENDIX A

Correlations For Determining Ignition Delay And Combustion

Duration

An important characteristic of the use of the cycle sim-
ulation presented is that the details of the combustion process
must be supplied as input. These details are provided in the
form of a Wiebe function (Eq. 1 ) described on page 15. The
efficiency parameter, a, and the form factor, m, were deter-
mined experimentally by LoRusso (17). The parameters of com- *
bustion duration, Aeb, and start of combustion timing, Oo, vary
with varing modes of engine operation. Therefore, to match ex-
perimental data these parameters must be determined for each
different engine operating point. Start of combustion timing
is related to actual engine spark timing through as ignition

delay period, Aeigz

Gs eo Aeig (i1)

Hires et. al. (14) performed parametric studies based on
the geometry of a 6.6% engine to determine the effects of a
wide range of spark advances, engine speeds, equivalence ratios,

EGR and loads on combustion duration and ignition delay. Values
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of Aeig and Aeb for the model validation studies were taken from

Hires et. al.'s parametric studies. Then through correlations

for Aeig and Aeb derived by Hires et. al. and geometric assump-

tions the values of Aeig and Aeb were scaled to correspond to

the smaller 5.7% and 3.8% engines,

The correlation developed by Hires et. al. for determining

Aeig is:
1/3 2/3
\
Aeig x (Spv) (h/8,> (12)
where
Sp = piston speed
v = kinematic viscosity

h = 1instantaneous chamber height

S, = laminar flame speed
From basic engine principles it can be shown that
S @ L RPM (13)

and

h =« L (14)

where L is the stroke.

Equations (12) through (14) can be combined to yield:

1/3 2/3

Aeig e (LRFPMv) (L/Sz) (15)
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The residual fraction within the engine has a significant

effect on the laminar flame speed. Hires et. al. have shown
that for intake pressures near atmospheric (W.0.T.) and greater
that the residual fraction is small and nearly constant. There-
fore, laminar flame speed would not vary significantly for
W.0.T. and turbocharged operation. In addition, it is assumed
that the viscosity would be similar for different size engines
under the same operating conditions. With these considera-
tions Eq; (15) reduces to

1/3

Aeig-ch(RPM) 16)

The correlation Hires et. al. derived for determining AOb
is given as:
1/3 2/3
: * * % 1
86, = (b/h*) (Spv ) (h,/S%) A7)

where

b = bore

h, = 1instantaneous chamber height

* = values at 50% mass fraction burned

Combining equations (13), (14) and (17) yields:

1/3 2/3

A6, =« b(RPMv*) (1/82) as)

b

Again, making the same aforementioned assumptions concerning



80
laminar flame speed and viscosity, Eq. (18) reduces to

1/3

AOb = b (RPM) (19)

Equations (16) and (19) were the correlations used to scale

the values of Aeig and Aeb taken from the parametric studies

to correspond to the smaller 5.7% and 3.8% engines.
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