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ABSTRACT

The flow field through the entire operating cycle of a
spark-ignition engine has been studied, using a square
cross-gsection cylinder engine with two parallel quartz glass
walls which permit optical access to the entire cylinder
volume. Schlieren short-time exposure photographs and high
speed movies were taken to define the details of the flow.
Many of +the <flow features during intake, compression,
combustion, expansion and exhaust were observed.

The combustion process was studied more extensively.
Details of ignition, flame propagation, and the extent of
cycle-by-cycle variations are presented. It is shown that
the flame zone 1is thick, the front-to-back distance being
10-15 mm, and is expected to contain unburned fuel.

During expansion, a jet-like flow is observed emanating
from +the piston top land crevice. The top land crevice and
the regions behind and bYetween +the rings are connected
through ring gaps. A system model of orifices and volumes
was developed to describe the observed jet-like flow. It is
concluded that this jet is the flow through the ring gap.
In addition, the model predicts that some of the gas trapped
in the top 1land crevice should expand into the combustion
chamber prior to the appearance of the jet-like flow through
the ring gap. It is believed that this expanding gas flow
may remain close to the wall because it leaves the crevice
at low velocity and it is obscured from observation by the
thick dark thermal boundary layer on the wall. This
expanding gas flow was observed with a simulated top land
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crevice removed from the wall, and hence from the obscuring
thermal boundary layer.

The flow model was coupled with a ring motion model and
extended to a real engine geometry. This model predicts the
amount of unburned fuel trapped in the crevice regions, and
calculates the portion of this trapped urnburned fuel that is
lost to the crankcase and the portion that returns to the
combustion chamber. The significance of +this trapped
unburned fuel in regards to <fuel economy and hydrocarbon
emissions is discussed. The effect of ring gap area, volume
of the crevice regions, wall temperature, load and piston
speed on the amount of unburned fuel returning to the
combustion chamber 1is related +to exhaust hydrocarbon
emission trends.

Thesis Supervisor: John B. Heywood
Title: Professor of Mechanical Engineering
Director, Sloan Automotive Laboratory



To my love, Nikoo



3-B

THIS PAGE WAS INTENTIONALLY LEFT BLANK



\

4-A
ACKNOWLEDGMENTS

I wish to express my sincere gratitude to Professor
John B. Heywood for his insight and guidance during this
project. His technical expertise as well as his pleasant
mannerism have made thi: work a very invaluable experience.

Many thanks to the members of my thesis committee:
Prof. S.B. Pope, Prof. J.K. Vandiver and Dr. J. Rife for
their suggestions. A special thanks to Prof. S.B. Pope for
his directions; his unique understanding of physical phenomena
encouraged me to seek alternative approaches.

The author would like to acknowledge the contributions
of his co-researchers: S. Hansen, J. Sanchez-Barsse and
E. Lyford-Pike, a special friend, in developing the experi-
mental set-up of this study. The help of F. Vilchis during
the final experiments is also appreciated.

I wish to thank the Sloan Automotive Personnel --
especially Mr. Don Fitzgerald for his technical support. A
special thanks also goes to Mr. Fee Q. Yee who designed and
constructed the electronics. .

I gratefully acknowledge the assistance and equpiment
provided by Prof. Harold E. Edgerton and the Staff of the
M.I.T. Stroboscopic Light Laborato:y.

Sincere thanks to my fellow student Tony Giovanetti for
his remarkable editing job of the final copy cf this thesis
as well as his support. Thanks to Patricia Murray for typing
this document and also thanks to Elsie Beattie and Marsha
Stringer for their help with the illustrations. In addition,
I thank Luci Juneau for her assistance in editing this text
on the word processing system.

I must acknowledge Nikoo, whose support and understanding
have made this work possible.

This work was supported by a grant from General Motors
Research Laboratories and a grant from the Ford Motor
Company. The author was in part supported by a grant from
Chevron.

Mehdi Namazian
February, 1981



THIS PAGE WAS INTENTIONALLY LEFT BLANK



TABLE OF CONTENTS

TITLE PAGE
ABSTRACT
ACKNOWLEDGEMENTS
TABLE OF CONTENTS
LIST OF TABLES
LIST OF FIGURES
1. INTRODUCTION
1.1 Scope of This Study
1.2 Background
1.2.1 Background on visualization study
1.2.2 Background on hydrocarbon study
1.3 Layout of thesis
2. EXPERIMENTAL SETUP AND OPERATION
2.1 Engine Design
2.2 Schlieren System and Photographic Technique
2.3 Operating Procedure and Test Conditions
2.4 Engine Performance
3. DESCRIPTION AND ANALYSIS OF IN-CYLINDER PROCESSES
3.1 Intake Process
3.2 Compression Process
3.3 Combustion Process
3.4 Expansion Process

3.5 Exhaust Process’

page

o oo wu &

21
21
23
23
26
29
31
31
35
36
38
40
40
43
A
46



DETAIL STUDY OF THE COMBUSTION PROCESS

4.1 Flame Velocity and Flame Structure

4,2 Ignition

4.3 Cycle-by-Cycle Variation

CREVICE GAS MOTION STUDIES IN THE FLOW VISUALIZATION

ENGINE

5.1 Modeling the Flow in the Crevice Regions of the
Flow Visualization Engine

5.2 Crevice Flow from a Simulated Real Engine
Crevice Region

5.3 Crevice Gas Heat Transfer Assumptions

REAL ENGINE CREVICE GAS FLOW MODEL

6.1 Crevice Gas Flow in a Real Engine
6.1.1 Gas passages
6.1.2 Ring motion model
6.1.3 Gas flow equations
6.1.4 Inputs and outputs of the model
6.2 Verification of the Model
6.3 Unburned Fraction of the Gas Trapped
6.3.1 Unburned fraction of the gas into plane
(a)
6.3.2 Unburned fraction of the gas in the
regions beneath top ring
6.3.3 Significance of the trapped, unburned gas

6.4 Comparison Between the Predicted HC and

54
55
59
60

67

69

76
80
84
85
85
86
89
94
100

101

102

105
105



Experimental HC 107

6.5 Parametric Study 108
6.5.1 Gap area 109

6.5.2 Volume reduction 110

6.5.3 Wall temperature 112

6.5.4 Engine speed 113

6.5.5 Load 113

7. CONCLUSION 115
REFERENCES 124
APPENDIX 6.1 228

APPENDIX 6.2 231



THIS PAGE WAS INTENTIONALLY LEFT BLANK



Table
Table

Table

Table

Table

Table

Table
Table

Table

5.2

6.4

8-A

LIST OF TABLES

page
Geometric Details of Transparent Engine 130
Comparison of Transparent Engine with

Typical Current Production Engine 131
Engine Operating Conditions 132
Summary of the Predicted Flow Timing

(Crank Angle Degrees ATC) through Planes

(a) and (b) toward the Combustion

Chamber 133
Geometry of the Conventional Piston

Used To Study Crevice Flow 134
Inputs to the Computer Program 135
Specifications of the V-6 Engine 136
Summary of the Amount of Gas in and out

of Crevice Regions for a V-6 Operating

at 2000 rpm and Wide Open Throttle 137

Comparison Between Predicted and

Experimental Hydrocarbon Level 138



THIS PAGE WAS INTENTIONALLY LEFT BLANK



Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

2.5
2.6a

2.6b

LIST OF FIGURES

Schematic of the new square piston
visualization engine

Detail of the engine head and square
cylinder assembly

Clamping and sealing arrangement of the
quartz windows

Square piston "ring" assembly. The "rings"
overlap at the corners and are pressed
against thé walls by coil springs.

Top view of the Schlieren set up
Pressure traces of a motoring and six
consecutive firing cycles

The calculated mass fraction burned
profiles corresponding to Fig 2.6a. The
traces become closer as the engine
stabilizes.

Six still pictures of the intake process
showing the different stages of develop-
menf of the intake jet. The flow of the
trapped gas out of the right crevice is
observed in pictures a,b,c,d, and e,
while the flow out of the left crevice in

picture a. The numbers are the crank

page

139

140

141

142

143

144

144



Fig

Fig

Fig

Fig

Fig

Fig

3.4

3.5

3.6

3-7

10

angle degrees ATC at which the picture

was taken. The vertical and horizontal

liness in b, ¢, d, and e are the reference

wires placed on one side of the engine.
Pressure during intake valve opening.
The arrows indicate the timing of the

pictures of Fig 3.1.

Schematic of the corner vortices generated

by the intake flow. The dashed line

represents the downward flow of the bulk

gas.

Representation of the top corner vortices

observed during compression in motoring
cycles

Photographs of a typical combustion
process reproduced from a movie with
intervals of 6 degrees (0.72 ms).

Spark timing is 55°BTC.

Interpretation of the Schlieren photo-
graphs showing the three distinct zones
present during combustion

Expansion of gas out of crevices: flow
out of spark plug crevice is visible in
right hand side top corner of all

pictures as dark streaks and the flow

145

147

147

148

149

151



Fig 3.10 -

Fig 3.11 -

Fig 3.12 -

11

out of the crevices formed by piston,
cylinder and rings is seen in pictures
(c) as jets from piston crown corners
which spread on the walls (d)

The crevice flow jet velocity, normal to
the jet front, versus crank angle

Piston ring assembly showing the passages
through which the gas flows in and out of
the regions behind and between the rings
Picture taken 120° BTC during the exhaust
stroke showing a portion of the crevice
jet flow, circulating under the exhaust
valve. Also the left hand side piston
crown cylinder wall vortex is present
while the right hand side vortex has not
yet formed.

Picture taken 20° BTC and interpretation
showing the piston-crown cylinder corner
vortices on all sides, left, right, and
on the windows. Entrainment of boundary
layer on the walls is observable as dark
streaks.

Pciture taken 60° BTC on exhaust stroke
showning vortex instability, the left-

hand-side vortex is broken up while the

153

155

156

157

159



Fig

Fig

Fig

Fig

Fig

Fig

4.3

4.4

4-5

4.6

12

right-hand-side vortex is still growing
Apparent flame velocity, average rate of
flame travel normal to the flame front
in the lab coordinates for two consecu-
tive cycles.

Pressure and mass fraction burned

curves corresponding to Fig 3.5. Five
stages of the flame development of

Fig 3.5 are represented.

Percent mass burned, mass enflamed and
volume enflamed versus crank angle
corresponding to Fig 3.5.

A low sensitivity Schlieren still picture
of the combustion process showing the
structure of the flame, especially the
start of the actual burning zone.

A still picture of the flame after the
front has reached the left side of the
combustion chamber, showing the structure
of the back side of the flame. The
scale is the same as Fig 4.4.

Still pictures of different cycles show-
ing the spark discharge (b and c), spark
with flame kernel, (d to h) and growth

of the flame (j to s) around the spark

161

163

165

167

169

169



Fig 407 -

Fig 4.8 =

Fig 4.9 -

Fig 4.10

Fig 4.11 -

13

plug. The numbers indicate the timing
of the pictures in degrees after the
spark, which occurs at 55° BTC.

Kernel development in two cycles at

9.5° after the spark.

Still pictures taken 12° after spark in
two cycles, showing flame moving to
right or left. The numbers are peak
pressure of the corresponding cycles in
atm.

Photographs taken at 14° after the spark
of three cycles.

Still pictures taken 319 after spark
(i.e. 24° BTC) from nine different
cycles showing the variation in size,
shape and the location of the flame

from cycle to cycle. The detachment of
the flame from the spark plug in h and i
is due to the rotational motion shown in
Fig 3.4.

Three sets of photographs showing the
cyclic dispersion when the flame is fully
developed. The crank angle degrees shown
are timing of the pictures after the

spark. The peak pressure of each cycle

171

173

173

175

175



Fig 4.12

Fig

Fig

Fig

Fig

Fig

Fig

14

is given in atm.

Tracing from movies of the leading edge
of the flame front at 3.8° (0.456 ms)
intervals for three consecutive cycles.
A motoring cycle and the three firing
pressure traces corresponding to

Fig 4.12.

Flame front tracing of a normal cycle
(a) and a slow=-burning cycle (b). The
cycles are consecutive and the tracings
are every 6° (0.72 ms) interval.

The average flame travel distance normal
to the flame front, versus the time
after the spark for the two cycles of
Fig 4.14

Model geometry of the crevice regions in
the square cross section piston-cylinder
engine.

The mass flow rate crossing the entrance
of the top land crevice (plane (a) in
Fig 5.1). The engine is operating at
1380 rpm and half load.

Measured pressure of the combustion
;hamber and the calculated pressure of

the region behind the top ring.

177

179

179

180

181

182

183

184



Fig

Fig

Fig

Fig

Fig

Fig

5.4

5.5

5.6

5.7

508

5.9

15

Comparison between the observed timing
(degree ATC) of the jet-like flow out of
top land crevice (plane (a) in Fig 5.1)
and predicted timing of the flow out of
plane (b).

Design of the square piston "ring" with
an additional channel. The channel
raises the passage area into the region

behind the top ring by a factor of 4.

Schlieren pictures (a) and schematic (b)

for the square piston ring with an
additional channel. The jet appears
about 70 degrees earlier than that
observed with the nominal ring.
Schematic of the dark layer on the
combustion chamber obscuring the top
land crevice entrance.

Assembly to simulate a real engine's
crevice regions. The ring belt of a

conventional piston is press-fit into a

piston holder. The assembly is secured to

the top of the square piston.
Schematic showing the model geometry and
position of the inner circular piston

rings of Fig 5.8.

185

186

187

189

190

191



Fig 5.10 =

Fig 5.11 =

16

Schlieren pictures (a) and schematic

(b) showing the flow from the crevice
regions for the inner circular piston
assembly of Fig 5.8. The top ring

of the inner piston is fixed against the
lower surface of the groove.

Comparison between the observed and
predicted timing of the jet-like flow
through the circular piston ring gap.

The top ring of the circular piston is
fixed on the lower surface of the

groove (see Fig 5.9a).

Schlieren pictures (a) and schematic (b)
showing the flow from the crevice regions
for the inner circular piston assembly of
Fig 5.8. The top ring of the inner
piston is fixed against the upper surface
of the groove.

Illustration of the plug used to study
heat transfer assumptions.

Measured and calculated pressure traces
inside the plug of Fig 5.13, comparing
the isothermal and adiabatic assumptions.
Measured and calculated pressure traces

inside the plug of Fig 5.3 for a Vol/A

193

195

197

199

200



Fig 6.1 -

Fig 6.3 -

Fig 695 -

Fig 6.7I -

Fig 6.7II-

Fig 6.7III~

17

ratio representative of a real engine
geometry. 4
Schematic of a conventional piston ring
assembly showing the possible gas passages.
An exaggerated schematic showing the ring
blocking both ring side clearances.
Schematic of the forces acting on the top
ring. The piston is moving upward and the
ring is approaching the lower sruface of
the groove.

Model geometry of the flow in the crevice
regions of a conventional engine.
Schematic of the passage area caused by
the ring gap.

Schematic of the ring side clearance flow.
Trace of forces acting on the top ring of
V-6 engine operating at 2000 rpm and full
load.

Relative position of the top (1) and
second (2) ring in the groove.

Pressure trace of combustion chamber (1),
region behind top ring (2), region between
rings (3) and region behind second ring

(4).

201

202

203

203

204

205

206

208

209

210



Fig 6.7

18

- Percentage of the charge mass that flows
into (IV) and out of (V) planes (a),
(b), (¢) and (d) and through ring gap (g).
The vertical distance between each two
curves in (VI) is the mass trapped

between the corresponding planes.

Fig 6.81 - Trace of forces acting on the top ring of

V-6 engine operating at 4000 rpm and at

full load.

Fig 6.8II - Relative position of the top (1) and

second (2) ring in the groove.

Fig 6.8I1I- Pressure trace of the combustion chamber

Fig 6.8

Fig 6.9

(1), region behind top ring (2), region
between rings (3) and region behind second
ring (4).

- Percentage of the charge mass that flows
into (IV) and out of (V) planes (a), (b),
(c) and (d) and through ring gap (g).

The vertical distance between each two
curves in (VI) is the mass trapped
between the corresponding planes.

- Blowby flow rate versus the smaller ring
gap area for one V-6 cylinder with two

compression rings.

211

212

213

214

215

216



Fig 6.10

Fig 6.11

Fig 6.12

Fig 6.13

19

Calculated blowby rate of one cylinder of
V-6 engine operating at full load. The
lower right graph shows experimental
results in a smaller engine.

Schematic of the top land crevice entrance
model. The lower sketch shows the
unwrapped top land crevice, cut at the
opposite side of the spark plug.

Schematic showing the flame model used to
calculate the portion of the top land
crevice entrance exposed to unburned gas,
i.e. Lu‘

The effect of ring gap area on the amount
of hydrocarbon returning to the combustion
chamber (a) and lcst to blowby (d). Curve
labled by (g) shows the amount of HC
returning to combustion chamber through
the top ring gap.

The amount of hydrocarbon returning to the
combustion chamber versus the amount that
is lost to blowby.

The effect of piston top land crevice
volume reduction on the amount of HC
returning to the combustion chamber and

the amount to blowby.

217

218

219

220

221

222



Fig

Fig

Fig

Fig

Fig

Fig

6.16 -

6017 -

6.18a =

6.18b -

6.19 -

6.20 =

20

The effect of reduction in the volume of
the region behind the top ring on amount
of HC returning to combustion chamber and
on the amount that is lost to blowby.
The}effect of reduction in the volumes of
the regions beneath the top ring on the
amount of HC returning to the combustion
chamber and on the amount that is lost to
blowby.

The calculated amount of hydrocarbon
returning to the combustion chamber of a
V-6 engine versus wall temperature.

The measured hydrocarbon of the exhaust
tale of a CFR engine versus coolant
temperature.

Amount of hydrocarbon returning to
combustion chamber for V-6 operating at

full load.

Hydrocarbon level versus intake depression

for V-6 engine. Experimental data are

measured at the exhaust tale.

223

223

224

225

226

227



21

CHAPTER 1
INTRODUCTION

1.1 Scope of This Study

This thesis reports on the flow field in the combustion
chamber of a spark-ignition engine. A flow-visualization
engine was used to observe the flow through the entire
operating cycle of the engine. The primary scope of this
study was to visualize those aspects of the flow which
relates to the formation of hydrocarbon emissions [1], e.g.:
flows from the top land crevice (the crevice between the
piston crown and cylinder wall is believed to be a
significant source of unburned hydrocarbon); the
entrainment of the layers off the cylinder head and cylinder
wall during exhaust stroke; the vortex roll wup in the
piston-crown-surface, cylinder-wall corner during exhaust
stroke. Another important goal of this study was o observe
the flame development process from the spark-discharge
through establishment of a stable flame kernel and growth %o

a fully-developed turbulent flame structure. An additional
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goal was to identify within an operating engine cylinder the

rotational motions set up by intake stroke, which were
observed by ZEkchian and Hoult [2] in a study of =

water-analog of the flow into the cylinder.

The flow-visualization engine used for this study has a
Square cross section piston-cylinder with +two parallel
quartz windows. Schlieren short-time exposure photographs
and high speed movies were taken to define the details of
the flow. Descriptive and quantitative mode’.s of the motion
of the flow are given. The flow into the crevice regions
caused by piston-cylinder-rings of +the flow-visualization
engine 1is studied more extensively. The low model is
coupled with a ring motion model and extended %o a real
engine geometry. This model predicts the amount of unburned
fuel trapped in the crevice regions and calculates the
portion of this trapped unburned fuel that is lost to blowby
and the portion that returns to the combustion chamber. The
significance of +this +trapped, unburned fuel in regard to

fuel economy and hydrocarbon emissions is discussed.
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1.2 Background

1.2.1 Background on visualization study

Visualization of the flow in a practical device is a

powerful +technique for developing conceptual models for the
important physical processes. The geometry of conventional
internal combustion engines--circular cross-gection
cylinder, complex combustion chamber shape, valves, spark
plug, fuel injector in the cylinder head--makes complete
flow visualization extremely difficult. Nonetheless, there

is a long and productive record of such efforts.

Examples of such experiments are the following. In
spark-ignition engines: Rassweiler and Withrow [3] used
high speed movies of the flame taken +through a quartz
cylinder head to determine flame <front 1location and
correlate volume enflamed with cylinder pressure records. A
recent example of the use of high speed color movies to
examine flame front location and structure is the excellent
work of Nakanishi, et al. [4] with an L-head engine with a
flat quartz cylinder head. In diesel engines Alcock and
Scott [5] have pioneered the use of high speed color movies,
taken through windows in +the cylinder head, to define

details of +the engine combustion process with realistic

engine geometries and operating conditions.
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To obtain details of the flow field in addition to that
provided by direct radiation from the <flame front,
visualization techniques such as Schlieren must be wused,
which respond to refractive index gradients in the flow that
result from density gradients. However, optical access on
both sides of the region observed must be provided. In
rapid compression machines, designed to simulate certain
aspects of an operating engine, +this has been achieved.
Taylor, et al. [6] with a piston in a circular-cylinder
rapid compression machine used Schlieren photographs to
study flame propagation and autoignition. The disc-shaped
combustion chamber was viewed along the cylinder axis
through a transparent flat cylinder head (which had no
valves), and a mirror was placed on the piston. A similar
approach was used recently by Matekunas [7]. Oppenheim, et
al. [8], and Iéhikawa and Daily [9] also 1in a rapid
compression machine, used a square cross-section "cylinder"
with two quartz walls to view the cylinder contents at right

angles to the cylinder axis to obtain Schlieren movies of

the flow.

Schlieren photographs and movies have been taken in an

operating spark-ignition engine by Iinuma and Iba [10],
[11]. To achieve the required optical access, an I-head

engine was used, and a 1long rectangular slot combustion
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chamber was designed into the cylinder head %o permit

obsarvations perpendicular to the cylinder axis and

centerline of the cylinder head.

Significant contributions have been made by these and
other engine-related visualization studies. The following
difficulties have yet to be resolved, however. Conventional
photography, which presents the leagt difficult optical
access problems, only determines the shape and location of
the flame front. Rapid compression machines cannot fully
simulate the intake and exhaust processes, nor the timing of
events in +the engine operating cycle. Full access for
Schlieren in a conventional circular cross-section cylinder

overhead-valve engine is not feasible.

At M.I.T. in the Sloan Automotive Laboratory a new
flow-visualization spark-ignition engine was designed %o
resolve the above difficulties. The engine was designed and
partially built by S. Hansen [12]. This engine was
designed to operate for several consecutive cycles. The
Schlieren technique was chosen as the best means available
for flow visualization during both combustion and
non-burning parts of the cycle. To provide the necessary
optical access, a square cross—-section cylinder was chosen,
with two parallel glass side walls and two parallel metal

side walls. This permitted a conventional cylinder head and
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valve geometry to be used. The other aspects of engine
design and operation were made as close to conventional

practice as feasible.

1.2.2 Background on hydrocarbon emissions

Lean operation of spark ignition engine, at part load,
or dilution of the mixture with recycled exhaust 1is
desirable from a fuel economy pcint of view and for reduced
CO and NOx emissions. Unfortunately, the concentration of
unburned fuel pollutants (HC) is higher in the fuel-lean, as
well as the fuel-rich region, and dilution of the charge
which reduces the level of NQx gsignificantly, also results
in more unburned fuel in the exhaust. The HC emission rise
in the lean region and with dilute charge results fronm
incomplete oxidation of +the fuel. Hydrocarbon compounds
unlike other exhaust products, are formed principally in the
quench reglons of the combustion chamber. Daniel [13] was
the first to demonstrate the existence of a quench layer on
the combustion chanmber surfaces. By a photographic
technique, he observed a decrease in flame laminosity close
to the wall. As the flame propagates toward the chamber
wall, removal of heat and the disruption of chemical

processes quench the flame. The thickness of this quench

layer, which covers the cylinder head, cylinder wall and
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piston crown depends on the engine operating conditions, at
the time of quenching and can vary from hundredths to tenths

of a millimeter.

For many years the quench layers on the combustion
surfaces were considered to be an important source of
hydrocarbon emissions and extensive research was performed
concerning the flame quenching distance associated with cool
surfaces. However, the recent theoretical works of A.
Adamczyk et al. [14] and C. Westbrook et al. [15] predict
virtually complete oxidation of the quench layer hydrocarbon
due to the post flame oxidation. Fast sampling experiments
of J. LoRusso et al. [16] and P. Weiss, J. Keck [17]
supported these predictions. These predictions are also
confirmed by the experiments performed in the combustion

bombs having very small crevice volumes [18,19,20].

Other sources of unburned fuel are crevices in the
combustion chamber which are too narrow for the flame to
enter. The flame is quenched by heat transfer to the cold
wall at the crevice entrance. The volume between the piston
and cylinder wall above the top piston ring, known as +top
land crevice, 1is the most important crevice in the engine.
Tabaczynski et al. [21] propose that the top 1land crevice
gas expands out of this crevice and is laid along the

cylinder walls. In the exhaust stroke this layer is scraped
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off the wall and rolled into a vortex. This vortex is
considered to entrain into the exhaust port at the end of
exhaust stroke. Time-resolved HC measurements in the

exhaust port [21,22,23] support this idea by showing a peak

in the hydrocarbon level at the end of the exhaust stroke.

Other potential sources of hydrocarbon are o0il layers
containing absorbed fuel [24] and bulk quenching in the
burned gas [25]. K. Goto et al. [26] show +that the HC
concentration increases when maximum combustion pressure
becomes low. The low combustion pressure is an indication

of incomplete combustion.

The relative importance of crevice regions is evident
from the experiments of Wentworth [27] who reports 47-74%
reduction of hydrocarbon emissions when the top land crevice
is wvirtually eliminated. The sampling of the gas in the
piston top land crevice was performed by Furuhama [28] and
the results prove that the £flame does not reach the

combustible gas mixture in this crevice region.

A major part of this thesis is devoted to studying the

flow in and out of the crevice regions in the combustion

chamber. Besides the +top 1land crevice, other crevice

regions created by piston rings are also considered.
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1.3 Layout of Thesis

After this introductory chapter the experimental setup
is described in Chapter 2. The engine design, Schlieren

system and photographic technique, operating procedure and
test conditons and finally engine performance are described

in this chapter.

In Chapter 3 all +the in-cylinder processes, 1i.e.,
intake, compresssion, combustion, expansion and exhaust are
discussed. Prints of photographs which illustrate important
features of each process are presented. The key features

observed from these photographs are described and where

feasible a quantitative interpretation is given.

In Chapter 4 a detailed study of the combustion process
is illustrated. The flame structure, ignition,
establishment of a stable <flame kernel, and finally the

effect of gas motion on +the flame and hence on the

cycle-by-cycle variation are discussed.

In Chapter 5 the flow into and out of the crevice
regions of the transparent engine is discussed. A model is

presented which describes the observed flows.
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In Chapter 6 the flow model for the crevice regions of

the transparent engine is extended to a real engine. A ring
motion model is coupled with the flow model to provide the
flow passages in a real engine. The model is verified by
comparing the experimental data on blowby with the predicted
ones. Pinally, the model is used to study the variation of
the mass flow of unburned fuel from crevice regions with
geometry, piston speed, load and wall temperature.

Experimental data are used to verify the trends predicted by

the model.
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CHAPTER 2
EXPERIMENTAL SETUP AND OPERATION
2.1 Engine Design

The transparent engine is designed +to allow complete
visualization of +the various processes in the combustion
chamber of a four-stroke spark-ignition engine. A removable
head, Cooperative TFuel Research (CFR), engine is used as a
basis for the new engine. As shown in Pigure 2.1, the
completed visualization engine uses the crankcase and
internal parts of the CFR engine as its lower half. The CFR
engine is split Dbetween the cylinder and head, and the
existing CFR piston and cylinder act as a type of crosshead.
The new portion of the visualization engine is the square

cross-section assembly, positioned as shown in the figure.

The square piston is attached to the CFR piston Dbelow
by a connecting rod through a hole in the adaptor base
plate. The adaptor base plate mounts the square cylinder
assembly to the CFR cylinder. The base plate is sealed to

the connecting rod with a felt seal +to prevent oil from
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rassing up from +the crankcase to the square assembly. To

avoid compression above the CFR piston, a 10 mm diameter

hole was drilled through the CFR piston crown.

The original CFR engine cylinder-head, valves, and
valve mechanism are used on top of the square cross-section
assembly. The valves are activated from the camshaft of the
base CFR engine by elongated push rods. Use of the original
head and valve mechanism allows the standard valve
dimensions and 1lift to be used, thereby assuring realistic

inlet and exhaust flows.

Figure 2.2 shows additional aspects of the
construction, and geomesric details of the square
cross-section transparent cylinder assembly are given in
Table 2.1. Table 2.2 compares the geometry of a typical

conventional engine with that of the transparent engine.

The square cylinder is comprised of two parallel steel
walls and two parallel guartz glass walls. The glass walls
are attached to the cylinder by means of steel walls (see
Fig 2.3). Silicon rubber gaskets, 0.38 mm thick, are used
at the interfaces of glass and steel to avoid contact
between the +two surfaces and to prevent gas leakage. Two
steel spacers, 0.5 mm thicker +than the glass walls, are

Placed on either side of the glass side walls to obtain 35
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percent compression of the gaskets and also to avoid uneven

loading of the glass during assembly.

The piston is made from two separate pieces of
aluminum. The crown bolts onto the main piston and ring
assembly to allow compression ratio changes to be made
easily. Details of the piston and ring designs are gshown in
Fig 2.4. Three sets of "rings," which operate without
lubrication, provide the gas seal. The rings overlap at the
corners to minimize the effective area of the gas leakage
path. Several ring materials were tested: two types of
graphites, pure Teflon, graphite filled Teflon, and polymer
filled Teflon (RULON J). A hard graphite (ATJ) was found
the most effective material for keeping the windows clean
and free of any film which produces optical interference
over a reasonable engine operating period. Each ring
segment is pressed against the cylinder walls by two 6 nn

diameter coil springs.

The cavity within <the square cross-section assembly
below the piston 1is vented to the atmosphere to prevent

significant compression above the adapter base plate.

An air surge tank is used to damp out the intake flow

pulses and permit an orifice plate to be used upstreanm of

the surge tank to measure air flow rate. The fuel, propane
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in +this study, is fed from the fuel tank through a

regulator, rotometer flowmeter, control valve, and solenoid

shutoff valve +to0 an atomizing nozzle in a fuel-air mixing
tank. The mixing tank is jacketed and can be steam-heated

to vary the inlet mixture temperature.

A "MOBELEC" capacitor discharge electronic system 1is

used for ignition.

A Star dynamometer is mounted next to the engine,
coupled to the engine via a toothed belt and pulleys system.
Speed is controlled by variable resistors. The dynamometer
has a standard hydraulic scale and manometer to obtain brake

and friction torque readings.

The inlet mixture temperature is measured with a
thermocouple in the intake manifold 50 mm upstream of the

inlet valve. The inlet system pressure is measured with a

mercury manometer connected to the mixing tank.

The pressure in the combustion chamber is measured by
an AVL pressure transducer, which is mounted flush with the
steel cylinder wall, 15 mm below the cylinder head. A pulse
generator is mounted on the half speed shaft, which
generates one pulse every crank angle degree. The pressure

transducer signal is sampled every degree and the data

stored on the laboratory computer, a DEC PDP-11/10.
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2.2 Schlieren System and Photographic Technique

The Schlieren technigque was chosen  for flow
visualization. This technique is based on the principle of
refraction of the light beam Zrom its original direction by
an angle proportional to +the gradient of the index of
refraction normal +to the 1light path. The index of
refraction gradient results from and is proportional to the
density gradient in the test section [29]. The Schlieren
system used is of the Z type configuration. It consists of
two spherical and two flat mirrors, 2 point source, and
knife edge as shown in Fig 2.5. Light from the point source
is collimated by the first spherical mirror, and passed
through the flow <field. The image of the light source is
then brought to focus oan the knife edge by the second
spherical mirror, and is recorded with a camera. The
recorded image will appear uniform if there are no density
gradients in the test section. Conversely, if local density
gradients are present, the light will refract and will Dbe
intercepted by the knife edge, and hence the recorded image

will contain corresponding local changes in illumination.
The knife edge used 1is a circular aperture that provides

sensitivity in all directions; sensitivity being a measure

of change in 1local illumination of the image for a given

local density gradient in the test section.
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Two +types of photographs have been taken: still
Pictures and high-speed movies. The still pictures are
taken with a microflash unit with a 549-11-11 EG and G point
source. The flash 1is triggered by a micro-circuit at a
preset crank angle and lasts a fraction of a microsecond.
Before the <flash is triggered, the circuit triggers the
scope and computer to record the pressure trace for the
cycle when the picture is taken. A Polaroid camera with a
one meter focal length optically corrected lens is used.
The 100 mm by 125 mm pictures obtained are very sharp due to
the short duration and high intensity of the 1light source
and the large depth of field of the camera lens. The movies
are taken with a 16 mm Hycam camera capable of speeds up to
9000 frames per second. A continuous light source is used
with a 1/10 speed shutter in the camera +to control the

exposure of each frame.

2.3 Operating Procedure and Test Conditions

.

Because the square assembly and cylinder-heat are not
water cooled, the engine was only fired for short periods.
Checks were always made first, during motored operation, %o
ensure that +there was no external leakage past the glass
wall seals (using soap solution) and that the internal

leakage past the piston rings (using PV curves and peak
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pressure location obtained from the pressure transducer

data) was negligible.

In addition, some Schlieren movies were also taken of
the region below the piston during firing to check whether
flow past the piston rings was visible. No flow was
detected up to 120 degrees after TC, when the clamping

-~

plates obscured the bottom of the piston.

The operating procedure is as follows. The engine 1is
motored at preset operating conditions and the above checks
made. The fuel is turned on for at 1least 15 ?seconds to
assure a homogeneous mnixture in the air-fuel mixing tank.
For still pictures the spark is +then turned on and the
engine permitted to <fire <for about 10 cycles before the
timing sequence for recording the pressure data éor the
particular cycle under study, and the flash unit (set at a
previously chosen crank angle) is initiated. For Schlieren
movies one motored cycle was filmed and its pressure data
was recorded at the start of the filming process to provide
a reference. The spark was then switched on ;utomatically,
and about 16 additional cycles were filmed and the pressure
data recorded. Timing markers on the film permitted the
film and pressure data to be synchronized. A mass fraction
burned analysis was carried out for each run (see following

section). The engine operating conditions are given in
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Table 2.3. A part-load condition was selected to avoid

higher than necessary pressure conditions during firing. A
slightly rich-of-stoichiometric mixture was used to avoid

misfiring due to low compression pressures.

2.4 Engine Performance

An existing computer code [30] was used to obtain mass
fraction burned curves from measured cylinder pressure data.
The assumptions made in the <thermodynamic model wused for
this purpose were: frozen composition <for the unburned
mixture; equilibrium composition for the burned mixture;
ideal gas behavior for each component species in these
mixtures; heat transfer predicted by Nusselt-Reynolds No.
correlation; negligible volume for the actual reaction zone

in the flame.

Pigure 2.6a shows measured cylinder pressure itraces
from six consecutive cycles; the first firing cycle after
motoring is the one with the highest peak pressure, followed
by the cycle with the second highest peak pressure, after
which the engine stabilizes. The standard deviation in peak
pressure 1is 1 atm, which is about 10 percent of the mean
peak pressure of 9.7 atm. This deviation is 1larger than

normal engine values. Also, occasional partial-burn and

misfire cycles were observed, both from pressure traces and
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the Schlieren movies. The calculated mass fraction dburned
profiles corresponding to Fig 2.6a are shown in Fig 2.6b.
The mass fraction burned curves show a standard deviation in
Xpmax s the maximum predicted mass fraction burned, of 0.03.
The mean value is 0.90 which, when allowance is made for

quenching and blowby, is at the expected level.

In selecting cycles for analysis only +those cycles

which showed normal burning characteristics and had peak

pressures at about 17 degrees after TIC (typical of MBT

timing) were used.
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CHAPTER 3
DESCRIPTION AND ANALYSIS OF IN-CYLINDER PROCESSESS

In this section we presenﬁ prints of +the photographs
which illustrate important features of the flow inside the
cylinder during the complete engine cycle. The key features
observed from these photographs (and discernible from
viewing the movies) are described and, where feasible, given

a quantitative interpretation.

3.1 Intake Process

Figure 3.1 shows six photographs taken at different
crank angles during the intake process. The crank angle and
pressure in the cylinder for each picture are shown in Fig
3.2. Figure 3.1a, which was taken at 30 degrees ATC, does
not show any flow into the chamber even though +the inlet
valve nominally opens at 10 degrees after TC. But 5 degrees
later, Fig 3.1b, at 35 degrees after TC, a clearly

delincated front is seen as the fresh charge enters the

cylinder volume. Pictures c, d, and e, taken at 36 degrees,
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39 degrees, and 41 degrees after TC, indicate the trajectory
of the inlet jet until it reaches the cylinder wall. The
velocity of 1leading edge of the jet is about 23 m/s.
Fig 3.1f shows the jet when it is fully developed.

The intake valve opens at 10 degrees after TC but the
jet always appears slightly later than 30 degrees after TC
for these conditions. The pressure trace during the intake
process, Fig 3.2 , explains this delay. Since the engine is
throttled, following inlet valve opening the pressure in the
chamber decreases from the exhaust system pressure to the
intake system pressure over an interval of about 20 degrees.

During this period when the cylinder pressure is higher than
that of the intake manifold, a back flow into +the intake

occurs. This back flow was observed in the movies. As the
intake valve opens, the back flow is slight and involves
only the gas around the valve. But as the valve continues
to open further, the bulk of the gas in the c¢ylinder which
was following the intake-stroke piston motion down the
cyinder is drawn towards the intake valve. This takes place

close to 24 degrees after TC.

As the intake jet develops, a downward flow close to

the cylinder wall Dbelow the point the jet impinges on the

wall can be observed in the Schlieren movies. Above the jet

impingement point, a vortex flow in the top left and right
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hand corners of the combustion chambers, shown schematically
in Pig 3.3, can be observed. These vortices are present
through the intake process and persist during compression.
Ekchian and Hoult [2] have previously demonstrated the
existance of the vortex in the top corner of the cylinder in
water analog intake flow studies. They also showed that a
large vortex flow was set up below the valve in the bulk of
the cylinder. We did not observe this lower vortex in these
experiments. This does not necessarily say such flows are
not present; the flow beneath the valve was difficult to

discern in our current movies.

Another phenomenon observed during the start of intake
is the flow of gas out of the piston top land into the
cylinder. It is best visualized on +the right hand side
piston cylinder-wall crevice of the pictures of Fig 3.1.
The right hand side flow is more visible because of the
larger crevice on that side. The left crevice is smaller
than the dark 1layer on the combustion chamber wall,
interpreted as thermal boundary layer. This layer therefore
obscures the flow out of the left crevice. Part of left
side crevice flow can be seen in Fig 3.1a. The flow out of
the crevice occurs because the gas expands into the cylinder

as the cylinder pressure decreases following intake valve

opening. This expansion starts at around 24 degrees after
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TC. As discussed above, at this time the bulk gas moves
towards the intake valve as a backflow. The flow out of the
crevice is laminar (Reynolds number is 250 based on piston

velocity at 60 degrees after TC and hydraulic diameter of

the crevice).

During intake this crevice flow probably has 1little
significance. During the expansion stroke a similar crevice
flow is expected, which is likely to be important in the

hydrocarbon emission mechanism as discussed later.

3.2 Compression Process

At the beginning of the compression stroke, the gas
motion is difficult +to discern due to the lack of density
gradients in the bulk gas with which to identify +the fluid
motion. As the piston moves up during the compression
stroke, a marble-like structure becomes apparent in the
Schlieren pictures, which helps visualize the flow. Halfway
through the compression stroke, top corner vortices can bYe
obgserved in the Schlieren movies as sketched in Fig 3.4.
This vortex is the one set up by the intake jet as explained
in the previous section which persists through the
compression and combustion processes. The flow in the upper
right corner of the cylinder influences +the flame

development in the vicinity of the spark plug, and the flow
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in <the upper left corner influences the motion of the fully

developed flame as discussed in Chapter 4.

During the compression stroke no vortex was observed in
the corner of the piston crown and the cylinder walls,
although such vortices have been visualized in rapid
compression machines in which the gas was compressed from

rest [8,9].

3.3 Combustion Process

Figure 3.5 shows a set of photographs of +the entire
combustion process <for one typical operating cycle from a
movie. Pollowing the spark discharge at 55 BTC, a flame
kernel develops at the spark plug at the upper right corner
of the combustion chamber, rapidly (within about 3 degrees)
assumes a turbulent flame structure, propagates as a roughly
gspherical flame front until the front intersects the right
cylinder wall and +the piston, and eventually (after
Fig 3.5i) shows fully burned gas filling the space between
the glass walls behind the flame. There are larger scale
(of order 10 mm) and smaller scale (of order 2.5 mm)

irregularities to the flame front.
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The <flow field in +the cylinder at the end of
compression influences the flame propagation process. The
later pictures in the sequence in Fig 3.5 show +that <flame
propagation is influenced by the gas motion which exists in
the left side of the cylinder. The bottom half of the flame
front, once it is halfway across the piston, starts to move
faster than the top part. We believe this motion results
from the vortex set up in the upper left corner of the
cylinder by the intake jet as described previously. The
upper right corner vortex-flow was also observed to affect
the moticn of the flame in the vicinity of the spark plug.
In some cycles (though not the one shown here) the flow
detaches the growing flame kernel from the spark plug and
noves it towards +the center of the cylinder. This

observation is discussed further in Chapter 4.

Our interpretation of the different zones within the
cylinder during combustion is illustrated in Fig 3.6. Three
distinct zones are identified: an unburned fuel-air mixture
zone ahead of the flame front; a flame zone (which appears
in the photographs as a superposition of a large number of
thin irregular dark lines); and a fully burned zone behind
the flame zone. We will discuss the structure of the flame
zone in more detail in Chapter 4. It has a thickness of 10

to 15 mm. We will show that it contains unburned, burning,
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and fully burned mixture. Note that burning continues for a
long time after the front of +the flame has reached the
cylinder wall opposite the spark plug. The schematic in Pig
3.6 helps the interpretation of the photographs of the
flame. The burned zone cannot be visualized until the back
of the flame zone reaches the glass windows. The 1last few
photographs in Tig 3.5 show <the irregular shape of this
flame "back", and the final burn-up of mixture in the

corners of the chamber.

A detail study of the combustion process is presented

in Chapter 4.

3.4 Expansion Process

During the expansion process the falling pressure in
the combustion chamber causes any trapped gas in the
crevices in the combustion chamber walls to expand out into
the cylinder. For example, one or more dark streaks are
observed in the Schlieren movies emanating from .the spark
plug as the cylinder pressure falls (see upper right hand
corner of pictures in Fig 3.7). This streak is presumed %o
be an unburned and burned mixture pushed into this crevice

prior to time of peak pressure, cooled by heat transfer to

the plug surfaces to a higher density than the bulk cylinder
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burned gas, and expanded out of the crevice after peak

pressure.

Another flow observed expanding into +the cylinder is
the flow from the crevices at the piston-crown corners. At
about 120 degrees after TC (see PFig 3.T7c) two Jet-like
expansion flows can bYe seen emeanating from this crevice
(engine operating at half throttle and at 1380 rpm). The
jets spread axially and transversely into the cylinder
(Fig 3.7d). The front of the jet <first accelerates, then
loses speed, and then accelerates again with the opening of
the exhaust valve (the velocity normal to the jet front is
shown in PFig 3.8). The gas in the jet reaches the exhaust

valve when the piston is near BC.

To interpret this flow, it is necessary to examine the
design of +the piston and rings in this engine. PFigure 3.9
shows the piston ring assembly with arrows indicating the
passages through which the charge can flow to the region
behind and between the rings. These passages are at the
corners where the ring sections overlap. The flow area of
these orifice type passages at each corner 1is almost the
same as the ring gap area of a conventional engine (see

Table 2.2).
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In Chapter 5 we will present a model to describe +this
flow. Using this model we conclude that as the presure in
the cylinder increases during compression and combustion,
first unburned and then burned mixture is pushed into the
region behind and between the rings [28,31]. The flow of
the charge into +these regions continues in the expansion
stroke until the increasing pressure within this crevice
region becomes equal to +the decreasing pressure in the
cylinder. At this point (120 degrees ATC for this engine
operating at discussed conditions) +the flow reverses
direction, and the trapped gas flows out of the volume

behind and between the rings into the cylinder.

The same model predicts that during the expansion
stroke, while part of +the gas in the top land crevice is
pushed into the regions behind and between the rings, other
parts of the gas in this crevice should expand out into the
combustion chamber. Therefore, a flow back 1into the
cylinder as early as 30-50 degrees ATC is expected. But
this flow is not observed. We Dbelieve that this gas
expanding out of the top land crevice occurs at low velocity
and remains against the wall; it 1is obscured from

observation by the dark thermal boundary layer.
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The flow out of the top 1land crevice prior +to the
observed jet flow from the region behind the top ring is
expected to be a laminar flow. The Reynolds number of +this

flow is of order 100, based on piston speed, and of order

10, based on the velocity of the expanding gas relative %o
the piston. The nature of this expanding gas is expected to
be similar to the observed slowly moving, expanding gas out
of the top land crevice during the intake stroke at part
load (Fig 3.1). But during the intake stroke, the dark
thermal boundary layer on the combustion chamber wall is 0.5
mm thick [32,33] while the piston cylinder clearance is of
order of 1 mm. Therefore, we are able to recognize this
flow during intake. However, during the expansion stroke,
the thermal boundary layer is about 2 mm, which fully
obscures the piston cylinder clearance. Note that even
during the intake stroke it is hard to recognize the flow

out of the left crevice, which has a clearance of 0.4 mm.

During the expansion stroke the gas expanding out of
the crevice which 1is expected to stay on the wall and the
gas that jets from the region behind the ring, is partially
unburned. These flows contribute to +the hydrocarbon
emission and inefficiency of the engine. Similar flows are
expected in a real engine. This will be discussed in

Chapter 5 and 6.
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3.5 Exhaust Process

The exhaust process starts when the exhaust valve opens
at 140 degrees after TC during the expansion stroke. There
is a delay of about 10 degrees before the bdurnt gases are
observed %0 move in the direction of the valve. Then, it
takes an additional 10 degrees for gas close to the valve %o
accelerate to a maximum velocity of about 12 m/s. Such
vigorous gas motion persists +through blowdown until the
cylinder pressure approaches the exhaust presure. The
rapidity with which the blowdown flow is established is
visualized by +the entrainment of the denser (dark) thermal
boundary layers on the cylinder head and upper part of the
cylinder wall by +the outgeing gases which "sweep" these
surfaces clean. (This entrainment continues after blowdown
through the entire exhaust process). In addition, long
vertical dark streaks that were observed expanding downwards
from the spark-plug crevice earlier during the expansion
stroke are also displaced rapidly towards the exhaust valve.
These denser regions are 1likely to c¢ontain unburned
hydrocarbone and contribute +to +the peak in hydrocarbon
emissions measured in the exhaust gases during the blowdown
process in time-resolved exhaust sampling experiments

[21,22,34].
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The jets observed emanating from crevices between the
cylinder wall and +the piston and behind the piston rings
during the expansion process, which are just visible before
the exhaust valve opens, move through the cylinder during
the blowdown process. The Jjets accelerate to a maximum
velocity of 18 m/s at about 15 degrees before BC and reach
the exhaust valve a few degrees after BC. Some of the gas
in the jets leaves the cylinder directly, while part of it
stays circulating under the valve, as shown in PFig 3.10,
until pushed out by the approaching piston. This gas is

also expected +to have a high unburned hydrocarbon

concentration.

During the exhaust stroke, vortices in +the corner of
the piston crown and cylinder wall were observed, which grow
in size as the exhaust stroke proceeds. The existence of
this vortex flow within an engine c¢ylinder was first
observed by Tabaczynski et al. [35] in water analog
experiments, who concluded that the vortex is generated by
the scraping off and rolling-up of the boundary layer on the
cylinder wall by the piston crown. Such a vortex has been
visualized in a square cross-section rapid compression
machine where the gas was initially at rest. Schlieren
movies of that rapid compression machine flow showed the

vortex to be stable and grow uniformly [8,9].
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In our engina the vortex was observable both when

viewed in cross-section along the vortex axis in the
steel-sidewall piston-crown corners and when viewed
perpendicular to +the vortex axis in the glass-sidewall
piston corners. PFigure 3.11 shows a Schlieren photograph
and an explanatory sketch of the vortex. However, the
vortex was not always stable and sometimes broke up soon
after it had formed (e.g.: +the left hand side vortex of Fig
3.12). The instability could result from the residual
turvulent flow in the cylinder, from the square
cross-section geometry, or from the different size crevice

on the right and left sides of the piston (see Table 2.2).

We expect the layer which is scraped off the wall and

rolled up into +this vortex to contain the unburned fuel

which is held against the cylinder wall. As discussed 1in

Section 3.3, +this unburned fuel is expected to be from the

top land crevice gas.

As the piston approached TC, the vortex was observed to
distort and break up; its top sections lift off and move
towards the still-open exhaust valve. Whether part of +the
vortex exits the cylinder at the end of the exhaust process
in this engine with its higher than normal clearance height

could not be discerned from the movies.
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Time-resolved exhaust sampling experiments [21-23,34]
in conventional engines indicate a peak in the hydrocarbon
level at the end of +the exhaust stroke. This peak 1is

expected to be the contribution of the unburned fuel in

these vortices [21].
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CHAPTER 4
DETAILED STUDY OF THE COMBUSTION PROCESS

In Section 3.3 we presented a set of photographs
(Fig 3.5) of the entire combustion process for one typical
operating cycle. We discussed how a flame kernel initiated
by the spark plug develops into a turbulent flame with a
thickness of 10 to 15 mm. We also mentioned how cylinder
gas motion vaffects flame propagation. 1In Section 4.1 we
will discuss the flame velocity and show that <+the thick
flame is expected +to contain unburned, burning, and fully
burned mixture. In Section 4.2 we will discuss ignition,
and in Section 4.3 we will elaborate on the effect of gas

motion on the cycle-by-~cycle variation.
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4.1 Flame Velocity and Flame Structure

The apparent flame velocity was measured from
successive frames of two individual cycles from one of the
movies, and the results are shown in Fig 4.1. This velocity
was determined from the average observed flame travel
between frames, normal to the flame front. This velocity
rises to a maximum of about 55 degrees after the spark (i.e.
at TDC) and then decreases. Determining the actual flame
front speed relative to the unburned mixture ahead of the
flame (variously called the turbulent flame speed,
entrainment speed [36] etec.) required that the rate of
compression of the wunburned gas ahead of +the flame be
estimated so that <the unburned gas velocity at the flame
front could be calculated. Using a spherical <flame front
assumption, centered at the spark plug, this was done for a
few cycles at the time the flame was about halfway across
the combustion chamber, and the actual flame speed was found

to be about 8 m/s.

Figure 4.2 displays the measured pressure trace and the
calculated mass fraction burned profile of the cycle shown
in Fig 3.5. Five stages of flame development of Fig 3.5 are
indicated on the pressure trace. This figure reveals that
the rate of enflamation of the charge is faster than the

rate of burning. The position of the flame as seen from the
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movies is misleading because we are viewing across an
approximately spherical flame front. Therefore the
estimated volume percentage of charge enflamed Vf is shown
in Pig 4.3 with the mass fraction burned profile of the
previous <figure. The calculated mass fraction in the
enflamed region Xf is also displayed; Xf is computed from
the density of +the unburned charge (calculated in the
thermodynamic model) and the non-enflamed volume. The
enflamed volume is determined from the position of the flame
in +the movies, with the. assumption of a spherical flame
front. Comparison of Xb, the mass fraction burned and X,
the mass fraction enflamed, indicates that only a fraction
(between 50 and 70 percent) of the enflamed mass is burnt.
This observation is consistent with the engine turbulent
flame models of Blizard, Keck [36] and Tabaczynski, et al.
[37,38], where within the enflamed charge, fuel-air mixture
burns in a laminar combustion process though the entrainment

of the unburned gas into the flame is turbulent [39].

A characteristic burning time can be obtained from the

data in Pig 4.3. It is defined by
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where L is the mese entrained and m_, the mass burned
at any crank angle [36]. It is a function of crank angle
and has an average value of about 1.8 ms for this engine at
the operating conditions considered. This time gives a
characteristic turbulent flame thickness of
1.8 (ms)x8 (m/s)=14 mm, which is comparable to the observed
thickness of the flame, front to Dback. A characteristic
laminar 1length scale can also be obtained QL = SLt, where
SL is the laminar flame speed. For a propane-air mixture at

appropriate unburned mixture conditions, S, =70 cm/s [40] and

1L=1.3 mm.

Observations of the flame structure can best be made at
the 1leading edge of the flame front where the superposition
of reaction zones along the line of sight is at a minimum.
It has been shown by Weinburg [41] that the darkest regions
in Schlieren flame photographs correspond to the point in
the flame where the temperature is 1.5 times the unburned
mixture temperature. At +the mid-point in +the burning
process, the unburned mixture temperature is about 900 K and
the burned mixture temperature is about 2600 K; the dark
lines would correspond to about 1350 K.
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Figure 4.4 shows an enlargement of a region of the
flame front. The photograph was taken with reduced
Schlieren system sensitivity to eliminate effects other than
those caused by the thin flame reaction regions. The dark
boundary at the flame front represents the start of the
actual ©burning zone; the outer flow region is unburned and
the inner region is burned gas. The typical size of these
individual structures (a burned gas zone surrounded at least
in part by a thin reaction zone) is 2.5 mm. Assuming equal
expansion in all directions, this corresponds to an unburned
gas region of size 1.5 mm, which is close to the
characterisitic 1length scale obtained from the burning time

and laminar flame speed.

Figure 4.5 shows the bYack side of the flame =zone
enlarged to the same magnification as Fig 4.4. Here it is
unburned regions that are "enclosed" by thin reaction zones.
Due to the higher cylinder pressure at this point, and
because the "enclosed" gas 1is now unburned, the scale

appears considerably smaller.
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4.2 Ignition

To examine <the ignition process and flame kernel
growth, spark photographs of different cycles were taken at
selected times after the spark discharge. The delay unit on
the strobe flash was used to control the delay to intervals
of 0.01 msec (about 0.08 deg) after the time the spark was
triggered. These pictures are shown on Figure 4.6. The
first picture is fo; reference, taken with +the engine
static. A small vertical line just to the left of the spark
plug is either a deposit on the windows or a flaw in the
glass. The spark plug is the same one used for the movies,
but it is now oriented so that the full length of the bottom

electrode can be seen.

Pictures 4.6b and c were both taken at the time of the
spark. They show clearly the spark discharge between the
electrodes. In 4.6b the discharge is at the edge, but in
4.6c it is at the center of the electrodes. 1In this engine
the spark discharge duration varies between 1.5 to 5 degrees
from cycle to cycle, as measured by the voltage of the

igition system.

Picture 4.64 was taken 0.5 degrees (0.06 ms) after the

spark of a firing cycle and shows the appearance of the

spark and a kernel (high +temperature zone around the
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discharge) which has filled up less than 1/2 of the
electrode spacing. Pictures 4.6d through 4.61i show the slow
growth of the kernel. At 2 degrees after the discharge the
spark cannot be seen anymore (Fig 4.6i) and the kernel has
filled up all +the electrode gap space. Picture 4.6 (2.5
degrees after the spark) shows a flame structure similar in
appearance to the fully developed flame. Pictures 4.6k to

4.6s show how this flame grows and enflames the region

around the spark plug.

Figure 4.6t shows a still picture taken 1.5 degrees
(0.18 msce) after the gpark in a motoring cycle without
fuel. The spark is still apparent with a kernel (hot region

around spark) as a white zone around it.

4.3 Cycle-by~Cycle Variation

The origin of cycle-by-cycle combustion variations is
believed to be close to the ignition site. Tor example, the
photographic studies of Nakanishi, et. al. [4] have shown
that dispersion in the volume enflamed is present from the
start of combustion. These factors have been found to

influence cyclic dispersion:
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(i) The variation in gas motion at the spark plug

location at time of ignition.

(ii) The variation in air-fuel ratio supplied to a
given cylinder <for each cycle (due to variations in fuel

distribution and vaporization in the manifold).

(1ii) Nonuniform mixture composition in the cylinder
due to incomplete mixing between air, fuel, and burned gases

(recycled exhaust and residual).

(iv) Variation in the amount of residual gas in the

cylinder, cycle-by-cycle.

In the current experiments with a uniform premixed
propane-air unburned mixture, only (i), incomplete mixing

with residual in (iii), and (iv) can contribute.

The process of flame initiation as discussed in the
previous section consists of the spark discharge, creation
of a kernel around the spark, and the subsequent emergence
of a  turbulent flame front from the kernel. The
cycle~by-cycle variation as seen by variations in the timing
of flame emergence in flame growth rates and in flame shape
was observed to depend strongly on these initial stages of
combustion. While we could not observe  whether

nonhomogeneity of the fuel-air and residual gas mixture
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around the spark plug was a significant factor, we were able

t0 observe the effects of variations in the mixture motion
close to the electrodes. We will now review sets of still
photographs taken at selected times after spark discharge

(each photograph is from a different cycle).

Figures 4.7a and b, both taken at 9.5 degrees after
spark, show that substantial differences in kernel
development exist between cycles. The kernel in 4.7b seenms
to be moving to the center of the chamber. The numbers
beneath each picture are the peak cylinder pressure in
atmosphers for each cycle. Figures 4.8a and b, taken at 12
degrees after spark, illustrate the effect of variations 1in
mixture motion moving +the developing flame to the left or
the right at about the same degree of development. Pigure
4.9 shows three photographs at 14 degrees after spark.
Figure 4.10 shows nine photographs at 31 degrees after
spark. Substantial differences in flame front size and
shape and location and motion of flame center are evident
(e.g.: Pig 4.10h shows the flame blown off the spark plug)-.
Figures 4.10a and h show the flame center moving towards the
center of +the combustion chamber. As a result the flame
front area is increased and fresh mixture can be entrained

across the front faster. PFaster combustion combined with a

shorter flame travel path gives a rapid rate of pressure
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rise for +these cycles and a higher peak pressure. The
average peak pressure of blown-off cycles is about 11.5 atm
(the 1lower pressure of 4.10h [10.5 atm] is due to the delay
in flame initiation of this cycle). TPigure 4.10i also shows
a detached <flame from the spark plug, but the enflamed
region is very small. A cycle such as 4.101i was rare in
this engine. Also observed, although not shown in the
pictures, was the situation when two flame fronts developed

from the spark plug.

The flame-center motion towards the cylinder center is
believed due to the corner vortices generated during the
intake process wihich produce velocities of order € ms around
the spark at the ignition time. We noted that the blow-off
of the flame was significantly influenced by spark plug
orientation. The fraction of cycles where the flame was
blown-off the plug towards the cylinder center was much
higher with the plug orientation of Fig 4.4 (the bottom
electrode support is between the cylinder axis and the spark
plug axis; +the bottom electrode makes an angle of about 45
degrees to the plane joining these two axes), than for +the
orientation of Fig 4.6 to 4.10 (the bottom electrode support
is on the opposite side of the plug axis to the cylinder
axis and the DYottom electode 1is parallel +to the plane

joining these two axes). In the latter position the kernel
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is protected by the electrode support from the gas motion

toward the cylinder center set up during intake.

Figure 4.11, with three sets of pictures at 46 degrees,
60 degrees and 65 degrees after spark respectively,
indicates the effect of cyclic dispersion when the flame is
fully developed. Both flame front location and flame shape

show substantial variations.

To expand our analysis of cycle-by-cycle variations, a
plot was made of flame front position at fixed crank angle
intervals for three consecutive cycles. These drawings are
shown in Pig 4.12 with the corresponding pressure traces in
Fig 4.13. Each number indicates crank angle degree referred
to TC. The bottom horizontal line is the piston top, and
its irregularity is due to the thermal boundary layer that
covers it. Although the three cycles show variations in
maximum pressure and crank angle at which the peak pressure
occurs, it is difficult to observe variations at the start
of combustion from the pressure trace. But observation of
the flame diagrams (Figs 4.12a, b, c) show two distinctive
flame growth patterns. In Figs 4.12a and 4.12c the flame
spreads first along the top of the combusticn chamber, and
then progresses outward from the flame center, resulting in

a larger flame surface area than in Fig 4.12b. In the last

case the flame advances outwards from the spark plug, and,
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once the flame reaches the piston crown, propagates from
right to left with its height and hence flame surface area,
controlled by the space between piston and cylinder head.
By selecting a fixed crank angle (e.g.: =7.6 degrees) and
observing the position of the flame front, it is seen that

Fig 4.12a has the largest flame area, while 4.12b has the
smallest. This is in agreement with the fact that 4.12a has

a higher and earlier occuring peak pressure than 4.12b. The
slower burning of 4.12b is also verified by the last traces
of the front. At +7.6 degrees 4.12b still shows an unburned
zone ahead of the flame, while in 4.12a and 4.12c the flame
fronts have already reached the cylinder wall opposite the

spark plug.

To examine the effect of slow initial flame growth on
the propagation of the fully developed flame, a normal cycle
and slow-burning cycle were analyzed in more dstail.
Figures 4.14a and b show the <flame  location of two
successive cycles; Fig 4.14a is a normal cycle with peak
pressure 10.7 atm at 15 degrees ATC, Fig 4.14b is a slow
burning cycle with 4.85 atm peak pressure at 47 degrees ATC.
Figure 4.15 shows the average flame radius versus time for
these two cycles and reveals two important points. The
first is +that for bYoth cycles the flame becomes fully

developed (reaches a constant apparent flame speed) when the
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flame has traveled a distance of about 2 cm. This is
consistent with the idea that the <fully turbulent <flame
starts when a few eddies the size of the chamber height are
burned [37]. (In this engine the clearance volume height is
3 cm.) The second point from Fig 4.15 is that differences in
the initial stages of combustion, before the flame is fully
developed, 1lead to substantial variations in flame front
location. Note that the actual flame velocity in the fully
developed region of <the +two cycles 1is affected by the
unburned gas velocity. A better measure of +ihe difference
between fully developed flame regions of these two cycles is
to compare the turbulent or entrainment velocity which is
8.4 m/s for normal cycle and 8.0 m/s for late cycle, both
calculated at TDC.
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CHAPTER 5
CREVICE GAS MOTION STUDIES IN THE FLOW VISUALIZATION ENGINE

In Section 3.4 we discussed that, during the expansion
process of the flow-visualization engine, two jet-like flows
are observed emanating from the top land crevice (Fig 3.7).
This flow is Dbelieved to be from the regions behind and
between +the rings. As the pressure 1in the cylinder
increases during compression and during combustion, burned
and unburned mixture is pushed into these regions. The flow
into fhese regions continues into the expansion stroke until
the increasing pressures within these crevice regions
becomes equal to the decre:us.ng pressure of the combustion
chamber. At this point the flow reverses direction and the
trapped ges jets into the cylinder. Tor the case that was
presented in Section 3.4, +this jet was observed at 120

degrees ATC.

The timing of the jet-like reverse flow is predicted by

a model which will be described in the following section.

Por all cases studied which are presented in +this chapter,
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the model predicts that this reverse flow is observed when

the pressure of the region behind the top ring exceeds the

cylinder pressure.

The timing of the reverse flow 1is controlled by the
engine operating conditions, the volume of +the regions
behind and between the rings, and by the passage area
connecting these regions. By increasing the passage area
into the region behind the top ring, we were able to change

the timing of this reverse flow to 45 degrees ATC.

In addition, there is a second <flow phenomenon which
occurs. During expansion +the falling pressure of the
cylinder causes the gas trapped in the top land crevice +to
expend into the combustion chamber. The model predicts that
some of the gas trapped in the +top 1land crevice should
expand out prior to the reverse Jjet-like flow from the
region behind the ring. However, this expanding flow is not
observed in +this engine. To further investigate this
expanding flow, we performed an experiment which simulates
the piston and ring geometry of a real engine. This
experiment is discussed in Section 5.2. Finally in Section
5.3, we present the experiment which convinced us that the
heat transfer from the gas in the regions behind and between

the rings was sufficiently rapid so that the flows could be

assumed isothermal.
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5.1 Modeling the Flow in the Crevice Regions of the
Flow=Visualization Engine

As discussed in Section 3.4, in the flow-visualization
engine the regions behind and between the rings are
connected by the orifice-like passages where +the ring
segments overlap (Pig 3.9). The model geometry of the
* crevice regions in this engine 1is presented in PFig 5.1.
Piston top land crevice is defined as region 1, the volume
behind the top ring as region 2, and so on. Plane (a) is
located at the entrance to the top land crevice. Plane (b)

separates region 1 from region 2.

The flow in the top land crevice is a fully developed
laminar flow. The drop in the dynamic pressure along this
crevice is negligible; thus the dynamic pressure at plane
(b) is assumed to be the same as the combustion chamber
pressure. It is also assumed that each other region has a

uniform pressure.

The continuity equation for each region is:

dm, .
= = m,

T % Miq,1 "Dy a1 i= 1 to 6 (eq 5.1)

The flow between regions was modeled as orifice flow:

My 44 ° FC4A;0,;C Ny i=11t%06 (eq 5.2)

1111
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f = friction coefficient
Cd = discharge coefficient
for all cases de =0.6 was used
A. = area of the orifice connecting the regions

Py = density of the ith region
Ci = sound speed in the ith region

n; = compressibility effect
3
o2 | B,y Fiey, (Y17
y=T | TP Py
+1 >
T -
= (—3—) ' when —%11 < 0.52
y+1 i

For heat transfer from the gas to the walls
of the regions, two extrewses of adiabatic and
isothermal flow were considered. For the adiabatic case,

the continuity equation becomes:

a(p, /e )Y
i - - (eq 5.3)
o, 3t = M59,1 7 B, 14

and for the isothermal case (P/p = const) the continuity

equation becomes:
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APy /P ) :
o 3T ie1,1 = Bi,141 (eq 5.4)

where Pi = pressure of region i
Po. =initial pressure of region i

mg, =initial mass in region i

Solving either equations 5.3 or 5.4 coupled with mass
flow rate equation 5.2, +the pressure of all the regions
behind and between the rings (regions 2, 3, 4, 5 and 6 in
Fig 5.1) and the mass flow rate between adjacent regions can
be calculated. A result of special interest is the mass
flow rate crossing the entrance of the top land crevice
(plane (a) in Fig 5.1) because it should predict the timing
of the flow from this crevice region. In Fig 5.2 this mass
flow rate is plotted versus crank angle for the engine
operating at 1380 rpm and at half throttle. This is the
same condition as for pictures in Fig 3.7 which showed that
the jet out of piston crevice.corner to occur at 120 degrees

ATC.

Figure 5.3 shows the measured pressure of the main
chamber (highest curve) and the calculated pressure of the
region behind the top ring for adiabatic flow (middle curve)

and isothermal flow (lowest curve) for the same condition.

The point at which the pressure of the region behind the top
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ring, region 2, equals the pressure of the combustion
chamber corresponds to the time at which the flow across the
plane (b), initially from region 1 to region 2, reverses

direction (plane (b)).

Table 5.1 summarizes the predicted timing of the flow
through plane (a) and (b) toward the combustion chamber for
the isothermal and ddiabatic cases. Flow out of plane (a)
top land crevice entrance is predicted to occur at about 40
degrees ATC. The timing at which jets in the corners of the
piston crown were observed is 120 degrees ATC, which is far
from this prediction. However, +this observed timing is
close to +the predicted time when the flow across D»lane (v)
reverses direction, which is about 110 degrees ATC. This
phenomenon was examined at other engine coperating
conditions. The operating conditions considered were a
speed of 1380 rpm with inlet pressures of 0.5 and 0.7 atm,
and also 2 speed of 810 rpm with an inlet pressure of 0.7
atm. Figure 5.4 shows the comparison between the observed
timing of the jet-like flow out of top 1land crevice and
predicted +timing of the flow out of plane (b). This figure
presents only the result for the isothermal flow because, by
other experiments, we concluded that the flow is best
approximated by the isothermal model (we present this

experiment 1later). The different timing of the flow for a
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given engine operating condition is caused by cycle-by-cycle
variation. The predicted timing of the flow reversal at
plane (a) for the presented cases (Fig 5.4) was always
earlier than 50 ATC. The observed timing of the jet-like
flow out of plane (a) ranged from 100 degrees to 140 degrees
ATC. Bach observed timing of +the flow out of plane (a)
agreed well with the predicted timing of the flow reversal
at plane (b).

The timing of the flow out of the top land crevice for
a given engine operating conditon is controlled by the
volume of the regions behind and between the rings and by
the passage area connecting these regions. 1In order to
change this +timing substantially for a given engine
operating condition, we performed an experiment in which the
passage area into +the region behind the top ring was

increased by a factor of four. To do so, as shown 1n Fig

5.5, an additional channel of 0.25 mm by 25 mm was created

on one of the four segments of the top ring.

The pictures in Fig 5.6a show the result of this
experiment for +the engine operating conditions of 1380 rpm
and 0.7 atm inlet pressure. Figure 5.6b shows the schematic
of the flow from the top land crevice. Other phenomena on
the pictures of Fig 5.6a, which are not shown oa the

schematic of PFig 5.6b, are due to effects which will be
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discussed later(section 5.2). These effects do not change
the nature of the crevice flow. The flow from the left
side, the side with the ring having the additional channel,
appeared at about 42 degrees ATC, and the flow from the
right side appeared at about 45 degrees ATC. The model
predicted the flow out of plane (a) to occur around 25
degrees ATC and that out of plane (b) to occur around 40

degrees.

From this evidence we conclude that the observed timing
of the jet-type <flow out of the top land crevice does not
correspond to the predicted timing of this flow. However,
the flow appears to jet out of the top land crevice corner
when the pressure behind the tép ring exceeds the combustion
chamber pressure. Thé question arises as to why the
expanding gas out of the top land crevice is not observed
prior to the appearance of the jet oLt of the region behind
the top ring. We believe that this expanding gas may remain
close to +the wall because it 1leaves the crevice at low
velocity, obscured from observation by the dark +thick
thermal boundary layer. The thermal boundary 1layer
thickness in this engine during the expansion stroke is of
order of 2 mm [32,33], while the piston cylinder clearance
is of order of 1 mm. The flow out of the top 1land crevice

prior to the jet flow from the region behind the top ring is
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a laminar flow with Reynolds number of order 100, based on
piston speed and Reynolds numer of order 10, based on the

relative expanding gas velocity with regard to the piston.

Througout the intake process a similar flow (Rey=250
based on piston speed) was observed expanding out of the top
land crevice (right side crevice of Fig 3.1). In contrast
to the expansion stroke the dark thermal boundary layer on
the combustion chamber wall is thin(0.5 mm thick), and
therefore, part of the top land crevice exit is visible(see
schematic in Fig 5.7). Note that even during the intake
stroke it is hard to recognize the flow out of the left

crevice which has a clearance of 0.4 mnm.

In the next section we discuss experiments which
further explore the viscous expanding flow out of the top

land crevice simulated for a real engine.

!
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5.2 Crevice Flow from a Simulated Real Engine Crevice Region

The objective of +this experiment was to examine a
geometry having crevice volumes and passage areas connecting
the crevice regions similar to that of a real engine.
Furthermore, we wanted to remove the top land crevice exit
from the vicinity of the obscuring thermal boundary layer so
we could investigate the expanding flow out of this region.

We chose a piston from a small displacement engine
having a bore less than the bore of the square piston engine
(see Table 5.2 for geometry of this piston). As shown in
Fig 5.8, the ring belt of this piston was cut just above the
0oil ring. This ring belt with both ccmpression rings in
place was press fit into a square piston holder having an
inner circular bore corresponding to the conventional
cylinder size. This assembly was then secured to the top of
the square piston. The compression ratio of the square

piston-cylinder engine was raised to 5.2.

This assembly had five regions as shown on Fig 5.9.
Only region 1, +the top land crevice, was connected to the
combustion chamber. Since the ring 1is split, any two
ad jacent regions were connected through the ring gap.
Depending on the position of the ring in the groove, these

regions might also be connected by the ring side clearance.
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The second ring was fixed against the lower surface of the
groove. In two different experiments, the top ring was held
first against the lower surface of the groove and then

against the upﬁer surface of the groove.

A model to describe the flow in these crevice regions
was developed. This flow model is similar to the one which
is developed for a real engine and is presented in next
Chapter. It was found that the pressure in region 1, the
top land crevice, is uniform and equal to the pressure of
the combustion chamber. Furthermore, it was found that two
adjacent regions connected by the ring side clearance had

essentially equal pressures (i.e., P, =P,, P.=P

1= Py Py= Puin Fig

5.9a, and P2= P3= Phin Fig 5.9D).

Figure 5.10a . shows two Schlieren pictures of the
experiment with the top ring of the conventional piston held
against the lower surface of its groove (corresponding to
Fig 5.9a). Fig 5.10b shows the schematic of the flow from
the newly added crevice regions. In <the center of the
picture a jet is observed which is the flow through the top
ring gap of the inner, circular piston. We made sure that
this jet was 1indeed from the top ring ¢nd gap by rotating
the ring to change the position of this gap. Thus, we were
able to visualize this jet at different positions

corresponding to the top ring gap orientation. This jet
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continued to flow until about 40-50 degrees after the
exhaust valve opened. A comparison between the observed
timing of this flow, and the model's prediction is shown in

Fig 5.11.

The other flow marked as '"expanding <flow" on the
schematic was presumed to be from the top land crevice of
the inner piston. This flow is the expansion of fluid,
trapped in +the inner-piston +top-land crevice, into the
combustion chamber. This crevice flow was visualized at
about 30-50 degrees ATC and could not be followed after 120
degrees ATC when the piston disappeared from the camera's
field of view. An uncertainty of 10 crank angle degrees is
involved in recognizing the start of this flow. This was
due to .he sluggish nature of this flow and its interference
with the thermal boundary layer on the piston top. This
flow had a Reynolds number of 10 and had a maximum velocity
of 1 m/sec as measured from the high speed movies. This
neasured velocity agreed well with the calculated velocity
for tho expanding gas out of +the inner piston top 1land

crevice.,

Figure 5.12 shows Schlieren pictures and a schematic

for the flow which occurred when the top ring of the inner
piston was held against the upper surface :f its groove.

The flows shown in +these pictures ‘also observed 1in
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high-speed movies) appeared similar to the <flows <for the
case when the ring was held against the inner surface of the
groove. However, there is a timing difference for the Jets
in each case. When the ring was held against the upper
surface of its groove, on average the jet appeared 10
degrees later than when the ring was held against the lower
surface of the groove. Purthermore, holding +the ring
against the upper surface caused the flow out of the top
land crevice of the inner piston to be slower than when the
ring was staked to its 1lower surface. Both of these
observations were in agreement with the model's predictions.
(Incidentally, the pictures which were presented on Fig 5.6
of previous sections were taken at similar test conditions,
with the inner piston top ring staked to the upper surface

of its groove.)

Prom these observations we conclude that with the
geometry of a real piston assembly, jet flow similar to the
one in the square piston engine occurs. The jet +type <flow
is from ring gap. Purthermore, we observed an additional
flow expanding out of the +topland crevice for the inner
piston. This flow, unlike the jet flow through the gap, is
a laminar flow. It is likely that this viscous, expanding

gas remains against the cylinder wall in a real engine.

This layer is expected to be scraped off the wall Dby the
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upward moving piston during the exhaust stroke.

5.3 Crevice Gas Heat Transfer Assumptions

In the previous sections we showed that the predicted
flow timing out of the crevice regions in a square piston
engine for the isothermal flow differs by a few crank angle
degrees from the adiabatic case (refer to PFig 5.3).
However, the amount of the mass trapped in +the regions
behind and between the rings for these two cases differs by
as much as 30% . We would like to extend the previously
discussed crevice flow model to a real engine and calculate
the amount of the mass trapped in the crevice regions. The
following experiments verify that the <flow behind and
between the rings can be satisfactorily approximated as

isothermgl flow.

In order toc alleviate complications associated with
analyzing experimentally the flow through a moving piston
crevice volume, we designed an independent experiment to
check the model's heat transfer assumptions. A brass plug
of fixéd internal volume was inserted into one of the
available pressure  transducer ports. Figure 5.13
illustrates this plug. A standard pressure transducer was

then mounted inside the plug. A passage of fixed volume

connects the pressure transducer sensor to the combustion
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chamber. A plate with a known orifice diameter is secured
to the cylinder side of the bdrass plug. A series of
different orifice sizes was used to vary the residence time
of the flow inside the plug for a fixed passage volume. In
addition, the interval passage volume of the plug was varied
for a fixed orifice sigze. This was accomplished by

repositioning the pressure transducer.

Similar to the previously discussed model, the
continuity equation <for this single volume orifice system

is:

de

V_ = plug volume

p
pp = density of the gas inside the plug
C4 = discharge coefficient

A = area of the orifice

p = density downstream

C = sound speed downstreanm

n = compressibility effect

Let us define the residence time of the flow by:

T = -C—-.:TC' ('A—E) (eq 5.6)
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For the isothermal flow (P/p = const) the equation

5.5 reforms to:

d(P/Po)
m, =gt ° CdAan (eq 5.7)

and for the adiabatic flow it becomes:

a(psp ) /Y
o - = C

m, —3% gAerCn (eq 5.8)

P = pressure in the plug
P, = reference pressure of the plug
m, = reference mass in the plug corresponding to Po

The pressure inside the plug was calculated for Dboth
the isothermal and adiabatic cases . The calculated

Jressure was then compared to the measured pressure.

The orifice area and the volume of the plug were chosen
8o that the residence time of the flow (eq 5.6) was similar
to that for a real engine. The ratio of the volume behind
and between the rings to the area of the ring gap in the
square pistgn engine as well as in a real engine, Iis of
order of 100 cm. In our experiment with the plug we covered

a volume to area ratio ranging from 80 to 1000 cm.
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Figure 5.14 shows a measured pressure trace inside the
plug for a voclume to area ratio of 100. On the same figure,

the calculated pressure inside the plug for the isothermal

and adiabatic cases are shown.

It is clear that the isothermal assumption results in a
calculated pressured close to the measured one for this
volume to area ratio. This was typical of all 12 volume
area ratios within the range studied. TFigure 5.15 shows the
measured pressure and the isothermally based calculated
pressure for a volume to area ratio of 220, representative

of a real engine geometry.
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CHAPTER 6
REAL ENGINE MODEL

In the previous sections we demonstrated +that in the

square piston-cylinder engine the burned and unburned gas
which is pushed into the regions behind and between the
rings flows back into the cylinders about half-way through
the expansion stroke. The timing of this flow was predicted
using a system model of orifices and volumes for an
isothermal flow. In the following sections we will attempt

to extend this model to a real engine.

In the square piston-cylinder engine the area of the
passages conncting the crevice regions was constant over the
portion of the cycle of interest (until the flow returned
back to the cylinder). However, for the real engine this

area varies during the entire cycle due to the ring motion

in the groove. Therefore, the flow model must be coupled

with a model for ring motion.
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This model will be presented in the next section. It
will <then be validated by compafing verified experimental
data on blowby with predictions. In the 1last section the

model will be used to study the variation of the mass flow

of unburned fuel from crevice regions with geometry, piston

speed, 1load, and wall temperature. Experimental data will

be used to verify the trends predicted by the model.

6.1 Crevice Gas Flow in a Real Engine

6.1.1 Gas passages

Figure 6.1 shows a schematic of a piston with two
compression rings, which is representative of the
spark-ignition engines of today. Numbers 1 through 5
identify regions we will refer +to 1later. Regicn 5 is
located just above the oil ring and is assumed to be at
crankcase pressure. The arrows between regions show

possible flow passages.

Since the ring is split, any two neighboring regions
are always cénnected by the ring end gap. Depending on the
position of the ring in +the groove, they may also be
connected by ring side clearance. For example, consider
region 1 (top land crevice) and region 2 (behind top ring)

on the compression stroke. It will be shown later that on
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the compression stroke the +top ring sits on the lower
surface of <the groove, and therefore, there is a flow over
the ring from 1 to 2. At the same time, reg;pns 2 and 3 are
connected only through tne ring gap. But as the direction
of the force acting on the ring changes, the ring lifts from
the lower surface of the groove, and regions 2 and 3 as well
as regions 1 and 2 are connected by side clearance until the
ring approaches the other side of the groove and blocks that
passage. The transition of the ring to the other gide 1is
not instantaneous and takes 20-60 crank angle degrees, as
will be demonstrated later. It is therefore necessary to
model the ring motion in order to determine +the side

clearance passage area as a function of crank angle.

6.1.2 Ring motion model

There is considerable evidence of ring motion in the
groove [42,43]. The ring can tilt or move axially up and
down in the groove. Experimental evidences of Furuhama [44]
and theoretical works of Rungert [45] show that the ring
tilt angular displacement is of order 5 minutes-~-not enough
to have a marked effect on the flow passsage area. The ring
must tilt of order 1 degree (60 minutes) to fully block both

ring side clearances (see Fig 6.2). Therefore, we will

consider only the axial motion of the ring in the groove and
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agssume that groove surfaces are flat.

The forces that act on the ring in axial direction are

shown in Fig 6.3. They are as follows:
-pressure forces Fp
-friction forces F;
~inertia forces Fi

~resistance of the squeezed o0il P
The detailed calculation and assumptions involved are
summarized in Appendix (6.1). Below are the final equations

for the forces acting on the top ring.

The pressure force:

where Ap13 first rings area in radial
direction
P1: pressure above the top ring
P3: pressure below the top ring

Friction force:

F = P(md,, T _ ) f
f1 2 r, ry 1
u 'lUP 3
£, = 4.8(=3=TX)
1 P2

P,: pressure behind the top ring
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dp1: diameter of the top ring in radial
direction
Tp1: thickness of the top ring
f4: friction coefficient
Hoip' oil viscosity
Up: piston speed

Inertia force;

Fi = Mrap
Mr‘ ring mass
ap: piston acceleration

Force due to resistance of squeezed oil:

W, 3
Fg = BuoilLrvr(;_)
s

hg squeezed ring side clearance
Wp: ring width in radial direction
Lp: ring length in perimeter direction
Vp: ring velocity with respect to piston
B = 0.1 Tor partial area covered with oil

This force exists only when the ring is settling on the

groove surface, and it always acts against the sum of the

other three forces. This force was suggested by TFurvhama
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[43] to describe his experimental observation of the

floating ring slowing down as it approached the groove

surface.

Thus the ring motion equation becomes:

W3 2
dh ,"r,” _ d°n  (eq 6.1)
(Fp+Fe+F ) = Bugs ln 3E (’h“s) = M, 2

where h is the top side clearance as identified in

Fig 6.3.

Solving +this equation for h determines +the ring
position in the groove as a function of crank angle. The

passage areas connecting the regions follow from h.

6.1.3 Gas flow equations

To model the <flow, we follow the <flow from the
combustion chamber, plane (a), (Fig 6.4),'tc the crankcase,
plane (d). The flow in the piston-cylinder crevice, region
1, is a fully developed laminar flow in a channel; hence it
is a Coutte flow problem. Solving +this problem for the
presssure drop along crevice, plane (a) to plane (b),
indicates 0.1-0.2% normalized presssure drop for the typical
crevice size used in engines today. Therefore the pressure

in region 1 can be assumed to be uniform and equal to the
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cylinder pressure. We also assume that regions 2, 3, and 4

each have a uniform pressure.

It is assumed (justified in the previous sections),
that the flow in regions behind and between the rings,
regions 2, 3 and 4, is isothermal. The flow in the piston
cylinder crevice region is assumed to be isothermal. This
assumption is justified Dby the estimate of the
characteristic time it +takes for +the gas to reach wall
temperature; this characteris*ic time 1is 2 crank angle
degrees. This finding is consistent with the measurements
of Furuhama [46], who found the gas temperature in the
piston cylinder crevice region to differ from the piston

temperature by only a few degrees.

With the ab ve assumptions, the continuity equations

for the rcgions 2, 3 and 4 can be written:

2% .
P°2 " 12 23
o, APy . . . (eq 6.2)
T gt = W3 * Wp3 T Mgy T M35
(o]
3
m
Oy dP, .

P at - T34 T Mus
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where:
Pi: i =2,3,4 pressure in region i as in Pig 6.4.
Poi’ i=2,3,4 reference pressure in region i
oi i=2,3,4 reference mass in region i
ﬁij‘ mass flow rates through ring gap or ring side
clearances.

In addition, we define: m

. o, dP1 .
My P 3T T M
(o]
1
My = M3 + My
Me = M3 + Op3

md = m35 + m45
where P.: cylinder pressure
m_: mass flow rate through plane (a) as in Fig 6.4
éb: mass flow rate through plane (D)

m: mass flow rate through plane (c)

ﬁd: mass flow rate through plane (d); blowby

The mass flow rate through the ring gap is calculated by

the orifice flow equation.
m = C4AgeCn (eq 6.3)

where C,: discharge coefficent = 0.86

Furuhama [46]
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Ag: ring end gap are2
p: density downstream
c: sound speed downstreanm

n: compressibility factor

= == |(5) -
Y=1 r1.1 Py
+1
= 2 )§%$:TT for choked flow
Y+1

As shown on Fig 6.5, the ring end gap area is the area
bounded by the ring gap, the cylinder wall and the piston
wall. To calculate this area, the effect of the chanfer
between the piston surface and ring groove surface must be

considered.

Fig 6.6 shows the ring side clearance flow model. To
determine the mass flow rate through the ring side
clearances, the flow is treated as a flow through a narrow
channel of width h, length Wr, where Wr is the ring width
(n/Wr= 0.01). The isothermal compressible flow through a

differential length of this channel can be formulated as:

AdP -~ TOdAw = mdU
I?l:pUa
P/p = const
2
- . PU_
T, = 4f >

where A: area of the flow normal to flow
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Aw: wetted area
U: velocity of the flow

f: friction coefficient

The solution of the equation for a channel of length

Wr and pressures upstream and downstream of Pu and Pd

is [47]:

. p 2_p 2
m,2 _ u d
(D7 = —=7w P (eq 6.4a)
RT( + 240 =)
D Pd

where D=2h hydraulic diameter

The flow through the ring side clearance is laminar (Rey
(0)10) and therefore £ = 24/Rey. Generally, 2Ln(P,/P,) <<4fWP/D;

therefore the above equation reduces to

- 52-13-; AT (Py=P4%) (eq 6.4D)

L ED

which can be derived from Poiseuille flow equation, i.e.,:

combined with P/p = const to allow for compressibility effects.
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In summary, the problem has been formulated in terms of
equation 6.1 for two compression rings and set of equations
6.2, which determine the pressures for regions behind and
between the rings. These five differential equations,
coupled with mass flow rate equations of 6.3 and 6.4 and
ring force equations given in Appendix (6.1), were solved

using a Runge-Kutta integration method.

6.1.4 Inputs and outputs of the model

The inputs to the computer include the pressure versus
crank angle curve, engine geometry, and other relevant

parameters, as all of which are shown in Table 6.1. The

viscosity of the gas was found by [48]

- -7 0.7
ugas = 3.3 x 10 x T kg/ms

and the viscosity of the oil by [45]

(7 - 9.84) NS/m?
MPoil = €
The latter was checked against Streeter's data [49]

and was found to be satisfactory.

The program outputs as a function of crank angle

consist of the pressure trace for regions behind and between

the rings, the mass flow rate between adjacent regions, the
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forces on the rings and the position of the rings. Outputs
of special interests are the net mass flow in or out of
planes (a), (v), (¢), and (d) (see Fig 6.4). The net mass
flow through the ring gap is defined as g. The reader 1is
urged to become familiar with the above notation in order to

interpret the presented results.

Let us now present and discuss the following outputs:
forces on the ring, ring motion, pressures of the regions,

and integrated mass flow through the regions.

The engine is a V-6 231 cubic inch GM engine. This
engine was used because simulation program results for this
engine were available for use as input to +the discussed
model, and some experimental data were available for
comparison to the model's predictions. The experimental
work is the work »of Wentworth [31] and the simulation
program consists of work done at M.I.T [50]. The
specifications of +this engine are shown in Table 6.2.
Unless otherwise stated, a midrange ring gap area, as

specified in Table 6.2, is used.

FPigure 6.71 shows pressure force, inertia force,
friction force, and the sum of these forces acting on the
top ring at engine operating condition of 2000 rpm and wide

open throttle. The motion of both rings, the pressure in
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the regions, and integrated mass flow through the planes are
also shown in TFig 6.7II through 6.7VI for the same engine
condition. Figure 6.7VI gives the net mass trapped between
planes. It is evident from _Fig 6.7I that of all of the
forces acting on the ring, +the pressure force has the
highest magnitude and +the friction <force the lowes?t
magnitude. Comparing the sum of forces acting on the top
ring (Fig 6.7I) with the top ring motion (Fig 6.7II), it is
apparent that as long as the sum of forces is positive, the
ring seats in the bottom of the groove. As the sum becomes
negative, the ring moves upward and finally settles on the
top side of the groove. The slow motion of the ring as it
approaches the other side of +the groove is due to the
retarding force of the o0il film as the film is squeezed

(this force is not shown in Fig 6.7I).

The top ring remains on the upper surface of the groove

until the midpoint of the intake stroke; it then moves to
the lower surface. TFor this engine condition the lower ring
does not move to the upper surface until just after the end
of the exhaust stroke, and it returns to the lower surface

during the intake stroke.
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The pressure trace (Fig 6.7III) indicates that during
the compression stroke and first part of the expansion
stroke, the pressure in +the region behind the top ring
(region 2) is the same as the combustion chamber pressure
until the top ring moves upward. When the ring settles on
the upper surface, the mass in region 2, as well as in
regions 3 and 4, can return to the chamber through the ring

gap only.

Figure 6.71V shows the net mass that moves past into
planes (a), (v), (c) and (4). The lowest curve is the
blowby mass which crosses plane (4). For this geometry and
set of operating conditions, about 1.3% of the combustion
chamber mass is lost to the crankcase. The curve labled c,g
shows the net mass that goes into the ring gap, which is the
only flow across plane (c) when the ring sits in the bottom
of +the groove. Curve (a) shows the total mass which is
trapped in all the crevice regions or lost to the crankcase;
this mass is as high as 8% of +the +total mass in the

combustion chamber.

Figure 6.7V displays the net mass flow out of planes
(a2) and (b) and through gap (g). Curve (a) indicates that
7% of the total combustion chamber mass returns %o the
cylinder. The amount% which returns through the ring gap

(curve g) is 0.7% of the combustion chamber mass (i.e.: 10%
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of the +total mass returned). These presented data are for
the engine operating with top and bottom rings both having
midrange gap size (Tabie 6.2). If the top ring gap size is
large and the second ring gap size is small, the mass
returning through the ring gap will be about 30% of the

total mass returned to the combustion chamber.

FPigure 6.7VI gives the net mass trapped between the
different planes identified in TPTig 6.4. The vertical
difference between each curve at any crank angle is the mass
which is +trapped Dbetween these two planes at that crank
angle. Obviously the top land (between planes (a) and (b))
crevice contains most of the mass. This is due to the large
volume of crevice region and unrestricted connection to the
main chamber cylinder. In contrast, the region behind the
top ring is not always connected to the main chamber through

the ring side clearance because of the ring motion.

The sum of the volumes of the regions between the rings
and the region behind the second ring is more than the
volume of the top land crevice, yet, due to the restriction

of the ring gap, these regions together contain a smaller

amount of mass than the mass of the top land crevice.
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Let us emphasize that the above discussions apply to a
particular engine geometry and set of engine operating
conditions. Some of the above arguments will change if any
of the conditions are changed. For example, a change in
either ring gap area changes +the amount of blowby, the
amount of gas which flows back into the cylinder, and the
ring motion. The temperature of the wall not only affects
the amount of mass in each region (due to the isothermal
assumption), but it also changes the oil viscosity which
affects the ring motion. TFor a lower temperature, the top
ring flutters longer than for the case studied. The longer
the top ring flutters the more gas returns to the combustion

chamber and the less gas escapes to the crankcase.

The results for a case of 4000 rpm are shown in PFig
6.8. Note that the wall temperature for this case is 470 X
as compared to 450 K for the previous 2000 rpm case. This

temperature is calculated wusing the outputs from the

previously discused simulation program for the V-6 engine.

At this speed the inertia forces acting on the top ring
is 1large enough to stop the top ring from moving during the
expansion stroke. However, the second ring flutters at this
speed. This fluttering causes a greater portion of the
blowby to occur during this ring motion period. In fact for

this case, 65% of the total blowby occurr up to 60 degrees
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ATC, on expansion stroke, while for the previous case, 2000
rpm, only 25% of the total Dblowby occurred during this
interval. As a result less gas returns to +the cylinder

through the ring gap (Fig 6.8V).

6.2 Verification of the Model

Let us now compare the available blowby data with the
predictions of +the model. Figure 6.9 shows how the blowby
flow rate varies with the changes in the smaller ring gap
area when +two compression rings are used. The circles and
the line +through +them are the experimental results of
Wentworth [31)] and the triangles are the model's prediction.
FPor the model input, two combinations of +three ring size
gaps were used in the range of the actual production engine
(refer to Table 6.2). There is good agreement between the

model predictions and Wentworth's experimental results.

Pigure 6.10 presents the model's prediction for one V-6
cylinder blowby as a function of engine speed at wide open
throttle. The experimental results of Furuhama [51] in a
smaller single cylinder engine (bore = 73 mm) are shown in
the right lower corner of the figure. Both trends indicate

that initial increase 1in speed decreases blowby slightly.

As the speed further increases, blowby increases. Blowby

finally drops if the speed is still further increased. The
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sudden rise in blowby, as also discussed by Furuhama, is due
to the fluttering motion of the second ring at higher speed.
When the second ring flutters it loses its seal with the
groove surface and, depending on duration of the fluttering
period, some of the gas between the rings and Dbehind the
second ring 1is lost to the crankcase. At 5000 rpm for the
engine used in our study, all the gas which passes through
the +top ring gap is lost to the crankcase--as if there was
no second ring. Turther increase in speed results in less
blowby because the gas has less time to escape through the

top ring gap.

Note that the amount of blowby could be in error as
much as 50% if no ring motion was allowed; if on the other
hand ring motion was allowed but the ring was assumed to

jump instantaneously to the other side of the groove, an

error as high as 30% could result in the amount of blowby.

6.3 Unburned Fraction of the Gas Trapped

In previous sections it was demonstrated that, in a
typical case, the mass trapped in the crevice regions was as

high as 8% of +the mass inside the cylinder. Now the

unburned and burned portion of this gas will be estimated.

In order to do this, the composition of the gas flow across



102
Page 6-19

plane (a) was considered separately from the gas which flows

into the ring end gap.

6.3.1 Unburned fraction of gas into plane (a)

The gas which flows across plane (a) is the sum of all

the gases which crosses the crevice entrance and accumulates

in the regions 1,2,3 and 4 or escaped 1into the crankcase.

The crevice entrance at plane (a) was modelled as shown on
Fig 6.11. The portion of the <crevice entrance which 1is
exposed +to Dburned gas is defined as length Lb and the rest
of the crevice entrance which is exposed to unburned gas is

defined as length Lu'

It was assumed that the mass flow rate per unit area

into crevice is wuniform over the entire crevice entrance.

With this assumption, the unburned and burned portions of

the mass flow rate into plane (a) are:

L

u
m. =Mm.
u a Lt
\ - d 2
My = 0, T
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where ia: total mass flow rate into plane (a)
&u. unburned mass flow rate into plane (a)
&b: burned mass flow rate into plane (a)
L,* the length of crevice exposed to

unburned gas

L.: the length of crevice exposed to
unburned gas

Lt = Lu + Lb

To find Lu and L., assume that (Fig 6.12)

1l - Mean flame front is defined by mass fraction
burned.
2 - Mean flame is a vertical plane.

3 - Unburned charge is compressed isetropically.

With the first two assumptions and only from geometry the

volume of unburned gas is found to be

2L (t) 2L (t)
- u P S (eq 6.5a)
Vu(t)_- [—15——— - sin ( B ) Vt(t) 1
B: Dbore

V. (t): volume at time t
L. (t): portion of crevice lenth exposed to unburned gas.

Vt(t): total volume of the combustion chamber at

time t
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Due to Assumption 3, the volume of unburned gas could

also be represented as:

v

Vu(t) = —;TJ%—T77 (T-Xb(t)) (eq 6.5b)
t
(...—-.

)
PO

Xp: mass fraction burned
P(t): presssure at time ¢
P,: a reference pressure before combustion

Vo: reference volume corresponds to PO

Combining the above equations L, can be calculated as

function of time.
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6.3.2 Unburned fraction of the gas in the regions beneath

top ring

In Fig 6.11 the position of the ring gap with respect
to the spark plug i; marked by Lg. It was assumed that the
gas flowing into the ring gap is unburned when Lb/2 < Ls and
is burned when Lb/2 > Ls. We further assumed that the
contents of region 2, behind the top ring, mixes with that
of regions 3 and 4 when the top ring is pushed to the upper

surface of the groove.

Using this approach, we established that the unburned
portion of the gas in the regions beneath the top ring was
80-95% when the gap was farthest from the spark plug, and it
was 40-60% if +the gap was just under <the spark plug.
(Benett [52] reported 85% of the blowby as unburned fuel)

6.3.3 Significance of the unburned fuel +trapped 1in the

crevice regions

Table 6.3 summarizes the total amount of gas which
flows in and out of the crevice regions over one cycle with
the engine operating at wide open throttle and at 2000 rpm.
(This is +the same case that was presented on Fig 6.7.) The

same table also displays our estimate of the wunburned gas

which 1is lost to blowby or returns back to cylinder for the
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two cases of ring gap being farthest from or closest to the

spark plug.

The results shown in this table indicate that when the
gap is farthest from the spark plug, about 4% (5360 ppm HC,
when diluted with the burned gas) of +the unburned fuel
returns back to the cylinder and 1% is lost to the crank
case. This indicates that a total of 5% of +the fuel has
escaped combustion. In the case where the gap is closest to
the spark plug, the amount of unburned fuel back to the
cylinder is 3.7% (4960 ppm); the amount into the crank case
is 0.5%, and the sum of fuel that escapes combustion 1is
4.2%. Since today's engines return the blowby gas back into
the intake manifold, the above data indicate that 4% of the
fuel could escape efficient combustion. If these data are
assumed to be correct, the crevice regions inside this
engine could be responsible for a 4% loss in the efficiency
of the engine. Other calculations we have done show that
the percentage of the fuel escaping efficient combustion
ranges from 3% to 8%. The highest percentage results from
the engine operating with cold walls (Section 6.5.3) and
large size ring gap (Table 6.2).
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Parse and coworkers [53] designed a new ring mounted
directly at the top of the piston which reduced both
hydrocarbon emission and blowby. They also observed 10%
power improvement. A part of this power improvement could

be due to the recovery of the fuel.

6.4 Comparison Between The Predicted HC And Experimental HC

To assess the validity of the data discussed above, let
us now compare our calculations of unburned fuel flow back
to the cylinder with the exhaust hydrocarbon measurements of
Wentworth. For +this comparison to be meaningful, the
incylinder oxidation and exhaust system oxidation should be
considered. The theoretical work of Caton [54] verified by
the experimental work of Mendillo[55] indicates that at the
conditions considered about 50% of the hydrocarbons are
oxidized in the exhaust system. Therefore as shown in Table
6.4, an additional factor of 2 reduction incylinder
oxidation is required to bring the level of our estimate of
4940 ppm (incylider hydrocarbon) to the Wentworth exhaust
measurments of 1320 ppm for the same condition. This 1level
of incylinder oxidation is in +the range estimated by
Daniel[56]. Note that, Wentworth[31] reported 100 ppm C6

measured with a nonedispersive infrared(NDIR). However, in
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a later paper[57], he measured 220 ppm C6 using a <flame

ionization (FI) analyzer.

The same table shows another comparision between the
model predictions and exhuast measurments. The data are for
a 1.6 liter Toyota engine operating at 1600 rpm and 390 kPa
load and equivalence ratio 0.98. The hydrocarbon levels at
exhaust tale and exhuast valve are both experimental results
of Matsumoto et al[23]. This comparison indicates that a
20% incylinder oxidation is required to bring the 1level of
ppm (model prediction) to 3400 ppm measured at the exhaust
valve. The lower percentage of the incylinder oxidation for
this case is due to different engine operating conditions,

especially lower speed.

6.5 Parametric Study

In this section we use the model to study the variation
of the hyrocarbon flow from the crevice regions with
geometry, wall temperature, piston speed and load. Wherever
possible, experimental data will be wused %o verify the

predicted trend.
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6.5.1 Gap area

Figures 6.13A,B, and C show the amount of hydrocarbon
returning to the combustion chamber (curve a) as a function
of ring gap area., Each figure displays the effect of the
ring gap area on this hydrocarbon flow when the top ring gap
area is held fixed. Curves (g) and (d) on each figure

represent the amount of hydrocarbon returning through the

top ring gep (g) and the amount that is lost to blowby (4).

The fcllowing conclusions can be drawn from these

figures:

I. Increasing the second ring gap area when the top ring
gap area is fixed causes:
A. The mass of unburned fuel returning
through the top ring gap (curve g) decreases.
B. The total mass of unburned fuel
returning to the combustion chamber (curve a)
decreases.
C. The mass of unburned fuel lost to blowby
increases. This increase is such that the total

unburned fuel escaping efficient combustion

(sum of curves a and b) remains nearly constant.

II. Regardless of the ring gap size +the unburned fuel
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escaping efficient combustion (sum of curves a and b) is

minimum when the %op ring gap area is small and is maximum

when the top ring gap area is large.

ITI. The total unburned fuel returning to the combustion

chamber (a) is minimum when the top ring gap area is in the

mid range, and the lower compression ring gap area is large.

IvV. The unburned fuel lost to Dblowby is maximum when

both the top ring and second ring gap areas are large.

Figure 6.14 1is generated wusing +the data from the

previous figure, and it shows the amount of unburned fuel

returning to the combustion chamber versus the amount of
fuel 1lost to blowby. Each 1line is for a given top ring
area. Similar +trends were observed experimentally by

Wentworth[27,31].

6.5.2 Volume reduction

Figure 6.15 shows the effect of reduction in piston top
land crevice volume on the HC returning to the cylinder (a)
and lost to blowby (d). Reducing this volume has a

significant effect on the former, but no effect on the

latter. This figure indicates that if in this engine +top

land crevice volume is removed, a T70% reduction in HC
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returning to the combustion chamber could be achieved.
Wentworth [27] observed a 50% reduction in HC emission of
the same engine when piston cylinder crevice volume was

virtually eliminated.

Figure 6.16 displays the effect of reduction in volume
of the region behind the top ring (Vol 2) on hydrocarbon
returning to the combustion chamber (a) and to Dblowby (4).
This figure indicates that a 75% reduction in this volume
results in a 20% reduction in HC. The reduction is not
linear with volume, as it was for Vol 1. This is due %o
ring motiornn. The unburned fuel 1lost to blowby slightly

decreases with a reduction in this volume.

Figure 6.17 shows the result of a reduction in Vol 3
and Vol 4 of 2000 rpm. The graph is plotted versus the sum
of these two volumes because they have equal precsures at
this condition. Apparently, the reduction of these volumes
slightly reduces the HC returninng to the cylinder, but at
the same time the blowby is increased at the same rate. In

fact, the sum of fuel 1ost remains nearly the same.
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6.5.3 Wall temperature

Figure 6.18a displays the predicted emount of
hydrocarbon returning to +the <cylinder versus the wall
temperature for the two orientations of the top ring gap.
The solid line and the dashed line represent the gap located
closest to and farthest from the spark plug, respectively.
Fig. 6.18b shows the measurements of Lavie et al. [58] in
a CFR engine operating at 1250 rpm, 310 kPa 1load, and
equivalence ratio of 0.9. The experimental data are
hydrocarbon measurements at the exhaust tale and plotted
versus the coolant wall +temperature. These experimental
data are presented to illustrate the trend of the curve and
should not be compared to +the calculations which are in
cylinder hydrocarbon, in another engine, and operating at
different operating conditions. The calculated trend shows
that a one degree reduction in wall temperature results in
20 pom increase in the hydrocarbon returning to the
combustion chamber. This increase is largely due to the
rise in the gas density (isothermal assumption effect) and
partially due to the longer ring fluttering period at lower
temperatures (oil viscosity effect). Another parameter,
ring gap area change, is neglected in these calculations.

At lower temperatures the ring gap area is larger; thus the

slope of the curve should further increase.
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6.5.4 Enginc speed

Figure 6.19 shows that as the engine speed is
increased, the amount of hydrocarbon returning to the
combustion chamber initially increases and then decreases.
The experimental results indicate that the hydrocarbon out
of the exhaust pipe always decreases as the engine speed is
increased. The disagreement between the predicted trend and
experimental +trends could be due to the substantial
variation of incylinder oxidation and exhaust system
oxidation with speed. Caton {[54] predicts 30% more exhaust

oxidation for 2000 rpm than for 1200 rpm.

6.5.5 Load

Figure 6.20 shows the variation of hydrocarbon
returning to the cylinder (white triangles) as a function of
intake depresssion for a V-6 engine operating at 1200 rpm.
The dark +triangles represent the calculated 1level of
hydrocarbon when the exhaust system oxidation is considered.
The circles illustrate the experimental results of
Wentworth[31] in the same engine at +the same operating

conditions.
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Note that the experimental data show a sharper increase
in HC with intake depression than the calculated data. The
reader should be reminded that the combustion chanmver
pressure trace and other pertinent parameters used as input
to the computer model are generated by a simulation
program(50] and are not actual measurements. This factor
may therefore account for part of the disagreement between

the calculated and the experimental trend.
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CHAPTER 7
CONCLUSIONS

7.1 Visualization of the Flow

The use of a square cross-section transparent side-wall
spark-ignition engine for flow visualization through the
complete engine cycle has been sgsuccessfully demonstrated.
The engine operating characteristics were shown to be
sufficiently close to those of a conventional spark-ignition
engine for the results to provide useful insights into the
flow fields and the flame structure in real engines. The

observations and insights are summarized below.

(i) Por throttled operation when the intake valve
opens, the backflow from the cylinder into the intake system
is evident, and the bulk gas in the cylinder is drawn
towards the valve. Also, the gas in the top land crevice 1is

observed to expand out slowly into the cylinder. This flow

has a Reynolds number of order 100.
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(ii) The intake flow enters the cylinder as a conical

jet which travels to and interacts with the cylinder wall.

(iii) A vortex type flow in the upper corners of the
cylinder, set up by the intake jet, 1is visible in the
Schlieren movies. This rotating motion in the upper corners

persists through compression, combustion, and expansion.

(iv) The turbulent flame which develops from the spark

discharge propagates as an approximately spherical though
irregular front. The flame zone is thick, the front to back
distance being 10-15 mm, and a detailed internal flame

structure is evident.

(v) Only a fraction (of order one half during the
earlier part of +the burning process) of the mixture
contained Dbehind +the propagating flame front is fully

burned.

(vi) The characteristic burning time of mixture within
the flame is of order a few milliseconds (average 1.8 ms).
This gives a characteristic turbulent flame length scale of
14 mm (which is comparable to the observed flame thickness),

and a characteristic laminar burning length scale of 1.3 mm.
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(vii) The flame front shows both larger scale
irregularities and a smaller scale structure. The larger
scale irregularities are of order 10 mm in size (about 1/3
the clearance height) and smaller scale structure at the

flame front appears to be of order 2.5 mm in dimension.

(viii) The spark discharge is observed as a thin column
between +the electrodes which then grows as a flame kernel
develops around the spark. Once the kernel fills the
electrode gap, it develops irregularities. Once it extends
beyond +the electrodes (scale 5 mm or greater), its
appearance is similar to that of a fully developed turbulent

flame.

(ix) A comparison of pictures from different cycles
shows different degrees of flame development at early times,
and different flame center wmotion and front shape. These
initial differences lead to substantial later differences in
fully developed flame front position and shape. The effect
of cycle-by-cycle variations in mixture motion on the flame
can be observed. These differences in flame development and
propagation can be related to the value and time of

occurrence of peak pressure.
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(x) During expansion (following time of peak cylinder
pressure) flow of denser gas out of the spark plug crevice
and the region between the piston and the cylinder walls was
observed. Gag from the crevice volume behind and between
the rings issued from the corners of the gap between the
piston crown and the walls as a jet, late in the expansion
process, when the cylinder pressure fell below the pressure
in this crevice regibn. These crevice gases are expected to

have a high unburned hydrocarbon concentration.

(xi) The blowdown flow was observed +to entrain the
denser thermal boundary layer gas off the cylinder head and
upper part of the cylinder wall. Some of the gas from the
crevice between the piston crown and cylinder wall also

leaves the cylinder duriné blowd own.

(xii) During the exhaust stroke, the roll-up of a
vortex in the corner between the cylinder-wall
piston-crown-surface was observed, though the vortex was not

always stable in this engine geometry.

7.2 Modeling the Flow-Visualization Engine's Crevice Flow

(i) The flow behind and between the rings was found +to

be satisfactorily approximated as an isothermal flow.
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(11) A system model of orifices and volumes for the

regions behind and between the rings is found tc predict the
timing of the jet out of these regions.

(iii) The model predicts that some of the gas +trapped
in the top land crevice should expand out prior to the
observed jet from the regions behind and between the rings.
We Dbelieve that this slow moving flow (Reynolds number of
order 100) may remain close to the cylinder walls and be
obscured from observation by the thick thermal boundary
layer. This layer is observed being scraped off the wall

and rolled into vortex during exhaust stroke.

7.3 Crevice Flow from Simulated Real Engine Crevice Regions

The crevice regions of a real engine were simulated as
follows: The ring belt of the conventional piston was cut
just above the o0il ring and then fitted into a piston holder
having an inner circular bore corresponding to the
conventional cylinder size. This assembly was then secured
on the top of the square piston engine. The assembly was
designed such that the entrance to the inner piston top land
crevice was removed from +the obscuring thermal boundary
layer. The following conclusions were possible from this

experiment and from +the flow model for these simulated

crevice regions.
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(i) With the geometry of a real piston assembly, a jet

flow similar to the one in the square piston engine occurs.

This jet type flow is from ring gap.

(1i) A flow is observed expanding out of the +top 1land
crevice of the inner circular piston of this assembly. This
flow is similar to the one that was predicted for the square

piston engine but was obscured from observation by the dark

layer on the wall.

7.4 Real Engine Model

The following conclusions are obtained from an
isothermal flow model coupled with a ring motion model for a

V-6 engine:

(i) The calculated blowby flow rate versus ring gap
area agrees well with the experimental results in the same

engine.

(11) The blowby flow rate trend with speed is similar
to the one +that is observed experimentally in another

engine.

(iii) At typical engine operating conditions about 8%

of the combustion chamber mass 1is trapped into crevice

régions. From this amount about 6% returns back to
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cylinder, and the remaining 2% is lost to blowby.

(iv) The portion of the fuel that is +trapped in the
crevice regions or lost to blowby is about 5% of the fuel.

(v) About 4% of the fuel trapped in the crevice regions

returns to the combustion chamber.

(vi) Recovery of the fuel lost into the crevice regions
signifies a 4% recovery in fuel economy for typical engine
operating conditions. If the engine walls are cooler " and
ring gap size larger (still in the engine operating
conditions range and production range), the percentage 1loss

in efficiency will be as high as 8%.

(vii) Increasing the second ring gap area when the top
ring gap area is fixed causes:
A. The mass of unburned fuel returning through the

ring gap decreases.

B. The total mass of unburned fuel returning to the

combustion chamber decreases.

C. The mass of unburned fuel lost to blowby
increagses. This increase is such that the total

unburned fuel escaping efficient combustion

remains nearly coanstant.
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(viii) Regardless of the ring gap size <the unburned

fuel escaping efficient combustion (sum of the amount of

fuel returning to combustin chamber and the amount 1lost to

blowby) is minimum when the top ring gap area is small and

is maximum when the top ring gap area is large.

(ix) The +total unburned fuel returning to  the
combustion chamber is minimum when the top ring gap area is
in the midrange and the lower compression ring gap area is

large.

(x) The unburned fuel lost to blowby is maximum when

both the top ring and second ring gap areas are large.

(xi) The model predictions on the effect of reducing
the volumes of the crevice regions are as follows:
A. Reducing the top land crevice volume has the
most significant effect on reduction of the
unburned fuel trapped and returning to the

combustion chamber, but it has no effect on the

amount of blowby.

B. Reducing the volume behind the top ring has the
second most important effect on the unburned
fuel trapped and returning to the combustion

chamber.
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C. Reducing the volume of the regions beneath the
top ring slightly reduces the amount of unburned
fuel returning to the combustion chamber, but at
the same time it increases the blowby at the

same rate.

(xii) The model predicts an average 20 ppm increase in
the amount of unburned fuel returning to the combustion

chamber with one degree reduction in wall temperature.

(xiii) As the engine speed is increased, the amount of

unburned fuel returning to the combustion chamber initially

increases and then decreases.

(xiv) The amount of unburned fuel returning to the
combustion chambef is predicted to increase with reduction
in the engine load. But the predicted rate of increase is

slower than the measurements.
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TABLE 2.1

Geometric Details of Transparent Engine

Bore (square), mm 82.6
Stroke, mm 114.3
Compreésion Ratio 4.8-5.2
Connecting rod length, mm 254.0

Intake Valve

Diameter, mm 31.5
Maximum 1ift, mm o 27
Opens at 10o ATC
Closes at 34 ABC

Exhaust Valve

Diameter, mm 31.5
Maximum 1ift, mm o 6.0
Opens at 40" BTC

Closes at 15° ATC
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TABLE 2.2

Comparison of Transparent Engine with Typical Current Production Engine

Transp. Engine Current Engines
Compression ratio 4.8-5.2 8.5
Bore, mm 82.5 (square) 100
Top Land height, mm 12 8
Groove width, mm 6.35 2.2
Piston cylinder clearance, mm 0.38*% left
at top land 1.4*% right 0.38*

0.9% window

Volume behind 1st set of rings, cm; 4.0 0.84

Passage area caused by ring gaps, mnz 2,3 0.5

*Measured cold.
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TABLE 2.3

Engine Qgerating Conditions

Engine speed 810, 1380 rev/min
Inlet pressure 0.5, 0.7, 0.9 atm
Inlet temperature 25°%
Exhaust pressure 1 atm
Equivalence ratios (fuel/air) 1.15
Fuel propane
Spark~timing: . °
1380 rpm, 0.5 atm inlet pressure 55o BTC
1380 rpm, 0.7 atm inlet pressure 440 BTC
1380 rpm, 0.9 atm inlet pressure 38o BTC
810 rpm, 0.7 atm inlet pressure 65 BTC
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TABLE 5.1

Summary of the predicted flow timing (crank angle degrees
ATC) throuEh glanes Zai* and Zb) toward the combustion

chaabex
Isothermal Adiabatic
Flow out of plane (a) 38 42
(top land entrance)
Flow out of plane (b) 116 106

(plane separating top
land crevice and region
behind the ring)

*To identify planes (a) and (b), see Fig 5.1.



134

TABLE 5.2

Geometry of the Coaventional Piston Used To Study Crevice Flow

Piston bore, mm 76.9
Cylinder bore, mm 77.5
Storke, mm 77.0
Top land, mm 6.8
Second Land, mm 3.

Ring side clearance, mm 0.05
Ring gap, mm 0.25
Top land crevice volume, cm3 0.56
Volume behind the top ring, «':m3 0.27
Volume between top and second ring, cm3 0.28
Clearance volume, c:m3 45.4



Name used in
the program
BORE, m
RCR, m
CONLEN, m
DV, cc
DELTA, cm
CRVﬁ, cm

VOL1l, cc
(calculated in
the program)

VOL2, cc
VOL3, cc
VOL4 ,cc

Al3, cm?
A35, cm?
RW1,RW2, m
RT1,RT2, m
RMASS1,RMASS2, kg
CT10,CT20, m
W, K

NUO, m2/sec

MUOIL, N.S/m2
(calculated in
the program)

WTIMOL
Pl, atm

P16,I=1,2,3,4, atm

XB
RPM
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TABLE 6.1

Inputs to the Computer Program

Description

Bore

Radius of the crank
Connecting rod length
Displacement volume
Piston cylinder crevice
Top land crevice height

Top land crevice volume

Volume of region behind the top ring
Volume of region between rings

Volume of region behind the second ring
Top ring gap area

Second ring gap area

Ring width of 1lst and 2nd ring

Ring thickness of 1lst and 2nd ring

Mass of the lst and 2nd ring

First and 2nd ring side clearance

Wall temperature

Dynamic viscosity of the charge at
initial conditions

Kinematic viscosity of the oil

Molecular weight of the charge

Pressure trace of the combustion chamber
Initial pressure of regions

Mass fraction burned trace

Piston speed

Source of
entry
V6DATA .FTN
V6DATA.FIN
V6DATA.FIN
V6DATA.FIN
DATA .DAT
DATA .DAT
DATA .DAT

DATA .DAT
DATA.DAT
DATA .DAT
DATA .DAT
DATA.DAT
VEDATA.FTN
V6DATA .FTN
V6DATA.FTN
V6DATA.FTN
DATA .DAT
V6DATA.FIN

V6DATA.FTIN

V6DATA.FIN
P files
Terminal
X file

Terminal
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TABLE 6.2

Sggcifications of the V-6 Engine

Compression ratio 8.1
Bore, cm (in) 9.65 (3.8)
Stroke, cm (in) 8.64 (3.4)
Connecting rod leﬁgth, cm (in) . 15.15 (6.)
Displacement volume, cm3 631.9
Ring gap area; production range (31], cm2 -3
"small 1.4x10_3
midrange 2.6x10_3
large 4.1x10
Dead volume 89. (100Z)
Piston cylinder crevice
volume, vol. 1, cm3 0.93 (1.05%)
Region behind first ring,
vol. 2, cm3 0.467 (0.52%)
Region between rings,
vol. 3, cm3 ¢.681 (0.772)
Region behind second ring,
vol. 4, cm3 0.467 (0.52%2)
Total crevice volume 2.55 (2.86%)

Equivalence ratio 0.95
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TABLE 6.3

Summary of the Amount of Gas in and out of Crevice Regions for a V-6

Operating at 2000 rpm and Wide Open Throttle

% mass ppm

Total gas in all
crevice regions

Total gas back to
combustion chamber

Total gas to blowby

. 8.23

7.0

1.23

Ring gap
farthest from
spark plug

Unburned back to
combustion chamber

Unburned to blowby

Total unburned lost

4. 5360

1.05

5.05

Ring gap closest
to spark plug

Unburned back to
combustion chamber

Unburned to blowby

Total unburned lost

3.7 4960

0.5
4.2
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TABLE 6.4

nggarison Between Predicted and

Experimental Hydrocarbon Level

HC Returning HC

to cylinder Incylinder Exhaust port  Exhaust measured
Engine predicted oxidation HC Oxidation at exhaust
V-6 4960 50% 2640 50% 1320

Estimate Estimate [54]

Toyota 4300 202 3400 2100
Measured



138-B

THIS PAGE WAS INTENTIONALLY LEFT BLANK



139

<)
standard head
assembly

combustion chamber

square piston

window

new components

standard piston

standard single
cylinder engine
assembly

Fo 2.1 - Schematic of the new square piston
visualization engine
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- Adaptor Base Plate

Z

z.
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uare cylinder assembly
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Fig 2.2 - Detall of the engine head and s
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Fig 2.4 - Square piston "ring" assembly. The "rings" overlap at the
corners and are pressed against the walls by coil springs
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Fig 2.6a ~ Pressure traces of a motoring and six consecutive firing cycles
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Fig 2.6b - The calculated mass fraction burned profiles corresponding
to fig 2.6a. The traces become closer together as the engine stabilizes
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{<3) W)

Fig 3.4 - Representation of the top corner vortices observed ddring
compression in motoring cycles.
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Fig 3.5 - Photographs of a typical combustion process reproduced from a movie
with intervals of 6 degrees (0.72 ms). Spark timing is 55° BTC.
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<(a)d 45 ATC

o o
(c)> 120 ATC (d>) 140 ATC

Mg. 3.7 - Expansion of gas out of crevices: flow out of spark plug crevice is
visitbic in right hand side top corner of all pictures as dark streaks and the
flow out of the crevices formed by piston, cylinder and rings is seen in

pic tures (¢) as jets from piston crown corners which spread on the walls (d)
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Fig 3.9 - Piston ring assembly showing the passages through which ti-2> gas flows in and
out of the regions behind and between the rings.
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Fig 3.10 - Picture taken 120° ETC during the exhaust stroke showing a
portion of the crevice jet flow, circulating under the exhaust valve. Also
the left hand side piston crown cylinder wall vortex is present while the
right hand side vortex has not yet formed.
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Fig 3.11 - Picture taken 20° BTC and interpretation showing the piston-
crown cylinder corner vortices on all sides, left, right, and on the
windows. Entrainment of boundary layer on the walls is observable as
dark streaks.
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Fig. 3.12 - Picture taken 60° BTC on exhaust
stroke showing vortex instability, th= I~ft-
hand-side vortex is broken up while ine
right-hand-side vortex is still growing
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Fig 4.1 - Apparent flame velocity, average rate of flame travel normal to the flame
front in the lab coordinates for two consecutive cycies.



164

This page is intentionally left blank.



165

12—

Pressure, atm -
(o)) (0 4] O
| I I

»
I

ol_1

N D OO O

0o 00 O

-160 -120 -80 -40 O 40 80 120 160
Crank Angle, degrees |

Fig 4.2 - Pressure and mass fraction burned curves corresponding to Fig. 3.5. Five stages of the flame development of
Fig. 3.5 are represented.
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Fig 4.4 - A low sensitivity Schlieren still picture of the combustion
process showing the structure of the flame, especially the start of
the actual burning zone. -

Fig 4.5 - A still picture of the flame after the front has reached the left
side of the combustion chamber, showing the structure of the back side
of the flame. The scale is the same as Fig &4.4.



170



171

qliL5° r 13.0° s 16.0° t 1.5° moloring

Fig 4.6 - Still pictures of different cycles showing the spark discharge (b and
c), spark with flame kernel, (d to h) and growth of the flame (j tc s) around
the spark plug. The numbers indicate the timing of the pictures in degrees
after the spark, which occurs at 55° BTC.
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Flg 4.9 Photagmphs taken at 14° attet the spark of three cycles.

SN IY SRS

S (lL.2am)

7, 2

i'(ajsaﬁni'

”Flg 4.10 Stlﬂ plctures taken 31'? after spark (l.e. 2h° BTC). from: nlne

dlfferent cycles ‘showing - the varlation in size, sh‘ape -and the'Jocation
of the flame from cyclé-to cycie. The detachment of the flame from
‘the. spark plug In h, and | ls due tp he rota.tlonal motion shown in

) Flg 3.4,

e ity P
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~46° (7.0atm) " 26° (9:2alm)

| s°'.2:)’" | 'awn |

%’7 Flg lull ~ Three sets: ; photographs showing Qhe cycllc disperslon when. the
flame Is, fully developed.. The crank angle degrees : shown are timing of !he i

pletures after the spark. The peak ‘pressure of each cycle is glven in atm. o «
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COMBUSTION
CHAMBER

‘ --. Plane

REGIONS (2

,, 2
TOP LAND
3 CREVICE
— __Plane
(b)

(a) (b)

Fig 5.1 - Model geometry of the crevice regions in the square cross
section piston-cylinder engine.
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O 1380 rpm, 0.5 atm inlet pressure
t] 1380 rpm, 0.7 atm inlet pressure

A 810 rpm, 0.7 atm inlet pressure

Isothermal flow

140 }

precicted

120 p

Crank Angle, degree

160 »

4 ' 3 o
100 120 140 160
Crank Angle, degree

observed

Fig 5.4 - Comparison between the observed timing (degree ATC) of the
jet-like flow out of top land crevice (plane (a) in Fig 5.1)
and predicted timing of the flow out of plane (b).
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additional channel

Fig 5.5 - Design of the square piston "ring" with an additional channel.
The channel raises the passage area into the region behind the
top ring by a factor of 4.
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Dark appearing thermal

boundry layer

Cylinder

wall

Piston

Piston

b

a

Expansion stroke

Intake stroke

trance.

Fig 5.7 - Schematic of the dark layer on the combustion chamber wall obscuring the top land
crevice en



190

Inner piston top
land crevice

Inner circular piston

Piston holder

————— - —— - e - o - -
p— 7 - - ——— o — -

4 Square piston

Fig 5.8 - Assembly to simulate a real engine's crevice Feg@ons. Tve
ring belt of a conventional piston is press—fit into a piston
holder. The assembly is secured to the top of the square
piston.
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100
1380 rpm
Half load
Comp. Ratio=5.2
80+
[}
o
8 60}
-
)]
v o
%D 0 °
gu o -
E 4ol O O
- (@]
©
20
0 20 49 60 80 100
Crank Angle, degree
observed

Fig 5.11 - Comparison between the observed and predicted timing of the
jet-like flow through the circular piston ring gap. The
top ring of the circular piston is fixed on the lower surface
of the groove (see Fig 5.9a).
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Fig 6.2 - An exaggerated schematic showing the ring fully blocking both
ring side clearances.

Causing inertia force
-~ Fi

}
I

ap F. Pressure force

Fg Friction force

F; Inertia force

0il resistance force

oil

Fig 6.3 - Schematic of the forces acting on the top ring. The piston is
moving upward and the ring is approaching the lower surface of
the groove.
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Combustion
chamber
_____ Plane (a)
Top land crevice
Flow through the ring side +— region
clearance channel; all over
circumfrence
j — —=-Plane (b)
¥
Region behind \
the top ring 2 Flow through the
ring gap
L - Plane (c)
3
4
'3
4
N\
4+ — —~ —-Plane (d)

l To crankcase

Fig 6.4 - Model geometry of the flow in the crevice regions of a
conventional engine.
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Cylinder wall

Piston wall

Chamfer

Rin a )
zs:’f;

Fig 6.5 - Schematic of the passage area caused by the ring gap.
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Ring side clearance

AN ]Pl_Lh

Fig 6.6 - Schematic of the ring side clearance flow.
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V6 Engine, 2000 rpm, full load

10
a
sk—— -a
-b
R i
6 . -C
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° o
3 b
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s e s e T s e st e o+ s 2 e s
"/ -o“-.a -
o A ] i | 1 | 1 |

Mass Out %

Mass Trapped %

y o
-120 0o 120 240 380
Crank Angle, degree

480

(Iv)

(V)

(VD)

Fig 6.7 - Percentage of the charge mass that flows into (IV) and
out of (V) planes (a), (b), (c) and (d) and through ring gap (g).
The -rertic.l distance between each two curves in (VI) is the mass

trapped between the corresponding planes.
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V6 Engine, 4000 rpm, full load

Mass In %
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Fig 6.8 - Percentage of the charge mass that flows into (IV) and
out of (V) planes (a), (b), (c) and (d) and through ring gap (g).
The vertical distance between each two curves in (VI) is the mass

trapped between the corresponding planes.
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! burned

unburned

» spark plug
real hypothetical 4
flame [front flamelfront

Fig 6.12 - Schematic showing the flame model used to calculate the
portion of the top land crevice entrance exposed to
unburned gas, i.e. L,
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Fig 6.14 - The amount of hydrocarbon returning to the combustion chamber
versus the amount that is lost to blowby.
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APPENDIX 6.1
FORCES ACTING ON A PISTON RING

To calculate the forces acting on the piston ring it is
assumed that the groove surfaces are flat. The forces that

act on the ring in the axial direction are:

7
Pressure force F \ a
P eIy, /

- Friction force Ff o

Inertia force Fi

';h\""."-i"»"?"'r"'-
Resistance of the squeezed o0il Fs 'H:’z%’”
N 14 /4

Pressure Force:

Fig A6.1.1 Piston ring operating under ideal
conditions (a) Piston, (b) Piston ring, (c)

Fig A6.1.1 shows the pressure gg:ﬁ:ﬂ::.lf?f'im‘.:.’- ::: :.’-3.’,';‘;,‘.:’ Upper gas
distribution around the ring (591].
The pressure force is then calculated
as
p r 2 r 2 - “r 2 :

where Ar is the ring area in radial direction.

Friction Force:

Friction force is calculated by

Fo. = P("drTP) f

f



£ = 4.8 (2211R) (60

P = pressure behind the ring
dr = diameter of the ring in radial direction
Tr = thickness of the ring

f = friction coefficient

Inertia Force:

Fl = Mpap ,
Mr = ring mass wr
ap = piston acceleration i !
. l Ring Lf
Resistance of the Squeezed 0il: J:: | ;) hg

Fig A6.1.2 shows the
schematic of the squeezed oil
Fig A6.1.2 Schematic of
flow. The 0il volume flowrate squeezed oil flow

based on Poiseuille flow is:

Q= - g 3
- 120 dx s

oil

The same volume flowrate based on continuity is (for half of

the ring width)
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length in circumference direction
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r width in radial direction
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Combining these two equations the pressure distribution

becomes.
P(x) = —— X

The force due to this pressure distribution is:

v,
s = ?}fz_'P(x)dx
o

F =
3
S 3, L 3 M
-2 Toil rdt hs

Note that only partial surface of the ring is covered by the

0il [43] and hence a fraction of the above force is considered.
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APPENDIX 6.2
COMPUTER PROGRAMS LISTING

This appendix contains the listing of computer programs

used for the calculations described in Chapter 6.
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_V&.FTN
V6 IS FOR USE ON PDP11/40
BYTE FILNAN{30)
REAL HO1,NUC»MUOILsLUsLBsLT
COMMON /COM1/PO/ROHDDT
COMMON /COM2/TW2UTHOL
COMMON /COM3/ACRYsVOL1sHSIDEsASIDE SN
COMMON /COMA/VOL2sVOL3»VOLAsA13+435:62CDNUD
COMMON /COMS/RCRyCONLENyBOREsRT1,RU1sRT25RH2,
1 RHASS1,RMASS2,KUDIL
COMMON /COM6/CT10+CT20+CB105CB207YRP1SVRP2,
1 CT1,CT2,CB1,CB2
COMMON /CON7/ETAVIDV

COMMON /COMS8/INTRVLsP10LDsCT10LDsCT20LDyCBIOLL CE20LD
1 »TOPNINs TOPMOT» DWNMIN, DUNMOT»CHINsCHOT» ONEZH» DOTH12

COMNON /COM9/CRVH)DELTAsLT,B

COMNON /COM10/FP1»FF1sFI1sF5Q1sFP2sFF2,F12,F502
COMMON /COM11/THsVCL

VCL=DV/(CR-1,)

CALL DATA SUB PROGRAN

CALL DATA

WRITE(S,4)

FORMAT(’ INLET FRESSURE F0?/+3)
READ(S»11)F0

WRITE(S»%)* BEHIND 15T RING/PRESSURE? P02=’
READ(S5,11)P02

WRITE(S5.%)’ BETWEEN RINGS i PRESSURE? P0O3=’
READ(5,11)P03

WRITE(S,%)’ BEHIND 2ND RING?PRESSURE? P04=
READ(S5,11)P04

WRITE(Ss15)

FORMAT(’ CRANCK CASE PRESSURE PS? '+%)
READ(S»111PS

WRITE(S:8)

FORMAT(’ RPN 7/98)

READ(Sy11)RPH

FORMAT(F12.35)

WRITE(Ss9)

FORMAT(’ WHICH DATA FILE?'+$)

READ(S»10)F ILNAM

FORMAT(30A1)

FILNAK(30)=0

OPEN (UNIT=3sNAME=FIiNAN) TYPE='0LD’,ACCESS='DIRECT’
1 oFORM=UNFORNATTEL')

WRITE(S5:5)

FCRMAT(’ WHICH CYCLE 1 - 187'+$)

REAU(S )N

FORMAT (13}

READ(3'11}P0

READ(3/1)CE
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READ(3’2)RFMBAS
" READ(3'3)BSFC
READ(J’ 4)BHEF
REAB(3*S)FONER
READ(3/$)AFRATO
READ(I‘7)AIRFLY
3 FORMAT(//7/////150%s ‘Y4 231 CUBIC INCH BUICK ENGINE's
1 /7/2%'CR= *sF4.292%) 'RPH= ' 1F6.195Xs ' BSFC(G/KU-HR)='+F7,2
1+’ DHEP(KPA)='sF7.2;'  POWER(KW)=sF4.2
1y AF = 9FS:dy’ AIRFLOM(GR/SEC) =’ 9F4.4)
WRITE(S:50)
50 FORMAT(’ NAME OF MASS FRACTION BURNED FILE's/)
READ(Ss10)FILNAN
FILNAN(30)=0
OFEN (UNIT=4,NAME=FILNANs TYPE=/0LD’ »ACCESS="DIRECT’
1 sFORM="UNFORMATTED’)
READ(4/1) THXNIN
READ(4/2) THXMAX
READ(4’ 3)XHAX
IXBRED=3
WRITE(Ss%) ° FILENAHE.OUT?’
READ(S+10:FILNAN
FILNAN(30:=0
OPENCUNIT=2HANE=F ILNAN) TYPE=/NEW’)
HRITE(5y53)CRyRPMRASs BSFC + BMEP s PONER s AFRATOAIRFLY
WRITE(2+53)CRyRPHBASy 3SFCs RREP FONERs AFRATOsAIRFLY
WRITE(2,54)RPN
WRITE(Sy59)V0L1sVOL2sVOL3 s VOLA»A13:A35 THsHUCIL
HRITE(2,59)V0L1V0L2yVOL3sVOL4sA135AZS) THHUDIL
59 FORMAT(1X»* VOL1(CC) VLD2 VOL3 VoL4 AL13(CH2) A3D TN
1 KUDIL(N-5/M2)':/
1 lX;#8.312F10.69F8.2rF10.8)
OPEN(UNIT=1sNANE='RING.OUT' s TYPE='NEW’)
OPEM(UNIT=7)NAME='HDOTS, OUT/» TYPE='HEU')
WRITE(1,53)CRyRPHBAS s BSFCy BHEP yPONER s AFRATOAIRFLU
WRITE(7153)CRyRPBASs BSFC s BMEF s POWER» AFRATOsAIRFLY
WRITE(1:37)
WRITE(7,58) '
57 FORMATC1Xs//77//13Xs " TH' s5Xs 'CT1/ 96X CT2 93X ‘X’ 94X
1 9/FPL 92Xy FFL% 92Xy ‘FI1‘ 92Xy "SUNFL’ 92Xs 'FSAL‘ 92Xs 'VRP1'92Xs ‘X’
2 12X2'URP2 9245
3 'FP2/92Xs ‘FF27 92Xy 'FI2¢92X2 ‘FSUN2' 12X ‘FS02’)
98 FORMAT(2Xs’ TH DOTN12  DOTM23 DOTH34  DOTHAS DOTH
113 DOTH3S’)
54 FORMAT(1Xs//s RPM USED=+F10,2s'COMPARE WITH ORIGINAL')
7 FORMAT(’ TH F1 P2 PI P& tiXy
1/ CTi CT2 x‘y’ TOPFLW BLOWBY BURDT UNBDOT OUTDT’
1 ‘% TPIN TPOT DNOT BNIM UBIN QUTM CMIN CMOT OMETM BIN2 7}
C INITIALIZATION
p2=F02
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P3=F03

" P4=P04

TOPMIN=0,

P10LD=PO

BRNMIN=O,

UNBMIN=C.,

TOPKOT=0,

DUNKIN=0,

DUNNOT=0,

CHIN=0.

ChOT=0,

ONE3N=0,

BUT02=0.

CRUNOT=0,

CTi0LD=CT1

CT20LD=CT2

CR10LD=CB1

CB20LD=C52

ROHO=WTHOLZP0/82. /T4

H0L=VOL13R0H0

BT=80, /RFif./36:. 42,

ESTINATE THE TINE STEF +Hy FOR RUGE-KUTTA

NOTE H=DT/INTRVL R

C=ROHOXVOL2/PO

R=243NU0R1, SRW1E2/ (3, 14KBOREALTION1 1325, 81000, 2CT104X2)
TU0=R¥C

NTRYL=4. &DT/TUD+1

INTRVL=NTRUL

IF(NTRVL.LT.4)NTRVL=4

IF (NTUVL,5T, 3)NTRUL=8

INYRVL=NTRUL

NOTE # R THE RESISTANCE IS =(P1-F2)/MDOT . . . . ASSUMED FliF2=Z,
SO IT IS MADE SURE THAT H IS AT LEAST 1/4 OF TIME CONSTANT
CALCULATE THE CHRGE MASS IN THE CYLINDER
CHMASS=ETAVIDVXROHO

CORRECT CHMASS COULD BE CALCULATED FROM THE GIVEN AIRFLOW
CHMASS=AIRFLWE(141,/AFRATO)/ (RPMPAS/60./2,)

WRITE(S) 25)CHHASS s INTRWL

WRITE(2,25)CHMASS s INTRVL

FORMAT(1Xs///7+10Xs 'TOPFLW § BLOWBY ARE IN GR/SEC’+/y
1.//+10Xy ‘HASSES IN & OUT OF TOF AND BOTTOM ARE IN % OF THE
1 BASS IN THE CYLNDER WHICH IS ‘sF5¢3+* OR’s///

1 »10X»* NUMBER OF INTERVALS USED IN THE RUNGE KUTTA IS /»I2)
WRITE(S:7)

YRITE(2, 7}

J=114(N-1)2180

FEAD(3' HPt

DF=PO-F1
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D0 2 I=1,381

" Th=(I-1)%2-180

IF(TH,67.,130,)G0T039

IS=14104(N-1)3180

READ(3'ISIPL

Pi=F1+DF

CONTINUE

IF(TH.GE.180. +AND,TH.LT. 3704 )P1=1,
IF(TH.GE+ 370, .AND, TH.LT. 540, )P1=P0

XS EIRSEITRETKISXLEERREERD
CALL PRESS ROUTINE TO CALCULAE THE PRESSURES OF THE REGIONS
INTRVL=NTRVL
IF(TH.GT.~40. +ANDJ TH.LT . 70, ) INTRUL=2SNTRVUL
IF(TH.6T.-18..AND. TH.LT. 304 ) INTRUL=4ENTRVL
IF(TH.GE, 104, ANDW THoLT 304 ) INTRUL=8INTRUL

CALL PRESS(P1sP2sP3sP4sPSsTOPFLNsBLOKRY)

CALL FORCES TO CALCULATETHE FORCES ON THE RINGS
CALL FORCES{THsP1sP2:P3+P4sFSoRPH SUNF1+SUNF2)
NONDIMENTIONALIZE THE MASSES IN AND QUT OF REGIONS
THESE ARE CALCULATED IN PRESS SUBROUVINE
TINCNT=TOPMIN/CHHASSE100,

TOTCNT=TOPMOT /CHItASSX100.
DOTCNT=DENMOT/CHMASSE1CO,
DINCNT=DWNMIN/CHNASS$100,

XXX RRERSILIRKT RXBEEREATIEXRE B KX
FIND CRVICE FLOW i PISTON CYLINDER CREVICE

IF (TH.EQ. THXMIN)PREF=P1

Lu=L7

IF(THJLE . THXMIN.OR.P1,LE ,P10LD.OR, TH 6T, THXMAX)GOTO 60
IXBRED=IXBRED+1

READ{4’IXBREL) XK

XB=XB/XHAX

CALL UNBL(XBsLUsFREFF1)

LB=LT-LU
BRNDOT=LB¥CRYHSDEL TAXROHO/POX (P1-P10LD) /DT
UNBDOT=LUXCRVHXDEL TAXROHO, POX{(P1-P10LD) /DT
IF(UNBDBOT.L T+ 04 ;CRVOUT=UNEDOT

IF(UNBDOT,LT.0. YUNBDGi=0.

BTO2DT=LB/LTRLOTHLIZ

BUTO2=BUTO2+BTO2DTRDT

ETO2CT=BUTO2/CHHASS X100,

ONE3IMC=0NETi/CHMASS%100,

BRNMIN=BRNMINSBRNDOTADT

UNBNIN=UNBAIN+UNBDOTSDT

CRVNOT=CRWHOT-CRVOUTLT

BINCNT=BRNHIN/CHHASSEI30,
UINCNT=UNBRIN/CHNASSZ1049.
COTCNT=CRVHOT, CHHASS 8104,

IR ERE
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CMINCT=CNIN/CHMASSK1C),

CHOTCT=CMOT/CHMASSE100.

P10LD=P1

CTiMM=1000,4CT1

CT21%=1000,3CT2

ITH=TH

IF(ITH/10.EQ.TH/10, JURITE(Ss19)
IF(ITH/10.EQ. TH/10. )WRITE(2,19)

FORMAT(1Xs/)

IF(TH.ER. 0. NRITE(2,7)

IF(TH.EQ.180. )WRITE(2,7)

IF(TH.ER. 3604 )NRITE(2,7)

IF(TH.EQ. 540, JURITE(2:7)

WRITE(5220) THe£11P2sP39P 45 CT104t1s CT2MM» TOPFLW» BLOWEY s BRNDOT s
1 UNBDOT»CRUQUT s TINCNT» TOTCNT s DOTCNT s RINCNT »UINCHT »COTCNT
1 +CMINCT,CHOTCT sONESHC, BTO2CT '

WRITE(2520) THsP11P2sP39P&sCTLMN2C 244 TOPF s BLOWBY » BRNDOT
1 UNBBOTsCRVOUT s TINCNT TOTCNT s DOTCNT s BINCNT s UINCNT s COTINT
2 sCMINCTCMOTCT,ONEZNC,BTO2CT
FORMAT(2X9F6.193F8,29F5. 29 /X' sF3 35 1AsF5. 3078’

1 02F7.3103F7:30 8/ 18F3.202F6:2

CRYOUT=0,

CALL RING SUBROUTINE TO FIND THE POSITION OF THE RINGS
CALL RING(SUHF1s1)

CALL RING(SUMF2s2)

WRITE(10100) THsCT19CT2oFPLoFF19F 119 SUNFL2FSRT s VRPT 1 URF2

1 'FP2sFF2,F12sSUNF2,F502
FORMAT(F7.152F10.69 "%/ sSF7,2:F 7,49 '8/ +F7,495F7,2)

THIS STATEMENT COME INTO EFFECT WHEN /D IS USED WHEN COPILING
IF(CT1.6T.0..AND.CB1.5T.0, )RNODE=2,
IF{CT1.NE.CT10)RNODE=2,

IF (RMODE.EQ.2,)CT1=CTi0/2,

CB1=CT10-CT1

CONTINUE

CLOSE(UNIT=3:

CLOSE(UNIT=4)

CLOSE«UNIT=2)

STOP

END
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V&DATA.FTN

- DATA FOR V6 ENGINE

NUO M2/SEC  AREAS CM2 VOLUMS IN CC

ETAV IS VOLUMETRIC EFFICIENCY & DV IS DISPLACEMENT VOLUME IN cC
VOL1 IS PISTON CYLINDER CLEARANCE VOLUME

COMS DATA ARE ALL MKS EXCEPT MUOIL sCHECK LATER
SUBROUTINE DATA

REAL NUOCsMUQIL.LT

COMMON /COM2/TW)NTHOL

COMMON /CON3/ACRV)VOL1yHSIDEsASIDE W

COMMON /COMA/VOL2sY0L3+VOL4»A139435:65CD2NUD

COMMON /CONS/RCRsCONLENs EORE<RT1sRN1»FT2 RU2y

1 RHASS1,RNASS2sHUDIL

COMMON /COM6/CT10sCT209CB109CB20sVRP11VRF2s

1 CT1,CT2,CB1,CB2

COMMON /CON7/ETAV, DYV

COMMON /CONP/CRVMyDELTASLTB

DOUBLE PRECISION CT10,CB10sCT20CR20,CT1,CT2

+CB1sCB2

DATA ACRV/,92/:V0L2/,467/9HSIDE/ .005/ +nSIDE/ 4 122/9W/ 132/ y
1 NUO/.000015/NTHOL/31.5/:TW/430./

DATA VOL3/.581/yVDLA/,467/1A13/.002613/9A35/.002614746/1.4/
DATA RCR/.04318/,CONLEN/,1515/+BORE/ 09652/ RT1/ 00194/
1 7R¥1/,00439/sRT2/.00194/1RW2/ . 00439/ 1RNASS1/ . 01463/ 1RMASS2/ . 0143/
1 +#UOIL/,003/

DATA CT10/7,6E-5/+CB10/0.E90/CT20/7,6E-5/+CB20/0.EQ0/
DATA ETAV/.90/+DV/631.88/

DATA CRVH/.538/+DELTA/.0483/

B=100.3BORE

LT=3.14159%p

VOL1=CRVHRDELTARLT

Ch=.86

DPEN{UNIT=8sNANE=/DATA,DAT s TYPE="0LD")
READ(8510)CRUH DEL TA2VOL2 £ VOLS»V0L4»A139A3S) TW
FORMAT(10X+F20.8)

MUBIL=EXF{1036.,/(TR-173.)-9.84,

INITIALIZATION

CT1=CT10

CT2=0720

CB1=(B10

CB2=CB20

URP1=0.

VRP2=0,

CLOSE(UNIT=3)

RETURN

EHD
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RING.FTN

TO CALCULATE POSITION DF THE RING
SUBROUTINE RING(SUMF+IR) .
REAL MUOILsLT

DIMENSION YY{3)»FF(3)

COMMON /COM1/P0sRONO, DT

COMMON /CONS/RCR sCONLENy BORE sRT1,RW1sRT2:RN2s
1 RKASS1,RMASS2,MUOIL

COMNON /COM&/CT10+CT205CB105CB20sVRP1»VRP2,
1 CT1,CT2,CB14CB2

COMMON /CON9/CRYH+DELTASLT,B
CONMON /COM1O/FP1sFF1sFI1+F501,FP24FF2FI2,F582
DOUBLE PRECISION H:X
INITIALIZATION

IF(IR.EQ.1)60TD 1
IFC(IR.EQ.2)GOTO 2

RMASS=RMASSL

Pl=RN1

CT0=CT1¢

CT=(74

YRP=URP1

GOTD 4

RMASZS=AMASSD

RU=RW2

CT0=LT720

CT=(T2

URP=YRP2

COMTINUE

YY1 G0LD=URF

vy AULE=ET

RL=3.13159%RIFE

W=RN-IELTA7100,

INTRUL=10

60 70 3

INTRUL=23INTRVL

CONTINUE
H=DBLE{DT/FLOAT{INTRUL))
YY(1)=YY10LD

YY(2)=YY20LD

K=0

%=0,

DO 20 J=1,INTRVL

OLDYZ=YY(2)

OLDY1=YT(L)

CALL RUNGE(2+YYyFF s XrHiHrK)
IF(OLDY2.EQ.0,)60T0 12

IFCINTRVL LT, 300.AND, ABS(YY(2)-0LDY2) /0LDY2%100, .6T .40, 6270 3

CONTINUE
IF(OLDYER.0,)60TD 14
IF(ABS(YY(1)-0LDY1)/0LDY{%100,.56T.25.)G0TO 3
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IFCABS(SUMF) GT+ .5, AND.SUNFRYY(1).LT.0. . AND,

- 1 INTRVL.LT.200)GOTO 8

CONTINUE

IF(SUNF 6T+ .0.AND.YY(2) 6T+ 954CTO)YY(1)=40
IF(SUMF,GT40,AND. YY(2) 46T, 95¢CTO)YY(2)=CTO
IF(SUMF LT+ 004 ANDLYY(2) (LT, . 04XCTO)YY(1)=.0
IF(SUMF LT, 0.AND.YY(2),LT,.043CT0)YY(2)=40
GOTO (10:15)5K

CONTINUE

WRITE(Ss11)YY(1),YY(2)

FORMAT(2F12.4)

IF(SUMF ,LE .0, )CTR=YY{2)
IF(SUNF.GT.0,)CTB=CTC-YY(2)
IF(CTB.EQ.0,)60T0 15

FF(1)=SUHF%9,8-, I¥RLIMUDILX(W/CTB) #83.XYY(1)
FF(1)=FF{1)/RMASS

FF(2)=YY(1)

G010 9

CONTINUE

CONT INUE

IF(CTB.NE. 0)FSQ=-, 1ERLENUDILK(K/CTR) $33. 2YY(1)
IF(CTB.EQ.,0)FS@=.0

IFCIR.EQL1XCTI=YY(Q)

IF(IR.EQ.LIVRPI=YY(L)
IF(IR.EQ,1)FS01=F50/9.8

IF(IR.EQ.2)CT2=YY(2)

IF(IR.EQ.2}VRP2=YY (1)
IF(IR.EQ.2)FS2=F53/9.3

CB1=CT10-CT1

CB2=CT20-CT2

WRITE(Ss7)DT,ROREsRWsRMASSRL VRPyALOIL,CTOSCTR
FORMAT(F15,8+6F10,3,2F12,7)

RETURN

END
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FORCER.FTN

SUBROUTINE TO CALCULATE THE FORCES ACTING OH THE RING
SUBROUTINE FORCES(TH»P1¢P2:P3sP4sPSsRPHy SUMF1sSUNF2)
REAL MUDIL

COMHON /COMS/RCR»CONLENsBOREsRT1sRW1sRT2,RN2s

1 RMASS1,RMASS2sHUCIL

COMMON /COMI0/FP1>FF1sF115FSQ1sFP2sFF2yFI12,F502
ROOT{T)=SORT{1.,-(RCRESIN(T) /CONLEN) ¥82.)
ROOTDT(T)=-(RCR/CONLEN)$32, £SIN(T)2COS(T) /ROCT(T)
UPP(T)=RCRESIN(T)-CONLENSROOTDT(T)
APP(T)=RCRECOS(T)X(1,+RCR/CONLENSCOS(T)/ROOT(T))
1 tRCR¥$2./CONLENSSIN(T)*

1 (-SINCTYSROOT(T)-COS(T)XROOTOT(T))/(ROOT(T) 222,
PISTON VELOCITY & ACCELERATION
CHEK=UPP(90.%,01745)%2, 13, 148RPH/50.
WRITE(S»13)RPH:CHEK

FORKAT(2F12,5)

UP=UPF(TH®,01745)%2,%3, 14XRPH/60,
AP=APP(THS,01745)%(2, 33, 14XRFX/40, ) 532,

FRICTION COEFFICIENTS
FCOEF1=4,8%SORT(HUCILSABS(UP),/ (F2R101323.0¥RT1))
FCOEF2=4,84SORT{HUOILSARS(UP)/(P4%X101323,03RT2))
FRICTIDN FORCES

FF1=FCOEF133.14%(BORE-2, XRN1)IRT1&P2%1, 033510000,
FF2=FCOEF2%3. 14X (BORE-2,$RW2) XRT22P4K1, 033210000,
IF(TH.6T.0. +AND, TH, LT, 180, WFi=-FF1
IF(TH.6T,360, ,AND, TH.LT,540, )FF1=-FF1
IF(FF1.LT.0,)FF2=-FF2

PRESSURE FORCES

FP1=3,14%8(BORE-RW1) $RW1R(F1-F3)/2,¥1,033310000.
FP2=3. 14%(BORE-RU2) XRUZX(PI-PS) /2, 1. 023510300,
INERTIAL FORCES

FI1=-RHMASS1¥AP/9,8

FI12=-RHASS2%AF/9.3

SUM UP THE FORLES

SUNFI=FPI4FFI4F I

SUMF2=FP4FF24F12

WRITE(S110) THeUPsAPsF1sPIsFP1sFF1,F119SUNFL

1 sFP2sFF2+F125SUNF2

FORMAT(1Xs2F8,10F9019"  X92F5.20°  %'0aF2.2¢7  %'34F8.2:%)
RETURN

END
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PRESSURE.FTN

T0 CALCULATE THE PRESSURE OF THE REGIONS

THIS SUBPROGRAN SOLVES THE THREE DIFFERENTIAL EQUATIPN
FOR PRESSURES IN THE RIGIONS BEHIND AND BETWEEN RINGS
METHOD USED IS RUNGE-KUTTA

SUBROUTINE PRESS(P1sP2:P3sP4sPSs TOPFLUBLOWBY)
DIKENSION Y(3)sF(3)

DOUBLE PRECISION X1:X25X39X49XS0X82X71Xs XOLDIH

REAL NUOsMUOIL»NO2,M03,404

COMMON/CONL /POy ROHDs DT

COMMON /COM4/VOL2,VOL3sVOL45A131A35:G2CDsNUD

COMMON /COMS/RCRsCONLEN,BOREsRT1sRW15RT2sRV2s

1 RKASS1,RMASS2,HUCIL

COMMON /COM6/CT105CT205CB105CB205VRP1sVRF2,

1 €T1,CT2,CB1,CB2

COMMON /COMB/INTRVL,P10LDsCT10LD,CT20LD»CB10LDsCR20LD
1 s TGPMIN TOPMOT  WNNINy DWNHOT » CHIN» CHOT » ONESN» DOTH12
COMMON /COM11/THsYCL

FLON(SIDE sPUP+PDOWN W) =3, 148BORES (SIDES(PUFLE2, -PDOUNKE2,) )/

1 (24,5NUOS1,SH)X(101325, $SIDES1000, $SIDE)
INITIALIZATION

Mi AN INDEX USED IN RUNGE

Xi JNDEPENDENT VARIABLE I.E. TIME _.

Hi TINE INTERVAL USED IN RUNGE; NOTE H IS A FRACTION OF DT

Y(I); VECTOR OF DEPENFENT VARIABLES
F(I); VECTOR OF DERIVATIVES
GOTO 4

INTRVL=2%INTRVL

WRITE(Ss3) INTRUL

FORMATC’  HEW INTRWL= I3
H=0

X=0.

X0LD=0,

Y10LD=P2

YZOLD=P3

Y30LD=F4

1(1)=F2

Y1 2i=F3

Y!3)=PA

ELCNAX=0,

E2CMHAX=3

E3CNEX=0,

F15UN=3

F25Un=0.

FISUN=0,

PIOLD=P3

PAGLD~P4

P20LD=F2

X1=0,
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X2=0,
- X3=0,
X4=0,
%50,
%620,
X7:0. .
H=DT INTRVL
£ INITIAL MASSES IN THE REGIONS
802=VOL2¢ROHO
MO3=VOLISROKO
¥04=V0L4ZROHO
DO 7 I=1,INTRUL
& CALL RUNGE(ZsYsFsXsHontsK?
GOTO (10+20)sK
c T0 CALCULATE THE DERIVATIVES FIND MASS FLOWS
c FIRST INTERPOLATEs LINEARLYs THE NECESSARY YALUES
10 CONTINUE
PINTUL=P10LD#X/DTE(P1-PLOLE)
CT11=CT10LI4X/DTR(CTI-CTI0L
CT2=CT20LD+X/DTR(CT2-~CT20LD)
CB11=CB10LD#X/DTR(CR1~CE10LD)
CB22=CR20LDHX/DTR(CE2-CR20LI)
WRITE(Ss15)DTsXsPINTUL Y(1)9Y(2)yY(3)
15 FORMAT(2F15,1004F15.3;
CONTROL THE ERROR
IF(ABS(Y1OLD-Y(1})/Y10LD.5T,.05) GOTO 5
IF(ABS(Y20LD-Y(2))/Y20LD.6T,.10) COTO §
IF(ABS(Y30LD-Y(3))/Y30LD.6T.,1¢) GOTO 5
Y10LD=Y(1)
Y20LD=Y(2)
Y30LD=Y(2)
€ ANOTHER ERRGR CHECK ON CONTINUTY OF P2 REGION
F1SUM=F 1SUN+F (1) £(X~XULD)
F2SUN=F 2SUMHF (2) K (X~XOLD)
FISUM=F3SUMHF (2)R(X=-CLD)
ERROR=Y(1)-P20LD-F15UuM
ERRORC=ERROR/P20LD2100,
2=Y(2)~P30LD-F 25UN
E3=Y(3)-F40LD-FISUM
E2C=E2/P30LD%100,
E3C=€3/P40LD%100,
IFCINTRVWL.GT.2¢0)60TO 23
IF{ABS(ERRORC),6T,1,)6670 S
IF(ABS(E2C) 6T .1,)60TOS
IF(ABS(EIC).GT.1,)G0TD 5
3 CONT INUE
HRITE(Sy 1863 XsFINTVLY V(1) 0¥ {250 ¥{5) 1ERRORC €220 E3C, DOTH13s
1 DOTH3S,DOTH34
ELCHAX=ANAX1(ABS(ERRORC) E1CNAX )
E2CHAX=ANAXL (ABS(E2C) »E2CHAX)
EICHAY=AMAXT (ABS(EIC) rEICHAX)
€16 FORMAT(F12,10+4F1¢,3+3F8, 70 3F2.4)

OO
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CALL 'MDOT(PINTVL,Y(2),DOTH13)
DOTH13=DOTiH138A13

CALL WDOT(Y(2)sPS,DOTHIS)
DOTH3S=DOTH3SSATS
DOTH12=FLON(CT11,PINTVL,Y(1)sRH1)
DOTM23=FLON(CB11,Y(1)9Y(2)RH1)
DOTH34=FLON(CT22,Y(2) 1 Y(3)sRW2)
DOTNAS=FLOM(CB22,Y(3)P5sRU2}
CHK12=[00TH12
IF(CT11.6T..0.AND.CB11.GT.0s

1 .AND.(P1.6T.1,5,0R.Y(1).6T.1,5))60T0 33
GOTD 34

CALL MDOT(PINTVL,Y(1),B0TH12)
DOTH12=,483, 143BORER(CT11510000, )8DOTHL2
CALL MBOT(Y(1),Y(2)sDOTH23)

DOTH23=,6%3, 143BOREX(CB11210000, ) $DOTH23
IF(Y(2).6T,1.5.,AND.CT22,67.0. ,AND.CB22.,6T7.0,)G0T0 34
6070 33

CALL HDOT(Y(2}+Y(3)sDOTH34)

DOTH34=,£83, 143 BOREX(CT22310000, ) XDOTHI4
CALL HDOT(Y(3)sP5,DOTHAS)

DOTK45=, 633, 1 4XROREL(CB22210000, ) $DOTHAS
CONTINUE

F(1)=DP2/0T

F(1)=P0/H024(DOTN12-DOTH23)
F(2)=P0/%03%(DOTN13+DOTH23-DOTH3I4-DOTMIS)
F(3)=P0/H0A%{DOTH34-DOTHAS)
TOPFLY=DOTN12+DOTH13
BLOWBY=DOTN35+DOTM4S

FLOBC=DOTH13+DOTH23
IF(TOPFLW.GT.0.)X1=X1 ¢ TOFFLUR (X-XOLD)
IF(TOPFLULLT.0.)X2=X2-TCPFLER(X-XOLD)

IF {BLOWBY,GT, 0, )X3=X3+BLOWBY#(X~XOLD)
IF(BLOWBY.LT+0,)X4=X4-BLOBRYX(X-XOLD)
IF(FLOWC, 87,04 ) X3=XS+FLOWCK (X-XOLD)
IF(FLONC.LT.0,)X6=X6-FLOWCK(X-XOLD)
X7=X7+DOTH13%(X-XOLD)

XoLp=xX

ERRORC=ERROR/P20L[%100,
¥RITE(Ss30)ERRORsERRORCF (1) 1 FISUN
FORMAT (4F15.5)

GOTO 6

CALCULATE THE BLOWUP & BLOWBY MASSES
CONTIME

CALL MDOT(PINTL,Y(2),D0TNI3)
IF(BLOWBY,LT. 0. X4=X4-BLOWEYXH

CONTINUE

WHEN OUT OF DO LOCP ONE DT IS MARCHEDFASSAIGN F2:F3sFP4
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P2=Y(1)

. P3=Y(2)

P4=Y(3)

ASSAIGN THE OLD VALUES FOR NEXT DT
P10LD IS CHANGED IN MAIN
CTI0LD=CT1

CT20LD=CT2

CB10LD=CB1

CB20LD=CB2

ADD THE NEW MASS FLOW TO THE PREVIOUS ONE
TOPKIN=TOPHIN#X1

TOPHOT=TOPHOT+X2

DUNNOT=DWNMOTX3

DUNRIN=DUNHINE A

CHIN=XSHCHIN

CHOT=X6+CHOT

ONEIN=0NE3H+X7

WRITE(77100) THy DOTM12, DOTN23, DOTH34 DOTHAS, DOTH13, DOTHIS

FORMAT(F7.216F10.:4)
RETURN
END
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70 CALCULATE THE PORTION OF THE TOP LAND CREVICE
WRICH IS EXPOSED TO UNBURNED GAS

SUEROUTINE UNBL(XBsLUsPREF+F1)

REAL LUsLT

CONNON /COM9/CRVHSDELTASLT,B

TOWPI=2,%3,14159245

GAMA=TOWPIX(1,-XB)/(P1/FREF ) 48,714

DO 10 J=1,341

J=361-J

BETA=JJRTOWP1/360,
IF((BETA-SIN(BETA)),LE.GAMA)GOTO 20

CONTINUE

LU=BIBETA/2

RETURN

END
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RUNGE.FTN

- SUBRCUTINE RUNGE(N1sYsFsXsHstfsK)

THIS ROUTINE PERFORMS RUNGE-KUTTA CALCULATION BY GILLS METHGD
THE CODE IS TAKEN FROM VISCOUS FLUID FLOW: FRANK WRITE
DIMENSION Y(3):F(3),0(3)
DOUBLE FRECISION HeX

N=ht1

GOTO (1545:3+7)9M

Do 2 I=1sM1

0(13=0,

A=S

GoTo ¢

A=1,767107

X=%+.5%4

DO & I=1sM1

Y =YCDHAR(F (11 3H-0(1))
D=2, 008HSF (1) +{1. -3, &30 T)
A=,2928932

6070 9

D0 8 I=1.¥1
Y(D)=Y(D)HHRF(1)/8,-Q(1) /3,
¥=0

K=2

G070 10

K=1

RETURN

END
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HDOTNW.FTN

SUBKOUTINE MDOT CALCULATES THE MASS FLOW THROUGH THE ORIFICE
CARE# MDOT RETURNED FROM THIS PROGRAM IS PER UNIT AREA(CMIX2)
SUBROUTINE NDOT(PP1,PP2,DOTH)

REAL NUO

COHMON /COM1/POsROHO»DT

COMMON /COM2/TWsWTHOL
CONNON/CONA/VOL2s VOL3 s VOLA1A135A359 G2 CDsNUD
ROHISO(PP)Y=PP/FOIROHO
CISO(PP)=SGRT(6%8.381000. XTH/WTHOL ) 2100,

NO AREA IN ¥DOT
ETA(PHsPL)=SORT(2,/{6~1,)X((PH/PL)E%(2,/G)-(PH/PLIEX({5+1.)/6)))
DMDOT(P11,P22)=CDSROHIST(AMAXT(P11:P22))

1 3CISOCAMAX1{P11sP22) )RETA(AMINI (P115P22)AHAX1(P11sP22))
DOTH=DNDOT (PP1+PP2)

IF(AMINL(PP1,PP2) /AMAX1(PPL+FP2) ,LE.0,5)

1 DOTH=DOTHR.57/ETACANINL (PP1)PP2) s ANAX1(PF1,PP2))
IF(PP2,67.PP1)DOTH=-DOTH

RETURN

END



