Doctoral Theses at NTNU, 2008:160

—4

Viggo Lauritz Norum

Analysis of Ignition and Combustion
in Otto Lean-Burn Engines with
Prechambers

)
1
1
1
1
1
I
1
1
1

ISBN 978-82-471-9306-8 (printed ver.)
ISBN 978-82-471-9323-5 (electronic ver.)
ISSN 1503-8181

= 2555585
o Z>%ec08238
n > 59 2ooo
L c 5 oc c
8 o< 0.5 <
Z29° 99
Q
- e e e
D < 2
= TS X T O
cc 9O cc
— 8 ® 5T ©¢C
zZ oo o ©
L ow 0>
[ 2 CcCy c =
N C oo 2L o
N °'c Cc O
o Z w0k n c
o o ©
s3] c E
b <
—

[}
o~ mg_
o S o

o0

c

L

——

o

>

=
>

o

©

L

S NTNU S NTNU

Norwegian University of Norwegian University of
Science and Technology Science and Technology

NNIN®



Analysis of Ignition and
Combustion in Otto Lean-Burn
Engines with Prechambers

Thesis for the degree of doktor ingenigr
Trondheim, June 2008

Norwegian University of

Science and Technology

Faculty of Engineering Science and Technology
Department of Marine Technology

® NTNU

Norwegian University of
Science and Technology



NTNU
Norwegian University of Science and Technology

Thesis for the degree of doktor ingenigr

Faculty of Engineering Science and Technology
Department of Marine Technology

©Viggo Lauritz Norum

ISBN ISBN 978-82-471-9306-8 (printed ver.)
ISBN ISBN 978-82-471-9323-5 (electronic ver.)
ISSN 1503-8181

Theses at NTNU, 2008:160

Printed by Tapir Uttrykk



Analysis of Ignition and Combustion in Otto
Lean-Burn Engines with Prechambers

Viggo L. Norum

May 6, 2008



Abstract

Otto-engines in which the combustion chamber has richer fuel/air mix close
to the ignition source and leaner charge further away from the ignition source
are often called “stratified charge engines”. Stratified charge can be used to
increase the combustion speed in an internal combustion engine and thereby
enable the engine to run on a fuel/air mix that would normally burn too
slowly or not burn at all. The use of prechambers is one way to obtain strat-
ified charge.

This thesis presents and uses methods for studying a prechamber more
or less independently from the rest of the engine.

When the prechamber is studied like an engine of itself, then the output
of the “engine” is not mechanical power, but rather one or more hot jets into
the main chamber. “Prechamber efficiencies” can be defined based on how
much of the initial chemical energy is delivered as kinetic or thermal energy
into the main chamber. Models of other important characteristics including
the jet length and duration are also presented and used.



Acknowledgments

Advisor: Thanks to my advisor; Prof. Harald Valland for help and support
during all stages of the study. In particular thanks for not pushing too hard
during times when studying prechambers seemed to be the least interesting
thing to do.

During the time of the study I have worked 10 years with design of auto-
motive transmissions and robotic actuators at the companies “LuK Norge AS”
and “Kongsberg Devotek AS” in addition to getting married, building a house
and getting three kids.

Helpers: Thanks to Dr.Ing. students at the department of marine engineer-
ing, NTNU. Thanks to Dr.Ing. Tor @yvind Ask and Dr.Ing. Vilmar Asgy
for ideas to the constant volume combustion rig with prechamber. Thanks
to Dr.Ing. Hallvard Paulsen for help with reluctant computers and for help
with the optical equipment used with the constant volume combustion rig.
Thanks to Dr.Ing. Rune Nordrik at Ulstein Bergen / Rolls-Royce Marine for
help getting started with the study.

Thanks to “Christian Michelsen Research” in Bergen, for making their
highly advanced camera available.

Thanks to the laboratory staff at Marintek for building the CVC-rig and
for instrumenting and operating the medium speed engine.

Thanks to my wife Elisabeth.

Funding: Thanks to Ulstein Bergen / Rolls-Royce Marine — the only in-
ternal combustion engine manufacturer still producing Diesel and Otto en-
gines in Norway, and to The Norwegian Research Council for providing fi-
nancial funding for this work.

ii



Contents

1 Introduction

1.1
1.2
1.3
1.4

2.1
2.2
2.3

24
2.5
2.6
2.7

2.8

3.1
3.2
3.3
3.4
3.5
3.6
3.7

Background . . . . ..o oo
Objective of this thesis . . . . . . . ... ... ... .. ....
Lean burn at highload . . . . . .. ... ... .. .......
Prechamber and lean combustion . . . .. ... ... .....

Literature study of prechambers

Introduction . . . . . .. ..o
Evolution of prechambers . . . . . ... ... ... ......
Following the process inside the engine . . . . . .. ... ...
2.3.1 Intake stroke . . .. ... ... ... ... ... ...
2.3.2 Compression stroke . . . . . .. ... ... ...,
2.3.3 Ignition in the prechamber . . . . . . .. .. ...
2.3.4 Ignition in main combustion chamber . . . . . . . . ..
2.3.5 Combustion in the main chamber . . . . .. . ... ..
Formation of nitrogen oxides . . . . . . . . ... ... ... ..
Cycle by cycle variations . . . . . . ... ... ... ......
Summary of prechamber experience . . . . . . ... ... ...
Combustion modeling . . . . . ... ... .. oL
2.7.1 Heat transfer . . .. ... ...
2.7.2 Transient jets . . . . . . . . ..o
Summary of literature study . . . . .. ... ..o

Performance of prechambers

Introduction . . . . . ... ..o oo
Desired output of a prechamber . . . . . . .. ... ... ...
Harmful bi-products from a prechamber . . .. .. ... ...
Efficiency of a prechamber . . . . . ... ... ... ... ...
Alternative efficiencies of a prechamber . . . . . . . . ... ..
Notation . . . . . . . .. . Lo
Kinetic prechamber power and energy . . . . . . .. ... ...

il

10
10
12
13
15
15
16
16
17
17
19
19
21



3.8 Thermal power and energy delivered to the jet . . . . . . . ..
3.9 Length and volume of the jet . . . ... ... ... .. ....
3.10 Characteristic prechamber time . . . . . . ... ... ... ..
3.11 Discussion and conclusions . . . . . .. .. ... ... ..

Two zone prechamber model
4.1 Introduction . . . . . . . . . . . ...
4.2 Mathematical models . . . . . . .. ... ... ... ... ..
4.2.1 Model using measured pressure as input . . . .. ...
4.2.2 Model with assumed function for heat release . . . . .
4.3 Gasproperties. . . . . . . . ...
44 Initial values. . . . . . . . . . .o
4.5 Nozzle . . . . . . . e
4.6 Results from two zone model . . . . . . ... ... ... L.
4.7 Validation of computer program . . . . . . ... ... ... ..
4.8 Summary of numerical two-zone models . . . . . . . . ... ..

Analysis of a running engine

5.1 Introduction . . . .. . . ... ... ... ...
5.2 Laboratory setup . . . . ... ... ... L.
53 Results. . . . . . . . .
5.4 Cycle by cycle variations . . . . .. ... ... ... ......
5.5 Other observations . . . ... ... ... .. ..........
5.6 Using the two zone model . . . . . ... ... ... ......
5.7 Summary from experiments with medium speed engine . . . .
5.8 Recommendation for further work . . . . . ... ... ... ..

Experiments with a CVC-rig

6.1 Introduction . . . .. ... .. ... ... ... ...
6.2 Laboratorysetup . . . . .. ... ... ...
6.3 Experiment 1 . . .. ... ... .. ... ... .. ... ...,
6.4 Experiment 2: Increased flow velocity . . . . . . .. .. .. ..
6.5 Experiment 3: Lower ignition source . . . . ... ... .. ..
6.6 Summary from experiments with combustion rig . . . . . . ..

Summary and conclusions

7.1 Objective #1: Prechamber performance . ... ... ... ..

7.2  Objective #2: Validity of performance variables . . . . . . ..
7.2.1 Correlation to engine performance . . . . . . .. .. ..
7.2.2 Availability . .. ..o oo
7.2.3 Completeness . . . . ... ... ... ... ... ...

v

30
30
31
33
34
36
36
37
37
44
46

48
48
48
a0
20
o6
o7
61
62

63
63
66
69
30
82
84



7.3 Objective #3: Prechamber geometry . . . . . . .. ... ... 88

7.4 Summary from experiments with combustion rig . . . . . . .. 89
7.5 Recommendation for further work . . . . . ... .. ... ... 90
Two zone simulation program 91
A1l Main program . . . . . . ...l o e 91
A.2 Two zone subprogram with ROHR shape as input . . . . . .. 92
A.3 Two zone subprogram with pressure as input . . . . . .. . .. 96
A.4 Utility subprograms . . . . . . . .. ... 99
A5 Gasproperties . . . . . . ..o 101
Input files to two zone program 108
B.1 Reference simulation . . . . . ... ... ... ... ... 108
Data from engine experiment 109
New experimental equipment 118
D.1 Prechambers without windows . . . . . . . ... .. ... ... 123
D.2 Hydraulic mechanism . . . . . ... ... .. ... ..., . 129
D.3 Prechambers with windows . . . . . ... ... ... ... ... 132
Data from CVC-rig experiment 138
E.1 Ignition duration and nozzle opening . . . . . . .. ... ... 138
E.2 Combustion in a closed prechamber . . . . . . . .. ... ... 140
E.3 Prechamber jet into atmosphere . . . . . . . .. .. ... 143
E.4 Experiment 2, more turbulence . . . ... ... ... ... .. 146
E.5 Experiment 3, lower ignition point . . . . . . .. .. ... ... 149
E.6 Experiment 4, less turbulence, lower ignition point . . . . . . . 155
E.7 Experiment 5, short nozzle . . . . . . . ... ... 160

E.7.1 Experiment 6, filling also the main chamber . . . . . . 166
E.8 Experiment attempting to make “engine like” conditions. . . . 171
E.9 Discussion/summary of the results . . . . ... .. ... ... 174

E.9.1 Validation of numerical models . . . .. ... ... .. 174

E.9.2 Experiments with turbulence. . . . . . ... ... ... 174

E.9.3 Location of ignition source . . . . . . . ... ... ... 175

E.9.4 Experiments with increased oxygen pressure. . . . . . . 175
Schlieren methods 176
F.1 Introduction . . . . . . . ... ... ... ... ... .. ... . 176
F.2 Fundamental optics . . . . . . ... ... .. ... ....... 177
F.3 Examplesetup . . ... ... ... ... .. .......... 177



List of Figures

1.1
1.2

1.3

2.1
2.2
2.3
24
2.5

2.6

2.7

2.8

3.1

4.1
4.2
4.3
4.4

4.5

Cut away photo of engine and schematic prechamber . . . . .

The process inside an Otto lean burn engine with prechamber.
One can see that the flow through the nozzle shifts direction
several times during a four stroke cycle. . . . . . ... ... ..

Calculated temperature and flow velocity . . . . . . . . .. ..

Types of prechambers. . . . . . .. .. ... ... ... ....
Old and new cylinder head with prechamber . . . . . . . . ..
The intake stroke of the Otto engine with prechamber . . . . .
Schematic swirl and tumble motions during intake stroke. . . .

Schematic induced tumble in a symmetric prechamber during
compression stroke. . . . . ... ... L.

Poster published on Internet by Heyne Stefan at “Industrial
Energy Systems Laboratory (LENI)” under the title “Precham-
ber Auto-Ignition in Stationary Gas Engines” . .. ... . ..

The the charge in the prechamber burns and sends first jets of
uncombusted charge, then warm / burning jets into the main
chamber. . . . . ..o Lo

Dent jet mixing model . . . . . .. ..o
Events in prechamber process. . . . . . . ... ... L.

The three stages of the two zone prechamber model . . . . . .
Rate of heat release as a function of combusted volume . . . .
Two zone reference simulation . . . . . ... ... ... ...
Increasing Vs to 1.0. This means that the flame reaches the
nozzle at the same time as the end of the combustion in the
prechamber. . . . . . ... oo
Results from the two zone model when V;; = 0.0. This means
that the flame reaches the nozzle at the time of ignition, this
would be the case if the charge is ignited close to the nozzle.

vi

41



4.6

4.7

4.8

5.1

2.2

2.3

5.4

3.5

2.6

5.7

2.8

2.9

5.10

5.11

Results from the two zone model when the nozzle area is dou-
bled, A, =96mm?. . . ... ... ... ... .. ........
Results from the two zone model when the nozzle area is
halved, A, =24 mm?. . ... ... ... ... ... ......
Results from two simulations, the one marked “new” uses pres-
sure calculated by the other “old” as input. There is a small
difference exactly where the nozzle flow switches from uncom-
busted to combusted. . . . . ... .. oL

Cut-away picture of “Bergen type K” medium speed engine. . .
Measured pressure in both chambers during parts of a single
representative engine cycle at high engine load. . . . ... ..
Figure from Snyder and Dexter [1990], showing “Pressure di-
agrams from the single cylinder engine for A = 1.65 & timing
13° BTDC”. This may be compared to figure 5.2 . . . . . . ..
Comparing a fast and a slow combustion. Of the 20 recorded
cycles, the two highlighted corresponds to cycle #3 (fast) and

Plotting max main cylinder pressure in bar versus position of
the prechamber peak in degrees for 20 consecutive cycles. . . .
Correlation between pressure ratio between the two chambers
during combustion in prechamber and maximum pressure in
main chamber for 20 consecutive combustions. . . . . . . . ..
Figure from Snyder and Dexter [1990], showing “Correlation
for pre-chamber spike height & main-chamber pressure for 300
cycles”. This may be compared to figure 5.6 . . . .. .. ...
Correlation between peak pressure ratio (prechamber/main
chamber) and crank angle between max pressure in precham-
ber and max pressure in main chamber. The stars indicate 20
consecutive combustion cycles. . . . . . . ... oL
Comparing two cycles with similar paths in prechamber, but
with different path in main chamber. Of the 20 recorded cy-
cles, the two highlighted corresponds to cycle #7 (low) and

Using measured pressures and a simple numerical prechamber
model to estimate rate of heat release and jet length. The
ignition is at time=0.3 ms. 1 ms = 6 deg of crank angle.
Output from two zone model when the nozzle discharge coef-
ficient is increased to 0.75. . . . . . ... ..o

vii

92

23



6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15
6.16
6.17
6.18
6.19
6.20
6.21
6.22
6.23
6.24
6.25

D.1
D.2
D.3

E.1
E.2

E.3
E.4
E.5
E.6
E.7

Large picture of a burning jet . . . . . . ... ... ... ... 64

Flame front in prechamber . . . . . . . .. ... ... 65
Schematic laboratory setup . . . . ... ... ... ... ... 66
Cutaway drawing of prechamber assembly . . . .. .. .. .. 67
The control program of the combustion rig. . . . . . . ... .. 68
CVC experiment 1, operating sequence . . . . . .. ... ... 70
CVC experiment 1, calculation results . . . . ... ... ... 71
CVC experiment 1, 0.5 ms after ignition trigger . . . . . . .. 72
CVC experiment 1, 1.0 ms after ignition trigger . . . . .. .. 72
CVC experiment 1, 1.5 ms after ignition trigger . . . . . . .. 73
CVC experiment 1, 2.0 ms after ignition trigger . . . . . . .. 73
CVC experiment 1, 2.0 ms after ignition trigger again . . . . . 74
CVC experiment 1, 2.5 ms after ignition trigger . . . . . . .. 74
CVC experiment 1, 3.0 ms after ignition trigger . . . . .. .. 75
CVC experiment 1, 3.5 ms after ignition trigger . . . . .. .. 75
CVC experiment 1, 4.0 ms after ignition trigger . . . . .. .. 76
CVC experiment 1, 4.5 ms after ignition trigger . . . . .. .. 76
CVC experiment 1, 5.0 ms after ignition trigger . . . . .. .. 7
CVC experiment 1, 5.5 ms after ignition trigger . . . . .. .. 7
CVC experiment 1, 6.0 ms after ignition trigger . . . . .. .. 78
CVC experiment 1, 6.5 ms after ignition trigger . . . . .. .. 78
CVC experiment 1, measured pressure from 15 combustions . 79
CVC experiment 2; operating sequence . . . . . .. ... ... 80
CVC experiment 2; pressure from several combustions . . . . . 81
CVC experiment 3; pressure from several combustions . . . . . 82
Schematic laboratory setup . . . . . . ... .. ... 119
Cutaway drawing of prechamber assembly . . . .. .. .. .. 120
Schematic Schlieren setup with lenses. . . . . . ... ... .. 121
CVC experiment; ignition and nozzle dynamics . . . . . . . . 139
CVC experiment: Pressure measurements from ignition at up-

per and lower ignition point. . . . . .. ... Lo 140
Schlieren pictures of prechamber jets. . . . . . . .. ... ... 143
CVC experiment; jet into atmosphere ¥6x10 mm nozzle . . . 144
CVC experiment; jet into atmosphere ¥6x4 mm nozzle . . . . 144
CVC experiment; jet into atmosphere ¥4x4 mm nozzle . . . . 145

Operating sequence giving high (but unknown) turbulence in
the prechamber, the filling of the prechamber ends 10 ms be-
fore ignition. . . . . . .. Lo Lo 149



E.8 Prechamber pressures from several combustions collected into
onegraph. . . . . ... L Lo 154
E.9 Operating sequence . . . . . . .. ... .. ... ........ 155
E.10 Prechamber pressures from several combustions collected into
onegraph. . . . . . ... L o 159
E.11 Operating sequence . . . . . . . . . .. ... ... 160
E.12 Prechamber pressures from several combustions collected into
onegraph. . . . . . ... Lo 165
E.13 Pressure increase in prechamber and main chamber during an
attempt to create engine-like conditions. . . . . . . .. .. .. 171
E.14 Pictures from an attempt to create engine-like conditions. . . . 172
F.1 Schematic Schlieren setup with lenses. . . . . . .. ... ... 176
F.2 Examples of apertures to be placed in the focal point of a
Schlieren setup. . . . . . . . .. . ... .. 177
F.3 Schematic Schlieren setup with lenses. . . . . . ... .. ... 178

1X



List of Tables

4.1

4.2

5.1

E.1
E.2

Some of the input values used for the reference simulation, a
complete listing of the input can be found in appendix B.1. . .
Summary of perturbations and results. The input to the ref-
erence simulation is given in table 4.1. Making the shape
of the prechamber so that the flame reaches the nozzle late
(V¢ = 1.0), has the negative effect of decreasing the thermal
and kinetic efficiencies of the prechamber. Making the shape
of the prechamber so that the flame reaches the nozzle early
(V¢ = 0.0), has the negative effect of increasing the duration
of the discharge from the prechamber and reducing the length
of the jets at a given time, here 5 ms after ignition. . . . . . .

Engine data for “KR-3”. The values are valid only for this
particular research engine and during this experiment. . . . . .

38

Description of operating sequences to be used in the experiments.141

Gases used in the CVC-rig experiments. All the gases and
pipelines are at room temperature (293 K). . . . . . . . .. ..



Nomenclature

m Mass flow |kg/s]

Cy Specific heat capacity at constant volume [J/(kg K)|
E,i Thermal energy delivered to the prechamber jet

E,;  Kinetic energy [J] delivered to the prechamber jet

h Specific enthalpy |J/kg]

he Specific enthalpy of combustion [J/kg|

hjee  Stagnation enthalpy of gas leaving the nozzle, relative to the gas in
the main chamber

HR  Accumulated net heat release [J]

L.t  Length [m] of hot jet

m Mass [kg]

Mo, Mass flow through the prechamber nozzle [kg/s|

P Pressure [Pal

P, Kinetic power [W] delivered to the prechamber jet
P,,  Thermal power delivered to the prechamber jet
ROHR, Characteristic net rate of heat release [W]|

T Temperature [K]

xi



,U’IZOZ

Time

Time when the prechamber pressure becomes larger than the pressure
in the main chamber.

Specific internal energy [J/kg]

Velocity [m/s| of flow at exit of nozzle

BMEP Brake mean effective pressure

CFD Computational Fluid Dynamics

LHV Lower heating value of a fuel or a fuel/air mix [J/kg]

MCR Maximum continuous rating

«

Nk

Shape parameter for heat release

Prechamber kinetic efficiency [-]

Prechamber thermal efficiency |[-|

Air/fuel mass ratio relative to stoichiometric air/fuel ratio
Zones in the the two zone model

Combusted

Jet

Main combustion chamber

Prechamber

Uncombusted (not yet combusted)

xii



Chapter 1

Introduction

1.1 Background

Internal combustion engines continue to be the best alternative for a num-
ber of power generation applications. This thesis “Analysis of ignition and
combustion in Otto lean burn engines with prechambers” is a contribution to
the development of more efficient and more environmental friendly internal
combustion engines.

This study focuses on the performance of prechambers used in internal
combustion engines burning a very lean charge (much air and little fuel).
The process inside the prechamber is very essential to understand in order
to be able to design a good internal combustion engine of this type.

Very lean premixed charge gives lower peak combustion temperature and
less NOy. The use of prechambers is one way to achieve stable and fast
combustion of very lean charge.

1.2 Objective of this thesis

Objective #1: To define variables that describes the performance of precham-
bers — so that it will be easier to study the prechamber independently from
the rest of the internal combustion engine. Such performance variables should
quantify:

e The desired output of the prechamber.
e Efficiency, that is ratio of desired output per invested input.

e Harmful bi-products of the process of converting the invested input
to the desired output.



Prechamber Prechamber
gas injector

Main gas
injector

Inlet Valve

1 Prechamber
nozzle

Main
chamber

Piston

~——+——Rod
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Crank

Figure 1.1: Cut away photo of a medium speed engine to the left. Schematic
internal parts of an Otto lean burn engine with prechamber to the right. The
prechamber is drawn larger than in real engines for illustration purposes. The
cylinder diameter of the engine in the picture is 280 mm.

Objective #2: Use experiments with engine and combustion rig to
investigate the the validity of the defined performance variables.

Objective #3: To explore how the performance of prechambers is in-
fluenced by the geometry. For example: What happens to the performance
of the prechamber if the ignition source is moved closer to the nozzle than
what is indicated in figure 1.1.

1.3 Lean burn at high load

Using very lean charge and getting much power out of the engine may seem
like a contradiction, but it is possible when using turbo charging.

The main components of air is nitrogen and oxygen — two gases which
are harmless and vital when they occur in the form of a mix of gaseous Ny
and O, in air. Combustion at very high temperatures, as is normally the



case in internal combustion engines, cause reactions between nitrogen and
oxygen, resulting in nitrogen oxides NOy. Nitrogen oxides are toxic and
cause environmental damages.

One way to reduce the production of NOy is to lower maximum com-
bustion temperature. Lowering the maximum temperature can be done by
reducing the fraction of fuel in the charge, and by burning a well mixed
charge. Otto engines burn pre-mixed charge, while in Diesel engines the fuel
and air is mixed during the combustion. The phrase “Otto lean burn engine
with prechamber”, as used in the title of this thesis, refers to piston engines
burning a charge consisting of air and a very small fraction of fuel — relative
air/fuel ratio A of approx. 2 or higher. Leaner charge gives lower combustion
temperature.

The primary reason for using lean combustion in stead of stoichiometric
at high engine load is to:

e Reduce the maximum temperature of combustion and thus reduce the
emissions of nitrogen oxides and other harmful products.

Lean combustion also implies some advantages besides lower NO, emissions:

e Less problems with knocking combustion, the potential of turbo charg-
ing thereby increases. Lowering the fuel fraction in the charge while
maintaining the same charge pressures would lower the output power
of the engine. Increasing the charge pressure compensates for the lower
fuel fraction.

e The engine power can be regulated more with fuel supply in stead of
throttling. The scavenging loss at part load can thereby be reduced.
This is currently the main reason for using lean combustion in auto-
motive engines.

e Less thermal load on critical engine components.
There are also some fundamental problems associated with lean combustion:

e It is difficult to ignite a lean mixture. A lean mixture requires more
ignition energy than a stoichiometric mixture.

e The flame speed is lower in lean charges than in stoichiometric charges.
This implies a risk for insufficient combustion time and uncompleted
combustion. This increases emissions of hydrocarbon and carbon monox-

ide.



e Exploitation of the increased turbo charging potential must be done
with care. If the charge pressure should drop (e.g. due to change in
engine load, compressor surge or other reasons), then the fuel delivery
must be reduced simultaneously, in some cases very quickly, in order
to avoid knocking combustion.

1.4 Prechamber and lean combustion

Very lean charge is so hard to ignite and burns so slowly that one need a more
powerful ignition source than a conventional spark plug. A prechamber in
an Otto engine works like an amplifier for the spark plug and cause ignition
to occur almost simultaneously over a larger volume in the main combustion
chamber. See figure 1.1 for an introduction to the internal parts of an Otto
lean burn engine with prechamber.

The work process of an Otto engine with prechamber is shown in fig-
ure 1.2. The prechamber is filled with a very rich charge (often pure fuel if
the fuel is in gas phase) during the intake stroke, see figure 1.2(1). The gas
in the prechamber is diluted into an easily ignitable mix when lean charge
from the main chamber is pressed into the prechamber during the compres-
sion stroke, see figure 1.2(3). The combustion in the prechamber rises the
temperature and pressure inside the prechamber. The higher pressure causes
jets of warm/burning gas to flow into the main chamber and ignite the lean
main charge, see figure 1.2(4). Figure 1.3 also shows this, but with a simpler
geometry of the combustion chambers.

The flow through the prechamber nozzles changes direction during com-
bustion in the main chamber as shown in figure 1.2(5), and it changes direc-
tion again during the expansion stroke as shown in figure 1.2(6).

Lean charges burn slowly and there is only a limited time available to
complete the combustion before the piston goes too far down or the remaining
fuel /air mixture auto-ignites with a bang (as in knocking combustion).

Otto engines with prechambers are sometimes called “fast burn engines”
due to the dramatic effect prechambers have on the combustion speed.
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Figure 1.2: The process inside an Otto lean burn engine with prechamber.

One can see that the flow through the nozzle shifts direction several times

during a four stroke cycle.
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Figure 1.3: Temperature and velocity of flow in an axis-symmetrical com-
bustion chamber with prechamber (upper square), a single nozzle and main
chamber (lower square). The temperature is shown as colors in the left parts
of the chambers and nozzle, while the flow is shown as streamlines in the
right parts. The length and color of the streamlines vary with the velocity.
In the first stages of the combustion there is only combustion within the
prechamber (left illustration). Later, the combustion reaches the nozzle, and
the jet temperature increases (right figure). The figures are made on basis of
preliminary CFD results and should only be used as illustrations, not as ex-
act facts. In particular the temperature range is wrong as real gas properties
are not used.



Chapter 2

Literature study of prechambers

2.1 Introduction

This chapter will start with a short historical summary of prechambers in
order to get familiar the terminology and learn how prechambers are used.

After the historical summary follows section 2.3 with a description of the
work cycle in a 4-stroke prechamber engine from air intake through combus-
tion to exhaust stroke with references to literature with more details about
observed phenomena in the work cycle.

Finally follows introduction to mathematical modeling techniques known
from literature, in particular some that are to be used later in this thesis.

2.2 Evolution of prechambers

One of the main challenges when making internal combustion engines is to get
a quick and controlled combustion. Prechambers have been used as a means
to increase the combustion rate. Three main types of prechambers have been
used throughout the history [Heywood, 1988, p447]. The prechamber types
are presented in figure 2.1.

The earliest stratified charge engines with prechamber found in literature
is an engine made by Harry R. Ricardo, see figure 2.2, the engine is described
in patents and in a SAE paper |Ricardo, 1922].
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Figure 2.2: To the left: Ricardo’s cylinder head of a stratified charge engine,
drawing from U.S. patent 1,271,942 filed February 1916. To the right: Re-
cent, centrally placed prechamber with “pepper pot” nozzle, this prechamber
is drawn larger than actual size (it should be smaller compared to the piston
size).

Ricardo’s engine has several striking similarities with current engines, see
figure 2.2:

e Centrally placed prechamber with spark plug.

e The auxiliary intake valve is a plain one-way valve operated by the
pressure difference between the auxiliary intake manifold and the com-
bustion chambers.

Some of the main differences between Richardo’s engine and a modern engine
used for electric power generation are:

e Modern prechamber engines are normally turbocharged. Turbocharg-
ing compensates for the low heating value of the lean charge.

e One important discovery was reported by Gussak et al. [1963]: Sharp
edges of the nozzle make extra turbulence and faster combustion. Mod-
ern prechambers seem to have sharp edged nozzles while Ricardo’s used
an aerodynamically shaped nozzle. Using several smaller nozzles in
stead of one larger nozzle enhances this effect. This type of nozzles are
also called “pepper pot nozzle” for obvious reasons.

e New prechambers are generally smaller.



e The use of gaseous fuel in prechamber engines solves a couple of Ri-
cardo’s problems:

1. There will be no problem evaporating the fuel in the rich mixture
in the prechamber. No auxiliary carburetor is needed — pure fuel
can be supplied through the auxiliary valve.

2. As the gaseous fuel supply has higher pressure than the charge
air pressure there is no need for retained intake valve opening to
develop the required pneumatic forces to open the auxiliary intake
valve.

The recent development of prechambers targets to optimize towards smaller
prechambers. It is desirable to make prechambers as small as possible due
to the negative impact prechambers have on the efficiency of the engine
(increased heat loss) and formation of pollutants due to high combustion
temperature inside the prechamber. Simultaneously the development of the
main combustion charge goes towards leaner mixtures for the reasons of re-
ducing pollution. As the prechambers are becoming smaller, the energy in
the prechamber jets are reduced, but at the same time the charge is becoming
leaner and more energy is needed to ignite it.

2.3 Following the process inside the engine

2.3.1 Intake stroke

At the beginning of the intake stroke, both the prechamber and the main
chamber contain a mix of exhaust and charge. If the ratio of nozzle area / pre-
chamber volume is small, then the prechamber can be assumed to contain
only exhaust. During the intake stroke the prechamber is filled with a rich
charge and the main chamber is filled with a lean charge. This filling sets up
a flow field inside in both chambers. The shapes and magnitude of the flow
field depends on the internal geometry of the engine and the engine speed.
The properties and state of the charge and the exhaust back pressure also
influences the flow field.

The large scale motions named “swirl” and “tumble”, that is circulating
flows about a vertical and a horizontal axis respectively (assuming vertical
cylinder), see figure 2.4. Swirl and tumble is normally assumed to prevail
throughout the compression and affect the combustion.

Some lean burn engines use a main gas valve which is open during only a
fraction of the intake stroke, the charge in the main chamber of those engines
will have large spatial variations in air fuel ratio. In large scale analyzes (i.e.
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Figure 2.3: The intake stroke of the Otto engine with prechamber

Figure 2.4: Schematic swirl and tumble motions during intake stroke.
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one and two zone models) it is often assumed that these inhomogeneities dis-
appear during the compression. Some engine types which can grouped under
the name “stratified charge engines”, exploit the variations in air fuel ratio
to large degree, the same is valid for prechamber engines. The assumption
of homogeneous charge is thus inadequate both for stratified charge engines
and engines with prechamber. On the other hand, some models assume ho-
mogeneous charge in the prechamber, and a different but also homogeneous
charge in the main chamber [Hires et al., 1976].

When using turbo or compressor charging, the main charge is normally
cooled before entry into the combustion chamber in order to avoid knocking
combustion. The rich prechamber charge on the other hand is in some cases
heated before entry in order to give faster combustion in the prechamber, this
can be done because knocking combustion in the prechamber is less likely to
occur as the combustion pressure and temperature is reduced as gas flow
out the nozzle. The temperature in the prechamber is also reduced by heat
conduction to the prechamber walls, this cooling effect is large due to the
small size of prechambers. Some prechamber designs have a prechamber liner
insulated from the body of the cylinder head in order to reduce the cooling
of the prechamber charge.

2.3.2 Compression stroke

The compression cause flow from the main chamber into the prechamber.
Experience and common sense have shown that the lean charge flowing into
the prechamber during the compression should be directed away from the
spark plug in order to provide an ignitable mix in the vicinity of the spark.

Another method providing fast combustion in the prechamber is to di-
rect the nozzle(s) so that a that a high degree of swirl and / or tumble is
introduced in the prechamber.

Wolff et al. [1997] use an experimental setup with a constant volume
combustion rig with a transparent quartz prechamber to study the flow and
mixing inside the prechamber.

Dexter and Ennemoser [1995] use CFD to calculate the flow in the pre-
chamber during the compression. Nordrik et al. [1989] (unpublished?) also
describes and presents a CFD program to calculate the flow and mixing in
prechambers.

Experience has shown that the mixing process inside the prechamber
during the compression stroke has large influence on the performance when
running on very lean charge. Dexter and Ennemoser [1995]| shows that tum-
ble flows in the main chamber induce a flow pattern inside the prechamber
and how this flow pattern govern the blending process inside a symmetric

12



Figure 2.5: Schematic induced tumble in a symmetric prechamber during
compression stroke.

centrally placed prechamber with a “pepper pot” type nozzle (a very com-
monly used type of prechamber), see figure 2.5. It is also shown that a change
in the inlet angle of the fuel into the prechamber may more or less revert the
tumble flow.

2.3.3 Ignition in the prechamber

The spark ignition follows the same thermodynamic laws in prechambers as in
most SI engines, but the the mixture inside the prechamber often has larger
spatial variations in Air/Fuel ratio than is normally found in SI engines.
Models for the ignition process are described in (for example) Griffiths and
Barnard [1995], Glassman [1996] and Nordrik [1993].

The spark causes a small flame kernel with high temperature. The initial
flame growth is governed by heat release by combustion and heat transfer
from the combustion products to both a “preheat zone” in the fuel /air mixture
and to the electrodes of the spark plug.

A minimum ignition energy F,,;, is needed in order to initiated the com-
bustion. FE,,;, can be estimated as:

Epin = wdgsi(T,, ~T,). (2.1)

Where d, is the quenching distance, « is the heat transfer coefficient, S, is

13
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Figure 2.6: Poster published on Internet by Heyne Stefan at “Industrial En-
ergy Systems Laboratory (LENI)” under the title “Prechamber Auto-Ignition
in Stationary Gas Engines”

the laminar burn speed, 7} is the temperature of the combustion products
and Ty, is the temperature of the fuel/air mixture.

Recent research on NOy-reduction in automotive engines [Lavy et al.,
2000] and others have published that controlled auto ignition (CAI) or Ho-
mogeneous Charge Compression-Ignition (HCCI) can give a reduction of NO,
by a factor between 10 and 100. Auto-ignition inside the prechamber of sta-
tionary gas engines is also being developed, see for example figure 2.6 or
Wunsch et al. [2007]. The temperature of the walls in the prechamber (and
maybe also the nozzle and the residual exhaust gas inside the prechamber?)
elevates the temperature inside the prechamber so that auto ignition occurs
inside the prechamber and not at the exhaust valve or at the main chamber’s
side of the prechamber nozzle. Maybe this could be combined with heat ca-
pacitive prechamber lining similar to what was present in some of Richardo’s
first prechambers.
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Prechamber Cold jet Prechamber Hot jet

Figure 2.7: The the charge in the prechamber burns and sends first jets of
uncombusted charge, then warm / burning jets into the main chamber.

2.3.4 Ignition in main combustion chamber

As the combustion in the prechamber transforms chemically stored energy
into thermal energy, the pressure in the prechamber will increase.

Let t,> define the time at which the pressure in the prechamber becomes
higher than the pressure in the main chamber. At this time (or after a
negligible delay), the flow through the nozzle shifts direction and the desired
jet into the main chamber is thereby started.

At a certain time, ¢, the flame front will reach the nozzle. From ¢, until
tsn, the jet will consist of “cold” charge, after ¢4, one may assume that the
jet consist of warm combustion products. See figure: 2.7.

Little relevant literature is found within the subject of “ignition by a hot
reacting jet in internal combustion engines”, but more peripheral articles can
be found, for example: Phillips [1972] is about ignition of a premixed charge
by a transient turbulent jet of hot inert gas, it describes experiments is at
atmospheric conditions and considers safety and “safe gaps” to avoid ignition.
In despite of it’s intended application, both the time scale and size are not far
off those in an engine, and also the presented Schlieren pictures in [Phillips,
1972] show a high degree of similarity with pictures presented in chapter 6
of this thesis.

2.3.5 Combustion in the main chamber

There are two pressure peaks in the prechamber for each combustion cycle.
Two pressure peaks may also cause two peaks of high temperature in the
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prechamber. The first peak is during combustion in the prechamber, the
other peak is during combustion in the main chamber. As the charge in the
main chamber burns, the pressure in the main chamber increases and cause
flow into the prechamber though the nozzles.

2.4 Formation of nitrogen oxides

The main reason for using a very lean charge in the combustion is to reduce
the NO,. Chemical formulas and reaction rates from literature shows that
the formation of NO, deepens on temperature level and duration at high
temperature.

Very lean premixed charge gives lower peak combustion temperature and
less NO,. The use of prechambers is one way to achieve stable and fast
combustion of very lean charge, but the combustion in the prechamber is
done at high temperatures and is (at least for some engines) found to be the
main source of NOy in lean burn engines with prechamber. Both Hires et al.
[1976] and Chrisman and Freen [1994] report that the majority of NO, is
formed in the prechamber (not in the main combustion chamber) when the
relative air/fuel ratio A in the main chamber is high.

The NOy-reactions become slower as the temperature sinks during the
expansion stroke. Hires et al. [1976] use 1800 K as the temperature for full
freeze of NOy-reactions.

It is common practice, and in some cases also required according to inter-
national regulations, to calculate the mass of NO, as if every NOy-molecule
is NO,.

2.5 Cycle by cycle variations

Spark ignition engines (and also auto-ignited engines) are known for having
cycle by cycle variations to the cylinder pressure [Heywood, 1988|. Heywood
gives three reasons for cycle by cycle variations, quote:

1. The variations in gas motion in the cylinder during combustion, cycle-
by-cycle

2. The variations in the amounts of fuel, air, and recycled exhaust gas
supplied to a given cylinder each cycle

3. Variations in mixture composition within the cylinder each cycle —
especially near the spark plug — due to variations in mixing between
air, fuel, recycled exhaust gas, and residual gas
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Cycle by cycle variations are very undesired. The cycle by cycle variations are
expected to increase with a) leaner charge, b) more inhomogeneous charge,
c) less spark energy and d) lower temperature.

Cycle by cycle variations can be observed in experimental studies with a
lean burn engine with prechamber in section 5.4 and with a constant volume
combustion rig in section 6.3 of this thesis.

2.6 Summary of prechamber experience

We have now had a look at historical prechambers and followed the pro-
cess inside the engine from the intake stroke to the combustion in the main
combustion chamber. Along the way we have learned that:

e Very fast combustion of the prechamber charge is essential. The meth-
ods to achieve this include:

— The charge in the prechamber should be warm, either as a result
of the nozzle being hot and heating the lean charge flowing into
the prechamber, and / or as a result of preheating the rich charge,
and / or as a result using isolating liner inside the prechamber.

— The mixture in the vicinity of the spark is essential. Direct the
lean flow into the prechamber during the compression away from
the spark plug.

— The turbulence inside the prechamber is important, the more tur-
bulence the faster combustion. The flow into the prechamber dur-
ing the scavenging and compression strokes should be used to in-
crease the turbulence. Sharp edges on the nozzles makes more
turbulence in the prechamber.

e The jets should reach far into the main combustion chamber so that
the flames have a shorter way to propagate to complete the combustion
of the lean charge.

2.7 Combustion modeling

It is possible to model the combustion process in a prechamber (and also in
the main chamber) based on equations of

e conservation of mass

e conservation of energy
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e conservation of volume
e reaction rate
e gas properties

The combustions chambers can be divided into zones (or control volumes),
where a zone represents a fraction of the volume of a combustion chamber.
The gas states are assumed to be uniform within a zone. The simplest
(and often most inaccurate) is to use a single zone for the whole combustion
chamber. Chrisman and Freen [1994] reports on the use of coupled “single
zone” model, one zone for the prechamber, one for the main chamber, one
for the intake port and one for the exhaust port, each zone is connected to
the next through a nozzle.

A slightly more advanced alternative to “single zone models” are “two zone
models”. In “two zone models” the combustion chamber is divided into two
zones, one containing uncombusted charge and the other containing combus-
tion products. Two coupled equation sets of the same form as in the single
zone model is used as governing equations in the two zone model. Hires et al.
[1976] use two coupled two zone model for simulation of Otto engines with
prechamber. Valland [1984] use a two zone model. Experiments with two
zone models are also presented in this thesis.

The main advantages of “two zone models” over “single zone models” are:

e The temperature in the combusted zone is predicted more accurately,
therefore one can expect the formation of NO, to be more accurate
also.

e When the flame reaches the nozzle, then the density of the flow through
the nozzle changes. A single zone model can not predict the change
in density and therefore the calculated flow through the nozzle will be
less accurate when using a single zone model.

e The temperature of the jet out of the prechamber is predicted more ac-
curately, therefore one can expect that the ignition in the main chamber
can be predicted more accurately.

In computational fluid dynamics or “CFD” there are a high number of
zones. Equations of momentum and turbulence are used to connect the
zones. Results from “CFD” will not be presented in this thesis.
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2.7.1 Heat transfer

Heat transfer to/from the charge occurs during all stages of the process. The
heat transfer is not only important for the thermal load on the parts (with
respect to over heating or cracking), but also with respect the the combustion
process inside the prechamber.

It was mentioned is section 2.3.1 that some prechambers have a liner insu-
lated from the body of the cylinder head in order to reduce the cooling of the
prechamber charge before ignition. Such liner or inserts into the precham-
ber could also be used to cool the charge during and after combustion and
thereby reduce the generation of NOy in the prechamber. This is mentioned
here just as an idea for future investigation — it will not be explored in this
report.

Several models for the heat transfer exists. Most models use an average
flow velocity as input to a formula for estimation of heat transfer coefficient
between the charge and the walls in the combustion chamber. In this thesis
will be explored an alternative method using measurement of pressure and
the characteristics of the nozzle between the chambers to calculate the net
heat release in the prechamber. The method of using the nozzle does only
give good result when there is high flow velocity through the nozzle.

2.7.2 'Transient jets

Hot transient jets are the the desired output of a prechamber. Analysis of
the jets are slightly outside the scope of this thesis — the thesis is mainly
about the process inside the prechamber, but a jet model helps to visualize
the output of calculation models. Understanding of governing processes of
transient jets is of course essential for the understanding of ignition and
combustion in engines with prechambers.

Three groups of transient jet models are described in literature. They
can be grouped after the number of spatial dimensions in which the states
are stored.

1. Zero dimensional models where all results are functions of time, initial
state, geometry of nozzle and other known parameters.

2. One dimensional models, with spatial discretization along the center
axis of the jet.

3. Multi dimensional models. These are two and three dimensional simu-
lations using computational fluid dynamics.
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Figure 2.8: Dent jet mixing model

The different models should of course give the same results, but higher accu-
racy and more information can be expected from the more complex models.

The advantage of zero dimensional models is that they are easier to use
than the others — no spatial integration, and often also the integration in
time can be done algebraically once and for all, resulting simple formulas for
the jet’s spread angle and length as a function of time.

Zero dimensional models have traditionally been used in description of
spray, especially diesel injection in internal combustion engines. Although
developed for spray, these models are often applicable for gas jets also. Some
spray models define a breakup length for the liquid core. The liquid core
section must of course be dropped when the model is used on gas jet.

One of the first zero dimensional oil spray models was presented by
Schweitzer [1937]. Research is still done in order to find a good and rela-
tively simple universal spray model. Schihl et al. [1996] presents an analy-
sis of zero dimensional spray models and he also presented his own model.
Schihl’s model builds on earlier work by Dent [1971], Hiroyasu and Arai
[1980], Wakuri et al. [1960], Chikahisa and Murayama [1995] and others.
Dent’s model is based on gas jet mixing theory, and fits well for the purpose
of modeling of ignition in prechamber-engines. The mixing model is shown
in Figure 2.8. The modeling starts by assuming a velocity profile where the
center velocity is reciprocal to the distance from the nozzle:

Us L

= — 2.2
=g (2.2)

and also assuming a spread angle as given by:

d Pmain
tanfd = — :0.125‘/—. 2.3
2L Pjet ( )
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Ujer and pje; are the velocity and density calculated by the nozzle equation.
The fixed factor 0.125 in the equation seems a bit odd, as common sense says
that the spread angle should really depend on the nozzle shape or turbulence
energy of the flow. Inserting £ = U, into equation 2.2 gives:
x L
=— 2.4
= (2.4)

which is a differential equation with the solution:

z(t) = 24/UjeL - t (2.5)

which is a model for the penetration length of a transient jet when Uj,; and
L are constant (which they are not in the case of a prechamber jet).

This jet model will be used later in this document together with a two
zone combustion model.

2.8 Summary of literature study

In the literature were found several techniques that will be used in this thesis,
in particular:

e Pressure measurements in combustion chambers, also in prechambers,
of running engines.

e Two-zone combustion models and models of transient jets.
e Constant volume combustion rigs, also some with prechambers.

e Combustion chambers with windows where flames can be observed ei-
ther directly or through for example Schlieren technique.

Parameters that characterizes the performance of a prechamber alone
were difficult to find in the literature. It is clear that the desired output of a
prechamber is a hot jet that can ignite a very lean charge in the main cham-
ber, but how to quantify the ability to ignite the main charge without testing
the prechamber in an engine? Answers to this question will be explored in
the next chapters.
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Chapter 3

Performance of prechambers

3.1 Introduction

One of the objectives of the thesis is to define variables that describes the
performance of prechambers. Since the definitions of such prechamber per-
formance variables are hard to find in the literature, the definitions will have
to be made here. The performance variables should identify and quantify:

e The desired output of the prechamber.
e Harmful bi-products of the process inside the prechamber.

e Efficiency — the ratio of desired output per invested input or per
harmful bi-product.

3.2 Desired output of a prechamber

Performance can be presented as quantification of the desired output, exam-
ples of such are “top speed” of a vehicle, “maximum continuous power rating
(MCR)” of a power plant or of a generator set.

The purpose of a prechamber in an Otto engine is to deliver a warm
burning jet into the main chamber so that the main charge is ignited. In
addition to the temperature of the jet, the jet also increase the combustion
speed by introducing higher flow velocity (both large scale and turbulence)
into the main chamber. One can expect that a prechamber that produce
more of a desired output will give faster combustion in the main chamber of
in an engine than a prechamber that produces less.
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It is hereby suggested that the performance variables used to describe the
output of the prechamber should quantify:

e The kinetic power and energy delivered to the jet. More kinetic power
and energy means that the jet will reach respectively faster and further
into the main chamber and the jet will generate more turbulence.

e Length and/or volume of the hot jet. Length or volume may be an
alternative to using kinetic energy as a performance variable.

e Thermal power and energy delivered to the jet. More thermal power
and energy means that the jet will cause respectively faster and more
stable ignition of the main charge.

More complete expressions for calculation of the variables described above
will be presented in later sections of this chapter.

The duration of the jet can also be used as a measure of the output from
prechambers. It is expected that a prechamber with shorter duration of the
jet will often better than one with longer duration of the jet.

3.3 Harmful bi-products from a prechamber

The main harmful bi-product from the prechamber is normally NO, when
charge in the prechamber is close to stoichiometric and therefore the combus-
tion temperature becomes so high that NOy is generated. One can quantify
NOy either by mass or by volume:

e Mass, calculating every NO, molecule as if it was NO,, for example as
micrograms per combustion.

e By volume fraction in gas flow out of the prechamber, for example
as ppm (parts per million). In other words: Count how many NO,
molecules there are per million molecules that exits from the precham-
ber.

If one choose to use volume fraction (ppm), then it may be useful to give one
value for the hot jet and another value for the exhaust gas exiting from the
prechamber during scavenging.

If one choose to use mass, then it may be useful to split the total mass
of NOy into groups according to the origin of the NO, — when and where it
was generated. One would expect that there are two temperature peaks in
the prechamber for each combustion cycle — the first one during combustion
in the prechamber, the other one during combustion in the main chamber.
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There may be different methods for reduction of NO, during these two phases,
therefore it could be useful to have two different parameters quantifying the
NOx.

3.4 Efficiency of a prechamber

An efficiency is normally defined as the useful output of a machine divided by
the “cost” of the input to the machine. The invested input to a prechamber
can be considered to be the value, either monetary value or heat value, of the
gas burnt in the prechamber. Efficiencies are often presented as dimensionless
ratios (for example the efficiency of a gear is mechanical power on output
shaft divided by mechanical power on input shaft), but it can also be have
a dimension, for example miles per gallon or gram CO, per kilometer for a
vehicle.

Dimensionless efficiencies (energy out/energy in) can be used to compare
prechambers of different geometries and sizes. The input to the prechamber
is a combustible charge, the useful output is a warm jet. The charge has a
heating value LHV. The jet has kinetic and thermal energy. With this as a
starting point we may define thermal efficiency and kinetic efficiency of the
prechamber:

e 7, prechamber thermal efficiency, hereby defined as thermal energy de-
livered to the jet, divided by the reaction energy initially present in the
prechamber charge.

e 7, prechamber kinetic efficiency, hereby defined as kinetic energy deliv-
ered to the jet, divided by the reaction energy initially present in the
prechamber charge.

One can argue that mass of fuel burnt in the prechamber of a modern Otto
lean burn engine is small compared to the total mass of fuel and therefore
has little influence on the total efficiency of the engine. When the mass of
fuel burnt in the prechamber is so small that it is negligible compared to the
total mass, then it does not make sense to optimize the prechamber design
towards maximum thermal or kinetic efficiency — other design goal may be
much more important.

3.5 Alternative efficiencies of a prechamber

The major harmful bi-product of the combustion in the prechamber is NO,,
therefore: The cost of the “input” to a prechamber can be considered to be the
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NOy4 produced in the prechamber (as an alternative to heat value as used in
previous section). If one should define an efficiency for a prechamber similar
to “gram COs per kilometer for a vehicle”, then that could be “micrograms
NOy per Joule jet energy”. Any of the prechamber output parameters; P,
E,i, Py and E,; (and maybe also Lj.; and Vi, at a certain time after ignition)
can be divided by the mass of NO, to make an “efficiency”.

Other efficiencies and ratios can also be defined for a prechamber, simi-
larly as for the main chamber, for example scavenging efficiency and trapping
efficiency.

3.6 Notation

The different zones in the chambers are hereby labeled with mnemonic sub-
scripts. The subscripts will be used also with other variables than volume.

Vp The volume of the prechamber, V, =V, + V)¢

Vpu The not yet combusted volume in the prechamber, i.e. in ahead of the
flame front.

Vpe The combusted volume of the prechamber, i.e. behind the flame front.
V., The volume of the main chamber V,, = V,,,, + Vine

Vine The not yet combusted volume in the main chamber, i.e. ahead of the
flame front.

Ve The combusted volume of the main chamber, i.e. behind the flame
front.

Vjer The volume of the jet.

tig Time of ignition in the prechamber.

tp> Time when the prechamber pressure becomes higher than the pressure
in the main chamber.

tyox1 Time when the temperature in the combusted zone has reached a tem-
perature so that formation of NO, starts.

tfn Time when the flame reaches the prechamber nozzle.

tpr Time when the pressure ratio between the two chambers, p,/pp, is is
highest.
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Figure 3.1: Events in prechamber process.

tp< Time when the prechamber pressure becomes lower than the pressure
in the main chamber.

tnvox2 Time when the temperature in the combusted zone becomes so low
than the NOy reactions are halted.

The ordering of the events may deviate slightly from what is shown in fig-
ure 3.1. The subscripts will also be used on other variables than time.

3.7 Kinetic prechamber power and energy

Let the kinetic prechamber power be defined as:

1
Ppk = §mv'r2wzﬂ (31)

where 7 is the mass flow through the nozzle and v,,, is the velocity at the
outlet of the nozzle. Both m and v,,, are functions of time.

Let the kinetic prechamber energy be the kinetic power integrated over
time as:

tp<
By = / Podt, (3.2)
tp>
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P, and Ej;, should be possible to calculate during numerical simulation
of prechambers. It is also possible to use measured pressure in the chambers
of a real engine as input to simulation models — such models will be used
in the next chapters.

3.8 Thermal power and energy delivered to the
jet
Let the thermal power delivered to the jet be defined as:
Ppt = mhjet (33)

where hje; is the stagnation enthalpy of the gas leaving the nozzle relative
to the enthalpy the gas in the main chamber.
Let the thermal jet energy be the kinetic power integrated over time as:

tp
B, = / Pyt (3.4)
tp>

3.9 Length and volume of the jet

Recall the zero dimensional jet model presented in the literature study (pre-

vious chapter):
z(t) = 24/Vjer - L+ t (3.5)

where x the length of the jet as a function of time.

Applying the superposition principle to the jet and inserting the expres-
sion for L gives the following expression for the hot jet length when v,,, and
p are not constant:

() = mhx |16+ a4, | LeetT) -
L”t(t)_rni?f)i 16 -d pmam(T)UMZ(T) (t—71). (3.6)

If the combustion in the prechamber is of relatively short duration (short
compared to crank speed of the engine and short compared to combustion
in main chamber), then ppq;, can be assumed to be constant during the
prechamber combustion. Note that as 7 is larger or equal to ts, (the time
the flame reaches the nozzle), this means that only the hot jet length is
estimated.
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A formula estimating the volume of the jet can also be developed using
the same method as for the jet length. Assuming that the jet length z is
much larger than the core length L and using the formula for volume of a
cone:

jet\T e 3/2
Vier(t) = mhx [2% <M> [d-vnos(7) - (t— T2 . (3.7)

Pmain

3.10 Characteristic prechamber time

A characteristic time can be defined in several ways, depending on what is the
purpose of defining it. Since we are aiming at the output of the prechamber,
one could for example use the “center of gravity” method with respect to
prechamber jet power E,;:

1 tp< .
/ (t — tys )iivhedt, (3.8)

Teg = 75—
Ept tp>

or one could define another characteristic time defined as: “thermal energy
delivered to the jet” divided by “maximum power delivered to the jet”

b F
; t
Trmae = Min —= (3.9)
tp> mhjet

Tmaez describes the duration of the peak power. 7,,,, will be used in the
calculations in the following chapters.
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3.11 Discussion and conclusions

A set of performance parameters for prechambers have been defined. The
performance parameters are grouped into three categories as:

e The desired output of the prechamber:

— P, and Ep; are respectively kinetic power and kinetic energy de-
livered to the jet.

— P, and E),; are respectively thermal power and thermal energy
delivered to the jet.

— Lje and Ve, are length and volume of the hot jet.

— Teg, Tmaz are two slightly different definitions of characteristic du-
rations for the transfer of thermal power to the jet.

e Harmful bi-products of the process in the prechamber: NOy is the
main harmful bi-product. It can be quantified by

— Mass, as micrograms per combustion. For further details the mass
of NOy can split further into groups according to in which phase
of combustion it was generated.

— Volume, as parts per million in the gas flowing out of the precham-
ber. For further details it can be split into groups according to
when the gas exits from the prechamber; with the hot jet, during
the expansion stroke or with the scavenging.

e Efficiency — the ratio of desired output per invested input can be
defined in two ways according to what one regards as the “investment”,
the fuel or the NO-bi-product.

— The values for E,; and E,; can be divided by the lower heat value
of the fuel present in the prechamber at the time of ignition and
make respectively kinetic and thermal prechamber efficiency.

— Any of the prechamber output parameters; Py, Ey, Py and Ey
(and maybe also L, and Vje, at a certain time after ignition) can
be divided by the mass of NO, to make an “efficiency”.

The performance parameters should be possible to calculate on the basis
of both experimental studies and on numerical /computational experiments.

It is too early to say if these are a correct and complete set of performance
variables which can be used to fully evaluate the performance of prechambers,
but at least they can and will be used as a starting point for prechamber
studies in the following chapters.
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Chapter 4

Two zone prechamber model

4.1 Introduction

The targets of this is chapter are:

e To develop mathematical models of a prechamber and calculate the
performance variables introduced in chapter 3.

e To evaluate, by perturbation of the input parameters to the model,
how the performance variables are influenced by geometry of the pre-
chamber.

Recalling the performance variables:
e The desired output of the prechamber:

— Kinetic power and kinetic energy delivered to the jet.
— Thermal power and thermal energy delivered to the jet.
— Length and volume of the hot jet.
— Characteristic durations of the jet.
e Harmful bi-products of the process in the prechamber: NO, is the

main harmful bi-product. It can be quantified by mass or by volume
fraction.

e Efficiency — the ratio of desired output per invested input can be
defined in two ways according to what one regards as the “investment”,
the fuel or the NOy-bi-product.

— Kinetic and thermal prechamber efficiency.
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Figure 4.1: The three stages of the two zone prechamber model

— Any of the prechamber output parameters; can be divided by the
mass of NO, to make an “efficiency”.

It was selected to use a two zone combustion model — one zone for the
charge (fuel and air) and one zone for the combustion products. The two
zones are separated by a flame front. The gas composition and state is
simplified to be uniform throughout each zone. The two zone model is the
simplest combustion model that can predict the temperature of the jet and
combustion products in the prechamber with a reasonable accuracy. The
temperature of the combustion products is important because it governs the
production of NO.

Three stages of the two zone prechamber model are shown in figure 4.1:

1. After ignition but before the flame reaches the nozzle.
2. After the flame reaches the nozzle but before combustion ends.

3. After the end of combustion.

4.2 Mathematical models

Two different models will be used here, one with pressure as input an one with
combustion rate parameters. The basis for the two models are the same, but
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the equations are slightly re-organized depending of what is used as input.
Common for both models are the following description of the geometry of
the prechamber:

Vp, volume of prechamber

Vs, volume fraction combusted when the flame reaches the nozzle

Ay, total area of the nozzle, all holes together

Choz, nozzle discharge coefficient
e #.,.., number of nozzles to distribute A,,, over.

Initial state and the properties of the working fluid in both zones are also
needed. Also a model for the reaction rate is needed. In the next sections
will be presented two models of the reaction rate: One model with shape
parameters for the heat release and another model using measured pressure
in stead.
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4.2.1 Model using measured pressure as input

The mathematical equations for a two zone model of a prechamber are de-
scribed in this section. Use the gas state equation:

pV=mRT

Differentiate it, assume R = R(p,T) and get:

p(1 paR) T1 TOR m Vo
P R 0p

) 70t e Tty O (4.)

Also use the energy equation on differential form for an open, homogeneous
system where u = u(p,T):

mg—up + me, T + um + pV = Q + Shimy (4.2)
D

Finally use the continuity relation:
i = S, (4.3)
For zone 2, the values of OR/0p, Ou/dp, and OR/OT are negligible. Apply

equations 4.1, 4.2 and 4.3 to the two zones. The equation system can then
be sorted into matrix form as:

1 S p_ P OR

1 1 1 38R
LGS 0 0 =g ] [ -
ur —hy  micy 0 0 p Ty Q1 —m 3Lp1p + 1M1,n0z (h2 — M)
0 0 1 L L | = 2
mo T Va . P
0 0 uz — hamacy 2 —p T2 Q2
1 0 1 0 0 % —M1,n0z — M2,noz

The pressure and pressure gradient appears as excitation in the right side of
equation 4.4. This equation is valid both before and after the flame reaches
the nozzle. 1M o, and 1o ,,, are flow through the nozzle from zone one and
two respectively. The flow through the nozzle is calculated with a nozzle

equation assuming quasi-steady state in the nozzle.
The coefficients of equation 4.4 are implemented in Fortran code as:

a(:,1)=(/ 1, 1+T1*RT1/R1, 0, 0, -1/vi, dpp/pp-dpp*Rp1/R1 /)
a(:,2)=(/(ul-h2)*mi, Ti*ml*cvl, 0, 0, pp, Qil-mi*upl*dpp+mfi*(h2-h1) /)
a(:,3)=(/ 0, 0, 1, 1, 1/v2, dpp/pp /)
a(:,4)=(/ 0, 0, (u2-h2)*m2, T2*m2*cv2, -PP,s Q2 /)
a(:,5)=(/ mi, 0, m2, 0, 0, -mf1-mf2 /)

The complete source code is included in appendix A.
The computer program takes all flow from zone one (uncombusted) un-
til a selected fraction (called Vg) of the prechamber volume has combusted,
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thereafter all nozzle flow comes from zone two (combusted). There are al-
ways some irregularities in the calculated ROHR at the switching point, this
indicates that the real switching between uncombusted and combusted nozzle
flow is a somewhat gradual process, not on/off as in the simulation program.

By trying different values for Vg one can find the correct value for Vg as
the Vg that gives the least irregularities at the switching point.

4.2.2 Model with assumed function for heat release

An alternative two zone model of a prechamber are described in this section.
This model can be used if the pressure in the combustion chambers are
unknown.

If the pressure is unknown, then the pressure gradient must move over to

the left side in equation 4.4, while the mass gradients must move to the right
side. This results in the following equation system:

_1 _ 0 L1_ 0R T L5
T R,0T Vip gu’?p _1 R mi
miCy,1 0 p m%G; Ty| _ | @1+ 11moz(ha — ha) + ma(he — u1)
I o
0 macy2—p 0 p Q2 + 1z (hy — u2)

(4.5)

Heat release The heat is released into zone 1. The rate of heat release is
used to calculate the mass flows 7y and s as:

ROHR,
My = ———— — Mi,noz
he ’
ROHR,
mo = _T — M2 noz

where h. is the heat value of the charge and my ,,, and 7y 5, are the flow
through the nozzle from respectively zone 1 and 2.
The net rate of heat release is assumed to be a known function of the state
variables. The “known function” used in the calculations presented here is:
Vi

ROHR, = ROHR,(3)"(
p

v

v )* (4.6)

where ROHR, is an assumed characteristic rate of heat release, V; and V5
are the combusted and uncombusted volumes, «; is shape parameter for the
flame initiation and s is shape parameter for the flame extinction. A plot
including shape parameters are shown in figure 4.2.
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Figure 4.2: Rate of heat release as a function of combusted volume. The line
marked “used” is the one used in the simulations. The lines marked “alphal”
all have varying oy and constant ap = 0.5 . The lines marked “alpha2” all
have oy = 0.5 and varying a.
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Larger ROHR, gives a higher and shorter rate of heat release curve.
Shorter because larger heat release consumes the charge faster. ROHR,
should be selected so that it gives a reasonable fast combustion.

Both «; and a4 are intended to be in the range 0.1 — 2.0, smaller values
give respectively quick initiation and extinction, larger values give respec-
tively longer ignition delay and slow extinction. Following the logic that the
combustion speed is proportional to the flame surface area, and assuming a
spherical flame, «; should have the value 2/3. This value neglects the self ac-
celerating effects of combustion depending on temperatures, turbulence and
heat conduction. a; must be adjusted upwards to account for these effects.

as depends on the shape of the prechamber, as should be small if the
prechamber is designed so that the flame is supposed to extinct against the
prechamber walls simultaneously in all directions.

a1 = 0.8 and as = 0.25 appears to be a good starting point for further
adjustment.

4.3 Gas properties

The temperature in the combustion products in the prechamber will reach
more than 1500 K. Dissociation is significant in this temperature range.
Therefore a gas model including equilibrium reactions was used. The gas
properties used in the simulations come from Zacharias [1966], using fuel-air
equivalence ratio = 0 for the charge (thus pure dry air) and 1 for the products
(stoichiometric exhaust gas).

The calculation of gas properties assumes a fuel on the form C,H,, and
dry air. Methane, the main component of natural gas has 4 hydrogen per
carbon atom and does therefore not comply with the formula C,H,,, but this
approximation is believed to be better than ignoring dissociation .

4.4 Initial values

The simulation is to be started right after the spark ignition. my,; and 75 can
then be calculated from the charge state and properties, prechamber volume
and compression ratio.

The initial m; is the mass covered by the initial flame core. Assuming the
initial flame core has a volume of 8 mm? and thus m; = g%fmm. A small
flame core will lead to a long “ignition delay”, the length will also depend on
the assumed rate of heat release function, in particular on «;.

The initial 7} is the spark temperature which is assumed to be 2500 K.
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The initial 77 has little influence on the simulation, as initial mass in zone 1
is small.

4.5 Nozzle

The flow through the nozzles/orifices is calculated according to equations 4.7
to 4.11.

Pmain 2 K
pr = max( Pore ’(k+1)k71) (4.7)
_ ko2 kf
Y = m(pr —pr*) (4.8)
Cavg = Ci Y V2-R-T (4.9)
p Te
o= B (4.10)
m = Ap-p-Cayg (4.11)

where c,,4 is average flow velocity over the area of the orifice. Equation 4.7
contains the expression for critical pressure ratio as given by equation (3.67)
in Overli [1992]. Equation 4.8 is same as equation (3.64) in Overli [1992]. A
nozzle discharge coefficient ¢, (with assumed value of 0.5 for nozzle with sharp
edges) is used in calculation of average flow velocity ¢,y in equation 4.9.

4.6 Results from two zone model

A “reference” prechamber is run through the model first, then parameters
are changed one by one to see what the effect of the change is. Some key
input values for the reference simulation is given in table 4.1. A summary
of results with perturbations of the input is shown in table 4.2. Plots of the
results can be found in figures on the following pages.
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Vp 16.00 ml

A, 48.00 mm?
#noz 6 -

Vis 0.7
ROHR, 1.0 MW
Ty 2500 K

T, 750 K

Table 4.1: Some of the input values used for the reference simulation, a
complete listing of the input can be found in appendix B.1.

Perturbation i Nk Tpe Ljet 5 ms
Reference 41% | 0.6% | 09 ms | 0.20 m
Vir=1.0 18% [ 04% | 0.4 ms | 0.20 m
fo =0.0 74% 07% 1.8 ms 0.16 m
A, =96.0mm? | 31% | 0.3% | 0.5ms | 0.22m
A, =24.0mm? | 51% | 0.8% | 1.6 ms | 0.17m

Table 4.2: Summary of perturbations and results. The input to the reference
simulation is given in table 4.1. Making the shape of the prechamber so
that the flame reaches the nozzle late (Vy; = 1.0), has the negative effect of
decreasing the thermal and kinetic efficiencies of the prechamber. Making
the shape of the prechamber so that the flame reaches the nozzle early (Vy; =
0.0), has the negative effect of increasing the duration of the discharge from
the prechamber and reducing the length of the jets at a given time, here 5 ms
after ignition.
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Figure 4.3: Two zone reference simulation
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Figure 4.4: Increasing V¢ to 1.0. This means that the flame reaches the
nozzle at the same time as the end of the combustion in the prechamber.
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Figure 4.5: Results from the two zone model when V;; = 0.0. This means
that the flame reaches the nozzle at the time of ignition, this would be the
case if the charge is ignited close to the nozzle.
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Figure 4.6: Results from the two zone model when the nozzle area is doubled,
A, = 96 mm?.
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Figure 4.7: Results from the two zone model when the nozzle area is halved,
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4.7 Validation of computer program

In addition to the simplifications done in the model, one may also consider the
possibility for “bugs” in the computer program. One way of code validation
is to use calculated pressure from the program with assumed shape of ROHR
as input to the program that use pressure as input. This is a way of first
calculating a result then using the inverse function to calculate the first input
values. This has been done and the results can be seen in figure 4.8. There
are no significant difference between the two results, this means that if there
is a bug in the one program, then an inverse bug is present in the other
program.
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Figure 4.8: Results from two simulations, the one marked “new” uses pressure
calculated by the other “old” as input. There is a small difference exactly
where the nozzle flow switches from uncombusted to combusted.

45



4.8 Summary of numerical two-zone models

The first objective of this chapter was to develop and present ways to calcu-
late a list parameters that describes the performance of prechambers. The
target is only partially fulfilled as the presented models do not calculate all
the desired parameters: Two numerical two-zone models of the precham-
ber are presented, implemented and used to calculate all of the parameters
presented under the heading “desired output” in addition to thermal and ki-
netic efficiency of a prechamber, while the paramenters presented under the
headings “Harmful bi-products” are not calculated.

The second objective of this chapter was to evaluate, by perturbation of
the input parameters to the model, how the performance variables are influ-
enced by geometry of the prechamber. The perturbations included changing
the effective area of the nozzle and the timing of when the flame reaches the
nozzle. The results are presented as graphs (function of time) and summa-
rized in table 4.2.

There are two reasons why the implemented models do not calculate the
generated NOy.

1. In order calculate mass of NO, generated in the prechamber it is nec-
cessary to include the combustion in the main chamber and also the
expansion stroke (untill the temperature in the prechamber are so low
that the NOx-reactions freeze) into the calculation models. It can be
argued that it is outside the scope of this thesis to include so much of
the process outside the prechamber.

2. The target (objective) has not always been as clearly described as it
is now. When the models were made, then it was not clearly defined
that calculation of NO, was desired. Limited time and resources do
not allow updating the models at present time.

One of the two presented models use measured pressure in both precham-
ber and main combustion chamber as inputs. The other model use a given
heat release/transfer function as input. The use of the nozzle equation to
calculate the net heat release is an obvious limitation of the program using
measured pressure as input. This cause the following problems:

1. If the used characteristics of the nozzle is inaccurate, then the calcu-
lated heat release will also be inaccurate.

2. The nozzle equation is non-linear. When there is little pressure dif-
ference over then nozzle, then the calculated heat release will be very
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inaccurate in the sense that a small error the measured pressure will
have a large influence on the calculated heat release.

It would be an important improvement if the calculation program used heat
transfer coefficients (in stead of the nozzle equation) in the periods when
there is little pressure difference over the nozzle.

47



Chapter 5

Analysis of a running engine

5.1 Introduction

The goal for this experiment is to:

1. Measure the pressure in the prechamber of a running engine. This
can be used as a reference for the experiments with a constant volume
combustion rig (to be presented in later chapter of this thesis).

2. Use cycle by cycle variations to explore what is the desired behav-
ior /shape of the combustion rate.

3. Use the measured pressure as input to the two-zone model as defined i
chapter 4.

4. Use the two-zone model to calculate values for the performance vari-
ables defined in section 3.

5.2 Laboratory setup

Engine: “KR-3” — a three cylinder research version of “Bergen type K”,
the same engine type as shown in picture 5.1. One cylinder was equipped
with piezo-electric pressure sensors in both prechamber and main combustion
chamber. Engine data is summarized in table 5.1.
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Figure 5.1: Cut-away picture of “Bergen type K” medium speed engine.

Cycle : Oftto 4 stroke turbocharged and inter-cooled.
Bore : 250 mm

Stroke : 300 mm

Comp. ratio : 12

MCR : 14.25 bar BMEP at 1000 RPM

Efficiency : 40 % at MCR

Power : 175 kW /cylinder at MCR

Charge press. : 2.4 bar at MCR

Fuel . Low pressure natural gas

Ignition :  Capacitive spark in a 16 cm?® prechamber with

six 3 mm diameter nozzles

Table 5.1: Engine data for “KR-3". The values are valid only for this partic-
ular research engine and during this experiment.
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5.3 Results

All measured results are collected in appendix C. Further analysis of selected
measurements are presented in the next sections of this chapter. Measured
pressure during a single engine cycle is shown in figure 5.2. Only measure-
ments at high load will be analyzed, as the engine is expected to be used at
high load most of the time.

One may observe from figure 5.2 that:

e The pressure in the prechamber is significantly higher than in the
main chamber in a period of approximately 10 degrees. At a speed
of 1000 RPM, this is equal to 1.7 ms.

e Maximum pressure ratio between chambers is approximately 1.4.

Comparison to other published measurements: Prechamber pressure
curves published by Crane and King [1992], using a single cylinder Cater-
pillar 1Y540 at 1000 RPM, 3.45 bar BMEP with varying prechambers show
somewhat longer and period with high prechamber pressure, which may be
due to lower BMEP and narrower prechamber orifice: Prechamber pressure
is significantly higher than the main chamber pressure for 10 to 20 crank de-
grees. Prechamber combustion duration: 5 to 8 degrees. Maximum pressure
ratio between chambers: 2.5.

Prechamber pressure curves published by Snyder and Dexter [1990], see
figure 5.3, using a single cylinder research engine, look similar to the curves
recorded on the KR3.

5.4 Cycle by cycle variations

As most spark ignited engines, also this one has cycle by cycle variations in
the cylinder (and prechamber) pressure. It might be possible to use the cycle
by cycle variations to evaluate how the prechamber performance parameters
influence the output of the engine. It is far more convenient to study the
difference from one cycle to the next than to do a measurement, then modify
the prechamber and attempt to re-create the same conditions for a test with
the modified prechamber.

From figures 5.4 and 5.5 one may observe a correlation between fast /early
combustion in the prechamber and high maximum pressure in the main cham-
ber. The correlation is due to ignition timing — the piston is on the way down
when the peak pressure in the main chamber occurs. The linear regression
line in the figure has a correlation coefficient of 0.85.
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Figure 5.4: Comparing a fast and a slow combustion. Of the 20 recorded
cycles, the two highlighted corresponds to cycle #3 (fast) and #11 (slow).
Pressure in main chamber is shown with dotted lines.
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prechamber peak in degrees for 20 consecutive cycles.
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Correlation between “peak pressure ratio between the two chambers” and
“maximum pressure in main chamber” is presented in figures 5.6. This rather
good correlation is in contrast to the finding of Snyder and Dexter [1990],
see figure 5.7, who found:

While there is a slight tendency for the peak main chamber to be
higher when the pre-chamber spike is high, the data in general
shows a random scatter.

The good correlation in the measurements with the KR-3 engine is partic-
ularly interesting with respect to the prechamber performance parameters
as suggested in section 3 if one let the combustion rate in the main cham-
ber be represented by “peak pressures in main chamber” and let the kinetic
and thermal power of the jet be represented by “peak pressure ratio between
prechamber and main chamber”.

Another, but very weak, correlation is presented in figure 5.8. The cor-
relation line indicates that the cycles with 10% higher pressure in the pre-

o4



chamber will have approx. 10% shorter delay from prechamber peak untill
reaching max pressure in the main chamber.

The correlation between “indicated mean effective pressure” and “crank
angle between peak pressures in prechamber and main chamber” is close to
Zero.

The correlation between “cylinder pressure at time of ignition” and “crank
angle between peak pressures in prechamber and main chamber” is also close
to zero.

One may ask: Which of the traces in figure 5.4 is the most desirable one;
cycle #3 with high pressure or #11 with late combustion? The answer to
that question depends on the evaluation criterion:

e Thermal load on the combustion chamber: Cycle #11 has both lower
peak pressure and lower duration at high pressure. Heat transfer and
high temperature is associated with high pressure, therefore it should
be safe to assume that cycle #11 is better with respect to lower thermal
load on piston and cylinder head.

e Efficiency: Cycle #11 has 3.5 % higher mean effective pressure. The
reason for this may be less heat transfer to the walls in the combustion
chamber, or it may be caused by variations of the charge composition.
If one assume that the charge composition is same, then cycle #11 will
have 3.5 % higher efficiency.

e NO,: Cycle #11 has both lower peak pressure and lower duration at
high pressure. High temperature is associated with high pressure. NO,
is generated at high temperature, therefore is should be safe to assume
that cycle #11 is better with respect to lower NO.

e HC, emission of hydrocarbons though the exhaust: When combustion
occurs late, then there is risk of incomplete combustion and emission
of HC. One can therefore assume that cycle #3 is better with respect
to low emission of HC.

Figure 5.4 illustrates one of the balancing acts of tuning the engine: If the
ignition timing had been set later, then one would get more cycles like #3
(and one would reduce thermal load, reduce NO, and maybe also increase
efficiency), but one would also get cycles much slower than #3 and these
cycles would have incomplete combustion.

Figure 5.4 also illustrates the benefits of having a fast and stable com-
bustion with little cycle by cycle variations: If the combustion in the main
chamber had been faster or if there were less cycle by cycle variations, then
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one would probably have used a few degrees later ignition timing in this en-
gine and thereby achieved advantages with respect to thermal load, less NO
and probably also higher efficiency.

The cause of cycle by cycle variations may be varying spark timing, vary-
ing charge composition in the vicinity of the spark, variations in the flow and
turbulence near the spark or variations in the charge in the main chamber.
More about cycle by cycle variations can be found in for example chapter 9.4
of Heywood [1988].

Snyder et al. [1988| presents another source of cycle by cycle variations.
Quote from Snyder et al. [1988|:

A misfire can occur in an engine if the burning prechamber charge
fails to ignite the lean main-chamber charge. Figure 17 (in Sny-
der’s paper) shows movie stills where one of the jets “misfired” in
the CVC rig and failed to ignite the main-chamber charge. The
flame in direct view did not die out, but combustion was started
by other jets. Thus, for this run, only two out of the three pepper-
pot jets were successful in igniting the main-chamber charge.

The pictures are not included here because the copy is of low quality and
difficult to explain. This phenomenon could explain deviations from the
regression line in figure 5.5, however the deviations may also be explained by
variations in the charge composition in the main chamber.

Also observe the two highlighted cycles in figure 5.9 where two cycles have
similar paths in the prechamber combustion, while one is higher in the main
chamber and maintains higher pressure during the expansion stroke. This
variation may be due to variations in the main chamber charge, or it may be
due to a misfiring jet from a prechamber nozzle hole, as described by Snyder
et al. [1988|, causing incomplete combustion in the main chamber. If it did
not maintain higher pressure during expansion stroke, then it would be more
likely to be caused by a misfiring jet.

5.5 Other observations

Pressure difference between chambers From figure 5.2 one can observe
that the two pressures (as expected) follow each other very closely, except
for a few degrees after the ignition.

Direct effect of jet volume: The main chamber pressure does not show
a sharp increase when it receives the jet. From this observation one may
conclude that this prechamber is so small that the (direct) effect on the
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Figure 5.9: Comparing two cycles with similar paths in prechamber, but
with different path in main chamber. Of the 20 recorded cycles, the two
highlighted corresponds to cycle #7 (low) and #16 (high). Pressure in main
chamber is shown with dotted lines.

pressure in the main chamber from the volume flow from the prechamber is
negligible.

5.6 Using the two zone model

The calculation models presented in section 4.2.1 may be applied to the
measured pressure and the given engine parameters. The following procedure
for using the two zone calculation program was used:

1. Make an input file with the engine parameters and a first guess of Vyy
(volume fraction combusted when flame reaches nozzle) and LHV,
(nett heat value [J/kg] for the charge). Select one of the pressure traces
(here from figure 5.4) to use as input.

2. Run the program, plot the result, adjust LHV,,.; and run the program
again until the volume fraction combusted at the end of combustion is
close to unity.

3. There will be a drop/step in the calculated ROHR at the time when
the real flame reaches the nozzle. Adjust V}; and re-run the program
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until the flame reaches the nozzle at this time.

The result is displayed in figure 5.10. The best fit was found with approx-
imately V=90 % , and with a heat value of the charge LHV,,.; = 1.1 MJ/kg.
This value of LHV,,.; is approximately 40 % of a stoichiometric charge of CH,
and air with the given intake conditions. 60 % is “missing” due to heat loss,
not stoichiometric charge and maybe also higher temperature than expected
during the intake stroke. Geometrical deviations may also be a reason, for ex-
ample: A nozzle discharge coefficient of 0.5 was assumed because the nozzles
have sharp edges, if the coefficient is higher, then it would lead to calculation
of a higher LHV,,,.

The thermal and kinetic efficiencies are calculated to respectively 17 %
and 0.43 %. Note that these efficiencies are calculated with the given LHYV,,;.

The hot jets are calculated to reach 70 mm into the main chamber 1.2 ms
after ignition.

Effect of geometrical variations A change in the nozzle geometry would
affect the nozzle discharge coefficient. Figure 5.11 shows the same picture
as figure 5.10, but with nozzle discharge coefficient of 0.75. This leads to
(according to the procedure described above) LHV,,.; = 2.0 MJ/kg or 74 %
of a stoichiometric charge of CH, and air. In this case the thermal and kinetic
efficiencies are calculated to respectively 20 % and 0.84 %. Also note that
the calculated combustion temperature is significantly higher when using the
higher nozzle discharge coefficient.

Calculating with larger nozzle diameter would have almost the same effect
as increasing the discharge coefficient, but it would in have more effect on
the jet length.
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5.7 Summary from experiments with medium
speed engine

Pressure measurements in both prechamber and main chamber of a spark
ignited medium speed engine burning premixed air and natural gas have
been completed and analyzed. The pressures and the calculated values are
of course only valid for this particular engine.

The results are summarized in the following list.

e The prechamber combustion lasts approximately 1 ms.

e The pressure ratio between the two chambers during combustion in the
prechamber is in the range from 1.39 to 1.50.

e Spark ignited engines with prechambers suffer from cycle by cycle vari-
ations with several origins. One source of cycle by cycle variation may
be that one or more of the hot jets fail, or uses longer time, to ignite
the main charge.

e The very rough jet model indicates that the six hot jets from the pre-
chamber reach 70 mm into the main chamber within 1.2 ms after igni-
tion.

e The output of the two zone model is sensitive to geometrical variations,
small changes in the nozzle size or shape have large effects on the
results.

e In particular the calculated temperature is sensitive to the effetive noz-
zle area. This means that the calculated temperatures can not be used
as input to calculation of NO, formation.

Cycle by cycle variations are found to be important. Note that none of
the suggested prechamber performance parameters introduced in section 3
describes cycle by cycle variations directly. The closest parameter would be
the “characteristic prechamber times”. It might be wise to include a new
“characteristic prechamber time” as a prechamber performance variable with
target of describing cycle by cycle variations. It could be defined as duration
from ignition (first spark) to peak pressure in prechamber.

The presented correlations support the idea that more power (kinetic or
thermal) from the prechamber gives faster combustion in the main chamber.
Faster combustion in the main chamber is desired with respect to both engine
efficiency and emissions.
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5.8 Recommendation for further work

If one varies the charge in the prechamber (so that the prechamber perfor-
mance is changed), then it should be possible to study the correlation between
the suggested prechamber performance parameters and engine performance.
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Chapter 6

Experiments with a constant
volume combustion rig

6.1 Introduction

The goal for these experiments is to use a constant volume combustion rig
(CVC-rig) with prechamber to:

1. Measure pressure in both chambers in the rig and use the pressures as
input to the two-zone model as defined i chapter 4.2.1. The two-zone
model will then calculate values for the performance variables defined
in chapter 3.

2. Visually observe the jet length from the prechamber and compare cal-
culated and observed jet length.

3. Change the geometry of the prechamber and observe how this influences
the performance of the prechamber. The results from this has been
moved to appendix E.

That the rig has “constant volume” implies that there is no reciprocating
piston as would be present in an engine. CVC-rigs without prechamber and
Schlieren systems have been used previously at the Department of Marine
Engineering, NTNU [Zsgy, 1996, Ask, 1992, Paulsen, 1995|. CVC-rigs are
also commonly used elsewhere, and some have also used CVC-rigs in the
study of premixed combustion in conjunction with prechambers: Snyder and
Dexter [1990], Snyder et al. [1988] and Wolff et al. [1997].
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Figure 6.1: Large picture of a prechamber (upper square in picture, size
30 mm x 40 mm) blowing a burning jet into the main combustion chamber.
The flame front inside the prechamber is clearly visible. All the “stars” in
the picture are results of a previous experiment that burnt soot particles into
the glass windows. It is possible to move the valve plunger down so that the
opening between the chambers is closed.
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Flame front

Figure 6.2: Same picture as in previous figure, but with the flame front
marked by a white line.
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Figure 6.3: Schematic laboratory setup. The combustion chamber is shown
in lower, midle part of the figure. A blown up figure of a prechamber is shown
in the upper right. The hydraulic system for valve control and the rugged
mounting frames are not shown in this figure.

Laser

Camera

6.2 Laboratory setup

The laboratory setup (see figure 6.3 and 6.4) consists of; the main combustion
chamber, prechambers, hydraulic system, Schlieren setup, gas delivery sys-
tem, ignition system and electronic control and measurement system. More
about the hardware can be found in appendix D.

Figure 6.5 shows a screen-shot of the control program of the CVC-rig
along with an explanation. The operating sequences are also also described
in more detail together with the results from each experiment. A summary
of different operating sequences can be found in appendix E.

The measurements available are start pressure in main chamber and pres-
sure development in both chambers.
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Figure 6.4: Cutaway drawing of prechamber assembly consisting of the fol-
lowing main parts: (1) Main chamber housing, (2) Prechamber housing,
3) Window and holder (two off, one on each side), (5) One way valve for
gas supply, (7) Pin for closing then nozzle, (8) Spark plugs, (10) Nozzle,
12) Valve for gas supply, solenoid operated, (13) Exhaust valve, solenoid
operated, (14) Gas supply manifold, (16) Pressure sensor, (17) Temperature
sensors, (30) Nozzle holder.
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Set active command to: Path to ASClIlI log file
| Nooperation  w|| sTOP | |"a| [

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=18mm
Camera frame: 1000

25,0~

225 i lin

=

20,0-1-{Gag in

17,5

Gas Jin_2

15,0 = Nozid
Nozzle_1 N

Ign|B

10,0 Cakhera

7’5_| 1 1 1 1 1 1 [ [ 1 [
50 100 150 200 250 300 350 400 450 500 550 600 650

W) ) B[+ Scan rate’ 80000,00 actual scan rate Pmain
[ R EU Scans read: 40000 79365,0781 Pprecham

Pstatic

R

Figure 6.5: Screen-shot of the control program for the CVC-rig. The graph
can show pressure [bar| as a function of time [ms] and is also used to program
the test sequence. The timing of events can be programmed by clicking and
dragging the timing control lines along the horizontal time axis. (The cross
on the timing control lines has no other effect than placing the label.) The
timing control lines have the following meanings:

Air in 1 / Air in 2: Open/close air inlet into the prechamber.
Camera: Trigger the camera. The result will be a single image.
Gas in 1 / Gas_in_2: Open/close gas inlet into the prechamber.

Gas out 1/ Gas out_ 2: Open/close exhaust towards the atmosphere.
Ign A / Ign B: Trigger the ignition at respectively the upper and lower
ignition system.

Log 1 / Log 2: Start/stop high speed pressure measurements.
Nozzle 1 / Nozzle 2: Open/close the opening between the prechamber
and the main chamber.

The text window above the timing lines contains a short description of the
current experiment.
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6.3 Experiment 1

Of several series of experiments, only one is selected for presentation in full
length here, results from other experiments are shown in appendix E.

The target of this experiment is to measure pressure in both chambers of
the CVC-rig, use the measured pressure as input to a calculation model and
compare measured and calculated jet length.

Prechamber: Square chamber with windows: 30 x 30 x 40 mm with
? 9 x 18 mm nozzle (as shown in figure 6.4) and using the upper ignition
source.

Gas: Rich A = 0.75 mix of CoH, and air. The prechamber contains air
at atmospheric pressure at the start of the control sequence, while the main
chamber contains air at 8 bar pressure. Rich CyH,4 and air was chosen because
it was found in preliminary experiments that this gas is easy to ignite and
has a higher flame speed than CH, and air.

The operating sequence is shown in figure 6.6.

Pictures and pressure measurements from this experiment can be found
in figures: 6.8 to 6.22.

Measured pressure from the prechamber was used as input the numerical
program as presented in section 4.2.1 and used to calculate rate of heat
release and jet length. The height of the prechamber is 40 mm, looking at
the pictures, one may observe that the cold jet reaches a similar distance
(40 mm) at time=3 ms. This is the same as the calculated cold jet length in
figure 6.7.

The best fit was found (using the approach as described in section 5.6)
to be with approximately Vy;=45 %, and with a heat value of the charge
LHV,e; = 0.6 MJ/kg (note that this is only half of what was found for the
engine in section 5.6). The thermal and kinetic efficiencies are calculated to
respectively 46 % and 0.5 %, which can also be compared to the values for
the engine.
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Set active command to: Path to ASCII log file
I No operation ﬂ| STOP | |'1.|M:\ub\cvc—rig\figZ\Friggrog.001 ||

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, 1=18mm
Camera frame: 1004

25,0-
25 Alin fin_|1]
{Gag |in_1 !
20,0 i 21T
17,5 Gasm—2
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50 / ,
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-
98
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W) ) B+ Scan rate’, 30000,00 actual scan rate Pmain d
022yl Scans read: 40000 79365,0781 Pprecham NV
Pstatic avd

Figure 6.6: Operating sequence for experiment 1. The graph shows also
pressure measurements as a result from running the sequence. The inlet
valve is opened at time = 100 ms and causes a pressure increase in the
prechamber as the prechamber is filled with premixed CoH, and air until the
inlet valve is closed at time = 225 ms. The nozzle between the two chambers
is opened at time = 350 ms. Ignition is triggered at time = 500 ms. One
can see the pressure increase caused by the combustion as a “bump” in the
pressure measurement right after time = 500 ms. The graphs presenting the
results of the experiments will be zoomed in and showing only the area right
after time = 500 ms.
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calculation of ROHR, etc. Using log file 1006 (see

figure 6.20) as input, Vy; =45 % and LHV,, = 0.6 MJ/kg
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Set active to: Path to ASCII log file
[ Nooperation ][ stop | Wub\cvc-ng\ﬂgmtesmv002‘\09

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d&=9mm, 1=18mm
Camera frame: 1002

20,0

18,0

0 /\\ No flame, only
— turbulence from
AN opening of nozzle

10,0 Carpera

8,0
7.0- | | | | | | | | |
500 501 502 503 504 505 506 507 508 509

0 ) 8+ Scan rate, 80000,00 actual scan rate Pmain
| R RRH] U Scans read: 40000 79365,0781 Pprecham

Pstatic

Figure 6.8: Picture is taken 0.5 ms after ignition is triggered. No spark
or flame is visible. The control program settings are the same window as
shown in figure 6.6, but the time scale window is zoomed so that only a few
milliseconds directly after the ignition trigger is visible. The picture is taken
at the time indicated by the vertical line marked “Camera” in the program
window. Note that there is a large peak in the recorded prechamber pressure
close to the end of the combustion.

Set active command to: Path to ASCI log file
[ No operation w|[stor | Wub\cvong\ﬁgz\tesﬁ\l 003.log

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=18mm
Camera frame: 1003

20,0+

18,0

16,0

14,0

5 Turbulence from
opening of nozzle

12,0

10,0

8,0
7,0- \ \ \ \ \ \ \ \
500 501 502 503 504 505 506 507 508 509
W vl B+ Scan rate’ §0000,00  actual scan rate Pmain

| Rl 79365,0781 Pprecham

Scans read: 40000

Pstatic

Figure 6.9: The experiment is repeated, but with the picture taken slightly
later, now 1.0 ms after ignition trigger. A small spark or flame can be seen
at the upper spark plug. Note that the pressure during the first half of the
combustion is similar to what was recorded during the previous combustion,
but the pressure peak close to the end of combustion is lower.
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Set active command to: Path to ASCII log file

[ Nooperation __w][(sTop ] [sMublove-ighig2iest2\i0041og

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, 1=18mm
Camera frame: 1004

20,0

18,0

16,0

14,0

12,0

10,0 Carnera

Turbulence from

opening of nozzle

8.0

7.0- , , , , , ,
500 501 502 503 504 505 506

507

508 509

W) BT

Scan rate §0000,00 actual scan rate
| BRI L]

Scans read: 40000 79365,0781

Pmain
Pprecham

Pstatic

Figure 6.10: The experiment is repeated, now the picture is taken 1.5 ms
after ignition trigger. The flame kernel has grown larger compared to the
previous picture. Note that the pressure during the first half of the combus-
tion is similar to what was recorded during the previous combustions, but
the pressure peak close to the end of combustion has disappeared.

Set active Path to ASCII log file

to:
[ No operation ] |_stop | Wub\cvc-ng\ﬁgﬂxeslznoos.log

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=18mm
Camera frame: 1005

20,0~

18,0

16,0 /\

[\

]2;0 / \
\

| B
10,0 Carpera
\
80 )
7.0- ‘ ‘ ‘ | | ‘ |
500 501 502 503 504 505 506 507 508 509 0
W ) e [+ N Pmain 2
o G R Cold jet
Pstatic

Figure 6.11: The experiment is repeated, now the picture is taken 2.0 ms
after ignition trigger. The flame is larger compared to the previous picture
and causes a small pressure increase in the prechamber. The pressure gives
a flow of “cold” (not combusted) gas from the prechamber into the main
chamber. The pressure peak close to the end of combustion is back again.
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Set active

Path to ASCII log file

to:
[ Nooperation ][ stop | Wub\cvc-ng\ﬂgmtesmv006‘\09

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d&=9mm, 1=18mm
Camera frame: 1006

20,0

18,0

16,0

14,0

12,0
10,0 Carpera

8,0

—

7,0-

500 s01 502 503 504

505 506

507

508 509

510

I w8 BT

1|5
| R U Scans read: 40000

Scan ra(e: 80000,00

actual scan rate

79365,0781

Pmain

Pprecham

Pstatic

&

Cold jet

Figure 6.12: The experiment is repeated, the picture is taken at the same
timing as in the previous repetition, i.e. 2.0 ms after ignition trigger. The
pressure peak close to the end of combustion is gone, but the cold jet early
in the combustion is very similar to the one in the previous combustion.

Set active command to:

Path to ASCII log file

[___No operation

IS | Wub\cvcﬂg\ﬁg?\tesﬁ\l007.\cg

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=18mm
Camera frame: 1007

20,0+

18,0

16,0

10.0 Carhera

8.0

7,0-

Ts00  s01 502 503 504

505 506

507

508 509

510

W vl B+
| Rl K

Scans read: 40000

Scan rate’ 80000,00

actual scan rate

79365,0781

Pmain
Pprecham

Pstatic

2

Cold jet

Figure 6.13: The experiment is repeated, now the picture is taken 2.5 ms

after ignition trigger.
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Set active command to: Path to ASCIl log file
[ Nooperation __ w][[sToP ] [sMiubleve-rigifig2itest2\1008.1og |

Prechamber experiment:
Pre: C2Hd+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=18mm
Camera frame: 1008

20,0

18,0

16,0

14,0

12,0

10,0 Carnera

8.0
7.0- | | | | | | | |

500 501 502 503 504 505 506 507 508 509 5
23] B+ Scan rale: 80000,00 actual scan rate Pmain

L RERCHE Scans read: 40000 1793650781 Pprecham

Pstatic

0

2

Cold jet

Figure 6.14: The experiment is repeated, now the picture is taken 3.0 ms

after ignition trigger. The flame has now almost reached the nozzle between
the two chambers.

Set active command to: Path to ASCII log file
[ Nooperation __w][(sTop ] [sMublove-ighig2iest2\i0091og ]

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, 1=18mm
Camera frame: 1009

20,0-

18,0

16,0

14,0

12,0

10,0 Camerg

J(

8.0
7.0- , , , , , , , , ,
500 501 502 503 504 505 506 507 508 509 5

e =2i) B0+ Scan rate? §0000,00 actual scan rate Pmain
| RHEEI R [79365,0781 |

0

Scans read: 40000 Pprecham

&

Cold jet

Pstatic

Figure 6.15: The experiment is repeated, now the picture is taken 3.5 ms
after ignition trigger. The flame has now almost reached through nozzle and
created a 15mm long warm jet into the main chamber. The warm jet ignites
the fuel in the cold jet. The combustion of fuel in the cold jet causes the jet
spread angle to increase close to the nozzle.
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Set active command to: Path to ASCIl log file
[ Nooperation _ w][[sToP ] [sMiubleve-rigifig2itest2\1010.1og |

Prechamber experiment:
Pre: C2Hd+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=18mm
Camera frame: 1010

20,0

18,0

16,0

14,0

12,0

10,0 Carhetar—

8.0
70- e e
500 501 502 503 504 505 506 507 508 509 5
T
R

0

Scan rale: 80000,00 actual scan rate Pmain

Scans read: 40000 1793650781 Pprecham

Pstatic

2

Figure 6.16: The experiment is repeated, now the picture is taken 4.0 ms
after ignition trigger. The warm jet ignites the fuel in the cold jet. The

combustion of fuel in the cold jet causes the jet spread angle to increase close
to the nozzle.

Set active to: Path to ASCII log file
[ Nooperation ][ stop | Wub\cvc-ng\ﬂgznes(zv01 1.log

Prechamber experiment:

Pre: C2H4+air, lambda=0.75

Main: air

Ignition: Upper

Nozzle: d&=9mm, 1=18mm

Camera frame: 1011

20,0

18,0

16,0

14,0
0

12,0 B

10,0 _—arerT

8,0

7.0- | | | | | | | | |
500 501 502 503 504 505 506 507 508 509

0 ) 8+ Scan rate, 80000,00 actual scan rate Pmain
| R RRH] U Scans read: 40000 79365,0781 Pprecham
Pstatic

Figure 6.17: Picture taken 4.5 ms after ignition trigger.
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Set active command to: Path to ASCII log file
[ Nooperation __w][(sTop ] [sMublove-ighig2iest2iioi2log ]

Prechamber experiment:
Pre: C2Hd+air, lambda=0.75
Main: air
Ignition: Upper
Nozzle: d=9mm, 1=18mm
Camera frame: 1012
20,0~
18,0
16,0
14,0 //\\
12,0 B 7 \
10,0
\ P
8.0 A
7.0- \ \ 1 \ \ \ \ \ .
500 501 502 503 504 505 506 507 508 509 510
e =2i) B0+ Scan rate? §0000,00  actual scan rate Pmain V]
| ReReel L Scans read: 40000 79365,0781 Pprecham N/
Pstatic V|

Figure 6.18: The experiment is repeated, now the picture is taken 5.0 ms after

ignition trigger. The jet spread angle can be measured to be approximately
23°.

Set active to: Path to ASCII log file
[ Nooperation ][ stop | Wub\cvc-ng\ﬂgzves(zv013‘\09 |

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d&=9mm, 1=18mm
Camera frame: 1013

20,0~

18,0

16,0

14,0

12,0

10,0 Catpera

8,0
7.0- | | | | | | , , ,
500 501 502 503 504 505 506 507 508 509 5

0

[ESEEET1eS Scan ra(e: 80000,00 actual scan rate Pmain 4
| R RRH] U Scans read: 40000 79365,0781 Pprecham |\
Pstatic 'l

Figure 6.19: Picture taken 5.5 ms after ignition trigger.
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Set active to: Path to ASCII log file
[ Nooperation ][ stop | Wub\cvc-ng\ﬂgzves(zv014‘\09

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d&=9mm, 1=18mm
Camera frame: 1014

20,0~

18,0

16,0

14,0

12,0

10,0 Carnera

8,0
7.0- | | | | | , , ,
500 501 502 503 504 505 506 507 508 509

0 ) 8+ Scan rate, 80000,00 actual scan rate Pmain
| R RRH] U Scans read: 40000 79365,0781 Pprecham
Pstatic

Figure 6.20: Picture taken 6.0 ms after ignition trigger. The surface of the
flame is clearly visible inside the prechamber.

Set active to: Path to ASCII log file
[ Nooperation ][ stop | Wub\cvc-ng\ﬂgzves(zv015‘\09

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d&=9mm, 1=18mm
Camera frame: 1015

20,0~

18,0 /\
16,0 / \
[\
120- /

100 // Ca Era
50 ;ﬁ&.&

7.0+ | | | | | | | | |
500 501 502 503 504 505 506 507 508 509

0 ) 8+ Scan rate, 80000,00 actual scan rate Pmain
| R RRH] U Scans read: 40000 79365,0781 Pprecham
Pstatic

Figure 6.21: Picture taken 6.5 ms after ignition trigger. This picture is taken
directly after a knocking combustion. There is no visible flame surface inside
the prechamber. Also the gas in the main chamber (to the right from the
jet) appears to be affected by the knock.
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20,0~
19,0
18,0
17,0
16,0
15,0
14,0
13,0
12,0

11,0 ///
E j
9,0
_/_/_F
8,0-

7,0-
460 401 402 403 404 405 406 407 408 409 4%0

Figure 6.22: Pressure |bar| as a function of time [ms|. 15 prechamber pres-
sures collected into one graph. There is a large difference in pressure at the
last stages of the combustion. This is believed to be due to a kind of knocking
combustion.

79




Set active command to:

Path to ASClIlI log file

| No operation

] [stor | |'1|M:\ub\cvc-rig\figZ\Frigg_Iog.001

Prechamber experiment:
Pre: CH4+air, lambda=0.75
Main: air
Ignition: Upper
Nozzle: d=9mm, I=18mm
Camera frame: 1019
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Lil‘_
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Ghs |in_1
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Gas_put 2
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Log 1

/
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Scan rate’ 80000,00

Scans read: 40000

actual scan rate
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Pprecham

Pstatic

N\
N
Y

Figure 6.23: Operating sequence for experiment 2, giving higher flow velocity
and more turbulence in the prechamber, the filling of the prechamber ends
only 10 ms before ignition.

6.4 Experiment 2: Increased flow velocity

The difference from the previous experiment is that a modified operation
sequence (as shown in figure 6.23) of the valves gives higher flow velocity and
more turbulence during the combustion in the prechamber.

Pictures and pressure measurements from this experiment can be found
in section E.4. A collection of recorded prechamber pressure is shown in

figure

6.24.
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26,0-

24,0

22,0

20,0

18,0

16,0

14,0

12,0

10,0

8,0-5 - i i
120 121 122 123 124 125

Figure 6.24: Experiment 2, increased flow velocity. Prechamber pres-
sure |bar| from several combustions are collected and shown as functions
of time [ms]. This can be compared to figure 6.22 which shows pressure from
combustions at lower flow velocity. Note that the time scale is different in
the two figures.
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Figure 6.25: Experiment 3, increased flow velocity and lower ignition source.
Prechamber pressure [bar| from several combustions are collected and shown
as functions of time [ms|. This can be compared to figure 6.24 which shows
similar results but using the upper ignition source.

6.5 Experiment 3: Lower ignition source

The only difference from the previous experiment is the location of the igni-
tion. Pictures and pressure measurements from this experiment can be found
in section E.5.

When comparing the pressures recorded when using an ignition source
far from the nozzle (see figure 6.24) to pressures recorded when using an
ignition source close from the nozzle (see figure 6.25), then one can see that
the pressures are approximate equal, but the duration is longer when using
the ignition source close to the nozzle. This indicates that more volume is
flowing through the nozzle when using the ignition source close to the nozzle.

Measured pressure from one combustion was used as input to the two-
zone model as defined i chapter 4. The best fit was found (using the approach
as described in section 5.6) to be with approximately V=10 %, and with a
heat value of the charge LHV,,.; = 1.2 MJ/kg (note that this is almost same
as what was found for the engine in section 5.6). The thermal and kinetic

82




efficiencies are calculated to respectively 73 % and 0.92 %, which is much
higher than the values for the engine (respectively 17 % and 0.43 %) and
also higher than the values found when using the constant volume rig with
slower combustion and upper ignition source (respectively 46 % and 0.5 %).
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6.6 Summary from experiments with combus-
tion rig

A constant volume combustion rig with prechamber has been made. It is
possible to visually observe the flame (and also flow when using Schlieren
method) in both the main combustion chamber and the prechamber through
glass windows. Pressure is measured in both chambers.

Preliminary experiments indicated that a rich A = 0.75 mix of CoH,4 and
air give reliable ignition in the prechamber. Some flow velocity (turbulence)
is necessary in order to give combustion speed in the same range as observed
in an Otto engine with prechamber in section 5. The required flow velocity
is achieved by manipulation of the inlet and outlet valves to the prechamber.

Measured pressure was used as input to the two zone combustion model as
presented in section 4. The thermal and kinetic efficiency of the prechamber
was found to be much higher when using an ignition source close to the nozzle
than when using an ignition source far from the nozzle. On the other hand:
The combustion in the prechamber has longer duration when igniting close
to the nozzle as the flame has to travel upwind in stead of downwind; it is
therefore not necessarily so that ignition close to the nozzle is better than
ignition close to the nozzle. Another point is that the charge composition in
a real engine may be different close to the nozzle than far from the nozzle.

The effects of placing the ignition source closer to the nozzle was also
predicted by the perturbations done on the reference two-zone simulation as
presented in table 4.2.

It was found to be very difficult to observe the length of the jet coming
out of the prechamber when the combustion speed is high. The only com-
parison between observed and calculated jet length is therefore based on an
experiment where there is lower flow velocity and lower flame speed. Calcu-
lated and observed jet length was equal, but this is not a complete validation
of the jet length calculation as only one comparison of jet lengths was done.
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Chapter 7

Summary and conclusions

Three objectives were defined in chapter 1. The following sections contain
summaries of results for each of the three objectives.

7.1 Objective #1: Prechamber performance

The first objective of the thesis is to define variables that describe the per-
formance of prechambers — so that it will be easier to study the prechamber
independently from the rest of the internal combustion engine.

A set of performance variables are presented in chapter 3. The perfor-
mance parameters are grouped into the following three categories:

e The desired output of the prechamber:
— P, and E; are respectively kinetic power and kinetic energy de-

livered to the jet.

— P, and E),; are respectively thermal power and thermal energy

delivered to the jet.
— Ljet and Ve, are length and volume of the hot jet.

— Teg> Tmaz are two slightly different definitions of characteristic du-
rations for the transfer of thermal power to the jet.

— Variation (cycle by cycle) of the time when flame reaches the noz-
zle

e Harmful bi-products of the process in the prechamber: NO, is the
main harmful bi-product. It can be quantified by either mass or volume:
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— Mass, as micrograms per combustion. For further details the mass
of NOy can split into groups according to which phase of combus-
tion it was generated in.

— Volume, as parts per million in the gas flowing out of the precham-
ber. For further details it can be split into groups according to
when the gas exits from the prechamber; with the hot jet, during
the expansion stroke or with the scavenging.

e Efficiency — the ratio of desired output per invested input can be
defined in two ways according to what one regards as the “investment”,
the fuel or the NOy-bi-product.

— The values for £, and E,; can be divided by the lower heat value
of the fuel present in the prechamber at the time of ignition and
make respectively kinetic and thermal prechamber efficiency.

— Any of the prechamber output parameters; Py, Epi, Py and Ep,
(and maybe also L;e and Vj; at a certain time after ignition) can
be divided by the mass of NO, to make an “efficiency”.

In addition to these performance variables were found that cycle by cycle
variations are important. It is suggested to use the standard deviation of
“time from initial spark until the flame reaches the nozzle” as a measure of
cycle by cycle variations introduced by the prechamber.

7.2 Objective #2: Validity of performance vari-
ables

The second objective of the thesis is to use experiments with engine and com-
bustion rig to investigate the validity of the defined performance variables.
Validity includes:

e Correlation to engine performance: The presented prechamber
performance variables should have significant correlation to the perfor-
mance of the engine.

e Availability: The prechamber performance variables should be pos-
sible to measure, directly or indirectly via calculations based on mea-
surement of other variables.

e Completeness: The prechamber performance variables should be com-
plete in the sense that they describe the most important features of the
prechamber performance.
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7.2.1 Correlation to engine performance

No analysis of direct correlation between the prechamber performance vari-
ables and engine performance has been presented in the thesis, however in
section 5.4 was observed cycle by cycle variations in an engine and it was
presented correlation of pressure in the two chambers indicating that faster
combustion in the prechamber causes faster combustion in the main chamber.
This indicates that if one were to provoke larger variations in the prechamber
performance, by for example varying the charge composition in the precham-
ber, then it should be possible to make correlations between the suggested
prechamber performance variables and engine performance.

The following section is a brief discussion of the correlation between the
prechamber performance variables and engine performance.

The importance of thermal power and energy of the jet is plausible based
on the fact that a minimum energy is needed to ignite the mix of fuel and
air (as briefly presented in section 2.3.3).

Kinetic power and energy of the jet: Kinetic energy is necessary to trans-
port the hot jet far enough into the main combustion chamber. One can
see from the presented results in table 4.2 that more kinetic energy does not
necessarily give a longer jet. It can be expected that more kinetic energy in
the jets from the prechamber will give more turbulence in the main chamber
and therefore increase the rate of heat release.

Alternatives to kinetic energy may be to use:

e Calculated hot jet length (use for example the presented jet model)
e Momentum delivered to the jet.

The duration of the jet is important because there is limited time available
for the combustion. An engine running at high RPM will require faster
combustion in both chambers than a motor running at lower RPM. The
timing of the jet is also important. Cycle by cycle variation in the timing of
the jet has been included as prechamber performance variable.

The thermal or kinetic efficiencies of the prechamber have little influence
on the thermal efficiency of the engine as long as a small fraction of the fuel
is burnt in the prechamber. However, the efficiency will indirectly influence
more important features, for example: A small prechamber with high effi-
ciency can have the same ability to ignite the charge in the main chamber
as a larger prechamber with lower efficiency. One can expect the smaller
prechamber to produce less of harmful bi-products.
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7.2.2 Availability

Numerical two-zone models, and computer programs, that calculates some
of the performance variables are presented in chapter 4. It should also be
possible to get similar values for the performance variables by processing
results from CFD.

The two-zone programs were used independently in numerical experi-
ments and also applied together with measurements of pressure in a running
engine and with measurements of pressure in a constant volume combustion

rig.

7.2.3 Completeness

No proof is presented showing that the variables listed in section 7.1 give a
complete description of performance of a prechamber.

In particular the geometry of the hot jets, relative to the main chamber,
is not fully described by length and volume of the jet. Example: The jets
may be directed so that some parts of the main combustion chamber are
far away from the jets. This will most likely have adverse influence on the
engine performance even if this is not described by the suggested prechamber
performance variables.

One limitation with respect to trying to describe the performance of a
prechamber independently of the engine: The state, composition, flow veloc-
ity and even the direction of flow velocity (see figure 2.4) in the main chamber
during the compression stroke will have influence on the rate of heat release
in the prechamber. This means that the prechamber performance variables
are not, properties of a prechamber alone but rather properties of a precham-
ber when used in one particular engine, and they will vary also with the
operating conditions of that engine.

7.3 Objective #3: Prechamber geometry

The third objective of the thesis is to explore how the performance of precham-
bers is influenced by the geometry of the prechamber.

Results from simulation with a two-zone model of a prechamber is pre-
sented in table 4.2. Two geometry variables were perturbed: The nozzle area
and the timing of flame reaching the nozzle. The results indicated that the
larger nozzle area gave the longer jets and shorter duration of the combus-
tion. A prechamber geometry designed so that the flame reaches the nozzles
late, for example by placing the ignition source far from the nozzles, will
shorten the duration of the combustion in the prechamber.
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Experiments with different prechamber geometries in combination with a
constant volume combustion rig are presented in chapter 6 and appendix E.
Placing the ignition source close to the nozzle had the same influence as
predicted by the two-zone model.

7.4 Summary from experiments with combus-
tion rig

This section is similar to the summary presented in chapter 6. A constant
volume combustion rig with prechamber has been made. Much time and ef-
fort were spent making and tuning the combustion rig before reaching reliable
operation.

It is possible to visually observe the flame (and also observe flow of charge
when using Schlieren method) in both the main combustion chamber and the
prechamber through glass windows. Pressure is measured in both chambers.

Preliminary experiments indicated that a rich mix of CoH, and air, at
A = 0.75, give reliable ignition in the prechamber. Turbulence in the pre-
chamber is necessary in order to give combustion speed in the same range
as observed in an Otto engine with prechamber in section 5. The required
turbulence is achieved by manipulation of the inlet and outlet valves to the
prechamber.

Measured pressure was used as input to the two zone combustion model as
presented in section 4. The thermal and kinetic efficiency of the prechamber
was found to be much higher when using an ignition source close to the nozzle
than when using an ignition source far from the nozzle. On the other hand:
The combustion in the prechamber has longer duration when igniting close
to the nozzle as the flame has to travel upwind in stead of downwind; it is
therefore not necessarily so that ignition close to the nozzle is better than
ignition far from the nozzle. Another point is that the charge composition
in a real engine vary throughout the prechamber.

The influence of placing the ignition source closer to the nozzle was also
predicted by the perturbations done on the reference two-zone simulation as
presented in table 4.2.

It was found to be difficult to observe the length of the jet coming out of
the prechamber when the combustion speed is high. The only comparison be-
tween observed and calculated jet length is therefore based on an experiment
with lower flow velocity and lower flame speed in the prechamber. Calculated
and observed jet length was equal, but this is not a complete validation of
the jet length calculation as only one comparison of jet lengths was done.
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7.5 Recommendation for further work

e Include heat transfer models and pollution models in the two zone
model, in particular model of NO, formation.

e Experiment with running engine and pressure measurement in both
chambers: Vary the charge in the prechamber (so that the precham-
ber performance is changed), and study the correlation between the
prechamber performance variables and engine performance.

e Use the output from the prechamber two zone model as input to a two
zone model of the main chamber. Alternatively make a model with four
zones (two in prechamber and two in main chamber). Include pollution
models also in the model of the main chamber.

e Further work with CFD is also recommended. In particular one should
be able to calculate the prechamber performance variables on the basis
of CFD simulations of the prechamber. One should also be able to
specify the required performance of a prechamber based on simulations
of the main chamber.

e Controlled auto ignition (compression ignition with residual exhaust
gas) in the prechamber should be explored further, for example using
the methods recommended above.
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Appendix A

Two zone simulation program

A.1 Main program

PRECHAMBER integration program Fortran

'
'

!

! The main program just performs integration of an initial value problem.
! The system modelling is implemented in the two_zone module.
'
!
'

(c) 1998 Viggo L. Norum and NTNU

program integration
use two_zone, only: initialize, dy, write_log, wp, write_report
implicit none
real (kind=wp) ,dimension(10):: y, di, d2, d3 ! Integration variables
real(kind=wp):: t, dt, t_end ! Integration time
integer:: i, j, subcycle, steps
namelist /integration_config/ t, dt, t_end, subcycle, y
read(unit=+*,nml=integration_config)
write(unit=*,fmt="(a)") "Echo of input values:"
write(unit=*,nml=integration_config)
steps = (t_end-t)/dt
call initialize( t, y, steps )
dt=dt/subcycle
integration_loop: do j=1,steps
call write_log(t,y,j)

do i=1,subcycle ! 4th order Runge Kutta integration
di=dy(t,y); y=y+0.5*dt*(d1 ); t=t+0.5%dt !1st step
d2=d¥(t,y); y=y+0.5*dt*(d2- d1) !2nd step
d3=dY¥(t,y); y=y+ dt*(d3-0.5%d2); t=t+0.5xdt !3rd step
y =y+dt*(dy(t,y)-4*d3+2xd2+d1)/6 '4th step

end do

end do integration_loop
call write_report(t,y)
end program integration
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A.2 Two zone subprogram with ROHR shape
as input

One may link the following module or the next together with the main program depending on what to
use as input.

!
! PRECHAMBER module two_zone Fortran
1

! This module is the part of the program which formulates

! the prechamber calculation as an initial value problem.
!
'
1
'

Shape parameters for ROHR are used as input.

(c) 1998 Viggo L. Norum and NTNU

module two_zone
use utilities
use zach
implicit none

type state
! Variables in the state vector:
real(kind=wp):: t, pp ! Time and pressure in prechamber

real(kind=wp):: ml, m2 ! Mass in zone 1 & 2 [kg]
real(kind=wp):: T1, T2 ! Temperature in zome 1 & 2 [X]
real(kind=wp):: V1, V2 ! Volume of zone 1 & 2 [m~3]
real(kind=wp):: Et, Ek ! Total and kinetic energy delivered to the jet [J]
real(kind=wp):: HR ! Accumulated heat release inside prechamber [J]
! Variables calculated by the routine "jet_model"
real(kind=wp):: tip_v
real(kind=wp):: tip_vol
end type state
type(state), save, dimension(:), allocatable:: history

! Configuration variables to be read from file:
real(kind=wp):: alphal, alpha2 ! ROHR shape parameters
real(kind=wp):: area ! Effective nozzle area [m~2] sum
real(kind=wp):: noz_c ! Nozzle discharge coefficient
real(kind=wp):: noz_d ! Nozzle diameter (used for calc of jet length)
real(kind=wp):: ROHRc ! Characteristic rate of heat release [W]
real(kind=wp):: hc ! Enthalpy of combustion [J/kg]
real(kind=wp):: pm ! Pressure in main chamber [Pa]
real(kind=wp):: Tm ! Temperatre in the main chamber [K]
real(kind=wp):: VEf ! Volume fraction combusted when flame reaches nozzle
real(kind=wp):: Vp ! Volume of prechamber [m~3]
integer :: numnoz ! Number of nozzles
namelist /two_zone_config/ alphal, alpha2, &

area, noz_c, noz_d, ROHRc, hc, pm, Tm, VEff, Vp, numnoz

! Variables calculated and stored for reporting purposes
real(kind=wp),save:: Hi ! Reaction energy of prechamber charge [J]
real(kind=wp),save:: dEtp ! Peak total power delivered to the jet [W]

! Variables in the state vector and it’s derivative:

real(kind=wp):: pp, dpp ! Pressure and derivative of pressure in prechamber
real(kind=wp):: mi, m2, dml, dm2 ! Mass in zone 1 & 2 [kg]l and [kg/s]
real(kind=wp):: T1, T2, dT1, dT2 ! Temperature in zone 1 & 2 [K] and [K/s]
real(kind=wp):: V1, V2, dVi, dV2 ! Volume of zone 1 & 2 [m~3] and [m~3/s]
real(kind=wp):: Et, Ek, dEt, dEk ! Total and kin. jet energy [J] and [W]
real(kind=wp):: HR, ROHR ! Heat release inside prechamber [J] and [W]
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! Other variables caclulated by the routine "caclulate":

real(kind=wp):: cf ! Flow velocity at exit of the nozzle [m/s]

real(kind=wp):: mfl, mf2 ! Mass flow throgh nozzle [kg/s] frome zone 1 and 2

real(kind=wp):: t ! Time [s]

real(kind=wp):: Tf ! Temperature at nozzle outlet [K]

real(kind=wp):: hi,ul,s1,hpl,hT1,hF1,upl,uTl,&
uF1,spl,sT1,sF1,Rp1,RT1,RF1,R1,cpl,cvl, kl

real(kind=wp):: h2,u2,s2,hp2,hT2,hF2,up2,uT2,&
uF2,sp2,sT2,sF2,Rp2,RT2,RF2,R2,cp2,cv2,k2

real(kind=wp):: hmil, hmi2, mil, mi2, Q1, Q2

real(kind=wp):: jet_len, jet_vol

contains
1

! PRECHAMBER subroutine initialize

! Purpose: Read configuration prameters and initial values
! from file and do some initial caclulatioms.
'

subroutine initialize( time, y, steps )
real(kind=wp), intent(in):: time
real(kind=wp), dimension(:), intent(in):: y
integer, intent(in):: steps
open(unit=10, file="log.txt", status="replace"); close(unit=10) !Erase log
open(unit=10, file="pressure.txt", status="replace")
write(unit=10, fmt=+%) steps
close(unit=10)
read( unit=#, nml=two_zone_config)
write(unit=*, nml=two_zone_config)
allocate(history(steps))
call unpack( time, y )
fcall calculate
Hi=m2%hc
dEtp=0.0_wp
end subroutine initialize

PRECHAMBER subroutine calculate
Purpose: Update all module state variables to reflect the values
of the state vector at the time t.

subroutine calculate
real(kind=wp) ,parameter:: 0 = 0.0_wp
real(kind=wp), dimension(5,4):: a
call zach3( pp,T1,1._wp,3,hl,ul,s1,hpl,hT1,hF1,upl,uTl,&
uF1,spl,sT1,sF1,Rp1,RT1,RF1,R1,cpl,cvl,kl )
call zach3( pp,T2,0._wp,3,h2,u2,s2,hp2,hT2,hF2,up2,uT2,&
uF2,sp2,sT2,sF2,Rp2,RT2,RF2,R2,cp2,cv2,k2 )
ROHR = heat_release()
h2=h2+hc; u2=u2+hc; mf1=0.0_wp; mf2=0.0_wp
if ( V1 < Vff*Vp ) then ! Before flame reaches nozzle
call nozzle( area, 0.5_wp, pp, T2, R2, cp2, k2, pm, cf, mf2, Tf )
else ! After flame reached the nozzle
call nozzle( area, 0.5_wp, pp, T1, Ril, cpl, ki, pm, cf, mfl, Tf )
if (V2 < 1.0e-5_wp * Vp) ROHR = 0.0_wp ! Only one zone (all combusted)

end if
dmi = ROHR/hc-mfl
dm2 = -ROHR/hc-mf2

dEt = mfl*cpl*(Tf-Tm)+mf2*cp2+*(Tf-Tm)

Q1=0; Q2=0;

a(:,1)=(/ -1/T1-RT1/R1, 0.0_wp, 1/V1, 1/pp+Rpl/R1, dmi/m1 /) !T1
a(:,2)=(/ 0.0_wp, -1/T2, -1/V2, 1/pp, dm2/m2 /) !T2
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a(:,3)=(/ mixcvl, 0.0_wp, PP, mi*upl, Qi+mfi*(h2-h1)+dmi*(h2-ul) /) !V1
a(:,4)=(/ 0.0_wp, m2*cv2, -PP, 0.0_wp, Q2 +dm2* (h2-u2) /) !pp

turite(*,fmt="(5g11.2)") (a(:,i),i=1,size(a,2))
call solve( a )
dT1=a(5,1); dT2=a(5,2); dVi=a(5,3); dpp=a(5,4); dV2=-d4Vi
dEk=0.5%(mf 1+mf2) *cf**2
if (dEt>dEtp) then
dEtp=dEt
end if
end subroutine calculate

Purpose: Calculate jet length

]
! PRECHAMBER subroutine jet_model
]
1

subroutine jet_model(j)
integer,intent(in):: j
real(kind=wp):: rho_jet, rho_main
rho_jet=pm/ (R1*Tf)
rho_main=12.0
history(j)%t=t
if ( V1 < VEf*Vp ) then
history(j)%tip_v = 0.0_wp
else
history(j)%tip_v = sqrt(rho_jet / rho_main) * cf
end if
history(j)%tip_vol = (rho_jet / rho_main)*x0.25 * cf
jet_len = 4xsqrt(noz_d*maxval(history(:j)%tip_v * (t-history(:j)%t)))
jet_vol = 2xpi*noz_d*maxval(history(:j)%tip_vol * (t-history(:j)%t)**1.5)
end subroutine jet_model

1
! PRECHAMBER subroutine dy

! Purpose: Update all module state variables to reflect

! the values of the state vector y at the time t
! and return the derivatives of the state vector.
1

function dy( t, y ) result( res )

real(kind=wp), intent(in):: t

real(kind=wp), dimension(:),intent(in):: y

real(kind=wp), dimension(size(y)):: res

call unpack(t,y)

call calculate

res = (/ dpp, dT1, dml, dVi, dT2, dm2, dV2, ROHR, dEt, dEk /)
end function dy

PRECHAMBER subroutine unpack

'
'
! Purpose: Unpack the state vector into individual state variables
1

subroutine unpack(time,y)
real(kind=wp), intent(in):: time
real(kind=wp), dimension(:),intent(in):: y
t=time; pp=y(1); Ti=y(2); ml=y(3); Vi=y(4); T2=y(5);
m2=y(6); V2=y(7); HR=y(8); Et=y(9); Ek=y(10)
end subroutine unpack

1

! PRECHAMBER function heat_release
! Purpose: Calculate the heat release.
'
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function heat_release() result(res)
real(kind=wp):: res
real(kind=wp) ,parameter:: hr_vi = 0.000_wp
real (kind=wp) ,parameter:: hr_v2 = 0.002_wp
if ( V1/Vp < hr_vl .or. V2/Vp < hr_v2 ) then

res=0.0_wp
else

res = ROHRc * (V1/Vp)#**alphal * (V2/Vp)*+*alpha2
end if

end function heat_release

PRECHAMBER subroutine write_log

1
'
! Purpose: Write a time series of the results
1

subroutine write_log( t, y, j )

real(kind=wp),intent(in):: t

real(kind=wp) ,dimension(:),intent(in):: y

integer, intent(in):: j

call unpack( t, y )

call calculate

call jet_model(j)

turite(*,"(4(a,g11.5))") "Time=",t*1000," pr=", pp/pm, &

! " jet len=", jet_lemn, " jet vol=", jet_vol

open(unit=10,file="log.txt",status="0ld",position="append")

write( unit=10, fmt="(30e15.5e3)" ) 1le3*t, & ! time [ms]
Vixle6, V1/Vp, pp*le-6, pp/pm, &
mfl+mf2, jet_len, 0.0, 0.0, 0.0, &
ml, Tixle-3, m2, T2*le-3, HR*1.0e-3, & ! column 11..20:
Etxle-3, Ek*le-3, 0.0, 0.0, 0.0, & ! state vector
dmil, dT1x*le-6, dm2, dT2*1le-6, ROHR*le-6, & ! column 21..30:
dEt*le-6, dEk*le-6, jet_lemn, 0.0, 0.0 ! derivatives

close(unit=10)

open(unit=10,file="pressure.txt",status="o0ld",position="append")

write( unit=10, fmt=* ) t, pp, pm

close(unit=10)

end subroutine write_log

'

! PRECHAMBER subroutine write_report
! Purpose: Write a report after end of simulation
1

subroutine write_report( t, y )
real(kind=wp),intent(in):: t
real(kind=wp) ,dimension(:),intent(in):: y
call unpack( t, y )
call calculate
write( unit=+,fmt="(a)" ) "Summary of results:"
write( unit=+,fmt="(a,£f8.2,a)" ) "eta_t", 100%Et/Hi ," %"
write( unit=#,fmt="(a,£8.2,a)" ) "eta_k", 100*Ek/Hi ," %"
write( unit=*,fmt="(a,f8.2,a)" ) " T_e",1000*%Et/dEtp," ms"
end subroutine write_report
end module two_zone
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A.3 Two zone subprogram with pressure as in-
put

One may link this module or the previous one together with the main program depending on what to use
as input.

!

! PRECHAMBER module two_zone Fortran
1

! This module is the part of the program which formulates

! the prechamber calculation as an initial value problem.
!
'
1
'

Measured pressure is used as input to the calculation.

(c) 1998 Viggo L. Norum and NTNU

module two_zone
use utilities
use zach
use nag_spline_1d, only: nag_spline_1d_comm_wp => nag_spline_ld_comm_dp, &
nag_spline_1d_auto_fit, nag_spline_1ld_eval
implicit none

type state
! Variables in the state vector:
real(kind=wp):: t, pp ! Time and pressure in prechamber

real(kind=wp):: ml, m2 ! Mass in zone 1 & 2 [kg]
real(kind=wp):: T1, T2 ! Temperature in zone 1 & 2 [K]
real(kind=wp):: Vi, V2 ! Volume of zone 1 & 2 [m~3]
real(kind=wp):: Et, Ek ! Total and kinetic energy delivered to the jet [J]
real(kind=wp):: HR ! Accumulated heat release inside prechamber [J]
! Variables calculated by the jet model
real(kind=wp):: tip_v ! Hot jet tip velocity [m/s]
real(kind=wp):: tip_vc ! Cold jet tip velocity [m/s]
real(kind=wp):: tip_vol ! Hot jet volume [m~3]
end type state
type(state), save, dimension(:), allocatable:: history

! Configuration variables to be read from file:

real(kind=wp):: area ! Brute nozzle area [m~2]

real(klnd—wp):: noz_c ! Nozzle discharge coefficient

real(kind=wp):: noz_d ! Nozzle diameter [m]

real(kind=wp):: hc ! Enthalpy of combustion [J/kg]

real(kind=wp):: pm ! Pressure in main chamber [Pa]

real(kind=wp):: Tm ! Temperatre in the main chamber [K]

real(kind=wp):: Vif ! Volume fraction combusted when flame reaches nozzle
real(kind=wp):: Vp ! Volume of prechamber [m~3]

namelist /two_zone_config/ area, noz_c, noz_d, hc, pm, Tm, VEf, Vp

! Variables calculated and stored for reporting purposes
real(kind=wp),save:: Hi ! Reaction energy of prechamber charge [J]
real(kind=wp),save:: dEtp ! Peak total power delivered to the jet [W]

! Variables in the state vector and it’s derivative:

real(kind=wp):: pp, dpp ! Pressure and derivative of pressure in prechamber
real(kind=wp):: mi, m2, dmil, dm2 ! Mass in zone 1 & 2 [kg] and [kg/s]
real(kind=wp):: T1, T2, dT1, dT2 ! Temperature in zone 1 & 2 [K] and [K/s]
real(kind=wp):: V1, V2, dVi, dV2 ! Volume of zone 1 & 2 [m~3] and [m~3/s]
real(kind=wp):: Et, Ek, dEt, dEk ! Total and kin. jet energy [J] and [W]
real(kind=wp):: HR, ROHR ! Heat release inside prechamber [J] and [W]

! Other variables caclulated by the routine "caclulate":
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real(kind=wp):: cf ! Flow velocity at exit of the nozzle [m/s]

real(kind=wp):: mfi,mf2 ! Mass flow throgh nozzle [kg/s] from zone 1 and 2

real(kind=wp):: t ! Time [s]

real(kind=wp):: Tf ! Temperature at nozzle outlet [K]

real(kind=wp):: hl,ul,si,hpl,hT1,hF1,upl,uTl,&
uF1,spl,sT1,sF1,Rp1,RT1,RF1,R1,cpl,cvl,kl

real(kind=wp):: h2,u2,s2,hp2,hT2,hF2,up2,uT2,&
uF2,sp2,sT2,sF2,Rp2,RT2,RF2,R2,cp2, cv2,k2

real(kind=wp):: Q1, Q2

real(kind=wp):: jet_len, jet_vol, jet_len_cold

type(nag_spline_1d_comm_wp):: pp_spline, pm_spline
contains

'

! PRECHAMBER subroutine initialize

! Purpose: Read configuration prameters and initial values
! from file and do some initial caclulations.
'

subroutine initialize( time, y, steps )
real(kind=wp), intent(in):: time
real(kind=wp), dimension(:), intent(in):: y
integer, intent(in):: steps
real(kind=wp) ,dimension(:),allocatable:: t_log, pp_log, pm_log
integer:: n,i
open(unit=10, file="log.txt", status="replace"); close(unit=10) !Erase log
read( unit=*, nml=two_zone_config)
write(unit=%, nml=two_zone_config)
allocate(history(steps))
open(unit=10, file="pressure.txt", status="old")
read(unit=10, fmt=*) n
allocate( t_log(n), pp_log(n), pm_log(n) )
read(unit=10,fmt=*) (t_log(i), pp_log(i), pm_log(i), i=1,n)
close(unit=10)
call nag_spline_1d_auto_fit("c", t_log, pp_log, 0.8_wp, pp_spline)
call nag_spline_1d_auto_fit("c", t_log, pm_log, 0.5_wp, pm_spline)
call unpack( time, y )
Hi=m2*hc
dEtp=0.0_wp
end subroutine initialize

PRECHAMBER subroutine calculate
Purpose: Update all module state variables to reflect the values
of the state vector at the time t.

subroutine calculate
real(kind=wp), dimension(6,5):: a
integer:: i
call nag_spline_1d_eval(pp_spline,t,pp,sdi=dpp)
call nag_spline_1d_eval(pm_spline,t,pm)
call zach3( pp,T1,1.0_wp,3,h1,ul,s1,hpl,hT1,hF1,upl,uTl,&
uF1,spl,sT1,sF1,Rp1,RT1,RF1,R1,cpl,cvl,kl )
call zach3( pp,T2,0.0_wp,3,h2,u2,s2,hp2,hT2,hF2,up2,uT2,&
uF2,sp2,sT2,sF2,Rp2,RT2,RF2,R2,cp2,cv2,k2 )
h2=h2+hc
u2=u2+hc
if ( V1 < VEff*Vp ) then ! Before flame reaches nozzle
twrite(*,*) "STATE 1"
call nozzle( area, noz_c, pp, T2, R2, cp2, k2, pm, cf, mf2, Tf )
mf1=0
dEt = mf2*cp2*(Tf-Tm)
else ! After flame reached the nozzle
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call nozzle( area, noz_c, pp, T1, R1, cpl, ki, pm, cf, mfl, Tf )
mf2=0
dEt = mfl*cpl*(Tf-Tm)

end if

Q1=0.0_wp; Q2=0.0_wp

if (pp<pm) dpp=0.0_wp

a(:,1)=(/ 1.0_wp, 1+T1xRT1/R1, 0.0_wp, 0.0_wp, -Vp/Vi, dpp/pp-dpp*Rp1/R1 /)
a(:,2)=(/ (uil-h2)*m1, Til*ml*cvi, 0.0_wp, 0.0_wp, Vp*pp, Qi-mi*upl*dpp+mfi*(h2-h1) /)
a(:,3)=(/ 0.0_wp, 0.0_wp, 1.0_wp, 1.0_wp, Vp/V2, dpp/pp /)
a(:,4)=(/ 0.0_wp, 0.0_wp, (u2-h2)*m2, T2*m2*cv2, -Vp*pp, Q2 /)
a(:,5)=(/ mi, 0.0_wp, m2, 0.0_wp, 0.0_wp, -mf1-mf2 /)

turite (*,fmt="(6g14.5)") (a(:,i),i=1,size(a,2))
call solve2( a )
twrite (*,fmt="(5g14.5)") a(6,:)
dmi=a(6,1)*ml; dT1=a(6,2)*T1; dVi=a(6,5)*Vp
dm2=a(6,3)*m2; dT2=a(6,4)*T2; dV2=-dVi
ROHR=(dm1+mf1)*hc
dEk=0.5%(mf1+mf2) *cf**2
if (dEt>dEtp) then
dEtp=dEt

end if

end subroutine calculate

1

! PRECHAMBER subroutine jet_model
! Purpose: Calculate jet length
'

subroutine jet_model(j)

integer,intent(in):: j

real(kind=wp):: rho_jet, rho_main

rho_jet=pm/ (R1*Tf)

rho_main=12.0

history(j)%t=t

if ( V1 < VEf*Vp ) then
history(j)%tip_v = 0.0_wp
history(j)%tip_vol = 0.0_wp

else
history(j)%tip_v = sqrt(rho_jet / rho_main) * cf
history(j)%tip_vol = (rho_jet / rho_main)**0.25 * cf

end if

history(j)%tip_vc = sqrt(rho_jet / rho_main) * cf

turite(*,"(3(a,gl1.5))") "Time=",t*1000,"  tip_v=", history(j)itip_v, " cf=",cf
jet_len = 4*sqrt( noz_d * maxval(history(:j)%tip_v * (t - history(:j)%t)) )

jet_len_cold = 4*sqrt( noz_d * maxval(history(:j)%tip_vc * (t - history(:j)%t)) )
jet_vol = 2%pi*noz_d*maxval(history(:j)%tip_vol * (t-history(:j)%t)**1.5)
end subroutine jet_model

PRECHAMBER subroutine dy
Purpose: Update all module state variables to reflect
the values of the state vector y at the time t

'
'
!
'
! and return the derivatives of the state vector.
'

function dy( t, y ) result( res )

real(kind=wp), intent(in):: t

real(kind=wp), dimension(:),intent(in):: y

real(kind=wp), dimension(size(y)):: res

call unpack(t,y)

call calculate

res = (/ ROHR, dT1, dml, dVi, dT2, dm2, dvV2, ROHR, dEt, dEk /)
end function dy

98

!ml
1T1

1T2
V1



Purpose: Unpack the state vector into individual state variables

'
! PRECHAMBER subroutine unpack
1
'

subroutine unpack(time,y)
real(kind=wp), intent(in):: time
real(kind=wp), dimension(:),intent(in):: y
t=time; pp=y(1); Ti=y(2); mi=y(3); Vi=y(4); T2=y(5);
m2=y(6); V2=y(7); HR=y(8); Et=y(9); Ek=y(10)
end subroutine unpack

subroutine write_log( t, y, Jj )
real(kind=wp),intent(in):: t
real(kind=wp) ,dimension(:),intent(in):: y
integer, intent(in):: j
call unpack( t, y )
call calculate
call jet_model(j)
write(*,"(7(a,g12.5))") "Time=",t*1000," pr=", pp/pm, &
" jet len=", jet_len, " jet vel=", cf, " dml=", dml, " dm2=",dm2, " ROHR=", ROHR
open(unit=10,file="log.txt",status="0ld",position="append")
write( unit=10, fmt="(30e15.5e3)" ) 1le3*t, & ! time [ms]
Vixle6, V1/Vp, pp*le-6, pp/pm, &
mfl+mf2, jet_len, jet_len_cold, 0.0, 0.0, &
ml, Ti*le-3, m2, T2xle-3, HR*1.0e-3, &
Et*le-3, Ek*le-3, 0.0, 0.0, 0.0, &
dml, dTixle-6, dm2, dT2xle-6, ROHR*le-6, &
dEt*le-6, dEkxle-6, 0.0, 0.0, 0.0
close(unit=10)
end subroutine write_log

column 11..20:
state vector

column 21..30:
derivatives

PRECHAMBER subroutine write_report

'
!
! Purpose: Write a report after end of simulation
'

subroutine write_report( t, y )
real(kind=wp) ,intent(in):: t
real(kind=wp) ,dimension(:),intent(in):: y
call unpack( t, y )
call calculate
write( unit=+,fmt="(a)" ) "Summary of results:"
write( unit=+,fmt="(a,£8.2,a)" ) "eta_pt",100%Et/Hi," %"
write( unit=+,fmt="(a,£8.2,a)" ) "eta_pk",100*Ek/Hi," %"
write( unit=+,fmt="(a,£8.2,a)" ) " T_ce",1000%Et/dEtp, " ms"
end subroutine write_report
end module two_zone

A.4 Utility subprograms

PRECHAMBER module "utilities" Fortran

procedures used by the two zone prechamber simulation program.

!
!
!
! This module contains mathematical and thermodynamical
'
'
! (c) 1998 Viggo L. Norum and NTNU

'

module utilities
implicit none

99



integer,parameter:: wp=selected_real_kind(p=12,r=30) ! Numerical precision
real(kind=wp):: pi=3.14159265358979323844 _up
contains

'
! MATH subroutine solve

! Purpose: Solve a system of linear equations.
'

subroutine solve(a) ! with max column pivot
real(kind=wp),intent(in out):: a(:,:)
integer:: i,j,n,m
n=size(a,2)
forward: do i=1,n-1
m=sum(maxloc(abs(a(i,i:))))+i-1; a(:,(/i,m/))=a(:,(/m,i/))
forall (j=i+il:n) a(i+l:,j)=a(i+l:,j)-a(i,j)/a(i,i)*a(i+1:,i)
end do forward
back: do i=n,1,-1
a(n+1l:,i)=(a(n+1:,i)-matmul(a(n+1:,i+1:),a(i+1:n,i)))/a(i,i)
end do back
end subroutine solve

'
! PRECHAMBER subroutine solve2

! Purpose: Solve a system of linear equations,
! implemented as a call to NAG’s library

'

subroutine solve2(a) ! with max column pivot
use nag_gen_lin_sys
real(kind=up),intent(in out):: a(:,:)
real(kind=wp):: aa(size(a,2),size(a,2)), b(size(a,2))
aa=transpose(a( :size(a,2),:))
b =a( size(a,1),:)
call nag_gen_lin_sol(aa,b)
a( size(a,1),:)=b
end subroutine solve2

THERMDO Subroutine nozzle

Given the throat area of the nozzle, the inlet and outlet
gas properties, this function returns the mass flow through
the nozzle. Isentropic flow and perfect gass is asumed.

If the pressure ratio exceeds the critical value,

'
'
1
1
'
1
1
'
! the speed is set to sonic speed.
'

subroutine nozzle( area, c, pil, T, R, cp, k, p2, cf, mf, Tf )

real(kind=wp),intent(in):: area ! brute nozzle area [m~2]
real(kind=wp),intent(in):: ¢ ! nozzle discharge coeffieicent
real(kind=wp),intent(in):: pl ! chamber 1 pressure
real(kind=wp),intent(in):: T
real(kind=wp),intent(in):: R
real(kind=wp),intent(in):: cp
real(kind=wp),intent(in):: k
real(kind=wp),intent(in):: p2 ! chamber 2 pressure
real(kind=wp),intent(out):: cf ! Flow velocity [m/s] (average over area)
real(kind= wp),lntent(out).. ! Mass flow [kg/s]
real(kind=wp),intent(out):: Tf ! Outlet temperature [K]
real(kind=wp):: pr, rho
if (p2>pl) then

cf=0

mf=0

Tf =T ! Wrong 7
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else
pr = max( p2 / p1l, (2/(k+1))*x(k/(k-1)) )
cf = c * sqrt( R¥T*2.0_wp * k / (k-1) * ( pr**(2/k) - pr**( (k+1)/k )))
'ef = sqrt( 2.0_wp * k / (k-1)* ( pr¥xk - pr**x( (k+1)/k )))

Tf =T ! Wrong ?

rho = p1/( R * Tf )

mf = cf * rho * area

'mf =pl / sqrt( R * T ) * area * cf
end if

end subroutine nozzle
end module utilities

A.5 (Gas properties

The routine for calculation of gas properties is taken directly from a Fortran 77 code programed by
Harald Valland. The only modification is the that the code is placed inside a Fortran 90 module and
that the floating point variable size/kind is selectable with “real(kind=wp)::”. Tt is included here in order
to have the whole two zone simulation program documented (with the exception of NAG’s spline-fitting
routines which are used to interpolate the measured pressure when pressure is used as input).

module zach
use utilities, only: wp

contains
subroutine ZACH3(p,T,F,DCO,h,u,s,hp,hT,hF,up,uT,uF,sp,sT,sF,

& Rp,RT,RF,R,cp,cv,k)
P
c . This routine calculates the thermodynamic gas properties of com-
c bustion gases using Zacharias formulae. The fuel is CnH2n and the
c air is dry atmospheric air. Only lean mixtures are considered.
PP
c ... Reference: Friedemann Zacharias: Analytische Darstellung der
c thermodynamischen Eigenschaften von Verbrennungsgasen.

c Dissertation TU Berlin 1966.
€ e it eeaaeaaeaeaeiaeaeaaaaeaaaaaaa.
Input parameters:
P pressure [Pal
T temperature [K]
F fuel air equivalence ratio [-] (F = 1/lambda)

DCO control parameter:

DCO= 0 ideal gas properties with real gas correction
= 1 correction for lower stage dissiciation added
= 2 correction for upper stage dissociation added

. Output parameters:

h specific enthalpy [J/kg]
u specific internal emergy [J/kg]
s specific entropy [J/kgK]

hp,hT,hF partial derivatives of H with respect to p,T,F.
up,uT,uF partial derivatives of U with respect to p,T,F.
sp,sT,sF partial derivatives of S with respect to p,T,F
Rp,RT,RF partial derivatives of R with respect to p,T,F

R gas constant [J/kgK]
cp specific heat at constant pressure [J/kgK]
cv specific heat at constant volume [J/kgK]
k ratio of specific heats: k=cp/cv

. Note:

Units according to SI:
energy: [J] mass: [kg] pressure: [Pa]l=[N/m2] temperature: [K]

0O 000000 0000000000000 000.0
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. Programmed by: H. Valland, NTH, Trondheim, 1968
Restructured: 98-02-16/hv :: derivatives of entropy included
Restructured: 98-11-18/hv :: collection of terms
implicit none
integer DCO
real(kind=wp):: p,T,F,h,u,s
real(kind=wp):: hp,hT,hF,up,uT,uF,sp,sT,sF,Rp,RT,RF,R,cp,cv,k
real(kind=wp):: EPO,EP1,EP2,EP3,EP4,EP5,EP6,FC0O,FC1,FC2,FC3,FC4,

& FC6,FC7,FC8,FC6T,FC6V,FC7T,FC7P,FC8T,FC8V
real(kind=wp):: PP,TT,TT2,V,LNPP,LNT,LNT2,PB,PBT,PBV,
& PC,PCV,Y,YV,YT,YP,EXPY,A,AV,B0,BOV,D,DV

real(kind=wp):: AZ,AZP,AZV,AH,AHP,AHV,AS,ASP,ASV
real(kind=wp):: BZ,BZT,BZP,BZV,BH,BHT,BHP,BHV
real(kind=wp):: ZZ,ZZP,ZZT,ZZV,ZR,ZRP,ZRT,ZRV
real(kind=wp):: Z1,Z1P,Z1T,Z1V,Z2,Z2P,Z2T,Z2V
real(kind=wp):: HH,HHP,HHT,HHV,HO,HOT,HOV, HR,HRT,HRV,HRP
real(kind=wp):: H1,H1P,H1T,H1V,H2,H2T,H2V,H2P
real(kind=wp):: SS,SSP,SST,SSV,S0,S0T,S0V,SOP,SR,SRT, SRV, SRP
real(kind=wp):: S1,S1P,S1T,S1V,S2,S2T,S2V,S2P
real(kind=wp):: fs
. Test if input parameters are out of range.
if((p .1t. 100. .or. p .gt. 1.E8) .or.
& (T .1t. 200. .or. T .gt. 6000.) .or.
& (F .1t. 0. .or. F .gt. 1.))then
PRINTx*,’ ZACH: INPUT PARAMETERS OUT OF RANGE:’
PRINT*,” p=’,p,” T=°,T,” F=27,F
go to 9999
endif

In this section, compute ideal gas properties of gas mixture,
adding correction for real-gas behaviour at high density.
£5=0.067671
FC0=1.019716E-5
TT=.001*T
PP=FCO*p
V=(1.-F)/(1.+.0698%F)
V=(1.-F)/(1.+fs*F)
LNPP=L0G (PP)
TT2=TT*TT

A= 2.77105E-4 -.900711E-4xV
B0=6.42217E-4 -.98367E-4%V
D=.8868E-2 -.6131E-2%V

AV= -.900711E-4
BOV=-.98367E-4
DV= -.6131E-2

FC6 = EXP(D/TT2)/TT
FC6T=-EXP(D/TT2)/TT2*(1.0+2.0%D/TT2)
FC6V= DV+EXP(D/TT2)/TT

FC7 =PP/TT

FC7T=-PP/TT2

FC7P=1.0/TT

FC8 =1.+D/TT2

FC8V=DV/TT2

FC8T=-2.0*D/ (TT2*TT)
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¢ --- Compressibility function:

c
ZR = FCT7%(BO-A*FC6)

c ZRT=-FCT7*(B0-A*FC6%2.0%FC8) /TT
ZRT=-FC7*(B0-2.0%A*FC6*(1.-D/TT2))/TT
ZRV= FC7%(BOV-FC6%(AV+DV*A/TT2))
ZRP= (B0-A*FC6)/TT

ZZ =1.0+ZR

ZZT= ZRT
ZZV= ZRV
Z7P= ZRP

--- Enthalpy function

oo

.005026*V
.383504*V
.185214x%V

HO= +3.514956
+TT*(+.131438
+TT*(+.477182
+TT*(-.287367 .694862E-1*V
+TT*(+.742561E-1 +.164041E-1%V
+TT*(-.916344E-2 -.204537E-2%V
+TT*(+.439896E-3 +.101610E-3%V))))))

+ 1

+

&
&
&
&
&
&

HOT= +.131438 .383504%V
+TT*(2.0%(+.477182 .185214%V)
+TT*(3.0%(-.287367 .694862E-1%V)

&

& -

& +TT*(4.0%(+.742561E-1 +.164041E-1%V)
&

&

+ 1

+TT*(5.0%(-.916344E-2 -.204537E-2%V)
+TT*(6.0%(+.439896E-3 +.101610E-3%V))))))

HOV= -.005026
+TT*(-.383504
+TT*(+.185214
+TT*(-.694862E-1
+TT*(+.164041E-1
+TT*(-.204537E-2
+TT*(+.101610E-3))))))

HR =+FC7*(B0-2.0*A*FC6%FC8)
HRT=+FC7T*(B0-2.0*%A*FC6*FC8)+FC7*(-2.0%A)* (FC6T*FC8+FC6*FC8T)
HRP= HR/PP

HRV=+FC7* (BOV-2.0% (AV*FC6*FC8+A*FCOV*FC8+A*FC6*FC8V) )

HH =HO +HR
HHT=HOT+HRT
HHP= +HRP
HHV=HOV+HRV

--- Entropy function:

o o

PB= +2.972979 +.553140*V

& +TT*(+.583837E-1 -.485001%V

& +TT*(+.871349 +.698183E-1%V

& +TT*(-.451556 -.287720E-2%V

& +TT*(+.109164 -.693663E-3*V

& +TT*(-.129754E-1 +.920231E-4xV

& +TT*(+.608234E-3 -.299679E-5%V))))))

PBT= (+0.583837E-1 -0.485001%V)

& +TT*(2.0%(+0.871349 +0.698183E-1%V)
& +TT*(3.0%(-0.451556 -0.287720E-2%V)
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& +TT*(4.0%(+0.109164 -0.693663E-3*V)
& +TT*(5.0%(-0.129754E-1 +0.920231E-4*V)
& +TT*6.0%( +0.608234E-3 -0.299679E-5%V)))))

PBV= +.5563140
+TT*(-.485001
+TT*(+.698183E-1
+TT*(-.287720E-2
+TT*(-.693663E-3
+TT* (+.920231E-4
+TT*(-.299679E-5))))))

PC =-.805214+V*(-.400981+V*(.576989+V*.060056))
PCV=-0.400981+V*(1.153978+0.180168*V)

LNT=L0G(1000.*TT)

SO =(3.5566-0.0659%V) *LNT-LNPP+PB-PC
SOT=(3.5566-0.0659V) /TT+PBT
SOP=-1.0/PP

SOV=(-0.0659) *LNT+PBV-PCV

SR =-AxFC7*FC6*FC8

SRT=-A* (FC7T*FC6*FC8+FC7*FC6T*FC8+FC7*FC6*FC8T)
SRP=-A*FC7P*FC6*FC8

SRV=-FC7* (AV*FC6*FC8+A*xFC6V*FC8+A*FC6*FC8V)

SS =S0 +SR
SST=SOT+SRT
SSP=S0P+SRP
SSV=SOV+SRV

if(DCO .gt. O)then
c ... Correction for lower stage dissociation.
LNT2=L0G(TT/1.65)
EPO=EXP (.007*LNPP)
EP1=EXP(.0115*LNPP)
EP2=EXP(-.03453*LNPP)
EP3=EXP(-.103*LNPP)
EP4=EXP(-.127*LNPP)
EP5=EXP(-.0212xLNPP)
EP6=EXP (-.306*TT)
FC1=-.51%EP3-.14+(.12-.29%EP4)*LNT2
FC2=(1.-V)*(1.-(1.-V)*(1.-V)*(1.-V)*.2772)*.9088*EP5
FC3=(.573+.083*LNPP) *EP6
FC4=15.*EXP (FC1*LNT2)
Y=FC4-6.9078-FC2+FC3
YT=FC4x* (FC1+LNT2*(.12-.29%EP4)) /TT-.306*FC3
YP=(FC4*LNT2*(.05253*EP3+.03683*EP4*LNT2)

& +FC2%*.0212+.083*EP6) /PP
YV=(1.-(1.-V)*(1.-V)*(1.-V)*1.1088)*.9088+EP5
EXPY=EXP(Y)

c

¢ --- Compressibility correction:
AZ =(.420-.193%V)*EPQ
AZP=AZ*.007/PP
AZV=-.193+EP0Q
BZ =1.0+EXPY/TT
BZT=(YT*TT-1.0)*EXPY/TT2
BZP=EXPY*YP/TT
BZV=EXPY*YV/TT
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Z1 =AZ/BZ

Z1T=(  -Z1%BZT)/BZ
Z1P=(AZP-Z1%BZP) /BZ
Z1V=(AZV-Z1%BZV) /BZ

27 =17 +71
ZZT=ZZT+Z1T
ZZP=ZZP+Z1P
ZZV=ZZV+Z1V

¢ --- Enthalpy correction:
AH =(25.9-11.%V)*EP1
AHV=-11.*EP1
AHP=AH*.0115/PP
BH =TT*BZ
BHT=BZ+TT*BZT
BHP=TT*BZP
BHV=TT*BZV

H1 =AH/BH

HiT=(  -H1%BHT)/BH
H1P=(AHP-H1*BHP) /BH
H1V=(AHV-H1*BHV)/BH

HH =HH +H1
HHT=HHT+H1T
HHP=HHP+H1P
HHV=HHV+H1V

c --- Entropy correction:
AS =(8.179-3.726%V)*EP2
ASV=-3.726*EP2
ASP=AS*(-0.03453) /PP

S1 =AS/BZ

S1T=(  -S1%BZT)/BZ
S1P=(ASP-S1*BZP) /BZ
S1V=(ASV-S1*BZV)/BZ

SS =8S +S1

SST=SST+S1T

SSP=SSP+S1P

SSV=SSV+S1V
endif

if(DCO .eq. 2)then

c ... Correction for upper stage dissociation.
EPO=EXP(-.05648*LNPP)
EP1=EXP(-.045*LNPP)
Y=18.0972-2.43*TT*EP1
YT=-2.43*EP1
YP=-2.43*TT*EP1%(-.045/PP)
EXPY=EXP(Y)

c

¢ --- Compressibility correction:
AZ =0.774-.119%V-(.0128+.005%V)*LNPP
AZV=-.119-.005*LNPP
AZP=-(.0128+.005%V) /PP
BZ =1.0+EXPY/TT
BZT=(YT*TT-1.0)*EXPY/TT2
BZP=EXPY*YP/TT
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2]

o o0 o o0

72 =AZ/BZ

Z2T=(  -Z2%BZT)/BZ
Z2P=(AZP-Z2%BZP) /BZ
Z2V=(AZV )/BZ

2Z =17 +12
ZZT=ZZT+Z2T
ZZP=ZZP+Z2P
ZZV=2ZV+Z2V

--- Enthalpy correction:
AH =86.5-3.065*LNPP-14.35%V
AHP=-3.065/PP
AHV=-14.35
BH =TT*BZ
BHT=BZ+TT*BZT
BHP=TT*BZP

H2 =AH/BH

H2T=(  -H2%BHT)/BH
H2P=(AHP-H2*BHP) /BH
H2V=(AHV )/BH

HH =HH +H2
HHT=HHT+H2T
HHP=HHP+H2P
HHV=HHV+H2V

--- Entropy function correction:
AS =(14.512%EP0-2.434%V)
ASP=AS+*(-0.05648) /PP
ASV=-2.434%EPQ

S2 =AS/BZ

S2T=(  -S2%BZT)/BZ
S2P=(ASP-S2%BZP) /BZ
S2V=(ASV)/BZ

SS =SS +52

SST=SST+S2T

SSP=SSP+32P

SSV=SSV+52V
endif

. Constants applied:

FC1 = RO/M
FC2 = (1/M)*dM/dF
FC3 = dV/dF

FC1=8314.7%x(.333333*F+4.7732)/(9.3517*F+138.25)
FC2=-1.44575/((.333333*F+4.7732)*(9.3517*F+138.2500))
FC3=-(1.0+fs)/((1.+fsxF)*(1.+fs*F))

R=FC1xZZ

h=FC1*TxHH

s=FC1*SS

u=h-R*T

Rp=FC1*ZZP*FCO
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RT=FC1*ZZT*.001
RF=FC1* (ZZV*FC3-ZZ*F(C2)
up=FC1*T* (HHP-ZZP) *FCO
uT=FC1* (HH-ZZ+TT* (HHT-ZZT))
uF=FC1*T* ((HHV-ZZV) *FC3- (HH-ZZ) *FC2)
hp=FC1*T*HHP*FCO
hT=FC1* (HH+TT*HHT)
hF=FC1*T* (HHV*FC3-HH*FC2)
sp=FC1*SSP*FCO
sT=FC1*SST*0.001
sF=FC1* (SSV+FC3-SS*FC2)
cp=hT
cv=uT+up* (R/T+RT)/(R/p-Rp)
k=cp/cv

9999 continue
RETURN
END subroutine
end module zach
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Appendix B

Input files to two zone program

The input file is formated as two Fortran namelists, one namelist for the con-
figuration of the prechamber, and one for initial values and configuration of
the integration routine. The input file is written by a preprocessor program,
but the values are also easy to change “by hand” using a text editor.

B.1 Reference simulation

&INTEGRATION_CONFIG

T

DT

T_END
SUBCYCLE
Y

7.5E+02

/

0.0,

5.0E-05,

1.0E-02,

100,

6.0E+06 2.5E+03 6.5479232047856364E-08
4.3524558585883086E-04 1.5992E-05 0.0 O.

&TWO_ZONE_CONFIG

ALPHA1 =
ALPHA2
AREA =
NOZ_C =
NOZ_D =
ROHRC =
HC =
PM =
™ =
VFF =
VP =
NUMNOZ =

O, ONONEFE WO O

0

.8,

.25,
.8E-05,
.5,
.1915382432114E-3,
.0E+06,
.0E+086,
.0E+06
.50E+02,
.7,
.6E-05,
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Appendix C

Data from measurements on a
prechamber engine

This chapter contains the measured data and plots generated by Marintek’s
measurements and analysis software: “Tango”. It is included just for those
specially interested in engine data and emmisions and should be skipped by
others. The next pages contain Norwegian text.
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TESTPROTOKOLL UBE KR3 GASS

Model: /tmp_mnt/home/immhpl/c/viggon/ub/kr3/krg_norum
2

Reg.no.: Date: 9 Apr 97 Time: 14:22:16
Motor og driftsdata

Hn M [MJ/Kg] 49.48

BMEP [bar] 4.11 Gassforbruk [g/s] 10.04
BMIP [bar] Gassforbruk_V.n [m*3/s] 0.00
Pmax [bar] Energiforbruk_s [MJ/kWh] 14.66
£i (Pmax) [deg] Energiforbruk_s.ISO [MJ/kWh] 13.93
Turtall motor [xpm] 806 Virkningsgrad %1 24.6
Moment [Nm] 1446 Paadrag gassventil [deg] Not Ava
Akseleffekt [kW] 122 AFR styresignal [%] Not Ava
Fortenningsvinkel [deg] Not Ava Paadrag luftspjeld [$] Not Ava
Vol_eff. 5] 0.88

Luft - Avgass
Barometerstand [mbar] 997 Trykkfall 1.m.dyse [mbar] 2.3
Lufttetthet [kg/m~3] 1.16 Luftmengde [kg/s] 0.35
Lufttemp.f.l.m.dyse Ici 25.9 Luftmengde_V.n [m*3/s] 0.27
Lufttemp. f. lader [cl 36.1 Luftforbruk_s [kg/kWh] 10.36
Lufttemp. e. lader [cl 56.8 Avgassmengde vaat [kg/h] 1300
Lufttemp. receiver [cl 33.6 Lambda MFlow 8] 2.05
Eksostemp. e. syl.l Ici 264 Lambda 02 8] 2.86
Eksostemp. e. syl.2 [cl 397 Lambda CO2 8] 3.06
Eksostemp. e. syl.3 [ci 502 Lambda_tot [1 2.19
Eksostemp. f£. turbin Ic1 404 Turtall turbolader [rpm] 16599
Eksostemp. e. turbin Ici 318 Turtall turbolader 300K [rpm] 16348
Gasstemp. f. motor [ci 18.42 Trykk luftreceiver [bar] 1.18
Gasstrykk inn [bar] 7.18 Trykk avgassreceiver [bar] 1.13
Gasstrykk hoved [bar] 1.40 Trykkforhold o. lader I1 1.19
Gasstrykk forkammer [bar] 1.20 Adiab. virkn.gr. lader 8] 0.00
Emisjonsdata

NOx vaat [ppm] 78.5 Spec_NOx_corr [g/kWh] 1.26
HC vaat [ppm]  3842.0 Spec_HC [g/kWh] 58.71
CO torr [ppm] 1149.3 Spec_CO [g/kWh] 10.83
CO2 torr [%1 3.5 Spec_C02 [g/kWwh] 526.00
02 torr [%] 14.1

HC 5% 02 [mg/nm*3] 16725 Corr_NOx 8] 0.95
Co 5% 02 [mg/nm*3] 3365 Corr_wet 8] 0.92
NOx 5% 02 [mg/nm*3] 377

Kj.vann - Sm.oljedata

Kj.v..temp. f. motor c1 72.8 Sj.v.temp. inn c1 17.3
Kj.v.temp. e. motor c1 74.3 Sj.v.temp. f. sm.o.kj. c1 17.9
Sm.o.temp. f. motor c1 53.7 Sj.v.temp. £. £.v.kj. c1 19.5
Sm.o.temp. e. motor c1 58.6 Sj.v.temp. ut c1 20.9
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TESTPROTOKOLL UBE KR3 GASS

Model: /tmp_mnt/home/immhpl/c/viggon/ub/kr3/krg_norum

Reg.no.: 3 Date: 9 Apr 97 Time: 14:48:01
Motor og driftsdata
Hn M [MJ/Kg] 49.48
BMEP [bar] 14.25 Gassforbruk [g/s] 26.80
BMIP [bar] Gassforbruk_V.n [m~3/s] 0.01
Pmax [bar] Energiforbruk_s [MJ/kWh] 9.08
£i (Pmax) [deg] Energiforbruk_s.ISO [MJ/kWh] 8.54
Turtall motor [rpm] 1003 Virkningsgrad [%] 39.7
Moment [Nm] 5009 Paadrag gassventil [deg] Not Ava
Akseleffekt [kW] 526 AFR styresignal [$] Not Ava
Fortenningsvinkel [deg] Not Ava Paadrag luftspjeld [$] Not Ava
Vol_eff. [1 0.95
Luft - Avgass
Barometerstand [mbar] 998 Trykkfall 1.m.dyse [mbar] 15.5
Lufttetthet [kg/m*3] 1.16 Luftmengde [kg/s] 0.90
Lufttemp.f.l.m.dyse [c1 26.8 Luftmengde_V.n [m*3/s] 0.70
Lufttemp. f. lader [cl 56.0 Luftforbruk_s [kg/kWh] 6.17
Lufttemp. e. lader [C] 149.8 Avgassmengde vaat [kg/h] 3344
Lufttemp. receiver [c] 52.9 Lambda MFlow [1 1.97
Eksostemp. e. syl.1l [C] 553 Lambda 02 [1 2.02
Eksostemp. e. syl.2 [c] 554 Lambda CO2 [1 1.91
Eksostemp. e. syl.3 [c] 539 Lambda_tot [1 1.90
Eksostemp. f£. turbin [C] 587 Turtall turbolader [rpm] 35679
Eksostemp. e. turbin [cl 416 Turtall turbolader_ 300K [rpm] 34060
Gasstemp. f. motor [C] 14.44 Trykk luftreceiver [bar] 2.40
Gasstrykk inn [bar] 6.96 Trykk avgassreceiver [bar] 2.09
Gasstrykk hoved [bar] 2.28 Trykkforhold o. lader [1 2.44
Gasstrykk forkammer [bar] 2.09 Adiab. virkn.gr. lader [1 0.00
Emisjonsdata
NOx vaat [ppm] 155.9 Spec_NOx_corr [g/kWh] 1.51
HC vaat [ppm] 529.7 Spec_HC [g/kWh] 4.83
CO torr [ppm] 421.7 Spec_CO [g/kWh] 2.26
CO2 torr [%] 5.8 Spec_C02 [g/kWh] 488.35
02 torr [%] 11.2
HC 5% 02 [mg/nm*3] 1605 Corr_NOx [1 0.96
CO 5% 02 [mg/nm*3] 860 Corr_wet [1 0.87
NOx 5% 02 [mg/nm*3] 522
Kj.vann - Sm.oljedata

Kj.v..temp. f£. motor [cl 81.3 Sj.v.temp. inn [C] 17.7
Kj.v.temp. e. motor [C] 84.3 Sj.v.temp. £. sm.o.kj. [C] 18.9
Sm.o.temp. f. motor [ci 55.2 Sj.v.temp. £. f£.v.kj. [ci 20.9
Sm.o.temp. e. motor [cl 61.4 Sj.v.temp. ut [C] 27.2
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TESTPROTOKOLL UBE KR3 GASS

Model: /tmp_mnt/home/immhpl/c/viggon/ub/kr3/krg_norum

Reg.no.: 4 Date: 9 Apr 97 Time: 14:54:09
Motor og driftsdata
Hn M [MJ/Kg] 49.48
BMEP [bar] 8.00 Gassforbruk [g/s] 17.42
BMIP [bar] Gassforbruk_V.n [m~3/s] 0.00
Pmax [bar] Energiforbruk_s [MJ/kWh] 10.49
£i (Pmax) [deg] Energiforbruk_s.ISO [MJ/kWh] 9.88
Turtall motor [rpm] 1004 Virkningsgrad [%] 34.3
Moment [Nm] 2813 Paadrag gassventil [deg] Not Ava
Akseleffekt [kW] 296 AFR styresignal [$] Not Ava
Fortenningsvinkel [deg] Not Ava Paadrag luftspjeld [$] Not Ava
Vol_eff. [1 0.93
Luft - Avgass
Barometerstand [mbar] 997 Trykkfall 1.m.dyse [mbar] 6.5
Lufttetthet [kg/m*3] 1.16 Luftmengde [kg/s] 0.58
Lufttemp.f.l.m.dyse [c1 27.0 Luftmengde_V.n [m*3/s] 0.45
Lufttemp. f. lader [cl 49.9 Luftforbruk_s [kg/kWh] 7.11
Lufttemp. e. lader [C] 101.3 Avgassmengde vaat [kg/h] 2165
Lufttemp. receiver [c] 44.5 Lambda MFlow [1 1.97
Eksostemp. e. syl.1l [C] 491 Lambda 02 [1 2.13
Eksostemp. e. syl.2 [c] 505 Lambda CO2 [1 2.06
Eksostemp. e. syl.3 [c] 552 Lambda_tot [1 1.95
Eksostemp. f£. turbin [C] 553 Turtall turbolader [rpm] 26378
Eksostemp. e. turbin [C] 416 Turtall turbolader_300K [rpm] 25420
Gasstemp. f. motor [C] 14.63 Trykk luftreceiver [bar] 1.55
Gasstrykk inn [bar] 7.11 Trykk avgassreceiver [bar] 1.40
Gasstrykk hoved [bar] 1.68 Trykkforhold o. lader [1 1.56
Gasstrykk forkammer [bar] 1.49 Adiab. virkn.gr. lader [1 0.00
Emisjonsdata
NOx vaat [ppm] 173.4 Spec_NOx_corr [g/kWh] 1.93
HC vaat [ppm] 1032.9 Spec_HC [g/kWh] 10.84
CO torr [ppm] 554.3 Spec_CO [g/kWh] 3.45
CO2 torr [%] 5.4 Spec_C02 [g/kWh] 524.35
02 torr [%] 11.7
HC 5% 02 [mg/nm*3] 3300 Corr_NOx [1 0.96
CO 5% 02 [mg/nm*3] 1191 Corr_wet [1 0.88
NOx 5% 02 [mg/nm*3] 612
Kj.vann - Sm.oljedata

Kj.v..temp. f£. motor [cl 80.0 Sj.v.temp. inn [C] 17.9
Kj.v.temp. e. motor [C] 82.2 Sj.v.temp. £. sm.o.kj. [C] 18.7
Sm.o.temp. f£f. motor [cl 54.9 Sj.v.temp. £. f.v.kj. [cl 21.0
Sm.o.temp. e. motor [cl 61.4 Sj.v.temp. ut [C] 24.8
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TESTPROTOKOLL UBE KR3 GASS

Model: /tmp_mnt/home/immhpl/c/viggon/ub/kr3/krg_norum

Reg.no.: 6 Date: 9 Apr 97 Time: 15:03:22
Motor og driftsdata
Hn M [MJ/Kg] 49.48
BMEP [bar] 3.97 Gassforbruk [g/s] 12.84
BMIP [bar] Gassforbruk_V.n [m~3/s] 0.00
Pmax [bar] Energiforbruk_s [MJ/kWh] 15.62
£i (Pmax) [deg] Energiforbruk_s.ISO [MJ/kWh] 14.72
Turtall motor [rpm] 1002 Virkningsgrad [%] 23.1
Moment [Nm] 1396 Paadrag gassventil [deg] Not Ava
Akseleffekt [kW] 146 AFR styresignal [$] Not Ava
Fortenningsvinkel [deg] Not Ava Paadrag luftspjeld [$] Not Ava
Vol_eff. [1 0.90
Luft - Avgass
Barometerstand [mbar] 997 Trykkfall 1.m.dyse [mbar] 3.9
Lufttetthet [kg/m*3] 1.16 Luftmengde [kg/s] 0.45
Lufttemp.f.l.m.dyse [c1 26.3 Luftmengde_V.n [m*3/s] 0.35
Lufttemp. f. lader [cl 42.7 Luftforbruk_s [kg/kWh] 11.12
Lufttemp. e. lader [C] 69.8 Avgassmengde vaat [kg/h] 1674
Lufttemp. receiver [c] 39.4 Lambda MFlow [1 2.07
Eksostemp. e. syl.1l [C] 328 Lambda 02 [1 2.76
Eksostemp. e. syl.2 [c] 425 Lambda CO2 [1 2.91
Eksostemp. e. syl.3 [c] 532 Lambda_tot [1 2.16
Eksostemp. f£. turbin [C] 452 Turtall turbolader [rpm] 19860
Eksostemp. e. turbin [C] 355 Turtall turbolader_300K [rpm] 19357
Gasstemp. f. motor [C] 15.57 Trykk luftreceiver [bar] 1.23
Gasstrykk inn [bar] 7.16 Trykk avgassreceiver [bar] 1.21
Gasstrykk hoved [bar] 1.48 Trykkforhold o. lader [1 1.23
Gasstrykk forkammer [bar] 1.27 Adiab. virkn.gr. lader [1 0.00
Emisjonsdata
NOx vaat [ppm] 60.4 Spec_NOx_corr [g/kWh] 1.04
HC vaat [ppm] 3535.6 Spec_HC [g/kWh] 57.97
CO torr [ppm] 1149.8 Spec_CO [g/kWh] 11.58
CO2 torr [%] 3.7 Spec_C02 [g/kWh] 593.18
02 torr [%] 13.9
HC 5% 02 [mg/nm*3] 14813 Corr_NOx [1 0.95
CO 5% 02 [mg/nm*3] 3240 Corr_wet [1 0.91
NOx 5% 02 [mg/nm*3] 279
Kj.vann - Sm.oljedata

Kj.v..temp. f£. motor [cl 79.3 Sj.v.temp. inn [C] 17.3
Kj.v.temp. e. motor [C] 80.7 Sj.v.temp. £. sm.o.kj. [C] 18.1
Sm.o.temp. f. motor [ci 54.3 Sj.v.temp. £. f£.v.kj. [ci 20.2
Sm.o.temp. e. motor [cl 60.2 Sj.v.temp. ut [C] 22.2
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Appendix D

New experimental equipment

This section is a more detailed description of the equipment used during the
experiments described in section 6. The laboratory setup (see figure D.1)
consists of; the bomb, prechambers, hydraulic system, Schlieren setup, gas
delivery system, ignition system and electronic control and measurement
system. Each subsystem will be described in the next pages.

A constant volume combustion rig (also called CVC-rig or “bomb”) has
been equipped with prechambers of varying geometry and a hydraulic de-
vice to close and open the nozzle between the chambers. The CVC-rig and
the prechambers have temperature transducers and piezo-electric pressure
transducers, in addition the rig and one of the prechambers have windows al-
lowing visual sight straight through the rig. A Schlieren system as described
in appendix Fis used to photograph the gas flow and combustion.

The bomb has been used in numerous experiments by Marintek and Marine
Engineering, NTNU. The bomb is basically a stainless steel cylinder,
200 mm internal diameter, and 100 mm length. The cylinder has eight
radial holes, 60 mm in diameter for mounting various equipment. The
prechamber is mounted in one of the radial holes. The ends of the
cylinder are sealed with 30 mm thick stainless steel plates fastened
with eight 25 mm bolts. The end plates have windows so it is possible
to see straight through the bomb.

Prechambers, three cylindrical prechambers (labeled “c”) and one with
square cross-section (labeled ”s”): “c16/60”, “c22/30”, “c32/45” and
“s30/40”, the two numbers are respectively diameter (or sides in the
square) and length in mm. The square chamber (see figure D.2) has
two glass walls so that it is possible to see straight trough it. All
prechambers used here have an inlet valve, an outlet valve, two igni-
tion points, a pressure transducer, two temperature transducers and a
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Electrical system To gas tanks

== '

Pre chamber

PC

DAQ/control
Pressure
T L
Camera/picture

Valve control
Camera trigger
Ingnition trigger
Laser trigger

Camera

Figure D.1: Schematic laboratory setup. The bomb is shown in lower, midle
part of the figure. A blown up figure of a prechamber is shown in the upper
right. The hydraulic system for valve control and the rugged mounting frames
are not shown in this figure.
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Tegning vis5, snitt gjennom senter, sammenstilling
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Figure D.2: Cutaway drawing of prechamber assembly consisting of the fol-
lowing main parts: (1) Bomb housing, (2) Prechamber housing, (3) Window
and holder (two off, one on each side), (5) One way valve for gas supply,
(7) Pin for closing then nozzle, (8) Spark plugs, (10) Nozzle, (12) Valve
for gas supply, solenoid operated, (13) Exhaust valve, solenoid operated,
(14) Gas supply manifold, (16) Pressure sensor, (17) Temperature sensors,
(30) Nozzle holder.
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Microscope  Pinhole Lens Windows Lens Light Lens CCD
objective

/ L = = stopN V chip
= -7 Test ~ T i ¥
Lazer S sectlonﬂi ,i:LZ[ Camera
I i [ ]

—1

! Rugged frame
Adjustable on elastic mounts
carriers

Figure D.3: Schematic Schlieren setup with lenses.

set of interchangeable nozzles. The nozzles are placed centrally in the
cylinder end (centrally in the square for “s30/40”). All the nozzles have
one single round hole with sharp edges. The nozzles are numbered in
a similar scheme as the prechamber: “n4/4”) “n6/4”, “n6/6”, “n6,/10”,
“n9/6” and “n9/18”.

Hydraulic system for closing and opening the prechamber nozzle. In order
to know the exact charge composition in the prechamber at the time
of ignition, it is necessary to close the nozzle during the filling process
of the prechamber. Real engines does not have means for closing the
nozzle between the chambers. The nozzle is opened with high accuracy
and high speed. The pin closing the nozzle can be removed up to 30 mm
in 2 ms, and with an acceleration of approximately 15000 m/s?.

Schlieren setup consisting of laser, microscope objective, pinhole, lenses,
optical mounting rails, adjustable carriers, a heavy frame for mounting
the bomb and the optical equipment, a video camera with “line rate”
accuracy triggering, an old PC with frame-grabber and software for
image manipulation. A Schlieren setup is sketched in figure D.3.

Figure 6.1 shows example Schlieren images. The prechamber, which
is the bright square in the top half of the picture, is 40 mm high and
30 mm wide. The round knob on the top is the valve for closing the
nozzle. The nozzle is closed when the knob is pushed down through
the prechamber onto the nozzle which is in the middle of the dark bar
between the two chambers. The pin beside the knob is a temperature
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sensor. The two pins on the right side of the prechamber are spark
plugs. When using prechambers without glass, the prechamber is lifted
up so that more of the jet is visible.

Gas delivery system Pipelines, valves and pressure bottles for mixing gas.
Fuel and air may be mixed in the bottles or in the bomb. The valves
are shut before the experiments start and there are flame traps between
the bomb and the bottles in order to avoid combustion inside the bot-
tles. As an additional safety precaution, the fuel/air mixtures are at
relatively low pressure.

The valves leading gas into and out of the prechamber are electrically
operated by solenoids so that it’s possible to use high precision valve
timing to generate turbulence inside the prechamber.

Ignition system. One ignition system for the prechamber and one for the
main chamber to use for two stage combustion. Type: Bosch transis-
tor controlled with coils. The coils are charged in 5 ms and produces
a powerful spark visible for 2 ms at atmospheric conditions. The pre-
chamber spark plugs are made of 1.2 mm wire and have 1 mm spark

gap.

Electronic control and measurement system consisting of home made
circuits, National Instruments’ data acquisition and control boards and
an old IBM PC. It controls valves for gas inlet to the prechamber, gas
outlet from the prechamber, ignition, hydraulic system for the nozzle,
triggering of the camera, and it records and displays temperature and
pressure measurements.

Figures on the next pages shows the blueprints of the prechambers. All
drawings have been scaled to fit page size.
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D.1 Prechambers without windows

Tegning: "cyl" sammenstilling

(14

Skiver i tre tykkelser:
5,10,20 mm
Ytre diameter ca 100
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i1

Hull ¢ 6f

@ Teflonhylse
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Temperaturfgler @

O-ring

Metallring / -
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Tykkelse: 4 6 6 10
Hulldiameter: 4 4 6 6

Dysen skrus til forkammeret med

4 gjennomgaende forsenkede skruer
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Keramisk hylse som

limes inn. ‘
Sylindrisk forkammer som lages i 3 utgaver:
Innvendig diameter: 16 22 32
Tilhgrende lengde: 60 32 45
Forkammeret skrus til toppen nedenfra med

2 gjennomgaende forsenkede 6 mm skruer.

60 mm



Tegning: ''cyld'', snitt 45 grader fra siden.

|
7 grader fra vertikalt

53

ca 13 mm sekskant

O-ring
d1=60, d2=4

10

Tetning

Plugg som
skrus inn

Temperatursensor
en til n'lletall-temperatur | Trykk-
og en til gasstemperatur sensor

bores nedenfra
=3
=
=

/ Gass ut
]

/

Gass ut
(forlenget
servojet-ventil)

12.5 mm hull
gjennomgaende

‘_

Skrue til feste

MG6 gjenget hull
av hydraulikk
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Tegning: "cyl2"

4 mm vertikalt hull for O-ring 10mm gjenget hull
pafylling av gass di=4, d2=1.5 Plugg med hull for
4mm stang
R :
O-ring
d1=60, d2=4

4 mm hull for ////}’ Vinkel: ca 7 grader
aktuatorstang — fra Vert.ikalt, (dvs 5
(i sentrum) grader i "x" og "y" retn.)

6mm hull for ledning

til tenning.

¢ 59.9 mim Pa skra oppover.
o
=
6.35/
— H—T ¢=85mm
I
Trykksensor N
(se eget ark) Forlenget ventil @
(se tegning ""valve'')
@ T.eﬂonilzlse O-ring

dim = ?? se tegning cyl3 Temperaturfgler
Metallring for dim. 62?7
(skrus inn)

Snitt gverst. Se tegning '"cyl3" for snitt nederst

Temperatursensor
en til n‘lletall-temperatur | Trykk-
og en til gasstemperatur sensor
=3
S
=
Gass ut
/
12.5 mm hull {
gjennomgaende
Gass ut
(forlenget
servojet-ventil)
Skrue til feste

M6 gjenget hull
av hydraulikk
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Sylindrisk forkammer som lages i 3 utgaver:
Innvendig diameter D: 16 22 32
Tilhgrende lengde L: 60 32 45
Forkammeret skrus til toppen nedenfra med
2 gjennomgiende forsenkede 6 mm skruer.

Tegning: cyl3

/ 3 mm hull
,,,,,,,,, : T .
|
Cy 3 p |+ v C
a Evt hull for tilkobling
2 av tenning. Plugges.
- —
Q i O-ring
4
,,,,,, - J[ = _L’/ d1=35, d2=1.5
f
6 - \ Keramisk
D limes inn.

Gjennomgaende

Temperaturfgler
hull for 6mm skrue

6?2?
) forsenkning for skrue-
Gass inn hode nederst.
3 mm hull ned
til ventil. .
Gjennomgaende
O-ring 5 mm hull
d1=6, d2=1.5 for tenning.
O-ring O-ring
d1=35, d2=1.5 d1=6, d2=1.5

NB! Spor for O-ringer i topp (del 18) ikke i forkammer (del 19)
Se dysegeometri for snitt nederst pa forkammeret.

Fire dysegeometrier for kammer uten gjennomsyn:

Styretapp 4 mm forsenket skruer Dyse-hull
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Plugg 1 ‘

Hull laget med
servojet fres

== 7 mm gjennom-
géende hull
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Forlengelse av Servo-Jet ventil:

Opprinnelig ventil slik den kommer fra fabrikken
(denne skal ikke lages her):

Tett plugg med
feste for elektro-
magneten

Stempel som beveges av
magnetfelt fra en omsluttende
elektormagnet. Magneten er

Hylseav _—=| ikke tegnet inn.

rustfritt stal

Aktuatorstang festet pa stempelet

Ventilhus Hylse presset ned i ventilhuset.

Oring < ---B0=g--------- Sag av_her
Gass ut
Dyse Kule og fjar

Tett plugg Gass inn

Forlengelsen utfgres ved at man kapper ventilen i to et par millimeter
oppa gjengepartiet (uten a skade aktuatorstangen). Den gvre delen
benyttes som den er, mens den nedre delen dreies ned og gjenges.

Det ma lages en forl Ise til akt Det skal med

andre ord IKKE lages en ny gvre del til ventilen men kun en forlengelse
til den ORIGINALE aktuatorstangen.

Nedre del av ventilen:

Opprinnelig: Modifisert:

Pakning
|h|ﬂ| =" (kobber)
I

Forl Ise til ak

1.5 mm pianotrad ca 20 cm lang (kappes senere)

<

Tynt rgr som loddes, limes eller klemmes pa den
originale aktuator-stangen og pa forlengelsen.
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D.2 Hydraulic mechanism

Tegning: hydr

I~ 12 mm gjenget bolt, lengde ca 350 mm

Luftlomme for & bremse

opp stempelet.
[
- LL‘ I .~ Ventil som ma tile 500 bar
@\ 4 +° g og/eller rettes slik at den
I + T% —  ikke gjor skade dersom den
A spretter ut)
ca 50
~ 6 =
NN Hydraulisk stempel
/,/ { AN loddes pa stangen.
R L O-ring d1=3.1 d2=1.6
. 2L
\
Hudraulisk /é N ) Tilkobling for
~ - i,
servoventil K 9 - ] hydraulikkolje
A
@ e
/ 1
/ Trykk=250 bar
’ U
,
‘ [ leppe-tetning
, type simrit NI 300
. dN=4 mm
,

(side 204 i katalog)

129



Tegning:
hydr2

Kobber

Gjenger \

Hylse med
inv. gjenger
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Tegning: hydr3

Hydraulisk ventil

-2 -

[

T T
Y
T v
I v
100 i I v 8
I ! ! \
= d L \
w I v
, I N
501 U U
7 v
g I ; Vo

D
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Tilkobling som passer ! Vinkel 11 grader
med tidligere brukte :
hydraulikkslanger.

Tegning: rod

Det skal lages to stenger, en med ca 4.5mm kule og en med ca 6.5mm kule

Sylindrisk skjgt med
4 mm invendige gjenger

4 mm stang

180
20

Flate sider for plass til skrungkkel

Qj\ kulelager-kule eller tilsvarende
diameter ca 4.5 og 6.5 mm
slagloddes pé stangen
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D.3 Prechambers with windows

Snitt gjennom senter, sammenstilling vis3:
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Tegning visS5, snitt gjennom senter, sammenstilling
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Snitt A-A
vis4 sammenstilling
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Snitt gjennom senter, tegning vis7:
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Teflonhylse

Metallring

P

Hull g=2

4mm kule —

Plugg
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Snitt gjennom senter, tegning vis8:

Hull g=6 til tenning
Gass ut i vinkel 4° fra vertikalt
NB! gar pa skra
i et annet plan

A
¥
Hull
o til tenning ™
B
y
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@ Ytre del av glass-holder: Tegning: vis9

Spor for o-ring

6 mm hull
gjennomgaende =

o

&
4.5 mm hull, / g E
. 5 § 3 |

gjennomgaende @, v 2
med forsenket ; : §

hode pa utsiden.

Glasset limes inn i en stalring d 90 mm
%1‘%44
; I
Glass 1/2"x 2"

9=53.9 9=54

@ Indre del av glass-holder:

O-ring
d1=48, d2=1.5

Hjgrnene rundes med ca 5 mm radius

60 mm

M4 gjengede,
gjennomgaende
hull

< )
O-ring S N N
indre =48 .
tykkelse: 1.5

styretapp
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Appendix E

Data from CVC-rig experiment

This chapter contains additional description of experiments and results from
experiments with a constant volume combustion rig with prechamber (the
equipment presented in appendix D). A few selected experiments are pre-
sented in chapter 6, other experiments are presented here in the appendix
without much explanation (what you see is what you get).

E.1 Ignition duration and nozzle opening

This section describes a function test of the ignition and nozzle opening
mechanism. The result was that the ignition starts less than 1 ms after it’s
triggered. The spark is visible for at least for 1 ms.

The nozzle mechanism is able to move the nozzle needle 24 mm in less
than 3 ms, when starting from closed position. There is an additional delay
of 4 to 5 ms before the nozzle mechanism starts to move.
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Figure E.1: Pictures taken 0, 1, 5, and 7 ms after triggering of the ignition,

showing a spark plug (lower right) and parts of the nozzle opening mechanism
located on the top of the combustion chamber.
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35 :

Pressure increase [Bar]
o
T

Time [ms]

Figure E.2: Pressure measurements from ignition at upper and lower ignition
point.

E.2 Combustion in a closed prechamber

Gas “EM” (lean C2H4+air see table E.2) , operating sequence: 1) Flush with
“EM”, 2) Close nozzles, 3) Wait 100 ms, 4) Ignite without opening the nozzle
between the combustion chambers.
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Abr. Description Purpose

Op: The nozzle is kept open. The pre- Function test of the
chamber is flushed with a premixed equipment. The flush-
gas. Ignition simultaneously with the ing should provide re-
the flushing is stooped. peatable flow.

Cl:  The nozzle is kept closed. The pre- Check if the combus-
chamber is flushed with a premixed tion speed is symmet-
gas. The outlet valve is closed 50 ms ric with respect to upper
before the ignition, and the inlet and lower ignition point.
valve is closed simultaneously with
the ignition.

No: Opening nozzle, same as “Cl” but the Create repeatable pre-
prechamber nozzle is opened 1 ms chamber combustion for
to 50 ms before the ignition. Both study of the jet.
chambers have roughly the same ini-
tial pressure.

In: Inflow, the prechamber is flushed Create more realistic
with fuel at low pressure, the main mixing and  turbu-
chamber is filled to higher pressure. lence patterns in the
The prechamber is left to calm for prechamber.

500 ms before the nozzle is opened.
Ignition 10 ms after opening the noz-
zle.

Ts: Two stage combustion, similar as Give more engine like
“In”, except the main chamber is filled conditions with respect
with a mix containing CO + O2 + Ny  to temperature.
and ignited.

Table E.1: Description of operating sequences to be used in the experiments.
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Abr. Description

Air:  Compressed air or sometimes a mix of 21 % O, 79 % Ny

CHy: Compressed methane

MM: Stoichiometric mix of CH,4 and air

EM: Lean A = 1.4 mix of CoHy and air

EM2 : Rich A = 0.75 mix of CoHy and air

OM: A mix of xx% CHy, xx % air and xx % O9

CM: A mix of 27.53 % CO, 21.09 % O2 and 21.09 % air which is
used for two stage combustion. The exhaust gas of this mix
contains 21% Og. The combustion does not blur the windows
with condense.

Table E.2: Gases used in the CVC-rig experiments. All the gases and
pipelines are at room temperature (293 K).

142



Figure E.3: Schlieren pictures of prechamber jets. The pictures are taken
at 1 ms intervals, starting 1 ms after ignition. The upper ignition point is
used in the upper picture series, the lower ignition point in the lower series.
The largest cylindrical prechamber (diameter = 32 mm, length = 45 mm,
see section D) and a nozzle of 4 mm diameter and 6 mm length.

E.3 Prechamber jet into atmosphere

This experiment was mainly a preliminary function test of the equipment.
The combustion is so slow that very little pressure is built up even though
the nozzles area / prechamber volume ratio is almost an order of magnitude
lower than in a real engine.
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Figure E.4: Nozzle diameter = 6 mm, length = 10 mm.

Figure E.5: Nozzle diameter = 6 mm, length = 4 mm. Pictures taken 1, 3,
5 and 7 ms after ignition
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Figure E.6: Nozzle diameter = 4 mm, length = 4 mm. Pictures taken 1, 3,
5 and 7 ms after ignition
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Set active to: Path to ASCII log file
[ Nooperation ][ stop | Wub\cvc-ng\ﬂgmtesmv016‘\09 |

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d&=9mm, 1=18mm
Camera frame: 1016

30,0
21,
25,0
22,

20,0 \

17, \

50 / A\
12,58 / \
100 Camera \

.
7.5 ] ] i i i
220 21 222 223 224 225
[ESEEET1eS Scan ra(e: 80000,00 actual scan rate Pmain a4
Bz el Scans read: 40000 Q’W Pprecham o
Pstatic 'l

Set active to: Path to ASCII log file
[ Nooperation ][ stop | Wub\cvc-ng\ﬂgmtesmv018‘\09

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d&=9mm, 1=18mm
Camera frame: 1018

30,0
21,
25,0
22,
20,0

17, \
15,0 / \
12: B \

Carpera
10,0
7.5- | I | '
220 21 222 223 224 225
[ESEEET1eS Scan ra(e: 80000,00 actual scan rate Pmain a4
| R RRH] U Scans read: 40000 79365,0781 Pprecham N\
Pstatic 'l

E.4 Experiment 2, more turbulence

Experiment 1 (with less turbulence and slower combustion) and also a sum-
mary of experiment 2 are presented in chapter 6. The target of this experi-
ment is the same as in experiment 1. The difference from the experiment 1
is that a modified operation sequence of the valves gives higher flow velocity
more turbulence during the combustion in the prechamber.
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Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgz\tssﬁn 020.log |

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=18mm
Camera frame: 1020

30,0-
275
250
22,5
20,0

\
17,5
15.0 \
s te A\

10,0
7.5- | ] 1 '
220 221 222 223 224

W vl B+ Scan rate’ §0000,00 actual scan rate Pmain
| Rl 79365,0781 Pprecham

Scans read: 40000

I
13-
S

2

Pstatic

Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgz\tssﬁn 021.log

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=18mm
Camera frame: 1021

30,0-
275
250
22,5
20,0
17,5
15.0
12,5-8
10,0

7.5- | 1 '
220 221 222 223 224

W vl B+ Scan rate? §0000,00  actual scan rate Pmain
| Rl 79365,0781 Pprecham

Scans read: 40000

Carpera

I
13-
S

Pstatic

2

Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgz\tssﬁn 022.log

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=18mm
Camera frame: 1022

30,0-
275
25,0
22,5
20,0
17,5

\
15.0
s te N\

10,0
7.5- | ] 1 '
220 221 222 223 224

W vl B+ Scan rate? §0000,00  actual scan rate Pmain
| Rl 79365,0781 Pprecham

Scans read: 40000

I
13-
S

2

Pstatic
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Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cv&ng\ﬁgz\tsslm023.\cg

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=18mm
Camera frame: 1023

30,0-

275

250

22,

20,0

17,5

15.0 /

12,5-8

Carpera
10,0

7.5- | ] ] '
220 221 222 223 224

I
13-
S

Scan rate? §0000,00 actual scan rate Pmain

Scans read: 40000 79365,0781 Pprecham

Pstatic

W vl B+
| Rl K

2

Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cv&ng\ﬁgz\tsslm024.\cg

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=18mm
Camera frame: 1024

30,0-

275
250

22,

20,0 / \

17,5

15.0 / \

s te /

10,0

7.5- | ] 1 '
220 221 222 223 224

I
13-
G

Scan rate? §0000,00  actual scan rate Pmain
Scans read: 40000 79365,0781 Pprecham

Pstatic

W ) B+
0l

2

Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cv&ng\ﬁgz\tsslm025.\cg

Prechamber experiment:

: C2H4+air, lambda=0.75
ir
Ignition: Upper
Nozzle: d=9mm, I=18mm
Camera frame: 1025

30,0-

275

25,0

22,

20,0

17,5

15.0 /

s te \

Carpera
10,0

7.5- | ] 1 '
220 221 222 223 224

I
13-
G

Scan rate? §0000,00  actual scan rate Pmain

Scans read: 40000 79365,0781 Pprecham

Pstatic

W ) B+
0l

2
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Set active command to: Path to ASCII log file

[ Nooperation _ w|[stoP ]| 3|

Prechamber experiment:
Pre: CH4+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, 1=18mm
Camera frame: 1031

25,0-
25 Air fin_1

20,0 Ghs |in_1

Air_fin_2 gt
17,5 Gas_buf 2 Gasin-
15’0 I“m’b 1
s_put_]1

12,5
10,0
75 —

5,0 o
25 Lop | _—

O7O_I [ [ 1 1 1 1 1 [ 1 [
50 60 80 100 120 140 160 180 200 220 240 250

;>

W ) B+ Scan rate’, 80000,00 actual scan rate Pmain &d
[ REREH] EU) Scans read: 40000 79365,0781 Pprecham |\

Pstatic N\

Figure E.7: Operating sequence giving high (but unknown) turbulence in the
prechamber, the filling of the prechamber ends 10 ms before ignition.

E.5 Experiment 3, lower ignition point
Gas “EM2” (rich C2H4+air), lower ignition point, nozzle n9/18, operating

sequence is shown in figure E.7. The difference from the previous experiment
is the location of the ignition.
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Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cvong\ﬁgz\tesﬁ\l031.\cg

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1031

24,0

22,0

20,0

18,0
16,0

14,0

12,0

10,0 A Carhera

8,0-] | | 1 '
220 221 222 223 224 225

Scan rate? §0000,00 actual scan rate Pmain
Scans read: 40000 79365,0781 Pprecham

Pstatic

W vl B+
| Rl K

I
13-
=

2

Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cvong\ﬁgz\tesﬁ\l032.\09

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1032

24,0

22,0

20,0

18,0 /\

16,0 \
14,0 \

12,0 \

10,0 A Carpera
8,0-7 A \ \ \ \
22 221 222 223 224 225 226
W vl B+ Scan rate? §0000,00  actual scan rate Pmain a4
|| REIREE| Ky Scans read: 40000 79365,0781 Pprecham |\
Pstatic avd

Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cvong\ﬁgz\tesﬁ\l033.\09

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1033

24,0

22,0
20,0

18,0

16,0 \

14,0 \

12,0
10,0 A Camera
8.0- =]

20 21 m 03 24 25 226
W vl B+ Scan rate? §0000,00  actual scan rate Pmain a4
|| REIREE| Ky Scans read: 40000 79365,0781 Pprecham |\

Pstatic avd
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Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgz\tssﬁn 034.log |

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1034

24,0
22,0 Vim\
20,0 / \
18,0
/ A\

14,0 \

12,0 \
10,0 A Campefa \

8,0-7 1 | \ \ \
22 221 222 223 224 225 226
W vl B+ Scan rate’ §0000,00 actual scan rate Pmain a4
|| REIREE| Ky Scans read: 40000 79365,0781 Pprecham |\
Pstatic avd

Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgz\tssﬁn 035.log

Prechamber experiment:

Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1035

24,0
22,0

20,0

18,0 /\

16,0 \

14,0 \
12,0 \

10,0 A Carnera

8.0-] ] 1 | 1 1
22 221 222 223 224 225

W vl B+ Scan rate? §0000,00  actual scan rate Pmain
| Rl 79365,0781 Pprecham

Scans read: 40000

I
13-
=

2

Pstatic

Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgz\tssﬁn 036.log

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1036

24,0
22,0
20,0 \
18,0
/ A\

14,0 \
12,0 \

10,0 A Carnera

8,0-]
220

I
13-
=

21 0 23 24 25

W vl B+ Scan rate? §0000,00  actual scan rate Pmain
| Rl 79365,0781 Pprecham

Scans read: 40000

2

Pstatic
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Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cv&ng\ﬁgz\tsslm037.\cg

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1037

24,0

22,0

20,0 / \
18,0 \

16,0 \

14,0 \

12,0 \

10,0 A Carhera

8,07 | 1 1 1
220 221 222 223 224 225

i% ) B+ Scan rate® §0000,00  actual scan rate Pmain
| Rl Scans read: 40000 79365,0781 Pprecham

Pstatic

I
13-
=

2

Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cv&ng\ﬁgz\tsslm038.\cg

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1038

24,0

22,0

20,0

18,0

16,0
14,0

12,0

10,0 A Carhera

8.0-1 ] T 1 1 1
22 221 222 223 224 225

W vl B+ Scan rate? §0000,00  actual scan rate Pmain
Wt gl Scans read: 40000 79365,0781 Pprecham

Pstatic

I
13-
=

2

Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cv&ng\ﬁgz\tsslm039.\cg

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1039

24,0
22,0

20,0

18,0

16,0 \

14,0 \

12,0 \

10,0 A Carnera \

8,07 T | 1 | 1
220 221 222 223 224 225

I
13-
=

i% ) B+ Scan rate® §0000,00  actual scan rate Pmain
| Rl Scans read: 40000 79365,0781 Pprecham

Pstatic

2
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Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cv&ng\ﬁgzteslzn040.\cg

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1040

24,0
22,0

20,0
18,0
16,0

14,0 \
12,0 \
10,0--A Carhera \

8,0-f
220

21 0 23 204 25

W vl B+ Scan rate’ §0000,00 actual scan rate Pmain
| Rl 79365,0781 Pprecham

Scans read: 40000

Pstatic

Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cv&ng\ﬁgzteslzn041.\cg

Prechamber experiment:

Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1041

24,0
22,0

20,0

180 N
160 \
140 \

12,0
10,0 A Carhe;

8,0-7 1 1 | '
22 221 222 223 224 225 2

W vl B+ Scan rate? §0000,00  actual scan rate Pmain
| Rl 79365,0781 Pprecham

Scans read: 40000

Pstatic

N3-
=

2

Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cv&ng\ﬁgzteslzn042.\cg

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1042

24,0
22,0

20,0

18,0 / \

/ A\
wo / \
12,0 \

10,0 A era

8,07
220

N3-
=

21 0 23 24 25 2

W vl B+ Scan rate? §0000,00  actual scan rate Pmain
| Rl 79365,0781 Pprecham

Scans read: 40000

2

Pstatic
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Set active to: Path to ASCII log file
“ No operation ﬂ | stop || Wub\cvc-ng\ﬂgzves(zv043‘\09 H
Precha i :
Pre: C bda=0.75
Main:
Ignitio
Nozzle: d&=9mm, 1=18mm

Camera frame: 1043

220 01 0 03 204 25

226

Scan ra(e: 80000,00 actual scan rate Pmain a4
Scans read: 40000 79365,0781 Pprecham N\
Pstatic '

24,0~
23,0

- 7N\

20,0 //%7

o I
i 1748\ \W
10/ /W \
150 W/ L\ L
/ \
oo W) M\
11,0 / V\

110 Y/ 14 \
90 /
8,0

7,0~
15 121 122 123 124 125 126 127 128

Figure E.8: Prechamber pressures from several combustions collected into
one graph.
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Set active command to: Path to ASCII log file

[ Nooperation _ w|[stoP ]| 3|

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, 1=18mm
Camera frame: 1045

25,0-
25 Alir] fin |1
20,0 iGad |in_1
17,5 _, - Gasm—2
15,0 -
12,5
10,0
7,5 ~
50 /
2,5-H1OpH] /

0,0~} 2 i i i i i i i i i i .
50 100 150 200 250 300 350 400 450 500 550 600 650

Nogzle

—
(¢
i

AT
1 INOZ%2

=N

51
Carmera

e
[«

Pmai
actual scan rate am

Scans read: 40000 79365,0781 Pprecham
Pstatic

[ AR ol Scan rate* 80000.00
[REEE I I 40000

X

Figure E.9: Operating sequence

E.6 Experiment 4, less turbulence, lower igni-
tion point

Gas “EM2” (rich C2H4+air), lower ignition point, nozzle n9/18. Operating

sequence is shown in figure E.9. The filling of the prechamber ends 250 ms

before ignition, giving low turbulence and slow combustion. The main dif-
ference compared to experiment 1, is the location of the ignition.
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Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgz\tssﬁn 044.log

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75

Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1044

10,0+

9.8
9,6
94 /—v \M
9,2-—A—Carfrera

P ey
9.0
88

8,6

iy =
8,4
8,2

8.0- , , , ' ' ' ' '
500 502 504 506 508 510 512 514 516

W vl B+ Scan rate? §0000,00 actual scan rate Pmain
| NI KU

Scans read: 40000 79365,0781 Pprecham

Pstatic

Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgz\tssﬁn 045.log

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1045

10,0+
9.8
9,6
9.4
902 Y Canera
I i
9.0 ’/«
8.8

8.6

8.4 s
2

8.0- { , , ' ' ' ' '
500 502 504 506 508 510 512 514 516

W vl B+ Scan rate? §0000,00  actual scan rate Pmain
| NI KU

2%
Scans read: 40000 79365,0781 Pprecham %
2

Pstatic

Set active command to: Path to ASCII log file

[ No operation w|[stor | Wub\cv&ng\ﬁgz\tsslm046.\cg |

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1046

10,0~
9.8
9.6 N\
94
92+
9.0 e e
88
8,6

84 VN —
82 V\\’v’_—’—

Canprera

"s00  s02 504 506 s08 510 si2  5i4 5l Si

W vl B+ Scan rate? §0000,00  actual scan rate Pmain
| NI KU

2%
Scans read: 40000 79365,0781 Pprecham %
2

Pstatic

156



Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgz\tssﬁn 047.log |

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1047

10,0~
9.8
9,6
9.4
9.2
9,0 —
8.8 /"J

56 M

8.4 PN e

82

Carrer:

8 \ , , ' '
500 502 504 506 508 510 512 514 516 518

W vl B+ Scan rate’ §0000,00 actual scan rate Pmain
|| REIREE| Ky 79365,0781

Scans read: 40000 Pprecham

o
<=
=]

2

Pstatic

Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgz\tssﬁn 048.log

Prechamber experiment:

Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1048

10,0

9,8

9,6

9.4 // \

9.2- A& Cafrera

9.0 / e A

8'9 //JV ’/

8,6

8.4

8.2

8,0- \ \ \ \ I I i I \
500 502 504 506 508 510 512 514 516 518 ﬂ

W vl B+ Scan rate? §0000,00  actual scan rate Pmain a4

Wt gl Scans read: 40000 79365,0781 Pprecham N/

v

Pstatic

Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgz\tssﬁn 049.log |

Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d=9mm, I=18mm
Camera frame: 1049

100-
9.8
96 ~—~—
9.4 =

902 Y /{il ICTd
9.0

58 T
8.6

8.4 W

82

8.0- \ , , , ' ' .
500 502 504 506 508 510 512 514 516 518 520

W vl B+ Scan rate? §0000,00  actual scan rate Pmain
|| REIREE| Ky 79365,0781

N/
Scans read: 40000 Pprecham AN
Y\

Pstatic
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Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgﬂteslzn050.\09
Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air
Ignition: Lower
Nozzle: d=9mm, I=18mm
Camera frame: 1050
10,0~
9.8
9,6
94 // \
902 LY Canera
9,0
o8 / /_/_,-X/'
8.6 ,4_7-;'
84 ——
82
500 s02 504 s06  s08  slo  si2  si4 sl6 sis
W vl B+ Scan rate? §0000,00 actual scan rate Pmain
LR 1Ly Scans read: 40000 [e365,0781 | Pprecham
Pstatic
Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgﬂteslzn051.\cg |
Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air
Ignition: Lower
Nozzle: d=9mm, I=18mm
Camera frame: 1051
10,0~
9.8
9,6 N\
9.4
9.2- / Canrera K
9,0
o8 M-‘a..\_\/\
56 M
84 -
\/
82
8.0- \ \ \ \ ' ' I I .
500 502 504 506 508 510 512 514 516 518 520
W vl B+ Scan rate? §0000,00  actual scan rate Pmain a4
|| REIREE| Ky Scans read: 40000 79365,0781 Pprecham |\
Pstatic avd
Set active command to: Path to ASCII log file
[ No operation w|[stor | Wub\cv&ng\ﬁgz\tsslm052.\cg |
Prechamber experiment:
Pre: C2H4-+air, lambda=0.75
Main: air
Ignition: Lower
Nozzle: d=9mm, I=18mm
Camera frame: 1052
10,0~
9.8
9,6
9.4
9.2 CalRga
9,0 M
8.8
8,6
o |~ ==
82
8.0- \ \ \ \ ' ' I I ] .
500 502 504 506 508 510 512 514 516 518 520
W vl B+ Scan rate? §0000,00  actual scan rate Pmain a4
|| REIREE| Ky Scans read: 40000 79365,0781 Pprecham |\
Pstatic avd
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Set active to: Path to ASCII log file
[ Nooperation ][ stop | Wub\cvc-ng\ﬂgzves(zv053‘\09

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Lower

Nozzle: d&=9mm, 1=18mm
Camera frame: 1053

100-
938
9.6
94 ~ N\
9.2- 4 /

9.0

8.8 S .
8.6
84

02 o~

8,0- j | | | i i i i

S00 502 504 06 08 510 si2  Sl4  5l6  5i8

I w8 BT
TRERE 1Y

Scan ra(e: 80000,00 actual scan rate Pmain

Scans read: 40000 179365,0781 Pprecham
Pstatic

10,0~

A
AUy

A\
1k

8,8
86 A /¢ y
) ij~ \~

8,0-
460 402 404 406 408 410 412 414 416 418 420 422 424 426 4&8

\
N

Figure E.10: Prechamber pressures from several combustions collected into
one graph.
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Set active command to: Path to ASCII log file
| Nooperation  w|| sTOP | |"a| [

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=6mm
Camera frame: 1070

25,0-
25 Air jin_1

bad|in_1

20,0 Alr jin I

17.5 Gas_put|2 Gasm—

15’0 \Y(ISLII
s_put_]1

" Cihhera

10,0 x

7.5

5.0 o
25 Log 1 -
0,0- L~

S0 60 80 100 120 140 160 180 200 220 240250

er

W) ) B[+ Scan rate’ 80000,00 actual scan rate Pmain o
[ R EU Scans read: 40000 79365,0781 Pprecham /N
Pstatic 'l

Figure E.11: Operating sequence

E.7 Experiment 5, short nozzle
Gas “EM2” (rich C2H4+air), upper ignition point, nozzle n9/6. Operating

sequence is shown in figure E.11. The sequence is the same as in experiment
2, the only main difference is the shorter nozzle.
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Set active command to: Path to ASCII log file

[ Nooperation __w|[[sT0p ] |3[Miublove-rigiig2itest2\1069.log

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=6mm
Camera frame: 1066

24,0

22,0

20,0

1805

16,0
14,0 /

12,0 /

N\

100 Carpera
8,0-, | | I ' '
22 221 222 223 224 225
W ) B+ Scan rate, 80000,00 actual scan rate Pmain a4
Wy eyl Scans read: 40000 79365,0781 Pprecham NS
Pstatic ad

Set active command to: Path to ASCII log file

[ Nooperation | [[sT0p ] |3[Miublove-rigiig2itest2\1070.log

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=6mm
Camera frame: 1067

24,0

22,0

s 7\

n_B /
16,0

14,0
12,0 /

\

10,0 Carpera

8,0-, | '
22 221 222 223

24

ey v B+ Scan rate? §0000,00  actual scan rate
L REEIE] Scans read: 40000 [79365,0781 |

Pmain
Pprecham
Pstatic

Set active command to: Path to ASCII log file

[ Nooperation ]| [[sTop ] |3[Miublove-rigiig2itest2\1079.og

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=6mm
Camera frame: 1078

24,0
22,0

20,0

18.0-4
160 | /4

/

14,0
12,0 /

Carpfa

10,0

8,0-7 i ] i
22 221 222 223

S N —

24

)
15—
1

ey v B+ Scan rate? §0000,00  actual scan rate
L REEIE] Scans read: 40000 [79365,0781 |

Pmain
Pprecham
Pstatic

&
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Set active command to:

Path to ASCII log file

No operation __ w] [510P ] [sMiubloverighig2itest2\ 1071 Jog

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=6mm
Camera frame: 1069

24,0~
22,01
20,0-
18,05
16,0
14,0
12,0
100 aifera —
8,0+ | | | |
220 221 222 223 224 225
sl 2 B+ Scan rate’ §0000,00  actual scan rate Pmain o
| REIEEH U Seans read: 40000 79365,0781 Pprecham N\
Pstatic Y
Set active command to: Path to ASCII log file
[ No operation || stor | Wub\cvong\ﬁgZ\leslzn 072.log |
Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air
Ignition: Upper
Nozzle: d=9mm, I=6mm
Camera frame: 1070
24,0~
22,01
20,0-
18,05
16,0
14,0 /
12,0
10,0 Carpera
8.0~ | | | | .
220 221 222 223 224 225
sl 2 B+ Scan rate’ §0000,00  actual scan rate Pmain o
| REIEEH U Seans read: 40000 79365,0781 Pprecham N\
Pstatic Y
Set active command to: Path to ASCII log file
[ No operation || stor | Wub\cvong\ﬁgZ\leslzn 073.log |
Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air
Ignition: Upper
Nozzle: d=9mm, I=6mm
Camera frame: 1071
24,0~
22,01
20,0-
18,05
16,0
14,0
12,0
Carpera
10,0-
21 m 23 24 25
Scan rate’ §0000,00  actual scan rate Pmain o
|| K] B Scans read: 40000 79365,0781 Pprecham N
Pstatic Y
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Set active command to: Path to ASCII log file

[ Nooperation __w|[[sTop ] |3[Miublove-rigiig2itest2\f074.log

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=6mm
Camera frame: 1072

24,0

22,0

20,0

1801
160 | /

14,0 /

12,0 / \

100 / Carpera

8,0-) | ] i '
22 221 222 223 224

)
15—
G

ey v B+ Scan rate} 80000,00 actual scan rate Pmain
Wy eyl Scans read: 40000 79365,0781 Pprecham

Pstatic

&

Set active command to: Path to ASCII log file

[ Nooperation __w|[[sT0p ] |3[Miublove-rigiig2itest2\1075.log

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=6mm
Camera frame: 1074

24,0

22,0

20,0

1805

16,0

14,0
12,0 /

100 / Carpera

8,0-7 | ] i '
22 221 222 223 224

)
15—
G

ey v B+ Scan rate] 80000,00 actual scan rate Pmain
Wy eyl Scans read: 40000 79365,0781 Pprecham

Pstatic

&

Set active command to: Path to ASCII log file

[ Nooperation | [[sTop ] |3[Miublove-rigiig2itest2\1076.log

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=6mm
Camera frame: 1075

24,0
22,0

20,0

1805
160

14,0

12,0
Carpera

10,0

8,0-7 | ] i
22 221 222 223 224

)
15—
G

ey v B+ Scan rate] 80000,00 actual scan rate Pmain
Wy eyl Scans read: 40000 79365,0781 Pprecham

Pstatic

&
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Set active command to:

Path to ASCII log file

[ No operation

v][ror ] [sMidbloverighig2itest2\1077 Jog

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=6mm
Camera frame: 1076

24,0~
22,01

20,0-

18.0-1

16,0

14,0

12,0

10,0

8,0- 1
220 221

0 23

04

W) B
CREEE oY

Scan rale: 80000,00
Scans read: 40000

actual scan rate

79365,0781

Pmain
Pprecham
Pstatic

Set active

Path to ASCII log file

to:
[ No operation || stor |

3[M:ublcve-rigifig2 test2\1078.log

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: air

Ignition: Upper

Nozzle: d=9mm, I=6mm
Camera frame: 1077

24,0~
22,0
20,0
18.0-5g // \\
16,0 /
14,0 /
12,0 / \
10,0 N -
8,0~ 1 \ | '
220 221 222 223 224
[ ENEEETCES Scan rate §0000,00 actual scan rate Pmain
| KR Scans read: 40000 79365,0781 Pprecham
Pstatic
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23,0-
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20,0
19,0
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17,0
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16,0
15,0
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11,0

10,0

/]
iy /

9,0-
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Figure E.12: Prechamber pressures from several combustions collected into

one graph.
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Set active command to:

Path to ASCIl log file

|___ No operation

] o

Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: CO + N2 +02
Ignition: Upper

Nozzle: d=9mm, I=6mm
Camera frame: 1088

40,0

35,0

30,0

25,0

20,0

in_2

15,0

Tar J—i%‘

10,0-

J

5,0

0,0-
210 215

220

25 2% 235

240 245

Bl 8
PREE

Scan rate’, 80000,00
Scans read: 40000

actual scan rate

79365,0781

Pmain
Pprecham
Pstatic

Set active

Path to ASClI log file

[ No operation

to:
4]

i

Prechamber experiment:
Pre: C2Hd+air, lambda=0.75
Main: CO + N2 +02
Ignition: Upper

Nozzle: d=9mm, I=6mm
Camera frame: 1090

40,0

35,0

30,0

25,01

20,0 Igrl A

in_2

15,0 Nozile 1

i

10,0

g

5.0

0,0-
210 215 220

5 B0 235

240 215

25

=3

W es)
[RAE ]

Scan rate 80000,00
Scans read: 40000

actual scan rate

79365,0781

Pmain
Pprecham

Pstatic

2

E.7.1 Experiment 6, filling also the main chamber

Same operation sequence as in experiment 5. These experiments takes much
longer time, as the main chamber must be flushed and filled. Between each
combustion, the rig is flushed with air for a couple of minutes in order to

cool it down.
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Set active command to: Path to ASCII log file

No operation | i H
Prechamber experiment:
Pre: C2H4+air, lambda=0.75
Main: CO + N2 +02
Ignition: Upper
Nozzle: d=9mm, [=6mm
Camera frame: 1091

40,0- 1

35,0

30,0 / \M“

25,0 /
/

20,0
15.0 i\?ui le[”l V /
/

10,0 v
5.0

0,0-, S T TR PUL TS P T T TR P S PRt SN S Y
210 215 220 225 230 235 240 245 250 255 260 265 270 275 280 285 290 295 300

) ) B[+ Scan rate? §0000,00  actual scan rate Pmain
e esdlam) Scans read: 40000 79365,0781 Pprecham  |/\V
Pstatic V|
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Figure E.13: Pressure increase in prechamber and main chamber during an
attempt to create engine-like conditions.

E.8 Experiment attempting to make “engine like”
conditions

The smallest prechamber (C22/30) is filled with CoHy at 1 atmosphere pres-
sure. The main chamber is filled with lean mixture of air and CoH, at 15 bar
pressure. The nozzle between the two chambers (nozzle n6/6, — 6 mm diam-
eter and 6 mm length) is opened 15 ms before ignition with upper ignition
point. The pressure difference between the two chambers create a violent
in-flow and turbulence that prevails during the the combustion.

This operation sequence is made in order to make somewhat engine-like
conditions in the prechamber at the time of ignition — an in-homogeneous
charge with a high turbulence level and high combustion speed.

The pressure increase during the experiment can be seen in figure E.13.
The first bump on the prechamber pressure is when the nozzle opens, then
there is a spike up to 67 bar during combustion in the prechambers, then the
pressure of both chambers increase up to 70 bar.

Note that the peak pressure ratio over the nozzle during the combustion
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Figure E.14: Pictures from an attempt to create engine-like conditions. The
pictures are taken with high speed video at 2000 frames per second. The jet
speed is clearly faster than the scan rate of the left picture as the jet is not
visible on the left side of the picture, but already reaches the full length of
the picture when the last section of the picture is scanned.
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in the prechamber is so high as 67/15 = 4.5, while it may reach about 2 in
an engine. This means that the jet may not perform as in an engine — the
jet reaches sonic speed in this experiment.

The resulting jet and combustion in main chamber is captured with high
speed video at 2000 frames per second (not as single shot pictures as in the
other experiments). Unfortunately, the shutter speed of the video camera
was insufficient for the high flow velocities, so the jet pictures are unclear.
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E.9 Discussion/summary of the results

E.9.1 Validation of numerical models

Measured pressure from a combustion was used as input to a two zone calcu-
lation model with ROHR and jet length as output. It was (to a small extent)
possible to compare the calculated jet length with observed jet length.

It is difficult estimate the volume fraction combusted from the pictures,
it was therefore not attempted to compare it with the calculated volume
fraction combusted.

It is difficult to measure the hot jet length from the presented pictures
because:

e Both the cold jet (before flame reaches nozzle) and the hot jet is shown
when Schlieren method is used.

e The jet reaches further than the visible area — sometimes before the
flame reaches the nozzle. The window is too small compared to the size
of the prechamber.

For better comparison of jet length, one need to use a smaller prechamber
(or a larger combustion rig) or else the jet will reach past the window too
soon. The duration of the hot jet is very small, one needs an accuracy and
resolution with respect to time better than 10 us in order to observe the
length of the hot jet.

The calculated ROHR is lower than expected value. The net heat release
inside the prechamber was only 0.6 MJ/kg charge. This may be due to
physical (real) effects like incomplete combustion or heat transfer to the
walls.

E.9.2 Experiments with turbulence.

The experiments presented here indicates that turbulence is essential. With
too low turbulence, a reasonable burn rate can not be obtained. Snyder et al.
[1988] also mention that the reproduction of engine like flow and turbulence
through the filling of the prechamber is essential when testing prechambers
for use in engines. The question is then: How to generate a repeatable and
measurable turbulence, and what is the optimum turbulence?

Turbulence may also lead to cycle to cycle variations and misfire. These
effects were not observed during this series of experiments. The reason may
be: a) A relatively low pressure. b) Powerful ignition sources. c¢) Low turbu-
lence.
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E.9.3 Location of ignition source

Ignition close to the nozzle gives: a) longer duration of the prechamber com-
bustion. b) Lower pressure in the prechamber. When the nozzle is kept
closed, then the prechamber is symmetric and either ignition source gives
the same combustion pressure.

E.9.4 Experiments with increased oxygen pressure.

During one experiment, the glue sealing the ignition electrodes was oxidated,
resulting that hot oxygen-rich flames blasted out of the prechamber and
cutting away a few ¢cm? of iron from prechamber on the way. The result was
a glowing spray out of the CVC-rig, plastering the surrounding parts with
iron oxide.

If increased oxygen pressure is to be used, then the CVC-rig must be
made of stainless steel or other materials that will resist oxidation. Also:
The sealing must be very carefully made so that no sealing material other
than stainless steel and ceramics is exposed to the flames.
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Appendix F

Schlieren methods

F.1 Introduction

Parallel Test
light section

~N NN AW N
—

Focal length of the lens

Figure F.1: Schematic Schlieren setup with lenses.

Schlieren techniques are photographic techniques for recording directional
changes of light through a test section. The test section may for example be
a gas jet, a fuel spray, a flame or a gas with temperature gradient.

One or more beams of parallel light are sent through the test section.
After passing through the test section, the light passes through a focusing
lens or is reflected on a focusing mirror. The lens (or mirror) will focus the
light which have the same direction out of the test section as into the test
section, while the light which has been bent off through the test section will
not be focused. An aperture placed in the focal point allows only the light
one wish to record to pass into the camera. Examples of apertures are shown
in figure F.2.

Note the path of the seven marked light rays and where they end up on
the film in figure F.1. If the camera is focused on the test section, then the
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Knife edge Dot Circles Line Parallel lines

Figure F.2: Examples of apertures to be placed in the focal point of a
Schlieren setup.

position on the film will be independent of the bending of the ray through
the test section.

F.2 Fundamental optics

Not much knowledge of optics is needed to understand how a Schlieren system
works, these basic concepts should suffice:

e A lens focuses parallel light in a focal point. The distance between the
lens and the focal point is called “focal length”. Figure F.1 illustrates
this.

e A camera is in focus when the light arriving at a single point on the film
comes from (“from” as in emitted, reflected or passing trough) a single
point in the target. In other words: Light emitted from or passing
through a point in the target may hit only a single point on the film.
Figure F.1 illustrates this also as light rays passing through the test
section at equal distances end up on equal distances on the film even if
they are bent off though the test section.

Considerably more knowledge is needed if one wishes to use Schlieren
systems for measuring the angle the light has been bent off in each point of
the picture. Hallvard Paulsen presents in his Dr.Ing. thesis Paulsen [1995]
how to use a Schlieren system for such measurements .

F.3 Example setup

A Schlieren setup with lenses have been used by several people at Marintek
and faculty of Marine Engineering, NTNU. The setup is sketched in figure F.3
and consists of:

e Laser: type: He-Ne, power: 5 mW, wavelength: 633 nm.
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Microscope  Pinhole Lens Windows Lens Light Lens CCD
objective . /Chlp

l/ = 3 stop\l y V
S Test
Lazer S sectlonﬂj iL Camera

| —

. Rugged frame
Adjustable on elastic mounts
carriers

Figure F.3: Schematic Schlieren setup with lenses.

e Pinhole, 10pum mounted on the laser in the focus point of the microscope
objective.

e Two large lenses. Diameter = 125 mm, focal length = 1000 mm.

e Two glass windows for use in the CVC-rig.
Diameter = 125 mm, thickness = 25 mm.

e Selection of apertures.

e Selection of camera lenses, a lens of 20 mm diameter and 80 mm focal
length gives full view of the glass windows.

e CCD video camera with “line rate” accuracy trigger and
shutter speed of 1/20, 000 s.

e Mounting gear: Optical rails, adjustable carriers and a rugged frame.

Installation procedure
1. Align up optical mounting rails on each side of the test section.

2. Mount the laser on the rail end and adjust the angles so that the laser
beam is parallel with the mounting rails and also goes through the
middle of the test section.
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. Mount each lens and window, starting with the one closes to the laser.
Adjust the angles and positions so that the reflecting laser light from
the device hit directly back into the laser. A lens which is out of center
will cast two reflections.

. Mount the microscope objective and pin hole on the laser and adjust
the the axial position of the large lenses until a small focusing point is
achieved. If the large lens closest to the laser is not positioned exactly,
then the peripheral light will not focus in the same distance from the
lens as the light passing close to the center.

. Mount the camera and adjust the focus and zoom. Focus on for example
a candle light or a bolt placed in the middle of the test section.

. Mount the light stop aperture.
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