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ABSTRACT

In this investigation, various methods were used to measure the effects of
three spark ignition circuits. One standard and two "enhanced" ignition circuits
were tested using lean methane - air mixtures. Ignition system effects on flame
development were quantified using both quiescent and turbulent combustion cells.
Primary ignition system effects were only seen during the very early flame
development period. Secondary effects were seen in what is thought to be
electromagne’” mavement of the spark kernel, resulting in a favourable flame
geometry. These secondary effects caused calculations based on the pressure
trace to be biased. Thus, accurate comparisons of the effects of different ignition
systems could not be made from pressure traces. Schlieren photographic flame
size measurements and combustion time measurements were used to reduce
flame geometry biases. It was showrn that enhanced ignition circuits accelerated
early flame kernel growth. The effects of ignition systems were only seen during
the early stages of combustion.

The effects of turbulence on flame growth were also investigated. Precisr
turbulence characteristics could be generated with the apparatus used in thi.
investigation. By allowing only one parameter to vary, tests were done to
determine thc effects of turbulence intensity and scale on burning velocity.
Burning velocity was shown to be strongly dependent on intensity and only slightly
dependent on length scale. From photographic measurements, it was ~.~own that
the flame development period was ignition-dominated and independent of mixture

turbulence.



The benefits of both enhancements could be realised by combining a high
energy ignition syst2m with mixture turbulence. High energy ignition systems
accelerate the early flame development while mixture turbulence increases the
speed of a developed flame. Enhznced ignition system bznefits were shown to
be independent of the mixture turbulence, so higher relative gains in burning time

were seen for highly turbulent mixtures than for quiescent mixtures.
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1 INTRODUCTION TO THIS INVESTIGATION

1.1 Background w0 this Investigation

In an effort to increase fuel economy and reduce exhaust emission levels,
engine researchers are exploring the use of leaner combustible mixtures. A lean
fuel - air mixture is one that has more air available than is required, or excess air
according to chemical stoichiometry, to burn all of the available fuel. The standard
thermodynamic operating cycle for spark ignition engines is the Otto cycle. For
an ideal air-standard Qtto cycle, the thermal efficiency, n,, can be expressed in

terms of the specific heat ratio, y, and the compression ratio, CR, [1]:

Ny = 1- 0;1_1 (1.1)
Lean mixtures permit the use of higher compression ratios by inhibiting engine
knock [58, 59]. Lean mixtures also have slightly larger specific heat ratios than
rich mixtures which result in slightly higher thermal efficiency as seen in Figure 1.1.
The equivalence ratio, ¢, is the stoichiometric air/iuel ratio divided by the actual
air/fuel ratio on a mass basis. Higher compression ratios result in dramatically
higher thermal efficiencies. Figure 1.1 also shows the effect of compression ratio
on thermal efficiency. Raising the compression ratio from 6:1 to 12:1 results in
about a 25% gain in thermal efficiency. A CR of 6:1 represents those found in low

performance stationary engines designed for use with poor quality fuel, while a CR

* Numbers in brackets, [ ], indicate refeiences.
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of 12:1 represents the practical maximum used in past automotive engines. The
thermal efficiencies shown are for ideal conditions. Lower efficiencies are to be
expected under actual conditions. However, trends similar to those shown in
Figure 1.1 would be realised by burning leaner mixtures and using higher
compression ratios.

One of the major drawbacks when using lean fuel - air mixtures is that they
burn significantly slower than mixtures that are closer to being stoichiometrically
balanced {2, 3]. Slow burning mixtures can lead to a decrease in power since
combustion will be incomplete as the expansion stroke begins in an engine.
Combustion of faster burning mixtures is normally well developed when the piston
is at top-dead-centre. Other problems related to slow burning mixtures include
misfire and increased cyclic variability. Ignition systems have been seen to affect
both ignition and burning of lean mixtures and can extend the lean operating limit
of an engine [4-8]. High energy or enhanced ignition systems have recently been
shown to accelerate the early flame kernel development in a mixture [7-14]. Some
studies have also shown that enhanced ignition systems increase the overall
burning velocity of a mixture after ignition [9, 11], when spark effects are normally
dominated by other factors. With some of the previous work, the explanations of
mechanisms causing the results were often inconsistent, possibly due to the
analysis methods used. In this work, the flame growth and burning velocities of

lean fuel - air mixtures ignited by two, high-energy, ignition circuits are examined
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using several methods of analysis. The objectives are to study the effects of the
ignition sparks and to study the analysis methods.

Another means of increasing the burning velocity of a mixture is by
increasing mixture turbulence [15-20]. Turbulence is usually characterised in terms
of fluctuating velocity, or intensity, and time or length scales. It is through the
controlled quantitative analysis of the effects of various turbulence characteristics
that advances are made in understanding the role of turbulence on combustion.
In the past, much of the research did not isclate the effects of intensity and length
scale. Some studies examined only one of the characteristics while not isolating
the other, giving somewhat inconclusive results. Many of the controlled studies
wera done under steady state conditions in combustion cells. These steady state
conditions are useful for quantifying the effects of turbulence on combustion.
However, they do not represent the unsteady turbulence field found in an
operating internal combustion engine during the combustion period. Both
turbulence intensity and turbulence integral length scale, representing the speed
and size of the average energy-containing eddies, are examined in this study. A
carefully controlled, decaying turbulent mixture was used to determine their

isolated effects.

1.2 Objectives of this Investigation
To gain a better understanding of the effects of ignition systems and

turbulence characteristics on burning velocity, research using a fully instrumented
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combustion cell is essential. in this study, two high-energy ignition circuits were
investigated over a range of lean equivalence ratios (¢ = 0.65 to 0.85) to
determine their effects on lean quiescent mixtures in comparison with a standard
ignition system.

The effects of turbulence RME. ‘tensity and turbulence integral length scale
on a combustible mixture were studied. A turbulent comibustion cell was used to
determine how burning velocity is affectes: by the scale and intensity of the mixture
turbulence. The highest turbulence intensity levels studied here (~2 m/s) were
higher than those studied in most previous research in combustion celis [e.g. 20-
22].

Once the individual effects of ignition systems and turbulence had been
measured, the combined effects were studied. Growth of flames ignited by an
enhanced ignition system were compared with those ignited by a standard ignition

system in a lean turbulent mixture.

1.3 Overview of this Investigation

In this study, two combustion test cells were used to measure ignition
system and turbulence effects on burning velocity for lean methane - air mixtures.
Four ignition system - spark plug combinations were compared in lean quiescent
mixtures. Two ignition systems were compared in lean mixtures with turbulence
of various intensity and scale. The specialized experimental equipment, the data

acquisition system, and the flame growth diagnostics that were used in this study



are also described.



2 EXPERIMENTAL EQUIPMENT AND PROCEDURES

This study required specialized equipment and procedures. The equipment
and related procedures are covered in this chapter and inciude the following:

fuel - air mixer,

quiescent and turbulent combustion cells,

combustion cell instrumentation,

turbulence measurements, and

schlieren photography system.
Ignition system requirements and spark discharge modes will also be discussed
here. The details of the base-line and enhanced ignition systems will be de:cribed

in Section 4.2 where it will be more relevant.

2.1 Fuel - Air Mixer

The fuel - air mixing apparatus had two functions. It had to regulate the
volumetric flow rate of each of the gases and mix them ensuring a homogeneous
mixture. The fuel could be methane, propane, or a combination of both. Only
methane was used in this study. Extra dry air and fuel (93.1% pure methane) were
supplied from cylinders. A schematic of the fuel - air mixer installation is shown
in Figure 2.1.

Flow regulation was accomplished using critical flow nozzles. The critical

flow nozzles consisted of brass orifice plates with diameters of 0.1 mm for the fuels



GAS CYLINDERS
AR PROPANE METHANE
extra dry 96% pure  98.1% pure
15000 kPa 750 kPa 15000 kPa

regulators

FUEL-AIR MIXER
pressure gauges
critical fiow orifices
0.456 mm 0.1 mm 0.1 mm
— mixing baffle
e =N burner
4 vacuum pump
vent k- TG~ i \arcury manometer
% needle valve
‘.| comi::stion cell
Figure 2.1 Fuel-air mixer shown as installed with associated plumbing and

combustion cell.
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and 0.456 mm for the air. Flow rate was a function of only upstream gas pressure
and temperature when critical flow was obtained. The essentially constant,
atmospheric temperatures in this study resulted in flow rate being directly
proportional to upstream gas pressure. The upstream pressure had to satisfy the

critical flow conditinn of Equation 2.1 [1]:

P, 2( 2 )?5 2.1)

where: Y specific heat ratio
P, = downstream (ambient) pressure
P

. = upstream (gas) pressure

I |

The upstream gas pressures had to be greater than those listed in Table
2.1 to ensure critical flow. Table 2.1 shows minimum upstream pressures for
downstream pressures of 92.5 kPa, average atmospheric pressure in Edmonton,
and 101.325 kPa, standard atmospheric pressure. For convenience, methane gas
pressure was held constant at 220 kPa gauge while air pressure was varied to

form the required mixture stoichiometry.
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Table 2.1 Minimum upstream pressures for critical flow.

Gas P.gss P. i 308
Air 175.1 kPa abs 191.8 kPa abs ]
Methane, CH, 169.4 kPa abs 185.6 kPa abs
Propane, C;H, 159.7 kPa abs 174.9 kPa abs

Flow rates from the gas mixer were calibrated using a bubble flowmeter
made from a modified burette tube. A soap bubble was introduced into the gas
stream to give a visual indication of the gas flow. The duration for a fixed volume
of gas to flow was timed using a stopwatch. This procedure was repeated five
times for each measured flow rate. A linear least squares fit of upstream pressure
against flow rate was done to produce a calibration equation. All tests were
corrected to local, standard, atmospheric conditions (700 mm Hg, 25°C). Required
gas flow rates were achieved by regulating the upstream pressure according to
the calibration equation. Reconfirmation of the fuel and air flow rates was done
periodically to maintain an accurate, homogenecus mixture. The gas mixer
provided a lean air/fuel equivalence ratio uncertainty of +0.65%, based on

measurement uncertainty.

2.2 Quiescent Combustion Cell
The quiescent combustion cell has a cylindrical stainless steel body with

circular glass ends. The internal dimensions of the cell are 80 mm in diameter and
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102 mm in length. There are eight equally spaced threaded holes (18 mm and
3/8" NPT) around the circumference of the cell at the centre of its length for gas
valves, spark plug(s), pressure transducer(s), thermocouple(s), and ionisation
sensor(s). The windows are 24.4 mm thick, annealed BK7 glass held in place by
threaded, removable, aluminum end-caps and ar< sealed with O-rings and paper
gaskets. The glass is optically correct o facilitate schlieren photography. The cell
is shown in Figure 2.2. Further cell design and testing details have been outlined
by Wilson et al [23].

Cell operation included purging, filling, and igniting the gases in it. Using
a vacuum pump, previously burned gases were purged from the cell and the cell
was flushed with atmospheric air. The absolute pressure after evacuation to
between 1 mm Hg and 4 mm Hg was recorded. A fuel - air mixture from the gas
mixer was introduced and allowed to come to equilibrium at standard atmospheric
temperature and pressure (25°C, 101.325 kPa). The combustion cell was then
sealed by closing the valve from the gas mixer. Finally, the mixture was ignited

while pressure, photographic, and flame arrival data were acquired.

2.3 Turbulent Combustion Cell

The mechanisms required to generate known levels of turbulence makes
the operation of the turbulent combustion cell much more complex than that of the
quiescent combustion cell. Construction, cperation, and electronics of the

turbulent combustion cell will be discussed here.
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This cell was based on an earlier cell [24, 25]) and has been described in
detail by McDonell [22]. The aluminum cell has an internal cubical dimension of
125 mm. A cubical shape approximates an ideal spherical shape, yet allows
turbulence to be generated by quickly drawing 2 flat perforated plate across the
cell. Two opposing sides contained 25.4 mm thick, annealed, BK7 glass windows
which allowed for direct and schlieren photography, and allowed for light emission
measurements to be made. The cell used central, platinum tipped, spark
electrodes mounted on a micrometer head for spark gap adjustment. The gap
between the pointed electrode tips was held constant at 1.0 mm for all
experiments in th:3 study. Threaded holes for a pressure transducer, gas valves,
ionisation sensors, alternative spark plugs, and thermocouples were also present.
The cell is illustrated in Figure 2.3.

The operation of the turbulent combustion cell during evacuation, purging,
and introduction of the combustible mixture was identical to that of the quiescent
combustion cell. Turbulence in the cell was generated by quickly moving a
perforated plate across the cell. The plate starting and finishing positions are
shown in Figure 2.3.

The plate was pulled via four rods that extended through sealed openings
in the cell wall and attached to a stirrup. To move the stirrup anc: plate, a heavy
flywheel with a small tooth extending from it was spun at a pre-determined speed.
The tooth passed freely through a slot in the stirrup until a pin was electro-

magnetically fired across the slot, thereby engaging the tooth and flywheel. The
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Figure 2.3 The cubical turbulent combustion cell.
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stirrup slid in a track until the plate reached its finishing point at the other side of
the cell. At the end of plate travel, the stirrup encountered a hydraulic damper
which reduced the impact. It was held in place by electromagnets to prevent the
plate from rebounding back across the cell. Figure 2.4 shows the entire plate
movement mechanism.

Tc allow for proper pla:2 movement, several photodiode sensors combined
with black and white striped scales were used to monitor flywheel rotational speed,
plate speed, and flyw e »l tooth passage. Ignition timing was triggered using a
similar sensor. Placement of these sensors is shown in Figure 2.4.

The perforated plates used to produce turbulence in the cell had hole
diameters, D, ranging from 2.5 mm to 20 mm. The dimension D is also used as
a measure for the hole spacing to ensure geometrical similarity between the
perforated plates. With this configuration of hole spacing, each plate had 60%

solid area. The perforated plates are shown in Figure 2.5.

2.4 Turbulence Measurements

The turbulence characteristics produced by these perforated plates have
been previously documented by Checkel [26] and McDonell [22]. Detailed
turbulence characterisation was performed downstream of similar, stationery,
perforated plates in a small wind tunnel. Limited hot wire anemometer
measurements in the combustion cell were performed and reported on by Checkel

[26], confirming analogous measurements to those in the wind tunnel. The
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turbulence within the cell was homogeneous after a time, t = x/v, following the

plate passage such that x/D > 10. Bulk motion of the mixture was assumed to be

negligible compared to the turbulent motion. The wind tunne! measurements

resulted in calibration equations of the form shown below:

/ m
v (1)
v D
where: u’ = RMS intensity (=‘[L7_2;

= fluid velocity
x = downstream distance
D = perforated plate hole diameter

where: A = turbulence integral length scale

Table 2.2 RMS intensity decay constants.

Condition A, n,
x/D < 10 10.96 -1.812
10 < x/D < 20 2.627 -1.191

20 < x/D < 40 0.773 -0.783

(2.2)

(2.3)
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Table 2.3 Integral scale growth constants.

Condition A, n,
x/D < 143 0.38 0
x/D > 14.3 0.1 0.5

Decay/growth constants A,, A,, n,, and n, for Equations 2.2 and 2.3 are
listed in Tables 2.2 and 2.3. Only x/D values greater than 10 were used.
Otherwise the jetting action of the airflow through the holes may result in
inhomogeneous turbulence. The perforated plate speed is related to the wind
tunnel velocity, and spark delay time to the dimensionless downstream distance,
x/D. Using these calibration equations, variable combinations of turbulence RMS
inter'sity (u’) and turbulence length scale (A) were obtained at the time of ignition.

The turbulence scale ana intensity were set for the time of ignition. After
ignition, the turbulence initially continued to decay but some increase in turbulence
was seen due to rapid distortion at the flame front. Flame growth and expansion
caused the rapid distortion. A model developed by Chew and Britter [27] was
used to calculate the level of turbulence RMS intensity enhancement, giving actual
turbulence RMS intensity during combustion. The rapid distortion model and its

results will be discussed in Section 5.4.2.
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2.5 Schlieren Photography System

The basic principle of schlieren photography is that light is refracted by
density gradients in the media through which it passes. In the case of parallel rays
of light passing through a combustion cell, the light rays remain parallel assuming
flat window surfaces. As portions of light pass through a density gradient (i.e. a
burning flame front), they refract slightly. After passing through the cell, the
parallel light rays are focused to a point. An iris can be used to block the
refracted light rays which do not focus at that point because they are no longer
parallel. Areas of large density gradients re: It in dark images on film. Figure 2.6
shows the application of the schiieren principle to form an image of a flame.

In this study, a HYCAM K20S4E, high speed, 16 mm, movie camera was
used to fiim the schlieren image of a combusting mixture. A film rate of 1000
frames per second was used which resulted in one image per millisecond. A
faster rate would have reduced the sensitivity of the system, resulting in an unclear
image. The fim was 16 mm, Eastman 7250, high speed, tungsten, Ektachrome
Video News Fim. It was pushed by two f-stops when developed to increase the
effective sensitivity.

The light source was a halogen gas filled lamp, similar to that used in an
automobile high beam headlamp. Filming sensitivity was lowered by light intensity
reductions due to pin-hole irises and absorption and reflection from surfaces
(mirrors, lenses, and windows). The image was projected directly onto the film in

the camera without using a camera lens to avoid focusing problems and further
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losses in light intensity. Figure 2.7 shows a schematic of the high speed schlieren
photography system.

After the film was developed, a Joyce-Loebl, Model lli CS microdensitometer
was used to produce an enlarged strip chart of the image along the centre-line of
the film. The scanning direction was perpendicular to the electrode orientation in
the turbulent cell. Using this chart, the size of the flame front was calculated more
accurately than by directly measuring from the film. Figure 2.8 shows a typical
schiieren image of a flame with its corresponding microdensitometer chart. The
occurrence of the spark was read directly from the fim which produced a
maximum uncertainty of +0.5 m- in the spark timing. Flame size measurements
taken from the microdensitometer had an error of £0.1 mm.

The schlieren photography system was used as a standard for flame size
measurements and provided direct confirmation of the flame sizes deduced from
measured combustion pressures. Flame size measurements could only be made
until the flame grew to the size of the combustion cell windows. Also, schlieren
photography allowed for a visual confirmation of the flame structure and geometry

which are important for modelling flame growth during combustion.

2.6 Cell Instrumentation
Each of the combustion cells was instrumented with a pressure transducer
and one or more flame ionisation rrobes. The turtulent combustion cell also used

a light emission sensor.
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The pressure sensor was a Norwood mode! 111 four-active-arm strain
gauge pressure transcducer with a response frequency of 45 kHz. The strain
gauge bridge circuit was ~ustom made by the Department of Mechanical
Engineering’s electronics shop at the University of Alberta. It had variable offset
and an amplification factor of 100. The pressure transducer was regularly
calibrated from 0 kPa to 1500 kPa using a dead weight pressure tester. Maximum
non-linearity was less than =1%. The calculated pressure transducer calibration
equation was utilized by a computer program to provide accurate digital pressure
records.

Early in this study, an AVL 12QP 300cvk, piezoelectric, pressure transducer
with Kistler 507, dual mode, differential charge amplifier was used due to its high
response frequency of 60 kHz. This set.up was far too sensitive to electricai
charge and quickly failed. It was unacceptable for use with the high energy
enhanced ignition systems in this study because of the electrical noise they
produced. Also, shifts in pressure signal due to ignition system electrical noise
caused many problems in an earlier study that used this system [22]. It was
recommended to use a more stable type of pressure transducer such as the
Norwood model 111 used in this study.

lonisation probes were used to detect the arrival of a flame front. A
constant d.c. voltage potential, from 50 V to 150 V, was held across the exposed
tips of 22 ga. platinum wire which were separated by 0.1 to 0.5 mm. When the

flame front reached the gap between the wire tips, current flowed between the tips
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carried by the ions in the flame front. Current amplifiers produced a spike in the
ionisation probe output signal. A typical ionisation probe is shown in Figure 2.9.

The ionisation probes in the quiescent cell were located 40 mm and 70 mm
perpendicularly from the wall-mounted spark plug (i.e. at the centre of the cell and
10 mm from the wall opposite the spark plug). The probes in the turbulent cell
were 40 mm and 60 mm (2.5 mm from the wall) from the spark gap as can be
seen in Figure 2.3. When placed at these kncwn locations in the combustion cells,
the times of the current pulses through the ionisation probes were measured to
determine flame arrival times. This diagnostic was compared with filme:: and
pressure deduced times for equivalent flame sizes.

Light emission measurements were made using a photomuiltiplier in the
turbulent combustion cell. A 431.5 nm optical band pass filter was used to allow
only the blue light given off by the CH radical to reach the photormultiplier. This
resulted in an output signal from the photomultipiier that changed with the flame
size of the burning mixture. The light given off by the flame was first randomized
by diffusing it to ensure equal photomultiplier sensitivity to light from all areas of
the cell. Then the light was gathered using an optical lens to produce an
unfocused image on the photocathode. The system sensitivity was regulated by
varying an iris aperture and the cathode voltage in the photomultiplier tube. The
photomultiplier tube was set up as shown in Figure 2.10.

Past research has shown that the early light emissions are related to the

subsequent burning rate of a hydrocarbon mixture [28]. Using a photomuiltiplier
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set-up as just described, McDonell [22] has shown that light emissions levels are
strongly related to the area of the flame. Throughout these tests, the
photomultiplier sensitivity varied dramatically and repeatability was poor. Due to
this variability, this technique of studying flame growth was found to be much less

accurate than the others used and hence, was not studied further.

2.7 Ignition Systems and Spark Discharge Modes

In addition to a standard transistor-switched coil ignition system, two
enhanced ignition systems were used in this study. The general requirements of
an ignition system and characteristics of an ignition spark will be discussed here.
The details of these ignition systems will be discussed in Section 4.2.

An ignition system must be capable of delivering energy in the form of an
electrical spark to the mixture within the combustion chamber of an engine. There
is a minimum quantity of energy that will cause the fuel - air mixture to ignite ar.d
perpetuate the combustion reaction. This minimum quantity depends on the
following factors:

- chemistry of the mixture (fuel type, mixture strength, etc.),

- the flow field within the combustion chamber (turbuience),

- the type of spark plug being used, and

- the rate at which the energy is delivered.

Lewis and von Elbe [29] list minimum ignition energies for quiescent methane - air

mixtures (¢ = 1.0) to be 0.45 mJ.



30

Having met the minirnum ignition energy requirement, an ignition system
can play an important role in the flame development period, and possibly the burn
duration and the burning velocity of a mixture. The amount of energy delivered
and the duration of the energy delivery have both been shown to influence
combustion of a mixture [30]. More recently, the rate of energy delivery has been
investigated [11]. Energy delivery rate is closely related to the modes of spark
discharge which are shown in Table 2.4 along with their durations and efficiencies
[8, 31]. Efficiency is defined as the fraction of the total energy delivered to the

spark gap that is irnparted to the mixture.

Table 2.4 Spark discharge modes.

Discharge Mode Typical Typical
Duration Efficiency

breakdown 20 ns 94%

arc 1us 50%

glow ims 30%

Standard coil-based ignition systems typically deliver most of their energy in the
inefficient glow discharge phase because of their slow spark delivery [14]. It
would be very beneficial to deliver a spark in a short duration so that most of its
energy could be discharged in the highly efficient breakdewn mode or in the arc
mode. The erhanced ignition systems used in this investigation made use of

these more efficient spark discharge modes.
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3_COLLECTION AND ANALYSIS OF DATA

In the following sections, the data acquisition system and numerical
smoothing will be discussed. In addition, flame growth diagnostics which inzlude
photographic, ionisation probe, and pressure based measurements will be

compared.

3.1 Data Acquisition System

The experiments in this study required a high speed data acquisition system
to analyze combustion events which only last tens of milliseconds. Experimental
data were first recorded in analog form then converted to digital form.
Calculations were performed using the data in a digital form. The data acquisition
system is shown schematically in Figure 3.1.

Analog data were recorded and stored on magnetic tape using a four
channel, Racal Store 4DS, FM tape recorder. The analog output from pressure
transducers, photodetectors, ionisation sensors, and other devices were recorded
on the four channels of magnetic tape. The input range on each of the four
channels was selected to provide a maximum signal-to-noise ratio and the best
measurement resolution for the signal being recorded.

After completion of an experiment or set of experiments, the stored analog
data were digitized using a Data Translation DT 2782, eight channel, analog to

digital, 12 bit converter. This converter was operated at 25 kHz and was part of
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a DEC LSI-11/23 minicomputer. The recording speed of 30 inches per second

(ips) was reduced to one eighth (3% ips) during digitisation. This provided a total
effective data acquisition rate of 200 kHz, that is, 50 kHz per tape recorded
channel -- a 20 us time resolution.

The A/D system was calibrated by recording two known d.c. voltage signals
onto the magnetic tape after the input ranges were selected. These signals were
later used to provide an overall calibration for each channel of the FM tape
recorce; and each A/D channel of the computer. These linear calibrations
provided an offset in integers and a slope in integers/V for each channel. Once
the data had been converted to a digital format, they were adjusted to store actual
pressures and voltages using pressure (V/kPa) and digital (integers/V) calibrations.

The time scale was compressed by an integer factor so that only 512
integer data points containing the relevant pressure information were stored. A
similar compression was performed for the light emission data. Compression to
512 points was done so that experimental runs could be represented by standard
data files which were all the same size. The standard data file contained 5§12
pressure integers (in kPa x 10), 512 light emission integers (in mV), and 256
integers containing coded information about the experiment. Integer data were
used so that they could be stored in a compact binary format for bulk data
storage if necessary. The standard data files at this time were ready to be used
by specially developed computer software written in BASIC and FORTRAN

languages. Many of the integer data files were transferred from the LSI-11/23
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minicomputer to an IBM PC-XT compatible computer where subsequent analysis
of results took place. This was done to take advantage of the software available
on the PC.

There were two reasons for first recording an analog signal on magnetic
tape and then playing back rather than directly recording digitally. An eight-fold
increase in effective data acquisition rate (50 kHz vs. 6.25 kHz) was obtained by
recording data at a high tape speed then reducing the playback speed. This
faster data acquisition rate was required to give a time resolution of 20 us. The
other reason for recording on magnetic tape is for electrical noise isolation. Digital
computers tend to be affected adversely or fail due to electrical noise when
operating adjacent to the very high voltage and current associated with enhanced
ignition systems. By recording the data first, this helped isolate the digital

computer from electrical noise.

3.2 Numerical Smoothing

Numerical calculations using unsmoothed digital data may lead to
erroneous results. The cause of the error is the electrical noise present in analog
signals that have been digitized. Although often small compared to the value of
the signal, this noise is a digital discontinuity and may cause errors in calculations
such as differentiation. Numerical smoothing using a simple averaging technique
was used to reduce signal noise without changing the effective signal. Equation

3.1 is the method used.
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n=l+w

; Unsmoothed, (3.1)
Smoothed, = =¥

2w +1

In Equation 3.1, w is the averaging width or number of points on each side of
point i to be used in calculating the new average value for point /.

This type of simple smoothing was chosen over a more sophisticated
numerical filter because of its rugged characteristics. It works on any frequency
signal and will smooth any amount of noise. Although the resulting smoothed

signal may be slightly altered, the use of this simple filter is very predictable.

3.2.1 Effects of Numerical Smoothing

An example will be discussed in this section to iliustrate the effect of
numerical smoothing on a digital signal. Subsequent calculations using that signal
will also be examined. The example will use a digital pressure signal to calculate
a non-linear function of pressure -- the turbulent to laminar burning velocity ratio
(S#/Sy)-

A digitized pressure signal shown in Figure 3.2 usually contains some
electrical noise, especially near the time of 0 ms where the spark occurs. A
pressure signal free of apparent noise is obtained by smoothing this signal twice
using w = 10. This smoothed signal is also shown in Figure 3.2. At first glance,

there appears not to be too large a difference between the unsmoothed and
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smoothed pressures. When examined closely, the spark noise present in the
unsmoothed signal tended to raise all the early pressure values (0 ms to 5 ms) of
the smoothed pressure signal. The pressure decreased over the first 5 ms. This
is physically untrue during these combustion reactions since pressure must rise.
The apparent decrease is due to smoothing the spark noise.

In calculating a non-linear function of pressure, S;/S,, from the unsmoothed
pressure signal, the noise can be amplified. S,/S, calculations are similar in form
to Equations 3.3 and 3.4 in Section 3.3.3.1. Amplification of signal noise is
illustrated in Figure 3.3 which was calculated from the unsmoothed pressure signal
in Figure 3.2. It is very difficult to extract information from this figure because of
the ampilification of pressure signal noise.

S4S, calculated from the smoothed pressure signal in Figure 3.2 results in
smoother calculated results as shown in Figure 3.4. Accuracy of this curve is
suspect since numerical smoothing altered the original pressure signal.

The calculations in this study did not implement signal smoothing until the
final calculations had been completed. The S,/S, curve from Figure 3.3 has been
smoothed using the same method as was used for pressure, and is shown in
Figure 3.5. There is a difference resulting from when the smoothing takes place
which can be seen by comparing Figures 3.4 and 3.5. In this case, the difference
is most apparent near a relative flame radius (r,/r.,,) of 0.5. Since the original
digitised pressure signal was retained through all the calculations in Figure 3.5, it

had less error than if the smoothed and thus altered pressure signal had been
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used through all calculations.

3.3 Flame Growth Diagnostics
Flame growth rates and thus burning velocities were determined by
schlieren photography, by ionisation probe flame arrival times, and by pressure

traces. These will now be described and compared.

3.3.1 Flame Growth From Schilieren Photography Measurements

High speed schlieren cinematography was used as the standard for
measuring flame radius. The principle and set-up of the schlieren photography
system were described in Section 2.5. The camera speed was 1000 frames per
second, resulting in a 1 ms time resolution. This speed was limited by the system
sensitivity based on the light source intensity. Flame radii were measured directly
from the film along spark kernel centres using a microdensitometer. Flame
volumes could be calculated from the radii. Each flame was assumed to be
spherical which is a reasonable assumption except for spark kernels less
than 3 mm diameter or when the flame is near the wail. A spherical shape is seen
in a digitally enhanced schlieren image of a typical quiescent flame shown in
Figure 3.6.

Since the schlieren image is based on a density gradient, the flame image
coincides with a point just before the leading edge of the visible flame. These

photographic data could also be used to calculate burning velocities using



Figure 3.6

¢ =085

quiescent

turbulent (cubical) cell
t=10ms

r, = 19.9 mm

A digitally enhanced, higri-contrast image of a typical schlieren
photograph.
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cziculated volume expansion factors from the thermodynamic equilibrium model

which will be described later in this chapter.

3.3.2 Flame Growth From lonisation Probe Measurements

Times of flame arrival 'at. the ionisation probes, described in Section 2.6,
were used to directly measure the arrival of the flame front at certain fixed points
within the combustion cell. lonisation probe locations were also given in section
2.6. These fiame arrival times were used to calculate the average flame growth
rate over the distance between two fixed points. Since ionisation probes rely on
ions in a burning flame for current to flow, ionisation probe measurements were
expected to coincide with the leading edge of the flame passing the probe tips.

The flame growth rates calculated from flame arrival times represented an
average over a large change in flame radius. This span included periods where
the flame may have still been in its developmental stage. It also included periods
where the flame was influenced by its arrival at the ceil wall. Part of a spherical
“lame first touches the wall at 80% of the equivalent cell radius. Overall, the
ionisation probe measurements only provided a rough confirmation of average

flame growth rates.

3.3.3 Flame Growth From Models Based on Pressure Trace
Experimentally measured pressure traces were used to calculate burning

velocities using the following three models: Lewis and von Eibe model, Dabora
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maodel, and multi-zone thermodynamic equilibrium madel. These models will be

described and compared in the following subsections.

3.3.3.1 Lewis and von Elbe and Dabora Mocdlels
Lewis and von Elbe [29] prcposed a relationship which derived burning
velocity from a pressure record. This method assumes:
a) combustion propagates isotropically forming two concentric spherical
zones (burned gases and unburned gases) with an abrupt interface (i.e. an
interface with no mass or volume),
b) properties are uniform within each zone,
c) pressure and temperature rise according to adiabatic compression and
that no heat is transferred to the vessel walls,
d) a temperature difference is developed between the burned gases and
unburned gases, and
e) pressure throughout the vessel is uniform.

The mass fraction burned, mf,, is proportional to the fractional pressure rise as in

Equation 3.2,
P-P
mfb = ! (3.2)
PO_Pl
where: instantaneous pressure,

P =
P, = initial pressure, and
P, = final pressure.
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The burning velocity is expressed using the Lewis and von Elbe model as shown
in Equations 3.3a and 3.3b. Equation 3.3a is a general description of burning
velocity in terms of flame size in a spherical cell while Equation 3.3b substitutes

quantities from the Lewis and von Elbe model.

1
s . 3 (0 (P (3.3a)
¢ dt\r,) \P
where: S, = burning velocity,
r, = the nominal radius of burned gases in their unburned

state,
r, = the burned radius,
v, = the specific heat ratio of the unburned gases.

In terms of pressure only,

1 1)-2
S =t dP [ﬁ]v_u 1-(PP (E)Tu 3 (3.3b)
Y 3P,-P) dt \P P,-P,) \ P
where: r..; = the hydraulic radius or equivalent spherical radius of the

combustion cell.

This model has been used with acceptable accuracy since the assumptions
are reasonable. lts accuracy will be discussed and compared with other models
in Section 3.3.4.

The relationship given by Dabora [32] is based on assumptions similar to
those of Lewis and von Elbe. However, it was developed for a flat disk-shaped
combustion cell. It assumes that the flame kernel develops as a cylinder with the

same axial length as the cell. The combuistion cell used in this study had a much
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lower diame:arflength ratio so the flame was more spherical. It was expected that
calculated buriing velocities using Dabora’s correlation would be high because the
flame was only assun.:d to grow in two dimensions and not in three dimensions
as would really occur. With an actual flame increasing geometrically in three
dimensions, this model would lead to a greater calculated burning velocity. The
Dabora burning velocity relationship is:

d ’b\|

Yolew — 1=
S, - at\ Foo) (3.4)
PO

Yu_1 +—I;

where,

1
(e (7
n _ |\PeoP) \P (3.5)

3.3.3.2 The Multi-zone Thermodynamic Equilibrium Model
Flame growth and burning velocity data were also calculated from pressure

traces using a multi-zone thermodynamic equilibrium model. The unburned gases
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were treated as a mixture of pure tuel (CH, in this case) and air (considered to be
21% oxygen and 79% nitroger:j. The burned gases were represented by six
species (CO, CO,, O,, N,, H,, and H,0). All of the mixture components and
combustion products were treated as ideal gases using properties defined by the
equations of Benson [33]. The model accounted for dissociation reactions in
terms of the following carbon dioxide dissociation and water-gas reactions:
CO, -~ CO + 20,
CO + H,O0 - CO, + H,

It was found that these dissociation reactions represented the energy and species
effects on combustion with reasonable accuracy. For a more detailed
representation of minor species, a more refined series of reactions would be
required.

The combustible mixture was split into 1500 zones or elements, each
containing an equal fraction of the total mass. Each zone reacted sequentially to
produce a pressure rise for a given mass fraction burned. As each zone reacted,
its equilibrium composition, temperature, and pressure were calculated using an
iterative scheme. The flow chart in Figure 3.7 shows the operation of the muilti-
zone thermodynamic equilibrium model. Starting with a pressure estimate for a
given element, the volume and energy properties for all the previously burned
elements and all the unburned elements were calculated. Then, properties of the
burning element were determined while considering the work required to

compress all of the non-reacting zones to the new estimated pressure. The
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pressure iteration was d...ned correct if the calculated sum of all the element
volumes was equal to the total volurme of * - » = Heat wansfer between zones
and between unb.rned gases and the wall was nuglected.

It was possible with this model to allow equilibrium comgcsitions to change
in the burned elements due to temperature rises from isentropic compression.
This only resulted in a 0.9% difference in calculated pressure, up to the period of
wall contact, from when each zone is held constant and is not allowed to react --
frozen equilibrium. Requiring four to five times more computational time, allowing
the equilibrium composition to change resulted in negligible changes in flame size
calculations. Therefore, equilibrium was frozen for model calculations in this study.

The model provided flame growth in terms of volume burned or mass
burned. These quantities were a function of pressure rise for a given set of initial
conditions. Other calculated quantities (mf,, AV,, AV,, T,, T, v,) were stored with
pressure and flame growth in a model data base.

To use this model, the pressure - flame growth relationship was interpolated
onto an experimental pressure - time record to give burned mass and volume as
a function of time. Depending on the assumed flame shape, spherical or
hemispherical, the burned volume was used to calculate flame area as a function
of time. From this, the burning velocity of the mixture was calculated. The
equilibrium model determined flame size and various mixture properties
corresponding to measured pressure data. All of the relevant data were stored

in a data file for use by any of the subsequent data analysis programs.
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As with any model, the calculated results were validated against a standard.
The standard used in this study was the STANJAN computer model {34] which
uses tne method cf element potentials and JANNAF data tables to calculate muiti-
component equilibrium compositions. The equilibrium model was compared with
the STANJAN model using 16 product species for initial conditions of 101325 Pa,
293.15 K, and ¢ = 0.85. Table 3.1 lists comparisons of properties between the
multi-zone equilibrium model and the STANJAN model for 1/2000" of the total
mass burned. Since the model essentially calculated volume and pressure for a
given mass, density was 2 suitable property for comparison. The equilibrium
model density was in error by less than 0.2% when compared with the STANJAN
model that uses 16 species. This error is 1.5% if the compression work done on

the other elements is ignored.

Table 3.1 Comparison between the equilibrium model and STANJAN.

Equilibrium STANJAN A%
model 16 species
P 101741 101741 -
T 2035 2065 1.5

p 167.0 164.5 1.5
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3.3.4 Comparison of Flame Growth Diagnostics

As previously mentioned, the standard used for flame sizes were
photographic measurements with an accuracy of 0.1 mm. The ionisation probe
measurements provided a =1 mm indication of flame position but only average
flame growth rates could be calculated.

The methods based on pressure trace described in Section 3.3.3 can be
used to calculate flame growth rates and burning velocities. A major disadvantage
of all these methods is that they have poor sensitivity during the early period of
combustion when the pressure rise is only 1 or 2 kPa. This early combustion
period is where mosi of the effects of ignition systems are expected to occur. The
signal level (AP) and the noise level are roughly the same magnitude when the
pressure rise is small during the early stages of combustion. The error in flame
radius was high, =5 mm, during these small pressure rises. The signal-to-noise
ratio became high enough (20:1 or higher) to produce accurate flame radius
calculations (0.5 mm) once the pressure had risen above 120 kPa.

One drawback to the Lewis and von Elbe method and the Dabora method
is that the adiabatic and two-zone assumptions are only acceptable for small
pressure rises, as seen during the early combustion period, until the flame reaches
the wall. This is not a problem with the multi-zone equilibrium model where the
assumptions remain acceptable during the later stages of combustion. It should

be noted that all of the models remained inaccurate for pressures below 120 kPa.
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As discussed earlier, the Dabora model assumes two dimensional flame
growth while real flame growth is in three dimensions. This results in calculated
burning velocities being high for the Dabora model. The real flame area is higher
than the assumed flame area. Depending on the burned radius and axial cell
length, the real flame area could be double the flame area assumed by the Dabora
model. When compared with photographically measured values, the equilibrium
model and the Lewis and von Elbe model predict flame growth, and thus burning
velocity, with equivalent accuracy. It is expected that the equilibrium model will
remain more accurate when pressures become higher. A calculated flame growth
comparison between the three models and the photographically measured values
is shown in Figure 3.8. The Dabora model is about 20% low in its flame size
calculations at low pressures. A smaller calculated flame size results in a smaller
flame area and higher burning velocity -- exactly as expected when using the
Dabora model. The multi-zone thermodynamic equilibrium model was used to
measure flame growth rate and burning velocity in most of this study. As the
standard, schlieren photographic results were used periodically to confirm the
equilibrium model resuits, to provide results for the early stages of combustion,
and to show flame structure.

To determine error sources for the Lewis and von Elbe model, its
calculated mass fraction burned, mf,, was compared with that of the equilibrium
model. The assumption that the mass fraction burned is proportional to the

fractional pressure rise as in Equation 3.2 by the Lewis and von Eibe burning
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velocity relationship is 5% higher than that calculated by the multi-zone equilibrium
model. However, using the measured end pressure instead of the adiabatic end
pressure, the mass fraction burned is 25% higher. Not knowing the correct
adiabatic end pressure may cause erroneous results with the Lewis and von Elbe
model. Figure 3.9 compares the mass fraction burned with pressure for the
proportional relationship of Equation 3.2 and that calculated by the multi-zone
equilibrium model.

Several of the previously discussed methods used in calculating burning
velocity were compared with the accepted equilibrium model results for an
equivalence ratio of 0.95 using a standard ignition system in the quiescent
combustion cell with a wall-mounted spark plug. The comparison is shown in
Figure 3.10. The meaningful range of burning velocities were measured between
50% and 80% of the cell radius. The signal-to-noise ratio was too small with the
pressure transducer used to get an accurate indication of burning velocity below
50% of the effective cell radius. Above 80% of the effective cell radius, the flame
was too close to the wall. In fact, parts of a spherical flame begin to contact the
wall at 80% of r_,.

The equilibrium model results were not used in the initial parts of this study
because the model was not fully developed until late in the experimental program.
Therefore, the Lewis and von Elbe method was used for the initial ignition system

comparisons. As shown in Figure 3.10, its flame growth and burning velocity

calculations were more than adequate for relative comparison.
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The burning velocity calculated using the Dabora methcd was about 30%
higher than that of Lewis and von Elbe. This was expected due to the assumgction
of a cylindrical flame shape which under-estimates active flame area with the
Dabora model. According to Andrews and Bradiey [2], the expected burning
velocity of a¢ = 0.95 methane-air mixture is 0.325 m/s as measured from a nozzle
burner. Using an average of instantaneous burning velocities at 200 kPa and
250 kPa, the equilibrium model calculated the burning velocity to be 0.214 m/s.
This equilibrium model value is 34% lower than the reported value [2]. The large
discrepancy between the values in Figure 3.10 and the published value can be
attributed to the following: 1) burning velocity decreases with increases of
pressure, as the equilibrium model shows, 2) heat loss to the wall with side
ignition, and 3) the assumed flame shape. All of these models have assumed that
heat loss can be neglected which is not a bad assumption for a flame growing in
the centre of a combustion cell, but for a flame growing against a wall, it is a poor
assumption. As well, these models have assumed that the flame grows
spherically; however, the actual growth shape for an ideal flat sidewall ignition
source would be hemispherical.

A comparison of several properties of spherically and hemispherically
growing flames can be made. As shown in Figure 3.11, a spherically growing
flame has a larger active flame area for a given burned volume than a
hemispherically growing flame that is quenched against a wall. For a given burned

volume or pressure rise, an assumed hemisphere has a radius larger by 32 but
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an active flame area smaller by */2. The result is that inferred burning velocity is
smaller by /2 for an assumed sphere. Much of the discrepancy between the
published and measured burning velocity in Figure 3.10 can be accounted for by
the assumed shape error. The flames growing against walls in the cylindrical
quiescent corriustior cell are not truly hemispherical because the walls are not

flat.
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4 EFFECTS OF ENHANCED IGNITION SYSTEMS IN QUIESCENT MIXTURES

4.1 Overview of Enhanced Ignition Systeitis

Much of the experimental work done in this investigation involved the use
of high energy, enhanced ignition systems. Enhanced ignition systems deliver
more energy or higher power to a combustible mixture. Benefits of such systems
and the testing methods used to determine their effects will be described in this

chapter.

4.1.1 Benefits of Enhanced Ignition Systems

The classic reason for using more powerful ignition systems on operating
spark ignition engines was to reduce the cyclic variations in pressure or burning
time which occur as the lean operating limit of the engine is approached. These
variations are due to misfire or partial burning' and can usually be reduced by
increasing the early growth rate of the flame kernel [54-57]. For an operating
spark ignition engine, reducing these cyclic variations or increasing the early flame
growth rate makes the engine run more smoothly and efficiently with lower exhaust
emission levels. Misfire or partial burn is usually caused by attempting to ignite
either too lean a fuel - air mi<ture or an inhomogeneous mixture which is locally

lean at the ignition point. This can be the case when high levels of exhaust gas

1

Misfire is when an initial flame is not developed from the spark discharge. This initial flame is
referred to as the flame kernel or ignition kernel. Partial burn is when a flame kernel is
developed from the spark discharge but the mixture fails to completely burn.
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recirculation, EGR, are used. Many researchers have recognized that misfire or
partial burn of lean mixtures could be reduced by obtaining a higher energy spark
over a longer duration and/or across a larger spark gap [e.g. 7, 30]). Thatis, the
lean operating limit is extended by using a higher energy ignition system to
decrease the early flame kernel development period.

Recently, benefits of using high energy, short duration enhanced ignition
systems have become apparent. The very early flame development has been
shown to be accelerated through large amounts of energy calivered to the
combur:..¢ mixture by the ignition system [5, 8, 11, 14]. According to Anderson
[11], high-energy, enhanced ignition systems may also increase the overall burning
speed of combustible mixtures. Increases in burning velocity and increases in the
rate of initial flame development both reduce the overall burning time.

Decreased burning time allows for an optimal combustion period in an
engine, particularly if combustion is completed before significant volume expansion
takes place. The result is higher cylinder pressures and more power. Compact
or nearly constant volume combustion may result in higher temperatures and
therefore higher burning speeds.

Lean mixtures have slow burning velocities [2, 3] which result in lower
mixture temperatures as the expansion stroke takes place in an engine. Lower
temperatures further reduce burning velocity. It is important to increase burning

velocity or decrease burning times to their practical limits. Reducing the burning
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time subsequently reduces the cyclic variations at some equivalence ratio near the

lean limit, or for the same level of cyclic variations, the lean limit can be extended.

4,1.2 Overview of Enhanced Ignition System Testing in Quiescent Mixtures

Preliminary experiments were carried out in a quiescent combustion cell to
evaluate the performance of four different ignition system - spark plug
combinations. The quiescent combustion cell was used for enhanced ignition
system performance evaluation because its side-wall mounted spark plug closely
matches an engine spark plug configuration. The quiescent combustion cell,
described in Section 2.2, was cylindrical in shape and allowed for quick spark plug
and ignition system changes. The relative ease of use of the quiescent
combustion cell made it more suitable for preliminary testing than the turbulent
combustion cell. Experimental results obtained from these preliminary quiescent
combustion cell tests served as a basis to establish a subsequent testing program
for the turbulent combustion cell. To test a more practical application of the
enhanced ignition systems, the turbulent combustion cell was then used to
simulate the turbulent conditions found in an engine cylinder. The effects of
turbulence characteristics on burning velocity (Chapter 5) and the effects of
ignition system on burning velocitics of turbulent mixtures (Chapter 6) were

determined using the turbulent combustion cell.
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4.2 Experimental Details of Enhanced Ignition System Testing
In this section, tie ignition system - spark plug combinations which were
tested will be described. The characteristics of the ignition systems and the spark

plugs used will also be discussed.

4.2.1 Ignition System - Spark Plug Combinations

Three ignition circuits were tested -- one standard and two enhanced. As
well, two spark plug types were tested with one of the enhanced ignition systems,
resulting in four different ignition system - spark plug combinations. The four

combinations tested are listed in Table 4.1.

Table 4.1 Ignition circuit - spark plug combinations.

System Name | Ignition Circuit Spark Plug

1 ST/SG standard inductive coil surface gap |
2 BD/SG breakdown surface gap

3 PJ/SG plasma jet surface gap

4 PJ/PJ plasma jet plasma jet cavity

Of the four systems tested, a standard, transistor-switched cail circuit was used
to establish base-line performance criteria which could then be used to evaluate
the performance of the two enhanced ignition circuits. The enhanced circuits were

the high voltage breakdown and the plasma jet circuits. Both stored energy in
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high voltage caoacitors to supply more energy than the standard circuit. The
breakdown igriitinn circuit stored 20 000 V in 2.7 nF of capacitance while the
plasma jet circuit sicred 1000 V in 2 uF.

The same surface gap spark plug was used for all three circuits to provide
equivalent initial conditions for all tests. The plasma jet circuit was also tested
using a plasma jet cavity spark plug to evaluate the effect of spark plug
configuration on the performance of that circuit. A plasma jet cavity spark plugis
one where the spark forms in a recessed cylindrical cavity, thereby heating the
gases to a very high temperature. The expansion of the gases causes them to jet
out of the cavity into the combustion chamber. These spark plugs will be

discussed further in Section 4.2.3.

4.2.2 Description and Characteristics of the Ignition Systems

For a better understanding of the systems used, simplified schematic block
diagrams of the three ignition circuits are presented in Figure 4.1. A modular
arrangement was used to create the various ignition systems by additions to a
base unit. This also allowed for quick changes and comparisons to be made
between the three ignition systems. The base unit was a standard inductive coil
ignition system, typical of automotive engines of the 1960’s and 1970’s.

A plasma jet ignition system was formed by adding a high voltage capacitor
ana charging circuit to the spark gap of the standard ignition circuit. Since the

energy was stored below the breakdown voltage of the spark gap, a standard
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ignition circuit was used to supply a voltage spike to break down the spark gap.
With this circuit, additional energy was stored in a capacitor (2 uF) across the
spark gap at about 1 kV. The energy delivered to the spark plug was about 1 J.

The breakdown ignition system circuit is different in that all of the energy is
stored in a capacitor (2.7 nF) at breakdown voltage levels which results in a very
high voltage, short duration ignition spark. Because of the high voitage potentials
used with this breakdown ignition system, a special spark switch was used to
trigger the circuit. The plasma jet ignition circuit was used to fire a spark that
bridged the switch gap in the breakdown ignition circuit. A normal contact type
switch would not switch fast enough and would suffer from severe arcing and wear
problems.

The spark characteristics for each of the above ignition systems must also
be examined. Voltage and current traces were measured using a Tektronix P6015,
1000X, 100 Mq, voltage probe with compensating box and an Emerson Electronics
model 411, wide band, current transformer. Typical spark characteristics
(measured voltage and current traces) are shown in Figure 4.2. The spark
durations are slightly different from those listed in Section 2.7 from Pischinger and
Heywood [8] because of differences in circuit design details. It is important to
notice the time scale for each ignition system. The duration over which energy is
delivered to the mixtures decreases one order of magnitude from 0.35 ms with the
standard circuit to 25 us with the plasma jet circuit and another order of magnitude

to less than 1 us with the breakdown circuit. Current levels for the enhanced
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ignition circuits (=500 A) are 10 000 times that for the standard ignition circuit
(50 mA). Voltages coincide with capacitor voltage levels for the enhanced ignition
circuits.

Another important factor to consider while discussing ignition system
characteristics is the rate of energy delivered to the spark plug. Generally, high
power levels are achieved by delivering the spark energy in a very short duration.

Anderson [11] has shown that for similar delivered spark energies, the power can

increase by five orc »rs " " wnitude by means of an equivalent decrease in spark
durations. The relat.orsts - " s2en the rate of energy delivery and the duration
ofthespark asrepoi: -~ nderson and from this study are shown in Figure 4.3.

Also shown in this figure is the total energy delivered to the spark plug by each
system. For the tests in the quiescent combustion cell, no effort was made to
equalize the energy in the spark. Both enhanced ignition systems delivered about
1 J of energy. However, for subsequent testing in the turbulent combustion cell,
the energy stored by the standard and breakdown ignition systems was the same.
This is not to say that the energy in the spark was the same, since the efficiencies
of the ignition systems vary. Anderson [11] has shown that higher rates of energy

delivery can result in shorter burning times for the same delivered energy.

4.2.3 Description of the Spark Piugs Used in the Quiescent Cell
Two spark plugs were used in this part of the study: a standard surface gap

Champion N-19V, and a plasma jet cavity spark plug fabricated from a surface gap
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Champion N-19V. The spark plugs are shown in Figure 4.4 along with a standard

electrode type spark plug for comparison purposes. With a surface gap spark
plug, the spark is formec across the annulus between the centre electrode and the
surrounding ground surface. With a plasma jet cavity spark plug, a spark is
formed between the centre electrode, which is recessed, and the ground surface
at the cavity exit. As the spark energy is deposited, the gases in the cavity heat
to a very high temperature (Asik et al estimate 10 000 K to 30 000 K [35]) forming
a gaseous plasma which expands and jets out of the cavity. Much research has
been done recently on the geometry and construction of the plug cavities to
minimise possible variations [e.g. 36, 37]. For this study, a simple, arbitrary
geometry was chosen. The cavity was cylindrical with a depth of 4 mm and
diameter of 1.5 mm with no restriction or orifice at the cavity opening. In addition
to the above spark plugs, a standard spark plug was built with an extended reach
of 40 mm for the centre ignition tests in the quiescent cell (described in Section
4.4.4). This spark plug was based on a standard type Champion 813 by

extending the electrodes.

4.3 Experimental Measurements in the Quiescent Combustion Cell

A typical experiment consisted of filling the quiescent combustion cell with
a known, homogeneous fuel - air mixture, then igniting the mixture. During
combustion, the output of various analog measuring devices were recorded on the

FM tape recorder as described earlier in Section 3.1. For the quiescent
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combustion cell, the four FM tape recorder channels were used as follows:

1. pressure transducer signal,

2. tonisation probe signals for flame arrival data,
3. spark timing signal,

4, signal to indicate the start of an experiment.

The pressure signal on channel one was the output from a Norwood model 111
strain gauge pressure transducer and 100X amplifier. The ionisation probe signals
on channel two indicate flame arrival at the tip of each ionisation probe as
descriti’ 0 Saction 2.6. The brief current flows that occur with the passage of
a flan. front, nw.Juce "spikes" in the normally grounded signal to the FM tape
recorder. The spark timing signal on channel three ccincides with the ignition
spark trigger in the quiescent combustion cell. Combustion times are all relative
to the time of the ignition spark trigger. Finally, the signal on the fourth channel
indicates the starting point of an experimental run and was used as a starting paint
for the analog to digital data conversion przcess. The recorded signals for an

experiment were similar to those shown in Figure 4.5.

4.4 Experimental Results in the Quiescent Combustion Cell
Experiments were conducted in the quiescent combustion cell, described
in Section 2.2, to measure the effects of different ignition systems on flame

development and burning velocity. These results are examined in this section.



FM tape
recorder
channel
1
pressure signal
2
ionisation probe signal
3
spark signal
&
stant pulse
TIM: ==
Figure 4.5 Typical analog signals recorded by the FM tape recorder

during the testing of ignition system effects.
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4.4.1 Burning Velocities in the Quiescent Combustion Cell

Burning velocities were calculated for all four ignition systems and two
equivalence ratios (0.7 and 0.95). The Lewis and von Elbe model was used to
calculate burning velocities for these preliminary tests as previously discussed in
“ection 3.3.4. Due to the side ignition and non-spherical flame growth, the burning
velocities reported in this section will be lower by 30 to 40% than those reported
by others [e.g. 2]. The average of the instantaneous burning velocities at
developed pressur:s of 200 kk'a and - .¢ * . was used to represent the burning
velocity of a well develcped flame in ¢<::h experimental run. These pressures
roughly correspond to 3% of the effective celi radius. At least five experimental
runs were performed for eacr: «:quivalence ratio and each ignitior: system. Figures
4.6 and 4.8 to 4.11 show the averages of all five experimental runs.

Burning velocity cormpariscens for the varicus ignition systems are shown in
Figure 4.6. Each of the enhanced ignition system - spark plug combinations
produces a higher apparent burning velocity than the standard ignition system.
The PJ/PJ system produced the highest burning velocity improvement of 57% at
¢ = 0.7 and 40% at ¢ = 0.95. With lower improvements, the BD/SG and PJ/SG
sysiems offered approximately equal burningd velocity gains of 17% at ¢ = 0.7 and
18% at ¢ = 0.95.

it is questionable that these burning velocity results can be attributed solely
to changes in the ignition spark, especially since they are so late in flame growth

period {r,/r.,, = 0.75). Other explanations were sought, particularly flame growth
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geometry which was discussed in Section 3.3.4. Burning velocity improvements
using the surface gap spark plug are thought to be due to the increased energy
delivered by the ignition systems which tends to project the spark from the spark
piug [38]. The projection force is the result of J x B where J is the current density
vector and B is the magnetic induction vector. The PJ/PJ system produces an
even higher burning velocity because of the jetting action of the plasma jet cavity
spark plug. This jetting action creates some turbulence and projects the flame
kernel away from the wall, resulting in a favourable flame geometry.

The measurement uncertainty of +2 standard deviations for each series of
tests exhibits some overlap, particularly at ¢ = 0.95. This uncertainty is shown in
Figure 4.6 as error bars. An ir-depth examination of enhanced ignition system
performance requires stable measurement parameters without the variability of
burning velocity measurements. Combustion duration has been found to be quite
sensitive to the burning velocity of a niixture and is a stable indicator of the
integrated effects of burning velocity. That is, a small change in burning velocity
yields a measurable change in burning time. Burning times are measured from the

pressure - time trace as described in the next section.

4.4.2 Pressure - Time Based Results in the Quiescent Combtistion Cell
Pressure rise measurements provide information about the development

and progress of combustion that the burning velocity of a well developed flame
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may not reveal. Flame development period and burn duration are both important
parameters which are based on pressure measurement.

The flame development period is defined in this study as the time required
after ignition for the pressure to increase to five percent of the maximum pressure
rise achieved during combustion. Bui duration can be defined in a similar
manner as the time required for pressurz to rise from 5% to 95% of the total rise.
The 5% and 95% times are chosen arbitrarily by many researchers; in fact, 10%
and 90% times are sometimes used when diagnostic m=thods are not sufficiently
accurate to provide 5% and 95% times. It is more acc.z:2 to use the 95% burn
time as a relative measure of the end of burning, since % = is less uncertainty in
time measurement at the 95% point than at the 100% point. This uncertainty is
shown in Figure 4.7 by error bars based on +2.5 kPa on a typical pressure trace
at the maximum, 5%, and 95% pressure rise points. Using the 5% and 95%
percent of pressure rise times. results from all the combustion experiments in a
single combustion cell can be compared in a quantitative manner.

The flame development period is important as it is considered part of the
overall burning time. The flame development period and burn duration sum is of
practical importance in engines. if flame development takes too long, the
expansion stroke may begin while burning is taking place. Volume expansion
would cause burning velocity to decrease due to lower temperatures. It may be
possible for a mixture to have a high burning velocity but have an excessively long

flame development period resulting in a long overall burning time.
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In tests from this study, the PJ/PJ system had a flame development period
only 62% of that of the ST/SG system at ¢ = 0.7 and 57% at ¢ = 0.95. The
BD/SG and PJ/SG systems had equivalent flame deveiopment times, roughly haif
way between the ST/SG and PJ/PJ systems. The significant reduction of the flame
development period using enhanced ignition systems is shown in Figure 4.8. The
flame development period is reduced or a larger flame kernel is developed as
more spark energy is delivered and as a higher energy delivery rate is used. The
jetting action of the plug resulted in a large flame kernel placed well away from the
wall with the PJ/PJ system. This shows the benefit available frorn improved spark
kernel location. Uncertainty is shown for all tests in Figure 4.8 as error tars.
Unlike the burning velocity measurements, there is no overlap of the error bars in
the burn duration measurements.

The same trends indicated by the burning velocity diagnostics and flame
development period appear again when burn duration is considered. The burn
duration times represent the integrated effects of burning velocity and flame shape.
A good correlation with the burning velocities in Figure 4.6 is expected. Burn
duration for the various ignition systems are shown in Figure 4.9. When compared
with the ST/SG ignition system, there is only a slight reduction in burn duration
using the BD/SG and PJ/SG ignition systems. A moderate reduction is found with
the PJ/PJ ignition system. The greatest benefits are seen at an equivalence ratio
of 0.7 where the burn durations are about twice as long as they are for a mixture

with an equivalence ratio of 0.95. The effect of ignition system on burn duration
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is not nearly as great as its effect on flame deveiopment periods.

One explanation for the burn duration reductions when using the BD/SG
and PJ/SG ignition systems is that the higher spark current tends to project the
spark kernel away from the spark plug [38]. This results in a favourable burning
geometry. That is, the flame kernel would be able to grow more spherically since
it would be away from the wall. The plasma jet cavity spark plug used with the

PJ/PJ ignition system projected the spark kernel even further from the spark plug.

4.4.3 Effect of Stored Voltage in the Breakdown Ignition System

A reliable ignition system - spark plug combination, suited to automotive
use, was chosen for further testing in the turbulent combustion cell. The PJ/PJ
system was ruled out, despite its excellent performance, due to erosion and
longevity problems expected with this type of spark plug [36, 37]. Erosion is a
result of the high temperature of the spark plug combined with the plasma gas
rushing out of the cavity. By shortening the duration of the spark to that uéed by
the breakdown ignition system, the spark plug surfaces would remain cooler.
Cooler surfaces would result in longer spzrk plug iife at high energy levels. As
well, Anderson [11] has reported better performance with higher power ignition
systems (i.e. the same energy in a shorter time). The breakdown circuit was
chosen over the plasma jet circuit because of its short duration which occurs in

the 94% efficient [8] breakdown mode.
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A study was done to determine the effects of the stored voltage in the
BD/SG system on combustion times. This was done as preliminary work to learn
more abou* the breakdown ignition system and to determine how much stored
voltage to use for optimum results. The methane-air mixture strength was varied
between equivalence ratios of 0.65 and 0.95. Thé stared voltage was varied from
the minimum required to ensure complete firing: <% the mixture to the maximum
acceptable before spontaneous sparking occurred. The surface gap spark plug
was used for all of these tests.

It was found that a stored voltage of 5 kV was insufficient to ensure
complete firing at all equivalence ratios. Some misfiring with lean mixtures
(¢ = 0.65) occurred using a stored voltage of 7.5 kV. All mixtures ignited properly
at 10, 15, and 20 kV. Above 20 kV, the ignition system triggering device began
sparking spontaneously, making the testing of higher stored voltages impractical
with this circuit.

The flame development period is shown in Figure 4.10 for all of the stored
voltages, along with the ST/SG system for comparison purposes. As could be
expected, the flame development period and the burn duration were shortest with
the greatest amount of stored energy. The flame development periods show a
strong und systematic dependence on the stored voltages. This is expected
because more energy is delivered to the mixture by the spark. This allows for the
formation of a larger flame kernel. By examining the burn duration for the range

of stored voltages using the BD/SG system as shown in Figure 4.11, it becomes
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apparent that the dependence of burn duration on stored energy is weaker than
that of the flame development period. However, some dependence does exist,
presumably due to the spark projection effect with higher energy. These effects
might also be attributed to some ignition system effects prevailing beyond the 5%
pressure rise period. Since 5% of total pressure rise corresponds to a flame that
is about 60% of the effective cell radius, ignition system effects seem unlikely.
After the ignition kernel has developed, the flame growth rate should depend
purely on properties of the mixture (i.e. equivalence ratio) than cn the igniticn
system. The fact that there is some ignition system dependence indicates there

must be significant flame shape effects.

4.4.4 Central and Side Ignition Differences in the Quiescent Combustior Cell

A set of tests was performed to establish how great the appare~t burnir::
velocity differences were between a mixture ignited at the centre of the combustion
cell and one ignited at the side of a cell. The ignition system study in the
quiescent combustion cell used wall-mounted spark plugs to previce a realistic
test of the benefits that could be achieved with the various ignition systems. To
validate the model calculations, centrally ignited mixwres had to be used.
Centrally ignited mixtures would result in a probable upper limit of the effects of
flame kernel shape and location. The side-ignited mixture was expected to

indicate a lower burning velocity because part of the flame would grow against the
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combustion cell wall. A cool wall would quench the flarme, resulting in reduced
flame area for a given burned volume.

A set of tests were conducted for an equivalence ratio of 0.95 using a wall
mounted spark plug and a spark plug with its reach extended to the centre of the
cel. The burnirng velocities of developed flames as calculated bv the
thermodynamic equilibrium model, which assumes spherical growth, were 0.21 m/s
for the side wall ignition case and 0.33 my/s for the centrally ignited case. The 36%
lower apparent burning velocity for the side-ignition case is mostly due to its flame
geometry as discussed in Section 3.3.4. The central ignition burning velocity
corresponds well with the reported value of 0.325 m/s [2].

To confirm the burning veiocity calculations for centrally ignited mixtures,
high speed schlieren photography was used to directly measure the flame radii.
Burned volumes were then calculated and checked against those calculated by
the equilibrium. It was impossible to provide a direct calibration of the model using
the schlieren data. The pressure data was only accurate after 120 kPa while the
flame passes beyond the window limits just before 120 kPa. This initial inaccuracy
at pressures below 7..0 kPa is due to spark noise with its resuiting low signal-to-
noise ratio and subsequent filtering as discussed previously in Section 3.3.4.
Confirmation of the model results was done by extrapolating burned volumes from
photographic measurements and model volume calculations. The assumption of
spherical flame growth for all centrally ignited flames was confirmed as schlieren

photographic data exhibited circular flames in the plane of the fim as displayed



earlier in Figure 3.7. Extrapolation of fiame volume results from the photographic
measurements and those calculated using the thermodynamic equilibrium model
coincide as illustrated by Figure 4.12. The photographic results support the

spherical flame growth assumptions and confirm calculated flame sizes.

4.4.5 Ignition System Testing in the Turbulent Combustion Cell

Ignition system tests were performed with a quiescent mixture in a larger,
centrally ignited, cubical cell since subsequent testing of turbulent mixtures was to
take place in that cell. These tests used a pair of pointed electrodes meeting at
the centre of the cell to form a spark gap as seen in Figure 2.3. The object of
these tests was to ensure that results consistent with those obtained in the
quiescent combustion cell could be achieved in the cubical combustion cell using
quiescent mixtures. The relative flame radius growth over the initial combustion
periocd from both photographic and pressure-based results were analyzed using
the equilibrium model. As in the quiescent cel, the earl, = tion of the pressure
record was inaccurate due to electrical noise from the spark.

The breakdown ignition system provided an initial advantage in flame kernel
size over the standard ignition system. The average flama development period
using the standard ignition system was 27.6 ms. This was 13% higher than for the
breakdown ignition system which averaged 24.L «.is. The average burn durations
were practically the same for each system -- 43.9 ms for the standarci system and

442 ms for the breakdown system. Once the effects of the ignition spark had
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been overcome by the mixture growth, the flame growth rates were similar for
each of the ignition systems as shown in Figure 4.13.

As evident from the nearly identical burn duration for each ignition system,
no sacondary spark energy effects were seen. This can be explained by the
opposed spark electrode configuration used. This configuration was shown in a
previous study not to project the spark away [38]. The theory that high ignition
energy with a wall-mounted igniter reduces burn duratian due to spark kernel
projection and flame shape advantages is supported. This test also showed that
similar ignition system benefits were realized using a breakdown ignition system

with quiescent mixtures in both quiescent and turbulent combustion cells.

4.5 Summary of Enhanced ignition System Testing

From the results of the enhanced ignition system testing, several key points
should be emphasized. The PJ/PJ system consistently provided the highest
burning velocity with the shortest flame development and burn duration times.
This was due to three reasons: 1) higher energy delivered, creating a larger spark
kernel, 2) extreme spark kernel projection, resulting in a favourable flame
geometry, and 3) turbulence induced by the jetting action, resulting ‘'n a faster
burning velocity. However, the system was not considered further because the
operating life of a plasma jet cavity spark plug has been reported to be very short

due to erosion.
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The BD/SG and PJ/SG systems were similar in periarrmance ucing surface
gap spark plugs, lying midway between that of the $1/SG system and the PJ/PJ
system. The effects of the BD/SG and PJ/SG systems were due to two effects: 1)
higher energy delivered, creating a larger spark kernel, and 2) moderate spark
kernel projection, resulting in a favourable flame geometry. Due to its energy
release during the breakdown mode of the spark and its higher output, the
breakdown circuit should prove to be more efficient than the plasma jet circuit
when using the same type of spark plug.

In considering the energy stored by the BD/SG system, it was evident that
the flame development time was directly related to the stored energy and by
extension to the energy deposited in the spark. Furthermore, the relationship
between burn duration and spark energy is not as strong as that between flame
development period and spark energy. This supports the theory that the primary
benefits of ignition systems are seen in the initial flame kernel development stage.

It has been reasoned that by shortened burn durations for enhanced
ignition systems, secondary benefits of enhanced ignition systems can be
achieved d'se to a favourable flame geometry. The spark kernel of a high energy
ignition system is thought to be projected away from the surface, resulting in a
spherical flame. This was supported by the fact that no burn duration reductions
were seen when comparing the breakdown and standard ignition systems in a

centrally ignited mixture which had no spark projection.
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Comparative testing of the standard and breakdown ignition systems with
a quiescent mixture was done in the centrally ignited turbulent combustion cell.
These tests showed flame development period reductions when using the
breakdown ignition system -- a resuilt similar to that from the quiescent combustion
cell. Photographic data confirmed that flame kernel development was more rapid
when using the enhanced ignition system. Similar flame growth rates for
developed flames were shown by the thermodynamic equilibrium model, schlieren
photography, and burn ciixation measurements.

Through the use of high speed schlieren photography, flame radius
calculations were verified. The verification was through extrapolation of the early
photographic data which coincided with later thermodynamic model calculations.
Extrapolation of results was required because the model was inaccurate below
120 kPa and photographic measurements were limitec L.y window size.

These findings have all been based on a quiescent mixture. In Chapter 6,
the applications of a breakdown ignition system with pointed air-gap spark

electrodes for igniting turbulent mixtures will be examined.
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5 EFFECTS OF MIXTURE TURBULENCE

5.1 Overview of Turbulent Combustion Studies

The effects of turbulence on combustion were studied in addition to the
effects of enhanced ignition systems on combustion. This chapter will examine the
effects of turbulence intensity and length scale on combustion using a standard
coil ignition system. Chapter 6 will examine the combined effects of turbulence
and ignition system on combustion. All of the experiments were performed in the
cubical turbulent combustion cell using a lean methane - air mixture with ¢ = 0.85.

All experiments in this chapter use a standard ignition circuit.

5.1.1 Benefits of Mixture Turbulence

Until the past few decades, relatively little research had been done on the
effects of turbulence on the operation of spark ignition engines [39, 40]. The
effects of turbulence were known, but experimental equipment was ill-suited for
making turbulence measure nents. With advances in laser doppler accelercmetry
and velocimetry, it has become less difficult to make in-cylinder turbulence
measurements in an operating or motored engine. Much of the recent work has
shown that an increase in mixture turbulence will generally cause the mixture to
burn faster than without turbulence [e.g. 15-20]. This increase in the burning

velocity has some practical results such as an increase in power output, a
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decrease in .;yclic variability, and a uxcrease in the potential for misfire, or knock.
Also, gains in power, efficiency, and emissions control are currently important.
Researchers have noted the effects of turbulence intensity (u’) and
turbulence integral length scale (A) [18, 20]. The turbulence intensity represents
the speed of the average turbulent eddy. The turbulence integral length scale
represents the si~2 of the average eddy which contains the turbulent energy of the
mixture. A mixture with all its eddies at intensity u’ and length scale A would
contain the same turbulent energy as the actual turbulent mixture it represents.
Other turbulence length scales have also been investigated. The Taylor microscale
(A) is the average scale for the dissipation of turbulence energy through shear and
the Kolmogorov scale (n) represents the smallest existing eddy size and is a

function only of viscosity and dissipation rate [17, 41].

5.1.2 Turbulent Mechanisms

To understand why a turbulent mixture burns faster than a quiescent
mixture, the turbulent mechanisms must be examined. If the underlying
mechanism:s of both turbulent flow and turbulent combustion were fully known and
understood, accurate predictions of turbulent flame growth (i.e. full combustion
modelling) could be carried out. Normally, this is not attainable. An empirical
equation or set of equations is used to estimate the burning velocity in a turbulent

mixture as a part of practical engine combustion models. To apply and develop
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empirical models, it is of vital importance to understand the effects ¢’ both
turbulence scale and turbulence RMS intensity on the burning velocity of a mixture.

Many of the current models use empirical relationships based on laminar
burning velocit,; and turbulent flow field parameters [42, 43]. A testing program
to determine the effects of turbulence RMS intensity and turbulence integral length

scale on turbulent burning velocity was implemented.

5.1.3 Overview of the Turbulent Combustion Program

Past research has shown that the greatest effects on combustion are by
turbuience RMS intensity (u") and turbulence integral length scale (A) {e.q. 18, 20].
Two types of test sequences were conducted. One sequence held the turbulence
integral length scale at some fixed value while the turbulence RMS intensity ~as
varied. The other sequence held the turbulence RMS intensity at some fixed value
while the turbulence integral length scale was varied. A range of test values was
chosen to correspond to typical internal combustion engines operating at low to
moderate speeds (u’'=05m/s to 20m/s and A = 1.5 mm to 9.5 mm) as
summarized by Coliings et al {44]. The testing program and test sequences used
were:

1) tests at constant turbulence RMS intensities of 0.5 m/s and 1.0 m/s while

varying the integral length scale over full range and

2) tests at constant integral length scales of 3.8 mm and 7.6 mm while

varying the turbulence RMS intensities over full range.
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An overview of the testing program can be seen in Figure 5.1.

5.2 Experimental Details of Mixture Turbulence Testing

The experimental work for this and subsequent sections was conducted in
the turbulent combustion cell which was described in Section 2.3. In general, the
operating procedures of the turbulent combustion cell and the quiescent
combustion cell were identical except for the generation of turbulence. The

differences due to turbulence generation are outlined in the next section.

5.2.1 Measurement Differences from the Quiescent Combustion Cell

The perforated piate motion for generating turbulence required that two
additional parameters be monitored. First, the average plate velocity across the
combustion cell was measured. The perforated plate moved at a nearly constar:*
velocity across the cell, except for the first 10 mm and the last 10 mm of travel
where acceleration and deceleration took place. These two 10 mm lengths were
not used in determining the average plate velocity. The second parameter
measured to determine the turbulence characteristics withiri the combustion cell
was the delay time. This is the period between the plate crossing the spark gap
at the centre of the cell and the spark time. This delay time was set using a
California Avionics Laboratories, Inc., digital delay generator, model 201AR,

electronic delay. The plate crossing the spark gap at the centre of the cell caused
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a pulse be sent to the electronic delay generator. After the preset delay time, a
pulse was sent to trigger the ignition circuit.

The actual perforated piate velocity and spark delay time leading to
combustion in a given experiment were determined by analyzing the tape recorded
data after digitisation. If either the plate velocity or the delay time were not as
expected, adjustments to the apparatus were made and the experiment was
repeated. This trial and error method often rcquired several attempts before the
plate velocity and the spark delay time coincided with their desired values. Once
plate velocity and delay period were exactly as planned, it was possibie to use the
turbulence decay calibration equations to calculate the turbulence intensity and
length scale at the time of ignition. it should be noted that the deviations from
lines of constant RMS intensity in Figure 5.1 are due to refinements of the
turbulence decay model made after the experiments had been completed. The
new turbulence calibration equations caused a slight shift in the apparent RMS
intensity values.

Light emission measurements were also made for some of the experiments
in the turbulent combustion cell. The photomultiplier apparatus used for
measuring light emissions was described in Section 2.6. No formal study was
done using light emission results due to the low repeatability and high variability

of the photomultiplier output as discussed earlier.
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5.2.2 Experimental Measurements
Ana!og data were recorded on the FM tape recorder in much the same

manner as when operating the quiescent combustion cell. The four channels were

as follows:
1. pressure transducer signal,
2. plate motion sensor,

3. photomultiplier,

4. pulse channel (start timing and ionisation sensors).
The pressure signal on channel one was from a flush-mounted, Norwood model
111, strain gauge, pressure transducer and 100X amplifier. The plate motion
sensor signals on channel two were from a photo-diode emitter/sensor pair
focused on an 11 cm white and black scale attached to the perforated plate
mechanism. Channel three was the light emission sensor output. The fourth
channel recorded a timing signal with several purposes. The start of an
experimental run and the arrival of flames at the ionisation sensors were both
indicated on this channel as in Figure 5.2 which shows all the analog signals for

a typical experiment.

5.3 Experimental Results
The experimental resuits will be examined in the following sections on flame
growth and burning velocity, turbulence decay, rapid distortion of turbulence, and

turbulence regimes. It should be noted that when turbulence parameters are
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FM tape
recorder
channel

pressurs transducer

plate motion sensor

photomultiplier
4 M

pulse (timing and lonisation pff)be)

TIME =

Figure 5.2 Typical analog signals recorded by the FM tape recorder
during the testing of turbulence effects.
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discussed in Section 5.3.1, they are the parameters at the time of ignition. The
decay of turbulence and its enhancement through rapid distortion are discussed

in Sections 5.3.2 and 5.3.3.

5.3.1 Flame urowth and Burning Velocity

All of the burning velocity and flame growth calculations made from
turbulent combustion celi data were based on the multi-zone thermodynamic
equilibrium model. The accuracy of the equilibrium model was previously shown
in Chapter 3 for quiescent flames. In a similar manner, the early photographic
data and the later model results must be extrapolated to show agreement for
turbulent flames. Photographic data were used for comparison with the
equilibrium model. Digitally enhanced images of the photographic data are shown
in Figure 5.3 where growth rates and flame structure can be compared. Data for
a quiescent mixture are shown in this figure for comparative purposes. It should
be noted that the flame kernel grows at the same rate for all turbulence levels up
to a time of 2 ms. Afterwards, the growth rate is a function of the mixture
turbulence.

To check the equilibriuns model accuracy, flame growti calculations for the
photographed experiments were compared with photographic data as shown in
Figure 5.4. When extrapolated, it was seen that the photographic data points
corresponded with the equilibrium model. Since the photographic data were

roughly continuous with the equilibrium data, burning velocities calculated using
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quiescent

u'=0.5m/s
Am=7.6 mm

U= 4,0 m/s
A=3.8 mm

u'=20 nVs
A=7.6 mm

TIME AFTER SPARK (m-<)

Figure 5.3 Digitally enhanced, high-contrast images of schlieren
photographs of lean (¢ = 0.85) mixtures with various levels of
turbulence.
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either method are similar. Similar growth rates are seen for all mixtures over the
first few milliseconds. This implies that flame kernel development is ignition-
dominated in the early stages. It should be emphasized that the listed scales and

intensities are those at the time of the spark uniess otherwise stated.

5.3.1.1 Effects of Turbulence Inteﬁsity

Past research has generally shown that turbulence intensity has the greatest
effect on the burning velocity of a particular mixture [e.g. 18, 20]. To quantify the
effects of turbulence RMS intensity, u’, experiments were done with the integral
length scale held constant while the intensity at the time of ignition was varied.
Two series of experiments were performed using fixed integral length scales of
7.6 mm and 3.8 mm.

The effect of turbulence interzity on burning velocity was investigated for
both sets of constant integral lenaih scale data. The turbulence effects are shown
in Figure 5.5 where each point :::presents the average of a group of experiments.
Measurement uncertzinly ¢! +2 standard deviations is shown in terms of both
variables as errcr vare.  For comparative purposes, the burning velocities for
quiescent runs (i.e. witi:ut turbulence) are also shown. All burning velocities are
an average of the instantaneous values taken at 200 kPa and 250 kPa. It was
seen that 0.5 to 2.0 m/s turbulence intensity in a mixture produced a burning
velocity at least twice that of a mixture without turbulence. The relative benefits of

increased wrbulence intensity became lower as the intensity of turbulence became
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greater. Raising the turbulence from 0 m/s (quiescent) to 0.5 m/s increased
burning velocity by a factor of two. Doubiing the intensity from 0.5 m/s to 1.0 m/s
resulted in only a 25% increase in burning velocity. The measurement uncertainty
shown in Figure 5.5 is quite large for burning velocity.

It has been shown by some research that there is a limit to the level of
turbulence intensity in a mixture before the flame becomes quenched through

strain [45]. This limit is described as:

LAY (f.ﬂ_]% (5.1)

for R, > 300 where: R, = U’A/v (2500 for these experiments)
Le = k’/(pC,d) (=1 for these experiments)
Due to physical limitations of the equipment used, the levels in this study were not

high enough (i.e. u’ > 7.7 m/s) to show any flame quenching.

5.3.1.2 Effects of Turbulence Scaie

Some idea of the effects of scale can be obtained by looking at the two sets
of data in Figure 5.5. The smaller scale turbulence seems to give slightly higher
burning velocities. In a manner similar to that used to determine the effects of
turbulence intensity, two series of experiments were used to examine the effects
of turbulence integral iength scale. The intensity was held constant at 0.5 m/s and

1.0 m/s for these experiments. Burning velocities from tioth sets of data for a
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range of integral length scales were determined. Results show that any amount
of turbulence is better than none; however, there is very little if any dependence
on the turbulence integral length scale. The burning velocities remain at about
0.7 m/s for all leng. scales with a turbulence RMS intensity of 0.5 m/s and
average about 0.9 m/s for an intensity of 1.0 m/s as shown in Figure 5.6.

The turbulence integral length scale is only one indicator of the dimensional
structure of turbulence. Two others which are used extensively are the Taylcr
microscale and the Kolmogorov scale which are turbulent shear and viscous
energy dissipation scales. In this study, only the turbulence integral length scale
was examined as it is the most commonly used measure. The other two scales
can be determined from the integral length scale, RMS intensity, and other

turbulence properties.

5.3.2 Turbulence Decay and Rapid Distortion Theory

So far, the experimental work in this study has been classified according to
the turbulence characteristics at the time of ignition. Classification at the time of
ignition is convenient when dealing with decaying turbulence. To make
comparisons with some of the published results for well developed flames, the
level of turbulence must be estimated. For this reason, the following turbulence
decay and rapid distortion theory must be introduced.

in the turbulent combustion cell, the turbulence decays rapidly after

passage of the perforated plate. This decay of turbulence RMS intensity
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normalized by the perforated plate velocity or flow velocity, u’/v, is shown in
Figure 5.7 as a function of downstream distance, x/D, which represents a temporal
scale =t xv/D. Since the calibration equations shown in this figure were
determined for different ranges of x/D values, the curve has three distinct zones:
5 < x/D < 10, 10 < x/D < 20, and 20 < x/D < 40. These calibration equations
are based on the work of McDonell [22] but have been extended over a wide data
range and modified to account for variable decay rate. These zones blend
smoothly into one another and are based on fitted power law decay equations.

During flame growth, expansion of the flame front into the unburned gases
causes turbulence intensity to increase in front of the flame front or across the
flame [27, 46, 47]. This increase in intensity is due to the stretching of the vortices
in the unburned gases and is modelled by rapid distortion theory (RDT). An
increase in turbulence intensity due to combustion can be calculated using the
equations of Chew and Britter [27] which were specifically devsioped for
spherically growing combustion in a closed volume. Recent work by Hall and
Bracco [46, 47] has shown little increase before the flame front but a large
increase across the flame. It will be assumed that the equations of Chew and
Britter remain applicable for either case.

In examining turbulence with regard to a spierically expanding flame, it may
be separated into radial (r) and tangential (8, «) components. The turbulent
velocity components are each modified by a distortion factor as follows:

U por = Bl'n U'gror = Mell'ss @Nd U’ por = wlt’,.  These distortion factors

a a
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represent modified turbulent velocities normalized by unmodified turbulent
velocities. Equations 5.2 and 5.3 show the radial and tangential turbulence

distortion factors using this rapid distortion theory.

_ ,a.23(p%-1,,. . -
p,—(sczz(—Bg—tan‘p»rp’-] (5.2)
3¢ 3 1 (1., 1
= SR —1 T . (5.3)
Po " ¥ T 4778 <5c5(93 e BZ(BZ—1))
where:
p2 = —1_ -1 (5.4a)
¢2c
-1
¢ = [ﬂ] (5.4b)
Py
o - (_’_/)2 (5.4¢)
Iy

p = turbulence distortion factor
{ = compression factor ({ < 1)
¢ = normal strain due to geometrical straining (¢ < 1)

The radial component has the greatest effect on flame front growth while the

tangential components have smaller effects. To equally account for all distortion
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factors, a root-mean-square distortion factor was used. Thus the rapid dist. :tion

enhancement is:

/
Urpr _ J B2+ pg + 2 (5.5)
u’ 3

In terms of r/r.,, and in terms of pressure, the actual RDT enhancement as a
multiplier was the same for all of the experiments tested (v’ = 1.0 m/s) as shown
in Figure 5.8. Due to the fact that the multiplier is greater than unity at all times,
the turbulence intensity will always be greater than that due to its normal decay.
The effect of the rapid distortion amplification due to a growing flame on the
normal decay of turbulence was investigated. Initially, turbulence levels decayed
because early flame growth was slow and flame kernel radii were small. After
some time, the intensity levels increased because distortion had become a greater
factor than decay as illustrated in Figure 5.9. Due to the viscous dissipation of
turbulence at small scales, small turbulence scales decay faster than large ones.
The larger scales obtain greater enhancement from the rapid distortion of
turbulence.

Now that rapid distortion enhancements to intensity have been determined,
the burning velocity relationship in Figure 5.5 can be modified to use turbulence
parameters corresponding io the conditions in which the flame is developing.

Turbulence conditions at the time when burning velocity calculations were made
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can be used instead of comparing in terms of ignition-time turbulence. Figure 5.10
shows calculated burning velocities as a function of intensity with rapid distortion
enhancements included. The two curves are still classed in terms of their length
scales at the time of ignition for ease of comparison. It can be seen that effects
of smaller scales tend to increase the burning velocity for a given turbulence
intensity. Tiiis scale effect is seen since turbuience intensity tends to decrease

more rapidly for smaller scale turbulence as shown in Figure 5.9.

5.3.3 Turbulence Regimes

Relationships have been discussed by several researchers [48-50] where
turbulent burning velocity has been given in terms of laminar burning velocity and
turbulence intensity. To compare the results of this study to the results of others,
the relationship between burning velocity and turbulence intensity was examined.
The turbulent burning velocity and the turbuience intensity were both normalized
by the laminar burning velocity. The relationship that is developed depends upon
the regime that the turbulence is in. From previous research, reviewed by Zur
Loye and Bracco [49], the following relationships for turbulent flame regimes have
been developed.
a) A single-sheet subregime is where the flame burns in a continuous sheet. For

this regime which applies to experiments in this study (u’ not > S, ),

1\2 5.6
S, =85, %1+\]1+80,[—;:) (58
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where C, is a constant between 4 e Q.
b) Moderate turbuience, where u’ = S,, does not account for all the experiments
in this study. S, is not necessarily on the same crder «.” magnitude as u’. For

moderate turbulerice,
ST = SL 4 2U/ (5'7)
where C, has been determined empirically to be 1, 2.2, and 4 depending upon the

experimental engine set-up.

c) For strong turbulence (u’ > S,),

s 3 u/ 0.7 5.8
T= 'SSL? (')

d) For engines,

S. =8 +4ss(“')°] (5.9)
T~ L . L—é_ *
L

These regimes are illustrated in Figure 5.11 which shows the various relationships
between relative turbulence intensity and relative turbulent burning velocity. The
shaded portion on this graph shows where the experimental results from this
investigation lie.

To closely examine the relationship of the results in this study, individual
points representing groups of data were used to determine the value of C,. As

stated in the references, the constant, C,, should be between 1 and 10. All the



119

[6v] cooeig
pue ef0 unZ Aq pemeinss se sewiBes eousINQIN} SNOUEA

}1°S eunBiy




120

points fall within the limits defined by C, = 1 and C, = 10 for the relationship, as
shown in Figure 5.12. Also shown in this figure are the effects of turbulence length
scale. Experiments with length scales of 7.6 mm or greater tended to lie along a
line where C, = 3 while those with length scales less than 7.6 mm tended to lie
along a line where C, = 6. The experimental results of this study are cleai.y in the
single-sheet subregime of turbulence as shown by the values of the constant C,.
As well, schlieren photographs similar to those in Figure 5.3 confirm that the flame
is a single-sheet. In this study, the largest values of turbulence RMS intensity are
about eight times the laminar burning velocity, which match the condition of a

single-sheet subregime.

5.4 Summary of Turbulent Testing

Several of the findings are summarized below. The multi-zone
thermodynamic equilibrium model accurately modelled flame growth over a range
of turbulence conditions in the single-sheet fiarne regime. An increase in
turbulence RMS intensities from O to 0.5 m/s resulted in a doubling of burning
velocities, from about 0.35 m/s to about 0.7 m/s, for a mixture with a constant
equivalence ratio (¢ = 0.85). Doubling turbulence RMS intensity from 0.5 m/s to
1.0 m/s resulted in only a 25% increase in burning velocity. Very little dependence
upon the turbulence integral length scale was seen by the burning velocity results

when compared on the basis of ignition-time turbulence.
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Rapid distortion of turbulence theory was used to determine turbulence
modification factors in a mixture with decaying turbulence. The turbulence RMS
intensity ahead of the flame front was seen to increase beyond its level at the time
of ignition. Using this rapid distortion theory to account for enhancements to
turbulence intensity, comparisons to published results for well developed flames
were possible. The turbulence levels in thic study were seen to be in the single-
sheet subregime (i.e. u’ not > ;) as expected, and were described by

Equation 5.6:

The constant C, was determined to be 3 for integral length scales breater than

7.6 mm and 6 fcr those less than 7.6 mm.
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6 COMBINED EFFECTS OF TURBULENCE AND ENHANCED IGNITION

6.1 Overview of Testing Program

Testing was done to determine the effects of the breakdown ignition circuit
in lean. ¢ = (.85, turbulent mixtures. Fiame growth was compared using both the
standard and the breakdown, with 20 kV stored voltage, ignition systems in a
turbulent mixture witn v’ =055m/s and A =7.6mm. The multi-zone
thermodynamic equilibriim model was used to evaliate flame growth based on

measured pressure data.

6.2 Experimental Results

Ignition system effects were determined by examining the flame growth in
turbulent mixtures when ignited using both the standard and the breakdown
ignition systems. No photographic data were available for the early portion of the
flame growth for these turbulent tests. By comparing the pressure-based results,
similar growth rates (i.e. similar slopes) were seen for the later stages of flame
growth as shown in Figure 6.1. Only the later stages can be compared because
the low signal-to-noise ratio caused inaccurate model results below pressures of
120 kPa as previously discussed. Measurements revealed that the breakdown
ignition circuit had a flame development period of 16.0 ms while that for the
standard ignition circuit was 18.4 ms (15% higher). Measurements also indicate

that the burn durations for each ignition circuit are within 1 ms. This is within
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experimental uncertainty for these turbulence tests which inherently show high
Jariability. Since their growth rates are similar and a flame froim the breakdown
ignition system reached a particular flame radius before a flame from the standard
system did, it can be conciuded that the breakdown ignition system accelerated
flame growth during the early flame development period.

Comparison of the effects of ignition system and the effects of turbulence
must be made on a relative basis. The averaged and smoothed data of
Figure 4.13 for quiescent mixtures were compared to {he averaged and smoothed
data of Figure 6.1 for turbulent mixtures. Both set of experiments were performed
in mixtures with an equivalence ratio of 0.85. In both quiescent and turbulent
mixtures, the advantage of the breakdown ignition system was to shift flame
development forward due to its rapid flame kernel development. These relative
flame radii are shown in Figure 6.2. A time advantage of about 2.5 ms when using
the breakdown system is similar for both quiescent and turbulent mixtures.

It can be seen that regardless of the ignition system used, a turbulent
mixture is advantageous, resulting in a 70% higher rate of flame growth or higher
burning velocity. With the shorter total burning time of about 37 ms, from spark
to 95% of developed pressure rise, for the turbulent mixtures, the relative benefits
are greater than for the quiescent mixtures with a total burning time of about
71.5ms. A 2.5 ms decrease in flame development period would result in a 7%
decrease in total burn time for a turbulent mixture and only a 3.5% decrease for

a quiescent mixture. The greatest benefits are seen while usi- . 1 combination of
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an enhanced ignition system and mixture turbulence.

6.3 Flame Kernel Growth Regimes

In the previous section, it was determined that the flame kernel growth in
the early stages was acceierated with the use of an enhanced ignition system.
This coincides with the work of others revealing that the very early flame kernel
growth is dominated by the ignition system [8, 11, 51]. These same studies
showed that the later stages of flame development were dominated by the effects
of combustion chamber geometry, flow field, and mixture properties. The data
reported here concur with these resuits as shown by the nearly identical flame

growth rates after ignition in both quiescent and turbulent conditions.

6.4 Summary of Combined Effects

In testing the combined effects of enhanced ignition systems and turbulence
enhancement, it was shown that flame kernel development was affected by the
ignition system and that flame growth rate was affected by the mixture turbulence.
it was also shown that the reduction in totai burn time was constant at about
2.5 ms using a breakdown ignition system. This decrease in total burn time was
realised through a decrease in the flame development period of 2.5 ms. As total
burn time reduced with an increase of mixture turbulence, the relative benefit
increased -- 7% decrease in total burn time for a turbulent mixture and 3.5% for

a quiescent mixture.
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7_SUMMARY OF RESULTS AND CONCLUSIONS

7.1 Overview of This Investigation

This investigation of the effects of enhanced ignition systems, the effects of
turbulence, and their combined effects was undertaken to gain a better
understanding of the combustion of lean mixtures. Combustion of lean mixtures
may be desirable due to the potentially higher thermal efficiency and the ability to
use higher compression ratios in engines. The investigation was to study methods
of improving slow burning which may result in power reduction, misfire, cyclic
variations, and knock.

Both enhanced ignition systems and increased turbulence have been seen
to decrease the combustion period of lean mixtures and to extend the lean
operating limit of an engine. In the past, some research has given inconsistent
explanations for the causes of reductions in combustion period. This may have
been due to the analysis of results and the diagnostic methods used.

This study has tested two enhanced ignition circuits against a standard
circuit. Ignition energy, energy delivery rate, and spark geometry were each
investigated in this study. This study has isolated the effects of turbulence RMS
intensity and turbulence integral length scale in controlled, homogeneous,
decaying, turbulence. To restate the objectives of this work, they were to
determine the effects of ignition system and turbulence, both individually and

together, on burning velocity for lean methane - air mixtures.
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7.2 Trends of Results and Conclusions

When comparing enhanced ignition systems, it was found that a plasma jet
circuit using a plasma jet cavity spark plug consistently resulted in the shortest
flame development period, shortest burn duration, and highest burning velocity.
When using a surface gap spark plug, the plasma jet circuit provided performance
similar to the breakdown ignition circuit with the same energy level. Their
performance was midway between the plasma jet circuit with a plasma jet cavity
spark plug and the standard, low energy spark. Since the breakdown system
releases most of its energy during the efficient (up to 94%) breakdown mode of
a spark, it was chosen for furthier investigation.

Using the breakdown system, it was seen that the flame kernel development
period was closely related to the stored voltage levels of the system. Burn
duration was affected by the stored voitage levels, but the effects were thought to
be due a projection of the spark kernel from the igniter, resulting in a favourable
spark position and geometry. This supports previous findings showing that direct
ignition system benefits are seen in the early flame kernel development period.
Secondary benefits were seen due to the projection of the spark. Schiieren
photographic results confirmed these findings.

While examining the effects of turbulence, it was found that the turbulence
integral length scale at the time of ignition had little effect on subsequent burning
velocity but the turbulence RMS intensity at the time of ignition had a strong effect.

Increasing from a quiescent mixture to an intensity of 0.5 m/s resulted in a
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doubling of burning velocity from 0.35 m/s to 0.7 m/s. Doubling the turbulence
RMS intensity from 0.5 m/s to 1.0 m/s resulted in 25% higher burning velocities.

By accounting for rapid distortion enhancements in decaying turbulence, the
turbulence RMS intensity ahead of the flame front could increase to beyond its
level at the time of ignition. In comparing the flames of this study with others, it
was found that they were in the single-sheet subregime, as seen in photographic
measurements, and corresponded very well with the existing relationship.

In combining enhanced ignition systems with turbuience enhanced mixtures,
it was found that their effects were additive. Similar ignition system benefits were
seen in both quiescent and turbulent mixtures and turbulence benefits were seen
when using standard or enhanced ignition systems. Due to the shorter total
burning time for turbulent mixtures, a reduced flame development period gave

greater relative benefits than for a quiescent mixture.

7.3 Suggested Improvements and Further Research

One of the major problems in using the thermodynamic equilibrium model
as described in this study or any pressure based model was the low signal-to-
noise ratio during the early stages of combustion. It is suggested that a highly
sensitive pressure transducer be used in conjunction with a reduction in ignition
system noise, achieved through isolation and shielding, to increase the signal-to-
noise ratio to a higher level. It is also suggested that a higher rate of pressure

data acquisitioii be used and that none of the data be eliminated through
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"compression" averaging methods. Alternative pressure measurement methods
might also be tested such as laser interferometry as discussed by Haley and Smy
[52].

increasing the number of direct measurements in the early flame
development period would be very informative. Increasing the filming rate of the
schlieren photography system to 10 000 frames per second would require a higher
speed camera or modification to the existing unit. A much brighter light source or
faster film would also be required.

To account for flame shape, flame kernel images could be computer
digitized and then flame areas and nominal radii objectively calculated.
Simultaneous, multiple views of the flame would provide a more accurate definition
of the flame shape perhaps replacing the spherical flame assumption.

To reduce the trial and error time required to pinpoint the desired
turbulence parameters, it would be beneficial to develop the electronics to
immediately provide average plate speed and spark delay time measurements.
This would eliminate the need to digitize each experimental run as it is conducted,
resulting in more efficient use of time.

As far as the directions to be taken for further research, it is suggested that
the time constants or capacitance of the breakdown ignition system be altered so
that spark durations may range from about 1 ns to 1 us to determine the effect of
spark duration. The effects of the smaller length scales of turbulence, such as

Taylor microscale and Kolmogorov scale, should be investigated, as there is some
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research [17, §3] that suggests that these smaller scales may affect the flame

development period and cyclic variations.
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APPENDIX

The details of the multi-zone thermodynamic equilibrium model are given in
this appencix. It contains five parts:

1) the thermodynamic equilibrium modelling program -- NEWBOMB -- which

creates a data base for a given set of initial conditions (i.e. P, T, ¢....),

2) the data base file which was created by NEWBOMB,

3) a standard experimental data file containing 256 information integers, 512

pressure integers, and 512 light emission integers,

4) the interpolating program, NEWBPR2, which correlates the NEWBOMB

data base information with an experimentally measured pressure trace to

arrive at burned volume or mass burned as a function of time, and

5) an output file, containing all the thermodynamic data required for future

calculations.
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PART 1

NEWBOMB -- the thermodynamic equilibrium modelling program.
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DECLARE SUB PROPCOEFF ()

DECLARE SUB EQCONST ()

DECLARE SUB REACTPROP (EQUIV!, FCA!, FHA!, FMW!, MF!, MOXY#, MN2#, MWR!)
DECLARE SUB FLAME (INDV!, HEAT!, WORK!, PE!, FCA!, FHA!, FMW!, S!, TR!, T!, MWR!, MWP!,
FLAG%)

NEWBOMB

AXkRARA

25-NOV-88 M.D. CHECKEL
11-MAY-89 Cleaned up to use for *.CEL data. -- RUSS MODIEN
05-MAY-90 Combined BMBPR2 & BOMB to make NEWBOMB. -- RUSS MODIEN

NOTE: After any major alteration, update the above list and VERDATS.

' PROGRAM HISTORY:

' BMBPR2 is BMBPRESS.BAS modified to include propane or methane explosions.
' Convernted back from BMBPRSN on 23 November, 1988.
' Based on BOMB.BAS per Alun Thomas's BOMB.BAS with corrections re units, etc

' This program is usad in conjunction with the program NEWBPR2 which uses
' measured pressure and light emmission records and combines them with the
' calculated quantities from this program. For most properties, a simple

" interpolation is used to match measured pressures with corresponding values
' frorn this program. (See NEWBPR2 for more information.)

' By itself, this program calculates fates of elements of lean fuel-air

' mixtures at specified starting conditions, burning in a constant volume

* comibustion cell. it has been set up for specific use with CLF and CEL

' combustion experiments in mind (ie Cambridge & Alberta) but is should be

' fairly adaptable for other purposes. The subroutines that are called in

' the CMBSUB subroutine file are fairly well tested and proven. Please do

' NOT change them since they are called by many different programs. If any

' modifications have to be made, create a new version of the CMBSUB file and
“ then alter it. (The same common sense should be used for all the standard

' combustion lab / Checkel programs or subprograms!) Read CMBSUB.DOC for
' in understanding the program and subroutines.

' Thermodynamic properties and methods are used as described in:

' Rowland S. Benson,

’ *Advanced Engineering Thermodynamics®

) Pergammon Press, 1977, 2nd Edition

' (eg pg 153, Appendix A)
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Include common statements and routines, then dimension some variables.

REM SINCLUDE: 'C:\QB\COMB\CMBCOM.BAS'
REM SINCLUDE: 'C:\QB\LIB\PLOTCOM.BAS’
REM $INCLUDE: 'C:\QB\LIB\COLORCHC.BAS'
REM SINCLUDE: 'C:\QB\COMB\CMBFN-RP.BAS’
REM $SDYNAMIC

VERDATS$ = °05-MAY-90"

REDIM IC(8, 7), 1$(8), CC(6), CW(6), R(7), P(7), M#(6), W(8)
REDIM N%(10), FUEI$(2)
DIM STORE(600, 11), STORE2(600, 12)

' These are the INSCRN variables.

X% = 5
REDIM D$(X%), T%(X%), P$(X%), LG%(X%), L%(X%), C%(X%)
REDIM IP$(X%), IP%(X%), IP!(X%), IP# (X%)

Set up some constants.

RMOL = 8314.3 'ideal gas constant in J/kmol.K
' The subroutine PROPCOEFF fills an array with coefficients used in
' calculating enthalpy and Gibbs function for CO, CO2, H2, H20, N2, 02,
" and fuel. (See CMBSUB for details.)
' 1%() is the alphanumeric name.
' W() is the molecular weight.
" IC() is the coefficient array.

CALL PROP<,OEFF
' The subroutine EQCONST calculates chemical equilibrium constants used
' for CO2 and CO2-H20 dissociation reactions. The IC() array is used for
' this. (See CMBSUB for details.)

CALL EQCONST

.

' Get run type and set the cell volume and fuel type. This assumes that the
' standard Cambridge CLF or Alberta CEL runs will be modelled.

' V# is the bomb volume in m~ 3. It remains constant.

 FUEL% is an integer constant to indicate which fuel is present.
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' FUEL$() contains the alphanumeric fuel names.
CLS
AST$ = STRINGS$(79, ***)
LOCATE 1, 1: PRINT AST$: PRINT ASTS$: PRINT ASTS
LOCATE 2, 30: PRINT " NEWBOMB * + VERDATS + **
LOCATE 4, 1: PRINT

RUNTYPE:
PRINT *Enter 1 = PROPANE CLF run,"
PRINT * 2 = METHANE CEL run,
INPUT * 3 = QUIESCENT METHANE CEL run. > * IN%
IF IN% = 1 THEN V# = .001684#: FUEL% = 1
IF IN% = 2 THEN V# = .001882#: FUEL% = 2
{F IN% = 3 THEN V# = .0005094#: FUEL% = 2

FUEL$(1) = "C3H8"
FUEL$(2) = * CH4"®

1

' Enter initial conditions and number of volume elements to work on.

TINIT = 293.15 ' pre-combustion temperature in K
PINIT = 101325 ' pre-combustion pressure in Pa
EQUIV = .85 ' equivalence ratio

' Print a bit of a header and verify some parameters with user.
INPUTSECTION:
COLOR NFC%, NBC%
PRINT
PRINT *BOMB COMBUSTION EFFECTS CALCULATION PROGRAM*
PRINT
PRINT "MODIEN version of *; VERDATS; *, run at *; TIMES; * on *; DATES

D$(1) = STRE(V#): T%(1) = 3: LG%(1) = 9: L%(1) = 12: C%(1) = 10
P$(1) = "Enter volume of bomb in m3 (0=" + D$(1) + *) >*

D$(2) = STR(TINIT): T%(2) = 1: LG%(2) = 7: L%(2) = 14: C%(2) = 10
P$(2) = "Enter initial temperature (0=" + D$(2) + ) >*

D$(3) = STRS(PINIT): T%(3) = 2: LG%(3) = 15: L%(3) = 16: C%(3) = 10
P$(3) = *Enter initial pressure in Pa (0=" + D$(3) + *) >*

D$(4) = STRE(EQUIV): T%(4) = 1: LG%(4) = 7: L%(4) = 18: C%(4) = 10
P$(4) = "Enter equivalence ratio (0<E<0.9999), (0=" + D$(4) + ") >*
D$(5) = STRE(FUEL%): T%(5) = 0: LG%(5) = 3: L%(5) = 20: C%(5) = 10
P$(5) = "Ener FUEL code (1=propane, 2=methane; default=*

P$(5) = P$(S) + D$(5) + ) >*
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CALL INSCRN(S, 1, T%(, P$(. LG%(), D$(. L%(. C%(. IP$(. IP%(, IP!(), IP#(), FXS)

' Echo back some of the initial pararneters for the user.

CLs

PRINT "Press <Ctri><PntSc> to get a hard copy. (Probably not} *;
INPUT *Then press <Return>."; JUNK$

CLS

ASTS = STRINGS$(79, **?)

LOCATE 1, 1: PRINT AST$: PRINT ASTS: PRINT ASTS

LOCATE 2, 30: PRINT * NEWBOME * + VERDATS + **

LOCATE 4, 1: PRINT

PRINT *INPUT VALUES:"

PRINT

IF IP#(1) > 0 THEN V# = IP#(1)

PRINT *‘Bomb Volume is *; V#; * m~3"

RBOMB = (.75 * V# / 3.141592654#) ~ (1!/3!)

IF IPY(2) > 0 THEN TINIT = 1P!(2)

PRINT *Initial Temperature is *; TINIT; * K*

IF IP#(3) > 0 THEN PINIT = IP#(3)

PRINT “Initial Pressure is *; PINIT; * Pa"

IF IP/(4) > 0 AND IPi(4) < .99991 THEN EQUIV = IP!(4)

IF FUEL% = 1 THEN AFRSTOIC = 15.5797 ELSE AFRSTOIC = 17.12
AFR = AFRSTQIC / EQUIV

PRINT USING "Equivalence ratio is #.### (A/F=##.#)", EQUIV; AFR

GETN:

PRINT

PRINT "NOTE:; Burn 600 of 1500 elements for < 1kPa increments to 400kPa.
INPUT "Enter total number of elements to consider. >*; N

INPUT *Enter number of elements to burn. >*; NB
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IF NB > 600 THEN PRINT *Must be 600 or less (for array DIM)!*; CHR$(7): GOTO GETN
IF NB > N THEN PRINT *Cannot exceed total number of elements!®; CHR$(7): GOTO GETN

' Get some of the fuel properties from the FUELSORT subroutine.
’ This routine is attached to the bottom of this program.
' (Returns FCA, FHA, and FMW.)

’
[
]
]
[}
’
'

GOSUB FUELSORT

MAIN LOOP:

ELECT ELEMENT FOR PROCESSING - will burn NB elements
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* Time the number crunching and output section of the program.

TSTART = TIMER

' REACTPROP determings the reactant properties (See CMBSUB).

CALL REACTPROP(EQUIV, FCA, FHA, FMW, MF, MOXY#, MN2#, MWR)
GMR = FNGAMR(TINIT)

MASS = MWR * PINIT * V# / RMOL / TINIT

PRINT *Initial mass is: *; MASS; * (MWR="; MWR; ")

' Everything from here until the end of the loop is repeated NB times.

FOR 1% = 1 TONB
' Pressure before burning element 1% is set to PINIT if 1%=1 or to PE,
' the pressure after burning the last element, if 1% is greater than 1.
' P is the initial pressure of the element (not to be confused with PINIT).

IF 1% = 1 THEN
Pl = PINIT
ELSE
Pl = PE
END IF

' Estimate P after next element burns.
' PE is the end pressure for the element which is just a guess now.

PE = Pl + EQUIV*9/N * PINIT
: Flag is set to O to indicate that P is only a guess.
IFLP =0
: Treactants and GAMMAreactants are evaluated for this Pl.

TR = TINIT * (Pl / PINIT) ~ ((GMR - 1) / GMR)
GMR = FNGAMR(TR)

CALCVOLUMES:

' This section now calculates the volume of the remaining unburnts before and
' after combustion of this element. The work done to compress the unburnts is
* evaluated and then a loop adds the work done to compress each previously
' burned element.!lf the correct pressure has been selected, the work done on
' all elements will equal the work done by the burning element during its

' combustion and expansion...ie it will match the difference between internal

* energy of that element before and after combustion. When this happens, the
' selected pressure will be the correct pressure after this element burns.

' If the correct pressure is guessed, the sum of the volumes will equal the
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' total volume.
' VUB is the total volume of all the unburnt gases in m~3 BEFORE combustion
" of the ith element (excludes the ith element).
" VUA is the total volume of all the unburnt gases in m~ 3 AFTER combustion
' of the Ith element.
VUB = (V#/N)* (N-1%) * (PINIT/ - - ~ (1 / GMR)
VUA = VUB * (Pl / PE) ~ (1 / GMR)

' Calculate the work of compression (VUB -> VUA) on unburnt elements in J.

WU = (PE * VUA - Pl * VUB) / (1 - GMR)
' Volume sum and work sum are set equal to the volume of unburned gas and
" work done to compress the unburned gas in m~ 3 and joules respectively.

SUMW = wu
" If there are previously ourned elements, calculate the volume of each before
" and after compression to new pressure, PE. Then calculate the work done to
' compress each one and add it to the work sum done by the burning element.

' VB is the volume of the Jth element before compression.

' VA is the volume of the Jth element after compression.

" WB is the compression work of the Jth element in Joules.

' SUMVBA is the volume of the burnt gases after combustion of element |.

' STORE(J,8) is the volume of the Jth element after combustion.

' STORE(J,9) is the pressure of the Jth element after combustion.

' STORE2(J,6) is the specific heat ratio of products in element J. (=FNGAMP(T))

IF 19% > 1 THEN
SUMVBA = 0!
FORJ=1TOI[% -1
VB = STORE(J, 8) * (STORE({, 9) / P!) ~ (1 / STOREZ2(J, 6))
VA = STORE(J, 8) * (STORE(J, 9) / PE) ~ (1 / STORE2(J, 6))
WB = (PE * VA - Pl * VB) / (1 - STORE2(, 6))
SUMVBA = SUMVBA + VA
SUMW = SUMW + WB
NEXT J
END IF
SUMV = VUA + SUMVBA
SUMW2 = SUMW
' Use subroutine FLAME to find the temperature of combustion of the burning
' element knowing its starting conditions and work output, SUMW.

CALL FLAME(0, 0, SUMW, PE, FCA, FHA, FMW, EQUIV, TR, T, MWR, MWP, FLAG%)

' Calculate the volume this element would have if it burned to temperature T
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" at press- e PE. (MOLP is number of m-<s of products per mole of fuel, MOLR
" is moles of reaciants -~ . of fuel. Hence VE is in m” 3 like V).

VE = V# /N *PINIT / P * T/ TINIT * #£DLP / MOL=

' Compare this with volume left over from unbur=d gas and all previous burned
' elements at this pressure, PE.

’

ERV = VE - (V# - SUMV)

" If the error is greate- tHian .001%, then make a new estimate of pressure
' and go back to try again.

ERRUM = (PE - PINIT) * .00001
IF ABS(ERV) > V# / N * ERRLIM THEN

' IFLP is a flag which determines whether a previous estimate nas been made.
" it it has, extrapolate/interpolate to get a new estimate.
' Otherwise, simply make a small step in pressure.

IF IFLP > 0 THEN
PE3 = (PE * ERV1 - PE1 * ERV) / (ERV1 - ERV)

PE1 = PE

PE = PE3
ELSE

PE1 = PE

IFLP = 1

IF ERV > 0 THEN
PE=Pl +12* (PE-P))
ELSE
PE=PE + (PE-Pl)/ 1.2
END IF
END IF
' Having established this estimate for pressure after combustion,
' record the current volume error and go back to re-calculate the
' volumes and comprassion work with the new pressure value.

ERV1 = ERV
GOTO CALCVOLUMES
END IF

' Calculation of volumes having converged, enter values for the 1%th element

" into the storage arrays, STORE and STORE2. Since this program has been

' through many changes, some of the items below are now meaningless but are
' kept in place rather than risking total confusion by reordering the

' storage arrays.

STORE(1%, 1) = MH2 ' MH2 is number of moles of H2 at equilibrium
STORE(1%, 2) = MCO ' MCO is number of moles of CO at equilibrium
STORE(1%, 3) = MN2 ' MN2 is number of moles of N2 at equilibrium
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STORE(I%, 4) = MCO2 ' MCO2 is number of moles of CO2 at equilibrium
STORE(i%, 5) = MO2 ' MO2 is number of moles of O2 at equilibrium
STORE(1%, 6) = MH20 ' MH20 is number of moles of H20 at equilibrium
STORE(I1%, 7) = MOLP ' MP is number of moles of products at equilibrium
STORE(1%, 8) = VE ' VE is volume of elmment after combustion
ETORE(1%, 9) = PE ' PE is pressure of element after combustion
STORE(I%, 10) = T ' T is temperature of element after combustion
IF N <> 1% THEN

STORE(1%, 11) = VUA / (N - 1%) 'Unburnt element size.
ELSE

STORE(1%, 11) = 0! 'Nothing left to burn.
END IF
STORE2(%, 1) = P1 ' P1 -\
STORE2(I%, 2) = P2 ' P2 |- constants for evaluating properties of
STORE2(1%, 3) = P3 ' P3 | products of element i% after combustion
STORE2(i%, 4) = P4 ' P4 -/
STORE2(1%, 6) = FNGAMP(T)' specific heat ratio of products in element %
STORE2(1%, 7) = VUA ° VUA = volume of unburned after element has burned
STORE2(1%, 10) = VUB ' VUB = volume of unburned before element has burned
STORE2(1%, 11) = TR ' TR = temperature of the reactants
STOREZ2(1%, 12) = MWP ' Molecular weight of products

IF 1% = 1 THEN TBO = T: PBO = PE
GAMMAP = FNGAMP(T)
TB1 = TBO * (PE / PBO) ~ ((GAMMAP - 1) / GAMMAP) 'T of 1st element
TUNB = TINIT * (PZ/ PINIT) ~ ((GMR - 1) / GMR) 'unburned gas T
" RR = relative radius of flame after element i% burns (assuming a spherical
’ flame and bomb). ROR = radius of this element at spark time

RR = ((V# -VUA) /V#) ~ (1/3)
STORE2(I%, 8) = RR
ROR= (1% /N) ~ (1/3)

' Print out a running listing to let the user know the progress of the

' calculations that are going on.
PRINT USING “###/####. P=######Pa, To=####kK, °, 1%, N, FS; T,
PRINT USING "Thi=####k, Tu=####k, r/R=#_###, ", TB1; TUNB; RR;
PRINT USING *rO/R=# ###"*; ROR

' The total work done is summed in order to compare this program with

" STANJAN. (ie internal energy change = work done)

TOTWRK = TOTWRK + SUMW2
PRINT “TOTAL WORK DONE IS *; TOTWRK

NEXT 1%

' This is the end of the main loop.
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' Calculate the final temperature of each element after NB elements have
' burned and the pressure has risen to STORE(NB,9).
" THIS IS ONLY VALID IF NB=N! (e Complete combustion cccurs.)

FORI% = 1 TO NB
STORE2(1%, 9) = STORE(I%, 10) * (STORE(NB, 8) / STORE(I%. 9)) ~ ((STORE2(1%, 6)
- 1) / STORE2(1%, 6))
NEXT 1%

* Print out the elapsed time.
TIMEND = TIMER
TODIFF = TIMEND - TSTART
MINS = INT((TIMEND - TSTART) / 60)
PRINT
PRINT “Elapsed time is"; MINS; * min,*; TDIFF - 60 * MINS; * sec*
PRINT

" Make a warbling sound to notify user that the calculations are done.
FOR NSOUND = 1 TO 10
FREQ = 200 + 100 * NSOUND
SOUND FREQ, 1
NEXT NSOUND

' Pause to look at screen data before going on.
PRINT
PRINT “Hit any key to continue >*,
WHILE INKEY$ = *": WEND
'PRINT CHR$(12), ' New page

* List out the calculated values.

CLS

AST$ = STRING$(79, ***)

LOCATE 1, 1: PRINT ASTS$: PRINT AST$: PRINT ASTS

LOCATE 2, 30: PRINT * NEWBOMB " + VERDATS + *°*

LOCATE 4, 1: PRINT

PRINT

PRINT USING "EQUIV=#.##, #### total elements in bomb*; EQUIV; N;
PRINT USING *, #### burned’; NB
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PRINT *ELE- INITIAL ENSUING PRESS COMB TEMP FILAME  FINAL TEMP"
PRINT *"MENT RADIUS AFTER COMB degrees RADIUS  degrees®
PRINT"# ro/R kPa kelvin /R kelvin*

PRINT

FOR 1% = 1 TO NB
PRINT USING "### *; 1%;
PRINT USING * #.###% (1% / N) ~ (1/3);
PRINT USING *  ####.#", STORE(I%, 9) / 1000;
PRINTUSING*  #####. STORE(I%, 10);
PRINT USING *  #.###*; STORE2(I%, 8);
PRINTUSING *  #####." STORE2(I%, 9)
NEXT 1%

> Print a reminder to make sure printer is off.
PRINT
PRINT "Is printer on? Hit <Ctrl><PrtSc> to shut off, (then hit enter).
INPUT JUNKS

Prepare all data for writing to data file.

NR% = NB + 1
NC% = 2
NP% = 5
ND% =9

REDIM DD(NR%, ND%), COM$(NC%), PAR(NP%), PARS(NP%), C1$(ND%), C2$(ND%)

COMS$(1) = "NEWBOMB output: MODIEN version of * + VERDATS + *, run on* + DATES +
‘at* + TIMES
CCOMS$(2) = "Burning * + STRS(NB) + * elements of * + STRS(N)

RBOMB = (.75 * V# / 3.141593) ~ (1! / 3Y)
PAR(1) = EQUIV: PARS(1) = "Equivalence Ratio,"
PAR(2) = PINIT: PAR$(2) = "Pa Initial Pressure*
PAR(3) = TINIT: PAR$(3) = *K Initial Temperature*
PAR(4) = RBOMB: PARS$(4) = 'm bomb radius*
PAR(5) = MASS: PARS$(5) = "kg mixture mass*
C1$(1) = "Element: C2$(1) = **

C1${2) = *Pressure”: C2$(2) = *Pa"
C1%$(3) = *Fl Radius": C28(3) = "Rb/R*
C1$(4) = *Mass Bmt*: C23(4) = "Mb/M"
C18(5) = "dvOLunb": C2%(5) = ‘m~3*

C1$(6) = "dvOLbm*: C28(6) = ‘m~ 3"
C1$(7) = "Tb after: C2%(7) = K
C1%(8) = "Tu before"; C2%(8) = K"
C13(9) = "GAMMA react®: C2%(9) = **
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DD(1,1) = 0
DD(1, 2) = PINIT
DD(1,3) = 0
DD(1, 4) = 0
DD(1, 5) = V# /N
DD(1, 6) = 0
OD(1, 7) = TINIT

DD(1, 8) = TINIT
DD(1, 9) = FNGAMR(TINIT)

FOR! = 2 TO NR%
oD, 1) =1-1
DD(l, 2) = STORE(l - 1, 9)
DD(l, 3) = STORE2(l - 1, 8)
DD(l, 4) = 11 *(1-1)/N
DD(l, 5) = STORE( - 1, 11)
DD(, 6) = STORE(l - 1, 8)
DD(l, 7) = STORE(l - 1, 10)
DD(, 8) = STORE2(I - 1, 11)
DD(l, 9) = STORE2(l - 1, 6)
'LOCATE 23, 1
'PRINT USING *### P=######.# Ro/Ro=#.### X=#.######", DD(, 1), DD(, 2);
DD(, 3); DD(, 4)
NEXT |
F$ - "
CALL DWRITE(NR%, ND%, NC%, NP%, F$, COM$(), DD(j, PAR(), PARS(), C1$(), C23()
PRINT *Write to *; F$; " finished.

' End of the program.

END

o e e e mm A e i i e am m os Em e o e m
oSS Ead TS EREEEESnEEEEE=EE

" FUELSORT

KRN RANRR

' Fuelsort is a st:broutine which switches the correct fuel into the
' property array and sets up correct fuel molecule variables.

FUELSORT:
IF 1P%(5) > 0 AND IP%(5) < 3 THEN FUEL% = IP%(5)
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" If fuel = propane.

IF FUEL% = 1 THEN

FCA =3 ‘fuel has FCA carbon atoms per atom
FHA =8 ‘fuel has FHA hydrogens per atom
FMW = 44.09 ‘fuel molar mass in kg/kgmol

if fuel = methane.

ELSE

FCA =1

FHA = 4

FMW = 16.043
END IF

If we don't have the current fuel in I1$(7) then swap with i$(8).

IF FUEL$S(FUEL%) <> 1$(7) THEN
FORI=1TO®6
TEMP = IC(7, I)
IC(7,1) = 1C(8, I)
IC(8, ) = TEMP
NEXT |
TEMPS = 1$(7)
I$(7) = 1$(8)
1$(8) = TEMP$
END IF
PRINT *Fuel is * + I1$(7) + * and coefficients are:"
FORI=1T07
PRINT SPACES$(10); IC(7, I)
NEXT |
RETURN
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PART 2

The data base file created by NEWBOMB.
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c:\gb\ch4-85.stp
601 9 2 5
NEWBOMB output: MODIEN version of 65-MAY-9U, run on 05-21-1990
at 16:01:22
Burning 600 elements of 1500
.85 101325 293.15 7.659087E-02 2.175224E-03
Equivalence Ratio,
Pa Initial Pressure
K Initial Temperature
m bomb radius
kg mixture mass
Elenment
Pressure
F1 Radius
Mass Brnt
dvOLunb
dvolbrn
Th after
Tu before
GAMMA react

Pa

Rb/R
Mb/M
m~3
m3

K

K

0 101325 0 0 1.254€-06 0 293.1 293.1 1.382
1 101879 .16638 6.666E-04 1.2496-06 B.668E-06 2035.1 293.1 1.258
2 102434 .20929 1.333E-03 1.244E-06 B8.622E-06 2035.4 293.5 1.258
3 102987 .23919 0.002 1.239e-06 8.577E-06 2035.8 294.0 1.258
4 103541 .26285 2.666E-03 1.2356-06 8.533E-06 2036.1 294.4 1.258
5 104094 .28271 3.333E-03 1.230E-06 B8.489E-06 2036.46 294.9 1.258
6 104647 .29995 0.004 1.225E-06 8.445E-06 2036.7 295.3 1.258
7 105200 .31528 4.666E-03 1.221E-06 B.402E-06 2037.1 295.7 1.258
B 105752 .32912 5.333E-03 1.216E-06 8.359€-06 2037.4 296.2 1.258
9 106304 .34178 0.006 1.211E-06 8.317E-06 2037.7 296.6 1.258
10 106856 .35345 6.666E03 1.207E-06 8.276E-06 2038.0 297.0 1.258
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PART 3

A standard experimental data file.



Filename:

DL2:14174.CEL

Information integers:

14174 2709 88 1440 22 936 1013 845
8 500 3401 3401 3205 2976 3030 2924
2564 1961 557 512 12 1005 7375 406
6 1 -2824 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
etc. . . .

Pressure integers:

1503 1232 1037 1182 1043 1024 1005 1018
1011 1005 1024 1011 1011 1018 1011 1018
1011 999 1018 1011 1018 1011 1018 1005
1005 1018 1024 1018 1030 1018 1024 1024
1043 1043 1049 1062 1062 1062 1087 1062
1112 1119 1137 1137 1119 1100 1112 1125
1150 1144 1163 1169 1188 11&¢8 1200 1213
1263 1282 1282 1308 1326 1352 1358 1371
1446 1471 1478 1509 1515 1547 1566 1591
1686 1717 1774 1805 1837 1881 1925 2001
etc. . . .

Light emission integers:
(not working for this particular experiment)

OO0OO00O0
O0O0O0O0
[eNeoNeRoNe
OO0O0O0O0
[oNeoNoNeNo
[eNeoNoNeNo]
[eNeNoNeNo]
[eNoNoNeNo]

etc. . .
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135 25000
2688 2732
281 1
0 0

0 0

0 0
1018 1011
999 1011
1018 1011
1024 1030
1093 1093
1131 1137
1245 1253
1408 1415
1629 1667
2019 2070
0 )]

0] 0

0 0

0 0

0 0
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PART 4

NEWBPR2 ~- the interpolating program.



DECLARE SUB CELREAD (ID%(), PR!(, LIGHT%(), F$, IRUN%, TF)

DECLARE SUB CLFRUN (F$, ID%(), P!(), L!(), 1%, DIR%/, RNUM%(), IRUN%, TF)
DECLARE SUB CLFDIR (F$, DIR%(), RNUM%()

DECLARE SUB READRUN (F$, ID%(), PR!(), L0, 1%, DIR%(), RNUM3%(), IRUN%, TF)

" NEWBPF2

*hkhhhh

25-NOV-88  M.D. CHECKEL

11-MAY-89 Cleaned up to use for *.CEL data. -- RUSS MODIEN

' 07-MAY-90 Created NEWBPR2 to read bomb data from a NEWBOMB output
’ file. This allows pressure to drop, etc. -- RUSS MODIEN

’

' BMBPR2 is BMBPRESS.BAS modified to include propane or methane explosions.
' Converted back from BMBPRSN on 23 November, 1988.

' Based on BOMB.BAS per Alun Thomas's BOMB.BAS with corrections re units, etc
' Uses thermodynamic properties and methods as described in

' Rowland S. Benson, *Advanced Engineering Thermodynamics’

! Pergammon Press, 1977, 2nd Edition (eg pg 153, Appendix A)

' This program calculates fates of elements of lean fuel-air mixtures

' at specified starting conditions, burning in a constant volume bomb,

' based on the recorded pressure trace from the bomb. It reads results

' from NEWBOMB and then interpolates them to mesh with the measured pressure
' results (along with light emission measurements).

+

" Include and dimension the files.
REM $INCLUDE: 'C:\QB\COMB\CMBCOM.BAS'
REM $INCLUDE: 'C:\QB\LIB\PLOTCOM.BAS'
REM $INCLUDE: 'C:\QB\LIB\COLORCHC.BAS’
REM S$SINCLUDE: 'C:\QB\COMB\CMBFN-RP.BAS'
REM $DYNAMIC

REDIM IC(8, 7), $(8), CC(6), CW(6), R(7), P(7), M#(6), W(8)
FEDIM N%(10), DIR%(760), RNUM%(230)
REDIM 10%(30), PR!(512), LIGHT%(512), TIME!(512), FUEL${2)

NPAR% = 18
NCOM% = 4
NC% = 11

REDIM RES(600, NC%), TOTVOL#(600)
REDIM COM$(NCOM%), PAR!(NPAR%), PARS(NPAR%), C1$(NC%), C25(NC*)

' These are the INSCRN variables.

157
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X% = 6
REDIM D$(X%), T%(X%), P$(X%), LG%(X%), L%(X%), C%(X%)
REDIM IP$(X%), IP%(X%), IP!(X%), IP#(X3)

' Set up some constants.
VERDATS = *07-MAY-90"
RMOL = 8314.3 'ideal gas constant in J/kraol.K
PN = 101325 'standard atmosphere in Pa (for Go and So)

' Set up arrays and open a file to read from.

AST$ = STRINGS$(79, "**)

CLS

LOCATE 5, 1: PRINT AST$: PRINT ASTS: PRINT ASTS
LOCATE 6, 30: PRINT * NEWBPR2 01-JUN-90 *

*

* Read the data base information file.
GETFILE2:
DF$ = "C:\QB\CH4-85.5TP*
LOCATE 8, 1
PRINT *Enter the name of the data base file. (Enter="; DF$; *) >*
INPUT ; DF28
IF DF2$ <> " THEN DF$ = DF2%
ON ERROR GOTO NOFIL
LOCATE 8. 1: PRINT SPACES$(80): PRINT SPACE$(80): LOCATE 8, 1
FILES DF$
ON ERROR GOTO 0

' File reading routine.

YESFILE:
REDIM DD!(20, 20), DPAR!(20), DPAR$(20), DCOMS$(20), DCOL1$(20), DCOL2$(20)

LOCATE 8, 1: PRINT SPACE$(80): PRINT SPACES$(80): PRINT SPACES$(80)
LOCATE 8, 1: PRINT ‘Reading *; DF$; * . . .°
CALL DDIM(DNR%, DNC%, DNCOM%, DNPAR%, DF$, TITLES)

REDIM DCOMS$(DNCOM%%), DPARS(DNPAR%), DPAR!(DNPAR%), DD(DNR%, DNC%)
REDIM DCOL1$(DNC%), DCOL2$(DNC%)

CALL DREAD(DNR%, DNC%, DNCOM%, DNPAR%, DF$, DCOMS$(), DD(), DPAR!(), DPARS(),
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DCOL1$(), DCOL23()

" If there was an error in reading the file print message, otherwise skip.

GOTO SETNR

NOFIL:
LOCATE 8, 1: PRINT SPACES(80): PRINT SPACES$(80): LOCATE 8, 1
PRINT *Enter a suitable file name, *; DF$; * is not found.’; CHRS(7)
RESUME GETFILE2

SETNR:
NROW% = DNR%
NCOL% = DNC%
LOCATE 8, 1: PRINT SPACES$(80): PRINT SPACE$(80): LOCATE 8, 1

GETRUN:

PRINT "Enter 0 = binary CLF file read,”

PRINT * 1 = TURBULENT CEL file read,"

INPUT * 2 = QUIESCENT CEL file read. > *; IN%
" IN% =1

IF IN% = 0 THEN
CALL CLFDIR(F$, DIR%(), RNUM%()
IF F$ = * THEN GOTO GETRUN
CALL CLFRUN(FS, ID%(), PR!(), TIME!(), -1, DIR%(), RNUM%(), IRUN%, TFACT)

V# = .001684# ' Bomb volume inm~3
FUEL% = 1
END IF

IF IN% = 1 THEN
CALL CELREAD(ID%(), PR!(), LIGHT%(), F$, IRUN%, TFACT)
V# = .001882# ' Bomb volume inm~3
FUEL% = 2

END IF

IF IN% = 2 THEN
CALL CELREAD(ID%(), PR!(), LIGHT%(), F$, IRUN%, TFACT)
V# = .0005094# ' Bomb volume in m~ 3
FUEL% = ..

END IF

* Calculate info to store from ID% array.
VPLATE = ID%(13)/ 6000! + iD%(14) / 6000! + ID%(15) / 6000! + ID%(16) / 6000! + ID%(17)
/ 6000! + ID%(18) / 6000!
IF VPLATE > 8 THEN
VPLATE = ID%(15) / 5000! + 1D%(16) / 5000! + 1D%(17) / 5000! + 1D%(18) / 5000! +
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1D%(19) / 5000!

END IF
TSPARK = ID%(10) / 10!
IF 1D%(30) > 0 THEN TIONS = ID%(30) / 1000! ELSE TIONS = -1
IF ID%(5) >= 0 THEN TPHOTO = ID%(5) / 1000! ELSE TPHOTO = -1
IF TPHOTO >= 0 THEN PPHOTO = ID%(25) * .1 ELSE PPHOTO = -1
IF TPHOTO >= 0 THEN LPHOTO = ID%(28) * .1 ELSE LPHOTO = -1
PSPK! = ID%(8) * .1
IF PSPK! < 90 THEN PSPK! = ID%(8) / 1.836
PRINT *ID%(1 to 30)*
FOR ! = 1 TO 30
PRINT USING "#### ####% ID%();
NEXT
NP% = ID%(21)
IF NP% > 500 THEN NP% = 500
IF NP% <= 0 THEN NP% = 500

' Enter initial conditions and number of volume elements to work on.

TINIT = 293.15 ' pre-combustion temperature in K
PINIT = 101325 * pre-combustion pressure in Pa
EQUIV = ID%(3) / 1000! ' equivalence ratio

IF EQUIV > .9999 THEN EQUIV = .9999
FUEL$(1) = 'C3H8"
FUEL$(2) = * CH4*

' Print a bit of a header and verify some parameters with user.

INPUTSECTION:

COLOR NFC%, NBC%

CLS

LOCATE 5, 1: PRINT AST$: PRINT AST$: PRINT ASTS

LOCATE 6, 30: PRINT * NEWBPR2 01-JUN-90°*

LOCATE 8, 1;: PRINT "BOMB COMBUSTION EFFECTS CALCULATION PROGRAM'
PRINT

PRINT *"MODIEN version of *; VERDATS; *, run at *; TIMES; * on *; DATE$

D$(1) = STR(V#): T%(1) = 3: LG%(1) = 9: L®(1) = 7: C%(1) = 10
P$(1) = "Enter volume of bomb in m3 (0=" + D$(1) + *) >*
D$(2) = STRS(TINIT): T%(2) = 1: LG%(2) = 7: L%(2) = 9: C%(2) = 10
P$(2) = *Enter initial temperature (0=" + D$(2) + *) >*
D$(3) = STRE(PINIT): T%(3) = 2: LG%(3) = 15: L%(3) = 11: C%(3) = 10
P$(3) = *Enter initial pressure in Pa (0="'+ D$(3) + *) >°
D$(4) = STRS(EQUIV): T%(4) = 1: LG%(4) = 7: L%(4) = 13: C%(4) = 10
P$(4) = "Enter equivalence ratio {U<E<0.9999), (0=" + D$4) + *) >*
IF PRI(1) < 150000 THEN

MX = 300
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ELSEIF PR!(1) > 250000 THEN

MX = 900
ELSE

MX = 600
END IF

D$(5) = "400000.0%: T%(5) = 1: LG%(5) = 10: L%(5) = 18: C%(5) = 10

P$(5) = "Enter maximum pressure to analyze in Pa. (0= * + D$(5) + * Pa) >*
D$(6) = STRE(FUEL%): T%(6) = 0: LG%(6) = 3: L%(6) = 21: C%(6) = 10
P$(6) = "Enter FUEL code (1=propane, 2=methane; default=" + D$(6) + *) >*

CLs
CALL INSCRN(6, 1, T%(, P$(, LG%(), D$S(, L%, C%(, IP$S(Q, IP%(), IP1(), IP#(), Ix$)

' Echo back some of the initial parameters for the user.

’
*
»

CLS

LOCATE 5, 1

PRINT BOMBS

PRINT

PRINT INPUT VALUES:*

PRINT

IF IP#(1) > 0 THEN V# = IP#(1)

PRINT *Bomb Volume is °; V#;* m~ 3"

RBOMB = (.75 * V# / 3.141592654#) ~ (1!/ 3)

IF 1P1(2) > 0 THEN TINIT = IP!(2)

PRINT *initial Temperature is *; TINIT; * K*

IF IP#(3) > 0 THEN PINIT = IP#(3)

PRINT ‘Initial Pressure is *; PINIT; * Pa®

IF IP!(4) > 0 AND IP!(4) < .99991 THEN EQUIV = IP!(4)

IF FUEL% = 1 THEN AFRSTOIC = 15.5797 ELSE AFRSTOIC = 17.12
AFR = AFRSTOIC / EQUIV

PRINT USING *Equivalence Ratio is #.### (A/F=###.#)*, EQUIV; AFR
IF IP}(5) > PSPK THEN MAXP =: IP!(5)

PRINT "Maximum pressure to analyze is MAXP="; MAXP; "Pa"
N = NP%

NB = NP%

' Set up TIME array and determine PMAX and TPMAX.
' Also convert from kPa to Pa.

PMAX = 0
FOR 1% = 1 TO NP%
TIME!(1%) = (1% - 1) * TFACT
PR!(1%) = PRI(I%) * 1000!
IF PR!(1%) < PINIT THEN PR!(1%) = PINIT
IF PR(1%) > PMAX THEN
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PMAX = PR!(1%)
TPMAX = TIME!(:%)
END IF
NEXT 1%

FOR % = 10 TO NP% ‘Ignore st 10 points
IF PR!(I%) > MAXP THEN

IMAXP% = 1%
GOTO TIMESTART
END IF
NEXT 1%

' Time the number crunching and output section of the program.

TIMESTART:

TSTART = TIMER

' This is the start of the main loop where interpolation is done to
' determine various quantities from a data base file based on measured

' pressure.

RES(1, 1) = TIMEY(1) ' Time in ms.

RES(1, 2) = PINIT ' Pressure after combustion of element.
RES(1,3) =0 ' relative radius of flame vs bomb radius
RES(1,4) =0 ' mass fraction burned

RES(1, 5) = DD(1, 5) ' volume of element before combustion
RES(1, 6) = DD(1, 6) ' volume of element after combustion
RES(1, 7) = DD(2, 7) ' temperature of element after combustion
RES(1, 8) = TINIT ' unburned gas temperature after combustion
RES(1, 9) = DD(1, 9) ' specific heat of reactants

G = RES(1, 9)

RES(1, 10) = RES(1, 8) * (PMAX / PINIT) ~ ((G - 1) / G) 'T if burned to PMAX
RES(1, 11) = LIGHT%(1) ' light emission

LASTVOL# = O#
FOR 1% = 2 TO IMAXP%
LOCATE 15, 1: PRINT "Calculation countdown . . . *; IMAXP% - 1%; * "
RES(1%, 1) = TIME!(1%)
RES(1%, 2) = PRI(1%)
VOLUME# = O#
FOR J% = 2 TO DNR%

IF DD(U%, 2) > PR!(1%) THEN

INTERP = (PR!(1%) - DD(J% - 1, 2)) / (DD(J%, 2) - DD(J% - 1, 2))
FORK% =3TO 9
RES(1%, K%) = DD(J% - 1, K%) + (DD(J%, K%) - DD(J% - 1, K%)) * INTERP
NEXT K%
TOTVOL#(1%) = VOLUME# + RES(1%, 5)
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GOTO SKIPOUT

END IF
VOLUME# = VOLUME# + DD(J% - 1, 5)
NEXT J%
SKIPOUT:
G = RES(I1%, 9)
IF G = 0 THEN G = LASTG
LASTG = G

"TEMP = RES(1%, 8) * (PMAX / PRI(1%)) ~ (G - 1) / G)

'G = (G + FNGAMP(TEMP)) * .5

RES(1%, 10) = RES(I%, 8) * (PMAX / PRI(1%)) ~ (G - 1) / G)
RES(1%, 11) = LIGHT%(1%)

LOCATE 18, 1
PRINT USING t=### P=####### RDRO=#### X=# ###% RES(% 1);
RES(1%, 2); RES(I%, 3); RES(i%, 4)
INPUT JUNKS
NEXT 1%

' Convert from Pa to kPa.
FOR L% = 1 TO IMAXP%
RES(L%, 2) = RES(L%, 2) / 1000!
NEXT L%

' Determine the elemental volume burned from total volume burned.

'

TOTVOL#(1) = O#
RES(1, 5) = O!
FOR 1% = 2 TO IMAXP%
RES(1%, 5) = TOTVOL#(1%) - TOTVOL#(1% - 1)
NEXT 1%

' Note how long it all took,

GETTEND:
TIMEND = TIMER

' Print out the elapsed time.

TDIFF = TIMEND - TSTART

MINS = INT((TIMEND - TSTART) / 60)

PRINT

PRINT *Elapsed time is*; MINS; * min,*; TDIFF - 60 * MINS; * sec*
PRINT
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' Make a warbling sound to notify user that the calculations are done.
FOR NSOUND = 1 TO 10
FREQ = 200 + 100 * NSOUND
SOUND FREQ, 1
NEXT NSOUND

' Store the calculated quantities in an output file.

IRUN$ = STR$(IRUN%)
IRUN$ = RIGHTS$(IRUNS, LEN(IRUNS) - 1)
F$ = "C:\QB\RUSS\DATA\" + IRUN$ + ".NP2"

NAMEFILE:
PRINT "ABOUT TO WRITE TO *; F$
INPUT "Hit enter to go on, else enter a new file and extension. >*; JUNK$
IF JUNK$ <> " THEN
F$ = "C:\QB\RUSS\DATA\' + JUNK$S
PRINT
GOTO NAMEFILE
END IF

COMS$(1) = *OUTPUT OF BOMB PRESSURE TRACE ANALYSIS PROGRAM: NEWBPR2"
COMS$(2) = "MODIEN version of * + VERDATS + *, run at * + TIMES

COM$(2) = COMS$(2) + * on * + DATES

COMS$(3) = "Run #* + STR$(ID%(1)) + * from* + STR$(800000 + 1D%(2))

COM$(4) = F$

PAR!(1) = IRUN%: PAR$(1) = ® run number*
PAR!(2) = V#: PAR$(2) = * m~ 3 =Vtotal'

PAR!(3) = TINIT: PAR$(3) = "k =Ti"

PAR!(4) = PINIT / 1000!: PAR$(4) = * kPa =Pi"
PAR!(5) = EQUIV: PAR$(5) = * Equiv Ratio*
PAR!(6) = TPMAX: PAR$(6) = * ms =Tpmax*
PAR!(7) = PMAX: PAR$(7) = * kPa =Pmax"
PAR!(8) = R(1): PAR$(8) = " R1-R4 are constants for mixture properties’
PAR!(9) = R(2): PAR$(9) = * R2*

PAR!(10) = R(3): PAR$(10) = " R3"

PAR{(11) = R(4): PAR$(11) = * R4*

PAR!(12) = MWR: PAR$(12) = * kg/kmol.react
PAR!(13) = VPLATE: PAR$(13) = * m/s =Vpiate*
PARI!(14) = TSPARK: PAR$(14) = * ms =Tspark"
PAR!(15) = TIONS: PAR$(15) = * ms =Tions'
PAR!(16) = TPHOTO: PAR$(16) = * ms =Tphoto"
PAR!(17) = PPHOTO: PARS$(17) = ® kPa =Pphoto*
PAR!(18) = LPHOTO: PAR$(18) = "V =Lphoto*

C1$(1) = TIME": C28(1) = *(ms)*
C1$(2) = *PRESS": C23(2) = "(kPa)"
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C1$(3) = "RADIUSD": C2$(3) = */R"
C1$(4) = "MASSbL": C2$(4) = /M*
C18(5) = "dvOLunb*: C28(5) = *(m~ 3)*
C1$(6) = *dvOLbrn": C2$(6) = *(m~ 3)*
C18(7) = *T burn": C28(7) = *(K)*
C1$(8) = *Tunb": C2%(8) = *(K)*
C18(9) = "GAMMA u*: C23(9) = **
Ci$(10) = 'T final*: C2%(10) = "(K)*
C1$(11) = "Light: C2$(11) = *(counts)*
NR% = IMAXP%
CALL DWRITE(NR%, NC%, NCOM3%, NPAR%, F$, COMS(), RES(), PARI(), PAR$(. C1$(.
C2%()

' & leh off program.
“4 s 'Enter O to read another run, 1 to quit >*; IND
“IND = 0 THEN GOTO GETRUN

FUELSORT

*
’
1 ARk RANAR
t

' Fuelsort is a subroutine which switches the correct fuel into the
' property array and sets up correct fuel molecule variables.

FUELSORT:
IF IP%(6) > 0 AND IP%(6) < 3 THEN FUEL% = IP%(6)

" If fuel = propane.

IF FUEL% = 1 THEN

FCA=3 'fuel has FCA carbon atoms per atom
FHA =8 'fuel has FHA hydrogens per atom
FMW = 44.09 ‘fuel molar mass in kg/kgmol

If fuel = methane.

ELSE
FCA = 1
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FHA = 4
FMW = 16.043
END IF

' If we don't have the current fuel in I1$(7) then swap with i$(8).

IF FUEL$(FUEL%) <> 1$(7) THEN
FORI=1TOG6
TEMP = IC{7, 1)
IC(@7, b =1C(, I}
IC(8, I} = TEMP
NEXT |
TEMPS = 1$(7)
1$(7) = 15(8)
i$(8) = TEMP$
END IF
PRINT "Fuel is * + 1$(7) + * and coefficients are:*
FORI=1TO7
PRINT SPACES(10); IC(7, I)
NEXT |
RETURN
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PART 5

The output file from NEWBPR2.
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C:\QB\RUSS\DATA\14174.NP2

122 11 4 18
OUTPUT OF BOMB PRESSURE TRACE ANALYSIS PROGRAM: BMBPRS
MODIEN version of 07-MAY-90, run at 13:20:55 on 06-12-1990 Run
# 14174 from 802709
C:\QB\RUSS\DATA\14174.NP2

14174 .001882 293.15 101.325 .845 40.56 738700 0 O
0O 0 O

2.925833 55.7 -1 -1 -1 -1

run number

m~3 =Vtotal

k =Ti

kPa =Pi

Equiv Ratio

ms =Tpmax

kPa =Pmax

R1-R4 are constants for mixture properties
R2

R3

R4

kg/kmol.react
m/s =Vplate
ms =Tspark
ms =Tions
ms =Tphotec
kP2 =Pphoto
v =Lphoto
TIME

PRESS
RADIUSD
MASSDb
dvoliunb
dvVOLbrn

T burn

Tunb

GAMMA u

T final
Light

(ms)

(kPa)

/R

/M

(m~3)

(m~3)

(K)

(K)

(K)

(counts)

.00 101.3 .00 .0 .0 .0 2035.1 293.15 1.382198 507.7539 0
L2 123.2 .5374 2.6579€-02 4.674SE-05 7.2095E-06 2046.9 308.96 1.25799% 446.1033 6076
.48 103.7 .2685 2.8576E-03 -4.0522E-05 8.5204E-06 2036.2 294.59 1.258251 440.7978 9966



