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Abstract ii

Abstract

"An Investigation of Methane Autoignition Behaviour Under Diesel Engine-Relevant Conditions"

by'Jean-Louis laconis

As an extension to recent experimental methane ignition delay time measurements conducted
at diesel engine-relevant temperatures and pressures, further work has been conducted in an
attempt to' more closely converge shock tube results with actual engine operating environments.
This was performed in three phases that involved reviewing previous homogeneous autoignition
delay time data, characterizing a gaseous fuel injector for use in non-premixed ignition studies,
and finally conducting non-premixed autoignition delay time measurements in a shock tube.

First, in response to recent homogenous methane autoignition delay results that questioned the
applicability of existing induction time correlations at low temperatures/high pressures, a series
of homogeneous methane autoignition experiments were conducted to isolate whether pressure
or temperature differences between recent results and existing correlations were responsible for
observed discrepancies. Shock tube experiments were conducted at pressures between 2-4 bar
and temperatures between 1100-2000 K, facilitating direct comparison with existing correlations
over high temperatures and with recent results at lower, engine-relevant temperatures. These
experiments indicated existing correlations could predict ignition delay times at low pressures,
but differences in ignition detection methods caused noticeable scatter between correlations.

Subsequently, the characteristics of a gaseous fuel injector were investigated to determine the
influence of injection parameters on the injector's performance and on the jet produced. These
experiments investigated the influence of injection duration and pressure on resultant jets, along
with exploring the effects of pulsed injection, and the effects of various obstructions and of an
enclosure on overall jet development. These experiments yielded correlations for predicting the
injector's behaviour under all intended operating conditions.

- Finally, the coupling between chemical kinetics and fluid mechanics was explored in a series of
non-premixed autoignition delay experiments. These shock tube experiments utilized a standard
reflected shock technique, but with fuel injected into the shock-heated air after reflection of the
incident shock wave. Chemical kinetic effects were explored by varying air temperatures and
pressures, while the effects of fluid mechanic parameters were investigated by varying the fuel
injection pressure and duration. These experiments suggested that high-pressure, partially
premixed, pulsed direct injection could form an autoignition delay reduction strategy for diesel
engines. '
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Introduction

The thrust to develop clean diesel technology being driven by increasingly stringent emissions
regulations has led many to consider the use of natural gas to achieve these objectives without
adversely affecting performance. Such an attempt has been made by Westport Innovations Inc.
with a High Pressure Direct Injection (HPDI) system that utilizes a minute amount of diesel fuel
(as little as 2-5% of the total fuel energy) to ignite a natural gas charge. The diesel 'pilot is used
solely for igniting the natural gas, which has a much longer ignition delay time than diesel and
would otherwise not be suitable for late-cycle injection. While such a system is able to maintain
most of the torque, power, and efﬁciehcy benefits inherent to diesel engines and dramatically
reduce emissions, the presence of a diesel pilot requires onboard storage of both diesel fuel
and natural gas along with the use of a complicated dual-fuel injector. The cost implications of
having redundant fuel systems and complex injectors provide motivation to seek out alternative

methods of minimizing natural gas' autoignition delay time without the use of a pilot fuel. '

Unfortunately, currently accepted techniqués for reducing natural gas’ prohibitively long ignition
delay time are limited to the following:

- o Using dual fuels (i.e. diesel pilot);
e Blending natural gas with an appropriate ignition-promoting additive;
¢ Using a glow plug or spark plug; or

¢ Increasing compression ratios to achieve higher temperatures.

Among these four options only the first two are suitable for retrofit applications, with the latter

two requiring substantial engine modifications. Therefore, if cost reductions beyond the use of
dual fuels are to be achieved, fundamental research investigating the autoignition behaviour of
methane in diesel environments is required. Such research requirés the thorough investigation
of the chemical kinetics involved in methane oxidation, the fluid mechanics governing transient
gaseous fuel jets, and finally the coupling that occurs between both fluid mechanic and kinetic |

parameters in an engine. Correspondingly, the present investigation is segregated'into three

phases.
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In the first phase, the autoignition delay times of various methane/air mixtures are measured to
validate the existing experimental apparatus (by verifying that previous researchers’ results can
be adequately reproduced) while also attempting to resolve discrepancies between autoignition
delay results obtained at low pressure and high temperature and those obtained under'engine-
relevant conditions (high pressure and low temperature). Since many previous ignition studies

- have been conducted, the scope of the first phase of this investigation is simply to validate the
existing apparatus and attempt to resolve observed discrepancies between various researchers’
results.

In the second phase of the ihvestigation’, transient jets produced by a Westport Innovations J41
fuel injector are studied to understand this injector's characteristics and quantify the effects of
various injection parameters on the jet produced. As with the first phase of this investigation, an
abundance of research is available in the literature describing the development of gaseous jets
in addition to many scaling laws developed based on previous experimental studies. Therefore,
the purpose of this study is to validate the existing fuel injector for future use in non-premixed
autoignition delay time shock tube studies and to facilitate the application of previously deduced

scaling laws and empirical relations.

Finally, once the influence of kinetic parameters on the autoignition delay time of methane has
been clarified, and the fluid mechanic parameters governing transient gaseous jets produced by
a Westport injector have been characterized, both the kinetic and the fluid mechanic parameters
are studied together in a series of non-premixed methane ignition expériments. This final phase
of this investigation attempts to explore the coupling that occurs between both kinetic and fluid
mechanic parameters in a diesel engine with the intent of more closely converging shock tube
results with engine operating environments. It is hoped that in so doing, alternative techniques

for minimizing methane's autoignition delay time will emerge.
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Homogeneous Methane
Autoignition Delay Study

2.1 Introduction

Driven by increasingly stringent environmental regulations, rapid developments are occurring in
the field of combustion research, especially relating to internal combustion engines with a large
part of this effort focussed on the\ conversion of diesel engines, notorious for their emission of
smog-producing nitrogen oxides (NOx) and carcinogenic soot, to much cleaner burning natural
gas. Unfortunately, natural gas, or speciﬁcalfy methane (the main component of natural gas),
exhibits poor compressioh ignitability, requiring either excessive temperatures or prohibitively
long residence times, to ignite. While in spark-ignited engines this impediment'is overcome by
the presence of an external ignition source, diesel engines do no have any such ignition source.
Therefore, research has principally focussed on developing an appropriate ignition-promoting
additive to blend with natural gas or, as Westport Innovations has done with their HPDI system,
using a pilot fuel to ignite the natural gas. While this system has been successfully proven to
enable diesel engines to operate on natural gas, such a dual-fuel system ultimately poses cost
and emissions limitations. Thus if further emission and cost reductions are desired, the diesel
pilot must be eliminated. To achieve this objective, alternative methods of reducing natural gas’
ignition delay time must be explored and the first step in doing so requires measurement of the
autoignition delay time of methane at various operating conditions.

2.2 Background

While many previous researchers have measured the ignition delay time of methane mixtures,
most of these investigations have been performed at relatively high temperatures (T > 1500 K)
and low pressures (P < 10 bar), which are not directly engine-relevant. For operating conditions
that are engine-relevant (P > 30 bar, T << 1500 K) few experimental invéstigations have been
conducted. To remedy this, Huang' recently explored this domain. This recent work involved
measuring the ignition delay times of CH./H,/DME/air mixtures in a shock tube over a range of
equivalence ratios between 0.7-1.3, pressures from 16-40 bar, and temperatures between 950-
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1400 K. This investigation provided compelling evidence that existing methane induction time
correlations developed from high-temperature, low-pressure experimental data failed to predict
ignition delay times at engine-relevant conditions. However, since previous investigations were
conducted at low pressures/high temperatures, and HUang’s recent work was conducted at' high
pressures/low temperatures, a need exists to confirm if the pressure or temperature difference
is responsible for observed discrépanciés. The present investigation therefore seeks to explore
this issue by measuring the ignition delay time of various CH,/O,/Ar mixtures at low pressures
(2-4 bar) and over a wide temperature range (1100-2000 K). This will permit direct comparison
with previous work at high temperatures (T > 1500 K) and demonstrate whether existing ignition
delay correlations also correctly predict ignition delay times at low temperatures (T < 1500 K). In
addition, to complement the experimental research and to further compare the present results
with existing correlations, numerical simulations with simplified chemical kinetics are performed

using a single-step reaction mechanism fit to the current experimental results.

2.3 Experimental Investigation

To permit direct comparison with previously published methane ignition delay time correlations,
the experimental portion of the present investigation involved measuring the ignition delay times
of stoichiometric CH4/O./Ar mixtures in a shock tube at various experimental temperatures and
pressures using a standard reflected shock technique. Experimental conditions were chosen to
coincide with those previously investigated by other researchers while extending to low enough
temperatures to be engine-relevant, and thus comparable with recent experiments. Details of

the specific apparatus used and the test conditions that were investigated are presented below.

2.3.1 Apparatus

Experimental autoignition delay measurements were conducted in a 7.37 m long shock
tube (3.11 m driver section, 4.26 m driven section), 5.9 cm in-inner diameter with five PCB
Piezotronics 112B11 dynamic pressure transducers mounted at 0.763 m, 2.130 m, 3.958
m, 4.108 m, and 4.260 m from the diaphragm for detecting the passage of incident shock
waves (refer to Figure 2.1 schematic). An Auto Tran 600D-117 vacuum sensor was used
~ for preparing driven gas compositions and measuring initial driven gas pressure, while an
Eclipse® high-pressure sensor wés used for measuring the driver gas pressure. Voltage

outputs from the driven section vacuum sensor and the driver section pressure transducer

were measured with a Circuit-Test DMR-3600 muiltimeter when.recording initial pressures,
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while outputs from the dynamic pressure transducers were recorded by a Wavebook/512™

data acquisition system set to a sampling frequency of 167 kHz (6 ps sampling interval).

Pressure | Distance from Plastic Film Steel Plate
d iaph .
Transducer | Diaphragm(s) Paper Diaphragm(s) Ribha Gankt
P1 0.76 m Plastic Film
P2 213 m
P3 3.96m Steel Plate
Eg :;16 :“ Rubber Gasket —=

Driven Section Length: 4.26 m
Driver Section Length: 3.11m

Data Acquisition System

Exploded View of Diaphragm(s)

fm—mmm e !
I
|
P4 'P3 P2 'P1
P5in 0 f - ]Irh , 0
U . | !
Driven Section v Driver Section
Vacuum Pump
CH, O, Ar He DryAir

Figure 2.1: Experimental Apparatus (Homogeneous Autoignition Study)

To obtain low test pressures (~ 2-4 bar) paper diaphragms were used consisting of 1-4
layers of coated paper (0.1-0.3 mm thick) with an outer layer of 0.01 mm thick plastic film
added to ensure air impermeability (refer to diaphragm illustration in Figure 2.1). Stacking
varying numbers of diaphragms controlled their burst pressure, and air impermeability was
verified prior to each experiment by evacuating the driven section and ensuring that there
was no detectable leakage through the diaphragm for at least 20 minutes.

2.3.2 Instrument Calibration

Since each of the five dynamic pressure transducers along the length of the driven section
was used solely for detecting the passage of an incident shock wave, no static calibration
was performed (as they were not used for explicitly measuring pressures). Instead, only
results of a previous dynamic calibration were used to verify each sensor’s response time.
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These were previously verified to have a dynamic response time of less than 3 us and a

voltage-to-pressure conversion factor of approximately 930 psi/V'.

The vacuum sensor used for measuring the driven section pressure was calibrated using
a zero and span calibration corresponding to vacuum and atmospheric pressures prior to
each experiment (atmospheric pressure was compared to that recorded from an Oakton®
Aneroid barometer). Linear regression between these two calibration points was used for
calculating all intermediate pressures and was found to agree well with the manufacturer’s

specifications (refer to Appendix A for calibration data).

The driver section high-pressure transducer was not exhaustively calibrated since it was
not used in any ignition measurements. This transducer was used solely for measuring
the diaphragm's burst pressure (for estimating the loss coefficient across the diaphragm)
and not used in any other calculations. Therefore, the manufacturer’s calibration constant

was used together with the barometric pressure recorded prior to each test.
2.3.3 Procedure

Prior to eaéh experiment, barometric pressure was recorded and the driven and driver gas
pressure transducers calibrated as per the procedure outlined above. Both the driven and
driver sections were evacuated using a Cenco Instruments Corp. Hyvac 7 vacuum pump
and gas compositions prepared manometrically. Gas mixtures were subsequently allowed
to settle for at least 30 minutes, with the driven gas pressure measured immediately after
charging the driven section and again prior to conducting the experiment to ensure there
was no leakage across the diaphragm. The data acquisition system was then armed (set
to be triggered by the rising edge of the incident shock wave as it passed the first dynamic
pressure transducer) and driver section gas pressure (Praxair 99.9% He) was increased »
until the diaphragm(s) ruptured. Throughout all experiments a single diaphragm was used,
instead of a double diaphragm, due to the paper diaphragms’ inconsistent burst pressure.

Incident shock velocities were calculated from pressure traces obtained from each of the
five dynamic pressure transducers along the length of the driven section by measuring the

- time interval between rising edges as the shock wave passed each successive transducer

(see Figure 2.2 (a)). Autoignition delay was defined as the time interval between incident
shock reflection from the driven section endplate and the time when maximum curvature

~ in the pressure signal from the endplate transducer was observed (Figure 2.2 (b)). The
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experimental pressure and temperature was assumed equal to that immediately behind
the reflected shock wave (as calculated from isentropic shock relations and the measured
incident shock velocity'?).

- ta
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- Pressure Signals
32 ‘ y = 0.8286x + 0.0191 . ty
€ R? = 0.9999 t,b B3
E2s ¢
8 2|
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0 ¢
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(a) Shock Velocity Calculation

Ignition —>|

Delay Ignition Signal

(b) Ignition Delay Time Measurement

Figure 2.2: Shock Velocity and Autoignition Delay Measurement From Pressure Signals

A summary of all test conditions investigated is presented in Table 2.1 (including several
test conditions that did not result in ignition). While ideally experimental pressures ranging
from 1-10 bar and temperatures from 1000-2000 K were sought, limitations imposed by
the paper diaphragms' rupture behaviour limited the minimum pressure attained to 1.5 bar
and the maximum pressure to 7.7 bar, with most experimental pressures between 3-4 bar.
Likewise, variability in individual diaphragms' burst pressure resulted in unpredictable test
pressures and variability in the resultant test conditions.

2.3.4 Experimental Results

Experimentally measured ignition delay times are presented in Figure 2.3 with tabulated
data available in Appendix B. It should be noted that in this figure, five test points in which
there was no detectable ignition have been omitted. While these conditions do not appear
as test points on the graph they are nevertheless important in establishing ignition limits
and have been noted in Table 2.1.
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Table 2.1: Experimental Test Matrix (Homogeneous Autoignition Study)

Temperature (K)

900 [ 1100 [ 1200 [ 1300 [ 1400 [ 1500 [ 1600 | 1700 | 1800 | 1900 | 2000 | 2400
15 O
24 0
26 O X
2.8 X
T |3 X
2 | 32 X XX | X 0 X
S | 34 X X | X | X
8 |36 X X X X
& |38 XX | X
4 X X
4.2 X | o X
6-8 X X

*Note: Each X represents a successful test; an O indicates an unsuccessful test (no ignition detected).

Figure 2.3 illustrates two key trends:
« Ignition delay times for temperatures greater than 1550 K (1000/T < 0.65) exhibit

a much steeper slope than those over the lower temperature range; and

« The point at which the slope sharply changes (1000/T = 0.65) corresponds with
the strong ignition limit, such that higher temperatures exhibited detonation, and
below it deflagration was the primary combustion mode.

10
+ Present Results - Strong
# Present Results - 2-Stage
m 4 Present Results - Mild
£ =
)
£ v
- A P—’}i—i_‘ -
> .
o 1 3
T y
a b !/_I_,./ ;
§ 2 .
.E ) /,'
= ' i =
0.1 :
0.45 0.55 0.65 0.75 0.85 0.95

1000/Temperature (1000/K)

Figure 2.3: Experimentally Measured Homogenous Autoignition Delay Times
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Additionally, a discontinuity exists near the strong ignition limit where ignition delay times
seem to exhibit a sudden decrease as temperature decreases. This is partly attributed to
differences in test pressures between individual data points, and primarily to differences in
initial fuel and oxidant concentrations. In order to achieve the relatively high temperatures
in the strong ignition region, high argon mole fractions were used (> 90%), resulting in low
initial fuel and oxidant concentrations. Since ignition delay is dependent on temperature,
pressure, and initial fuel and oxidant concentrations, reduced initial concentrations yielded
increased ignition delay times. To compensate for this diluting effect, experimental data
was fit to an empirical correlation of the form:

r=A-[CH,]°-[0,]" -e7RT 2.1)

and normalized ignition delay times plotted against temperature in Figure 2.4.

1.E-04
+ Present Results - Strong
§ @ Present Results - 2-Stage
()
§ 4 Present Results - Mild
g 1.E05 |

m
E
3 ,
= 1.E-06 | -
3
T
= /
($) ¥ !
” H—

1.E-07 : :

0.45 0.55 0.65 0.75 0.85 0.95

1000/Temperature (1000/K)

Figure 2.4: Normalized Homogeneous Autoignition Delay Times

*Note: The methane exponent of 0.33 is very similar to the value found by previous researchers (Table 2. 2).

Figure 2.4 demonstrates the importance of normalizing autoignition delay time data by the
initial fuel and oxidant concentrations to account for pressure or concentration differences
between individual test points. By normalizing the experimental data in this manner, the
discontinuity observed in Figure 2.3 was completely eliminated. It is also worth noting that
the change in slope originally noted in Figure 2.3 remains after normalization, suggesting
that it is a genuine phenomenon and not simply due to pressure/concentration differences
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between test points. In particular, the slope change was sufficiently pronounced that over
the high-temperature region the best fit was obtained by a linear, rather than exponential,
regression while a standard exponential curve fit described the low-temperature data well.
Although no obvious physical reason for a linear relationship exists, perhaps at elevated
temperatures ignition is more strongly dependent on fuel and oxidant concentrations. |If
this is true then the temperature terms implicit in the fuel and oxidant concentrations ([X] =
P,/RT) which are raised to the power of a + b (-1.34 + 0.33 = -1.01 ~ -1) would explain the
linear relationship. Alternatively, given the large experimental uncertainties at high
temperatures, an exponential relationship may be equally plausible.

Given different ignition behaviour observed over different temperature ranges, the current
experimental results are compared with previous researchers’ correlations over each of
three ignition regimes: strong ignition, observed mostly at high temperatures; two-stage
ignition, occurring at intermediate temperatures; and mild ignition, commonly seen at low
temperatures (refer to Figure 2.5).

Mild Ignition Regime

(T <1350 K)

2-Stage Ignition Regime
(1350 K < T < 1550 K)

Strong Ignition Regime
(T > 1550 K)

Figure 2.5: Characteristic Pressure Signals Over Three Ignition Regimes

High Temperature/Strong Ignition Regime

When the present experimental results are plotted alongside previous researchers’

correlations noticeable discrepancies are observed (see Figure 2.6). In the high
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temperature range (T > 1550 K, 1000/T < 0.65) the slope is approximately equal to
that of previous correlations (within experimental error), but an offset is present in
absolute values. The present results consistently exhibit longer ignition delay times
than those calculated from existing correlations. This large discrepancy is attributed
mostly to experimental error (as indicated by large error bars over this temperature
range), but also to variations in the definition of ignition delay time and the methods
used to measure those ignition delay times. Ignition in the present investigation was
defined as the time interval between reflection of the incident shock from the driven
section endplate and observance of maximum curvature in the pressure signal from
the driven section endplate transducer. While this is a common means of defining
ignition in shock tube studies, variants on it including detecting maximum curvature
from a transducer located some distance from the shock tube endplate®, or defining
ignition as the time when sudden changes in temperature, CH, concentration, or
maximum OH radical emissions are observed have also been previously used by
other researchers®.

1E-04 ( + Present Results - Strong
E"\ = Present Results - 2-Stage
(3]
5 4 Present Results - Mild
[=]
1E-05
g’ Zhou & Karim (1994)
g
~ i Lifshitz et al. (1971)
,‘V'.
§ ’—I}*f‘d Py —--—-Crillo & Slack (1878)
1E-06 F—
9‘ g - Seery & Bowman (1970)
8 v
:E '—Iﬁ-jﬂ Tsuboi & Wagner (1974)
3} 7
e 4 / / Cheng & Oppenheim
1E-07 e . . : (184)
0.45 0.55 0.65 0.75 0.85 0.95

1000/Temperature (1000/K)

Figure 2.6: Comparison of Present Experimental Results to Previous Correlations

In addition, various researchers also define experimental temperature and pressure
differently. In the present study, the pressure and temperature behind the reflected
shock wave were defined as the experimental conditions, but others have previously
also used a linear average between conditions behind the reflected shock wave and
those immediately before ignition to define the experimental conditions®. Variability
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in the definition of the ignition delay time and experimental conditions is responsible
for some of the observed offsets between various researchers’ resuits.

Among all previous induction time correlations, the results of Zhou and Karim* were
the only ones to predict the presence of a slope changé experimentally observed in
the present results. Zhou and Karim found that detailed numerical simulations using
full chemistry suggested a variable activation energy and instead of assigning global
values to the parameters A and E in equation (2.1) assigned different values to each
parameter over three temperature ranges (650-1200 K, 1200-1600 K, 1600-2400 K).
The variable parameters in Zhou and Karim’s correlation correctly predicted both the
presence and location of the experimentally observed slope change.

Also worth noting is that Zhou and Karim used a variant of the standard correlation
equation (2.1), by expressing the concentration terms as mole fractions and adding
- a second term to explicitly account for temperature and pressure:

TY a b Err
r=A| 5| Ve e, e (2:2)
where Ycns,@nd yo, are the methane and oxygen mole fractions, respectively.

Their choice of parameters specifically weighted the methane mole fraction and the
pressure terms more heavily than previous researchers’ correlations, while reducing
the weighting on temperature (see Table 2.2). This increased dependence on fuel

concentration reflects the trend observed in the present study at high temperatures.

Table 2.2: Autoignition Delay Time Correlations Comparison

'f=A-(—£)c {eH,1? - [o,]° .e%r

T (K) A a b ‘¢ E (J/mol) Researcher(s)
1500-2150 3.62x 10" 0.33 -1.03 - 195000 Lifshitz etal. (1971)°
1640-2150 4.40x10"° 0.33 -1.03 - 219000 Grillo and Slack (1976)°
1350-1900 7.65x10"® 040 -160 - 215000 Seery and Bowman (1970)°
12002100 2.50x 10" 032 -1.02 - 222000 Tsuboi and Wagner (1974)
800-2400 1.19x10™ 048 -194 - 194268 Cheng and Oppenheim (1984)°

650-1200 1.929x10° 0.8 -1.0 v 0.2 74989
1200-1600 5.055x 107 0.8 -1.0 0.2 88124 Zhou and Karim (_1994)4
1600-2400 2.337x10° 0.8 -1.0 0.2 155345

*Note: In Zhou and Karim’s correlation, the concentration terms are replaced with mole fractions.
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However, despite some agreement between Zhou and Karim’s correlation and the
present results, the magnitudes of their correlation’s predicted ignition delay times
are much shorter than both the present results and all previous correlations. It is
unclear whether this is due to incorrectly reported correlation parameters or if their
correlation was based on erroneous simulations and thus only capable of predicting
trends (variable activation energy) but not absolute autoignition delays. Additionally,
Zhou and Karim'’s correlation was optimized for an initial pressure of 1 bar and they
claim that extending their results to a pressure of 3 bar results in errors of +35%*.
Since most experiments in the present study were conducted at pressures between
3-4 bar, errors in excess of 35% are expected. This uncertainty in Zhou and Karim's
correlation is illustrated by shaded regions in Figure 2.6, highlighting regions +40%
around their predicted ignition delay times. Despite this adjustment, their correlation
still fails to predict measured ignition delay times at high temperatures.

Intermediate Temperature/Two-Stage Ignition Regime

Over the intermediate temperature range (between approximately 1350-1550 K) the
effects of differences in the definition and detection of ignition manifest themselves.
Within this temperature range, two-stage ignition was common (see Figure 2.5), and
the extent to which the current results agreed with particular correlations depended
on the ignition definition used. If the initiél mild pressure rise was used to define the
onset of ignition, experimental autoignition delay'times were in close agreement with
induction times predicted by Cheng and Oppenheim®, but under-predicted values of
most other correlations. If the second (detonation) pressure rise was used to signal
ignition, the present results agreed well with both Seery and Bowman’s® and Tsuboi
and Wagner’s’ results (the two that extended into this temperature range). Defining
ignition based on the second, strong (detonation) ignition signal is believed to agree
more closely with some previous researcher’s results because they may have used
rapid changes in CH, concentration or maximum OH radical emissions* to signal the
onset of ignition. Such concentration-based criteria would be expected to coincide
with strong ignition, rather than mild, since that is the point when most of the mixture
is burning and thus the closer agreement when the second pressure rise is used to
define ignition. This highlights the importance of utilizing a consistent ignition delay
time definition when attempting to compare experimental or numerical results with

previous researcher’s work.
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Low Temperature/Mild Ignition Regime

Over the low temperature range, few correlations exist from previous experimental
studies that predicted either the slope or absolute values of measured ignition delay
times. Cheng and Oppenheim’s® correlation agreed reasonably well with the current
results to a temperature of approximately 1250 K and Zhou and Karim'’s® correlation
agreed well with the current results at low temperatures, but Tsuboi and Wagner’s’
correlation predicted much Ibnger ignition delay times. . In general it was observed
that at high temperatures the presently measured autoignition delay times exceeded
those reported by previous researchers, while at low temperatures the opposite was
true. This is partially attributed to the fact that ignition detection from pressure traces
is often difficult when ignition is mild (as it is at low temperatures) and this may bias
results towards shorter ignition delay times. Over the low temperature range ignition
was not detected in several cases, indicating ignition delay times exceeding the total
experimental time. Had ignition been detected in each of these cases it would have
resulted in several test points with long ignition delays and these would have shifted
the present results closer to existing correlations. Instead, since only short ignition
delay times were detectable, the data was biased. This bias at low temperatures is
one of the main causes for observed discrepancies between the present results and
previous researchers’ correlations. In the absence of alternative ignition detection
methods, it is impossible to decisively state that pressure signals yielded misleading
results at low temperatures, but this is believed to be one of the primary causes of
the observed discrepancies.

2.3.5 Error Analysis

When analysing experimental resLllts, many errors influenced the experimental data in the
present investigation, which must be understood. These errors were introduced mainly by
experimental errors in the following measured quantities:

¢ Ignition delay time;

¢ Incident shock velocity;

¢ Driven gas pressure;

e Barometric pressure; and

e Ambient temperature.

The influence of errors in each of these measurements on final calculated experimental
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variables of interest is discussed below, with a more thorough error analysis available in

Appendix C.

Ignition Delay Time Error

‘The inherent error in the ignition delay times calculated from the measured pressure
signals varied depending on the type of ignition that was observed. Throughout the
present investigation, ignition was categorized into three regimes: strong ignition at
high temperatures; two-stage ignition at intermediate temperatures; and mild ignition
at low temperatures. Characteristic pressure traces from each ignition regime were
presented in Figure 2.5 along with illustrations of how ignition delays were defined.

It is important to note that minimal error was associated with strong ignition because
the point of ignition was clearly defined, but certain mild ignitions and all two-stage
ignitions introduced noticeable ignition delay time errors due to the often-ambiguous
nature of their pressure signals. For two-stage ignition, it was often unclear whether
the first or second pressure rise’should be defined as the point of ignition, while for
mild ignition cases the pressure rise was often so gradual that the point of maximum
curvature was difficult to discern. Average error over the strong ignition regime was
+0.135 ms, over the two-stage region was +0.241 ms, and in the mild ignition regime
was +£0.135 ms. However, the average error throughout the low-temperature regime
is rather misleading because in some cases the pressu.re rise was very well defined
and in other cases ambiguous. When the pressure signal was well defined, average

error was £0.070 ms, when ambiguous it was +0.210 ms.

Additional errors introduced by the dynamic pressure trénsducers’ response time,
and the data acquisition system’s sampling frequency are negligible relative to those
discussed above.

Driven Gas Composition Error

The driven gas composition was calculated from the partial pressure of each gas as
the driven section gas mixture was prepared. Thus, errors in the vacuum pressure,

barometric pressure, and ambient temperature all contributed to this error.

Errors in the vacuum pressure transducer were due to limitations imposed by the

muitimeter resolution (+0.001 V and +0.01 V for voltages less than/greater than 4 V,
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respectively) and calibration error (+0.001 bar associated with the barometer used
to calibrate the transducer). These cumulatively introduced an error of +0.002 bar
into individual gas partial pressures, which in conjunction with ambient temperature
error of +3 K, resulted in average errors of £0.7% in the argon mole fraction, +0.8%

in the oxygen mole fraction, and +0.7% in the methane mole fraction.

Experimental Temperature/Pressure Error

The experimental temperatures and pressures were calculated from the driven gas
composition and pressure (errors discussed above) and the incident shock velocity.
The incident shock velocity was determined from pressure signals as illustrated in
Figure 2.2 (a). Throughout all of the present tests, the radius of convergence of the
linear fit used to calculate all velocities always exceeded 0.996 (most > 0.999). The
error in the incident shock velocity was therefore minimal and assumed to be +5 m/s
(due mainly to error in the measured separation distance between dynamic pressure
transducers - £0.2%"). These cumulatively resulted in errors ranging from 5-164 K
(0.5 - 8%) and +0.2-0.6 bar (6 - 11%). The large experimental errors calculated at
certain conditions were due to the accumulated errors of the many measurements
that were used to calculate experimental conditions. In particulér, the largest errors
(164 K) occurred at the highest temperatures because the high argon mole fractions
necessary to achieve such high temperatures resulted in greater uncertainty in the
measured initial fuel and oxidant concentrations. Errors in the initial fuel and oxidant

concentrations were carried forward into experimental temperature uncertainty.

2.4 Numerical Investigation

Since the preceding experimental study compared measured autoignition delay times with both
previous experimental and numerical results, numerical simulations must also be conducted to
gain insight into uncertainties associated with such calculations. This includes exploring various
methods for defining the ignition delay time numerically, and fitting a single-step global reaction
mechanism to the current experimental results. While many reduced mechanisms are available
that reasonably approximate full chemistry results, these are usually incapable of autoignition as
a consequence of the presence of radical species in each reaction step. Thus, the development
of a global mechanism is intended to provide insight into errors introduced by various ignition

definitions, and to provide a baseline for future mechanism development work.




Chapter 2: Homogeneous Methane Autoignition Delay Study 17

2.4.1 Reduced Mechanism

To minimize the computational burden of implementing any reduced mechanism, ideally
the simplest mechanism (fewest reactions and/or species) is desiréd\. However, it is also
anticipated that increased agreement with full chemistry results and experimental data will
require increased mechanism cdmplexity. For this reason, a Single-step global mechanism |
was chosen as it represents the simplest possible mechanism and will provide a baseline
for any future mechanism development work. The mechanism investigated consists of the

global reaction mechanism with only one reaction and four species, presented below:

CH, +20, — CO, + 2H,0 (2.3)

2.4.2 Governing Equations

Ignition of the combustible gas mixture behind the reflected shock wave was modelled as
a homogenous, constant volume, adiabatic process. These assumptions reduced all the
conservation equations to the trivial case where each is constant. Previous studies have
found that despite this model’s apparent simplicity, it approxirhates the comple)k chemical
and thermal interactions in the shock tube reasonably well>®'°. The system’s temperature,
pressure, and species concentrations may then be derived from the reduced form of the

| energy equation and the ideal gas law to yield the following system of coupled first-order
ordinary differential equations (complete derivation available in Appendix D):

l.[ZmOQ.d[Xk]_WK,hK_R_T_Z.looo_d[xk]

ar _p \k at e dt 24
pT = K~ “Px

P s dx ] P dar

= =R.-T ;1000 pane (2.5)

i i

glg({IJ:@K =Z(VI'<= ;Vf) -[k, 'H[Xi]vf — Ky 'IZI[XJ]V’PJ (2.6)

: i ;

In the above equations, P is the system pressure (kPa), T is the temperature (K), p is the

mixture density (kg/m®), and R is the universal gas constant (J/mol/K). Additionally [X],

Wi, Yi, Coi and hy are the concentration (mol/cm?®), molecular mass (g/mol), mass fraction,
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constant pressure specific heat capacity (J/g/K), and specific enthalpy (J/g), respectively,
of the k" species. The factors of 1000 in both the temperature and pressure expressions
~ are included for dimensional homogeneity between the various terms in those equations.
Finally, in the species concentration equation, stoichiometric coefficients for the forward
and reverse reactions are denoted by vRand v° , and the forward reaction rate coefficient,

ki, for each reaction, i, is expressed in the following Arrhenius form:
E,
ki = A T".e" Vkr (2.7

where A; is the frequency factor, n; the pre-exponential temperature exponent, and E; the
activation energy of the i reaction. The reverse reaction rate coefficient, ks, is calculated

from the forward reaction rate coefficient and the equilibrium constant.

The equations developed above were éimultaneously solved using a MATLAB program
developed for this purpose while species properties were calculated from JANAF tables.

2.4.3 Ignition Delay Criteria Definition

Critical to the use of any numerical simulation for predicting autoignition delay times is the
establishment of criteria to define ignition. Since the combustible' mixture begins reacting
"immediately, albeit very slowly initially, and accelerates as the mixture temperature and
pressure increase as a result of the combustion reaction’s exothermic nature, the ignition
delay is physically the time when the global reaction rate exceeds some threshold value.
The problem of defining ignition therefore involves determining an appropriate threshold
reaction rate to use as an ignition indicator. However, global reaction rates are not readily
measurable experimentally and thus researchers have employed numerous techniques
for deducing this threshold reaction rate, and thus the onset of ignition, using other readily
measurable or calculable quantities.

Zhou and Karim* summarized some of the various ignition criteria that have been used in
both experimental and numerical studies and these are reproduced in Table 2.3. Although
many ignition criteria exist, most can be broadly categorized as either “threshold” criteria,
in which ignition is signalled by the temperature, pressure, or concentration of a particular
_ species exceeding (or falling below) a prescribed threshold vaiue, or “gradient” criteria, in
which ignition is signalled by the rate of change of the preésure, temperature, or a species

concentration reaching a maximum. Based on these broad classifications, the suitability
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of two ignition criteria was investigated; one threshold criterion, and one gradient criterion.

Table 2.3: Numerical Ignition Criteria Comparison

Ignition Definition Threshold Gradient

©CONOOOAE®ON=

-
- O

- A a a
DO s, WN

Sudden increase in mixture temperature

Rate of temperature rise reaching its maximum value

Sudden increase in pressure

Changes in the density of the mixture

Sudden change in the energy release rate

Consumption of a specified fraction of the fuel X
Onset of a rapid decrease in the CH4 concentration '

Onset of a rapid decrease in the O, concentration

Emission of either CO, or H,0 ' X

X X, X XX

xX X

. Emission of CO ’ X
. Sudden changes in the distribution of some products X
. Concentration of the species O reaching a maximum X
. Emission rate of the species OH reaching a maximum X
. Emission of the OH radical X
. Maximum slope change on the absorption profiles of CH; X
. Appearance of various chemi-luminescent emissions <X

Concentration-Based (Threshold) Criterion

Concentration-based ignition criteria, namely defining ignition as the time when the
concentration of a particular.reactant species falls below a certain level, or a product
species exceeds a given threshold, is numerically easily implemented, but presents
several limitations. In particular, it bannot be easily implemented experimentally and
secondly, selecting the threshold value to use as the ignition indicator is arbitrary. A
common threshold is to use the time when 5% of the initial fuel has been consumed
to define ignition but this qualitatively corresponds to different points on the pressure
time history curves for different initial conditions. Several representative pressure
histories are plotted in Figure 2.7 to graphically illustrate how such a threshold does

not qualitatively correspond to the point of maximum curvature at all temperatures.

Since in shock tube experiments the autoignition delay is most commonly defined by
changes in pressure, ideally a numerical ignition indicator should correlate well with
the experimental ignition definition. Unfortunately, as shown in Figure 2.7, this is not
the case for the simple concentration-based criterion. At low temperatures, tﬁe time
when 8.4% of the initial fuel is consumed correlates well with the autoignition delay
times defined by the point of maximum curvature in the pressure history, but at high
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temperatures a larger fraction of the initial fuel concentration is consumed before
maximum curvature is observed. For a 5% consumed fuel threshold, the situation is
even worse, with predicted ignition delay times corresponding to only 87% of those
predicted by maximum curvature in the pressure signal at 1000 K and only 44% at
2000 K. Such qualitative disagreement between a threshold criterion and common
experimental ignition definitions based on pressure traces suggests that threshold
criteria are only appropriate if ease of implementation outweighs their limitations.

1000 K, 3 bar 2000 K, 3 bar

-

Pressure
Pressure

0, —
[16% Fuel Consumed 5% Fuel Consumed
+8.4% Fuel Consumed +8.4% Fuel Consumed
C{Mi)(gvaturi e 7 O Max Curvature

0 001 002 003 004 005 0  0.00004 0.00008 0.00012 0.00016 0.0002
Time (s) Time (s)

Figure 2.7: Comparison of Threshold and Gradient Ignition Criteria

Pressure-Based (Gradient) Criterion

A second ignition indicator is based directly on the combustible mixture’s pressure,
defining ignition as the point of maximum curvature in the pressure time history.
However, unlike the simplicity of the concentration-based (threshold) criterion, this
criterion poses several problems in locating the point of maximum curvature.

Direct calculation of the pressure time history curvature, dP/dt?, from the numerical
pressure and time data using a numerical differencing scheme proved problematic
because the resultant curvature is not a smooth function of time. As a result of
unevenly distributed time steps and rounding errors in the pressure history solution,
the computed curvature frequently exploded to a large number or became negative
(see Figure 2.8). Several data smoothing techniques were attempted, including
fitting an exponential curve to the pressure data or using a high-order differencing

scheme, but regardless, direct computation of the curvature remained difficult.



Chapter 2: Homogeneous Methane Autoiqnitioh Delay Study 21

1000 K, 3 bar . 1000 K, 3 bar
[0
Q 3
=) [
7 g
o &) —
= (0]
& o
a

0.01 0.015 0.02 0.0256 - 0.03 0.01 0.015 0.02 0.025 0.03
Time (s) Time (s)

- Figure 2.8: Representative Pressure Time History Slope and Curvature Plots

As an alternative to the above criterion, a second technique, defining ignition as the
intersection point of a pair of lines drawn tangent to the initial and maximum slope
points was explored. Since both the maximum and initial pressure slopes are easily
determined, this technique was also easily implemented. However, while it provided
an extremely robust method of determining the autoignition delay time, qualitatively
it agreed reasonably well with the maximum curvature point at high temperatures
but over-predicted the point of maximum curvature at low temperatures. Defining
ignition as the point on the pressure time history nearest the intersection of these

two tangent lines improved agreement (see Figure 2.9).
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Figure 2.9: Modified Gradient Ignition Definition
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Implementing such an ignition deﬁrﬁtion required determining the intersection of the
two tangent lines and then trigonometrically calculating the point on the pressure
time history nearest the intersection point. However, as a result of a large difference
in scales between the pressure (in kPa) on the ordinate and the time (in ms) on the
abscissa, normalization was required before such a calculation could be performed.
While many normalization schemes are plausible, it seemed most appropriate to
normalize both time and pressure by the time and pressure difference, respectively,
between the maximum and initial slope tangent points. This normalization causes
the resultant ignition point on the pressure history to correspond with the qualitative
maximum curvature point. Although the normalization scheme chosen may seem
like a trivial point, it is important because normalizing by different values has the
effect of unequally stretching each axis such that the computed ighition point on the

pressure trace no longer qualitatively corresponds to the maximum curvature.
2.4.4 Parameter Tuning Procedure

With ignition formally defined, Adaptive Simulated Annealing (ASA) was used to tune the

- Arrhenius equation parameters to fit experimental ignition delay times. Ingber's ASA
code'' was used in conjunction with a MATLAB interface written by Sakata'. Details of
the simulated annealing algorithm used ih the present investigation are available from
each of these references along with an extensive list of references to various publications
discussing simulated annealing methods in general. ASA was used in conjunction with a
Nelder-Meed simplex algorithm (commonly referred to as an amoeba algorithm) after use
of ASA proved extremely computationally expensive, and exclusive use of the Nelder-
Meed algorithm failed to converge on a global minimum. Therefore, ASA was used for
finding the vicinity of the global minimum, and the simplex algorithm converged to the final
solution. )

2.4.5 Numerical Results

Using the procedure described above, the single-step reaction mechanism’s Arrhenius
equation parameters were fit to the present experimental data, with the following resulting
forward reaction rate expression:

—129000,

Kisiep =1.3x10".T2% . ¢ RT (2.8)
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Results of the numerical simulations using the above simplified reaction mechanism with
both a concentration-based definition of ignition (threshold criterion) and a pressure-based
ignition criterion (gradient criterion) are presented in Figure 2.10 below.

This figure illustrates that the threshold criterion agrees well with experimental data and
the gradient criterion at low temperatures but under-predicts ignition delay times at higher
temperatures (as previously illustrated in Figure 2.7). Qualitatively, this difference results
in the pressure-based ignition definition yielding a shallower slope and longer delay times
than the concentration-based criteria at high temperatures, and subsequently converging
at low temperatures. This distinction is important because it further highlights the effect of
various ignition definitions. Throughout the experimental portion of this investigation, the
differences between various researchers results were often attributed to variations in the
ignition definition used by each, and this numerical result reaffirms this. Despite using an
identical single-step reaction mechanism, differences in the method used to define ignition
had a pronounced effect on the resultant autoignition times.
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Figure 2.10: Comparison of Present Experimental and Numerical Results

Unfortunately since the Arrhenius equation parameters in the simplified global reaction

mechanism were optimized based on the present experimental data, which as discussed
previously may have been biased towards short ignition delay times at low temperatures,
the optimized activation energy was lower than that reported by other researchers. Table
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2.4 lists the activation energy reported by several researchers including those previously

presented in Table 2.2.

This table illustrates how the current activation energy was 19-42% lower than that of all
previous correlations except Zhou and Karim’s results. Although, the accuracy of Zhou
and Karim's simulation is uncertain, it is encouraging to see that the present single-step
reaction mechanism predicted an activation energy that is approximately equal to the
average of their full chemistry results. The disagreement with other correlations is largely
attributed to difficulties encountered in the experimental portion of this invéstigation, which

may have biased the data used to optimize the single-step reaction mechanism.

Table 2.4: Activation Energy Comparison

T (K) P (bar) E (J/mol) Researcher

- - 159000 Vandenabeele et al. (1960)"°
1350 - 1900 1.5-4 215000 Seery and Bowman (1970)°
1500 - 2150 2-10 195000 Lifshitz et al. (1971)°
1200 - 2100 . 2-300 _ 222000 Tsuboi and Wagner (1974)’

- - 188000 Cooke and Williams (1975)"
1200 - 1800 3-20 195000 Dorko et al. (1975)"°
1640 - 2150 1-6 219000 Grillo and Slack (1976)°
800 - 2400 1-3 194268 Cheng and Oppenheim (1984)°

650-2400 1 75000 - 155000  Zhou and Karim (1994)°

1100 - 2000 26-4.2 129000 Present Results (2002)

Figure 2.11 further compares the present numerical simulations with previous correlations
and full-chemistry results of Zhou and Karim. These results were obtained using a single-
step mechanism to calculate ignition delay times of stoichiometric CH,/O./Ar mixtures at a
pressure of 3.5 bar using both the threshold (5% fuel consumed) and gradient (maximum
curvature in pressure history) criteria. These conditions were chosen because they
correspond with those investigated experimentally and thus Figure 2.11 is the "numerical"
equivalent of \the "experimental” Figure 2.6. This graph illustrates reasonable agreement
between both the threshold and gradient criteria and previous correlations at intermediate

~ temperatures, but divergence at both high and low temperatures. Additionally, over the

entire temperature range shown, the slope of the single-step reaction mechanism is much
shallower than the slope of all other correlations. These phenomena (the shorter ignition
delays at low temperature, longer ignition delays at high temperatures, and the shallower
slope) all reflect the trends observed in the experimental portion of the investigation. Thus
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the numerical simulation may be used to calculate ignition delay times over a broad range
of temperatures, but additional experimental data would be required to further optimize the
global mechanism’s Arrhenius equation parameters if improved agreement with existing
correlations is desired.
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Figure 2.11: Comparison of Present Numerical Results to Previous Correlations

2.5 Conclusions and Recommendations

The present experimental and numerical investigation of the autoignition behaviour of various
stoichiometric CH4/O/Ar mixtures illustrated several important trends in autoignition data, while
also emphasizing the many sources of uncertainty in such measurements. These observations
are summarized below:

1. Experimentally measured autoignition delay times agreed with previous researchers’
correlations over small temperature ranges but over-predicted ignition delay times at
high temperatures and under-predicted them at low temperatures. These differences
were attributed to experimental error, inability to detect mild ignitions using pressure
traces alone, and differences in the definition of ignition. Since such differences in the
definition of experimental conditions, the definition of ignition delay, and the method of
detecting ignition may all result in different induction time correlations, care must be

taken when using such correlations.
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2. A discontinuity in measured ignition delay times was initially observed but attributed to
differences in initial fuel and oxidant concentrations. This emphasized the importance
of normalizing experimental results by initial fuel/oxidant concentrations as a failure to
do so could misleadingly suggest the presence of trends that are not genuinely there.

3. The activation energy change experimentally observed at approximately 1550 K (and
confirmed by Zhou and Karim’s simulations) is not reflected in standard induction time
correlations, but clearly should be since failure to recognize the change in activation

energy can result in severe over-prediction of ignition delay times at low temperatures.

4. Numerical simulations qualitatively illustrated the effects of various ignition criteria on
the resultant ignition delay times but were unable to duplicate previous researchers’
work since the Arrhenius parameters in the simulation were based on experimental

results that were not in agreement with previous results at low temperatures.

5. The importance of a consistent ignition definition illustrated by both the experimental
V and numerical portions of this investigation suggests that multiple ignition detection
methods should be used simultaneously when conducting autoignition delay studies.
Differences in the ability of various techniques to detect ignition over given operating
ranges may distort the measured results and subsequently adversely influence any

numerical simulations based on those resulits.
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Characterization of a Gaseous
Fuel Injection System

3.1 Introduction

Increasing environmental and political pressures on both the automotive and power generation
industries are encouraging the exploration of alternative fuels, moving towards decarbonisation.
Along these lines, natural gas and eventually hydrogen are being rigorously explored as future
fuel replacements for conventional gasoline- and diesel-powered engines. However, among the
many challenges presented by the transition to such fuels includes the need to characterize and
precisely control the injection and ignition of gaseous fuels to optimize engine performance and
minimize emissions. In this study a J41 gaseous fuel injector provided by Westport Innovations
Inc. is characterized for such operation, with particular emphasis on the requirements of non-
premixed autoignition delay studies. This requires validation of the injector hardware to ensure
it is capable of performing adequately under intended operating conditions and characterizing
the jet produced. Hardware characterization includes verifying the injection system can respond
sufficiently rapidly to issued control signals and perform multiple injections in rapid succession,
along with measuring mass flow rates under various operating conditions. Jet characterization
involves observing the jet plume issued from the injector under the aforementioned operating
conditions and studying the influences of impingement and of an enclosure on the transient jet's

development.

3.2 Background |

Numerous previous experimental and numerical studies have been conducted on axisymmetric
jets leading to a thorough understanding of the development and behaviour of such jets under a
variety of operating conditions. Such studies have included elementary measurements of mass
entrainment in axisymmetric jets like the well-known work of Ricou and Spalding®®, to studies of
velocity and species profiles in jets such as those of Abdel-Rahman et al.'’, Malmstrém et al.',
and many others. However, of most direct relevance to the current investigation is the work of

Hill and Ouellette® who reviewed a variety of previous jet studies, especially those pertaining to
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transient gaseous jets, deduced scaling laws from existing results, and summarized the present
understanding of the development of transient turbulent gaseous jets. Their recent work made
extensive use of a transient jet model proposed by Turner®® and Abramovich and Solan?®', which
models a transient jet as a spherical vortex fed by a self-similar steady-state jet. This particular
model has been used successfully in various applications from atmospheric flows to gaseous
fuel jets. Additionally, Hill and Ouellette’s scaling laws and Turner’s jet model have been used
jointly by subsequent researchers such as Boyan and Furuyama®?, who used their results to

successfully predict the behaviour of a natural gas jet.

In addition to the extensive research conducted on the fundamental study of axisymmetric jets,
several researchers have also studied the interactions between multiple jet plumes (Jenkins et
al.?), pulsed injection behaviour (Murase et al.?*, Ishii et al.?®), and jet impingement onto objects
of various geometries and at various orientations (Donaldson and Snedeker®®, Donaldson et
al.?’, Looney and Walsh?®, Krothapalli et al.?°, etc.). However, these studies aimed at addressing
a specific application such as studying the early development of injection pulses, or mass, heat,
and momentum transferred by impinging jets. Therefore, although they provide insight into the
behaviour of gaseous jets, they are not directly applicable to the present problem. In addition,
almost all studies (except for those studying the initial development of a pulsed jet) utilized fully
developed steady-state jets rather than transient jets. Little work has been performed to study
the development of transient gaseous jets other than the works cited by Hill and Ouellette in

their investigation.

In addition to the stated differences between previously studied jets and the transient gaseous
jets of interest in the present application, even the well understood behaviour of axisymmetric
jets requires basic knowledge of the particular injector's characteristics before any correlations
may be successfully applied. Hence, before any of the results of previqus researcher’s work
can be applied to predict or manipulate the behaviour of the given jet, that jet’s properties, and
specifically the injector’s characteristics must be quantified. Thus the aim of this investigation is
to quantify the flow characteristics unique to the J41 fuel injector such that existing correlations

and scaling laws may be used in future to accurately model the injector’s behaviour.

3.3 Injector Hardware Characterization

The J41 injector is a magneto-restrictive, mono-fuel injector used to facilitate natural gas

injection into spark-ignited engines for light duty vehicles. This injector operates in conjunction
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with Westport's WCut software, which is used to specify the fuel injection duration and delay, an
injector control module, which generates the required square wave at the appropriate times and
duration based on parameters specified by the control software, and a driver that amplifies the
controller’s signal to produce the large current required to actuate the fuel injector (see Figure

3.1). These components are shown below:

Control Software Injector Controller Injector Driver

.

*Note: J41 fuel injector shown
at an exaggerated scale relative
to controlfer and driver.

J41 Fuel Injector

Figure 3.1: J41 Injector with Control System

Given the complexity of this injection system, there are inherent delays in the system requiring
measurement to ensure accurate injection timing. Additionally, since the system was designed
to perform only a single injection, modifications were made to facilitate pulsed injection and the

system'’s response to such unconventional operation also requires validation.

3.3.1 Experimental Apparatus

To quantify the intrinsic properties of the fuel injection system hardware a J41 injector was
mounted to inject into a small test chamber created by two 2.5 in ANSI B16.5 blind flanges
bolted together (as illustrated in Figure 3.2) and repeatedly fired under various operating
conditions while recording the injector control signal and the test chamber pressure. Both
the control signal and test chamber pressure were recorded using a Wavebook/512™ data

acquisition system at a 140 kHz sampling frequency (corresponding to a 7.1 ps sampling
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interval). The control signal was sampled directly from the signal line between the injector
controller and driver using a voltage divider circuit to reduce the 0-20 V signal to a 0-10 V
signal suitable for connection to the data acquisition system. Test chamber pressure was
monitored with two PCB Piezotronics 112B11 dynamic pressure transducers. These had
been previously calibrated’ and have a manufacturer-stated response time of 3 us, which

is sufficiently rapid to be negligible relative to the injection time scales of interest.

Pulse Generator
1

External Trigger Signal - - - - [w: 0::1 Multiple Trigger Signals

Dynamic Pressure Isryectclar ]
Transducers igna

Injector  Injector Control
Driver  Controller Software

Injector

Fuel Inlet

Static Pressure Gauge \

Manual Shutoff Valve

Figure 3.2: Experimental Apparatus (Injection Hardware Characterization Study)

Initial test chamber pressure (backpressure) was recorded using a Matheson bourdon c-
tube pressure gauge mounted as shown in Figure 3.2 with a manual shutoff valve placed
between the test chamber and the pressure gauge to facilitate separating the two during
each experiment, minimizing the test chamber volume. Additionally, to further reduce the
total internal test chamber volume, the 0.25 in steel tube connecting the test chamber and

manual shutoff valve was filled with small-diameter electrical wires, leaving only capillary



Chapter 3: Characterization of a Gaseous Fuel Injection System 31

passages for transmitting pressure. Minimizing the test chamber volume in this manner

~ not only minimized the syétem’s response time, but also caused a sufficient test chamber
pressure rise during each experiment to allow the backpressure for the subsequent test to
be controlied by either not draining at all or only partially draining the test chamber gases

between experiments.

The injector control system was a slightly modified version (to facilitate pulsed injection) of
a standard J41 control system provided by Westport Innovations Inc. This system was
modified to enable pulsed injection through insertion of an 8-channel BNC programmable
pulse generator upst.ream of the injector controller (refer to Figure 3.2 inset). The injector
controller and driver remained intact, and Westport's WCut software was used to control
injection durations. The only difference between the present and standard control system
configuration was that rather than triggering the injector controller directly with an external
trigger signal, the pulse generator was used to issue multiple successive trigger signals to
the controller. This allowed the fuel injectof to operate in either a continuous or pulsed
injection mode, with the injection duration controlled by Westport's WCut software and the
~ delay between successive injections independently controlled by the programmable pulse

generator.
3.3.2 Injection Delay Measurement

~ The injection delay, defined as the interval between the time a control signal is issued to
vthe injector driver and when injection begins, is an extremely important parameter in both
non-premixed autoignition delay experiments, and in engine operation. In ignition delay
experiments the injection delay is used in identifying the start of injection, from which the
ignition delay itself is defined, while in engine operation the injection delay is important in
ensuring optimal fuel injection timing. Unfortunately, since direct detection of the start of
injection is not possible, the voltage or current sent to the injector is monitored instead to
record the time when a control signal is issued to the injector, with the understanding that
there may be a slight delay beforé injection actually begins. In the present configuration,
the control signals between the injector controller and driver were most easily monitored
owing to their low voltage, which facilitated direct connection to a data acquisition system.
Therefore, the delay time between this directly measurable signal and the start of injection

(attributable to any lag in the injector driver circuitry and any mechanical delay associated

with the injector itself) was quantified.
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Procedure

The injection delay was easily measured using the above-described apparatus by
repeatedly injecting methane into the test chamber while recording both the injector
control signal and test chamber pressure. The injection delay time was then defined
as the time interval between the rising edge of the control signal and observance of
an initial rise in the test chamber pressure (see Figure 3.3).

(\“-j

—» [«— Injection Delay

Control Signal

A A N NS A g 5 NN P A i

Pressure Signals

Figure 3.3: Injection Delay Definition

Using the above procedure, an injection delay was measured for a range of injection
durations and pressure ratios (by varying the initial chamber pressure) to determine

the injection delay’s dependence on each parameter. The operating conditions that

were investigated are summarized in Table 3.1 with data available in Appendix E.

Table 3.1: Experimental Test Matrix (Injection Delay Study)

Injection Duration: 1.5-3.5ms

Injection Pressure: 110 bar (1600 psi)
Backpressure: 0-48 bar (0-700 psi)
Pressure Ratio: 2.3-111

*Note: All indicated pressures are gauge pressures.
Experimental Results

In total 96 experiments were conducted yielding 192 measured injection delay data
points (one from each dynamic pressure transducer). The average injection delay
was calculated to be 180 ps with a standard deviation of 20 us. A histogram of all
experimental measurements is presented in Figure 3.4, illustrating that most delay

times fell between 150 and 200 ps, exhibiting a positive skew. For comparison, both
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normal and lognormal distributions have been superimposed upon this histogram.

Each distribution fits the data reasonably well, with the lognormal fitting marginally

better than the normal distribution upon examination of each probability plot (Figure

3.5). Although it may appear as though neither distribution accurately captures the

spike at 200 ps in the present data, it must be taken into consideration that 19 data

points exhibited a delay of exactly 200 ps, and thus the unusually low frequency at

190 us and high frequency at 200 us may have been exaggerated by the number of

points which fell exactly on the boundary between those two bins.
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Figure 3.5: Probability Plots of Measured Injection Delay Times
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Finally, Figure 3.6 presents measured injection delay times sorted by backpressure
(the numbers indicate the number of samples collected at each pressure; error bars
represent one standard deviation from the mean). This figure qualitatively illustrates
the injection delay time’s backpressure independence, and an analysis of variance
(ANOVA) quantitatively indicates the average injection delay is independent of the
backpressure to a significance level of 0.481 (Table 3.2). Such a high significance
level (and the F-value of 0.935) further shows the total backpressure independence.
Additionally, among all of the tests conducted at three injection durations between
1.5-3.5 ms, no obvious injection duration dependence was observed either. The
injection delay of 18020 ps is therefore independent of both injection duration and

backpressure.

Table 3.2: ANOVA Results for Injection Delay Backpressure Dependence

Source of Variation SS df MS F P-value
Between Groups: 2614.32 7 373.4737 0.9347 0.4810
Within Groups: 73520.72 184 39.5691
Total: 76135.04 191
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Figure 3.6: Injection Delay Time vs. Backpressure/Pressure Ratio
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3.3.3 Mass Flow Rate Measurement

The mass flow rate through the injector is not easily measurable with standard mass flow
devices, which are typically designed for steady-state operation, and must therefore be
correlated to the injection duration and pressure. Such measurements were conducted at
Westport prior to delivery of the J41 injector used in the present investigation and further

validated after delivery, with results from both measurements presented below.

Procedure

Mass flow rates measured using nitrogen gas as the injected gas were supplied with
the J41 injector and also validated after receiving the injector using an experimental
apparatus similar to that depicted in Figure 3.2. These tests also included additional
measurements using methane as the injected gas to observe the effects of using
different gases on the measured mass flow rate. A range of injection pressures that
were sufficiently high to yield measurable mass flow rates were investigated using
several injection durations. The total mass injected was measured manometrically
and converted to a mass flow rate assuming ideal gas behaviour. Test conditions

. investigated are summarized in Table 3.3 with data available in Appendix E.

Table 3.3: Experimental Test Matrix (Mass Flow Rate Study)

Injection Duration: 0.3-1.75ms

Injection Pressure: : 62-172 bar (1000-2500 psi)
Injection Temperature: 295 K '

Injected Gas: Nitrogen/Methane

*Note: All indicated pressures are gauge pressures.
Experimental Results

Experimental nitrogen mass flow measurements injectéd at four injection pressures
are plotted as mass fluxes in Figure 3.7. At each pressure the mass flux remains
nearly constant regardless of injection duration indicating mass flux is independent
of the injection period. While the mass fluxes for injection durations below 0.8 ms
exhibit slight fluctuations, these do not exceed 10% of the average mass flux value
and are mainly attributable to transient effects associated with the start and end of

injection occupying a larger fraction of the total injection duration for short injections.

Measured mass fluxes with methane gas exhibited similarly constant values across

a range of injection durations and are plotted in Figure 3.8. Additionally worth noting
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Figure 3.8: Mass Flux Measurements (Methane)

*Note: Experimental data labelled "Westport" collected at Westport Innovations Inc., experimental data
labelled "UBC" collected at the University of British Columbia by J. Huang, Research Engineer, Dept.

of Mechanical Engineering (Combustion Laboratory).
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is that while this data only extends to injection durations of 1.75 ms, data collected
during the injection delay time study (extending from 1.5-3.5 ms injection durations)
indicated that the rate of chénge of the test chamber pressure (which is proportional
to the mass flow rate) remained constant within experimental uncertainty (Figure 3.8
inset). The measured mass flow rates may therefore be assumed constant up to an

injection duration of 1.75 ms and possibly up to 3.5 ms or greater.

Numerical Results

To predict the mass flow through the injector for any conditions, a model assuming
an adiabatic, isentropic expansion from the fuel reservqir (stagnation state) to the
injector nozzle, where choked flow was assumed (Ma=1), was found to agree well
with actual measured mass fluxes for both nitrogen and methane. The governing
equations for calculating the mass flux (m ) from the given stagnation temperature

(To), pressure (Py), gas properties (7, R), and nozzle diameter (d,) are:

2

T, =—2_.T, 3.1

n 7+1 o ( )

V,=a,=+7-R-T, (3.2)
T\

P, =[T—O] P, | (3.3)

Pn
= 3.4
P =R, | (3.4)
. 2
m=p,-V, -(”':" } (3.5)

where subscript 0 represents stagnation properties, n represents nozzle conditions.

Although the assumption of isentropic flow initially yielded mass fluxes that were 22-
32% greater than those experimentally measured, several proposed modiﬁcations to
this simple model reproduced the experimental data extremely well. These models
each improved the original results by attempting to predict the losses in the injector.
The assumptions made by each of four variants on the above model are described
below along with the equation from the five listed above that each model replaces:
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1. Equivalent Diameter: This model éssumes adiabatic, isentropic flow, but with
an equivalent diameter instead of the actual nozzle diameter to compute the
mass flow rate. The equivalent diameter, d., models the frictional losses in
the injector as having the net effect of reducing the exit area, and is tuned to
experimental mass flux data. In this model the mass flow rate is calculated
using the following equation:

. z-d?
m=pn'vn"[ 4 J (3.6)

2. Discharge Coefficient: This mode! assumes adiabatic, isentropic flow, just as
the equivalent diameter model, but an empirical discharge coefficient, C,, is
used to reduce the mass flow rate to fit experimental data. In this model the

mass flow rate is calculated using the following equation:

. 7z-d,,2
m=Cqy-py-Vy- T (3.7)

3. Pressure Loss Coefficient: This model also assumes adiabatic, isentropic
flow, but with a pressure loss to reduce the nozzle exit pressure slightly. The
pressure loss is non-dimensionalized by modelling it as a loss coefficient, K,
and is fit to experimental mass flux data. In this model the following equation
is used for computing the nozzle exit pressure and must be solved iteratively
due to the dependence of the nozzle density' on pressure:

/G 1
P”{TTJ B-KyZom Vi (38)

4. Non-Isentropic (Polytropic) Expansion: This models the flow in the injector as
an adiabatic, but non-isentropic flow. Therefore, instead of using the specific
heat ratio, 7 in the polytropic expansion equation, an experimentally tuned
polytropic expansion coefficient, k, is used. In this model the pressure at the
nozzle is calculated as follows:

]
P, = [QJ P, (3.9)

Of the models considered, the pressure loss coefficient and discharge coefficient

models reproduced experimental data best. However, each model has its distinct
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advantages and may be suitable for certain applications. The equivalent diameter
and discharge coefficient are advantageous for their simplicity as they only involve
applying a correction factor to the final mass flow rate, which is otherwise calculated
using the isentropic expansion equations. The pressure loss coefficient is favoured
simply because it fit the present experimental data best, but it is the most difﬁcult to
implement since it requires an iterative calculation pro)cedure. Finally, the polytropic
expansion model is practical because unlike the equivélent diameter and discharge
coefficient models, which rely purely on empirical mass flow rate corrections, this
model has some physical significance. A summary of each model's coefficient that

most closely reproduced experimental data is presented in Table 3.4.

Table 3.4: Mass Flux Model Parameters

Optimal Model Parameters
Mean Std. Deviation Mass Flux Error
Equivalent Diameter, d, (mm) 0.970 0.016 3.03%
Discharge Coefficient, C, 0.778 0.025 3.00%
Pressure Loss Coefficient, K, 0.417 0.050 253 %
Polytropic Coefficient, k 1.242 0.015 : 4.20 %

Interestingly, the tuned model parameters that most closely reproduce experimental
results correspond to a stagnation pressure loss between 11-24%, which is greater
than a 10% stagnation pressure loss sqggested by Hill and Ouellette'® for gaseous
Jinjections. This difference is believed to bé caused by the different injecfor used in
their investigation, which exhibited a smaller internal pressure loss partially due to
internal flow passage differences and partially as a result of operating at a different

Reynolds number.

Modelling the flow between the fuel reservoir and the injector nozzle using each of
the models described above (using the optimal parameters tabulated in Table 3.4)
mass fluxes for both methane and nitrogen injected at various pressures are listed
alongside their experimental measurements in Table 3.5. This illustrates the close
agreement between the pressure loss coefficient model and experimental results at
all injection pressures investigated for both gaseé. The model developed herein is
therefore a valid predictive tool for estimating the mass flow rate from the present

injector given only the fuel reservoir conditions.
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Table 3.5: Comparison of Experimental Mass Fluxes to Model Results

Injection Pressure (psi)

1000 1500 1820/1850 2500
¢ Experimentally Measured 9.27+0.71 13.95+1.04 16.5610.98
E - Equivalent Diameter, d, 8.87 13.24 16.04
ﬁ ?E:) Discharge Coefficient, ,C" 8.88 13.25 16.05
= E |Pressure Loss Coefficient, K, 8.95 13.36 16.17
<I.> Polytropic Coefficient, k 9.83 14.67 17.77
» Experimentally Measured 12.03+£0.69 17.42+0.88 21.27+1.09 28.99+1.37
Z - [Equivalent Diameter, d, 11.96 17.85 21.98 29.64
£ ?Em Discharge Coefficient, Cq4 11.97 17.86 21.99 29.65
= E |Pressure Loss Coefficient, K, 11.91 17.77 21.88 29.51
3 Polytropic Coefficient, k 11.42 - 17.05 20.99 28.31

*Note: All indicated pressures are gauge pressures.

3.3.4 Pulsed Injection System Validation

While the J41 injector, controller, and driver were designed and tested for use in single
injection operatfon, the modifications performed to enable pulsed injection were unproven.
Although these control system modifications were relatively minor, consisting only of the
additional programmable pulse generator inserted upstream of the controller to repeatedly
trigger the injector, it remained uncertain whether the injector, driver, and controller could
respond sufficiently rapidly to successive trigger signals. The purpose of the present tests
was therefore to validate the system’s response to pulsed injection operation.

Procedure

To validate the injector’s ability to respond to multiple successive trigger signals the
experimental apparatus previously described was used. The injector’s response to
pulsed injection operation was investigated by rapidly issuing multiple trigger signals
to the injector controller while monitoring signals from both the controller and test
chamber pressure. The J41 injector controller’s response was verified by observing
if multiple control signals were issued in response to each trigger, while the injector
driver was verified to be responding to the multiple control signals by observing if
distinct test chamber pressure rises were observed corresponding to each issued
control signal. Additionally, in order to estimate if equal amounts of fuel were being

injected during each injection pulse, the magnitude of each pressure rise was also
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measured. Figure 3.9 presents typical control and pressure signals obtained in the
current study illustrating how the pulse delay and pressure ratio were defined.

e Pulse Delay

Control Signal

5 AP2
§ a1

Figure 3.9: Pulse Delay and Pulse-to-Pulse Pressure Ratio Definitions

Pressure Signal

This procedure was used to validate the pulsed injection system at several realistic
injection durations with variable delays between successive injections to determine
the minimum delay between successive pulses that the system could respond to. In
all cases two successive injections were investigated to minimize the size of the test
matrix, although up to eight successive injection pulses are possible with the current
configuration. These operating conditions are summarized in Table 3.6, with the
experimental data available in Appendix E.

Table 3.6: Experimental Test Matrix (Pulsed Injection System Validation)

Injection Duration: 1-3 ms (each injection pulse)
Number of Injection Pulses: 2

Injection Delay (Between Pulses): 0.5-50 ms

Injection Pressure: 95 bar (1400 psi)

*Note: All indicated pressures are gauge pressures.

Experimental Results

Figure 3.10 presents the normalized pressure ratio (AP2/AP1) plotted against pulse
delay (see Figure 3.9 for definition of pulse delay, AP1, and AP2). It was observed
that even when a very long delay separated two injection pulses, the pressure rise
associated with the second injection (AP2) was consistently smaller than the first
(AP1). This may have been caused by changing test chamber pressure or mixture

composition. Since the volume of the test chamber was so small, the pressure and
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density within it increased dramatically after the first injection. Therefore, while the
first injection fired into a low-pressure, air-filled chamber, the second injection fired
into a high-pressure methane/air mixture, resulting in a reduced mass flow and thus
yielding a smaller pressure rise. To compensate for this effect, all values plotted in
Figure 3.10 have been normalized by the AP2/AP1 ratio observed when long pulse
delays separated the two injections.
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o
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Normalized Pulse-to-Pulse Pressure Ratio (AP2/AP1)
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o
-
-

10 100
Delay Between Pulses (ms)

Figure 3.10: Normalized Pulse-to-Pulse Pressure Ratio vs. Pulse Delay

Figure 3.10 illustrates that for short injection durations (< 1.8 ms), the injector is fully
capable of two successive injections even if pulses are separated by as little as 0.5
ms (this was the shortest delay tested, shorter delays may also be possible), but for
long injection durations (> 1.8 ms), the pulse delay must exceed 20 ms if unequal
injection pulses are to be avoided. Sample pressure traces are presented in Figure
3.11 to illustrate the effects of injection pulses with insufficient pulse delays.

The required minimum separation time between injection pulses is attributable to the
injector driver's internal capacitance requiring time to accumulate a sufficient charge
after each injection and is therefore unavoidable. To predict its effects in the region
where the two pressure rises are not equal (i.e. pulse widths > 1.8 ms, pulse delays
< 20 ms), the following empirical correlation may be used:
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AP2 A.m(ﬂ‘Z)H if PW >1.8ms and PD < 20ms
AP1 50 otherwise

where PW is the pulse width (injection duration - ms), PD is the pulse delay (ms),
and A is given by the following relation:

A=0.2744 - PW -0.4908

Pressure Signal

Control Signal

(a) 2.5 ms Injection Duration, 0.5 ms Pulse Delay (AP2/AP1 = 0.24)

Pressure Signal

Control Signal

(b) 3.0 ms Injection Duration, 1.0 ms Pulse Delay (AP2/AP1 = 0)

Figure 3.11: Successive Injections with Insufficient Pulse Delays
3.4 Jet Flow Field Characterization

The jet flow field characteristics of the J41 injector were the second set of properties requiring
characterization after the hardware itself had been validated. The injector's jet characteristics
are of relevance to the present investigation because it is desirable to understand whether the
transient jet that develops during and after injection develops similarly under different injection
conditions. Additionally, in cases where multiple successive injection pulses are produced, the
interactions between each injection and the net effect they have on the overall jet length scales
(penetration length and jet width) must be investigated. Finally, to gain insight into how the jet
may respond during in-cylinder injection the effects of impingement and of an enclosure on the
resultant jet's development require investigation.
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3.4.1 Experimental Apparatus

The impulsively started transient jet that develops during injection was investigated with a
CCD camera-based Schlieren imaging system. This apparatus (illustrated in Figure 3.12)
comprised of two 0.3048 m (12 in) diameter concave mirrors each with a 2.4384 m (8 ft)
focal length aligned to produce a parallel light beam between them. A 200 W mercury arc
lamp was focussed onto a 0.5 mm diameter pinhole to produce a point source of light and
placed at the focal point of one of the concave mirrors, slightly off-axis to avoid interfering
with any part of the parallel light beam. At the focal point of the other concave mirror, also
slightly off-axis, a circular aperture filtered the focused image, yielding a Schlieren image
(rather than a shadowgraph) before projecting it onto a camera.

Converging Lens Arc Lamp
" -—““;")
Pinhole y Y .~
& i .
__________ = Concave Mirror
____ v
———=T ;.,/— ________________________________ o
/// //
Prad o o ,/’/
s O [Test Stand o~
7 o o -
- -~
// //
i i s e o i 7.
i e iy ST T T T T T I IIosm=-
Concave Mirror _’,\(: *********

Injector

Digital Camera
Height Adjustment

Reference Mark
Distance between mirrors: 4.877 m (16 ft)
Distance from pinhole to mirror: 2.438 m (8 ft)
Distance from mirror to aperture: 2.438 m (8 ft)

*Note: Schematic not to scale.

Figure 3.12: Experimental Apparatus (Jet Flow Field Characterization Study)

A circular aperture was used to filter the images, as opposed to a conventional Schlieren
system using a knife edge, because the aperture allows resolving spatial density gradients
in all planar directions rather than only visualizing those gradients that are perpendicular
to the knife edge. Alternatively, a graded filter consisting of concentric rings would have
also resolved spatial density gradients in all directions simultaneously and may have been
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particularly useful if images were captured in colour. However, since the camera used in
the present tests was only capable of capturing greyscale images, a graded filter was not
deemed to provide any noticeable advantage over use of a circular aperture, and so the

latter was used (since it was readily available).

Images were captured with a Kodak Megaplus ES 1.0 digital camera, which has a spatial
resolution of 1008 (H) by 1018 (V) pixels. This camera is capable of capturing two images
in a triggered double-exposure mode, with the first image exposure duration variable from
127 ps to 33 ms, while the second image has a fixed exposure of 33 ms. Unfortunately,
the second image’s exposure duration was too long to be of practical use in the present
investigation, therefore the camera was used in the single exposure mode with exposure
duration set to its shortest value; 127 ps. Although this exposure duration was sufficiently
short to capture large-scale details of the flow, noticeable blurring of the small turbulent
length scales was inevitable with the existing equipment.

The injector was mounted vertically (injecting downward) on a simple test stand that firmly
secured the injector to a mounting plate during all experiments and provided the ability to
adjust the injector's height for alignment with the focussing mirrors (see Figure 3.12 inset).
This ensured that the largest poss_ible area was visible to capture the entire jet plume and
provided some flexibility in adjusting the location of the jet relative to the light source to
compensate for any irregularities in the illumination level. Finally, a string was tied taught
30 mm below the face of the injector mounting plate to provide a reference scale for use

during subsequent image processing.

Injector and camera timing and synchronization were accomplished by triggering both with
a BNC programmable pulse generator. Two separate channels were used such that the
relative delay time (the interval between the start of injection and the image capture) could
be varied to capture the transient jet at various stages in its evolution. Additionally, use of
the pulse generator allowed the investigation of the flow field that develops during pulsed
injection operation by configuring the pulse generator to trigger the injector multiple times,
as was previously done when validating the pulsed injection system.

3.4.2 Single Injection Mode

The single injection mode is the operating mode for which the J41 injector was specifically
designed, in which the injector is triggered only intermittently, with delays on the order of
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20 ms (corresponding to a four stroke engine operating at 6000 rpm) or greater separating
injections. The jet characteristics in this operating mode are therefore of great practical
interest in optimizing internal combustion engine operation. Additionally, data collected in
this operating mode provides a baseline for comparison to experimental and numerical jet
studies.

Procedure

Jet characteristics, namely the jet tip penetration length and maximum width, were
measured from a series of images (17-35 at each operating condition, depending on
. the injection duration) captui'ed using the apparatus described above. Methane was
repeatedly injected at various injection pressures into atmospheric air while images
were captured at 200 us intervals throughout the injection duration and at intervals
ranging between 200 ps and 1.2 ms once injection ceased. Throughout, the jet tip
penetration length and width were measured (in pixels) from the digital images and
subseqdently converted to millimetres by way of the reference scale on the injector

mounting apparatus (Figure 3.12 inset).

Five injection durations between 0.5-5.0 ms were explored at each of two injection
pressure ratios of 3 and 5, representative of those typical in engine operation. The
test conditions are summarized in Table 3.7 with data available in Appendix F.

Table 3.7: Experimental Test Matrix (Single Injection Visualization Study)

Injection Duration: 0.5-5ms .
Injection Pressure: ' 2-4 bar (30-60 psi)
Pressure Ratio: 3-5

*Note: All indicated pressures are gauge pressures.

Experimental Results

Figure 3.13 below contains representative images typical of those captured at each
of 10 distinct injection conditions (combination of injection duration and pressure)
presently investigated. These images illustrate how the jet tip length and width were
relatively easily defined from the sequence of images as a consequence of the large
density gradients between the methane jet and surrounding still air. |

From many series of images such as those in Figure 3.13, the length and width of

the methane jet was measured at several injection conditions with results presented
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in Figure 3.14 and Figure 3.15. These figures illustrate that despite collecting data
over many successive injections (distinct realizations of the jet), the resultant length
and width measurements are relatively smooth. This indicates that the jet produced
for any given injection is very consistent and repeatable. Although fluctuations and
deviations from the dominant trends are present for all injection durations these are
relatively small, typically falling within 5-10% of the trend line. Width measurements
(Figure 3.15) exhibit greater fluctuations than the lengths due to the high turbulence
levels along the edges of the jet where vortices interact to stretch the jet in various
directions, causing greater variability between jet realizations. Additionally, density
gradients are not as pronounced along the edges of the jet as they are at the tip,
making width measurements from Schlieren images much more difficult than length
measurements.

Figure 3.13: Schlieren Images of Single Jet Evolution in Time

A second noteworthy point from Figure 3.14 is the self-similarity exhibited by the jet
throughout the full range of injection durations investigated. During injection, all jets
regardless of their total injection duration collapse well onto a common curve. This
further illustrates the consistent, repeatable nature of the jet and is not unexpected
since all previous mass flow rate measurements illustrated similar injection duration
independence (Figure 3.8). However, after the end of injection, the length ceases to
increase as rapidly as during injection (illustrated by a deviation from the main trend
line) since a lack of any further momentum injection causes the viscous drag forces
on the jet to dominate, slowing the jet's penetration rate. While this effect is most
pronounced in the penetration length curves, a similar effect is also observed on the
jet width, but is partially masked by the larger fluctuations inherently present in those
measurements.
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Figure 3.14: Jet Length Evolution During/After Injection (Single Injection)
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Figure 3.15: Jet Width Evolution During/After Injection (Single Injection)
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Finally, increasing the pressure ratio from 3 to 5 increased the jet length (measured
at fixed time intervals after injection) by a factor of approximately 1.4, and the width
by a factor of 1.3, indicating both increased axial and radial jet velocities. Although
these increased velocities are not predicted by the previously developed mass flow
model, which assumes choked flow, implying the nozzle exit velocity is independent
of the pressure ratio, that model does suggest a linear momentum flux dependence
on the pressure ratio. Therefore, although the choked nozzle limits the mass flow
rate, higher pressure at the sonic throat arising from a higher pressure ratio yields a
higher exit momentum flux. This greater momentum flux yields a higher jet velocity

after the gas exits the nozzle and expands to ambient pressure.

Numerical Results

Among the many previous researchers that have modelled transient axisymmetric
jet development, the most relevant is the work of Hill and Ouellette®, who reviewed
an array of previous studies and proposed scaling laws for transient axisymmetric
gaseous jets. This development was based on dimensional analysis of the jet tip
penetration length (Z,) as a function of the exit momentum flux (M ), jet density at

the nozzle exit (p,), ambient density (0,), exit velocity (Up), and nozzle diameter (d).

Two relations were derived depending on whether the jet and ambient gas densities
were equal or not, and both made use of a dimensionless constant: the penetration
number, I". The derived relations for equal and different densities, respectively, are

reproduced below:

N
z,=r-[M] At (3.10)

%
i=r‘.‘/§7.. Uo 5 (3.11)
d e 4 | g fe |

Pa Pa
These results, which are based on dimensional analysis, may be solved analytically
if one assumes a transient jet of the Turner®® variety. This model treats the transient
jet as a transient vortex ball in front of a steady-state jet (refer to illustration in Figure
3.16), and in conjunction with the well-known mass entrainment results of Ricou and
Spalding'® can be used to derive analytical equations for the vortex ball's and jet's
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momentum. Substituting the penetration number eqUations into these momentum
equations yields an analytical penetration number solution (Hill and Ouellette®).
Additionally, since the jet momentum, density, and penetration length in time are
experimentally measurable, the penetration number may also be calculated from
experimental data.

Transient .
_ Vortex Region » Steady-State Jet Region

Xy

Xy

|
\

Figure 3.16: Numerical Jet Model

To examine the validity of the scaling laws presented abdve, the jet length data from
Figure 3.14 is replotted in Figure 3.17 in non-dimensionalized form, whereby the jet
penetration is normalized such that when plotted against the square root of time, the
slope of the curve is the penetration number. In Figure 3.17 only those data points
collected during injection are plotted to illustrate how well the data collapses onto a
straight line when normalized. Figure 3.18 includes all fhe data collected to illustrate
how the penetration number decreases at the end of injection as the jet slows and
tends towards puff jet behaviour.

Quantitatively, the value of the slope in Figure 3.17 depends upon the normalization
that is performed on the jet tip penetration length. Of the two penetration numbers
presented earlier, clearly the latter (different jet and ambient densities) is relevant in
the present investigation, but the momentum flux, exit velocity, and jet density are all
required, none of which are directly measured. Using the various mass flow models

developed earlier, in which expansion from the fuel reservoir to the nozzle is treated

as an adiabatic, isentropic process with corrections to compensate for any losses,
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uncertainty in the tuned model parameters and differences between various models
result in uncertainties in the penetration number. For comparison, Table 3.8 lists the
penetration number (the slope in Figure 3.17) calculated using various assumptions

for determining the mass flow, momentum, and nozzle density.

Table 3.8: Jet Penetration Number Comparison

PR=3 PR=5 Theoretical
Width Ratio, D/Z,, at During 0.37+0.05 0.33+0.04 0.25+0.05
Various Injection Stages After 0.37+0.05 0.36+0.05  0.5-0.6 (puff jet)’
Penetration Number, I, 10% loss 2.42+0.04 2.74+£0.04 -
Assuming Various 20% loss | 2.50:0.04  2.83+0.04 -
ptagnation Pressure 30%loss | 258:0.04  2.92+0.04 :
Uniform Density Solution, I 2.25+0.04 2.89+0.04 -
Analytical Solution, T | 271£013  2.82:0.10 2.99+0.10

It is seen, regardless of what stagnation pressure loss is assumed within the injector
or even if the differential density equation is used at all, that the penetration number
for a pressure ratio of 3 is markedly lower than that predicted. Improved penetration
number agreement with predicted results is observed at a higher pressure ratio of 5.
The discrepancies between the low pressure ratio jet and the analytical solution is
attributed mostly to the low Reynolds number. This effect is somewhat expected
since the correlations developed by Hill and Ouellette assumed fully turbulent jets
(Re > 500,000) while the current pressure ratios corresponded to nozzle Reynolds
numbers between 33,000-43,000 and 56,000-72,000 for pressure ratios of 3 and 5,
respectively, depending upon the stagnation pressure loss assumption. The closer
agreement between experimental and analytical results at the higher pressure ratio
is believed due to closer Reynolds number agreement.

Nevertheless, despite minor differences in the numerical values for the penetration
number, overall the experimental data is seen to collapse well using the scaling laws
derived by Hill and Ouellette. Additionally, as the jet Reynolds number is increased,
even the quantitative agreement converges with previously stated analytical results.

3.4.3 Pulsed Injection Mode

Pulsed injection mode is the operating mode in which each individual injection is split into

multiple successive shorter fuel injections, such that the total fuel injected equals that that
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would have been injected in one continuous injection pulse. The motivation behind such

pulsed injection operation is speculation that pulsing injection can increase jet turbulence

levels thereby increasing mixing rates and accelerating the autoignition process.

Procedure

To investigate the effects of pulsed injection operation, a series of Schlieren images
were captured of two successive injections of various injection durations, separated
by several injection pulse delays. Methane was injected at a constant pressure into
atmospheric air while 17-20 sequential images were captured at intervals between

200 ps to 1.2 ms. Jet tip penetration length and width were subsequently measured
from captured digital images. While two distinct injection pulses were identifiable in
several images, the jet tip and jet width of the second injection was not consistently
measurable and therefore only the penetration length and width of the large scale

flow (not individual injection pulses) was measured.

Three injection durations between 0.5-1.5 ms were investigated at each of three
pulse delays between 0.5-2.0 ms. Thése particular conditions result in injection of
an equ‘ivalent quantity of fuel as single injection durations ranging between 1.0-3.0
ms, previously chosen for their engine relevance. The pulse delay was defined as
the time interval between the end of the first injection and the beginning of the next
injection (see Figure 3.9). Throughout all tests, a constant pressure ratio of 3 was
maintained to limit the si_ze of the test matrix. Experiméntal conditions investigated

are summarized in Table 3.9 and experimental data is available in Appendix F.

Table 3.9: Experimental Test Matrix (Pulsed Injection Visualization Study)

Number of Injection Pulses: 2

Injection Duration: 0.5-1.5 ms (per injection pulse)
Injection Delay: 0.5-20ms

Injection Pressure: 2 bar (30 psi)

Pressure Ratio: 3

*Note: All indicated pressures are gauge pressures.

Experimental Results

Representative images of those captured in the present investigation are included in
Figure 3.19. These images highlight the difficulty of distinguishing each individual
injection pulse. Although in several images the jet tip of the second injection pulse
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is discernible, in others it is not, and the overall flow field appears no different than

that observed when operating the injector in single injection mode (Figure 3.13).

Figure 3.19: Schlieren Images of Pulsed Jet Evolution in Time

The jet tip penetration and jet width evolution in time are presented in Figure 3.20.

In addition to plotting results from pulsed injection experiments, each of the graphs
in Figure 3.20 also includes the jet length and width corresponding to a comparable
single injection pulse to illustrate the similarities between the jet that develops during
single and pulsed injection. This figure highlights the irrelevance of the pulse delay.
For all injection durations, varying the delay between 0.5-2.0 ms had no noticeable
effect on the ensuing jet, with each data point falling within experimental error of all
others at any given time after the start of injection. Although increasing pulse delays
much further (by orders of magnitude) would produce an observable effect on the jet
flow field, such long pulse delays are of no interest since then the jet is considered
two distinct injections rather than one pulsed injection.

Furthermore, similarities observed between the jet development for the case of two
successive injections and one long, continuous injection (which may be considered
two successive pulses with no pulse delay) implies that the jet development is solely
dependent on the total momentum injected, regardless of whether it is continuous or
pulsed. This is especially demonstrated by comparing the pulsed injection case at
an injection duration of 1.5 ms with a single injection with an injection duration of 3.0
ms (Figure 3.20 (e)). The jet tip penetration length for these two cases is nearly
identical, and this is due to the momentum injection being equal in each case (two
1.5 ms duration pulses inject an equivalent momentum as a single 3.0 ms injection).
Similar trends are illustrated by the injection durations of 0.5 ms and 1.0 ms, with all

pulsed injection data points lying between those of the single injection curves.
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Figure 3.20: Jet Length and Width Evolution (Pulsed Injection) cont'd.
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The effect of pulsing the jet therefore exclusively seems to affect internal strain rates
within the jet, which unfortunately could not be quantitatively resolved in the present
study. If pulsing the jet has any effect in combustion applications it must arise from

the effects it has on the strain intensity and/or distribution within the jet, not from any
large-scale effects on the transient jet's development. Additionally, since the large-

scale flow field properties of a pulsed injection seem identical to those of continuous
injections of equal momentum flux, all scaling laws developed for the single injection

mode are applicable to pulsed injection operation.

3.4.4 Effects of Jet Impingement

Studying the effects of jet impingement on ensuing transient jet development is of interest
because such a scenario may arise in the presence of a protruding spark or glow plug, or
an obstruction intended to enhance mixing or, if coated with a catalyst, accelerate ignition.
While many configurations for such impingements are possible, and in some cases have

been previously investigated, only two simple geometries were investigated in the current

study to gain insight into the jet's behaviour.

Procedure

To investigate the effects of jet impingement, two blunt bodies were chosen as flow
obstructions (see Figure 3.21). These consisted of a circular cross-section, 1.575
mm diameter wire placed perpendicular to the jet's axis, and a rectangular cross-
section body 2.896 mm wide and 1.067 mm thick, mounted so that the jet impinged

|

A\ ;
Rectangular ol Circular .
Obstruction Front Obstruction Front Side

Figure 3.21: Flow Obstructions for Jet Impingement Study
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on its widest side. Each obstruction was located a distance from the injector nozzle
such that 80-100% of the jet's width impinged on the obstruction. Methane was then
injected at a constant pressure into atmospheric air while a sequence of 19 images
captured the jet impinging on the flow obstructions with both the jet length and width
measured along with qualitative observations of the jet's behaviour.

Each of the flow obstructions was tested at several axial distances from the injector
nozzle. All other parameters, including injection duration and pressure, ratio were
held constant throughout the experiments. The test conditions are summarized in

Table 3.10 and data is available in Appendix F.

Table 3.10: Experimental Test Matrix (Jet Impingement Visualization Study)

Obstruction Distance Circular 0.5-2.0 mm
from Injector: Rectangular 10.0-15.0 mm
Injection Duration: ‘ 1.0ms
Injection Pressure: ‘ 2 bar (30 psi)
Pressure Ratio: _ 3

*Note: All indicated pressures are gauge pressures.

Experimental Results

Several éample images captured in this étudy are shown in Figure 3.22 to illustrate
the markedly different jet behaviour with the circular and rectangular obstructions.
The circular obstruction had the net effect of decreasing the length and increasing
the width of the jet while also noticeably increasing the turbulence and unsteadiness
of the jet. Throughout the injection, the jet was observed to meander from one side
to the other of the obstruction, occasionally even splitting into two jets. Additionally,
little, if any, effect from moving the obstruction closer or farther from the nozzle was
observed. Contrarily, the rectangular obstruction was observed to create a very
stable, repeatable flow pattérn. The jet consistently split into two distinct jets upon
impinging on the flat obstruction, with few instabilities, and the effect of moving the
obstruction closer or farther from the injector nozzle was to change the angle of the
two deflected jets relative to the initial impinging jet.

Quantitatively, since the cylindrical obstruction only occasionally caused the jet to
split in two, the same measures used to analyse the original undisturbed jet, namely

the tip penetration length and width, were used. These are presented in Figure 3.23

alongside length and width measurements for undisturbed jets at the same injection
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pressure and duration. As discussed above, these graphs illustrate how the effect
of the circular obstruction was to reduce the jet penetration length by approximately
39% and increase the jet's width by 43%. Additionally, they illustrate that varying the
obstruction’s distance from the nozzle had no identifiable effect, within experimental
uncertainty. This may be caused by the fact that the circular obstruction was placed
very near the nozzle (separation distance to nozzle diameter ratio, L/d, of 0.45-1.81)
to ensure the entire jet width impinged on the obstruction. Perhaps if the obstruction
were located much farther (4-8 mm from nozzle) a stronger relationship between the
separation distance and the jet's development would have been observed. Lastly,
the jet width plot demonstrates the unsteady nature of the deflected jet, as the width
is observed to fluctuate wildly as the jet would drift from one side to the other of the

obstruction and occasionally even split into two jets.

(a) Impingement on Circular Obstruction

— - ey p B e B W

~osms G s’ e 0
(b) Impingement on Rectangular Obstruction

Figure 3.22: Schlieren Images of Impinging Jet Evolution in Time

Since the rectangular obstruction consistently caused the jet to split into two distinct
jets, it was inappropriate to solely rely on the tip penetration length and width of the
jet as quantitative measures of its response. Instead, the jet length and width were
defined as shown in Figure 3.24 along with the deflection angle. Since the jet split
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Figure 3.23: Jet Length and Width Evolution (Circular Obstruction)



Chapter 3: Characterization of a Gaseous Fuel Injection System 64

into two jets, the “length” measure is no longer representative of the tip penetration
length, but rather the maximum axial distance travelled and the “width” is a measure

of the maximum radial distance travelled.

Figure 3.24: Jet Length, Width, and Deflection Angle Definition

Using the above definitions of the jet length and width, Figure 3.25 presents both the
measured values of each using the rectangular obstruction, and for comparison also
plots the penetration length and width of an undisturbed jet. As one would expect,
length and width differ greatly from those of an unobstructed jet since impingement
on the rectangular obstruction caused such a large deflection of the jet. Depending
on the distance the obstruction was placed from the nozzle, either 10 mm or 15 mm
(L/d = 9.09-13.64), the jet was deflected by 86" and 69’, respectively. Such a strong
relationship between the obstruction’s distance from the nozzle and the deflection
angle is expected since locating the obstruction close to the nozzle causes a greater
portion of the jet to impinge on the obstruction, whereas as the obstruction is moved
farther from the injector, a smaller fraction of the jet impacts the obstruction. This
relationship is also responsible for differences between the jet length's and width's
response to the obstruction’s location, with the penetration length seemingly more
sensitive than the width. However, this effect is due mostly to the deflection angle
change that occurs, which trigonometrically results in a larger increase in the length
than the width for the particular deflection angles observed in this study. The effects
of an obstruction are thus to increase the surface area and turbulence by splitting a
jet into multiple jets, with the degree of turbulence augmentation and/or the angle
through which the jets are deflected controlled by the distance from the nozzle to the
obstruction.
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3.4.5 Effects of an Enclosure

Finally, the effects of an enclosure on a transient jet are of interest to understand how the
combustion chamber walls and piston affect the jet's development. As with impingement,
many combinations are possible to study such effects so only one special case, with three
variants, was investigated. This involved studying the behaviour of a jet confined between
parallel plates of various separation distances, such as would be the case for a jet injected
parallel to the surface of a flat piston approaching top dead centre in an engine.

Procedure

To investigate the effects of an enclosure, two moveable parallel plates were
installed on the apparatus previously described and methane injected between the
plates. Methane was injected into atmospheric air at a constant injection pressure
and duration while 19 sequential images were captured of the jet at various stages
in its evolution. Subsequently both the jet's length and ‘width were measured from
the captured images. Three sets of experiments were conducted at three distinct
wall separation distances with all injection parameters held constant. A summary of
the experimental conditions is presented in Table 3.11 with data in Appendix F.

Table 3.11: Experimental Test Matrix (Jet Enclosure Visualization Study)

Wall Separation Distance: 12-50 mm
Injection Duration: 1.0ms
Injection Pressure: 2 bar (30 psi)
Pressure Ratio: 3

*Note: All indicated pressures are gauge pressures.

Experimental Results

Representative images of those captured in the present study are presented below
in Figure 3.26. Qualitatively, the images illuétrate how confining the jet had minimal
influence on the jet length. Although inevitably the jet width was compressed once it
filled the gap between the plates, no apparent difference in jet length between each
case was present. This is attributed to the fact that the boundary layer that forms
along the edges of the plates is very narrow and despite decelerating the flow near
the periphery of the jet, it has little influence along the jet centreline. Additionally,
since the jet was free to expand parallel to the plates, any constraint posed by the

presence of the walls was compensated for by increased jet spread out of plane.
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5 bed uug.,i

Figure 3.26: Schlieren Images of Enclosed Jet Evolution in Time

The qualitative observations discussed above are further reaffirmed in Figure 3.27
where the jet length and width are plotted alongside length and width measurements
from an unconfined jet at the same injection pressure ratio and duration. This figure
illustrates that the presence of parallel plates had a minimal effect on the jet length,
as it was just slightly longer than the length of the unconfined jet regardless of the
wall separation. Expectedly the width of the confined jet was reduced relative to the
unconfined jet, but even this effect is only observed once the jet width fills the entire
gap. Prior to filling the space between the walls, the jet width evolves at a similar
rate as an unconfined jet. Unfortunately, no comments can be made with regards to
any recirculation that occurs between the plates since no such observable flow was
resolved in any of the images. However, from limited observations and quantitative
measurements that were made, one may conclude that the influence of the viscous
boundary layer introduced by the presence of confining parallel plates fails to extend
far enough into the jet to have any influence on the transient jet's development and
thus the effects of confining walls are only of concern for their potential quenching
effects in a reacting flow, and not for any effects on the transient jet's development.

3.5 Conclusions and Recommendations

The present characterization of a Westport Innovations J41 fuel injection system involving both
validation of the fuel injector hardware and the jet produced under various operating conditions
led to several quantitative measures that can be used in future to predict, control, and optimize
the injection system’s performance. These have included the following observations of both the
hardware’s response and the jet’s flow field characteristics:



Chapter 3: Characterization of a Gaseous Fuel Injection System

68

160

140 +

120

100

Jet Length (mm)
[+2] [o ]
o o

40

20

70

60

50

H
o

Jet Width (mm)
w
o

20

10

Fa
A :
I o8 o o
| . ° Q 2 0 o o
A £ en
geds
%
.
)
- e
” # Representative Error Bar
0 1 2 3 4 5 6 7
Time (ms)
(a) Jet Length (Enclosure)
A
& A
A a
L a A
A
AN Y
&4 gaoodgac
I 84t 2
) s % Representative Error Bar
g’ooooooooooooo o o ° °
o
*
5 . L
0 1 2 3 4 5 6 7
Time (ms)
(b) Jet Width (Enclosure)

12 mm Walls (During)
12 mm Walls (After)

23 mm Walls (During)

o 23 mm Walls (After)

50 mm Walls (During)
50 mm Walls (After)

Free Jet

12 mm Walls (During)
12 mm Walls (After)

23 mm Walls (During)

o 23 mm Walls (After)

50 mm Walls (During)
50 mm Walls (After)

Free Jet

Figure 3.27: Jet Length and Width Evolution (Enclosure)



Chapter 3: Characterization of a Gaseous Fuel Injection System : 69

1.

A physical delay time of 180+20 ps was found to exist in the injector driver that must
be accounted for if using the control signal between the injector controller and driver to
monitor injection. Failure to do so will lead to the introduction of a systematic error in
non-premixed ignition delay experiments, or inaccurate injection timing during engine

operation.

“Mass flux measurements performed with both methane and nitrogen gas at several

injection pressures between 62-172 bar(g) (1000-2500 psi(g)) were very well predicted
by a simple model assuming choked, underexpanded flow at the nozzle. This model
can be used to predict the mass flow through the injector by modelling the expansion
from the stagnation state (reservoir) to the nozzle exit as an adiabatic, isentropic flow

and then applying a correction using one of several proposed models.

The present injection system was successfully modified to facilitate pulsed injection,
but caution must be used in selecting appropriate combinations of injection durations
and injection pulse delays to fall within a specified operational envelope. For injection
durations less than 1.8 ms, each injection pulse was found to inject equal amounts of
fuel, but if operation at longer injection durations is required, an empirical correlation

must be used to predict the differential mass injection rates between injection puises.

Schlieren visualization of the jet produced by the injector at several injection durations
was found to be extremely repeatable and consistent, with the jet's development being
identical regardless of injection duration. Additionally, both the temporal evolution of
the jet and the effects of pressure ratio were predicted by a dimensionless penetration
number, especially at higher pressures where closer agreement with analytical results
was observed. |

Pulsed injection operation was found to have minimal influence on the jet’s large scale
flow field development and the effects of pulsed versus continuous injection were thus

speculated to only influence internal flow structures, possibly increasing the turbulence

‘ intensity. This effect requires further investigation when optical instruments capable of

resolving shorter time/length scales become available.

Impingement on a circular body resulted in an extremely unstable jet that drifted from
side to side and split into multiple jets unpredictably, while decreasing the penetration
length and increasing the jet width. Contrarily, impingement on a flat body produced a
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véry stable jet that split into two upon impingement, with the angle at which each jet
propagated relative to the undisturbed jet controlled by varying the separation distance
between the obstruction and the injector nozzle. Use of such a device is suggested
for turbulence augmentation or jet splitting if such properties are desired. Additionally,
such a device coated with a catalyst may potentially be used to accelerate the ignition

process and thus warrants future investigation.

7. Confining the jet between parallel plates was found to have no noticeable influence of
the transient jet's development regardless of the separation distance between the
plates. It was concluded that the effects of viscosity that act at the interface between
the jet and wall are confined to such a thin boundary region that they have a negligible

influence on the bulk centreline flow.
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Non-Premixed Methane
Autoignition Delay Study

4.1 Introduction

In the continued evolution of alternative fuel powered diesel engines, such as the HPDI system
developed by Westport Innovations Inc., natural gas’ prohibitively long autoignition delay time
impedes further progress in both emissions and cost reductions and therefore remains critically
important. While homogeneous methane autoignition delay time studies have provided insight
into methane’s behaviour under engine-relevant temperatures alnd pressures, diesel engines do
not operate with homogenous air/fuel mixtures. Thus a need still exists to study the autoignition
behaviour of methane under conditions that more closely reflect diesel operating environments.
This includes investigating the coupling between the kinetic paraméters studied in homogenous
autoignition experiments and the fluid mechanic parameters associated with transient gaseous
fuel jets. Unfortunately, thus far the kinetic parameters governing methane autoignition and the
fluid mechanic parameters governing gaseous jets have been studied independently. Therefore,
in an effort to better converge shock tube results with actual diesel engine operating conditions,
non-premixed autoignition experiments are conducted in the present investigation to understand

the influence of both kinetic and fluid mechanic parameters on methane autoignition.

4.2 Background

The ignition behaviour of non-premixed methane injected into shock-heated air at diesel engine
relevant conditions differs from the autoignition behaviour of homogeneous mixtures due to the
presence of a diffusion flame and thus the interaction that occurs between chemistry and fluid
mechanics. Consequently, ignition delay times depend not only on experimental temperatures
and pressures, which affect chemical reaction rates, but also parameters affecting the turbulent
jet, including the injection duration and pressure ratio. While many ignition delay studies have
been conducted investigating homogenous methane/air mixtures in shock tubes, and likewise a
great deal of research has been conducted over many decades studying the flow characteristics

of gaseous jets, studying the autoignition behaviour of gaseous jets in diesel environments has
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thus far been limited to numerical simulations. While some experimental autoignition work has
been conducted with coflow and counterflow diffusion flames to better understand reaction zone
properties and ignition characteristics, these are not representative of the autoignition process

in a diesel engine.

13931 who studied the

Recent experimental autoignition research includes that of Fotache et a
effects of strain rate, fuel concentration, and pressure on the ignition temperature of counterflow
cold methane, butane, propane, and ethane against heated air. Additional experiments by such
researchers as Starner and Bilger®? investigated mixture fraction distributions in methane jets,

Everest et al.®

studied field and temperature gradients in non-premixed reacting jets, Rolon et
al.* studied the interactions between a vortex and a diffusion flame, and PhiIIips""’" investigated
the ignition location in turbulent jets. These are only a few of many similar experimental studies
that investigated various phenomena in either counterflow diffusion flames or steady reacting
jets. While these all provide great insight into the general ignition and combustion behaviour of
methane diffusion flames, no studies directly investigating the autoignition delay behaviour of

methane in diesel environments were discovered.

Numerically, the situation is much the same, with many studies investigating the fundamental
behaviour of diffusion flames, but few closely related to the current study. Peters® and Pitsch
and Peters®” work is the most commonly used when describing diffusion flimes using a laminar
flamelet formulation, with many subsequent researchers using their laminar flamelet formulation
to study diffusion flames. These have included studies of the methane-air flame structure and
extinction behaviour by researchers such as Chan et al.***, Yoshida et al.*’, and Seshadri and
Peters*!, as well as many additional studies investigating the diffusion flame’s response to many
scenarios such as Im and Chen’s® investigation of a methane/air diffusion flame’s response to
unsteady strain rate, for example. These represent a small sampling of the many studies that
have been conducted and are included to highlight the fact that while diffusion flame behaviour
is relatively well understood, none of these studies may be directly applied to understanding the

ignition behaviour of non-premixed methane in diesel environments.

Two numerical studies that are of close relevance to the current problem include the work of
Mastorakos et al.*, who studied autoignition in turbulent mixing flows, and Bi and Agrawal*,
who studied autoignition of natural gas in diesel environments. The work of Mastorakos et al.
involved conducting numerical simulations of various mixing flows of cold (300 K) fuel and hot
(1000-1100 K) air to identify conditions favouring early ignition and subsequently compared their
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results with previous experimental results and laminar flame theory. Likewise Bi and Agrawal
modelled natural gas combustion in diesel environments to compare their findings with existing

experimental results.

The purpose of the present investigation is to measure the autoignition delay times of methane
injected into shock-heated air under engine relevant temperatures and pressurés to facilitate
comparison with both previously measured homogeneous autoignition delay times and previous
numerical simulation results. Additionally, imaging techniques were used to photograph the
autoignition event at various stages in its evolution so that comparisons can be made between
reacting and inert gaseous jets, with the aim of better understanding the autoignition behaviour

under diesel engine-relevant conditions.

- 4.3 Experimental Methods

The current investigation involved conducting a series of shock tube experiments measuring the
autoignition delay time of gaseous methane fuel injected into shock-heated air under various
engine-relevant experimental temperatures and pressures using a standard reflected shock
technique. Details of both the specific apparatus used and the test conditions investigated are
presented below.

4.3.1 Apparatus

Experimental ignition delay measurements were conducted in a 7.37 m long shock tube
(3.11 m driver section, 4.26 m driven section), 5.9 cm in inner diameter previously used
for homogeneous methane/air autoignition delay time studies (see Chapter 2 for details).
The sole modifications performed to the experimental apparatus included replacement of
the Auto Tran 600D-117 vacuum sensor (previously used for measuring initial driven gas
pressures) with an Auto Tran 860, and the use of a double diaphragm, rather than a single
diaphragm, system for controlling the pressure ratio between the driven and driver section

(see Figure 4.1).

The double diaphragm system used for controlling the pressure ratio between driven and
driver sections consists of two diaphragms in series separatéd by a small chamber (~66
cm®, 0.8% of the total driver section volume) that is charged to an intermediate pressure
between that of the driven and driver sections. The use of two diaphragms separated by

a small chamber at an intermediate pressure ensures that the pressure difference across
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each diaphragm does not exceed its burst strength until the pressure in the intermediate
chamber is released (by a solenoid valve venting to atmospheric pressure). Each of the
diaphragms consists of a 0.635 mm (0.025 in) aluminum or steel sheet, with five radial
grooves (each 2.95 cm in length) machined to depths between 0.279-0.381 mm (0.011-
0.015 in), depending on the desired rupture strength. Such a system provides control of
the pressure ratio between driven and driver sections, as the pressure difference across
each diaphragm can be maintained safely below its burst strength until the intermediate
chamber pressure is released. This makes the system insensitive to variability between

individual diaphragm's burst pressure caused by material property or machining defects.
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Figure 4.1: Experimental Apparatus (Non-Premixed Autoignition Study)

Fuel injection was performed by a Westport Innovations J41 gaseous fuel injector located
on the shock tube endplate as illustrated in Figure 4.1, facilitating the injection of methane
fuel axially into the shock tube. This injector, which was previously tested to investigate
its jet characteristics (refer to Chapter 3 for details), is a magneto-restrictive unit (allowing
rapid opening and closing times) with a 1.1 mm diameter nozzle. Westport’s WCut control
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software was used for controlling the injection duration and the delay between detection of
a trigger signal and the start of injection. The trigger signal was generated by the passage
of an incident shock by ene of the five dynamic pressure transducers along the length of
the shock tube. Throughout the present tests, the delay between arrival of a trigger»signal
and the start of injection was adjusted to ensure injection be’gan 100-800 s after incident

shock reflection from the endplate.

Finally, to minimize any fuel leakage into the shock tube before injection, a manual shutoff
| valve and an Advanced Fuel Components solenoid valve were installed upstream of the
injector (see Figure 4.1 inset). Although the fuel injector should have sealed unassisted,
this was not found to be the case. Therefore, a manual shutoff valve was used for sealing
the injector from fuel lines between experiments, while a solenoid was used to charge the
injector immediately prior to injection; thereby minimizing the time it remained in a charged

state, potentially leaking fuel into the shock tube.

The injector-charging solenoid valve was controlled by the same signal used for opening
the valve that vented the intermediate chamber pressure in the double diaphragm system.
This was necessary since it could not be triggered by the shock wave itself because of its
excessively long opening time, which exceeded the time available before the arrival of the
incident shock. To compensate for the time necessary to drain the intermediate chamber
(and thus generate a shock wave), an electronic delay circuit was introduced between the
two solenoid valves’ control signals such that the injector-charging valve could be opened
0-9999 ms after the solenoid used for venting the intermediate chamber was opened, with
typical delays between 0-400 ms throughout the present investigation. This arrangement
‘ensured the injector was pressurized for only a few hundred milliseconds prior to injection
to minimize any fuel leakage into the shock tube. The delay between opening the injector-
charging solenoid valve and the start of injection was monitored by a Nicolet Instrument
Corporation (NIC) 2090-1 oscilloscope to measure how long the injector was in a charged
state before injection to estimate total fue! leakage. '

Ignition itself was detected by light emission signals observed through a 10 mm diameter
fused quartz window located on the shock tube endplate adjacent to the fuel injector such
that any light emitted along the length of the shock tube was detectable. While ignition is
commonly detected by pressure measurements in homogeneous shock tube experiments,

such a technique is impractical for non-premixed ignition delay experiments because the
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quantity of fuel injected is too small to produce any detectable pressure rise upon ignition.
Hence two photomuiltipliers, an Electron Tubes P30A and a TSI 9162, monitored CH (with
a bandpass filter of 470+15 nm) and broadband light emissions, respectively, from a pair
of fibreoptic cables placed up against the endplate quartz window for detecting the onset
of combustion. '

Signals from the photomultipliers, the injector control signal, and three of the five dynamic
pressure transducers (due to limited available sampling channels) were acquired using a
Wavebook/512™ data acquisition system sampling at a rate of 140 kHz (corresponding to

a 7.1 ps sampling interval).
4.3.2 Procedure

‘ Prior to each experiment, barometric pressure was recorded and the driven section gas

| pressure transducer was calibrated using a zero and span célibration corresponding to
vacuum and atmosph‘eric pressure (similar to the procedure used throughout all previous
homogenous autoignition experiments). Both driven and driver sections of the shock tube
were subsequently evacuated along with the tubing connecting the fuel injector, injector-
charging solenoid, and manual shutoff valve (refer to Figure 4.1). The driven section was
filled with air (Praxair médical grade) to the desired initial pressure and the driver section
gas composition prepared manometrically with a mi.xture of helium (Praxair 99.9% purity)
and air (Praxair medical grade). The data acquisition system was armed (to be triggered
by the rising edge of the incident shock wave as it passed the second of five piezoelectric
pressure transducers — the first transducer was used for injector triggering), the injection
delay and duration were set through Westport’é WCut software and the delay between the
solenoid for draining the intermediate chamber pressure in thé double diaphragm system
and the injectof—charging solenoid was set. Finally, the intermediate chamber pressure
was vented, initiating the rupture of the diaphragms, and generating the desired incident
shock wave.

In order to ensure a quiescent, constant pressure region behind the reflected shock wave
(i.e. in the experimental test section), the specific heat ratio of the driver gas was carefully
tuned. This was performed by blending air and He to yield a tailored interface between
the driven and driver gases upon shock reflection from the endplate. A tailored interface

is one where the pressure on either side of the contact surface is equal after the reflected

shock passes through the interface (from driven to driver gas), ensuring that the contact
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surface remains stationary and maximizing the experimental time. If the shock velocity
across the interface is not equal, the driver gas pressure will be greater than the driven
gas pressure, or vice versa, after the reflected shock passes through the interface, and
the interface is said to be under-tailored or over-tailored, respectively. An under-tailored
interface causes the test pressure to rise steadily as the contact surface encroaches into
the driven section gas, while an over-tailored interface causes the experimental pressure
to decrease due to the contact surface moving away from the experimental section. Both
cases are undesirable, and thus by altering the composition (He fraction) of the driver gas,
its specific heat ratio is tailored to tune the speed of sound across the contact surface and
thus ensure that the pressure difference across the interface is zero. The procedure for
calculating required initial conditions to produce a tailored interface was well documented
by Huang', and a slightly modified version of the numerical code written by Huang was

used in the present investigation.

Incident shock velocities were calculated from the pressure traces from each of the three
monitored dynamic pressure transducers by measuring the time interval between rising
edges as the shock passed each successive transducer location (see Figure 4.2). Using
the measured incident shock velocity and initial driven gas properties, the experimental
pressure and temperature were calculated by assuming them to be equal to the conditions
immediately behind the reflected shock (as calculated using isentropic shock relations’?).
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Figure 4.2: Incident Shock Velocity Measurement From Pressure Signals

The ignition delay time was defined as the time interval between the start of injection, as
measured by the injector control signal (and corrected to compensate for an inherent 180
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us delay in the injector driver), and the observance of CH and broadband light emissions.
In cases where the onset of ignition was not easily identifiable from light emission signals,
the intersection of a line tangent to the curve at its inflection point (maximum slope) with
its initial baseline was used (see Figure 4.3). Such a definition has been previously used
by other researchers in homogeneous autoignition studies* and was employed throughout
the current investigation, with ignition measured independently from both broadband and
CH band emissions signals.
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Figure 4.3: Ignition Definition From Optical Emissions Signals

4.4 Experimental Results

The autoignition behaviour of non-premixed methane injected into shock-heated air differs from
the behaviour of homogeneous mixtures due to the presence of a diffusion flame and therefore
the effects of both chemical kinetics and fluid mechanics on the ignition times were investigated.
These included studying the effects of experimental temperature and pressure (directly affecting
chemical reaction rates) and also studying parameters influencing the turbulent jet, such as the
injection duration and pressure ratio. The results of experimental investigations examining the
influences of each of these parameters are presented below.
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4.4.1 Autoignition Sensitivity to Fluid Mechanic Parameters

The ignition delay time’s fluid mechanic dependence was explored by varying the injection
duration and pressure ratio at nominal experimental pressures of 17 and 31 bar. Injection
durations between 0.5-5.0 ms and injection pressure ratios between 3-5 were chosen for
investigation, as they represent typical diesel engine operating parameters. These test

conditions are summarized in Table 4.1 with experimental data available in Appendix G.

Table 4.1: Experimental Test Matrix (Non-Premixed Fluid Mechanic Parameter Study)

Experimental Temperature: ~ | 1000-1400 K
Experimental Pressure: 17-31 bar (nominal)
Injection Duration: 0.5-5.0 ms
Injection Pressure Ratio: 3-5 (nominal)

Injection Duration Sensitivity

Injection duration (the time interval during which fuel injection occurs) was the first
fluid mechanic parameter governing a transient jet's influence on the establishment
of a diffusion flame to be investigated. Injection duration was initially speculated to
have a potential influence on methane's autoignition behaviour by virtue of its fuel
metering properties, control of overall mixture equivalence ratio, and cooling effects.
Additionally, the transient nature of short-duration impuilsive jets produces a direct
flow field dependence on injection duration, which dictates the temporal evolution of
temperature, species, and velocity gradients in the flow, which in turn influence the
thermodynamic, kinetic, and transport processes necessary for autoignition. These
effects were investigated at a constant experimental pressure of 31.2+0.8 bar and a
temperature of 11077 K, with the injection pressure ratio maintained at 3.0+0.1.

Results of all measured autoignition times at each investigated injection duration are
presented in Figure 4.4, illustrating the presence of two distinct ignition regimes; one
strongly dependent on injection duration, and another independent of the injection
duration. Short injection durations (< ~3.0 ms) exhibited a strong autoignition delay
time dependence on injection duration, with decreased injection durations resulting
in shorter ignition delay times, but long injection durations yielded autoignition delay
times that were approximately independent of the injection duration. Additionally, in
the injection duration-dependent regime, autoignition times increased nearly linearly

with injection duration, with the shortest autoignition times quantitatively just slightly
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longer than the premixed autoignition delay time of 1-1.2 ms measured at similar

experimental conditions’.
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Figure 4.4: Autoignition Injection Duration Sensitivity

The presence of the threshold below which ignition delay times depend on injection
duration and above which are independent of injection duration also coincides with
two distinct ignition modes observed in each regime. For injection durations shorter
than 3.0 ms, ignition occurred after the end of injection and in most cases produced
clear optical emission signals that unambiguously identified ignition (refer to Figure
4.5 (a)). In contrast, for injection durations greater than 3.0 ms, ignition occurred
during injection, but optical emissions signals consistently exhibited a gradual rise or
a slight initial plateau, indicative of mild reactivity, followed by a sudden increase in
combustion intensity near the end of injection or shortly thereafter (Figure 4.5 (b)).

Both the presence of injection duration dependent and independent regimes and the
approach to premixed autoignition times for short injection durations are explicable if
one adopts the notion of a “kinetic” and “physical” component to ignition delay times
as done by Bi and Agrawal*. They defined a kinetic delay as the ignition delay time
component attributable to the chemical reaction and a physical delay as the portion

attributable to the time necessary for the fuel and oxidant to mix and create a locally
combustible mixture with a sufficiently favourable strain rate to facilitate autoignition.
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Employing such a model, infinitesimally short injection durations would be expected
to nearly instantly produce a combustible mixture (negligible mixing time scales) and
the autoignition time should approach the kinetically-limited premixed autoignition
delay time. At the opposite extreme, long injection durations reach a steady state
after a fixed period of time (regardless of total injection duration) and only produce a
combustible mixture once the physical delay is exceeded. Between each extreme,
injection ceases prior to sufficient time elapsing to overcome the physical delay, but
the sudden decrease in strain that occurs immediately at the end of injection rapidly
reduces strain rates to levels that allow ignition. Hence, for short injection durations,
autoignition occurs shortly after the end of injection and scales linearly with injection

duration.

Injection Signal

Ignition
Delay

Optical (CH) Signal

(a) Clearly Defined Autoignition Delay Typical of Short Injection Durations (< 3.0 ms)

Injection Signal

¢— Ignition Delay

Optical (CH) Signal

(b) Mild Reactivity Preceding Autoignition Typical of Long Injection Durations (> 3.0 ms)

Figure 4.5: Characteristic Optical Ignition Signals Over Two Regimes
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Furthermore the .observed qualitative differences between optical emissions signals
may also be explained by considering the physical and kinetic components of the

ignition delay time. The clearly defined optical emissions signals observed for short
injection durations are characteristic of those seen in premixed ignition experiments
in which an ignition kernel is formed and rapidly spreads. This similarity suggests a
shared ignition mode, reinforcing the theory that kineticé dominate ignition for short
injection durations. Likewise, the region of mild reactivity preceding ignition for long
injection durations is analogous to the “Luminosity Threshold” observed by previous

researchers studying steady-state counterflow diffusion flames®**"

. In their study of
counterflowing cold methane and heated air, they described the luminosity threshold
as a state where the mixture glows but does not rigorously burn. In particular they
described it as a threshold, because as they gradually increased the temperature of
the air jet, the luminosity threshold was defined as the threshold temperature above
which luminescence was observed. Observation of a phenomenon analogous to a
luminosity threshold in the present study suggests a shared ignition mode between

steady-state counterflow jets and the current results for_ long injection durations.

In addition to qualitative evidence presented herein of the transition from kinetically-
limited to mixing-limited combustion, quantitative data also exists supporting such a

theory. The recent work by Fotache et al.,*

who investigated the ignition behaviour
of counterflow methane-air diffusion flames, affirmed that the flame kernel governing
ignition in diffusion flames is essentially a premixed system and behaves similar to
homogenous systems, just as qualitatively observed in the present investigation for
short injection durations. Additionally, they stated the kernel width was proportional
to the square root of the density weighted strain rate and through this relationship all
convective-diffusive transport processes influence ignition. Increased strain rates
decrease the kernel width and allow heat and many of the stable radicals involved in
methane oxidation to convect or diffuse away from the ignition kernel. This explains
the observed lack of ignition while injecting, as high strain rates present in the jet
convect and diffuse away the heat and radicals necessary for the flame kernel to
grow. Additionally, this phenomenon may possibly be responsible for the observed
“Luminosity Threshold”. As an initial homogenous flame kernel forms, it is inhibited
from spreading and further igniting surrounding regions of the jet, giving rise to mild

reactivity or multiple ignition/extinction cycles before ignition. Subsequently when

injection ends, or sufficient time elapses to convect the flame kernel to a low strain
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or high temperature region of the flow, the flame kernel is able to spread, and hence
the observed abrupt increase in light emission (Figure 4.5 (b)). The counteracting
influences of the chemical heat release and the convective and diffusive losses from
the ignition kernel identified by Fotache et al. as dominant forces governing ignition
in diffusion flames may be used in conjunction with Bi and Agrawal’s concept of a
kinetic and physical delay to explain the present dependence on injection duration.

Injection Pressure Sensitivity

Having identified the concepts of a kinetic and physical delay as being relevant to
the present results and the importance of strain rate in the autoignition process by
its promotion or inhibition of flame kernel growth, experiments were conducted to
further investigate the effects of strain rate. However, since the strain in a turbulent
jet cannot be controlled as it can in counterflow diffusion flame studies, the injection
pressure ratio was varied instead. The intention being that increasing the injection
pressure would yield a higher Reynolds number and the increased turbulence would
produce higher mean strain rates. Several tests were conducted at an experimental
pressure of 17.0t0._9 bar and a temperature of 1199134 K, at each of two injection

pressure ratios, 2.7+0.2 and 5.010.3, chosen for their diesel engine relevance.

The result of varying the injection pressure ratio was negligible and no noticeable
difference between each pressure ratio at each of several injection durations tested
was observed (see Figure 4.6). This was caused by several factors including very
large experimental uncertainties inherent in autoignition delay measurements that
may mask any differences (note the large error bars on some data points in Figure
4.6), the relatively small difference between each of the pressure ratios tested, and
a genuine autoignition delay independence from injection pressure. This latter point
is the most noteworthy. Although increasing injection pressure certainly improves
mixing between fuel and oxidant and may be beneficial in certain pollutant formation
processes, it does not appear to reduce autoignition delays. Support for this finding

is provided by the work of Mastorakos et al.*®

Mastorakos et al. addressed seemingly contradictory findings whereby experiments
had shown that turbulence decreases ignition delay times while laminar flame theory
suggests that higher strain rates associated with turbulence should prevent ignition
and thus increase ignition delay times. Their work involved conducting numerical
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Figure 4.6: Autoignition Injection Pressure Ratio Sensitivity
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simulations of various mixing flows of cold (300 K) fuel and hot (1000-1100 K) air to
identify the conditions that favoured early ignition. They discovered that ignition was |
initiated at several locations simultaneously and that these locations were all at the
“most reactive” mixture fraction where scalar dissipation rate is lowest. Furthermore
the most reactive mixture fraction was found to be in the fuel lean regions, believed
to be due to higher temperatures in the lean region compensating for the reduced

fuel concentration through the reaction rate’s exponential temperature dependence.

However, in addition to mixture fraction requirements, ignition was also conditional
upon the lowest possible scalar dissipation. This conditional dependence on scalar
dissipation rate offered an explanation as to why (1) partially premixed flows have
been found to ignite earlier than non-premixed flows, and (2) turbulent flows ignite
earlier than laminar ones. Partially premixing the fuel and air yields smaller mixture |
fraction gradients and hence lower scalar dissipation rates, while turbulence, with its
many length and time scales and its chaotic nature creates regions of both very high
and low scalar dissipation rate. The regions of unusually low scalar dissipation rate
preferentially ignite and hence result in shorter ignition delay times than in laminar
flows despite the higher mean strain. Additionally, since ignition in turbulent flows
always occurs in regions of unusually low strain rate, and such regions are present
regardless of the turbulence intensity, ignition delay time is independent of turbulent
time scales. So their conclusion was that the turbulent length and time scales and
partial premixing affect ignition by their effect on the conditional scalar dissipation
rate.

Applying the concepts presented above to the current experimental findings, it is not
surprising that increasing the injection pressure ratio did not have any effect on the
measured ignition delay times. Since the flow is already turbulent at the lower of the
injection pressures investigated, increasing injection pressure further only increases
the turbulence and has minimal impact on the conditional scalar dissipation rates in
the flow. Certainly, if the injection pressure were increased excessively, a negative
impact on the ignition delay times would be expected since then the turbulence may
inhibit autoignition by dissipating any heai released in the combustion process so
rapidly that any small flame kernels that are formed are immediatély extinguished.
However, for the injection pressure ratios presented here, no autoignition delay time
dependence on injection pressure was observed.
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4.4.2 Autoignition Sensitivity to Chemical Kinetic Parameters

The ignition delay time's kinetic dependence was investigated by varying the experimental
temperature and pressure behind the reflected shock wave. Temperatures between the
ignition limit and 1400 K were investigated at two nominal experimental pressures (17 bar
and 31 bar) chosen to correspond with conditions previously explored in premixed ignition
studies to facilitate direct compa’rison with existing results. Additionally, given the injection
duration dependence discussed above, several injection durations between 0.5-5.0 ms
were investigated at each test condition. These experimental conditions are summarized
in Table 4.2.

Table 4.2: Experimental Test Matrix (Non-Premixed Chemical Kinetic Parameter Study)

Experimental Temperature: 1000-1400 K
Experimental Pressure: 17-31 bar (nominal)
Injection Duration: o 0.5-5.0 ms
Injection Pressure Ratio: 3 (nominal)

Experimental (Air) Temperature Sensitivity

Results of measured autoignition delay times conducted at 31.1+1.4 bar (including
data from the previously discussed injection duration sensitivity study) are presented
in Figure 4.7. This figure illustrates the expected temperature dependence, namely
decreased ignition delay times with increased experimental (air) temperature. Also,
in addition to the present experimental results, two additional 'curves are included in
this figure plotting ignition delays measured by Huang' in a previous homogeneous
ignition delay study conducted at similar experimental conditions. Although at first
the ignition delay reduction with ihcreased experimental temperature from 1100 K to
1400 K does not appear to be as large as that observed in premixed ignition delay |
studies (partly due to the logarithmic scale), the absolute magnitude of the reduction
(~600 ps) is nearly identical. This is not unexpected since increasing experimental
temperatures accelerate chemical reactions and corresvpondingly reduce the kinetic
component of the autoignition delay time. Since both non-premixed and premixed
ignition delay times exhibit nearly identical reductions with increasing temperatures,
this suggests that only the kinetic delay is affected by temperature. The qualitative
agreement between the present non-premixed results and previous homogeneous

ignition delay times thus reinforces the theory of a kinetic and physical component to

non-premixed ignition delay times.
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Figure 4.7: Autoignition Temperature Sensitivity (31 bar)

Furthermore, numerical simulations by Bi and Agrawal* similarly concluded that the
kinetic delay decreases as temperatures are increased, but in addition they stated
that the physical delay also exhibited a reduction at increased temperatures. While
in the present study, the magnitude of the ignition delay reduction was found to be
approximately equal to only the kinetic reduction (no additional reduction attributable
to the physical delay was observed), any physical delay reduction may have simply
been too small to detect given large experimental uncertainties. While the ignition
delay time’s kinetic component is greatly reduced by increased temperatures (due to
the chemical reaction rate’s exponential temperature dependence), no such reason
exists suggesting that the physical delay should exhibit a similar dependence. If the
physical component of the ignition delay time is reduced at elevated temperatures it
must be attributable to the increased thermal gradients between the heated air and
relatively cold fuel, which enhance heat and mass transfer. However, kinetics are
far more strongly dependent on temperature than mixing rates are, and therefore
the physical delay remains approximately constant.

Experimental (Air) Pressure Sensitivity

To further explore the ignition delay time’s kinetic dependence, the tests presented
above were repeated at a lower pressure of 16.8+1.0 bar to observe the influence of
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the reduced pressure on ignition delay times and explore whether the temperature

dependence observed at higher pressures was preserved at a lower test pressure.

These results are presented in Figure 4.8 illustrating that the reduced experimental
pressure had a minimal impact on the magnitude of the ignition delay times relative
to the high-pressure results, but the pressure reduction greatly affected the ignition
limit (the temperature below which ignition was no longer observed).
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Figure 4.8: Autoignition Temperature Sensitivity (17 bar)

At similar temperatures, ignition delay times at each injection pressure were equal
(within experimental uncertainty). This was not unexpected since minimal pressure
dependence was observed in a previous homogenous ignition study', and Fotache

et al.®®

indicate that the flame kernel governing diffusion flame’s ignition behaves like
homogenous systems. However, previous homogeneous autoignition studies found
that the ignition delay times increased slightly at lower pressure (due to the reduced
reactant concentrations) while the present results do not exhibit any increase at all.
In fact, a slight reduction is seen for some injection durations. While this apparent
reduction is not fully understood, it is believed to be partially a manifestation of the

luminosity threshold phenomenon observed at higher pressures.

Fotache et al. in their investigation of counterflow diffusion flames indicated that the
luminosity threshold approached the ignition temperature at elevated pressures, and
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eventually vanished altogether. Therefore, while at higher pressures, the luminosity
threshold was easily identifiable because its magnitude was small (vanishing with

" increased pressure) relative to the ignition signal, at the reduced pressure of 17 bar,
the magnitude of this luminosity was comparable to that of ignition signals, and may
have been mistakenly interpreted as ignition. This theory is supported by noting that
short injection durations exhibited equal autoignition delay times at both pressures,
suggesting pressure has a negligible effect on ignition delay, while longer injection
durations coincide with the lower error bounds of the data presented in Figure 4.7.
These lower error bounds identify the luminosity threshold and interestingly, even at
31 bar several data points from the long injection durations exhibited ignition delay
times as short as those seen at 17 bar. This further suggests that at low pressures,
and occasionally at higher p'ressures, the luminosity can'be of comparable intensity
to the ignition signal and hence cause the observed apparent reduction in ignition
times. Figure 4.9 below illustrates this phenomena by plotting several realizations of
the "luminosity threshold" to illustrate how the magnitude of the light emission can
vary widely. Bearing in mind that the slight apparent ignition delay time reduction for
long injection durations may thus not be genuine but simply due to luminescence,
then ignition in non-premixed combustion is essentially independent (or extremely
weakly dependent) on experimental pressure. It should be expected that the kinetic
component of the ignitibn delay would be slightly reduced with elevated pressures
based on previous homogeneous ignition delay results, but the physical delay would

not experience any such reduction if the injection pressure ratio were preserved.

To further clarify the negligible change, or perhaps even slight reduction, in ignition
delay times at low pressure, ignition delay times measured at each of four injection
durations are plotted in Figure 4.10. At each injection pressure, measured ignition
delay times fall within experimental error of each other. For short injection durations
(1.0ms and 1.5 ms) the data points coliected at 17 bar are scattered equally above
and below the trend line plotted based on 31 bar data. At longer injection durations
of 3.0 ms and 5.0 ms, the 17 bar data remains within experimental error of the 31
bar data’s trendline, but is slightly biased towards shorter ignition delay times. This
bias is attributed to the luminosity threshold effects discussed above.

Aside from the negligible impacf on ignition delay times, experimental pressure did
exhibit a very strong effect on the ignition limit and quantitatively, the magnitude of
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the ignition limit shift agreed well with that observed in lean premixed experiments.
In the present tests, the ignition limit shifted approximately 70 K (from 1050 K at 31
bar to 1120 K at 17 bar), while a similar pressure reduction yielded a 70 K increase
in the ignition limit in lean homogeneous autoignition experiments. In addition to the
remarkable agreement between these two cases it is also significant to note that this
behaviour is markedly different from the response of stoichiometric mixtures at the
same pressures. Unlike the lean data, stoichiometric mixtures failed to demonstrate
any ignition limit pressure dependence. This close agreement with lean premixed
results lends further support to the belief that autoignition in non-premixed mixtures
occurs in fuel-lean regions. Such dependence has also been expressed by Bi and
Agrawal and Mastorakos et al. in previous simulations who all suggested ignition
preferentially occurs in fuel-lean regions due to higher temperatures in these areas.
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(a) Typical "Luminosity Threshold" (LT) Signal at 31 bar
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Figure 4.9: Differences in Luminosity Threshold with Pressure
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4.4.3 Error Analysis

Throughout all current experiments, all error sources previously present in homogeneous
autoignition studies were present (Appendix C), with the exception of the error associated
with ignition delay measurements and uncertainty in driven gas compositions. Uncertainty
in ignition delay times attributable to ambiguous pressure traces in homogeneous ignition
delay experiments was replaced by errors associated with ambiguous optical emissions
signals, and although uncertainty in the driven gas composition was eliminated since the
driven gas was now pure bottled air (eliminating errors in preparing the gas composition

manometrically), leakage through the injector yielded uncertainty in the fuel injected.

Ignition Delay Time Error

Ignition delay time errors were primarily associated with the frequent uncertainty in
identifying the onset of ignition from light emission signals. Several typical ignition

signals are presented in Figure 4.11 to illustrate how upper and lower bounds were
defined in such cases.

Well-Defined Ignition

JoaAlndiado .t

Mild Reactivity Preceding Ignition

Very Gradual Ignition

Figure 4.11: Characteristic Optical Emission Signals Over Three Ignition Regimes

In cases where ignition was very well defined and the optical emission signals were

strong, minimal errors were introduced, and were on average approximately +0.080
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ms (Figure 4.11 (a)). When the ignition signal was preceded by weak light emission
the lower error bound was defined as the time when the initial weak light emission.
occurred and upper bounds defined as the time when a siope change was observed
in the light emission intensity, signalling a change from mild reactivity to much more
rigorous burning (Figure 4.11 (b)). As a result, no quantitative mean error could be
defined, since this varied widely from case to case. Finally, when optical emissions
signals exhibited a very gradual rise (Figure 4.11 (c)) uppe.r and lower error bounds
were defined as shown, with average errors typically in the range of £0.100 ms to
+0.400 ms.

Fuel Mass Flow Error

Uncertainty in the quantity of fuel present (due to leakage) produced no quantifiable
effect on measured ignition delay times, but contributed to qualitative uncertainty in
analysing the effects of injection durations. Despite previous characterization of the
J41 injector used in the present investigation demonstrating a constant fuel mass
flux regardless of injection duration (x10%), the effects of any fuel leakage prior to
injection are not easily quantified. Though a leakage mitigation system was installed
upstream of the fuel injector (Figure 4.1), the injector remained in a charged state
for typically 200-800 ms prior to injection. Throughout this time, fuel leakage into
the shock tube created a cloud of partially premixed fuel and air in the vicinity of the
injectof nozzle, which may have had the net effect of promoting ignition. It has been
shown by previous researchers* (and discussed in this investigation) that partially
premixing fuel and oxidant promotes ignition by reducing mixture fraction gradients
in the flow. The effect of any leakage through the injector would produce precisely
such an effect and, while extremely desirable if effective in reducing ignition delay
times, this effect introduced an unquantifiable degree of uncertainty throughout all

experimental results.
4.4.4 Autoignition Visualization

While identifying the ignition delay time dependence on both kinetic and fluid mechanic
parameters of interest, extensive reliance on concepts presented by Bi and Agrawal* and
Mastorakos et al.** was necessary. While the ignition delay data seemed to corroborate
those theories, many of the concepts they discussed were unrelated to the ignition delay

itself, but rather focussed on the ignition location (fuel lean regions, multiple simultaneous
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ignition sites, etc.). So to further explore the present interpretation of theories put forth by
previous researchers, autoignition delay experiments were conducted with an optical test
section in place to facilitate capturing high-resolution digital images of the ignition event at
various stages in the autoignition process. Experiments were conducted at a pressure of
6 bar (nomihal), with temperatures between 1250-1400 K (1250 K was determined to be

the ignition limit at this pressure), and injection durations between 1.0-5.0 ms. These test

conditions are summarized in Table 4.3 with digital images available in Appendix H.

Table 4.3: Experimental Test Matrix (Autoignition Visualization Study)

Experimental Temperature: 1250-1400 K
Experimental Pressure: 6 bar (nominal)
Injection Duration: 1.0-5.0 ms
Injection Pressure Ratio: ' 4 (nominal)

Apparatus Modifications

To facilitate high-speed digital photography of autoignition events, the experimental
apparatus in Figure 4.1 was modified with the addition of an optical test section at
the end of the driven section. The optical test section contained three fused quartz
windows (for observing ignition events in the shock tube) and one instrumentation
window (for mounting a pair of pressure transducers). Figure 4.12 illustrates this
modified setup, with detailed drawings of the optical test section itself available in
Appendix J. The addition of an optical test section lengthened the driven section by
0.54 m, thus resulting in a total shock tube length of 7.90 m (3.11 m driver section,
4.79 m driven section). ‘

With the addition of the optical test section, light emission signals could no longer be
detected from the driven section endplate, since it could no longer accommodate a
window and fibreoptic cable. Instead a fibreoptic cable was mounted up against one
of the three large quartz windows along the sides of the test section. Although there
was initial concern whether such an arrangement was capable of detecting any light
emitted downstream of the fibreoptic cables' location, this was not found to be a
problem. Additionally, since previous tests had demonstrated excellent agreement
between CH and broadband optical emissions, only CH band emissions were used
for detecting ignition, as the fibreoptic cable previously used for detecting broadband

light was required by the Schlieren imaging system.
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Figure 4.12: Experimental Apparatus (Autoignition Visualization Study)

A Schlieren imaging system was assembled to facilitate visualization of the gaseous
jet within the test section. This system was adapted from the one previously used
for investigating the jet characteristics of the injector used in the current tests (refer
to Chapter 3 for component descriptions). However, space limitations prevented the
use of that system in its original configuration, so a modified version was developed
to reduce its size (total distance between lenses and mirrors — refer to Figure 4.13).
This modified Schlieren system focussed the light from a 200 W mercury arc lamp
onto the end of a 0.5 mm diameter fibreoptic cable. This fibreoptic cable replaced a
pinhole and allowed both the arc lamp and focussing lens to be located off-axis from
the mirrors and lenses used to produce a parallel light beam. The light transmitted
through the fibreoptic cable was passed through a 15.24 cm (6 in) diameter double
convex lens with a 43.18 cm (17 in) focal length to produce a parallel light beam to
pass through the test section's quartz windows. Additionally, to further minimize the
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system's total length, rather than'having a second converging lens on the opposing
side of the test section to focus the parallel light onto a camera, a mirror was used. |
The mirror reflected the parallel beam back through the test section and through the
convex lens, focussing the Schlieren image immediately adjacent to the fibreoptic
cable. Although the use of such a fibre optic cable is unconventional for Schlieren
systems, passing the parallel light beam through the test section twice and using the
same lens to both produce the parallel light and focus the Schlieren image has been

previously used successfully by others*.

Converging Lens Plane Mirror

Digital Camera Pinhole
e A
T .hu T Test Section
B R Placed Here
[
i

“™ Fibreoptic Cable

- R
- ~ \‘/\
~—— P o, S

Mercury Arc Lamp
and Focussing Lens

Distance from pinhole to lens: 0.432 m (17 in)
Distance from lens to mirror: 0.254 m (10 in)

Figure 4.13: Compact Schlieren System Schematic

Finally, since the circular parallel light beam was cropped as it passing through the
rectangular quartz windows, the focussed image was correspondingly rectangular,
not circular. Therefore, instead of using an aperture to resolve density gradients in
all directions (as previously done when testing the injector) or using as a single knife
edge to resolve density gradients perpendicular to the knife edge (as in conventional
Schlieren systems) a rectangular aperture was created. This consisted of four knife
edges that could be independently adjusted to "frame" the focussed image, allowing
density gradients in two orthogonal directions to be resolved. The resulting image
was photographed with a Kodak Megaplus ES 1.0 camera previously described in
Chapter 3.

To compensate for any foreign particles on the quartz windows, mirror, and lens, or

non-uniformities introduced by the arc lamp, two images were captured during each
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experiment; one before and one during ignition. Subsequently the "ignition" image
was filtered to compensate for irregularities by using the initial image as a mask. In
Figure 4.14 several examples are presented illustrating the initial "baseline" image,
the second "ignition" image, and the final filtered image. Finally, to further highlight
observed light intensity gradients in the flow, the greyscale intensities were mapped
onto a colour scale. It should be emphasized that the colours presented in these
figures simply represent a linear colour mapping of the original greyscale intensities

and are not necessarily representative of any physical parameter.

Ignition

Filtered

Figure 4.14: Autoignition Visualization Image Post-Processing Examples

Schlieren Photography

Schlieren imaging of the autoignition process did not yield any quantitative results
but did provide some further evidence supporting the theories presented throughout
the discussion of the autoignition delay time data. In order to interpret these images
reacting jets were first compared to equivalent non-reacting jets previously studied
in Chapter 3. Several images of the reacting jet before the onset of combustion (i.e.
before any reaction) indicate close agreement between the reacting jet and the non-
reacting jet and are presented in Figure 4.15, which presents the reacting jet before
ignition began alongside images of a non-reacting jet of same injection duration and
injection pressure ratio. These illustrate that the jet penetration length and length to
width ratio were qualitatively identical. In addition, close agreement was observed
between the potential core length of the reacting and non-reacting jets, the location
of high turbulence regions, the vortex ball location, and other qualitatively features.
Interestingly, regions of the non-reacting jet that exhibited high turbulence intensity
are nearly indistinguishable in the "reacting" jet images even before ignition. This
illustrates the thorough mixing of fuel and oxidant that occurs in these regions.
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Figure 4.15: Comparison of Hot and Cold Jets

Since the regions in the non-reacting jet where high turbulence intensity and many
eddies were observed correspond to regions of the reacting flow that are identical to
"hot air" regions, this implies that thorough mixing and/or ignition was occurring in
these areas. The images suggest ignition may be occurring in the ball vortex region
of the jet that is relatively lean and hot due to extensive mixing and then spreading
towards the injector nozzle (as evidenced by decreasing length of the cold jet region
in the sequence of images in Figure 4.16). However, when comparing the reacting
jet images captured during ignition (Figure 4.16) with those captured prior to ignition
(Figure 4.15) little difference is observed in the ball vortex region. As a consequence
of the external illumination (necessary to see the jet), it is unclear whether ignition is
occurring in the ball vortex or if the hot air and cold fuel are simply very well mixed.
Certainly, the two are not unrelated, since mixing is a prerequisite for ignition, but
Schlieren images alone cannot conclusively prove that ignition is initiated in the ball
vortex region since the external illumination source caused well-mixed regions and

reacting regions to appear identical.
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Figure 4.16: Reacting Jet Schlieren Images at Various Ignition Stages

*Note: CH emissions plotted along the left with a square wave indicating the camera trigger time.
Vertical white bar in each image indicates approximate location of jet tip.

Self-llluminated Photography

Given the difficulties encountered in distinguishing between well-mixed regions and
ignition based solely on Schlieren images, additional experiments were conducted
without external illumination. In these cases, the jet and other flow phenomena were
invisible, and thus the only light detected was that caused by ignition. Several of the

captured images are presented in Figure 4.17.

The images in Figure 4.17 conclusively illustrate that autoignition does begin in the
ball vortex region of the jet, not near the nozzle, or along the edges of the steady-
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Figure 4.17: Reacting Jet Self-llluminated Images at Various Ignition Stages

*Note: CH emissions plotted along the left with a square wave indicating the camera trigger time.
Vertical white bar in each image indicates approximate location of jet tip.
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state self-similar portion of the jet. Although none of the images captured the start
of ignition, the sequence shown clearly suggests ignition preferentially occurs in or
around the ball vortex and then gradually spreads towards the injector nozzle. Such
an ignition process is corroborated by the numerical simulations of Bi and Agrawal*
who indicated autoignition preferentially occurs in the fuel-leén regions of the flow.
Additionally, Bi and Agrawal’s work suggested several ignition phenomena including
the presence of multiple simultaneous ignition sites, the ignition sites moving closer
“to the nozzle at elevated temperatures, and the ignition originating from hot spots in
the free jet that are convected downstream. Similarly, the present experiments seem
to indicate similar trends. Several of the images in Figure 4.17 suggest multiple "hot
spots” or ignition initiation sites, and collectively the sequence of images definitively
shows autoignition occurring around the ball vortex of the jet and then spreading
towards the nozzle. Although little more than such qualitative observations can be
made from such images, the agreement between the ignition initiation location and
growth presently observed and the mechanism described by Bi and Agrawal in their
numerical work lends further support to the inferences that were drawn in analysing
the autoignition delay time data.

4.5 Conclusions and Recommendations

The present investigation of both the chemical kinetic and fluid mechanic parameters governing
the autoignition behaviour of gaseous methane injected into shock-heated air at diesel engine-
relevant conditions has led to the following observed dependencies: |

1. Autoignition behaviour was found to correspond well with the concépt of a kinetic and
physical component to ignition delay times. The kinetic compénent, due to chemical
reaction rates, governs the ignition delay time’s response to experimental temperature
and pressure, while the physical component, due to mixing, dictates the ignition delay
time’s response to flow parameters including the injection duration, strain rate, and

partial premixing.

2. Injection duration and ignition delay times exhibited a linear relationship for injectioh
durations less than 3.0 ms and were independent for longer injections. This behaviour
was attributed to the physical component of the ignition delay time as excessive strain

in the flow inhibits ignition until the end of injection or until a locally combustible pocket
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is convected sufficiently far downstream into a low strain/high temperature region. This
suggests use of pulsed injection could yield short ignition delay times when delivering
the same quantity of fuel as a single, longer injection as multiple short injections may
ignite faster than one long injection.

3. Injection pressure was observed to have a negligibie effect on autoignition delay times
and was not unexpected since previous numerical research had shown ignition occurs
at a “most reactive” mixture fraction where the scalar dissipation rate is lowest. Since
increasing the injection pressure has no effect on the conditional mixture fraction and
scalar dissipation rate dependence, no increase/decrease in ignition delay times was
observed. High injection pressures therefore do not reduce autoignition delay times
directly, but may be useful in increasing fuel delivery rates and therefore may indirectly

reduce autoignition delay times by reducing required injection durations.

4. Air temperature was found to influence autoignition delay times identically to the way it
affected lean homogenous methane/air mixtures. Increasing air temperatures reduced
ignition delay times by a magnitude equal to the reduction observed in lean premixed
mixtures over the same temperature range. This effect was attributed to the reduction
in the kinetic component of the ignition delay time that occurs as the air temperature is
increased. Additionally, the close agreement between the ignition limit shift observed
between the current results and previous lean homogenous mixtures suggests ignition

preferentially occurs in lean regions of the flow.

5. Air pressure had a negligible effect on ignition delay times but dramatically affected
the lowest temperature at which ignition was possible, with higher pressures having a
lower ignition limit. Also, the magnitude of the ignition‘limit shift was identical to that
observed for lean homogenous mixtures, further supporting the theory that ignition in
gaseous jets preferentially occurs in fuel-lean regions.

6. Images of the autoignition process confirmed that ignition initiates in the fuel-lean balil
vortex region of the flow. These imagés illustrated multiple simultaneous ignition sites
and provided evidence indicating that ignition occurs along the edges of the ball vortex
and then gradually spreads towards the injector nozzle. This finding is significant as it
both confirms theories suggested by previous researchers and suggests increasing
the mixing rate (reducing the time necessary to form a lean mixture) could effectively

reduce ignition delay times.
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Conclusions and
Recommendations

The current three-phase investigation of methane's autoignifion behaviour under diesel ;angine-

relevant conditions has included a numerical and experimental study of homogeneous methane
autoignition delay times, characterization of a fuel injector for methane injection in non-premixed
autoignition studies, and a hon-premixed methane autoignition delay time study. Several of the

most noteworthy findings from each study are summarized below:

1. The homogeneous methane autoignition delay time study illustrated the importance of
using a consistent method for detecting and defining ignition in both experimental and
numerical studies. A large portion of the observed discrepancies between previous
researchers’ results and correlations was attributed to the multitude of different ignition
definitions used. In addition, the importance of using a variable activation energy over
different experimental temperature regimes was illustrated by the inability of existing
correlations to predict a distinct activation energy change observed at a temperature
of approximately 1550 K. '

2. The injector characterization study quantified the presence of a 180120 us delay in the
injector driver that must be accounted for to ensure proper injection timing, proposed
several numerical models for predicting mass flows and exit conditions at the injector
nozzle given only the fuel reservoir state, and verified the injector's ability to operate in
a pulsed injection mode. Additionally, Schlieren visualization of the jet produced by the
injector under a variety of operating conditions demonstrated the self-similarity of the
jet and its close agreement with existing scaling laws. The effects of 'jet impingement
onto objects of various geometries were also illustrated, showing that the penetration
length and/or turbulence intensity of the jet could be controlled by varying the distance
from the nozzle to the obstruction, and the effects of an enclosure on the transient jet's

development were demonstrated to be negligible.

3. The non-premixed methane autoignition delay time study coupled the kinetics studied

in the homogeneous autoignition delay time study with the jet fluid mechanics from the
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injector characterization study. This led to the finding that kinetic and fluid mechanic
parameters influence the autoignition behaviour independently, and thus autoignition
delay times can be split into their "kinetic" and "physical" Components. Experimentai
temperatures and pressureé affect autoignition delay times through their influence on
the kinetic component identically to the manner in which homogeneous ignition times
respond to similar temperature/pressure changes. The injection duration affects the
physical component of ignition delay times, delaying autoignition until near the end of
injection for long injection durations and exhibiting a linear relationship on autoignition.
times for short injections, with an asymptotic approach to homogeneous autoignition
delay times as the injection duration is reduced. Moreover, these experiments agreed
well with previous numerical simulations that suggested ignition preferentially occurs
in fuel-lean regions of the flow. This was confirmed by capturing images of the ignition

process, which clearly illustrated ignition occurring in the fuel-lean ball vortex of the jet.

Following the initial intent of the present investigation, which was to discover potential strategies
for reducing methane's prohibitively long autoignition delay time, the following potential ignition
delay reduction strategies have emerged and warrant future investigation:

1. High-pressure injection. Although non-premixed autoignition delay time experiments
showed no ignition delay reduction with increased injection pressure, the injector
characterization study indicated increasing the injection pressure increases the mass
flux and thus a shorter injection duration at a high injection pressUre could deliver the
same quantity of fuel as a longer injection duration at a low pressure. Therefore, this
may achieve an ignition delay time reduction by virtue of itsvreduced injection duration.
Additionally, increased injection pressure may be beneficial for pollutant formation
processes not investigated in the present study.

2. Partial premixing. Leakage from the injector used in the present study was observed
to act as an ignition promoter under certain conditions and numerical simulations have
previously indicated that partial premixing of fuel and oxidant is beneficial for ignition
promotion through its influence on reducing mixture fraction gradients. Therefore, if
the "leakage" can be controlled, partially premixing or stratifying the fuel may reduce
autoignition delay times.

3. Pulsed injection. Since effects of injection duration were so pronounced in reducing

ignition delay times, using pulsed injection to deliver the desired quantity of fuel over
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multiple short injections rather than one long injection may reduce ignition delay times.
The injector characterization study showed such a control strategy could be readily -
implemented using existing hardware and furthermore pulsed injection operation had

no adverse impact on the jet's penetration length and width.

4. High-pressure, partially premixed, pulsed direct injection. Finally, given the present
understanding of the effects of high-pressure injection at increasing fuel mass fluxes,
partial premixing at reducing spatial mixture fraction gradients, and pulsed injection at
creating regions of favourable strain, combining all three into a high-pressure, partially
premixed, pulsed direct injection system should also be investigated as a potential

ignition delay time reduction strategy for diesel engines.

To proceed with implementing the above autoignition delay reduction strategies, the following

work remains to be conducted:

1. Replace (or repair) the existing injector to eliminate the large uncertainties currently
attributed to leakage. This should be the first priority before conducting any further

non-premixed experiments!

2. Repeat the injection duration study (particularly for short injections that exhibited an
injection duration dependence) and injection pressure ratio sensitivity experiments
with a properly sealing injector to verify that the observed trends are not simply a by-
product of leakage effects. |

3. Explore pulsed injection by investigating the effects of pulse duration, pulse width, and
equal or unequal injection pulse widths on autoignition delay times.

4. Quantify the effects of partial premixing by conducting autoignition experiments with
the shock tube’s driven section filled with a lean mixture of methane and air (instead of

pure air) and comparing autoignition delay times to non-premixed results.

5. Investigate the use of more sophisticated laser-based ignition detection methods since
the interpretation of light emission signals was often difficult due to the presence of

leakage, multiple ignition/extinction cycles, or luminosity preceding ignition.
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Vacuum SenSor Calibration Data

A.1 Driven Section Pressure Transducer

The Auto Tran 600D-117 vacuum sensor used to measure driven gas pressure was calibrated
against an Oakton® Aneroid barometer, yielding extremely repeatable results (as is illustrated in
Table A.1). The average slope of all calibrations was -2.997 psi/V with a standard deviation of
0.002 psi/V, agreeing well with the manufacturer’s value of -3 psi/V.

Table A.1: Vacuum Sensor Calibration

Atmospheric Pressure Vacuum Pressure Regression

(V) (bar) (psi) (V) (bar) (psi/V) (bar/V)
1.014 1.010 14.649 5.90 0 -2.998 -0.207
1.019 1.014 14.707 5.93 0 -2.995 -0.206
1.019 1.014 14.707 5.93 0 -2.995 -0.206
1.017 1.001 14.518 5.86 0 -2.998 -0.207
1.018 1.001 14.518 5.87 0 -2.992 -0.206
1.018 1.002 14.533 5.87 0 -2.995 -0.207
1.019 1.002 14.533 5.87 0 -2.996 -0.207
1.018 0.995 14.431 5.83 0 -2.999 -0.207
1.019 0.994 14.417 5.83 0 -2.997 -0.207
1.018 0.997 14.460 5.84 0 -2.999 -0.207
1.017 0.995 14.431 5.83 0 -2.998 -0.207
1.015 1.010 14649  5.90 0 -2.999 -0.207
1.016 1.012 14.678 5.91 0 -2.999 -0.207
1.016 1.015 14.721 5.93 0 -2.999 -0.207
1.016 1.016 14,736 5.93 0 -2.999 -0.207
1.016 1.029 14.924 5.99 0 -3.000 -0.207
1.015 1.000 14.504 5.85 0 -3.000 -0.207
1.016 = 1.000 14.504 5.85 0 -3.000 -0.207
1.014 0.997 14.460 5.84 0 -2.996 -0.207
1.015 0.991 14.373 5.81 0 -2.998 -0.207
1.015 0.993 14.402 5.82 0 -2.997 -0.207
1.016 0.994 14.417 5.83 0 -2.995 -0.206
1.016 0.997 14.460 5.84 0 -2.998 -0.207
1.015 1.013 14.692 5.92 0 -2.995 -0.207
1.015 1.014 14.707 5.93 . 0 -2.992 -0.2086
1.015 1.015 14.721 5.93 0 -2.995 -0.207
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Table A.1: Vacuum Sensor Calibration cont'd.

Atmospheric Pressure Vacuum Pressure Regression

V) (bar) {psi) (V) (bar) (psi/V) (bar/V)
1.015 1.015 14.721 5.93 0 -2.995 -0.207
1.014 1.004 14.562 5.87 0 -2.999 -0.207
1.015 1.004 14.562 5.87 0 -2.999 -0.207
1.015 1.003 14.547 5.87 0 -2.996 - -0.207
1.015 1.003 14.547 5.87 0 -2.996 -0.207
1.015 1.003 14.547 5.87 0 -2.996 -0.207
1.014 1.023 14.837 5.96 0 -3.000 -0.207
1.015 1.018 14.765 5.94 0 -2.998 -0.207

0

1.015 1.016 14.736 5.93 -2.998 -0.207

A.2 Driver Section Pressure Transducer

The Eclipse® high-pressure sensor used for measuring driver section gas pressures was not
calibrated since it was not used directly in any ignition delay studies (only used for estimating
diaphragm burst pressure). However, a discrepancy was discovered between the manufacturer-
supplied conversion factor and the one currently used. The manufacturer indicates that the

equation for converting measured voltages to pressures is:
P (psi) = 1250*(V - 0.5)

but the equation currently being used is:
P (psi) = 1200*(V - Vo)

where V, is determined by measuring the transducer output voltage at atmospheric pressure
prior to each experiment (pseudo-calibration) and was found to have an average value of
0.4632 V with a standard deviation of 0.0006 V over the course of the present experimental

study. Throughout all experiments, the latter equation using the pseudo-calibration constant

was used.
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Homogeneous'
Autoignition Delay Data

Table B.1: Homogeneous Autoignition Delay Data

P Driven P Driver T (ms) P Test T Test
Yar Yoz ycus EQR . . . »
(psia) 2 (psia) nominal upper Ilower (bar) (K)
0.637 0.242 0.121 0.999 1.109 13585 @ 03 0.426 0.24 6.65 1935
0.609 0.260 0.131 1.002 1.107 30.12 . 2414 1103

0.857 0.095 0.048 1.000 1.198 42.13 0.972 1.488 0.882 2.857 1421
0.857 0.095 0.048 1.000 1.199 48.02 1.02 1.104 0.96 3.044 1475
0.962 0.026 0.013 0.980 1.200 58.86 0.582 0.642 0.522 3415 1813
0.962 0.025 0.013 1.000 1199  58.83 ) 3.294 1769
0.927 0.049 0.025 1.020 1.199 83.05 0.732 0.792 0672 3.637 1794
0.727 0.182 0.091 1.004 1.185 73.48 0.504 0.828 0.444 3865 1491
0.727 0.182 0.091 1.000 1.170 67.52 0.612 1.578 0.552 3.263 1369
0.608 0.262 0.130 0.993 1.529- 57.94 0.612 1.248 0432 3586 1143
0.608 0.261 0.130 0.998 1.500 41.32 1.386 1.446 1.326 3.26 1102
0.727 0.182 0.091 1.002 1.500 48.10 1.23 1.29 117 3416 1229
0.823 0.118 0.059 1.004 - 1.470 48.10 1.272 1.472 1.072 3.243 1315
0.790 0.140 0.070 1.000 1.498 36.06 2.580 1120
0.790 0.140 0.070 0.997 1.499 70.77 0.498 1.032 0438 4.254 1468
0.857 0.096 0.047 0.990 1499  58.80 1.086 1146 1.026 3.748 1462
0.926 0.049 0.025 1.000 1.497 67.22 1.146 1.26 0.99 4.022 1658
0.926 0.049 0.025 ‘1.000 1.469 61.26 1.482 1.77 1.422 3.65 1581
0.857 0.095 0.048 1.000 1.018 68.69 0.738 0.876 0.66 3.394 1738
0.608 0.261 0.130 0.998 1.795 60.31 0.96 1.134 0.9 4152 1135
0.667 0.222 0.111 0.998 1.797 62.72 4224 1192
0.857 0.095 0.048 1.019 1.198 61.52 0.81 1.23 0.75 3.417 1578
0.608 0.261 * 0.131 1.002 1.199 58.96 0.63 1.071 0.57 3.636 1281
0.927 0.049 0.024 0.990 1.500 61.36 1.452 1.56 1116  3.746 1587
0.963 0.025 0.012 1.000 0.989 60.15 0.378 0.438 0.306 3.201 1981
0.667 0.222 0.111 0.998 1.199 34.95 2412 2472 2.352 2.58 1141
0.667 0.222 0.111 0.998 1.199 68.55 0.36 0.714 0.3 3.981 1428
0.823 0.118 0.059 1.000 1.500 68.84 1.512 874
0.823 0.118 0.059 0.996 1.499 43.56 1.494 1.614 1374 32562 1302
0.824 0.118 0.059 1.000 1.499 90.34  0.01754 0.10754 0.00054 7.787 2212
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Homogeneous Autoignition
Delay Error Analysis

C.1 Autoignition Delay Time Error

Ignition delay time errors have been discussed in the body of this thesis. These are principally
due to ambiguities in the pressure traces that made identifying the point of maximum curvature
difficult. Throughout the present study, average errors over each of the three ignition regimes

described earlier were:

e High Temperature/Strong Ignition Regime: +0.135 ms
* Intermediate Temperature/Two Stage Ignition Regime: +0.241 ms
o Low Temperature/Mild Ignition Regime (Well-Defined): +0.070 ms

e Low Temperature/Mild Ignition Regime (Ambiguous): +0.210 ms

Additional errors were also introduced by the dynamic pressure transducers’ response time (3
us) and the data acquisition system’s sampling frequency (6 ps) but these were both orders of

magnitude smaller than errors introduced by ambiguous pressure traces.

C.2 Driven Gas Composition Error

The driven gas composition was calculated by evacuating the driven section of the shock tube
and successively adding individual gases while measuring their partial pressure with the Auto
Tran 600D-117 vacuum sensor and Circuit-Test DMR-3600 multimeter. The vacuum sensor

- was calibrated using a zero and span calibration. At vacuum, the error in the voltage output is
1+0.01 V (maximum multimeter resolution) and at atmospheric pressure the error is +0.001 V
due to the multimeter and +0.001 bar due to the Oa'kton® Aneroid barometer used to calibrate
the transducer. When measuring the partial pressure of a gas using the DMR-3600 multimeter,
errors of £0.001 V translated into errors of £0.002 bar (0.028 psi) in all pressure measurements

(refer to Figure C.1 to see how errors in calibration and voltage measurements carried forward

into errors in measured pressures). Also, the order in which the shock tube was filled (Ar-O,-
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CH,) introduced variable errors in the pressure measurement and mole fractions of individual

gases. These are summarized below:

Argon pressure:
PAr = Pmeasured,1 +0.002

Oxygen pressure:

P Ar+0, = Pmeasured.z +0.002

Po2 = PAr+02 —Pa ‘

Po, = Prmeasurea.2 +0.002 — Prgaqreqq +0.002
~Po, = Pmeasured,2 - Pmeasured,1 +0.004

2

Methane pressure:

PAr+02 +CH, = Pmeasured.3 +0.002

PCH., = Ar+0,+CH, _'PAr+02

PCH4 = Pmeasured,3 +0.002 - Pmeasured,z +0.002

PCH., = Fmeasured,3 — Pmeasured.z +0.004

18
—&— Calibration

15 ~ O- -Test Point

-
N

96

Pressure (psi)

o
I

w

0 1 2 4 5 6 7
Transducer Output Voltage (V)

Figure C.1: lllustration of Pressure Measurement Error

*Note: Error bar magnitudes have been greatly exaggerated for illustrative purposes.
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For a given final pressure measurement:
Ptotal = F,measured,ﬁnal +0.002
The errors in the individual mole fractions of the gases are:

Yar = Pac = I:>n'1easured,1 +0.002
A - =
' Ptotal I:)measured.ﬁnal +0.002

P°2 Pmeasured,z — Pmeasured,1 +0.004

Yo, = = '
© Ptotal F’measured,ﬁnal +0.002
You, = PCH4 _ Pmeasured,3 - Pmeasured.2 +0.004
) Ptotal lDmeasured,ﬁnal +0.002

Finally, the error in the equivalence ratio is given by:

EQR=2. Yeu, _ I:,measured,a - Pmeasured,z +0.004
yoz Pmeasurecl.z - F,measured,1 +0.004

These produced average errors of 0.7% in the argon mole fraction, 0.8% in the oxygen mole

fraction, and 0.7% in the methane mole fraction, with total driven gas pressure error of ~4.5%.

C.3 Experimental Temperature/Pressure Error

Experimental temperature and pressure were found to be 'proportidnal to the following:

1 1
Piest [EQR,_’Pdriven'Vi’_) (C.1)
yAr TO
Toest [ e Yo Vi T (C2)
test EQRvYArv irlo :

where: EQR is the equivalence ratio;
' yar is the argon mole fraction;
Pariven is the initial driven section pressure;
Vi is the measured incident shock‘ velocity; and

Ty is the initial driven section temperature.
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The errors in the gas composition and pressure were discussed above. Errors in the incident
shock velocity were mi\nimal as the radius of convergence of the linear fit used to calculate the
incident shock from dynamic pressure transducer signal exceeded 0.996 (average = 0.9989,
standard deviation = 0.0038). Thereforé, the main source of error was in measured distances
between transducers and the data acquisition system’s sampling rate. Errors in the measured
distances were + 0.2% plus the radius of the sensor (0.002 m), therefore the uncertainty in the

distance may be expressed as:
w, =0.002- X +0.002

The data acquisition system was set to sample data every 6 us, therefore the error in the time

measurement may be expressed as:
w, =6.0x107°

The uncertainty in the velocity (which is a function of the distance errors and time errors) may

be determined from the following formula:

WV = — 'Wx + | — 'wt
dx at
1 XY
Wy = \/(Y) -(0.002- X +0.002f +(- t—zj -(6.0x10‘6)2

From the configuration of the dynamic pressure transducers along the driven section, X=3.493
m and t=3.003-5.497 ms (based on shock velocities between 635.4-1163 m/s). This leads to an
uncertainty in measured velocities of 1.78-2.34 m/s. To account for this uncertainty and that

due to shock attenuation, the error in the calculated velocities were considered to be + 5 m/s.

Using the errors calculated above for the gas composition, initial driven section pressure, initial
temperature, and shock velocity, upper and lower error bounds on temperature and pressure
were calculated using equations C.1 and C.2. For example, the maximum temperature was
calculated as:

Tmax = T(EQRmin'yAr,max'Vi.max’TO,max)

These errors cumulatively produced errors in the experimental temperature between 5-164 K
and errors in the experimental pressure between 0.2-0.6 bar, with the largest errors at high

experimental temperatures due to large uncertainty introduced by the high Ar dilution necessary

to produce such temperatures.
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Numerical Combustion
Equations Derivation

D.1 Thermodynamic Development

Premixed combustion in the shock tube was treated as an adiabatic, constant volume process. |
With these two assumptions, the first law of thermodynamics for a closed system was simplified

by neglected all external heat transfer and work:

&q =du + ow
adiabatic = 6q =0
const.vol. > ow=P-dv=0
~du=0

(D.1)

Transforming the above expression in terms of specific enthalpy:

du=dh-P-v)=0
const.vol.= P-dv =0 (D.2)
sdh=v-dP

Since a solution in time is sought, the above may be restated as:

dh _ dP

dh_  dP D.3
at . d (0:3)

To further expand the above equation, an additional assumption that all gases involved in the
combustion process behave as ideal gases is made (this is reasonable for the temperatures
and pressures in the present investigation). With this final assumption, the enthalpy of the

driven gas mixture is expressed as follows:

h=> xq-h - (D4)
K

where; X is the mass fraétion of species K; and

hk is the specific enthalpy of species K, (kJ/kg).
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Differentiating equation (D.4) with respect to time, an expression for the LHS of equation (D.3)
is obtained: '

dh o dx, dh
M5 p 5k, I D5
dt ; dt K+2K: K dt (B-5)

The specific enthalpy of species K may be further expressed as (a_ssuming ideal gas):
dhg = cp -dT ‘ (D.6)

Additionally, the rate of change of the mass fraction of species K with time may be restated in
terms of molar species production rate by expressing the rate of change of the mass of species
K as a function of time and then dividing by the total mass in the driven section (a constant):

dm )
dtK =1000-ay - My -V
dx, _1000-a, -M, -V 1000 -a, - M, (D7)
at m P ’
where: my is the mass of species K (kg);

@y is the molar production rate of species K (mol/cm?s);

My is the molecular mass of species K (kg/kmol);
Vis the total mixture volume (m®);

m is the total mixture mass (kg); and

pis the total mixture density (kg/m®).

Note: The factor of 1000 appearing in equation (D.7) is included to convert the units of the
production term from mol/cm®/s to kmol/m*/s for dimensional homogeneity.

Substituting equations (D.6) and (D.7) into (D.5), an expression relating the change in mixture
specific enthalpy as a function of the species production rate and the temperature change is
obtained:

dh 1000 - @ - M dT
E:;——%~h,(+;x,(-c&-? (D.8)

This equation forms the LHS of expression (D.3). However, substituting (D.8) into (D.3) yields
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an expression containing both the rates of change of temperature and pressure as a function of
time. To transform this equation further to a more useful form, the ideal gas law is used to

eliminate the pressure term:

p_ n-R-T
"4
dP R dn dT)
-T+n-
dt v Ldt at
dP R P.V dT
10000, -V -T + —— —
dt (Z K RT dt]
dP P dT
—=R-T-) 1000-¢ —_ D.9
dt 21000 b + - (09
where: n is the total number of moles in the driven section; and

R is the universal gas constant (kJ/kmol/K).

Finally, substituting equations (D.9) and (D.8) into (D.3):

(21000 oM -he —R-T- 21000 a)KJ
a_r\% (D.10)

dat ZX c
P‘T K o

While this equation is complete, it may be moré convenient to express all of the terms in molar

quantities. This transformation is performed by making the following substitutions:

l__\/__RT ) P_P-V_E
p m PM ' pT mT M
_ YoMy hy Cp
X, o o he=—"- ; cp =—X
where: Yk is the mole fraction;

hy is the molar enthalpy (kJ/kmol); and

Cp, is the molar specific heat (kJ/kmol/K).

Thus, the final expression for the rate of change of the system temperature becomes:
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R.-T _
——-| ) 1000-ay, -hy —R-T - ) 1000 -
o T T1000 a0 BT F000-0,

o s

(D.11)

ot

This final expression may be numerically integrated to solve for the mixture temperature, and

equation (D.9) may be subsequently used to solve for mixture pressure.

D.2 Chemical Kinetic Development

The above thermodynamic analysis yields an expression for the rate of change of temperature
(and subsequently pressure) as a function of time, but this equation depends on an unknown
molar species production rate. This production rate may be expressed as follows based upon

the reaction stoichiometry:

Wy =Z(VI,(’ —V}?) '[kl 'H[Xj]vﬁ -k, ,l:[[xj]"f]. (D.12)

i i i i

where; vP,vR are stoichiometric coefficients of product and reactant species,

[Xj] is the concentration of species j (mol/cm®); and

ki, ky are the forward and reverse reaction rate coefficients, respectively.

The above production rate is tabulated by summing the production rate of species K in all
reactions, J, included in the reaction mechanism. Forward reaction rate coefficients for each
reaction are readily available in the literature in a modified Arrhenius form:

E

kp=A-T".e RT (D.13)

where: A, n;, and E; are experimentally determined coefficients.

The reverse reaction rate coefficient is then calculated from the forward reaction rate and the
equilibrium constant using the equation:

i_k_

€q;

Keq in the above equation is the equilibrium constant, given by the following relation and
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calculated from the JANAF thermochemical data tables:

where: AG is the change in Gibb’s free energy (kJ/kmol).
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Injector Hardware
Characterization Data

E.1 Injection Delay Experimental Data
The following is the experimental data collected during the injection delay study:

Table E.1: Injection Delay Data

Injection

Filename Duration Backpressure P1 P2
(ms) (psig) (ms) (ms)
injo30 1.45 0 0.157 .0.157
inj031 1.45 330 0.179 0.171
inj032 1.49 600 0.186 0.236
inj033 1.49 700 0.200 0.200
inj034 1.49 ‘ 500 0.186 0.186
inj035 1.49 700 0.200 =~ 0.200
inj036 1.49 500 0.214 0.193
inj037 1.46 700 0.200 0.171
inj038 1.45 250 0.171 0.171
inj039 1.50 625 0.200 0.200 )
inj040 1.50 650 0.186 0.186
inj041 1.45 250 0.214 -0.186
inj042 1.48 600 0.179 0.179
inj043 1.45 700 0.150 0.150
inj044 1.46 200 0.186 0.207
inj045 1.49 600 0.200 0.200
inj046 1.47 700 0.164 0.164
injo47 1.41 200 0.243 0.171
inj048 1.48 600 0.186 0.186
inj049 1.48 700 0.193 0.193
inj050 1.45 250 0.157 0.157
inj051 1.46 600 0.171 -0.193
inj052 1.44 700 0.229 0.179
inj053 1.44 100 0.164 0.186
inj054 1.45 500 0.171 0.171
inj055 1.47 700 0.179 0.179
inj056 1.39 200 0.164 0.164
inj057 1.46 600 0.157 0.157
inj058 1.44 700 0.186 0.157
inj059 1.49 500 0.214 0.207

inj060 1.47 700 0.179 0.179
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Table E.1: Injection Delay Data cont'd.

Injection

Filename Duration Backpressure P1 RZ
(ms) (psig) (ms) (ms)
inj061 1.47 300 0.221 .0.193
inj062 1.45 600 0.157 0.179
inj063 1.45 700 0.200 0.200
inj064 1.47 600 0.179 0.179
inj065 1.45 600 0.164 0.164
inj066 1.44 700 0.157 0.150
injo67 1.45 200 0.164 0.164
injo68 1.46 600 0.164 0.164
inj069 1.46 700 0.193 0.164
inj070 1.47 250 0.186 0.186
-injo71 1.49 600 0.221 0.193
injo72 1.45 700 0.157 - 0.157
inj073 1.49 200 0.221 0.243
inj074 1.44 500 0.164 0.164
injo75 1.45 700 0.164 0.164
inj076 146 200 0.200 0.200
injo77 1.46 500 0.171 - 0.171
inj078 1.48 700 ~0.193 0.193
inj079 1.46 150 0.171 0.171
inj080 1.49 500 0.221 0.193
inj081 1.48 700 0.187 0.187
inj082 1.49 400 0.193 . 0.193
inj083 1.46 600 0.171 0.171
injo84 1.49 500 0.200 0.200
inj085 1.39 150 0.171 0.171
inj086 1.45 500 0.157 0.157
injo87 1.47 ' 700 0.186 - 0.186
injo88 1.46 150 0.171 0.171
inj089 1.49 500 0.221 0.200
inj090 1.47 650 0.171 0.171 -7
injo91 248 200 0.157 0.157
inj092 2.51 300 0.207 0.186
inj093 243 600 0.143 ©0.143
inj094 2.49 0 0.164 0.164
inj095 2.48 0 0.164 0.164
inj096 2.53 600 0.207 0.207
injo97 2.50 0 0.193 0.171
inj098 2.51 500 0.193 0.193
inj099 2.49 400 0.164 0.164
inj100 248 300 0.150 0.150
inj101 2.50 700 0.200 0.200
inj102 252 0 0.207 0.207
inj103 2.47 500 0.179 . 0.179

inj104 2.51 200 0.193 0.193
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Table E.1: Injection Delay Data cont'd.

Injection

Filename Duration Backpressure P1 P2
(ms) (psig) (ms) (ms)

inj105 2.50 600 0.164 0.164
inj106 249 250 0.164 0.164
inj107 2.51 600 0.186 0.186
inj108 2.50 200 0.179 0.179
inj109 2.51 600 0.186 0.186
inj110 2.48 300 0.157 0.157
inj111 3.55 400 0.193 0.186
inj112 351 600 0.179 0.150
inj113 3.54 200 0.164 0.164
inj114 3.54 400 0.179 0.179
inj115 3.54 600 0.193 0.193
inj116 3.55 300 0.200 0.193
inj117 351 400 0.150 0.157
inj118 3.53 250 0.157 - 0.157
inj119 3.53 600 0.164 0.164
inj120 3.51 300 0.157 0.157
inj121 3.51 600 0.150 . 0.150
inj122 3.49 400 0.193 0.193
inj123 3.45 500 0.164 0.164
inj124 3.52 300 0.157 0.157
inj125 3.53 300 0.164 0.164

E.2 Injector Mass Flow Rate Experimental Data

The following is the injector mass flow data:

Table E.2: Injector Mass Flow Rate Data

CH,4 Experiments (UBC) N, Experiments (UBC) N, Experiments (Westport)
Pulse Injection Pressure |Pulse Injection Pressure |Pulse
Width (psi) Width {psi) Width

(ms) 1000 1500 1820 { (ms) 1000 1500 1850 | (ms) 1000 1500 1850 2500

0.3 3.6 5.0 6.0 0.3 25 3.8 42
04 395 6.0 7.0 0.4 2.8 42 5.5
0.5 4.8 7.0 9.0 0.5 3.6 6.0 6.5
0.6 62 100 120 | 06 5.2 7.0 8.5
0.7 8.1 125 145 | 07 6.0 85 102
0.8 92 140 16.0 (| 038 6.8 100 122
1.0 119 175 200 10 .80 125 15.0
1.256 140 215 255|125 105 150 19.0
156 1756 260 315 )] 15 13.0 185 23.0
175 20.0 305 365|175 150 215 27.0

Injection Pressure (psi)

Final Test Pressure (psig)
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Table E.2: Injector Mass Flow Rate Data cont'd.

CH, Experiments (UBC) N, Experiments (UBC) N, Experiments (Westport)
Pulse Injection Pressure |Pulse Injection Pressure | Pulse o .
Width (psi) Width (psi) Width 'miection Pressure (psi)

(ms) 1000 1500 1820 | (ms) 1000 1500 1850 | (ms) 1000 1500 1850 2500
= 03 300 417 501 | 03 364 554 612 | 03 364 481 597 8.27
£| 04 330 501 584 | 04 408 612 801 | 04 439 625 7.73 1040
-E 0.5 400 584 7.51 05 524 874 947 | 05 6.13 887 1064 1445
| 06 517 834 1001| 06 758 1020 1238| 0.6 7.23 1035 1254 17.54
% 07 6.76 1043 -1210| 0.7 874 1238 14.86| 0.7 8.31 1158 1479 19.86
g 08 768 1168 1335| 08 991 1457 17.77| 08 9.93 1424 1750 23.35
g 1.0 993 1460 1669 1.0 1165 1821 2185| 1.0 1230 17.98 22.05 29.96
= | 125 11.68 1794 2127| 1.25 1530 21.85 27.68| 1.25 1555 2244 27.63 37.45
°| 1.5 1460 2169 2628 1.5 1894 2695 3351| 1.5 1874 26.88 33.51 4544
F|1.75 1669 2545 3045| 1.75 21.85 31.32 39.33| 1.75 21.68 31.33 39.02 53.17
-| 03 10.01 13.90 1669 03 1214 1845 2040| 03 1214 16.04 19.90 27.57
E| 04 824 1251 1460 04 1020 1530 2003 | 04 10.98 15.64 19.32 26.01
g’ 05 801 1168 15.02| 05 1049 1748 1894| 0.5 1225 17.73 21.27 28.90
o| 06 862 1390 16.69| 06 1263 17.00 20.64) 0.6 12.05 17.24 20.90 29.23
;:6 0.7 965 1490 1728 0.7 1249 1769 21.23| 0.7 11.88 16.55 21.12 28.38
3| 08 959 1460 1669 0.8 1238 18.21 2222 0.8 1241 17.80 21.88 29.18
5 1.0 993 1460 1669 1.0 1165 1821 21.85| 1.0 1230 17.98 22.05 29.96
@ 126 934 1435 17.02| 1.25 1224 1748 2214| 1.25 1244 1795 2211 29.96
‘E‘ 15 973 1446 1752| 15 1263 17.97 2234 1.5 1249 17.92 22.34 30.30

175 9.53 1454 1740) 175 1249 1790 2248 | 1.75 12.39 17.90 22.29 30.38

E.3 Pulsed Injection System Validation Experimental Data

The following is the data collected when validating the pulsed injection system:

Table E.3: Pulsed Injection System Validation Data

Filename g:::; &T&stﬁ AP1 AP2
(ms) (ms) V) (V)
multioo1 4.0 2.0 0.050  0.040
multiod2 4.0 1.0 0034  0.021
multioo3 4.0 3.0 0.088  0.000
multioos 8.0 2.0 0.060  0.045
multioo5 8.0 1.0 0.035  0.021
multioos 8.0 3.0 0.085  0.035
multioo7 8.0 3.0 0.083  0.037
multio0s 3.0 1.0 0.032  0.020
multio9 3.0 2.0 0.058  0.042
multio10 3.0 25 0075  0.015
multio11 15 1.0 0037  0.021
multio12 1.5 0.5 0.020  0.010




Appendix E: Injector Hardware Characterization Data 127

Table E.3: Pulsed Injection System Validation Data cont'd.

Pulse Pulse

Filename Delay Width AP1 AP2
(ms) (ms) (v) (\J]

multio13 10 = 05 10.021 0.009
multio14 1.0 1.0 = 0.060 0.000
multio15 1.5 0.5 0.020  0.010
multi016 1.5 1.0 0.035 0.022
multio17 1.5 15 0.085 0.000
multio18 - 2.0 - 05 0.020 0.010
multio19 2.0 1.0 0.033 0.024
multio20 2.0 1.5 0.047 0.036
multio21 25 0.5 0.021 0.008
multio22 2.5 1.0 0.033 0.022
multio23 25 1.5 0.047 0.036
multio24 25 2.0 0.060 0.040
multio25 3.0 0.5 0.021 0.009
multio26 3.0 1.0 0.034 0.022
multio27 3.0 1.5 0.048 0.033
multio28 3.0 2.0 0.059 0.040
multi029 3.0 25 0.073 0.015
multio30 4.0 0.2 0.021 0.009
multio31 4.0 1.0 0.033  0.022
multio32 4.0 1.5 0.045 0.035
multio33 4.0 2.0 0.060 0.041
 multio34 4.0 25 0.070 0.034
multio35 4.0 3.0 0.085 0.000
multio36 45 3.0 0.085  0.006
multio37 5.0 3.0 0.085 0.018
multi038 6.0 3.0 0.085 0.029
multio39 7.0 3.0 0.085 0.035
multicdd = 8.0 3.0 0.085 0.039
multio41. 9.0 3.0 0.085  '0.040
multio42 10.0 3.0 0.085 0.044
multio43 10.0 2.0 0.058 0.046
multio44 10.0 1.0 0.033 0.022
multio45 12.0 3.0 0.085 0.049
multio46 12.0 2.0 0.058  0.047
multio47 12.0 1.0 0.033 0.022
multio48 15.0 3.0 0.085 0.057
multio49 18.0 3.0 0.085 0.067
multio50 21.0 3.0 0.085 0.070
multio5 1 21.0 2.0 0.058 0.047
multio52 24.0 3.0 0.085 0.072
multi053 50.0 3.0 0.085 0.072
multio54 50.0 2.0 0.058 0.048

multio55 50.0 1.0 0.034 0.022
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Table E.3: Puised Injection System Validation Data cont'd.

Pulse Pulse

Filename Delay Width AP1 AP2
(ms) (ms) V) V)

multi056 50.0 3.0 0.085  0.072
multio57 5.0 2.5 0.071 0.035
multio58 6.0 25 0.072  0.038
multio59 7.0 25 0.072  0.042
multio60 8.0 2.5 0.073  0.045
multio61 9.0 25 0.070  0.049
multio62 10.0 25 0.071 0.050
multio63 12.0 25 0.072  0.052
multios4 15.0 25 0.072  0.057
multioe5 18.0 25 0.073  0.059
multioe6 21.0 2.5 0.072  0.061
multio67 24.0 25 0.073  0.060
multio68 5.0 1.5 0.046  0.034
multio69 6.0 1.5 0.046  0.034
multio70 7.0 15 0.047  0.036
multio71 8.0 15 0.047 '0.036
multio72 9.0 1.5 0.047  0.036
multio73 10.0 1.5 0.047  0.036
multio74 5.0 2.0 0.059  0.043
multio7?5 - 6.0 2.0 0.059  0.045
multio76 7.0 2.0 0.059  0.046
multio77 15.0 2.0 0.059  0.048
multio78 18.0 2.0 0.060  0.048
multio79 50.0 1.5 0.046  0.035
multio80 50.0 25 0.072  0.060

muitiog1 100.0 3.0 0.084 -0.072
multio82 100.0 25 0.073 0.060
multio83 100.0 2.0 0.059 0.048
multio84 100.0 1.5 0.047 0.036
multio85 100.0 1.0 0.034 0.023
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Jet Flow Field
Characterization Data

F.1 Single Injection Mode Experimental Data

The following is the data collected during the single injection jet flow field characterization study:

Table F.1: Single Injection Mode Jet Flow Field Data -

PR=3 PR=5
Image Time V\!idth Lgngth Width Length V\_Iidth Lgngth Width Length
(ms) | (pixels) (pixels) (mm) (mm) | (pixels) (pixels) (mm) (mm)
0 1 1

1 0.127 20 62 7 21 29 94 10 31
2 0.327 31 98 10 33 42 130 14 43
3 0.527 43 115 14 38 44 146 15 49
4 0.727 41 125 14 42 54 172 18 57
5 0.927 42 143 14 48 60 180 20 60
5 6 1.127 49 139 16 46 69 191 23 64
s 7 1.327 60 143 20 48 70 197 23 66
g 8 1.527 65 155 22 52 88 . 190 29 63
n 9 1.727 60 167 20 56 82 230 27 77
El 10 1027 | 48 153 16 51 95 216 32 72
o 11 2127 63 157 21 52 77 232 26 77
12 2.327 64 185 21 62 75 240 25 80
13 2.527 59 167 20 56 82 238 27 79
14 3.127 65 181 22 60 80 242 27 81
15 3.727 72 196 24 65 121 266 40 89

16 4.327 72 231 24 77
17 5.527 111 230 37 77 129 264 43 88

0 1 1

1 0.127 25 75 8 25 26 88 9 29
g 2 0.327 132 103 11 34 37 125 12 42
5 3 0.527 39 113 13 38 50 154 17 51
g 4 0.727 46 119 15 40 59 184 20 61
» 5 0.927 51 142 17 47 62 188 21 63
§ 6 1.127 60 159 20 53 67 213 22 71
- 7 1.327 66 165 22 55 87 234 29 78
8 1.527 58 173 19 58 71 222 24 74
9 1.727 55 186 18 62 72 243 24 81
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PR=3 PR=5
image Time V\!idth Le:ngth Width Length V\_Iidth Lgngth Width Length
(ms) [ (pixels) (pixels) (mm) (mm) | (pixels) (pixels) (mm) (mm)
) 10 1.927 66 199 22 66 85 263 28 88
3 11 2127 86 180 29 60 87 281 29 94
§ 12 2.327 79 210 26 70 81 295 27 98
c 13 2.527 68 215 23 72 109 294 36 98
‘-.% 14 2.727 81 205 27 68 106 311 35 104
5 15 2.927 74 229 25 76 93 309 31 103
a 16 3.527 90 236 30 79 124 309 41 103
E 17 4127 86 266 29 89 140 331 47 110
f_’- 18 5.327 103 274 34 91 117 361 39 120
19 6.527 102 278 34 93 160 360 53 120
0 1 ’ 1
1 0.127 25 62 8 21 28 96 9 32
2 0.327 33 78 11 26 42 132 14 44
3 0.527 39 121 13 40 59 158 20 53
4 0.727 48 128 16 43 60 169 20 56
5 0.927 51 140 17 47 72 190 24 63
6 1.127 54 144 18 48 73 212 24 71
c 7 1.327 63 160 21 53 67 226 22 75
2 8 1.527 72 182 24 61 75 240 25 80
g 9 1.727 66 184 22 61 89 251 30 84
=] 10 1.927 79 187 26 62 83 278 28 93
2 11 2.127 76 210 25 70 87 281 29 94
"‘_? 12 2.327 73 208 24 69 116 288 39 96
1 13 2.527 95 212 32 71 105 305 35 102
14 2.727 102 310 34 103
15 2.927 113 329 38 110
16 3.127 89 241 30 80 101 334 34 111
17 3.727 104 258 35 - 86 127 348 42 116
18 4.327 120 265 40 88 149 382 50 127
19 5.527 103 293 34 98 129 389 43 130
20 6.727 120 310 40 103 160 419 53 140
0 1 1
1 0.127 25 62 8 21 24 97 8 32
2 0.327 36 93 12 31 40 142 13 47
5 3 0.527 37 112 12 37 64 160 21 53
= 4 0.727 51 114 17 38 55 183 18 61
3l 5 0927 | 65 136 22 45 73 188 24 63
» 6 1.127 58 142 19 47 69 215 23 72
E 7 1.327 61 149 20 50 85 222 28 74
o~ 8 1.527 67 183 22 61 89 225 30 75
9 1.727 76 201 25 67 84 247 28 82
10 1.927 74 194 25 65 91 266 30 89
11 2.127 78 209 26 70 73 287 24 96
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Table F.1 : Single Injection Mode Jet Flow Field Data cont'd.

PR=3 PR=5
Image Time V\!idth Lgngth Width Length V\_lidth Lgngth Width Length
(ms) | (pixels) (pixels) (mm) (mm) | (pixels) (pixels) (mm) (mm)
12 2.327 85 218 28 73 84 288 28 96
13 2.527 78 238 26 79 107 298 36 99
14 2.727 94 240 31 80 103 - 325 34 108
15 2.927 96 243 32 81 102 327 34 109
. 16 3.127 90 257 30 86 108 328 36 109
3 17 3.327 79 267 26 89 136 346 45 115
§ 18 3.527 86 271 29 90 110 359 37 120
c 19 3.727 95 283 32 - 94 159 319 ‘53 106
-% 20 3.927 103 281 34 94 114 358 38 119
5 21 4.127 94 292 31 97 114 371 38 124
a 22 4.327 117 283 39 94 156 390 52 130
E 23 4.527 96 309 32 103 164 407 55 136
g 24 4.727 93 323 31 108 161 406 54 135
25 5.327 122 329 41 110 156 422 52 141
26 5.927 120 345 40 115 160 431 53 144
27 7.127 136 376 45 125
28 8.327 130 385 43 128
29 9.527 179 411 60 137
. 0 1 1
1 0.127 28 70 9 23 35 94 12 31
2 0.327 39 . 96 13 32 37 129 12 43
3 0.527 35 115 12 38 53 148 18 49
4 0.727 53 124 18 41 51 178 17 59
5 0.927 53 150 18 50 62 207 21 69
6 1.127 49 160 16 53 66 209 22 70
7 1.327 69 169 23 56 79 228 26 76
8 1.527 69 173 23 58 95 257 32 86
c 9 1.727 67 194 22 -65 92 260 31 87
.g 10 1.927 68 201 23 67 94 273 31 91
g 11 2.127 73 212 24 71 86 265 29 88
(=] 12 2.327 99 195 33 65 100 297 33 99
2 13 2.527 77 230 26 77 102 300 34 100
3 14 2.727 80 236 27 79 121 300 40 100
15 2.927 96 243 32 81 102 334 34 111
16 3.127 86 267 29 89 - 115 330 38 110
17 3.327 96 265 32 88 120 339 40 113
18 3.527 87 269 29 90 122 341 41 114
19 3.727 106 263 35 88 102 386 34 129
20 3.927 120 271 40 90 145 371 48 124
21 4127 89 298 30 99 128 - 395 43 132
22 4.327 107 304 36 101 140 390 47 130
23 4527 100 295 33 98 115 418 38 139
24 4.727 92 328 31 109 134 394 45 131
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Table F.1: Single Injection Mode Jet Flow Field Data cont'd.

PR=3 PR=5
Image Time V\_Iidth Lgngth Width Length V\_Iidth Lgngth Width Length

: (ms) | (pixels) (pixels) (mm) (mm) | (pixels) (pixels) (mm) (mm)

25 4.927 104 317 35 106 131 434 44 145
< 26 5.127 109 308 36 103 153 410 51 137
€ 27 5.327 114 303 38 101 143 420 48 140
8 28 5.5627 111 333 37 111 167 404 56 135
_§ 29 5.727 127 325 42 108 184 . 443 61 148
® 30 5.927 126 355 42 118
a 31 6.127 153 331 51 110
E 32 6.827 119 371 40 124
=) 33 7.427 121 366 40 122
0 34 8.627 185 372 62 124

35 9.827 156 404 52 135

F.2 Pulsed Injection Mode Experimental Data

The following is data collected during the puised injection jet flow field characterization study:

Table F.2: Pulsed Injection Mode Jet Flow Field Data

0.5 ms Pulse Delay 1.0 ms Pulse Delay 2.0 ms Pulse Delay
Img Time Wifith Len.gth Width Length Wif:lth Len_gth Width Length Wiflth Ler'!gth Width Length
(ms) | (pix) (pix) (mm) (mm) | (pix) (pix) (mm) (mm) | (pix) (pix) (mm) (mm)
0 1 1 ' 1
1 0127 23 64 8 21 27 58 9 19 25 64 8 21
2 0327 33 94 11 31 33 86 11 29 38 92 13 31
3 0527} 35 121 12 40 41 121 14 40 47 105 16 35
4 0.727 | 48 116 16 39 47 131 16 44 49 125 16 42
5 0927 | 47 132 16 44 59 131 20 44 55 135 18 45
S| 6 1127 58 137 19 46 54 148 18 49 55 143 18 48
%l 7 1327 58 157 19 52 64 145 21 48 49 150 - 16 50
g 8 1527 | 60 154 20 51 62 147 21 49 69 141 23 47
wl 9 1727 | 58 175 19 58 67 148 22 49 57 161 19 54
“.E, 10 1927 | 74 174 25 58 69 159 23 53 63 159 21 53
S|l 11 2127 | 66 162 22 54 65 172 22 57 72 171 24 57
12 2327 | 97 162 32 54 77 180 26 60 68 170 23 57
13 2527 | 68 195 23 65 76 167 25 56 83 174 28 58
14 3127 | 74 194 25 65 69 199 23 66 76 188 25 63
16 3727 | 90 209 .30 70 69 202 23 67 70 210 23 70
16 4327 | 89 235 30 78 81 207 27 69 74 203 25 68
17 556271 92 250 3 83 72 236 24 79 100 237 33 79
” 0 1 1 1
gl 1 0127 29 67 10 22 26 65 9 22 30 75 10 25
‘°_- 2 0327 35 95 12 32 36 89 12 30 36 97 12 32
3 0527 | 44 114 15 38 44 110 15 37 45 114 15 38
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Table F.2: Pulsed Injection Mode Jet Flow Field Data cont'd.

0.5 ms Pulse Delay 1.0 ms Puise Delay . 2.0 ms Pulse Delay
Time | Width Length Width Length| Width Length Width Length| Width Length Width Length

Img (ms) | (pix) (pix) (mm) (mm) | (pix) (pix) (mm) (mm)| (pix) (pix) (mm) (mm)
4 0727 48 130 16 43 50 125 17 42 | 43 132 14 44
5 0927| 46 139 15 46 52 147 17 49 | 51 142 17 47
6 1127 | 50 159 17 53 | 58 154 19 51 | 59 157 20 52
7 1327| 58 178 19 59 | 60 160 20 53 62 161 21 54
8 1527 69 174 23 58 53 172 18 57 74 177 25 59

9 1727 M 173 24 58 87 177 29 59 68 178 23 59
10 1927 63 208 21 69 68 1965 23 65 63 195 21 65
11 2127 | 63 204 21 68 | 106 192 35 64 7% 203 25 68
12 2327 70 215 23 72 67. 209 22 70 80 198 27 66
13 2527 79 217 26 72 92 199 31 66 74 219 25 73
14 2727 | 97 210 32 70 84 198 28 66 103 218 34 73
15 2927 93 219 31 73 72 223 24 74 87 242 29 81
16 3.527 1 90 240 30 80 74 246 25 82 97 273 32 91
17 4127 | 97 270 32 90 89 253 30 84 105 268 35 89
18 6327 | 102 292 34 97 | 113 298 38 99 89 205 30 98
19 6527 | 103 324 34 108 | 122 317 41 106 | 104 317 35 106

0 1 1 1
0127 | 29 67 10 22 28 69 9 23 29 65 10 22
0.327 | 34 87 11 29 44 94 15 31 35 100 12 33
0.527 | 44 115 15 38 42 117 14 39 38 104 13 35
0727} 41 131 14 44 45 138 15 46 44 124 15 41
0.927 | 47 139 16 46 48 141 16 47 52 142 17 47

1127 | 74 144 25 48 | 62 151 21 50 64 148 21 49
1.327 | 61 166 20 55 55 170 18 57 59 165 20 55
1527 78 180 26 60 66 180 22 60 79 166 26 55
1.727 | 71 198 24 66 75 193 25 64 68 183 23 61
1927 | 69 205 23 68 69 212 23 71 74 195 256 . 65
2127 72 207 24 69 74 216 25 72 74 198 25 66
2327 76 214 25 71 9% 216 32 72 86 220 28 73

1.0 ms Duration cont'd.

O ~NOOONDEA WN -~

©

—
-—

1.5 ms Duration
o 2o

13 2527 | 81 217 27 72 81 248 27 83 77 238 26 79
14 2727 | 95 230 32 77 86 239 29 80 93 253 31 84
15 2927 | 88 243 29 81 112 247 37 82 75 260 25 87
16 3.127 | 106 260 35 87 99 260 33 87 100 265 33 88
17 3.727 | 116 268 39 89 84 203 28 98 92 287 31 96
18 4327 | 120 292 40 97 | 114 289 38 96 99 292 33 97
19 6527 109 333 36 111 95 342 32 114 | 124 325 41 108

20 6.727 | 121 357 40 119 | 173 332 58 111 | 111 392 37 131

F.3 Jet Impingement Experimental Data

The following is experimental data collected when investigating the effects of jet impingement

onto circular and rectangular cross-section obstructions:
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Table F.3: Jet Impingement Flow Field Data (Circular Obstruction)

0.5 mm Gap , 1.0 mm Gap 2.0 mm Gap
Img Time Wiglth Lquth Width Length Wigth Lquth Width Length Wif:lth Len_gth Width Length
(ms) | (pix) (pix) (mm) (mm) | (pix) (pix) (mm) (mm) | (pix) (pix) (mm) (mm)
0 1 ' 1 1
1 0127 39 38 14 13 30 35 10 12 | 33 41 12 14
2 0327) 45 51 16 18 42 52 15 18 36 49 13 17
3 0527 | 54 75 19 26 40 67 14 23 49 74 17 26
4 0.727 | 60 77 21 27 58 72 20 25 58 77 20 27
5 0927 66 87 23 30 65 90 23 31 66 83 23 29
6 1127 | 72 88 25 31 62 95 22 33 63 88 22 31
5/ 7 1327 | 84 104 29 36 69 98 24 34 71 107 25 37
B8 1527 | 74 110 26 38 116 95 40 33 65 105 23 37
g 9 1727 77 112 27 39 116 109 40 38 69 112 24 39
w| 10 1927 | 97 104 34 36 109 98 38 34 105 105 37 37
s 11 2127 | 88 121 31 42 112 102 39 36 96 113 33 39
~[12 2327 | 94 121 33 42 128 107 45 37 84 125 29 44
13 2527 | 89 113 31 39 106 131 37 46 119 126 42 44
14 2727 | 100 138 35 48 131 133 46 46 124 122 43 43
16 2927 | 139 113 48 39 108 123 38 43 111 142 39 50
16 3.527 | 92 133 32 46 137 133 48 46 101 139 35 48
17 4127 ) 138 133 48 46 94 159 33 55 163 145 53 51
18 56327 | 172 138 60 48 93 180 32 63 | 158 160 55 56
19 6.527 | 162 180 57 63 148 189 52 66 146 180 51 63

Table F.4: Jet Impingement Flow Field Data (Rectangular Obstruction)

22

10 mm Gap 15 mm Gap
Img Time Wiflth Lquth Width Length Wisith Len_gth Width Length
(ms) | (pix) (pix) (mm) (mm)| (pix) (pix) (mm) (mm)
0 1 1
1 0127 | 45 38 16 13 42 51 15 18
2 0327 57 47 20 16 72 61 25 21
3 0527 74 51 26 18 76 68 27 24
4 0727 80 58 28 20 85 71 30 25
S|5 0927 103 59 36 21 92 80 32 28
£l 6 1127 111 61 39 21 107 81 37 28
|7 1327|126 58 44 20 | 117 82 41 29
w| 8 1527 | 138 60 48 21 136 86 47 30
g 9 1.727| 135 66 47 23 | 140 94 49 33
~110 1.927| 140 63 49 22 140 94 49 33
11 2127 | 149 67 52 23 145 101 51 35
12 2.327 | 161 66 56 23 165 91 58 32
13 2527 | 156 71 54 25 158 94 55 33
14 2727| 165 79 58 28 156 103 54 36
15 2.927 | 171 64 60 164 108 57

38
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Table F.4: Jet Impingement Flow Field Data (Rectangular Obstruction) cont'd.

10 mm Gap 15 mm Gap

Time | Width Length Width Length| Width Length Width Length
(ms) | (pix) (pix) (mm) (mm) | (pix) (pix}) (mm) (mm)
16 3.527 | 175 78 61 27 172 108 60 38
17 4127 | 200 80 70 28 197 99 69 35
18 5327 210 102 73 36 | 205 108 72 38
19 6.527 | 202 98 70 34 206 112 72 39

img

cont'd.

F.4 Jet Enclosure Experimental Data
- The following is data collected when investigating the effects of an enclosure:

Table F.5: Jet Enclosure Flow Field Data

12 mm Walls 23 mm Walls 50 mm Walis
Time | Width Length Width Length| Width Length Width Length| Width Length Width Length
(ms) | (pix) (pix) (mm) (mm) | (pix) (pix) (mm) (mm) | (pix) (pix) (mm) (mm)
0 1 1 1
0.127 | 17 78 6 27 29 76 10 27 28 75 10 26
0.327 ; 28 104 10 36 32 110 11 38 35 106 12 37
0527 | 34 114 12 40 47 124 16 43 50 130 17 45
0.727 | 34 142 12 50 46 138 16 48 48 142 17 50
0927 | 34 147 12 51 49 154 17 54 51 149 18 52
1.127 | 34 162 12 57 53 166 18 58 66 160 23 56
1.327 | 34 174 12 61 57 180 20 63 53 183 18 64
1.627 | 34 192 12 67 65 196 23 68 64 185 22 65
1.727 | 34 197 12 69 65 197 23 69 70 215 24 75
1.927 | 34 199 12 69 65 212 23 74 70 207 24 72
2127 | 34 205 12 72 65 203 23 71 80 231 28 81
2327 | 34 232 12 81 65 238 23 83 65 235 23 82
2527 34 232 12 81 65 215 23 75 86 232 30 81
2727 | 34 225 12 78 65 210 23 73 92 245 32 85
2927 | 34 234 12 82 65 246 23 86 89 260 31 91
3.527 | 34 242 12 84 65 253 23 88 96 286 33 100
4127 | 34 244 12 85 65 271 23 95 108 281 38 98
5327 | 34 272 12 95 65 293 23 102 | 108 301 38 105
6.527 | 34 278 12 97 65 294 23 103 | 121 310 42 108

Img

1.0 ms Duration
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Non-Premixed
Autoignition Delay Data

G.1 Experimental Data
The following is experimental data collected during the non-premixed autoignition experiments:

Table G.1: Non-Premixed Autoignition Delay Data

\Fl,vt::jstﬁ P:'e“s.s. Dril:/en DriF:/er © CH (ms) © BB (ms) PTest T Test
(ms) (psig) (psia) (psia) nominal upper lower nominal upper lower (bar) (K)
0.5 1550 11.163 624.23 31.706 1142
0.5 1650 11.163 622.92 31.706 1142
0.5 1550 11.161 623.51 31.821 1144
0.5 1630 11.164 622.98 ' 30.780 1125
0.5 1550 11.160 623.04 32.017 1148
0.5 15650 13.359 665.02 32.381 1056

1625 13.360 665.61 33.655 1076

1500 11.164 623.64 1.50 1.50 1.20 1.38 1.38 0.88 30.110 1113
1550 11.165 62423 156 168 1.24 1.65 1.70 119 29593 1103
1500 11.163 623.03 1.58 1.68 1.24 1.44 1.58 1.15 28.671 1086
1500 11.163 62232 1.13 126 0.91 1.11 1.23 089 29.127 1095
1480 11.160 62290 149 149 146 1.38 1.56 1.11 28.448 1082
1520 11.162 62290 140 146 1.06 1.24 133 0.94 28841 1090
1500 11.151 62354 115 121 095 1.06 121  0.98 29.096 1095
1500 11.160 62298 160 1.60 1.53 1.47 163 1.31 29693 1105
1500 11.163 62299 150 155 145 1.43 1.56 1.31 29.016 1093
1550 11.164 623.06 135 138 1.24 1.28 141 123 32348 1154
1525 11.163 623.54 31.513 1139
1480 8.619 609.35 1.28 1.28 1.28 1.08 1.08 095 30285 1273
1480 7.497 61416 095 095 0.87 1.21 1.21 094 29680 1356

1480 13.150 594.97 ' 29.644 1020
© 1550 11.164 623.05 148 180 1.39 1.48 1.58 1.31 32674 1159
1580 11.165 623.01 ' 31.398 1136
1575 11.159 622.99 31.695 1142
1550 11.165 624.14 : 31.518 1139
1530 11.153 622.98 31.366 1136

1550 11.160 623.04 1.96 196 1.88 1.97 197 185 31.386 1136
1550 13.362 665.03 1.18 1.18 1.18 1.24 124 124 32699 1061
1530 13.361 665.02 199 199 1.86 1.89 1.89 1.81 32699 1061
1550 13.357 665.02 32.374 1056
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Table G.1: Non-Premixed Autoignition Delay Data cont'd.

Pulse Inj. P P

Width Press. Driven Driver
(ms) (psig) (psia) (psia) nominal upper lower nominal upper lower (bar) (K)
1.5 1625 13.360 665.01 32.818 1063
1.5 1475 7501 61386 1.41 141 1.26 1.31 1.31 114 30.864 1385
1.5 1475 8.626 608.47 1.23 1.23 1.23 1.23 1.23 123 29.801 1262
1.5 1475 9.288 606.08 1.38 138 1.33 1.46 146 1.06 29545 1210
1525 11.159 623.00 2.98 330 179 3.02 309 1.86 31696 1142
1525 11.163 623.01 2.88 288 262 2.83 283 253 32346 1154
15625 11.164 623.60 3.47 3.82 3.21 3.51 460 3.21 32028 1148
1525 11.160 623.05 1.91 3.38 191 1.93 415 193 32.017 1148
1520 11.160 623.05 2.11 440 2.1 2.14 374 214 31625 1141
1520 11.159 623.056 2.05 347 205 2.41 349 241 31381 1136
1615 13.356 665.05 3.02 3.7 3.02 3.16 403 316 32493 1058
1610 13.361 665.70 33.659 1076
1510 13.374 665.10 2.79 294 214 3.09 3.09 209 32972 1065
15610 13.360 665.11 3.05 3.05 3.05 2.81 3.38 230 32696 1061
15610 13.359 665.11 2.91 291 1.96 2.99 299 196 33.009 1066
1500 13.359 665.14 268 268 2.68 2.74 274 274 32816 1063
1500 13.360 665.14 3.41 341 3.26 3.38 3.38 328 32383 1056
1500 13.362 665.13 2.91 3.09 291 2.95 299 295 33.016 1066
1500 13.358 666.92 1.92 3.37 1.92 1.72 219 172 33.007 1066
1500 11.163 623.11 203 4.06 1.57 2.47 463 1.79 31393 1136
1600 11.160 623.16 2.73 299 268 2.87 3.38 287 31384 1136
1600 11.162 623.16 2.53 253 164 255 255 165 31389 1136
1490 8.620 60945 298 320 289 3.14 3.19 264 29.662 1260
1480 7.500 614.26 2.48 264 214 2.46 279 217 31219 1393
1480 14.553 590.27 29921 976
1480 13.146 594.46 29.464 1017
1380 5.748 35562 1.78 210 178 1.78 210 178 16961 1164
1380 5.750 35547 8.70 8.70 8.70 8.64 864 864 15758 1122
1375 65.744 35525 3.79 3.79 379 3.74 374 349 15586 1116
1390 5.748 35563 1.23 1.23 1.23 1.23 1.23 123 18170 1206
1380 5.7560 35561 3.27 3.27 327 3.12 312 3.06 15759 1122
1375 5749 35530 4.06 4.06 3.46 3.96 396 337 15600 1116
1370 4,928 35786 1.20 1.20 1.09 1.05 1.05 1.05 15419 1199
1350 4.286 36140 0.84 0.84 084 0.78 0.78 0.78 17919 1397
1350 4.578 359.01 1.28 128 0.77 1.13 113 0.67 15427 1246
720 5310 356.61 17419 1229
680 5310 .356.71 0.81 1.63 0.81 0.73 1.09 073 17130 1218
1380 5.750 35444 1.25 125 117 1.20 120 112 17559 1185
1370 5744 35550 1.29 133 1.20 1.32 140 127 17.085 1169
1380 5.747 355.46 0.88 1.78 0.88 0.81 163 076 17.801 1193
1370 - 5.301 35725 212 219 202 2.21 2.21 1.75 15515 1159
1350 4.435 36021 0.73 1.08 045 0.49 105 038 17.748 1364
1350 4.435 360.18 1.06 1.06 0.62 0.99 099 0.76 17.257 1344
1.5 725 5310 357.30 2.32 232 0.96 2.15 215 094 17418 1229

1 CH (ms) 7 BB (ms) P Test T Test

O v O o DO RNV N N AU N WWWRWWRW®DW
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Table G.1: Non-Premixed Autoignition Delay Data cont'd.

Pulse Inj. P P

Width Press. Driven Driver
(ms) (psig) (psia) (psia) nominal upper lower nominal upper lower (bar) (K)
1390 5.744 35443 582 6.20 582 5.85 6.38 585 15742 1122
1370 5.752 359.10 1.65 168 1.61 1.65 169 148 18370 1212
1390 5.749 35545 15.448 1111
1370 4.287 36145 1.51 156 1.46 1.30 1.35 1.15 18.042 1402
1350 4.436 360.81 1.99 205 1.86 1.93 205 193 15620 1275
1350 5.937 35420 263 272 237 273 273 253 17.204 1154
700 5939 35480 240 240 240 2.34 234 234 17.037 1148
770 5310 357.20 1.91 191 1.49 1.88 302 178 17.241 1222
1390 5.746 35443 263 280 1.59 2.55 274 137 17.439 1181
1380 5.747 355.47 16.750 1122
1380 5.750 35547 1.96 204 186 2.01 220 152 17992 1199
1380 5.749 35526 3.07 3.07 289 31 3.17 2.02 15754 1122
1370 5.308 356.64 2.14 214 173 2.24 245 111 15594 1162
700 5.309 356.71 17.305 1225

7 CH (ms) 7 BB (ms) P Test T Test

QO OO AN NWWWWWWwwWwow
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Autoignition Visualization Images

Figure H.1: Autoignition Visualization Images
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Shock Tube Optical Test
Section Design Calculations

.1 Design Variables

In the design of the optical test section several key parameters were optimized to ensure that
both the material strength and fatigue limits were not exceeded during “normal” operation.
These parameters included:

1. Test section width;
2. Viewing window profile; and

3. Viewing window offset from test section endplate.
1.1.1 Test Section Width

lncreasing the test section width increases the overall strength and stiffness of the test
section, but the increased width also requires increasing the width of the viewing windéw
keyway to maintain the field of view. There are also limitations imposed on how wide the
test section can be made by the fact that it must be mounted to a standard ﬂange and
must be smaller than the flange’s bolt circle diameter.

1.1.2 Viewing Window Profile

The viewing window profile éonsists of a narrow window, which is flush-mounted to the
inner walls of the test section, and a much wider keyway, which is used for applying
clamping force onto the window. Of these two, the keyway design offers the most
flexibility. The keyway’s width is fixed by the requirement to maintain a full field of view
within the test section and is therefore purely a function of the test section width. Its
minimum thickness is set by the strength of the fused quartz window and is calculated
using the following empirical formula:

Pmax = 2.28- Omax ° W = tmin %’ -w

max
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where: Pmax is the maximum design pressure differential across the quartz window;
Omax IS the maximum stress (1000 psi (70 bar) for quartz with a S.F. of 7);
tis the quartz window thickness; and

w is the unsupported duartz window width.

Thus the only parameter available for optimization is the shape of the transition from the
narrow inner window to the wider keyway. Previous tests with a small 10 mm diameter
fused quartz window had shown that the only acceptable transition between the two was a
smooth taper (i.e. no sharp corners or o-ring grooves) and so the design was set by these

constraints.

" 1.1.3 Viewing Window End Offset

Increasing the viewing window offset from the test section endplate increases both the

| strength and stiffness of the test section as well as reducing stresses on both the viewing
window’s inner radius (the point of maximum stress concentration) and the welds holding
the test section to the endplate flange. However, the tip of the fuel injector must be flush
with the end of the viewing window in order to see the entire gas jet during experiments,

and so the injector dimensions (length) constrain the maximum end offset.

l.2 Stress Analysis (Static Loading)

Given the three identified design variables, seven possible designs were analysed using finite
element methods. For this preliminary comparison between the various options, static analysis
was performed since only a relative comparison between options was desired, and static
analysis is much less CPU-time intensive than dynamic analysis. In all cases the test pressure
was 100 bar, and two sets of boundary conditions, “fully-constrained” and “free” were tested
(since the actual constraints fall somewhere between these two). The design variations
considered are summarized below, with results in Table |.1 and Table I.2:

Baseline: Original design (J. Huang) but with a width of 4.5 in and a chamfered keyway.
Opt 1: Baseline + increased viewing window end offset from 1.2 in to 1.5 in.

Opt 2: Baseline + increased viewing window end offset from 1.2 in to 2.0 in.

Opt 3: Baseline + increased viewing window end offset from 1.2 in to 3.0 in.

Opt 4: Opt 3 + increased test section width from 4.5 in to 5.0 in.

Opt 5: Opt 4 + increased viewing window end offset from 3.0 in to 4.0 in.

Opt 6: Opt 5 + increased test section width from 5.0 in to 6.0 in.
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Table 1.1: Maximum Stress and Deflection for Fully Constrained B.C.

Baseline Opt 1 Opt 2 Opt 3 Opt 4 Opt 5 Opt 6
Stress psi 54241 50823 54277 53123 49548 48671 N/A
[Mpa] [374] [350] [374] [366] [342] [336]
Deflectionin  0.00409 0.00414 0.00404 0.00390 0.00294 0.00287 N/A
[mm] [0.104] [0.105] [0.103] [0.099] [0.075] [0.073]

Table 1.2: Maximum Stress and Deflection for Free B.C.

Baseline Opt 1 Opt 2 Opt 3 Opt 4 Opt 5 Opt 6

Stress psi N/A 91232 75723 57806 56650 50043 34684

[Mpa] [629] [522] [399]) [391] [345] [239]
Deflection in N/A 0.00650 0.00514 0.00408 0.00319 0.00292 0.00169
[mm] [0.165] [0.131] [0.104] [0.081] [0.074] [0.042]

Among the options analysed, the optimal design is somewhere between Opt 2 and Opt 3.
While Opt 4 — 6 exhibited improved performance, theif increased test section width was too
large for mounting into standard flanges without interfering with the flange bolts. Additionally,
the viewing window end offset of Opt 3 was longer than the available injector mounting length,
so this had to be reduced.

1.3 Stress Analysis (Dynamic Loading)

Some preliminary stress analysis with dynamically applied pressure indicated that the common
convention of treating dynamic loads as equivalent to static Ioadé of double the magnitude was
reasonably accurate. Window deflections using both statically and dynamically applied loads
are plotted in Figure |.1. This shows that the maximum deflection at 100 bar is 0.090 mm under
static loading and 0.180 mm under dynamic loading, while at 40 bar the maximum deflections
are 0.036 mm and 0.071 mm under static and dynamic loading, respectively. The dynamic
deflections are approximately double their static equivalents, mimicking the trend observed in
maximum stresses. Additionally, when materials are subjected to dynamic loads for very short
durations (~ milliseconds) material properties are greatly strengthened and catastrophic failure
is therefore not a concern. From the limited stress analysis conducted, it was concluded that

failure of the test section itself is not a concern.

|.4 Fatigue Analysis

Given the location of the maximum stresses along the inner radius of the optical window siot,

fatigue analysis was performed assuming this would be the location of failure.
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Figure 1.1: Maximum Window Deflection Under Dynamic Loading
Properties of Stainless Steel used in fatigue analysis:

304 SS Annealed Ultimate Tensile Strength, S, = 82.4 kpsi
Endurance Limit:

This is the endurance limit of the raw material for a polished rotating beam specimen
undergoing fully reversed loading:

S, =0.504-S,, =0.504 -82.4 = 41.5 kpsi
Endurance Limit Modifying Factors:

Surface Factor, k,:

Corrects for surface finish, with rough surfaces providing many crack initiation sites and
thus resulting in smaller endurance limit. The constants (2.70, -0.265) were empirically

derived for a “Machined or cold-drawn” surface finish:
k, =2.70-S, %% =2.70.82.4°%° = 0.839

Size Factor, Kp:
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Corrects for the size of the component, with larger components having a smaller

endurance limit:

-0.1133
Kk, = L)
(63

where d is the effective diameter found by equating the area of the specimen stressed at
and a.bove 95% of the maximum stress to the equivalent area in a round specimen:
Agsey, ot =0.05-h-b =0.05-0.306-1.043 = 0.01596 in®
Assoi e = %[d2 ~(0.95-02)|=0.0766 - 02
0.01596 = 0.0766 - d* = d =0.456in

~\—0.1133
o -(2258)"™ o4

Load Factor, k:

Corrects for the type of loading (axial, bending, torsion, shear). The location of maximum
stress on the test section is primarily in bending, so the correction factor for bending is

used:
ke=1
Temperature Factor, ky:

Corrects for increased likelihood of brittle failure during low temperature operation or
yielding at high temperatures. Since the test section is only exposed to high temperatures
for a few milliseconds, the nominal operating temperature is assumed to be room

temperature and no correction is applied:

Miscellaneous Effects Factor, k:

Corrects for corrosion, cyclic frequencies, stress concentrations, etc. Since stress analysis

of the test section has already provided the maximum stress at the inner window radius

(rather than the nominal) and all analysis has been performed based on this maximum
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stress, the effects of stress concentration have already been implicitly accounted for. The

only other potentially relevant factor is corrosion:
ke=0.8(?)
Using the above endurance limit modifying factors, the endurance limit is:
S. =k, -ky -k, ky-k,-S,=0.839-0.954-0.8-41.5=26.6kpsi

Additionally, to calculate the expected lifetime if the test section is subjected to a given loading,

the following equation may be used:

where:
e (09-S,f _(0.9-824F _ 207
S, 26.6
1, _09-S 1, 09-824
b =-—log——2ut — __jog—> 22" _ _0.088
39 5, 39 %6

1 -11.326
N2V (o
5) ()

Since the calculated endurance limit is greater than the maximum stresses experienced at 40
bar, the test section has infinite life at this operating pressure. Using the above equation, the
greatest stress that the test section may be subjected to while maintaining infinite life (1,000,000
cycles) is 61.1 kpsi. This is just slightly greater than the maximum stresses if the test section is
operated continuously at 100 bar.
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Shock Tube Optical
Test Section Drawings
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Appendix J: Shock Tube Optical Test Section Drawings
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