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Abstract
This study investigates single-event ignition of diesel fuel injected into methane-air that is applicable to
compression ignition dual fuel engine conditions. Post compression cylinder temperature and pressure
conditions were created behind a reflected shock wave in a 76 mm square-channel shock tube. A
common-rail piezoelectric diesel injector with 8 tip orifices was mounted in the centre of the shock tube
end wall to replicate in-cylinder placement. A single pass 150 mm diameter z-type high-speed schlieren
system was used to capture ignition in a 250 mm long optical section. Additionally, direct photography
was used in some tests to identify the location of ignition via the first emission of visible light. Tests
were carried out at a nominal reflected pressure of 10 bar and temperatures in the range of 880 – 1500
K, with the aim of studying ignition delay within and beyond the negative temperature coefficient
regime. The test gas was composed of synthetic air, with argon replacing nitrogen. Both schlieren video
and pressure-history were used to measure ignition delay time. The high-speed photography showed
that premature ignition was promoted by metal particles in the bottom half of the channel. By filtering
out the premature ignition events it was found that the ignition delay time, for both diesel spray and
premixed methane-air, correlated well with an Arrhenius temperature dependency. Diesel experiments
were carried out with two injection durations (0.15 and 0.5 ms), and it was found to play an important
role in the ignition location but not the ignition delay time. For a 0.15 ms injection time no ignition was
observed for temperatures below 1050 K because of overmixing. Methane-air tests were carried out
primarily at equivalence ratios of 0.25 and 0.5, a limited number of tests were carried out at
stoichiometric conditions. Two-stage ignition (mild and strong) was observed in methane-air for
temperatures above 1000 K and 1100 K for equivalence ratios of 0.25 and 0.5, respectively. Constant
volume model predictions using two reaction mechanisms from the literature compared unfavorably
with the measured ignition delay time. The methane-air ignition delay time showed some dependency
on equivalence ratio.
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Chapter 1 Introduction
1.1. The Dual fuel engine

In modern powerplant design, diesel and compression ignition (CI) engines make up a large fraction of
engines used in transportation and power generation [1]. The strive for improved efficiency drives the
use of higher compression ratios and better understanding of liquid fuel injection systems and
combustion. Due to the combination of diffusion and premixed flame combustion in CI engines both
NOx and soot emissions are a problem. The fuel is partially burned by fuel-rich premixed combustion
that produces soot. The remaining fuel is then consumed at stoichiometric conditions through a
diffusion flame where the temperature is locally very high, leading to the production of NOx. Continuous
tightening of government emission limits for these combustion products for the protection of human
health inspires the study of the combustion dynamics of CI engines. Injection and fuel-air mixing is
considered to be one of the most critical design features in direct-injection combustion. Recently the
development of low temperature combustion and common rail fuel delivery have emerged as promising
combustion and fuel delivery approaches to mitigate the shortcomings of conventional diesel
combustion.

Because conventional diesel engine designs cannot meet future emission standards, there is great
interest in alternative engine design, including the homogeneous charge compression ignition (HCCI)
engine and usages of different fuels, like biodiesel and other surrogate fuels [2,3,4]. Another proposed
engine configuration is the diesel-piloted natural gas dual fuel engine. A dual fuel engine operates in the
same configuration as existing diesel engines, but with the air intake retrofitted with a natural gas port
injector. Figure 1.1 shows the basic principle. The air and natural gas premixes before entering the
1

cylinder. At the end of the compression process, a small amount of diesel (pilot) is injected to initiate
combustion of the premixed natural gas air charge.

Figure 1.1: Schematic of a diesel engine cylinder depicting the location of natural gas introduction [5].

The first known dual fuel engine was designed by Cave in 1929 and Helmore et al. in 1930 where
hydrogen was used as the gaseous fuel in the diesel engine [6]. At the time however, the mechanical
complexity of having a second fuel and its integration into the very simple diesel engine made it too
difficult to produce commercially. Additionally, it proved to be comparatively inefficient and frequently
experienced knock.

Dual fuel received renewed and stronger attention during World War II in Europe when liquid fuel
supplies began to run short and alternatives were needed. The second fuel at this time tended to be
waste gas from sewage plants or oil production [7]. Since then, and in the last 25 years, dual fuel engines
have been studied because of their preferable emission characteristics compared to CI engines.
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Nwafor [8] demonstrated the difference in pressure trace for a diesel engine running in dual fuel mode
and compared it to operation of diesel-only. Seen in Figure 1.2, for the dual fuel operation there are two
local pressure peaks that correspond to the pilot diesel and then natural gas combustion. In the dual fuel
plot the trace section BC corresponds to pilot injection ignition, CD to natural gas ignition delay and DE
to rapid gas combustion. The ripples in the pressure trace are the result of engine knock.

a)

b)

Figure 1.2: Pressure history of a diesel engine operating in dual fuel mode (a) with key points in the
cycle noted, and diesel-only operation (b) as a baseline comparison presented by Nwafor et al. [8].

As is convention, the gaseous fuel is considered the primary fuel under dual fuel operation because
diesel is only used as an ignition source for the gas, making diesel the secondary fuel, or more
specifically the pilot fuel. In normal diesel operation diesel itself is the primary fuel. It was shown that
the ignition delay of the diesel in dual fuel operation is longer, by about 5° CA at 3600 PRM, than dieselonly mode. The researchers theorized that the lower concentration of oxygen in the gas-air charge was
the main cause of the difference [8].

3

Using natural gas as a diesel substitute fuel is appropriate because of its high octane number, which
makes it more resistant to knock in high compression ratio designs and its combustion under lean
conditions results in lower soot and NOx emissions in test engines [3, 9-12]. Additionally, the
implementation into the dual fuel engine design is favourable because existing diesel engines can be
retrofitted and can still run diesel-only when dual fuel mode is not desired. One of the current
drawbacks, however, is the observed increase in CO and unburned hydrocarbon (HC) species in exhaust
gases at part loads, seen in Figure 1.3. Additionally, brake specific fuel consumption (bsfc) is lower in
dual fuel at lower loads but more favourable over pure diesel at higher engine loads. These findings
have been observed by multiple groups and are typically attributed to incomplete combustion of the
natural gas under lean conditions, commonly referred to as methane slip.

4

Figure 1.3: Findings from Papagiannakis et al. from a research dual fuel engine. Engine speeds and
loads were varied, and performance and emission results are presented for natural gas fractions of 7486% [9].

5

1.2.Diesel spray ignition

Diesel engines operate with direct injection when the piston is near top dead centre (TDC). During the
compression stroke the inducted air is compressed from intake conditions to a higher pressure and
temperature. Once the gas is compressed the fuel injector is energized and liquid fuel is sprayed through
the injector tip into the cylinder. The fuel spray is atomized, and because of the high temperature
evaporates and mixes with the air just beyond the injector tip. After a short delay time the fuel selfignites without the requirement of a spark, or external energy source.

There has been extensive study over decades on the topic of diesel spray and combustion. Dec proposed
a spray combustion model that shows the important regions within a combusting spray structure [13].
The transient model showing the development of the spray combustion zone, shown in Figure 1.4,
depicts the middle plane of a single injection jet. It begins as a single liquid stream but shortly after the
atomized fuel entrains hot air along the edge of the jet the fuel evaporates and begins to mix with the
air. If the fuel injection pressure is high enough (approx. 100 MPa or higher) the spray will be mostly
turbulent and the outer shell of the spray will be mixed. As injection continues the liquid region only
penetrates a certain distance due to evaporation driven by hot air entrainment [13], [14]. Ignition
location is not always reproducible but typically occurred before fuel vapour formed at the jet tip, i.e.,
along the sides where vapour first forms.

6

Figure 1.4: Spray initiation and ignition stages presented by Dec showing spray initiation, ignition and
soot-forming regions in a theoretical in-cylinder diesel injection [13].

Ignition continues in the mixed fuel-air volume ahead of the liquid tip and eventually the majority of the
burning occurs in this region. The ignition of this region (known as premixed burn phase) is associated
with the observed large spike in chamber pressure and in chemiluminescent measurement, shown at
around 6.5° after start of injection (ASI) at 1200 RPM engine speed. The observation of small soot
particle formation is also seen at this point. The premixed combustion occurs at an equivalence ratio
between 2 and 4. Soon after ignition a diffusion flame forms at the edge of the liquid and vapour jet
through which a lot of unburned hydrocarbons (UHCs) are produced. The formation of soot increases at
the vapour head region where vortices are formed until the end of the premixed burn phase. This is
found in all diesel engine designs.

7

The mixing-controlled phase occurs after the premixed burn until the end of injection, as illustrated in
Figure 1.5. All the air in this stage enters the reaction zone via entrainment as the air initially in the spray
volume has been consumed. Soot continues to be formed primarily in the tip region originating at the
fuel-rich premixed flame, and the diffusion flame continues to exist on the outer surface of the entire
region, producing NOx.

Figure 1.5: Model of the mixing-controlled, or steady state burn of spray proposed by Dec [13].

1.3.Methane ignition delay

One of the main concerns of using alternative fuels in piston engines is the risk of engine knock resulting
in engine damage [15]. As such, studies have been conducted to learn more about ignition behaviour of
these fuels. The first studies of methane ignition using the reflected shock wave technique were
performed by Skinner and Ruehrwein in 1959 and Asaba et al. in 1963 [16],17]. Many studies since these
have been published regarding methane ignition, resulting in various reaction mechanisms [18, 19].
Most studies used either methane-air mixtures, or methane-oxygen with argon as a diluent. Argon is an
inert monatomic gas that is used in many reaction studies because its presence in large amounts (>90%)
8

minimizes the interaction of the reflected shock wave and the boundary layer. Because of its large
presence, the argon acts as a thermal mass absorbing any heat released from chemical reaction
producing near-constant pressure and temperature conditions during combustion events.

Ignition delay varies with ambient temperature, pressure and composition of the test gas and
correlations are demonstrated in the following Arrhenius equation:
𝐸𝑎

𝜏 = 𝐴 ∙ 𝑒 𝑅𝑇 ∙ [𝐶𝐻4 ]𝑎 [𝑂2 ]𝑏 [𝐴𝑟]𝑐

(1)

Where τ is ignition delay, A is an experimentally determined empirical constant, Ea is the global
activation energy for the mixture, R is the universal gas constant, [CH4], [O2] and [Ar] are the molar
concentration of the fuel, oxidizer and diluent, respectively. Constants a, b, and c are empirical constant
exponents. The concentration of each species in the mixture are calculated by:

[ ]𝑖 =

𝑥𝑖 𝑃
𝑅𝑇

(2)

Where xi is the mole fraction of the species.
The ignition process involving large hydrocarbons can be very complex involving multiple stages. The
ignition limit testing of automotive fuel standards n-heptane and iso-octane in shock tubes have long
been performed [20-22]. Fieweger et al. also investigated the two-stage ignition process for octane and
heptane, a typical pressure and CH species chemiluminescence signal recorded at the reflection-end of
the shock tube is reproduced in Figure 1.6.

9

Figure 1.6 Comparison mild and strong ignition stoichiometric n-heptane-oxygen ignition delay via
pressure trace and chemiluminescence in a shock tube [15].

The first timestamp (1) refers to a small increase of pressure and a blip in CH radical intensity caused by
cool flame phenomenon involving the partial decomposition of the fuel is uniquely observed in large
hydrocarbon ignition. The start of the hot ignition process is highlighted by the start of a rise in pressure
(-defl). This is now known as mild ignition and it involves the generation of numerous small deflagration
kernals that originate hot spots through the shock compressed region. These hot spots are described in
the literature as temperature and fuel concentration inhomogeneity or catalytic particles. The second
ignition point (-DDT), called strong ignition, consists of an explosion that originates somewhere in the
unburned gas between deflagration kernals. Fieweger describes it as a deflagration to detonation (DDT)
process, as shadowgraph images show that a shock wave is generated during this time, which is clearly
seen in the in pressure trace in Figure 1.6. The difference between mild and strong ignition limits were
first conceived by Solouhkin et al. and Strehlow et al. in hydrogen-oxygen detonation research [20,21].
This strong ignition is traditionally used as the true ignition delay when studying piston-cylinder engine
fuels because much of the research interest in auto ignition study is engine knock causation.

For small hydrocarbons like methane, which is of interest for dual fuel engines, there is no cool flame
phenomenon but mild and strong ignition are observed. Huang et al. performed shock tube ignition
experiments with methane [23]. The mild and strong ignition limits were tested over a large range of
reflected pressures and temperatures and it was found that the minimum temperature for strong
ignition to occur decreased with increasing pressure, shown in Figure 1.7. Below this minimum
temperature strong ignition did not occur for a given pressure, only mild ignition takes place, producing
a slow steady rise in pressure. The peak in pressure is reached when all the fuel is consumed, the
pressure declines due to system losses like heat loss through the apparatus and pressure leakage.

10

Figure 1.7: Shock tube methane ignition data depicting the strong ignition limit based on reflected
pressure and temperature [23].

1.4.Research objective

Referring to Equation 1 that depicts the overall reaction rate as a function of fuel and oxygen
concentration and using diesel as the fuel, the concentration of oxygen directly affects reaction rate and
therefore ignition delay. As Nwafor explained, the dual fuel engine concept uses a small pilot injection of
liquid diesel spray to act as the ignition source for a homogeneous methane-air charge. It then implies
that the oxygen concentration in the region surrounding the diesel is lower due to the presence of
methane, and as a result the overall reaction rate for diesel should be slower and the ignition delay
longer. In the fast-moving conditions of a compression ignition engine even a slight lag would have
significant effects on combustion performance. For this reason, there is interest in the development of
dual fuel kinetic models. These models require experimental data to compare to, with the goal of
further understanding this combustion phenomena. The research goal of this work is to experimentally
study the effects of diesel spray and homogeneous methane ignition in the context of dual fuel
combustion. Testing is carried out in single-event combustion by means of an optically accessible shock
tube.
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Chapter 2 Literature Review
2.1. Diesel spray

Fuel spray can be characterized by the spray angle, tip penetration, average tip velocity and area density
as functions of fuel pressure, cylinder pressure, and nozzle hole diameter and length [4, 24, 25]. Tip
penetration is defined as the point furthest away from the injector tip liquid fuel travels, see Figure 2.1.
The development of the spray is shown via four direct photography images.

a)

b)

Figure 2.1: (a),(b) Direct photography of spray showing regions of liquid penetration and liquid
droplets [26, 27].

The diesel spray tip travels slower with increasing ambient air density (e.g., higher cylinder pressure),
and for a given time after the start of injection (SOI) the penetrating tip travels further in lower-density
conditions, see Figure 2.2.
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a)

b)

Figure 2.2: (a) Tip penetration path for 500 bar fuel pressure into varying density ambient conditions
at 800 K and 0.093 mm orifice diameter [25], and (b) Liquid and vapour phase penetration with time
for diesel at different density, 1000 K air, 0.257 mm orifice diameter and 1400 bar fuel pressure [28].

The reason that spray penetration is slower in more dense air is that there is a higher molecule
concentration for the spray particles to collide with, which causes more efficient liquid break-up, droplet
formation and faster fuel evaporation. Once the fuel evaporates it loses momentum and therefore slows
down. As this breakup and particle formation happens faster and tip velocity slows down the spray angle
increases.

The effect of injector nozzle geometry also has a significant effect on the spray characteristics. As
injector designs have progressed, more desirable spray was achieved by increasing fuel pressure and
reducing the orifice diameter on the injector nozzle. This results in a high liquid jet velocity that
promotes atomization. A smaller orifice diameter results in a lower fuel mass flow rate for a given
injection pressure but will produce a wider spray angle and more turbulent flow, both of which allow for
better fuel-air mixing. This will also induce less tip penetration. Overall, it should reduce the time of total
physical effects and shorten ignition delay.
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In general, it is known that a spray that can evaporate faster and mix with the air more efficiently results
in faster ignition and cleaner combustion. Higher levels of mixing results in less fuel-rich pockets in the
combustion region which leads to lower soot formation. Faster evaporation of the fuel also results in
lower ignition delay time, which is generally considered better in engine-comparable conditions.

There are several different experimental methods than the reflected shock for the determination of
ignition delay for liquid diesel. Rapid compression machines (RCMs), first developed by Miwa et al. and
Kobori et al., are made of an actuated piston in a cylinder assembly that compresses and expands air like
an engine cylinder for a single stroke into which fuel is injected [29]–[31]. Ignition results are shown in
Figure 2.3. They may also be used for premixed fuel-air mixtures [32]. RCMs can reach diesel cylinder
pressure and temperature and can be used for determining compression ratios that cause autoignition.

Figure 2.3: Ignition delay measurements in a rapid compression machine for diesel spray, showing
pressure drop due to air cooling effects and rise due to autoignition [30].

Constant volume spray combustion chambers (CVSCC) are high strength vessels with a preheated test
volume into which fuel or fuel-air mixtures can be injected. The benefit of these is that very high
pressures can be achieved in the chamber but are limited to lower operating temperatures by the
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chamber material. Additionally, they cannot be used to measure ignition delay for homogeneous fuel-air
mixtures as early combustion would occur during the heating of the chamber [33]. Various liquid fuel
ignition findings are shown in Figure 2.4.

a)

b)

Figure 2.4: (a) Diesel and jet fuel spray ignition delay results from a CVSCC at lower temperatures [33]
and (b) ignition delay measurements for premixed diesel-air found in a constant-flow reactor
assembly [34].

Flow reactors involve a constant pressure flow into which fuel is injected and mixed into. The ignition
delay is measured from the beginning of injection until ignition occurs, after which the fuel injection is
shut off. It is useful for ignition delay measurements with long expected delay times [34].
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2.2. Equivalence ratio

The equivalence ratio of a fuel-air mixture is the ratio of the air-fuel of the mixture to the air-fuel of
stoichiometric conditions. If the methane-oxygen-argon combustion reaction is applied as an example
shown in Equation 3:
𝐶𝐻4 + 𝑎(𝑂2 + 3.76𝐴𝑟) → 𝑏𝐶𝑂2 + 𝑐𝐻2 𝑂 + 𝑑𝐴𝑟

(3)

Solving for the coefficients a, b, c, d and e the stoichiometric balance is found:
𝐶𝐻4 + 2(𝑂2 + 3.76𝐴𝑟) → 1𝐶𝑂2 + 2𝐻2 𝑂 + 7.52𝐴𝑟

(4)

For stoichiometric methane combustion there are 2 parts air for each part of fuel, so the stoichiometric
air-fuel ratio, (A/F)s , is 2. For a fuel lean mixture there is excess air for all the fuel to burn and there will
be oxygen in the combustion products. If, for example, a mixture air-fuel ratio higher than 2 is chosen:
𝐶𝐻4 + 8(𝑂2 + 3.76𝐴𝑟) → 1𝐶𝑂2 + 2𝐻2 𝑂 + 30.08𝐴𝑟 + 6𝑂2

(5)

The air-fuel ratio for this condition, (A/F)m , is chosen to be 8. To calculate the equivalence ratio the airfuel ratio for stoichiometric is divided by the mixture air-fuel ratio:

𝜙=

(𝐴/𝐹)𝑠
(𝐴/𝐹)𝑚

(6)

For this example condition the equivalence ratio is 2/8, or 0.25. Mixtures with an equivalence ratio less
than 1 are fuel lean. Fuel rich conditions are seen when there isn’t enough air to fully burn the fuel and
the equivalence ratio is more than 1.
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2.3. Ignition delay kinetics

The time between the start of injection until the onset of rapid heat release associated with combustion
is called the ignition delay. It is of great interest to study because the ignition delay for a fuel-air mixture
is a measure of diesel fuel ignition quality, characterized by the cetane number, and is important to the
phenomenon of engine knock for spark ignition engines. Ignition delay for liquid spray into air is
governed by physical and chemical phenomenon. Physical delay is associated with jet breakup,
atomization, evaporation and mixing of the liquid fuel with the oxidizer, discussed above. Chemical
delay is attributed to the chemical kinetics leading up to the rapid heat release.

Combustion is a chain reaction that involves the generation and recombination of radical species
(species with free valence electrons). Free radicals are formed from stable species via an initiation step.
These free radicals participate in reactions that either produce no net change in radicals known as chain
carrier reactions, or a net change known as chain branching reactions. Chain branching reactions are
required for the explosive increase in radical concentration. This process continues until all the radical
species combine to produce the final products, via chain termination reactions. Westbrook provides a
summary of the key reactions that have been found to dominate ignition in hydrocarbon reactions [35].
For initial temperatures over approximately 1200 K the dominant chain branching elementary reaction is
the production of O and OH:
𝐻 + 𝑂2 → 𝑂 + 𝑂𝐻
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(7)

Once OH radicals start to rapidly form and accumulate is when ignition occurs, and it is the control of
this reaction that mainly controls ignition. For temperatures between 850 K to 1200 K, typical of diesel
post-compression, reaction (7) is too slow, instead the following chain branching reactions are
dominant:
𝐻 + 𝑂2 + 𝑀 → 𝐻𝑂2 + 𝑀

(8)

𝑅𝐻 + 𝐻𝑂2 → 𝑅 + 𝐻2 𝑂2

(9)

𝐻2 𝑂2 + 𝑀 → 𝑂𝐻 + 𝑂𝐻 + 𝑀

(10)

where M is an arbitrary collision partner, R is an alkyl radical (i.e., CH3 or C2H5) and RH is a complete
alkane (i.e., CH4 or C2H6). The net result of these three reactions is the consumption of one H and the
decomposition of hydrogen peroxide, C2H2, into two OH radicals. This is the main reason that OH
chemiluminescence is often used in the measurement if ignition. The faster the overall reaction can
reach these dominant elementary chain branching reactions, the faster combustion and rapid heat
release will take place, meaning shorter chemical ignition delay.

The global reaction rate of a fuel-oxidizer is typically represented in Arrhenius form:
𝐸
𝑑[𝐹𝑢𝑒𝑙]
− 𝑎
= −𝐴 ∙ 𝑒 𝑅̅𝑇 ∙ [𝐹𝑢𝑒𝑙]𝑛 ∙ [𝑂2 ]𝑚 ∙ [𝐼𝑛𝑒𝑟𝑡]𝑙
𝑑𝑡

(11)

where the square brackets represent concentration, and A, n, m, l are fitting constants obtained from
experiments. The activation energy, Ea, is especially important and R is the universal gas constant. The
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same Arrhenius form also applies to elementary reactions as it captures the strong dependency on
temperature and participating species concentration.

2.4. Methane as a natural gas surrogate

An engine running in dual fuel mode typically uses natural gas as the primary fuel and diesel as the pilot
ignition fuel. Like diesel, natural gas is not a pure substance but is a mix of several different
hydrocarbons. The molar fraction of each species can vary widely depending on where on Earth it was
mined. The range of mole fractions of species is shown in Table 2.1 for natural gas mined in North
America [36]. However, methane is always the largest concentration component in natural gas, with a
small amount of ethane and propane and very small amounts of other compounds.
Table 2.1: molar presence for constituents of natural gas, sourced from Western Canada, the United
States and Ontario [36].
Species
Methane
Ethane
Propane
iso-butane
n-butane
iso-pentane
n-pentane
Hexanes +
Nitrogen
Carbon dioxide
Oxygen
Hydrogen

Formula
CH4
C2H6
C3H8
C4H10
C4H10
C5H12
C5H12
C6H14 +
N2
CO2
O2
H2

Mole fraction (%)
87.0 - 97.0
1.5 - 9.0
0.1 - 1.5
0.01 - 0.3
0.01 - 0.3
trace - 0.04
trace - 0.04
trace - 0.06
0.2 - 5.5
0.05 - 1.0
trace - 0.1
trace - 0.02

Methane is often used as a surrogate for natural gas in ignition studies because of its high concentration
in natural gas and it being a pure substance that is consistent from study to study. Studies of varying
natural gas composition have also been conducted [37].
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In this study, methane is used in place of natural gas for simplicity and for consistent test gas
composition in the shock tube.
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Chapter 3 Procedure and Apparatus
3.1. Overview

The objective of this experiment is to observe and measure ignition of diesel and methane under
prototypical diesel engine cylinder conditions. These conditions are generated using the reflected shock
technique inside the end of a shock tube. Immediately after a reflected shock wave diesel is injected into
the channel of the shock tube and allowed to mix and react with the heated and pressurized ambient
test gas. Schlieren video and other optical measurement methods are used to measure ignition delay of
the fuel. The apparatus, supporting equipment and test procedure are described as follows.

3.2. Shock wave theory

A shock wave is a thin region in space that moves through gas at supersonic velocity. It is only a few
mean free paths thick and state properties of the gas on either side of it are changed nearly instantly.
From the point of view of the shock wave the gas approaches the shock at a supersonic speed, the gas
experiences a reduction in velocity and an increase of pressure, temperature and density. A control
volume analysis is applied to the normal shock wave shown in Figure 3.1.

Figure 3.1: Control volume analysis of a normal shock wave.
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The control volume is covered in the dashed rectangle where the vertical double-line depicts the
stationary shock wave and gas flows in the direction of the arrows. Applying the conservation of mass,
energy and momentum in addition to ideal gas law post-shocked conditions can be calculated as a
function of the shock Mach number, M1, and the ratio of the specific heats, , assuming negligible
change in  across the shock:

(𝛾 − 1)𝑀12 + 2
𝑀2 = √[
]
2𝛾𝑀12 − (𝛾 − 1)

(12)

𝑇2 [2𝛾𝑀12 − (𝛾 − 1)][2 + (𝛾 − 1)𝑀12 ]
=
𝑇1
(𝛾 + 1)2 𝑀12

(13)

𝑃2 2𝛾𝑀12 − (𝛾 − 1)
=
(𝛾 + 1)
𝑃1

(14)

(𝛾 + 1)𝑀12
𝑢1 𝜌2
=
=
𝑢2 𝜌1 2 + (𝛾 − 1)𝑀12

(15)

Where the shock Mach number is defined by the shock velocity divided by the speed of sound in the gas
ahead of the shock, a1. The downstream velocity must be subsonic and can be calculated as a function of
the shock strength pressure ratio (P2/P1):
𝛾+1
𝑃
(𝛾 − 1 + 1) (𝑃2 − 1)
1
𝑢2 = 𝑎1
𝛾+1
𝛾 + 1 𝑃2
√(1 +
𝛾 − 1) (1 + 𝛾 − 1 𝑃1 )

(16)

When a normal shock moves towards the closed-end of a rigid duct, it will reflect and travel upstream at
a given velocity, VR. Since there can not be any flow in or out of a closed duct the region behind the
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reflected shock must have a velocity of zero. This is illustrated in Figure 3.2. The strength of the reflected
shock must be exactly strong enough to bring the gas behind the incident shock to rest.

Figure 3.2: Depiction of gas properties upon shock wave reflection in a closed duct.

3.3.Shock tube theory

Shock tubes have been used by many to observe ignition phenomena [22, 23, 44-47]. A shock tube is a
long rigid channel that is designed to generate and contain a planar shock wave of prescribed Mach
number. It consists of two axially connected sections separated by a thin diaphragm, initially at different
pressures. The high-pressure section is called the driver and the low-pressure is the driven section, as
shown in Figure 3.3a. At a critical pressure difference the diaphragm ruptures and the high-pressure gas
rapidly expands into the low-pressure driven section via an expansion fan (see Figure 3.3b). As it does
so, it generates a planar shock wave that travels towards the end of the driven section, towards the end
wall. The shock wave travels through the initial stagnant driven gas, denoted as state 1 and induces a
velocity behind it, as well as increased temperature and pressure, shown as state 2 in Figure 3.3b. At the
driven end, as the high-pressure gas expands into the driven section, an expansion fan travels to the end
of the driver at the local speed of sound. The expanded driver gas is shown as state 3 and the initial
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driver gas is shown as state 4. The flow through the expansion process is isentropic. The head of the
expansion fan travels at a4, the tail of the fan travels slower because of the temperature drop associated
with the expansion. The leading edge of the expanding gas is in direct contact to the shocked driven gas
at the contact surface that moves at the shocked gas velocity u2. The pressure across the contact surface
is constant (P2=P3) but not the temperature.

a)

b)

c)

Figure 3.3: Stages of a shock tube during operation. (a) Initial states, (b) post-diaphragm burst and
incident shock generation and (c) post-reflected shock states.

Once the shock reaches the end wall it reflects and travels back up the shock tube through the shocked
gas. The gas behind the reflected shock has zero velocity and it is brought up to high pressure and
temperature denoted as state 5 in Figure 3.3c. The gas here will remain unchanged for a finite period
until disturbances arrive.
As driver gas expands, it can be modelled as an isentropic expansion:
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2𝛾4

𝑃4
𝑎4 𝛾4 −1
=( )
𝑃3
𝑎3

(17)

The ratio of initial pressure, states 1 and 4 are calculated by combining normal shock relations using
Mach number and isentropic relations:

𝑃4
2𝛾1
1
(𝑀12 − 1)] [
= [1 +
]
𝛾 −1 𝑎
1
𝑃1
𝛾1 + 1
1 − 𝛾4 + 1 ∙ 𝑎1 (𝑀1 − 𝑀 )
1
4
1

2𝛾4
𝛾4 −1

(18)

Similarly, the pressure ratio of gas upstream and downstream of a shock is:

Using the knowledge that the reflected shock brings the shocked gas to rest and applying normal shock
relations the pressure ratio can be found:
𝑃5 −2(𝛾1 − 1) + 𝑀12 (3𝛾1 − 1)
=
𝑃2
2 + 𝑀12 (𝛾1 − 1)

(19)

Combining Equations 14 and 18 P4/P1 and P2/P1 the reflected-to-initial pressure ratio can be calculated
in terms of Mach number:
𝑃5
2𝛾1 𝑀12 − (𝛾1 − 1) −2(𝛾1 − 1) + 𝑀12 (3𝛾1 − 1)
=[
][
]
𝑃1
𝛾1 + 1
2 + 𝑀12 (𝛾1 − 1)

(20)

Similarly, the reflected temperature to initial temperature ratio dependent on Mach number can be
found:
𝑇5 [2(𝛾1 − 1)𝑀12 + 3 − 𝛾1 ][(3𝛾1 − 1)𝑀12 − 2(𝛾1 − 1)]
=
𝑇1
(𝛾1 + 1)2 𝑀12
25

(21)

An x-t diagram showing the position of the shock wave, contact surface and expansion fan as a function
of time is shown in Figure 3.4. The contact surface between the driver and driven gas follows behind the
shock at the speed of the shocked driven gas toward the end wall.

Figure 3.4: (a) x-t diagram of a shock tube with fundamental states labeled, and (b) Simple schematic
of a shock tube [42].

3.3.1. Test time and tailoring

The test time available after shock reflection is the time during which conditions at the end wall are
constant. The test time is ultimately limited by the arrival of the driver-reflected expansion fan that
lowers the pressure and temperature in the test volume. This time is governed by the length of the
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shock tube. However, as the reflected shock travels back it encounters the driver gas contact surface,
which has different temperature, density and composition than the driven gas. The interaction between
the reflected shock and the contact surface will generate either a compression wave or an expansion fan
moving towards the end wall, effectively terminating the constant conditions at the end wall, see Figure
3.5.

Figure 3.5: x-t diagram of (a) the occurrence of compression waves returning from the contact surface
interaction (under-tailored) and (b) an expansion fan returning (over-tailored condition). Both reduce
the possible test time for the shock tube [42].

The velocity of the flow, 𝑢7 , can be calculated knowing that 𝑢3 = 𝑢2 and 𝑢7 = 𝑢8:
𝛾+1
𝑃
[(𝛾 − 1) − 1] [𝑃7 − 1]
5
1
𝑢7 =
𝑎5
𝛾+1
𝛾 + 1 𝑃7
[1 + (𝛾 − 1) ] [1 + (𝛾 − 1) 𝑃 ]
1
1 5

(22)

when 𝑢7 > 0, 𝑃7 > 𝑃5 , meaning a shock wave is reflected towards the end wall, like in Figure 3.5a. If
𝑢7 < 0, 𝑃7 < 𝑃5 , which means an expansion fan travels towards the end wall as the reflected shock
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pushes the contact surface upstream in the shock tube. Both events will shorten the maximum test time
available at the end wall region.

It is possible to have the reflected shock wave pass through the contact surface without generating any
expansion or compression waves. This is called “contact surface tailoring” and it occurs when 𝑢7 = 0
and 𝑃5 = 𝑃7 , see Figure 3.6. This allows the test time for a given condition to be maximized, dictated by
when the driver section expansion fan reaches the driven section end wall. To find the tailored case for a
desired test condition the following steps are carried out where P5/P2, P1, T1 and T4 are specified,
leaving five unknowns: 𝑢2 , 𝑎3 , 𝑃2 , 𝑃4 𝑎𝑛𝑑 𝑀1.
1. 𝑇1 and 𝑇4 are specified and hence 𝑎1 and 𝑎4 are known. 𝑃5 /𝑃2 and 𝑃1 are specified.
2. A value for 𝑀1 is guessed and 𝑃2 is obtained from the Equation 14.
3. The calculated value for P2/P1 is substituted into Equation 16 to find a value for 𝑢2 .
4. Using the specified value for P5/P2 the value for 𝑎3 can be determined using 𝑢2 = 𝑎1 … but a1 is
replaced with a3 and P5/P2 replaces P2/P1.
5. Use the guessed value for 𝑀1 in Equation 18 to find a value for 𝑃4
6. Another value for 𝑃4 can be determined by Equation 17 with the calculated value for 𝑎3 .
7. Compare the two obtained values for 𝑃4 and vary the guessed value for 𝑀1 until the values for
𝑃4 converge within the desired tolerance.
Following the iteration step through should generate ideal test times for conditions where longer
test time is needed. The absolute maximum test time for a given shock tube is the time until the
driver expansion reached the end wall.
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Figure 3.6: Post reflected conditions for a tailored contact-surface in a shock tube. This maximizes test
time [42].

3.4. Shock tube sections

All results presented in this work were obtained using the Queen’s combustion lab shock tube facility.
The shock tube shown in Figure 3.7 is built of high-strength 6061-T6 aluminum alloy and fastened
together with grade 8 fasteners. The cylindrical driver section is 100 mm in inner-diameter and 2 m long
with a wall thickness of 19.1 mm.
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c)

a)

b)

Figure 3.7: CAD render of the shock tube showing (a) optical section (test section), (b) driven section
and (c) driver section.

A schematic of the shock tube assembly is provided in Figure 3.9. The driven section is a 76 mm square
section 5.02 m long with 38 mm wall thickness. This length includes a square-to-circular cross-section
transition section that is 0.72 m long. The two sections are separated by a double diaphragm assembly,
which allows for higher burst pressure and more control of the burst pressure. The diaphragms are
separated by a gap of 25.4 mm that is filled with inert gas to an intermediate pressure between the test
gas (driven) pressure and the driver pressure. This inter-diaphragm volume is connected to preevacuated reservoir via a small ball valve. Four steel dowel pins locate the two diaphragms and six steel
clamps hold the entire assembly together.

The optical section, part of the total driven section, is mounted to the end of the shock tube. The
injector is mounted to a short aluminum block that is placed at the end of the optical section. The
internal face of the block acts as the reflecting surface. The block advances the reflecting surface to the
edge of the field-of-view (FOV). The two windows allow collimated light to pass through the test section
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for schlieren imaging. There are four ports in the optical section that can hold pressure transducers
mounted flush with the top and bottom walls. All segments of the shock tube are face sealed to each
other using buna dash 400 series o-rings with the exception of the windows, which are sealed by a 3.2
mm rubber gasket.

A small section (identical in size to the double diaphragm section) was designed and built to slowly
introduce an inert “buffer gas” to the driven section right after the double diaphragm. It consists of a
two-piece ringed component where the large outer ring bears sealing surfaces and the pipe thread
connector to the supply and the inner ring has 31 holes 0.79 mm (1/32 inch) in diameter equally spaced
tangentially, see Figure 3.8. Its location is labeled in Figure 3.9.

Figure 3.8: (a) buffer gas ring exploded view showing the inner and outer rings. The holes in this
render are oversized for visibility. (b) zoomed image of the outside of the inner ring holes.
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The purpose of the buffer gas is to separate the oxygen-containing test gas from the hydrogencontaining driver gas. The buffer gas slug introduces a second contact surface (one between the test gas
and buffer and one between the buffer gas and driver gas) that reaches the optical section. Since the
buffer is inert it can dilute the oxygen in the test gas and affect ignition results, so slow and even filling is
critical to avoid mixing. Additionally, the line that connects the buffer gas reservoir to the ring passes
through a pressure regulator set to maximum 5 psig. This along with the partial opening of the gate
valve causes gas to flow very slowly into the driven section during a test.

The diaphragms, made of 1.6 mm thick 1100 aluminum sheet, were stamped with a bottle jack press
under an ‘X’ pattern profile to promote controlled and clean burst (i.e., four petals) to produce a planar
shock wave. 1100 aluminum is very soft and deforms as high pressure is applied across it. This causes it
to burst in the center of the cross and helps generate a clean shock wave. The stamp itself consists of
several steel blocks, aligned with steel dowel pins, and the die itself that includes the cross-pattern
protrusion.

Figure 3.9: Schematic of the shock tube sections and piping that connects to them.
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3.5. Exterior equipment

A schematic showing the ancillary equipment and piping is provided in Figure 3. The test gas mixture
was prepared in a high strength mixing tank with an electric powered propeller mounted in its centre. A
steel tube with an inner-diameter slightly larger than the propeller diameter was mounted vertically
along the centre to create an updraft to increase mixing efficiency throughout the tank. The test mixture
was prepared at a pressure of 400 kPa.

The buffer gas consisting of 21% N2 and 79% Ar was prepared in an air compressor tank at 7.8 bar and
connected to the panel. This was done to closely match the density and speed of sound of the test gas.
There was no mixing equipment involved but the mixture was allowed to sit for at least 16 hours before
use to allow for adequate diffusion mixing of the component gases.

Figure 3.10: Schematic of the control panel and gas handling equipment around the shock tube.
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All gases used in the experimentation were supplied by high pressure bottles purchased from Praxair
group. Diesel fuel was purchased a local gas station, the exact composition is not known but meets
commercial regulations that applied at the time of the experiments.

All gas materials were delivered to and from the shock tube through a central control panel. Various
piping materials and sizes were used, including stainless steel, copper and reinforced rubber. All piping
and valves were connected using Swagelok connectors. To prevent any leakage between the driver and
driven sections there are no piping connections between the two, with the only exception being a
common valve to the building exhaust. The driver and driven sections, as well as all piping, were
evacuated by an Edwards vacuum pump.

3.6. Schlieren system
3.6.1. Schlieren theory

Shadowgraph and schlieren photography are optical measurement methods based on the principle of
light refraction. The speed of light changes as it passes through media with different density. In a perfect
situation, when parallel light rays, or a collimated beam, pass through a uniform medium and onto a
camera lens the image will ideally be evenly lit. However, if part of the beam passes through a medium
that has a density gradient, such as the edge of a candle flame, the light distribution will be non-uniform
and bright and dark regions are seen in the image. The refracted light concentrates in some parts and
the absence of light in others, seen in Figure 3.11a. This type of image is called a shadowgraph.
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Normal Shock

Small reflections

Figure 3.11: (a) schematic showing light refraction from s schlieren object and (b) example schlieren
image of a shock wave passing over a model firetruck.

If a knife edge is placed at the focal point of the converging beam in front of the camera lens and cuts
off half of the image, the refracted light is blocked by the razor and does not reach the camera. Through
this technique the image is sharpened and it becomes a focused optical image. This is called schlieren
imagery, and it is much more sensitive than shadowgraph, allowing weak refractive elements like vapour
to be observed. A schlieren image of an incident and small shock reflections is shown in Figure 3.11b.
Light travels uniformly through homogeneous transparent media and continues to do so until it is
disturbed. The speed of light in a medium is determined by the refractive index:

𝑛=

𝑐0
𝑐

(23)

where n is the refractive index, 𝑐0 is the universal speed of light in a vacuum and c is the speed of light
in the medium. For gases the density affects the index of refraction according to the following linear
relationship:
𝑛 − 1 = 𝜅𝜌
(24)
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where κ is the Gladstone-Dale coefficient, different for every gas. If the z-axis is taken as the axial
direction – the direction of the collimated beam – and x-y planes perpendicular to it to form cartesian
coordinates the path of a ray of light through a density gradient

𝜕 2 𝑥 1 𝜕𝑛
= ∙
,
𝜕𝑧 2 𝑛 𝜕𝑥

𝜕𝑛 𝜕𝑛

,

𝜕𝑥 𝜕𝑦

can be represented by:

𝜕 2 𝑦 1 𝜕𝑛
= ∙
𝜕𝑧 2 𝑛 𝜕𝑦

(25)

An image will not show any effects for an instantaneous change of refractive index over the x or y
direction; however, effects are seen in a region where there is a gradient of refractive index. In the case
of shadowgraph, measurement is sensitive to the second derivative of the refractive index:
𝜕2𝑛
,
𝜕𝑥 2

𝜕2𝑛
𝜕𝑦 2

(26)

However, schlieren images are sensitive to the first derivative of refractive index:
𝜕𝑛
,
𝜕𝑥

𝜕𝑛
𝜕𝑦

(27)

When the path of light is slightly disturbed through the FOV in a schlieren setup its contribution to the
final image is much stronger than in shadowgraph. The knife-edge used is placed to block half of the
light entering the camera lens but since the knife edge is oriented in a certain direction only light that
has been refracted in that direction will be seen.
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3.6.2. Visualization setup

The time during which a shock wave travels through the optical section and subsequent fuel injection
and ignition is on the order of 20 ms, requiring high speed equipment. To visualize these events a highspeed photography system was used. For most experiments schlieren photography was used with
collimated light passing orthogonally through the windows.

To observe the shock wave and diesel spray (liquid and vapour) a Z-type folded schlieren system was
designed and manufactured with the field-of-view (FOV) extending roughly 145 mm from the reflecting
wall. The optical component layout is shown in Figure 3.12 and a schematic of the FOV is illustrated in
Figure 3.13. The parabolic mirrors used were 150 mm in diameter with a focal distance of 1.52 m, rated
λ/10. The light source used was a 55 W xenon arc lamp with a colour temperature of 6000 K. It was
focused by two axially aligned lenses (collector and focusing) and made into a near-point source via a 2
mm rectangular slit made from four razor blades.

37

Figure 3.12: Layout with dimensions of the schlieren system components.

Alignment of all optical components is crucial to a uniformly lit and sharp schlieren image. The vertical
centre of each component was aligned with the central axis of the optical section with a levelling laser
and the floor position was set within a 1.5 mm tolerance. Heavy concrete weights were added to the
stands and rubber feet were installed to prevent any unwanted movement of optical components.
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Figure 3.13: Schematic of the optical section and schlieren FOV.

The camera used for schlieren imaging was a Photron SA5 model with minimum 42,000 frames per
second (fps) and varying resolution dependent on the desired test condition. At these video settings up
to 0.8 seconds of video could be recorded every test, much longer than the 20 ms that is usually
required to observe an entire shock reflection and ignition event. A 70-300 mm Tamron telephoto lens
was used for all high-speed photography. A custom camera stand was built for easy and accurate
adjustment with additional accommodation for a vertically oriented knife edge.

For some experiments backlit direct photography was employed to visualize the diesel spray obliquely.
The camera arrangement is laid out in Figure 3.14a. A Photron SAZ was used for this arrangement and
the SA5 was kept for schlieren use. It was connected via a gigabyte ethernet switch to the lab computer
along with the SA5 for dual-video experiments.

39

The backlight consists of a Lightspeed Technologies LED that points at the end wall and reflects into the
camera lens. Its brightness is determined by an input analog voltage between 0 and 5 volts. For all
experimentation the maximum signal voltage of 5 V was used. For spray observation, fuel jets are seen
to be very dark mid-injection in Figure 3.14b and high-temperature ignition mid-injection is seen in
Figure 3.14c. Even with the backlight focused entirely on the end wall very little light was able to reach
the camera, so the end wall must be heavily polished to reflect as much light as possible. This is
necessary because the camera shutter speed must be short to avoid over-exposure from the actual
ignition.
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Figure 3.14: (a) schematic of direct photography layout, (b) Direct image of injection jets mid-diesel
injection in front of the end wall and (c) sample image of a short duration spray igniting.

Regarding Figure 3.14b, for 0.5 ms duration there are 8 jets of fuel coming from the injector tip in the
centre of the image but there appears to be double sets of jets in the image. This doubling effect is from
the shadow that the original jets leave on the end wall, which is a result if the backlight and camera
being placed on opposite sides of the shock tube and on an angle to the central axis. True jet images are
denoted by yellow markers and shadows are labeled in white.
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3.7. Diesel injection system

A schematic of the fuel delivery system is provided in Figure 3.15. The injector used in all diesel spray
experiments was a 2010 Volkswagen TDI common rail piezoelectric model (# 03L-130-277a). The nozzle
tip has eight orifices with a diameter of 0.18 mm and a total included angle of 165°. The injection
duration is controlled by charging and discharging the piezo stack in the injector with a high positive to
open and a high negative current to discharge.

a)

b)

Diesel
Reservoir

Hand Crank
Pump

Injector
1
2

High P
Gauge

Optical Section

Figure 3.15: The fuel delivery apparatus. (a) image of the fuel setup behind the end of the shock tube
driven section and (b) schematic of the setup.

A National Instruments cRIO-9064 chassis and a high-speed digital input module (NI-9411) and an
electronic injector control module (NI-9751) were used to charge and discharge the diesel injector. Fuel
is delivered to the common rail port on the injector via a stainless steel Hi Pressure© hand crank pump
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capable of delivering up to 900 bar. To minimize down-time reloading the fuel line the hand crank
cylinder should be filled with diesel. To do this, the hand crank must be unwound first until the high
pressure gauge reads zero. Then referring to Figure 3.15b, valve #2 is closed and valve #1 is opened and
the hand crank is wound counter-clockwise to draw diesel from the reservoir into the crank cylinder.
Once the cylinder is full, valve #1 is closed and valve #2 is opened. The fuel system is now ready for fuel
charge and testing. The diesel is stored in a reservoir maintained at atmospheric pressure. It is important
to relieve the entire system of pressure before refilling of the hand crank piston volume or high-pressure
fuel will shoot into the reservoir.

3.8. Test timing and DAQ

Four PCB Electronics piezoelectric pressure transducers were flush mounted to the top and bottom walls
of the shock tube, see Figure 3.16. Three were mounted in the optical section close to the end wall and
the fourth was placed in front of the optical section further upstream to act as a trigger for all
electronics during a test. For exact distances see Table 3.1.
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PT1
PT2
76mm

PT3
Injector Tip
Figure 3.16: Image of the test section and end wall.

The injector control equipment used National Instruments LabVIEW Full 2017 and ran in a field
programmable gate array (FPGA) configuration to have independent timing from the lab computer and
to maintain easy accessibility to the injection event controls from test to test. NI SignalExpress 2015
DAQ software along with a PCI-6133 card and a BNC-2110 terminal block were used to record the
pressure signal from each transducer.
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Table 3.1: Distance of each piezoelectric pressure transducer from the end wall of the shock tube.
Name
PT0
PT1
PT2
PT3

Distance from
end wall [mm]
557
127, 203*
50.8
9.53

PCB Model
Number
113A22
113B22
113B23
113B22

Measurement
Range (kPa)
0-34,475
0-34,475
0-68,950
0-34,475

Sensitivity
(mV/kPa)
0.145
0.145
0.073
0.145

Resolution
[kPa]
0.69
0.14
0.28
0.14

Rise Time
[μs]
≤1
≤1
≤1
≤1

Throughout the course of testing the first pressure transducer, PT1, was moved to a further location
away from the end wall. This was done to improve the accuracy of incident shock speed via time of
arrival measurement. By increasing the distance between transducers, the uncertainty in measurement
is lowered.

The gauge used to measure the driven section during the vacuuming process is an Edwards APG100-XM
vacuum gauge. Its measurement range is from 100 kPa to 0.1 Pa with accuracy of ± 15% below 10 kPa.
Its output ranges from 1-10 V, with a calibration curve shown in Figure 3.17. It has a logarithmic output;
for 1 volt rise the pressure rises by a factor of 10.

Figure 3.17: Voltage output calibration curve for the vacuum gauge used.
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The analog panel gauge for filling the driver is an Omega model PGT-60L-600 dial gauge that ranges from
0 – 600 psig with 0.25% full-scale accuracy. The low pressure gauge, used for filling the mixing tank and
the driven section is an Omega PX219-0.0G5V with range of 0 – 60 psia and relative accuracy of 1.5%.

Figure 3.18: Injection and DAQ timing flowchart with analog pressure signal and TTL logic signals
illustrated.

Timing for all components of the system is critical for a successful test to be completed. The DAQ and
injector must be prepared to trigger between shock arrival at PT0 and shock reflection at the end wall.
To maximize the test time for diesel spray testing injection must take place as soon as possible after
shock reflection. This is even more important for dual fuel testing when ignition delay time begins at
shock reflection for methane and at SOI for diesel. A small multi-channel comparator circuit was
designed to input the raw voltage from the trigger transducer, compare it to a pre-set threshold voltage,
and output to the pressure DAQ and the injector trigger inputs. The threshold voltage was built with a
simple resistor voltage divider and set slightly lower than the pressure transducer output voltage for a
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typical shock strength (roughly 12mV). Once the transducer voltage crosses the threshold voltage the
circuit output change from low to high (0 to 5V) and the injector and DAQ systems are triggered. The
nature of injection delay is described further in Section 4.1.5.

The ‘delay generator’ block in the timing diagram (Figure 3.18) consists of an Arduino UNO ©
programmed with a simple delay function whose delay time value is determined before each test. The
delay value is chosen based on the predicted Mach number of the incident shock. The Arduino input is
either a low or high voltage coming from the comparator circuit and its output is also a high or low
voltage pulse that begins after the programmed delay. This output signal connects right to the digital
input module (NI-9411) in the injection hardware assembly. The length of the output signal is set to last
for 20 seconds so reflected shocks that travel back and forth in the channel don’t trigger the injector
multiple times per test.

3.9. Operating procedure

Several different procedures were used to achieve different conditions in the test gas: both single and
double diaphragm were used. Double diaphragm requires more steps to be taken in addition to the use
of more equipment, but it allows for higher pressure and temperature conditions as well as more
repeatable shock conditions. To prepare a test mixture in the mixing tank the first step is to close all
valves on the driven side of the panel (1-11, valve designations are specified in Figure 3). The driven-side
vacuum is powered on and valves 1, 6 and 8 are opened. The vacuum runs until the pressure in the
panel and mixing tank is below 0.1 kPa. Once this is reached valve 6 is closed and valves 9, 10 and 11 are
opened to fill the mixing tank with each component of the test gas. Once the mixing tank is filled to the
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target pressure (typically 400 kPa absolute) valve 8 is closed and valve 3 is opened. The mixing tank
stirrer is then powered, and mixing continues for at least 20 minutes to ensure the test mixture is
homogeneous. Typically, a full tank lasts several days, and a new mixture is produced after the tank
pressure drops below 100 kPa. Stamped diaphragms are installed making sure they are placed within
the dowel pins properly and the clamps are closed, sealing the shock tube. The driven and driver side
vacuum pumps are both powered on and valves 1, 2, 4, 6, 15, 17, 18 and 19 are opened. Once the driver
has been evacuated valves 15 and 17 are closed and valves 12 and 14 are slowly opened. This will fill the
double diaphragm volume and the vacuum tank with nitrogen. Once the diaphragm volume has reached
the target pressure from reading the high-pressure gauge valves 12 and 19 are closed. Valve 17 is reopened and the high pressure gas from the vacuum tank fills the evacuated driver slightly above
atmospheric pressure. Once this is complete valves 17 and 14 are closed and valve 15 is opened. This
evacuates the vacuum tank only. It’s important to ensure valve 14 that connects to the high-pressure
gauge is closed during vacuuming steps because it is not ideal to expose it below atmospheric pressure.
The calculation of buffer gas fraction must be made before any gas is to be introduced into the driven
section. The overall driven pressure is chosen first based on the desired reflected pressure and
temperature, and then the test and buffer gas fractions are selected based on the desired quantity of
test gas. Ideally, the amount of test gas available would be enough to surround the fuel spray region
perfectly and the remaining driven gas would be buffer after shock reflection. This scenario would imply
that buffer gas creates a perfect slug in the initial driven section. However, this isn’t true, as there is
always some degree of mixing between two unseparated gases. To ensure there was enough unaffected
test gas near the end wall an amount of test gas was chosen at initial conditions such that the post
reflected test gas length in the driven section extended at least 25 cm away from the end wall. This
results in a buffer gas presence of about 70%. Validation of the use of buffer gas is explained in Section
4.1.6. By the time the above steps are completed the driven section should be nearly evacuated. Once
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the desired vacuum reading of 0.02 kPa (5.30 V on the Edwards gauge) or lower is reached valve 6 is
closed and valve 8 is slowly opened, filling the driven section with test gas from the mixing tank to the
calculated test gas initial pressure. As soon as the target pressure is reached valves 1, 2, 4 and 8 are
closed. At this point the buffer gas and driver gas needs to be added. Valves 5 and 7 are opened, causing
buffer gas to slowly load into the driven section. This step takes a few minutes. While the driven section
is filling with buffer the driver section is charged, but the vacuum tank must be closed off first. Valves 18
and 15 are closed in that order, then valves 17 and 14 are opened, again in that order. Valve 12 or 13 is
slowly opened to begin filling the driver with hydrogen or nitrogen, respectively. The driver constituent
with the lower fraction in the driver gas should be added first. Once the target partial pressure is
reached the second driver gas is slowly added. The buffer addition nears completion at this point and all
DAQ and injection controls are armed. Once the driven pressure reaches its target all driven valves are
closed, and once the driver gas reaches its pressure target all driver valves should be closed. Now
everything is loaded and ready for a shock event. Once all valves are double checked to be closed and
that all equipment is armed for recording quickly open and close valve 19. This connects the vacuum
tank to the intermediate double diaphragm volume. The diaphragms will burst and the shock wave will
be generated, beginning the test event. Once the test is over the pressure in the entire shock tube is
much higher than atmospheric and contains a mixture of all the gases added in the initial stages plus any
combustion products (if applicable). Valves 14 and 17 are opened to measure the final pressure in the
shock tube and valve 16 is opened very slowly until gas slowly begins to flow through it. Valve 16 is left
in that position until the pressure in the shock tube has fallen to atmospheric pressure. Afterwards
valves 4, 18 and 19 are opened to bring the remainder of the shock tube and the panel to atmosphere. It
is then safe to open the clamps on the shock tube and open it up for service or continued testing. It is
important to wait until the high-pressure gas is vented to the exhaust fully before opening the shock
tube.

49

Chapter 4 Results

4.1. Preliminary shock tube performance testing
4.1.1. Overview

Before any ignition testing proceeded the performance of the shock tube was validated. Primarily, the
new equipment developed around the shock tube was tested along with the updated operating
procedure. Shock tube vacuum seal, schlieren video, fuel injection timing and buffer gas injection were
verified through simplified tests. Diaphragm stamping and contact surface tailoring was employed in the
current project, detailed description of the procedures are provided in previous papers [36, 49]. Test
conditions for each video set presented in this section are provided in Table 4.1.
Table 4.1: Summary of test conditions for those specifically displayed in this report. The 3-digit
number beside the figure number is for internal reference.
Video Snapshot
Figure 4.2 (648)
Figure 4.5 (625)
Figure 4.6 (685)
Figure 4.8 (745)
Figure 4.12 (774)
Figure 4.13 (785)
Figure 4.15 (750)
Figure 4.20 (777)
Figure 4.21 (605)
Figure 4.24 (666)
Figure 4.27 (761)
Figure 4.32 (639)
Figure 4.34 (755)

Test Series
Methane
Diesel Spray
Diesel Spray
Diesel Spray
Diesel Spray
Diesel Spray
Diesel Spray
Diesel Spray
Diesel Spray
Methane
Methane
Dual Fuel
Dual Fuel

Injection
Duration [ms]
0
0.15
0.15
0.50
0.50
0.50
0.50
0.15
0.15
0
0
0.15
0.15
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Equivalence
Ratio
0.25
0
0
0
0
0
0
0
0
0.25
1.00
0.50
0.50

Temperature [K]
1155
1315
949
1161
1450
1471
905
1490
1057
1172
1041
1120
1054

Pressure
[bar]
9.98
9.33
10.92
9.12
11.01
10.65
8.57
10.69
8.52
9.90
11.58
11.38
8.54

4.1.2. Ignition delay time measurement

In most shock tube experiments large FOV optical access to the combustion event is not available. So,
traditionally ignition delay is measured as the time elapsed after shock reflection to the measurement of
either a sharp rise in pressure at the end wall (or on the sidewall close to the end wall) or the detection
of OH or CH chemiluminescence by a photo sensor. In this work schlieren images were used to determine
the ignition delay time for all combustion events. Each frame of video taken is saved with a timestamp
and the time difference between the beginning of the test time and associated combustion of reactants
is taken. For experiments involving diesel spray the first frame of the schlieren image with visible spray
jets marks the start of ignition. The reflection of the shock wave off the end wall marks the start of the
ignition delay time for methane-air only tests. The end frame for measurement is the first frame where
the region of spray vapour appears to expand or spread rapidly compared to its non-reacting rate of
expansion in the test section. For methane tests the measurement is similar, however ignition delay is
measured based on the appearance of the first ignition kernals in the FOV.

There is, however, an issue involving the selection of the beginning of the ignition delay time for dual fuel
experiments, where diesel is sprayed into premixed methane-air shortly after shock reflection. Since the
beginning of the ignition delay period depends on different events for methane and for diesel there is an
expected error in the measurement equal to the injection lag time from the time of shock reflection. The
lag time is minimized by moving the trigger pressure transducer PT0 as close to the end wall as possible
and adjusting injector delay to match exactly the shock reflection (based on the predicted incident shock
velocity). However, there is a small amount of fluctuation in the incident shock velocity from test to test
and the exact injection delay cannot be set for exactly zero lag consistently. The nature of this lag is shown
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in Section 4.1.5. Since the ignition delay of the diesel spray is of primary interest, the start of the ignition
delay time for dual fuel tests is based on the start of diesel injection, not shock reflection.

MATLAB 2016 was used to plot the experimental data and used to calculated ideal gas reflected shock
conditions. The program CHOCFI, developed at CNRS Orléans, was used to calculate equilibrium postreflection conditions using initial conditions and the measured incident shock velocity.

4.1.3. Shock tube vacuum seal

Vacuum testing was conducted to evaluate the overall seal quality of the shock tube in terms of vacuum
limit and leakage rate. The Edwards vacuum pump was allowed to run for a few minutes to warm up
before pumping down the shock tube. The driven section was pumped down for several hours to
achieve a pressure of 0.01 kPa. Once this level was reached the vacuum pump was sealed off from the
tube and measurements of the pressure were taken periodically to produce the leak curve shown in
Figure 4.1.

Figure 4.1: Leak history for the driven section in the shock tube.
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Based on Figure 4.1 the driven section experiences a pressure rise of about 0.015 kPa/minute over the
first 17 minutes. The maximum time it takes to perform the test from the moment the vacuum pump is
shut off is approximately 15 minutes. Assuming the shock tube has the same leak rate during all times of
setup and gas filling, the largest pressure rise due to leaking during test setup is 0.218 kPa. The lowest
driven section test pressure was 30 kPa, so the maximum air infiltration into the driven section would be
about 0.8%. This is deemed to be low enough to neglect when conducting tests, and for diesel testing
this is inconsequential since there is no fuel premixed into the test gas.

4.1.4. Schlieren alignment

Schlieren system testing to ensure component alignment was performed. The mirrors were carefully
lined up using a piece of paper with a drawn circle the same diameter as the mirrors and the camera
lens and sensitivity settings were adjusted. Finally, a candle was placed in the schlieren FOV and the
knife edge was carefully moved across the focused image in front of the camera lens until the heated-air
effects from the candle could be clearly seen. If a candle can be seen well in schlieren footage, then
combustion at elevated temperature and pressure will clearly be seen because the density gradients are
stronger. Figure 4.2 has some example images from such a test. Frame A shows the FOV with the test
section in a static state. The red arrow points at the injector tip, the green arrow to a worn spot on the
window where light is obstructed and the blue arrow points at a crack in the thin glass window located
against the inside of the thick acrylic windows. In this set of images, the schlieren image looks slightly
brighter on the right-hand side of the FOV than the left. This is a common effect of a condenser lens
style light source and is exaggerated by the knife edge cutting off some of the light.
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Figure 4.2: Sample schlieren images taken from high-speed video showing the test section, shock
wave propagation and methane ignition.

Frames B thru E show the generated shock wave travelling toward the end wall, reflecting off it and
travelling back into the driven section. The white arrows indicate the direction the shock is moving in.
Frame F is taken from a methane autoignition test where the methane-air mixture is burning from right
to left and a small flame kernal is generated just ahead of the injector tip. All these events can be clearly
seen, meaning the schlieren system designed and built for this project works correctly.
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4.1.5. Injection timing

For diesel spray tests with long ignition delay times and for dual fuel testing (diesel into methane-air) it
is crucial to minimize the time between shock reflection and diesel injection. For long ignition delay
times, a long test time is needed to ensure ignition will occur under constant pressure and temperature
conditions. For dual fuel testing the diesel must be injected at the same time as shock reflection so the
ignition process for both fuels begins at the same time.

The trigger for the entire experiment is based off the upstream pressure transducer, PT0 (timing logic
for all the equipment is described in detail in Section 3.8). In later experiments the transducer was
located as close to the test section as possible to allow precise injection delay once the injector driver
receives a trigger signal. An example of the pressure traces obtained by PT2 and PT3 (located near the
end wall) and simultaneous schlieren images of the shock wave and start of injection are shown in
Figure 4.3.
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Figure 4.3: Comparison of schlieren images to recorded pressure history used to adjust injection
timing.

The time labeled A thru E on the pressure traces correspond to the schlieren images on the right-side of
Figure 4.3; schematics showing the test section and pressure transducer locations is also shown for
reference in Figure 3.13 and Figure 3.16. Time zero on the pressure traces corresponds to the first frame
of observed injection, shown in images D and F. Energizing of the injector to open and close the nozzle
causes noisy bursts in the pressure trace. There is a short but consistent time difference between
energizing the injector and actual fuel injection into the test section. The incident shock wave passes
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between PT1 and PT2 in the schlieren frame A corresponding to a sudden rise in pressure in the PT1
pressure trace at roughly -0.56 ms. The injector is energized very shortly after the reflected shock arrives
at PT3. The first sign of diesel injection is in schlieren frame D (see magnified image in frame F), roughly
0.240 ms after shock reflection. This is the lag time from the start of injection signal to start of diesel
flow into the FOV. The scatter for injection lag for a large sample of tests is shown in Figure 4.4.

Figure 4.4: Scatter of injection lag as a function of measured incident Mach number.

The timing of the logic signal to the injection hardware was set based on the expected shock wave
transit time from PT0 to the end wall. The absolute delay of the injector was changed between 0.5 and
0.7 ms based on predicted shock speed.
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4.1.6. Buffer gas ring validation

In initial testing a very large compression wave arrived from the driver section, prematurely ending the
constant test conditions before ignition of the test gas in the test section. An example is provided in
Figure 4.5 where the pressure pulse that arrives at 2 ms is more than twice the reflected shock pressure.
It was deduced that the origin of the pressure pulse was produced by an explosion at the contact
surface that separates hydrogen in the driver gas and oxygen in the driven gas.

Figure 4.5: Pressure trace for a typical test without buffer for hydrogen/nitrogen driver and air as
driven gas. Large pressure rise at 1.8 ms after shock reflection is due to hydrogen burning at the
contact surface.

The buffer gas injection ring designed for these tests slowly releases buffer gas into the driven section
just after the diaphragm. The aim is to minimize mixing between the buffer gas and combustible test
gas, and to also separate the hydrogen-containing driver gas from any oxidizing gas. Usually the buffer
gas was introduced into the shock tube over approximately a two-minute time period. Following
Installation of the buffer gas ring, identical reflected shock test conditions as in Figure 4.5 were
produced with no large pressure pulse. See Figure 4.6 for a test with a 70% argon/nitrogen buffer (based
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on partial pressure of buffer in the driven section). This indicates that the ring works properly. Different
amounts of buffer were tested to ensure no overfilling that would have an effect on ignition. The data
from tests performed with methane ignition is provided in Appendix B.

Figure 4.6: Typical pressure trace for tailored shock tube with use of the buffer gas ring. Buffer gas
eliminates large pressure pulse observed in Figure 4.5.

4.1.7. Slow post reflection pressure rise

One of the consequences of shock tube operation is the natural rise in pressure after shock reflection.
All shock tubes exhibit this behaviour, although it is more significant in very small diameter shock tubes.
The pressure rise that occurs during the test time is associated with the post-incident shock boundary
layer. A typical pressure time-history is shown in Figure 4.7, a typical pressure rise over the test period in
the current shock tube configuration was found to be around 0.36 bar/ms (or 3.6%/ms).
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Available test time

0.36 bar/ms

Figure 4.7: Pressure trace for a typical test with an average pressure rise of 0.36 bar/ms during the
test time.

The post-reflected shock temperature in the test section also increases, the increase can be calculated
based on isentropic compression. It is possible to combat this effect with the implementation of a coneshaped body mounted along the centreline of the driver section of the shock tube [45]. The cone
partially reflects the expansion fan in the driver that then travels down the driven section weakening the
post-reflected shock profile. Implementation of such a device is beyond the scope of the current project,
however the replacement of nitrogen with argon in the test gas helps reduce this effect.
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4.2.Diesel spray
4.2.1. Overview

Diesel spray ignition in synthetic-air experiments were conducted with variable reflected shock
temperature and fixed pressure. The synthetic air used consisted of argon in place of nitrogen with
molar ratio of 3.76, similar to air. Recall, the argon was used to prevent massive boundary layer
separation when the reflected shock wave interacts with the boundary layer generated by the incident
shock wave. The fuel pressure was held constant, although the effect of fuel injection duration was
investigated. Schlieren photography was used for most tests, with the addition of direct photography
used in a limited number of tests to visualize liquid spray characteristics and to identify the ignition
location. A summary of the test parameters is provided in Table 4.2.
Table 4.2: Summary of experimental parameters for diesel spray ignition testing.
Diesel spray experimental parameters
Ambient gas composition
Ambient pressure, P5

21% O2, 79% Ar
10 bar ± 1

Fuel pressure

90 MPa

Injection duration

0.15 ms, 0.50 ms

Ambient temperature, T5

880 K - 1500 K

Buffer gas fraction

0% - 70%

Buffer composition

21% N2, 79% Ar
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4.2.2. Diesel injection experiments with 0.5 ms duration

A series of experiments were performed for a diesel injection duration of 0.5 ms for a wide range of
reflected shock temperature. This injection duration is typical of pilot injection in a modern diesel
engine. Images from the high speed schlieren video for a typical lower temperature test are provided in
Figure 4.8. The frames with letter labels in Figure 4.8 correspond to the time in the pressure signal with
the same label in Figure 4.10. The incident shock wave enters the FOV from the right reflecting off the
end wall and travelling back towards the diaphragm in frames 1 thru 6. Frame B is the last frame with
the reflected shock in the FOV and the first frame where the diesel spray jets are visible. The PT2 and
PT3 pressure traces in Figure 4.10 indicate that frame B corresponds to the time when the pressure is
constant in the FOV. Frame B is taken as time-zero for measuring the ignition delay time. During the
injection process the diesel atomizes into fine droplets that heat up and evaporate. The jet tips travel
away from the nozzle tip at high speed and impact the shock tube wall roughly in frame C. In frame 12
four spray tip contact points on the glass windows can be identified (highlighted by arrows).

It is to be expected that some of the fuel vapour condenses on the cold shock tube walls, however, it is
not possible to distinguish between liquid and vapour in schlieren images. Initially the fuel spreads
radially outward from the center of the contact area, but eventually the fuel deflects globally forward
away from the end wall. A contact surface is visible in the schlieren images that shows the extent of the
volume occupied by the diesel. The schlieren images provide a line-of-sight integrated effect of the
density gradients in the defined diesel-containing volume. It should be noted that initially the core of the
defined volume is expected to be void of diesel vapour that is not discernible in the schlieren images
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that provide a line-of-sight integrated effect of the density gradients. For longer ignition delay times it is
expected that the diesel spreads into the core of the volume.

The injector closing signal noise that can be identified in the pressure traces in Figure 4.10 indicates that
EOI occurs between frame C and D. The fuel continues to mix with the air and travels away from the end
wall after EOI until ignition occurs. Chemiluminescence associated with the start of chemical reaction,
i.e., ignition, of the diesel is observed in the top left corner in frame F. This light enters the camera
directly from the test section, independent of the schlieren light. Coincident with the appearance of the
light emission is the accelerated advancement of the diesel contact surface.
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Figure 4.8: Raw schlieren images of a typical 0.5 ms duration diesel injection test at 1161K showing
both visible light and volume expansion. Interframe time is 95 μs. The white arrows depict shock wave
direction.
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Enlarged frames E, F, and G from labels in Figure 4.8

A

show the advancement of the diesel contact surface,

E

denoted by the solid white line, in Figure 4.9. The
contact surface moves very little between frame E and
F. Frame F corresponds to the first sign of light
emission and the start of a large advancement in the
contact surface (relative to the vertical dotted line

- 0.55 ms

reference) occurs between frames F and G. The
ignition appears close to the chamber walls but not

F

directly on the surface. The video time-stamps for
frames B and F are used to measure the diesel ignition
delay time. It should be noted that the fuel
evaporation reduces the temperature of the air, the
extent of this effect is difficult to assess as it depends
Ignition
on the mixing process. Following ignition (see frame
G) the texture of the density fluctuations to the left of

G

the contact surface changes and the appearance of
“speckled-light intensity” are evidence of combustion
throughout the diesel occupied volume. For the test
described above, the schlieren images in Figure 4.9
were used to identify ignition by both the direct
capture of light emission and the sudden expansion of
the diesel vapour region from the schlieren images.
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+ 0.55 ms
Figure 4.9: Enhanced schlieren images of a
0.5 ms spray injection and sudden expansion
of the diesel vapour volume (defined by the
solid white line, dotted vertical line is for
reference) indication ignition.

This dual indicator of ignition was uncommon in the present diesel testing; typically there is only one
indicator, this is discussed later in detail.

The diesel combustion produces a very slight inflection in the steady pressure rise in the pressure traces
in Figure 4.10 during the time period corresponding to frames F and G. The small combustion related
pressure rise is due to the small amount of diesel injected. This ensures that the pressure pulse
produced does significantly affect the combustion process. The slow pressure rise makes it difficult to
identify start of ignition, unlike in premixed fuel-oxygen shock tube testing where very fast pressure
rises are used to identify ignition. The schlieren images provide more reliable information to use for
identifying ignition, and the images provide direct evidence of the start of diesel injection. Both these
factors make schlieren photography the optimum approach for ignition delay time measurements in
diesel injection testing.

A

B

C
D

E

G

F

Figure 4.10: Pressure trace for the 0.5 ms duration injection with air temperature of 1161 K. Arrow
labels match those in Figure 4.8

Diesel jet tests were conducted over a temperature range of 880 K to 1500 K. Ignition delay as a function
of inverse temperature is shown in Figure 4.11. As expected, the ignition delay shortens as the reflected
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temperature increases. Ignition delay was measured to be roughly 5-6 ms at 900 K and as low as 0.3 ms
at 1500 K. Based on the Arrhenius model a linear relationship between the ignition delay time and the
inverse of temperature (see equation 1) is expected if a constant activation energy applies. The full data
set in Figure 4.11 cannot be fit with a single line, rather two separate lines for the low and high
temperature range are shown. There is a notable amount of scatter in the data, especially at lower
temperatures. At temperatures above approximately 1200 K the scatter is low, with no significant
outliers. The uncertainty in the ignition delay time measurement is associated with the time between
video frames. The vertical error bars shown in Figure 4.11 are ± 12 s, corresponding to the inter-frame
time for a camera speed of 42,000 frames per second used in the tests. The length of the error bars for
this in Figure 4.11 are smaller than the data markers themselves. The uncertainty in the reflected shock
temperature is associated with the shock velocity measurement. This uncertainty is associated with the
measured distance between transducers and the rise-time of the piezoelectric pressure transducer. The
uncertainty in the shock velocity is estimated to be 2.25%, that translates to an uncertainty of ±21K in
the reflected shock temperature. These calculations were made in previous work [44]. These uncertainty
bands are shown in Figure 4.11 but are left out in later plots in order to reduce clutter.
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Figure 4.11: Ignition delay as a function of inverse temperature for 10 bar, 0.5 ms injection duration
conditions. Rough exponential trendlines are illustrated.

Video frames obtained from a test performed with 0.5 ms diesel injection duration test at a higher
reflected shock temperature of 1450 K are shown in Figure 4.12. The first sign of light emission and
vapour expansion occurs in Frame C (see arrows) where it begins along the sides of the jets a short
distance away from the injector tip. This is supported by the direct photography images in Figure 4.13
that show that light is emitted around each of the diesel sprays starting at roughly the same time. This is
consistent with the Dec model [13], summarized in Section 1.2, that indicates that ignition begins in the
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vapour region around the periphery of the diesel jet. Frame C also corresponds roughly to when the
diesel jet tip reaches the shock tube walls, and therefore not all of the diesel has a chance to evaporate
before ignition, unlike in the low temperature test in Figure 4.8 where the ignition delay is much longer
and the fuel has time to completely evaporated and mix with the air.

For the 1450 K test in Figure 4.12 the individual diesel sprays ignite simultaneously. In the highest
temperature tests ignition happens before all the diesel is injected and therefore only a small amount of
diesel vapour participates in the combustion process producing no perceivable pressure deviation.
However, a significant amount of light is emitted, shown in Frame F in Figure 4.12. The short ignition
time means there is less time available for evaporation and mixing with the air and thus combustion
proceeds under very fuel-rich conditions. This results in the production of significant amount of soot,
which is known to be a major source of light emission. Direct photography of a similar test is shown in
Figure 4.13 where ignition begins near the injector tip, see frame 5. A description of direct photography
and its layout is found in Section 3.6.2.

A

t=0

B

C

D

E

F

+ 0.16 ms

+ 0.40 ms

+ 0.48 ms

+ 0.56 ms

+ 0.80 ms

Figure 4.12: Schlieren images of 0.5 ms injection duration ignition at 1450 K, A is SOI, B is midinjection, C is the first sign of visible light and ignition, and D thru F are the continuation of ignition as
combustion travels downstream toward the end of the jets. Time relative to SOI is shown at the
bottom of the image.
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Figure 4.13: Dual Video frames of a 0.5 ms injection test at 1450 K. Frame 2 is beginning of test time
and Frame 5 shows ignition of the fuel jets near the injector.

4.2.3. Non-uniform spray ignition

Many of the 0.5 ms duration spray tests had ignition that was non-uniform between spray jets. Some
would ignite a significant time before others with the largest difference seen between the top and
bottom halves of the FOV. For many tests the jets that were directed toward the floor of the test section
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were the first to ignite, followed by top jets some time later, predominantly at lower reflected shock
temperatures. It was unclear from the schlieren video and pressure time-history what the cause of the
bottom FOV ignition was. To investigate further a second camera configuration of direct photography
was introduced. In every test, light-emitting particles (LEPs) were present in the test section that
appeared shortly after shock reflection. Even in a test conducted immediately after shock tube cleaning
(see Appendix A) particles were seen in all areas of the test section, more so in the bottom half. Images
of these particles after a test are shown in Figure 4.14. It was postulated that bottom FOV ignition may
originate from these aluminum particles.

Figure 4.14: Photo of small diaphragm particles found on the floor of the test section after every test.

Synchronized schlieren and direct video frames are shown in Figure 4.15 for a 0.5 ms duration spray test
at a reflected shock temperature of 905 K. Injection begins in Frame 1, ignition is clearly identified both
in the schlieren and direct photography images by clusters of small bright spots; bottom and top FOV
ignition occur in frame 8 (4.2 ms) and 11 (6.0 ms), respectively. Note, each individual bright spot in the
cluster is not associated with a particle, it is believed that the bright spots are nonuniform light emission
associated with the turbulent flame ball surface.
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Figure 4.15: Schlieren and direct images of top and bottom ignition for 0.5 ms spray at reflected
temperature of 905 K. SOI and EOI are the start and end of injection, B is the ignition of the bottom
region and T is ignition of the fuel at the top of the test section. Timestamps are shown.
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Top and bottom FOV ignition measurements were taken for all tests performed at lower temperature,
and the data is shown in Figure 4.16. The first sign of ignition, whether it be top or bottom, is denoted
by the grey squares and is the same data plotted in Figure 4.11. Each one of these tests that has a
difference in bottom and top ignition is denoted by coloured circles. Additionally, a couple of sample
tests at high temperature are shown to demonstrate the difference between top and bottom ignition
when it had been deemed uniform initially. For temperatures below 1150 K, those data points that
showed a difference in ignition time, all but one point showed bottom FOV ignition occurred first. There
are seven tests in this temperature range that did not show a difference in ignition time. Also, the
bottom ignition delay is scattered and there doesn’t appear to be any kind of trend, especially in the
1000 K to 1150 K range. Some tests show significant difference, up to 1.4 ms. However, in the same
1000 K to 1150 K range the top FOV ignition measurements have very little scatter and follow the linear
trend observed in the high temperature ignition delay data. For the data below 1000 K the ignition delay
time measured at the top of the FOV decreases and could possibly be attributed to NTC. It can be
concluded that, with the aid of direct video, that when the diesel spray has time to reach the bottom
wall, particles in that general area can promote premature ignition.
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Figure 4.16: Comparison of top and bottom ignition location measured in schlieren images for 0.5 ms
injection duration. There is negligible difference in top and bottom at high temperature.

The pressure trace, shown in Figure 4.17, for a non-uniform spray ignition test at 1208 K shows that
there is no pressure deviation after the bottom fuel vapour regions ignites (time corresponding to label
B). The absence of additional pressure rise in the test section during this time means that there is no
corresponding increase in temperature. This is important because it implies that ignition in the bottom
FOV does not affect the subsequent ignition in the top FOV, i.e., top and bottom FOV ignition are most
likely independent of each other.
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SOI
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EOI

T

Figure 4.17: Pressure trace of a non-uniform spray ignition test for 0.5 ms and 1208 K. Labels on the
arrows correspond to the frames labeled likewise in Figure 4.15. There appears to be no significant
pressure rise as the bottom jets ignite early.

The light emitting particles are a natural consequence of diaphragm-based shock tube operation [46].
The top of the FOV have very few to none of these particles, probably because any particles that exist
prior to a test do not have enough time to be transported to the top of the FOV. And those generated
from the diaphragm during the test gradually descend to the bottom of the shock tube while being
convected downstream. The video-based ignition delay time measurement used in this study allows
filtering-out the particle enhanced ignition data. This is something that would not be picked up in a
traditional opaque round shock tube that could have this effect even if the shock tube were thoroughly
cleaned after each test. The filtered data is reported in Figure 4.18.
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Figure 4.18: Filtered ignition data for 0.5 ms spray. Exponential fit for data above 1020 K is shown.

4.2.4. Comparison with ignition delay time data in the literature

A comparison of the ignition delay time data from the present study with reflected shock technique
diesel spray ignition data in the literature is provided in Figure 4.19. A summary of testing parameters is
shown in Table 4.3. Note in both these studies ignition delay time was measured based on traditional
pressure and light emission measurements.
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Figure 4.19: Comparison of presented data to similar studies published in the literature [45, 47].

For temperatures above 1000 K the ignition delay time from the current work is significantly longer than
that reported by Haylett et al. [39]. In the Haylett et al. experiments the diesel fuel is introduced into the
shock tube as a fine aerosol. This way an equivalence ratio for the diesel can be effectively presented as
a test condition, with 21% oxygen and balance argon making up the remainder. It was reported that
heating from the incident shock wave produces a premixed condition for chemical reactions to proceed
in. This has two effects, first the ignition delay time does not include the time required for diesel spray
breakup and evaporation, and secondly the cooling effect around the spray injection in the current
study is not present. Interestingly at reflected temperatures below 950 K the difference in ignition delay
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time is not significant, i.e., within the large scatter in the present data. This suggests that physical effects
have less of an effect than at lower temperatures. This implies that the chemical delay becomes
dominant in overall ignition delay, and that physical effects are more significant at high temperature.
Table 4.3: Summary of experimental parameters for similar experiments in the literature.
Group
Current
Study
Haylett
(2009)
Tsuboi
(2005)

Driven gas
21% O2 79%
Ar
21% O2, bal
Ar
up to 21% O2,
N2

Pressure

Temperature

Fuel
Commercial
Diesel

Test Conditions

10 bar

880-1450 K

2.7-8.0 bar
(corr to 10)

900-1280 K

DF-2

Φ = 0.3-1.35
(corr to 1.0)

10 bar

1020-1100 K

JIS #2 Light Oil

tinj = 5.5 ms

tinj = 0.5 ms

The ignition delay measured reported by Tsuboi [41] is consistently longer than that measured in the
present study. Tsuboi used an older single hole pintle-style injector and long duration injection (5 ms).
The ignition delay time is shorter in the current data because the spray atomization and evaporation are
enhanced in the modern piezoelectric injector used in the present study. The Tsuboi nozzle is several
times larger than the orifices on the piezoelectric injector. This would lead to larger droplet formation
and longer evaporation time, meaning longer physical delay and therefore overall ignition delay.
Interestingly, Tsuboi’s data shows a levelling off in the ignition delay time for temperatures below
1000K, similar to the observed trend in the present study.

4.2.5.Effect of injection duration on ignition delay

For tests with injection duration of 0.5 ms the liquid diesel spray impacted the wall before ignition over
most of the temperature range tested. At the highest temperatures ignition occurred on the spray
periphery before wall impingement. However, at lower temperatures most of the injected fuel impacts
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the walls before igniting. The main cause for this is that the air isn’t dense enough to promote rapid
liquid breakup within the size of the test section. This limitation on the density, is due to the pressure
rating of the optical section of the shock tube compared to post compression conditions in an engine.
Referring to the findings in Figure 2.2, the liquid jet and fuel vapour penetration is reduced significantly
with increasing ambient test gas density. Furthermore, higher ambient density causes overall faster
evaporation and mixing with the air that results in a reduction of the overall ignition delay time.

In order to investigate if wall spray-wall interactions may have an effect on the ignition data, testing
with shorter 0.15 ms injection duration was performed under the same ambient conditions. This
injection duration was the longest possible that did not result in liquid diesel contacting the walls. In the
schlieren video captured from a typical high temperature test (1490 K), provided in Figure 4.20, the
diesel spray extends back to the nozzle tip in frame 3 (0.16 ms) corresponding to just after fuel injection
ceases. Uniform ignition around the spray occurs at 0.24 ms, with the first appearance of light and a
volumetric expansion of the diesel spray region. This is similar to that observed in the 0.5 ms spray
duration tests. The schlieren video from a low temperature test (1057 K) is shown in Figure 4.21. After 2
ms (frame 9) it is difficult to identify the diesel, indicating that the fuel has completely evaporated and
mixed with the air. The sudden re-appearance of the spray region in frame 12 (3.25 ms) is identified as
ignition. The reappearance of the region where diesel is present indicates a change in density due to an
increase in temperature, however, the temperature rise is very small because there is no light produced
in the schlieren image.
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Figure 4.20: Schlieren images of 0.15 ms injection duration into 1490 K air. (a) Frames showing
injection thru full combustion of the diesel jets with inter-frame time of 80 μs, and (b) zoomed images
of critical events: Frame 1 is SOI, Frame 3 is EOI, and Frames 4 thru 6 are ignition and combustion.
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Figure 4.21: Schlieren images of 0.15 ms injection duration ignition at 1057 K. (a) Frames showing
injection thru full combustion of the diesel jets with interframe time of 250 μs from frames 1 thru 10
and 1.5 ms between frames 10 and 11 and 60 μs between 11 and 14. (b) zoomed images of critical
events: Frame A is SOI, Frame B is EOI, Frame C shows fuel fully evaporated and Frame D is ignition.

The measured ignition delay time for the 0.15 ms duration is superimposed on the 0.5 ms injection
duration data in Figure 4.22. Overall, ignition delay for both injection durations are very similar to each
other. The short duration injection ignites consistently slightly faster at temperatures higher than 1300
K, where ignition times are below 0.7 ms. The reason for this difference is not clear given that for both
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the 0.5 and 0.15 ms tests the fuel spray core remains liquid (based on direct photography). The only
difference is that in the 0.15 ms case fuel injection ceases before ignition, in which case, there is added
mixing between the nozzle tip and the spray region. Also, for the longer duration injection it is possible
that the temperature is reduced more due to the evaporative cooling resulting in a longer ignition time.

At 980 K and below no ignition occurred for the 0.15 ms injection duration tests; the failed ignition tests
are denoted by ’X’ symbols in Figure 4.22. At low temperature the tailored shock tube produces a test
time of up to 8.5 ms, after which expansion in the test section takes place. For temperatures below 1000
K ignition was observed in the 0.5 ms injection duration tests, and ignition occurred well within the
available test time. One possible explanation for failed ignition in the short injection duration tests is
overmixing of the fuel with the ambient air. A long period of time, i.e., roughly 6-8 ms, elapses from
when the fuel is completely injected until when ignition is expected to occur (based on the 0.5 ms
injection duration data). During this time the diesel completely evaporates and mixes with the air. It is
believed that the small amount of diesel mixes very well with the air producing a mixture region where
the composition is below the flammability limit. This is known as overmixing in the literature, and is a
phenomenon that affects the combustion of the diesel around the periphery of spray for long injection
times. For the 0.5 ms injection duration tests there is more than three times the amount of fuel injected
and thus overmixing does not occur.
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Figure 4.22: Comparison of measured ignition delay for different injection duration including short
duration tests with no ignition.

4.2.6. Effect of temperature and injection duration on ignition location

It is impossible to see exact location with diesel spray with the current nozzle geometry in the schlieren
images because the spray jets overlap each other in the FOV. However, direct photography is useful for
identifying the location of ignition. The temperature of ambient air after shock reflection and the
injection duration have the biggest effect on the ignition location. Figure 4.23 shows the first direct-view
frame of ignition for four different conditions that characterize the effect of these two parameters.
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(b)

(a)

(c)

(d)

Figure 4.23: Schematic showing the effect of temperature and injection duration on ignition location
using direct photography images of the onset of ignition.

For high temperature conditions ignition occurs very close to the injector tip along the sides of the jets,
independent of injection duration. This is consistent with the model proposed by Dec. For short injection
duration (see Figure 4.23a) there is no sign of any liquid at the time of ignition, indicating complete
diesel evaporation. For long duration ignition occurs at the same place as short duration (see Figure
4.23b), however there is still some liquid fuel present. It was noticed in all tests of this kind that the
ensuing combustion was very bright, indicating that soot formation occurs, as the fuel is still highly
concentrated and the local mixture is very fuel rich.
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For lower temperature ignition of the spray vapour ignites away from the centre of the test section
distinct separated regions near the wall. For short spray duration (see Figure 4.23c), ignition appears as
a number of bright spots that shine for a short period of time and then darken. These are encircled in
red in the image. The occurrence of this is scattered throughout the short time of combustion. Ignition
of all the jets happens uniformly with time. For long injection duration (see Figure 4.23d) the same
effect is observed but magnified because of the larger amount of fuel injected. Note, both the low
temperature image show the bottom-first ignition, described in detail in Section 4.2.3.
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4.3. Methane-air ignition
4.3.1. Overview

The second phase of testing involved ignition delay measurements of premixed methane-synthetic air.
Similar to the diesel testing the synthetic air used consisted of argon in place of nitrogen with molar
ratio of 3.76, similar to air. Three different equivalence ratios were used. The reflected shock test
conditions used for ignition measurement and optical observation are presented in Table 4.4.
Table 4.4: Summary of reflected conditions for methane-air experiments conducted in the current
study.
Methane-Air test conditions
Mixture

Equivalence Ratio Test gas

Pressure

Temperature

1

0.25

2.5% CH4, 20.5% O2, 77.0% Ar

10 bar

952-1424 K

2

0.50

5.0% CH4, 20.0% O2, 75.0% Ar

10 bar

883-1132 K

3

1.00

9.5% CH4, 19.0% O2, 71.5% Ar

10 bar

1041,1190 K

For most tests the majority of the driven gas consisted of buffer gas. Recall, the inert buffer gas is used
to isolate the hydrogen-containing driver gas from the oxygen containing test gas. Also, the buffer gas
reduces the amount of total combustible test gas that can participate in the chemical reaction following
shock reflection. Using ideal gas law and assuming negligible mixing between the buffer and test gases
the volume taken up by the actual test gas extends no longer than 25 cm from the end wall. For
reference, the length of the window is 25 cm and the camera FOV is 15 cm.
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4.3.2. Mild and strong ignition

Figure 4.24 shows video frames taken of a typical methane ignition test and the corresponding pressure
trace is shown in Figure 4.25. The equivalence ratio for this test is 0.25. The reflected normal shock wave
is observed just to the left of a crack in the window (the crack is in the thin protective inner-glass
window) in frame 1. Also evident in all the images are the turbulent boundary layers on the top and
bottom walls. These boundary layers are thin compared to the size of the test section. The first visible
signs of ignition occur in frame A, highlighted by arrows. Similar to diesel ignition, methane ignition sites
look like small turbulent regions that originate in the FOV. These sites vary in location from test-to-test,
usually in either the middle of the FOV, or along the bottom wall. However, there are always multiple
ignition sites that occur simultaneously in different regions. In frame B ignition is seen along the
boundary layer along the bottom. The flame kernals expand and merge during the test time from frames
B to C until a significant amount of the fuel-air mixture has been consumed. During this time the
pressure rises steadily, see in Figure 4.25. This pressure rise is limited because of the use of the buffer
gas that reduces the amount of methane-air mixture that can participate. After roughly 3 ms there is an
explosion corresponding to a very rapid rise in pressure followed by large pressure oscillations seen in
the pressure trace. The time of the rapid rise in pressure corresponds to video frame C in Figure 4.24,
there are very noticeable changes in the subsequent images. The explosion begins in frame C on the
right-hand side of the FOV, with a stronger schlieren disturbance forming. A region forms that is void of
turbulent fluctuations, and in frame D this region is bounded by a spherical shock wave on the left hand
side. The details of the formation and reflection on the top and bottom walls are not captured due to
the limited framing rate. The shock eventually reflects off the end wall forming an almost planar shock in
frame E. The pressure oscillations observed in the pressure trace are associated with the repeated
reflection of the shock wave.
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Figure 4.24: Methane-air ignition video frames for a methane-oxygen-argon. Mild ignition and strong
ignition are both seen in this example. Interframe time from frames 1 thru 12 is 240 μs and from 13
thru 18 is 48 μs.

The spherical wave observed in frame D is most likely a detonation wave that consumes the mixture
between the burning regions, leaving behind a uniform-appearing gas in the schlieren view, indicative
that there is no longer any combustion taking place in the FOV. This second ignition event is known in
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the literature as “strong ignition,” and is typically used to define the ignition delay time. The pressure
trace obtained closely matches previously observed mild and strong ignition (see Figure 1.6 in Section
1.3) [15]. In this test the reflected shock pressure is 10 bar and then due to boundary layer effects the
pressure increases slowly to about 11 bar by the beginning of mild ignition at point A. During mild
ignition that includes slow burning of methane the pressure increases to about 18 bar. At this point
strong ignition occurs and the pressure jumps to a maximum of about 46 bar.

C,D

A

Figure 4.25: Pressure trace associated with ignition video frames. Mild and strong ignition are
denoted.

4.3.3. Strong ignition limit

Tests with methane-air were conducted over a wide range of temperatures. Reflected temperatures
below 950 K could not be generated for mixtures containing methane with a sufficient test time; the
expansion fan from the driver section reached the test section before any ignition could occur. The mild
and strong ignition delay was measured using the schlieren video with confirmation via the pressure
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traces. Note there could be a slight difference in the time for strong ignition obtained from the schlieren
video and pressure transient records. This is because the detonation wave must travel to the pressure
transducer before the rapid pressure rise is recorded. Additional tests were conducted using dual
camera configuration. The measured mild and strong ignition delay time for methane-air at an
equivalence ratio of 0.25 are plotted in Figure 4.26. For all tests mild ignition occurs before strong
ignition; and strong ignition never takes place without mild ignition. For temperatures below 1020 K
strong ignition does not take place after mild ignition and the highest ambient temperature for tests
without strong ignition was 950 K. Therefore, for an equivalence ratio of 0.25 and ambient pressure of
10 bar the strong ignition limit is between 950 K and 1020 K. For comparison, Huang et al. [23] reported
a strong ignition limit for stoichiometric methane-air of approximately 1250 K for a reflected shock
pressure of 10 bar (see Figure 1.7). Assuming a global Arrhenius model the activation energy, i.e., the
slope of a linear regression of the data on Figure 4.26, based on the mild and strong ignition data is
roughly the same.
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Figure 4.26: Mild and strong ignition delay measurements based on schlieren video for methane-air at
10 bar an equivalence ratio of 0.25.

The measured ignition delay times for the 0.25 equivalence ratio tests are compared with theoretical
constant volume predictions. The publicly available Detonation Tool Box [18] code was used for the
calculation with the GRI 3.0 [18] and Mével [19] reaction mechanisms. The results from these
calculations are shown together with experimental data from this study in Figure 4.26. Generally, there
is agreement between the two mechanisms, this is probably because most mechanisms use a subset of
the GRI 3.0 mechanism for small hydrocarbon reactions. There is very poor agreement between the
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model predictions and the experimental data. The slopes of the mechanism predictions are much
steeper than that of the experimental scatter, with an intersection at approximately 1250 K (for strong
ignition). Huang et al. [23] also reported a similar discrepancy between their shock tube data and GRI
mechanism predictions. This could be because most mechanisms are validated based on low pressure
laminar premixed and diffusion flame experiments, as well as results from well stirred reactors.

Non-idealities of the experiment may also play a role in the difference in the experimental and
theoretical predictions. In the shock reflected state most of the test gas is stationary and remains at high
pressure and temperature, but the boundary layer regions are not perfectly at rest, which results in
temperature inhomogeneity. For example, in some tests ignition has been observed at the outside edge
of the boundary layer. In other cases, the gas at the core of the test section experiences small-scale
turbulence as discussed by Fieweger [15].

Extensive ignition delay tests were carried out with methane-air at an equivalence ratio of 0.5.
Synchronized schlieren and direct photography videos of a mild ignition event in a stoichiometric
mixture are shown in Figure 4.27 to demonstrate the usefulness of the oblique view in establishing the
location of the ignition sites for premixed gaseous mixture testing. The corresponding pressure trace is
provided in Figure 4.28. Frame A corresponds to the time of shock reflection and the beginning of the
test time and frame B shows the first indication of ignition in both schlieren and direct photography.
Frames 7 and 8 are overexposed in the direct photography, making detailed observation impossible;
however, combustion is still seen progressing in the schlieren images. The label C in the pressure trace
represents the end of combustion, after which the pressure begins to drop. It is not shown in the
schlieren images because it occurs much later. Ignition could be seen to occur simultaneously in both
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direct and schlieren in different regions of the test

A

section. In the schlieren view there only appears to
be three ignition spots but the direct photography

1

shows four. This is because two of the ignition
spots are located along the same schlieren line of
2

sight, appearing as a single hot spot. In the direct
photography images the reflection of the light
from the ignition spots appear on the far right of

3
the FOV in frames 4 and 5 should be ignored.

B
4

The pressure trace in Figure 4.28 shows a similar
pressure rise as the pressure trace in Figure 4.25
for a 0.25 equivalence ratio tests with strong

5

ignition, but without the large pressure spike. Once
ignition begins at point B in Figure 4.27 the
6

pressure rise grows steadily up until point C, where
all the combustible mixture has been consumed.
The pressure rises to a peak of about 20 bar during

7

the mild ignition phase, after which the mixture
begins to cool slowly due to wall heat loss effects.
The test time ends 8.75 ms after shock reflection
where a small bump in the pressure is seen. This

Figure 4.27: Dual video frames of
8 mild-only
ignition for stoichiometric methane at 1041 K.
and 11.58 bar.

happens well after ignition, meaning that there was sufficient test time for an ignition test to proceed
undisturbed.
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A

B

C

Figure 4.28: Pressure trace of stoichiometric methane-air ignition.

Ignition delay data for methane-air with equivalence ratio of 0.5 is shown in Figure 4.29. Similar to 0.25
equivalence ratio mild ignition delay was found to shorten with increasing ambient temperature.
Additionally, the occurrence of strong ignition was found to only take place at higher temperature, with
only three occurrences in 15 tests all in the 1100 K to 1130 K range. All tests with ambient temperature
below 1100 K only generated mild ignition in the FOV. The presented data suggests that for this
composition and ambient pressure the strong ignition limit is approximately 1100 K. Note, 1130 K is the
highest temperature tested at, it is assumed based on data from 0.25 equivalence ratio that strong
ignition would occur at higher temperatures. Tests at these higher temperatures were not performed
because of the extremely high pressures anticipated with strong ignition and high equivalence ratio.
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Figure 4.29: Mild and strong ignition delay measurements for equivalence ratio of 0.50. Results are
compared to the GRI 3.0 mechanism.

4.3.4. Effect of equivalence ratio on ignition delay

Extensive ignition delay tests were performed for methane-air at equivalence ratios of 0.25 and 0.5,
presented above. Due to the safety concerns regarding the strength of the windows only a limited
number of tests were carried out with a stoichiometric methane-air mixture. Mild ignition delay time
data for equivalence ratios of 0.25 and 0.5, from Figure 4.26 and Figure 4.29, are reproduced together
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for comparison in Figure 4.30. The data scatter in the 0.5 equivalence ratio data is similar to that of 0.25.
The data shows a clear effect of equivalence ratio, there is a separation between the 0.25 and 0.5
equivalence ratio data with minimal scatter overlap.

Figure 4.30: Effect of equivalence ratio on mild ignition delay.

The two data points obtained in tests conducted with stoichiometric methane-air lay just below the
scatter of the 0.5 equivalence ratio data. There is not sufficient data to conclude if there is an effect
between equivalence ratio of 0.5 and 1.0. For the two stoichiometric methane-air tests (T5 = 1040 K,
1190 K) only mild ignition occurred (no strong ignition was observed). This is in agreement with the
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strong ignition limit of 1250 K reported by Huang et al. for stoichiometric methane-air at 10 bar. The
strong ignition limit was not sought for stoichiometric methane-air in the present study because of
window strength concerns.
The two strong ignition limits found in this study and the limit reported at 10 bar reported by Huang et
al. for stoichiometric conditions are shown in Figure 4.31. Based on these three data points there is a
linear relationship between the strong ignition limit temperature and equivalence ratio. Additional data
is required to confirm this relationship.

Figure 4.31: Measured strong ignition temperature limit for varying equivalence ratios of methane in a
shock tube
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4.4. Dual fuel experimentation
4.4.1. Overview

The ultimate objective of this study was to investigate the ignition of diesel spray into methane-air. Tests
were conducted in very similar fashion to both diesel-only and methane-only testing, but with both fuels
present. The reflected shock conditions, injection conditions and test gas mixtures are shown in Table
4.5.
Table 4.5: Summary of experimental parameters for dual fuel testing.
Test
Case

Injection
Duration

Equivalence
ratio

Reflected
Pressure

Reflected
Temperature

1
2

0.15 ms
0.15 ms

0.25
0.50

10 bar
10 bar

894 K – 1214 K
1054 K – 1302 K

3

0.50 ms

0.25

10 bar

952 K, 978 K

4

0.50 ms

0.50

10 bar

880 K – 1000 K

The diesel ignition delay time is measured from the start of diesel injection and for methane-air ignition
delay is measured relative to the time of shock reflection. As a result, diesel was injected no more than
220 μs after shock reflection to have minimal difference in the time zero used to measure the ignition
delay time. For any given test the first sign of diesel ignition, as well as mild and strong methane ignition
were measured.
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4.4.2. Diesel injection duration of 0.15 ms

Video frames from a dual fuel test are shown in Figure 4.32. The time relative to the diesel start of
injection (SOI) is provided below each frame and critical events (e.g., SOI, mild ignition etc.) are also
labeled. End of injection (EOI) occurs in frame 3, by frame 4 most of the diesel is vaporized. Frames 4
thru 6 show mild ignition, along a vertical line of ignition sites about 5 cm away from the diesel spray.
Frames 6 and 8 correspond to just before and after diesel ignition, with frame 7 showing the fully
burned spray. The spray region darkens when it burns, very similar to ignition of diesel-only in Figure
4.21. Very shortly after, strong ignition occurs in the same way as described in methane-air ignition
results. Frame 9 shows strong ignition beginning and frame 10 shows the generated shock wave after it
has reflected off the end wall.
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1

5

9

- 0.16 ms
Reflection

1.44 ms

2.416 ms
Strong ignition

2

t=0
SOI

6

2.05 ms

10

2.432 ms

3

7

0.16 ms
EOI

2.13 ms
Diesel ignition

4

8

0.78 ms
Mild ignition

2.40 ms

Figure 4.32: Schlieren images of a dual fuel test with 0.15 ms diesel injection, ambient conditions are
1120 K and 11.38 bar. Timestamps relative to SOI and event labels are shown below the frames.

The pressure traces for this test are shown in Figure 4.33. The pressure history looks very similar to that
observed for methane-air (i.e., without diesel injection), see Figure 4.25. There is a gradual increase in
pressure during mild ignition (starting from label 4) followed by a large spike in pressure at the point of
strong ignition (label 9). The two pressure traces are identical up to label 7, at which point the pressure
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transducer closest to the end wall PT3 deviates. A similar deviation can be observed in the diesel-only
test pressure traces shown in Figure 4.10 where the deviation clearly lines up with diesel spray ignition.

7
4
9

Figure 4.33: Pressure trace for dual fuel test with diesel, mild and strong ignition occurring near the
end wall. The numbered labels match the frames in Figure 4.32.

As with the diesel and methane tests, several dual fuel tests were attempted with the dual camera
configuration. Frames from the videos are shown in Figure 4.34. The timestamp is displayed on the right
of the frame along with a critical event label where applicable. Ignition of the methane originates along
the floor of the test section, but no metallic light emitting particles were seen in the FOV anytime before
ignition occurred. Ignition kernals appear in other regions as the bottom flame grows. The diesel ignites
in frame 7 followed shortly by strong ignition in frame 9 on the right side of the FOV, a considerable
distance away from the diesel spray. Diesel ignition is seen as a slight darkening of the vapour region in
schlieren, comparable to frame 7 in Figure 4.32 and frame D in Figure 4.21. Strong ignition occurred
frequently in this area in methane-air only tests. This suggests that in this test, with a small amount of
diesel spray (0.15 ms injection duration), the strong ignition was independent of the diesel ignition. This
is probably because of insufficient energy release to either heat up the nearby methane-air, or to raise
the local pressure and thus temperature. Additionally, in regions with both diesel and methane present
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the oxygen concentration is lower than the volume around it, which could slow methane strong ignition
near the diesel vapour.

1
t=0
SOI

8
3.78

2
0.16
EOI

9
3.76
Strong

3
0.56
Mild

10
3.78

4
1.32

11
3.80

5
2.08

12
3.82

6
2.84

13
3.84

7
2.98
Diesel

14
3.88

Figure 4.34: Dual video frames of a dual fuel test with mild, strong and diesel ignition with diesel
ignition near the end wall and strong ignition near the right-hand side of the schlieren FOV. Frames 1
and 2 of direct video are brightened to show the fuel jets.
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The ignition delay time of the diesel spray under dual fuel conditions was measured using the same
techniques as in diesel-only ignition tests. Results from the dual fuel tests are shown compared to
diesel-only test results in Figure 4.35. Diesel-only data is displayed as grey symbols and dual fuel spray is
shown in red. The equivalence ratio refers to that of premixed methane-air and does not factor in the
diesel. Tests with failed diesel ignition are shown as ‘X’s at the bottom of the plot.

Figure 4.35: Ignition delay against reflected temperature for 0.15 ms diesel spray into methane-air
compared with diesel-only results.

For the dual fuel tests where diesel ignition was observed, the measured ignition delay time fits
perfectly with the diesel-only ignition data. The dual fuel test at 900 K resulted in no diesel ignition,
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consistent with that observed in the diesel-only tests where overmixing was suspected, as discussed in
Section 4.2.4. On the high-temperature side several dual fuel tests were performed (methane-air
equivalence ratios of 0.25 and 0.5) where diesel ignition delay times could not be measured. For
temperatures above 1120 K strong ignition occurred in the methane-air before the diesel spray could
ignite. This is consistent with the methane-only tests that resulted in strong ignition for temperatures
above 1020 K, see Figure 4.26. As soon as strong ignition occurs the detonation wave propagates
through the diesel-spray vapour region consuming it before diesel auto-ignition was possible. More
testing with special attention directed toward the relationship between diesel spray ignition and
methane strong ignition would be useful for future testing.

4.4.3. Dual fuel with 0.50 ms injection duration

Dual fuel tests were also performed with longer 0.5 ms injection duration. Tests were performed with
reflected shock temperatures in the range of 870 K to 1000 K, knowing that methane-air strong ignition
occurs at higher temperatures. This temperature range is also representative of post compression diesel
engine temperature (however much higher pressures). Results with methane-air equivalence ratios of
0.25 and 0.5 are presented in Figure 4.36. Six tests conducted with a reflected temperature between
938 K and 952 K displayed ignition delay times within the scatter in the diesel-only tests over this
temperature range.
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Figure 4.36: Ignition delay for dual fuel 0.5 ms injection duration compared to diesel-only ignition
delay.

Two tests resulted in ignition delay times well below the diesel-only data scatter. Ignition is most likely
of diesel spray and not mild methane igniting based on the location and nature more closely matching
spray ignition. However, it is possible that the mild methane ignition in these cases produced hot
regions sufficient for premature diesel ignition.
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It would be expected that the ignition delay time for diesel would be longer when injected into
methane-air versus air because the low reactivity methane “displaces” some of the oxygen in the air,
essentially acting like a diluent. However, the data from these experiments show that diesel ignition
delay does not increase with the presence of methane in the test gas for equivalence ratios of 0.25 and
0.5 (experiments with stoichiometric methane-air were not performed). The faster ignition observed
could be attributed to the slow pressure rise generated from mild methane ignition. Shown in Figure
4.33 from labels 4 - 7, the steady pressure rise associated with the mild ignition could produce a
temperature increase that would result in a decrease in the diesel ignition delay. It seems unlikely,
however, that the mild ignition effect cancels out the methane presence effect resulting in a seemingly
unchanged ignition delay. This is difficult to argue, as the ignition delay for the 0.25 ms injection
duration is almost completely unaffected by methane altogether. It is possible that an effect could be
observed if dual fuel tests were performed with more methane, e.g. stoichiometric methane-air tests.

The reflected shock pressure, and therefore density, in the experiments are significantly lower than post
compression pressure typical of compression ignition engines. The diesel spray breakup and evaporation
is slower because of this and the overall ignition delay is lengthened. On the other hand, the pressure
does not have as strong an effect on the reactivity of methane-air. So perhaps at more prototypic
pressures around 40 bar, diesel ignition would occur before mild ignition in the methane-air. This would
ignite a flame in the methane-air mixture propagating away from the diesel spray. However, based on
the data from this testing it is conceivable that such a flame would be able to consume all the methaneair (which has a low laminar burning velocity at these low equivalence ratios) before the onset of strong
ignition but not mild ignition.
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Chapter 5 Conclusions and Future Work

A shock tube equipped with an optical test section was used to observe ignition phenomena of liquid
diesel spray and premixed methane-air in the context of dual fuel engine combustion. The
implementation of a schlieren optical system, a single-event injection system and a buffer gas
introduction ring in addition to the existing equipment accomplished this. Tests were performed with a
piezoelectric diesel injector used in modern common-rail diesel engines and methane-air premixed in a
separate tank. The test gas included synthetic air consisting of oxygen and argon at a molar ratio of
1:3.76. Ignition delay time was measured for all test cases using schlieren and direct photography.
Reflected shock pressure was held constant at 10 bar nominal and the temperature was varied by
adjusting initial shock tube parameters to give different shock Mach numbers. Three sets of tests were
conducted: Diesel spray into air, homogeneous methane-air and diesel spray into homogeneous
methane-air.

Tests were carried out with commercially available diesel fuel and a fuel injection pressure of 90 MPa
was used for all testing. Experiments were carried out with two different diesel injection durations and
reflected shock temperatures in the range of 880-1500 K. As expected, the ignition delay time shortens
with increasing reflected shock temperature and the data compared well with available diesel ignition
data in the literature. It was found for 0.5 ms injection duration, with the use of direct photography, that
the presence of hot particles originating from the burst diaphragms may cause early ignition of some of
the vaporized fuel at the bottom of the test section. Filtering the ignition delay data to only consider
ignition in the top half of the FOV resulted in significantly less data scatter. Similar ignition delay results
were found for 0.15 ms injection duration but with a slightly shorter ignition delay time at higher
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temperatures. The experiments showed failed ignition at lower temperatures, most likely due to
overmixing because of the long expected ignition delay and small quantity of diesel.

Three different equivalence ratios of methane-air were tested and ignition delay measurements were
made using the schlieren and direct photography videos. Constant volume calculations using the GRI 3.0
reaction mechanism compared unfavourably with the ignition delay time measurements. Two-stage
(mild and strong) ignition was observed in the methane-air experiments. The pressure measured in the
test section increased during mild ignition followed by a rapid pressure rise and large pressure
oscillations associated with strong ignition. Temperature limits were also found for the occurrence of
strong ignition, in agreement with previously published studies. Mild ignition delay times for a methaneair equivalence ratio of 0.5 was found to be shorter than that of 0.25. Insufficient testing was conducted
with stoichiometric mixtures to assess relative to the other two.

Dual fuel tests with methane-air equivalence ratios of 0.25 and 0.5 and diesel injection durations of 0.15
and 0.5 ms were conducted. For most cases, mild methane ignition in the methane-air occurred first,
followed by either spray ignition or strong ignition. Strong ignition consumes all the fuel, including the
diesel fuel, so diesel ignition could not be observed at temperatures above 1000 K. Diesel ignition
occurred at similar ignition delay times in dual fuel and diesel-only experiments. In a few experiments,
the diesel ignition was significantly shorter than that in diesel-only tests at the same temperature. It is
postulated that the slow pressure increase during mild ignition, and therefore increased temperature,
may have accelerated the diesel ignition.

108

It is recommended that the test section be reinforced so that higher reflected shock pressures, more
prototypical of post-compression diesel engine conditions, can be investigated in the future.
Additionally, fuel-rich and further stoichiometric methane conditions should be investigated with optical
observation in both methane-air and dual fuel conditions.
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Appendix A – Shock tube cleaning procedure

The shock tube cleaning procedure is as follows:

Due to dust and diaphragm debris building up in the driven section regular cleaning must be conducted
after at most three tests. The inside of the windows must be cleaned and the debris must be removed.
The following procedure is followed.
1. After a test is complete, make sure both the driver and driven sections are vented to
atmospheric pressure
2. Open the shock tube and remove all used diaphragm debris. There are the outer pieces that are
clamped in the diaphragm volume section and petals that have been blown to the back of the
driver. There may also be some in the transition section.
3. Moving to the optical section end of the shock tube, fully remove all 1/2”-13 bolts on the
aluminum window plate except the bolts on the top corners-loosen these only. Once all the
bolts are out, hold the plate, remove the last two bolts and then remove the plate. Be careful
not to touch the windows at any time as they are sensitive and are scratched easily. This only
needs to be done to one side of the optical section; the camera side works better as the folding
mirror is further away from the window on this side.
4. Use the orange glass suction handle to carefully pull out the plexiglass thick window. The small
inner window may come out with it too so make sure not to let it fall or slide against the thick
window at any time.
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5. Once the windows are safely moved out of the way, use two short 1/2”-13 bolts to attach the
black-painted plywood piece over the window cavity. This wood piece has a hole in the centre of
it.
6. Insert the business end of the shop-vac through the hole once the board is installed and turn it
on. This should start sucking air from the opening at the transition section into the shop-vac.
7. Return to the transition section and hook up the compressed air line to the square plastic driven
section nozzle designed by Kellenberger [43], shown in Figure A.1. Make sure the line isn’t
pressurized when the nozzle is hooked up or an unfriendly blast of air will suddenly blow
through it.
8. Once it is installed, insert the nozzle into the transition section and open the compressed air
supply. The shop-vac should be running and will try to pull the nozzle through the driven
section.
9. Guide the nozzle through the driven section by providing slack in the air line until the nozzle
reaches the optical section.
10. Turn off the air supply and remove the black board, keeping the shop-vac on. Use the shop vac
to remove any fragments and debris that are still in the optical section.
11. Once this is done, turn off the shop-vac and push the nozzle a few inches back into the driven
section. This way it won’t get caught during removal.
12. If the windows are dirty with liquid diesel, soot or other debris clean them using alcohol and a
lint-free cloth. Be very gentle with this step, as window scratching should be avoided.
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13. Re-install the windows, the seal and the plate. Remember to use a star pattern when refastening the window plate. The recommended order is written on the plate with the number
beside each bolt hole.
14. Remove the nozzle. Avoid dropping the air hose on the floor as it will pick up contaminants that
could be transferred into the shock tube upon the next cleaning.
15. Double check all steps are complete and that everything is re-installed properly before
pressurizing the shock tube again.

Figure A.1: The nozzle used for cleaning the driven section out.
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Appendix B – Buffer gas validation

There is concern, especially with methane-air ignition that having a large amount of inert buffer gas
would effect ignition. Different amounts of buffer against ignition delay is shown in Figure B.1.

Figure B.1: Varying amounts of buffer gas and their effect on methane ignition. Solid symbols are mild
and hollow symbols are strong ignition.

It is seen that both mild and strong ignition tend to fall within reasonable scatter with different amounts
of buffer, and that there are no extreme differences. In addition, the data shown for little buffer gas (040%) showed no sign in the pressure trace or schlieren video of hydrogen-contact surface burning
explained in Section 4.1.6. Any test data where that did occur was discarded.
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Appendix C – Scatter in incident shock generation

The scatter in the incident shock mach number as a function of driver/driven pressure ratio is shown in
Figure C.1. The different symbols correspond to a range in molar fraction of hydrogen in the driver (ex
10% H2, 90% N2). There is no clear effect on the amount of hydrogen on the incident shock; it all makes
up a scatter. It is recommended that variability be anticipated with this data in regards of choosing an

P4/P1 – Driver-Driven Pressure ratio

injection delay and other time-dependent parameters.

M1 – Incident shock
Figure C.1: Effect of initial pressure ratio on the generated shock strength.
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