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Abstract

The fuel penetration and reacting diesel jet development have been studied in a small-bore
optical engine to improve the understanding of a swirl-influenced, wall-interacting diesel flame.
The optical access to the engine combustion chamber was made possible via multiple quartz
windows positioned in a cylindrical piston bowl and cylinder liner. Using the common-rail fuel
injection system of the engine, the fuel injection was executed for long duration, creating
negative ignition dwell conditions in which the start of combustion occurs before the end of
injection. A single-hole nozzle was used to isolate the jet-wall interaction from jet-jet
interactions while limiting the in-cylinder pressure below the burst-pressure of quartz windows.
Planar laser-induced fluorescence imaging of hydroxyl (OH-PLIF), fuel-PLIF, and line-of-sight
integrated chemiluminescence imaging were performed for various combustion stages identified
by the in-cylinder pressure traces and apparent heat release rates. These include stages of
vaporising fuel penetration, low-temperature reaction, and high-temperature reaction. The fuel-
PLIF images show that the fuel penetration was strongly influenced by a swirl flow with the
wall-jet penetration on the up-swirl side being shorter than that of the down-swirl jet. During the
low-temperature reaction, cool flame chemiluminescence appears in the wall-jet head region.
Interestingly, this region is where a turbulent ring-vortex is formed due to jet-wall interactions,
suggesting that locally enhanced mixing induced the first-stage ignition. The OH-PLIF images
show that the second-stage, high-temperature reaction starts to occur and then expand
drastically in the same wall-jet head region. Since the reaction occurs in the wall-jet region, the
swirl flow impacts the high-temperature reaction significantly, as evidenced by more intense
OH signals in the down-swirl jet. This is due to the influence of the swirl flow on the mixing
process, leading to relatively richer mixtures on the down-swirl side. Upon the end of fuel

injection, the heat release rate declines and the OH-PLIF signals slowly diminish.

How the variation in injection pressure influences the combustion processes of a wall-

interacting diesel jet has also been investigated. The cool-flame images together with the
i



apparent heat release rate suggest that the low-temperature reaction still emerges from the wall-
interacting jet head region but it becomes stronger with increasing injection pressure due to the
better air-fuel mixing at the enhanced turbulent ring-vortex. The influence of in-cylinder swirl
flow on the OH* chemiluminescence signals was again observed such that the high-temperature
reaction in the down-swirl side of the jet occurs earlier than that in the up-swirl side of the jet
regardless of the injection pressure. Moreover, the second-stage ignition on the down-swirl side
of the jet is also found to be stronger than the up-swirl side of the jet initially. However, as the
injection pressure increases and the high temperature reaction matures, the spread and
magnitude of the up-swirl OH* chemiluminescence signals become comparable to the down-
swirl signals owing to the increased injection momentum overcoming the swirl flow. The OH-
PLIF signals indicate that the high-temperature reaction zone continues to grow in the turbulent
ring-vortex region where the cool-flame signals were detected at earlier timings. The expansion
of wall-jet head OH signals shows an interestingly growing trend with increasing injection
pressure, which can be explained by a stronger ring-vortex due to the increased injection

momentum.

At selected operating conditions of 100 MPa common-rail pressure and long 2.04-ms
injection duration, planar laser-induced incandescence (PLII) imaging has been performed to
clarify soot processes within the wall-interacting jet. Once again, a single-hole nozzle was used
to isolate the jet-wall interaction from jet-jet interactions and to apply long injection duration
corresponding to high-load engine operating conditions in which soot formation is particularly
problematic. Compared to the previous experiments, two major changes were made in fuel and
piston design. As opposed to a conventional diesel fuel used in the previous experiments, the
soot diagnostics were conduced using methyl decanoate, a surrogate fuel with low-sooting
propensity, to reduce laser attenuation. In addition, the piston bowl design was modified to
include a curved bowl wall to enhance the fuel jet penetration back towards the nozzle, which is

closer to the conditions in most production engines. Laser-based images show that the fuel



impinges on the bowl wall soon after the start of injection and then bounces off along the wall
forming a wall-interacting jet. The fuel jet continues to travel along the bowl wall as well as the
bottom surface of the piston bowl. Although the latter motion was not significant in the previous
experiments, with the new curved bowl-wall, the fuel penetration back towards the nozzle was
clearly observed. During the premixed burn phase of diesel combustion, the high-temperature
reaction starts to occur at the leading edge of the penetrating jet back towards the nozzle,
initially near the jet axis and then spreads in the radial direction. During the mixing-controlled
burn phase, the high-temperature reaction zone fills up the entire combustion chamber and the
soot formation starts to occur in the rich area near the wall impingement point. The soot then
flows along the bowl wall in both up-swirl and down-swirl directions. Throughout this phase,
these soot pockets are surrounded by OH, which disappear altogether at subsequent crank angle
locations suggesting the soot oxidation by OH radicals. However, some soot pockets are
transported into the centre of bowl due to the downward movement of the piston and persist for

long as there are no active OH radicals.

To conclude, these major findings made on the temporal and spatial evolution of a wall-
interacting diesel jet, its variations with increasing injection pressure, and the soot concentration
within the jet are summarised by illustrating regions of fuel, low- and high-temperature reaction,

as well as soots for various crank angle locations during a firing cycle of the engine.
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Chapter 1.

Introduction

The internal combustion engine has been the main driving force in propelling society into
its current modern state. Its impact is widespread, from applications in large-scale industries
such as mining, energy or manufacturing to smaller machines and equipments for the consumers
market. In particular, the internal combustion engine has truly revolutionised the way we travel
and transport goods. Never has it been this easy, affordable, and convenient to travel across
cities, countries and continents. Since the introduction of the first automobile concept equipped
with internal combustion engine in 1886, constant effort has been made in research and
development to create more powerful and robust engines. In more recent times, shortage in
fossil fuels together with the negative impact of undesirable emission gases on human health
have shifted the focus of engine research and development toward the reduction of pollutants

and improvement in efficiency and fuel economy.

Compression-ignition engine (diesel engine) has been widely used in both on-road and off-
road vehicles and machineries, especially for heavy-duty applications. This is mainly due to its
higher specific torque output and efficiency comparing to the spark ignition engine. Light-duty
diesel engine has also been utilised extensively: it is the dominant powertrain in commercial

vehicles evidenced by 97% market share in Europe while diesel-powered passenger vehicles are
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also becoming popular, dominating the European and Indian market with more than 50% share
as well as showing a rapid growth in Australia and Korea as of 2013 [1, 2]. With the lower
green-house gases and fuel economy limit to be implemented in 2020 in major markets such as
the US and Europe, the higher efficiency of light-duty diesel engines will continue to give them
the advantage over gasoline spark-ignition engines in meeting these regulations [3]. Due to the
growth in the use of passenger diesel vehicles and their important role in meeting future
regulations, there is a clear demand for an improved understanding of combustion processes

inside a light-duty diesel engine.

The engine size (or displacement volume) which is normally determined based on the brake
power needed for a given vehicle weight, has a significant impact on the formation of air-fuel
mixture and the flowfield inside the cylinder. With smaller and more compact combustion
chamber geometry, the jet-wall interaction can become more significant as the fuel jet impinges
on the wall at earlier timing relative to its combustion phasing. Moreover, smaller engines are
typically designed for high-speed operations and thus higher swirl ratio design is implemented,
further complicating the in-cylinder processes. While great efforts have been made on studying
combustion processes inside the cylinder of large-bore, heavy-duty diesel engines, the
aforementioned differences in combustion processes caused by a smaller combustion chamber
present a necessity to further investigations focusing on small-bore, light-duty diesel engines,

which is the motive for doing this study.

1.1. Aims and Objectives

This study aims to provide an improved understanding of the development of a reacting
diesel jet inside a small-bore light-duty diesel engine. The focus is on visualising the evolution
of a swirl-influenced, wall-interaction diesel jet during the main combustion event. Variations in
the injection pressure were explored to clarify the wall jet development at various injection

momentum conditions. Furthermore, the visualisation of soot, a strictly regulated emission, was
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also performed to provide an improved understanding of how soot formation and oxidation
occurs during diesel combustion in a small-bore engine. To this end, laser-based imaging
diagnostics including planar laser-induced fluorescence of hydroxyls (OH-PLIF), fuel-PLIF,
and planar laser-induced incandescence of soot (Soot-PLII) were executed in an optically
accessible common-rail diesel engine. Line-of-sight integrated imaging such as OH* and cool
flame chemiluminescence as well as natural flame luminosity were also performed to provide
complementary information to the laser-based images. The ultimate goal is to re-develop a
conceptual model that is directly relevant to small-bore diesel engine combustion involving

significant jet-wall interactions and swirl flow.
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Chapter 2.

Literature review

2.1. Diesel combustion models

Over the last two decades, the ability to visualise the in-cylinder processes brought upon by
the application of optical/laser-based imaging diagnostics has drastically improved the
understanding of diesel combustion. Having combined multiple diagnostics such as luminosity
imaging, chemiluminescence imaging, and laser-induced diagnostics, Dec proposed a
conceptual model for diesel combustion inside a heavy-duty engine in 1997 [4]. This widely
accepted model suggests that liquid fuel vaporises shortly after being injected due to hot air
entrainment and mixing, leading to the onset of premixed combustion which ignites at a certain
distance away from the injector nozzle. Fuel and air then continue to mix and react while
releasing heat energy, leading to the formation of high-temperature diffusion flame layer at the
jet periphery. Most of the harmful emissions such as soot and nitrogen monoxide are produced
during this mixing-controlled combustion period. The illustration of this conceptual model is

shown in Fig. 2.1.

Since then, there have been many important and informative follow-up studies based on
Dec model. For example, the lift-off length, defined by distance from the nozzle to the closest

reaction zone was found to correlate well with the nozzle diameter, injection pressure, and
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ambient air entrainment, as well as to impact downstream soot formation [5-11]. When new
diesel combustion regimes such as highly diluted low temperature combustion (LTC) were
implemented, it was found that the extended ignition delay period induces two-stage ignition
processes that comprise of (1) first-stage, low-temperature reaction in which the major reactions
involve the decomposition of fuel and (2) second-stage, high-temperature reaction in which the
high heat release occurs due to exothermic reactions and hence, produces a large quantity of
hydroxyl radicals [12-14]. Interestingly, the new combustion regime also impacts the flame
structures such that the high-temperature reaction zone highlighted by OH-PLIF sighal appears
as a cloud-like structure, unlike the thin periphery zones observed under conventional heavy-

duty combustion regime [13].

Lift-Off Length
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Scale (mm) Soot Concentration
B Liquid Fuel [ Fuel-Rich Premixed Flame
[ Vapor-Fuel/Air Mixture B initial Soot Formation

(equivalence ratio 2 - 4)

e B Thermal NO Production Zone
== Diffusion Flame

B Soot Oxidation Zone

Figure 2.1 Dec’s conceptual model for conventional diesel combustion during quasi-
steady period in the jet development. (Reprinted from Ref. [4])

2.2. Impact of jet-wall interaction and swirl flow

The diesel combustion model requires a significant revision if jet-wall interaction and in-

cylinder swirl flow are to be considered. When an injected jet interacts with the piston-bow! or
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cylinder walls, in-cylinder flow field, mixture and temperature distributions along with
pollutants formation can be altered [15-19]. Indeed, previous studies found that the jet-wall
interactions can restrict the mixing near the impingement point but will improve the local
mixing in the jet head region due to the formation of a turbulent ring-vortex, where foregoing
fuel droplets decelerate and become stagnated due to the incoming fuel droplets [15, 18-20].
The schematics for these vortices formations can be found in Fig. 2.2. Furthermore, jet-wall
interactions also impact the combustion efficiency associated with wall wetting and heat transfer
through the wall [21, 22]. For instance, the cooling effect of the wall is also believed to help
reduce the soot formation [20] whereas wall wetting can lead to increase in soot emissions [23].
In other studies where soot formation and jet-wall interaction were investigated, it was reported

that hot combustion products at the periphery of fuel-air mixture can be redirected back towards
the centre of the combustion chamber during long-injection, high-load conditions, and possibly
be entrained back into the incoming diesel jet [24-26]. This entrainment of hot combustion

products (i.e. re-entrainment) could decrease the lift-off length, thereby increase the soot

formation [27-29].
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Figure 2.2 Wall-interating jet in a combustion chamber. (Reprinted from Ref. [20])
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The in-cylinder swirl flow is known to have huge impact on diesel combustion [30-32].
Higher swirl ratios and therefore higher swirl flow velocity can improve the pre-combustion
fuel-air mixing while causing jet asymmetry such that the lift-off length is longer on the up-
swirl side of the jet (the side that is penetrating against the in-cylinder swirl flow) than on the
down-swirl side (penetrating with the in-cylinder swirl flow) [30, 31, 33]. Some studies
suggested that swirl flow also has a strong effect on the late-cycle oxidation process in which

higher swirl ratio promotes the soot oxidation and burnout of unburnt hydrocarbons [30, 34].

The severity in the impact of jet-wall interactions and swirl-flow is higher in light-duty
diesel engines than heavy-duty ones because the piston bowl and combustion chamber wall is
much closer to the injector nozzle [14, 22, 30, 35-43]. The effect of swirl flow is also more
significant due to the higher swirl required to compensate for the limited mixing time at high-
speed conditions [30, 44]. As a result, the fuel jet has no time to achieve a quasi-steady state or
to establish a flame base as in the conventional diesel combustion model but develops in a

transient manner instead.

2.3. Effect of injection pressure on the jet development

It is well-known that high-pressure injection of up to 200 MPa [45] can improve fuel-air
mixing and thus the engine efficiency significantly because high injection momentum leads to
longer vapour penetration [46, 47] and enhances ambient gas entrainment [48-50]. High
injection pressure also induces longer lift-off length and lower equivalence ratio at the flame
base, causing reduced soot formation [50-52]. Moreover, it was also reported that the increased
injection pressure leads to decreased emissions of unburned hydrocarbons (UHCs) and carbon
monoxide (CO) [53-55]. As far as jet-wall interaction is considered, the increased injection
momentum will enhance the head vortex, then increases the overall mixing and suppresses soot
formation [56]. However, the higher injection momentum will also intensify jet-wall

impingement [18, 20, 27, 28, 57, 58] and therefore the soot formation might increase in the
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region instead. The increased possibility for re-entrainment [17] due to the increased injection
momentum could also lead to the shorter lift-off length and thereby increase the downstream

soot formation.

2.4. Soot processes inside diesel engines

For diesel engines, soot is one of the most distinctive and problematic emissions due to its
complex formation and oxidation processes together with its adverse impact on human health.
While after-exhaust treatment systems such as diesel particulate filter are becoming increasingly
popular, the in-cylinder soot control continues to play a key role in reducing engine-out
particulate emissions. For instance, high and near-constant injection pressure achieved using a
common-rail system, together with small nozzle holes, have been widely used to increase fuel-
air mixing and thereby reducing the soot formation [45, 49, 51, 59, 60]. As the soot reduction
technology advances, our scientific understanding of in-cylinder soot processes has also been
significantly improved thanks to non-intrusive optical and laser diagnostics [61]. For instance,
studies conducted in heavy-duty diesel engines running at medium-to-high load conditions
reported that the first soot formation occurs right downstream of the flame base during the
premixed burn phase of diesel combustion then during the mixing-controlled burn phase, soot
develops towards the downstream region and across the whole cross-section of the jet; a high
soot concentration zone is formed at the jet head [4, 5, 9, 10]. At low-load conditions, the
charge dilution can be used to extend the pre-combustion mixing time and limit the flame
temperature below the soot formation threshold [13]. In this regime, high-temperature reaction
occurs mostly after the end of injection and the soot only forms far downstream in the jet head

region [14].

In order to find methods of reducing soot emissions, soot oxidation is also extensively
investigated. For instance, it has been known that reduced ambient oxygen concentration and

lower flame temperature lead to a lower oxidation rate [11, 14, 62]. The soot oxidation due to
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hydroxyl radical (OH) is also a major player, especially at a high flame temperature range above
2000 K [61, 63, 64]. One study reported that soot oxidation by OH is even stronger than the CO
oxidation by OH [32]. As a result, many studies have been carried out about the imaging of both
soot and OH to analyse soot oxidation processes in diesel engine environments [11, 13-15, 35,
62-66]. As expected, they have all reported the active soot oxidation by OH, evidenced by the

disappearance of soot pockets where OH radicals co-exist.

2.5. Optical/laser diagnostics

In the present study, planar imaging of laser-induced OH fluorescence (OH-PLIF) and fuel
fluorescence (fuel-PLIF) as well as planar laser-induced imaging of soot incandescence (PLII)
were performed in an automotive-size, optical diesel engine. These images were supported by
line-of-sight integrated images of cool-flame chemiluminescence and naturally excited OH
(OH*) chemiluminescence. The theoretical background of these diagnostics will be presented in

this section.

2.5.1. Cool-flame chemiluminescence

During the first-stage, low-temperature ignition phase of diesel combustion, weak
chemiluminescence signals are emitted in the 360 — 560 nm range from formaldehyde (HCHO)
and other products through the breakdown of ketohydroperoxide (KHP) species [12, 14, 58, 66,
67, 68]. Typically, because of their extremely weak signals, this cool flame chemiluminescence
is captured using an intensified charge-coupled device (ICCD) camera together with a UV-
enhanced lens without any optical filters. The images can then be used to qualitatively describe

the first-stage ignition.

2.5.2. Excited hydroxyl (OH*) chemiluminescence

Electronically-excited hydroxyl (OH*) radicals are formed from high-temperature
exothermic reactions of hydrocarbons at near stoichiometric condition (e.g. CH + O, — CO +

OH*) [69]. As the excited OH* radical return to ground state (OH), the emitted
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chemiluminescence signal dominates in the 306-310 nm range and hence, could be isolated and
recorded [26, 68, 69]. Therefore, the OH* chemiluminescence images capturing these signals
are useful for identifying high-temperature reaction zones within the flame [26, 28, 47, 66, 68],

where a high heat release occurs.

It was noted that OH* chemiluminescence can be interfered by the broadband emissions
from other sources, most notably from soot incandescence. Since the strongest emissions from
soot luminosity are in the visible and infra-red ranges, a band-pass filter centred in the OH*
chemiluminescence emission range is needed to blocking strong signals at and above 350 nm.
However, as the intensity of the soot luminosity becomes very strong, it is impossible to block
the signals completely using optical filters. Therefore, OH* images at later crank angle locations
can include some soot signals. It was however found in previous studies that the line-of-sight
integrated soot luminosity signals are well within the OH* chemiluminescence regions, i.e. the
soot signals are surrounded by OH* signals [26]. Being within the OH* boundary, soot particles
and their precursors could not attenuate OH* signal at the flame boundary. Nevertheless, OH*
chemiluminescence should not be discussed when the soot luminosity signals are
overwhelmingly strong later in the combustion cycle. Futhermore, being line-of-sight integrated
image, OH* chemiluminescence lacks clarity in the information it carries. One would not be
able to determine which particular part of the jet the OH zones are from. It would be ideal if the
primary role of OH* chemiluminescence images was to support the interpretation of OH-PLIF

images.

2.5.3. Hydroxyl planar laser induced fluorescence (OH-PLIF)

Background theory

When the diesel combustion enters its mixing-controlled burn phase, most naturally-excited
hydroxyl (OH*) radicals have returned to their ground state and only the ground-state OH is

further produced [68, 71, 72]. During this period, planar laser-induced fluorescence of hydroxyl
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(OH-PLIF) imaging is widely used to study the diesel flame development due to its ability to
selectively detect radicals spectrally and temporally at even sub ppm levels [5, 40, 72]. The OH-
PLIF detects the fluorescence signals emitted when OH radicals excited selectively to an upper
energy level by a high energy laser beam returned to their ground [73]. It should be noted that

given its nature, OH-PLIF can also work well during premixed combustion phase.

However, the laser-induced fluorescence process of OH is not straightforward in engine
environments. For example, collisional quenching of OH radicals can decrease the yield of
fluorescence signal during the molecule deactivation process through collisions with other
reaction species and combustion products, mainly H,O, CO, and O, [74, 75]. To avoid this
guenching issue, a fluorescence excitation scheme should be carefully selected to ensure that the
lifetime of OH in the excited state is relatively short. Many different excitation wavelengths and

fluorescence schemes have been employed to achieve this goal as summarised in Table 2.1.

Table 2.1 Avantages and disadvantages of different OH-PLIF excitation schemes

Fluorescence Excitation

excitation schemes | wavelengths Advantages Disadvantages

Vulnerable to

Good fluorescence yield changes in
temperature and

A’E"- X (0,0) [ Around 308 nm | Readily available high power | pressure.

SOUFCE. Dependent on gas
composition
Quenching can be negligible
AZZ - XTI (3,0) Around 248 nm | at low pressure (below 1 Weak yield
MPa) [75]
Strong fluorescence yield
from two fluorescence L
A’ - X’ (1,00 | Around 283 nm | transition BT M

. - excitation power
Quite resilient to temperature

and pressures.
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Engine-specific implementation

Due to its resiliency with temperature and pressure effects, the excitation laser wavelength
most commonly used for the OH-PLIF imaging in the engine environments is 284 nm or 283
nm (vacuum wavelength) for the fluorescence scheme of A’Z* - X?IT (1,0) [13, 39, 72]. The
284-nm wavelength corresponds to the overlapping rotational-vibrational Q:(9) and Q(8) lines
[11, 13, 72] while the 283 nm corresponds to the Q4(6) line of this scheme [38, 39, 42]. Both
would work well for OH-PLIF diagnotics in a diesel engine with 284 nm potentially yielding
more signals. The resulting fluorescence emissions are mostly found in the 308~320 nm range
as was reported in Ref. [74, 77] as well as from LIFBASE simulation of OH-PLIF emissions
shown in Fig. 2.3. The present study follows this fluorescence scheme and it can also be

referred to as online OH-PLIF.

For the practical imaging of OH-PLIF, it is important to use optical filters to isolate the

emitted signals from other emissions sources. For instance, bandpass filters have been widely

Fluorescence emission (arbitrary unit)

MlUU

305 310 315 320

Vacuum wavelength (nm)

Figure 2.3 OH-PLIF emissions from 284 nm excitation — simulated by LIFBASE
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adopted for OH-PLIF, especially the ones centred in the OH emission range such as 312 nm (16
nm FWHM) [13, 32, 39, 71], 310 nm or UG5 band pass filters [38, 42]. In some cases,
shortwave filters such as 358 nm short-pass [13, 39, 71] or long-pass glass filters such as WG
305 [42, 58, 72, 78] were also added to further reduce background noise (e.g. excitation laser

scattering) and inteferences.

Challenges and mitigation strategies

Offline OH-PLIF

While the optical isolating filters are extremely useful, interference signals from the

fluorescence under UV excitation of other combustion products such as polycyclic aromatic
hydrocarbons (PAH) and natural signal from soot luminosity can still be quite problematic [13,
40, 71, 78]. As some of these interferences are broadband signals, they are unavoidable even
with the use of a series of optical filters. However, one good and proven method to address this
issue is a comparison between online and offline OH-PLIF images. It is well known that OH
fluorescence absorption and emission change drastically with an insignificantl difference in the
excitation wavelength [71, 77]. By comparing images taken under the laser wavelength tuned on
and off the OH excitation fluorescence line, the location and intensity of the interferences can be
identified [40, 58], which help interpret the online OH-PLIF images for the high-temperature
reaction zones within the diesel flame. For example, the offline images can be taken with the

laser wavelength around 283.9 nm (i.e. 0.1 nm off to the OH excitation wavelength of 284 nm).

Line broadening

One outstanding issue concerning the excitation wavelength selections is that high
temperature and pressure environments of diesel engines can cause alteration to the fluorescence
physics through phenomena known as collisional broadening and collisional shifts. Collisional
broadening (widening of absorption line width) and shifts (changing of the absorption
frequency) are both proportional to pressures as well as to their respective coefficients. These

coefficients, calculated by Davidson et al. [79], show a high temperature dependency:
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0.75
Collisional broadening coefficient: 2 - ypp—4r = 0.140 - (SET&) (3.1)
- . . 300)045
Collisional shift coefficient: 55— = —0.0305 - (T) (3.2)

Therefore, it can be difficult to have an accurate measurement of the impact of these
phenomena. One way to tackle this issue is to scan across the wavelength range of choice
(around 284 nm) at a particular timing during the combustion period at which OH-PLIF
interferences (e.g. fuel-PLIF) are fully consumed and that the OH population is very high to

determine the settings that can provide the best signal-to-noise results.

2.5.4. Fuel planar laser-induced fluorescence (Fuel-PLIF)

Conventional diesel fuel contains many aromatic hydrocarbons and additives (e.g.
naphthalene and alkyl benzenes) known to produce strong fluorescence signals due to UV
excitation [17, 80]. However, the fluorescence spectrum of aromatics does not display the fine-
scale structure of OH-PLIF, resulting in broadband emissionsfrom a wide band of excitation
wavelengths and thus fuel-PLIF signals can overlap the OH-PLIF emission range when under
UV excitation [13, 58]. Even when single component fuels are used, fuel fluorescence signals
still exist [13]. Therefore, the fuel-PLIF is a major interference signal in OH-PLIF imaging.
However, it can provide useful information about the vapourising diesel jet development prior
to the start of combustion as long as the measured in-cylinder pressure, calculated heat release
rate traces and OH* chemiluminescence imaging can confirm no high-temperature reactions
take place. Due to these characteristics, signal from offline OH-PLIF can be considered as fuel-

PLIF during the non-reacting period.

2.5.5. Soot planar laser induced incandescence (Soot-PLII)

A powerful laser beam can be used to heat up soot particles so that strong incandescence
signals are released for the planar imaging of soot distributions within the flame [81] —i.e. PLII.
In selecting the laser wavelength, shorter wavelengths (e.g. 355 and 532 nm) has the potential to

produce high incandescence energy at lower power level; however, longer wavelength (e.g.
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1064 nm) is more widely used to avoid interferences with polycyclic aromatics hydrocarbons
(PAHS), which can be significant when shorter wavelengths are used [82-85]. For qualitative
diagnostics, to combat the lower heating potential of longer laser wavelength, laser output
energy higher than the fluence limit for the vaporisation of soot particles should be used (> 0.2
Jlcm? for 1064 nm). The high power laser beam can also mitigate the shot-to-shot fluctuations.
Due to the high temperature that the soot particles reach, the emissions from laser-induced
incandescence are predominant in the visible and UV range (below 500 nm) [85, 86]. However,
the strong laser fluence can also cause fluorescence signals from C, at around 500 nm, as seen
in Fig. 2.4 [85], which requires the use of optical filters. This study will employ PLII only for

qualitative purposes
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Figure 2.4 Reproduced from Ref [85]: Emission spectra of LIl signals from an
ethylene/air burner with 1064 nm excitation, 50 ns detection gate for 67 MW/cm? (a) and

10 ns detection gate for 153 MW/cm? laser-pulse power (b).
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Chapter 3.

Methodology and apparatus

Besides all optical diagnostics reviewed in the previous chapters: OH-PLIF, fuel-PLIF,
soot-PLII and chemiluminescence imaging, in-cylinder pressure measurement was also
conducted to identify the combustion phases of corresponding images and to assist their
physical interpretations for the construction of the combustion model. Their experimental setup
details together with the apparatus used, including the optical engine and laser systems are
presented in this chapter. Notably, throughout the PhD study, two different piston designs were
tested; initially a simple cylindrical bowl design was used and then it was updated to include a
curved bow! wall for better reproduction of practical engine conditions. The two different piston
bowl shapes used in this study and the piston modifications required for optical/laser diagnostics

were discussed in detail.

3.1. Experimental apparatus

All apparatus are located in the Engine Research Laboratory of the University of New South
Wales. The engine and its supporting system were fixed to the laboratory floor using a
combination of dampers, steel and aluminium frames. Laser systems and diagnostics equipment
were positioned on optical tables and mounting frames surrounding the engine system. The lab

environment was controlled to ensure consistent operating conditions for all equipments.
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3.1.1. Optical compression-ignition engine

The optical engine is an amazing tool for engine research, enabling the applications of
optical diagnostics for real-time capturing of complex in-cylinder behaviours. However, certain
differences do exist in the heat transfer characteristics of a single-cylinder optical engine and a
full metal, multi-cylinder engine. Therefore, the operation of optical engines require careful
working strategies including the use of heated coolant recirculation, skip-cycle fuel injections

and intake air temperature control as found in Ref. [11, 36, 87, 88] to ensure satisfying results.

The optical compression-ignition engine used in this study is a single-cylinder optical
engine which was modified from a 2.0-litre, 4-cylinder production engine. Figure 3.1 displayed
the exploded view of the whole engine assembly, including the engine head, cylinder-liner
assembly, piston assembly, crank case and other operating parts. Compared to the production

version, alterations were mainly done to the cylinder liner body and the engine head remains

Liner-window
Block

Engine Head Extended
Assembly Piston \- Extended
Cylinder-liner

Assembly

-

I Fly Wheel

Crank Shaft
7

Assembly

< Crank Case

Balance Shaft

Rotary Encoder ~ Assembly

Figure 3.1 Exploded view of the light-duty optical engine
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unchanged except the fact that only one cylinder was used. An added liner-window block
containing quartz window provides the optical access from the sides of the combustion chamber
while the extended liner body allows the use of a drop-down-type liner for ease of access during
very frequent windows cleaning procedures. Copper washers, seals and gaskets were carefully

applied between all the connecting parts to ensure the integrity of the engine during operation.

Table 3.1 summarises the engine specifications and the operating conditions that were used
throughout this study. Figure 3.2. also shows a simplified illustration for the cross-section view
of the optical engine and image capturing setup. Other operating parameters corresponding to
specific investigations will be described later in this thesis where appropriate. The engine has 83
mm bore and 92 mm stroke for a displacement volume of 497.5 cm®. The combustion chamber

is bounded by a cylinder liner, the piston top, and a flat cylinder head (fire-deck) where a

Engine Head
Pressure Sensor| Injector
Bowl-rim Cut-out Intake Air Heater
5-10 mm
sheet T &,_E_—_,lﬁ
;’é i
Quartz Window ; i Heated Coolant Passage

LaVision o

ICCD Camera: !

448x448

Cylinder Liner

JENOPTIK Coastal Optics ‘ ;
105mm f4.5 UV-VIS Lens ™ Extended Piston

v | _
v

A

Filter Pack |1 Mi>ror .

(see text)

Figure 3.2 Illustrated schematics of the optical diesel engine and the image capturing setup
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centrally mounted injector nozzle, two intake valves and two exhaust valves were placed. The

locations of these valves induce a clock-wise in-cylinder swirl-flow when bottom-view of the

combustion chamber was imaged through the piston window. The engine is naturally aspirated

and has a swirl ratio of 1.4. The optical access for image capturing was made possible through

the quartz window in the piston top and a 45° mirror placed in the hollow space of the extended

piston body, as well as the quartz cylinder liner windows mentioned earlier (as seen in Fig. 3.2).

With its original piston, the compression ratio was 17.7. The wall temperature was held constant

at 363 K using heated water circulated through the cylinder head, liner and engine block to

simulate warmed-up operating conditions. The intake air temperature was held at 303 K

throughout the experiments. Bulk gas temperature and density at the beginning of combustion at

this operating condition was estimated to be 858 K and 11.16 kg/m°.

Table 3.1 Engine specifications and operating conditions

Intake air temperature

Displacement (single-cylinder) 4975 cm3
Bore 83 mm
Stroke 92 mm
Swirl ratio 14
Compression ratio (geometric — original) 17.7
Wall (coolant) temperature 363K

303K

Injector type

2"-generation Bosch common-rail

Number of holes

1

Nozzle type Hydro-grounded, K1.5/0.86
Nozzle diameter 134 pm
Included angle 150°
Engine speed 1200 rpm
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A second-generation Bosch common-rail system, including low and high pressure pump
and a solenoid injector, was used for the injection of fuel. The original injector had seven 134-
pm (nominal diameter) holes with 150° included angle. In the present study, only one hole was
left open for fuel injection using a laser-welding technique to block the other 6 holes. The single
jet approach was to accommodate long injection duration, simulating high-load conditions per
hole basis while keeping the peak in-cylinder pressure within the burst pressure limit of optical
windows and to ensure that the single jet development was isolated from complex jet-jet
interactions (this was left for future investigations). This injection condition will result in a long
wall-interacting period, needed for the detailed study of jet-wall interaction phenomena. The
injected fuel mass was held constant at 10 mg per injection per hole, which indeed corresponds
to high-load conditions in production engines. The engine was operated at a 10 skip-firing mode
with the injection occurring every 10" cycle (i.e. 9 motoring cycles and 1 firing cycle), the
reason for which was to reduce thermal loading on the quartz windows for safety measures as
well as to minimise residual gases from previous firing cycles for reduced cyclic dispersions.
The engine was driven by a 37 kW AC motor at a fixed speed of 1200 revolutions per minute

(rpm) thoughout the study.

3.1.2. Piston designs

It is well understood that the impact of piston bowl geometry on diesel flame development
is very significant [27, 78] and thus its clear definition important. Two different piston designs
were used in this study, both containing the same extended hollow piston body with the same

height and diameter. The main difference between the two designs lies in the piston top.

Piston A

Figure 3.3 shows the design of Piston A. The top of this piston contains a cylindrical piston-
bowl with 55 mm in diameter and 10.5 mm in depth. The straight bowl wall of this piston was
designed for the study of jet-wall interaction phenomena at simplified wall conditions. The

piston top contains a flat surface (i.e. no dome or pip in the bowl) quartz window for ease of
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optical access. The window was positioned concentrically with the piston bowl and the field-of-
view given by this piston window was 43 mm in diameter. The thickness (or height) of the
quartz window was determined using a burst pressure equation as shown in Ref [89]:

_ (348 xt* x M)
allow = = A x SF (3.1)

where the allowable pressure P, is @ function of the thickness of quartz, t, the modulus

of rupture of quartz, M, the unsupported area, A, and the safety factor, SF.

Further modifications to the piston top were made to allow access to the bowl region for the
laser sheet of planar laser-based diagnostics even when the piston was at top dead centre (TDC).
A 33-mm wide, 10.5-mm deep portion of the piston-bowl rim was removed in line with the liner
quartz window. It is noted that the full-cycle engine modelling of this piston design confirmed
that this bowl-rim cut-out does not affect the in-cylinder swirl flow direction (which is clock-

wise with the current engine design) [90] and its effect on the jet development can be negated

Piston Top

Figure 3.3 Piston A design
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by appropriate choice of the orientation of the selected single injector hole. The resultant

compression ratio from the piston design A was 15.2.

Piston B

After significant progress having been made using Piston A, it was suggested that the piston
should be further modified for two primary reasons. The first was to extend the field-of-view so
that it could match the full bowl diameter (Piston A shows only 43 mm in diameter, smaller
than 55 mm bowl diameter). The second was that the fundamental understanding obtained using
the cylindrical straight-wall design suggested a significant impact of the bowl wall geometry
and therefore a need arose for experimenting with a more practical bowl shape which includes a
curved wall. The new piston (Piston B) was illustrated in Fig. 3.4. The curved bowl wall was
expected to cause more practical jet-wall interaction so that the fuel jet would be guided back

towards the nozzle upon the impingement on the wall through a tumbling motion.

It is noted, however, a full quartz piston with realistic bowl shape (e.g. Refs. [14, 22, 30,

35]) was not used for consistency with Piston A and for ease of visualisation. Therefore, Piston

..

sCrews

# 4, # 2

— Piston top crown
1

T Quartz window

::-]

Figure 3.4 Piston B design
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B does not include a dome pit within the bowl but maintains the flat bottom, similar to Piston A.
The removal of the dome pit (or pip in the bowl) could mitigate the fuel penetration into the
squish region [14] and thus the mixture distributions could be different from the production
engine, which should be taken into account when interpreting the results. With the new
estimated maximum working pressure and the same thickness and safety factor, the new field-
of-view matched the bowl diameter of 52 mm with the the bowl depth of 10 mm. The bowl-rim
cut-out modification process and its location is also similar to that of Piston A; however, to
compensate for the wider laser coverage required for a wider field-of-view, the cut-out is
expanded to a width of 35 mm. The compression ratio when Piston B was installed was slightly

higher at 15.5, compared to 15.2 of Piston A.

In addition, to assist with the experimental setup and to allow for more upgrades and
modifications in future work, the assembly process of the piston was also improved. An
exploded view of the updated piston assembly is shown on the right of Fig. 3.4. The piston
crown is removable from the extended piston and quartz window holder using six M4 screws.
The removable crown and the extended piston top act as a clamp after all the screws are
tightened to keep the quartz window in place. A combination of copper washer and high
temperature silicon gasket were used to ensure that the assembly stay air-tight during engine
operation. This design also allows for possibilities of switching and modifying the piston crown

without disassembling the piston from the engine block.

3.1.3. Fuel injection control system

The common-rail injection system and the injection parameters including injection timing,
injection pressure and injection duration were controlled by a universal engine control unit
(Zenobalti 9013P) together with an injection driver unit (Zenobalti 5100). A rotary encoder
placed at the engine crankshaft sent a the signal to the universal control unit as a master signal
to control the injection timing. The injection timing and duration signal were sent to the driver

which was then sent to the solenoid injector. The common-rail pressure applied in this study
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ranged between 70 and 130 MPa. The fuel injection timing was fixed at 7 crank angle degrees
before TDC (°CA bTDC) for all performed experiments so that the ambient condition at the
start of injection could be kept constant. The injection duration was varied to keep the injected
mass constant at 10 mg per hole. Table 3.2 lists all the injection conditions used in the present

study.

Table 3.2 Fuel injection conditions

Rail pressure 70 MPa 100 MPa | 130 MPa
Injected fuel mass 10 mg

Injection timing 7.7°CADbTDC

Injection duration 2.36 ms 2.24 ms 2.02 ms

Appropriate signals were also sent from the universal controller to allow for 10-skip firing.
The fuel injection profiles from these conditions, measured using a Bosch-tube-type injection

rate meter, will be used as complementary information in the following chapters.

3.1.4. Laser system

The laser system used in this study consists of two lasers which were selectively used to

produce a desired wavelength for each planar laser-based imaging diagnostic.

Nd:YAG Laser
A QuantaRay PRO-230 Nd:YAG laser was employed in this study. This laser utilises

trivalent Neodymium ions (Nd**) inside the yttrium aluminium garnet (YAG) rod; the Nd ions
absorb the source radiation (flashlamps or diode lasers) and radiate light. This particular laser
model is a water-cooled class IV 10-Hz pulsed laser, capable of producing up to 13 W (1.3 J per
pulse) at the fundamental wavelength of 1064 nm and up to 6.3 W (630 mJ per pulse) for the
frequency doubled output (532 nm). The laser was controlled externally using a

controller/timing unit (LaVision PTU) and LaVision Davis 7.2 software. The laser power was
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measured for maintenance and calibration purposes with a power meter (Newport Power Meter
1918-R). For the diagnostics of the present study, the fundamental frequency 1064 nm was used
for PLII and the frequency doubled 532 nm laser beams were used as a pumping laser beam for

OH-PLIF (both online and offline).

Dye Laser
Although the Nd:YAG laser can produce very high power, its output frequency is limited to

the factors of its fundamental frequency (e.g. 1064, 532, 354.6 nm). To produce the desired
output wavelength for OH-PLIF, a dye laser (Sirah CobraStretch) was used. This laser beam
was also equipped with a beta-barium-borate (BBO) crystal and fine frequency tuning software
(Sirah-provided) to further increase the flexibility of the output wavelength. For highly accurate
calibration, a wavelength meter (HighFinesse/Angstrom WS6) was also used at the start of each

diagnostics execution.

Laser diagnostics applications

Online and offline OH-PLIF

As described in section 2.5.3, the UV wavelength of 284 nm was selected for online OH-

PLIF. To output this wavelength, Rhodamine 6G fluorescence dye was used in the dye laser due
to its advantages in having a long life cycle and a good conversion efficiency of more than 25%.
When being pumped by frequency-doubled Nd:YAG laser of 532 nm, Rhodamine 6G produces
a wavelength in the range of 559-576 nm [91]. This laser beam was subsequently frequency-
doubled using a beta-barium-borate (BBO) crystal and fine tuned to obtain an output
wavelength at around 284 nm. For the offline OH-PLIF imaging mentioned previously, a
wavelength near 283.9 nm was produced using the same method. To deal with the broadening
issue, multiple laser wavelengths were scanned around these excitation wavelengths to find the
exact best-performing wavelengths for both online and offline OH-PLIF. Table 3.3 lists the

laser wavelength and pulse energy for the online and offline OH-PLIF of this study.
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Soot PLII
To apply soot PLII in this study, the fundamental frequency of the Nd:YAG laser (1064 nm)

was introduced into the combustion chamber. The power of the laser was set to be at the value
that correspond to the fluence limit of incandescence intensity to negate the effect of fluctuating

laser power. Table 3.3 also lists the selected laser wavelength and pulse energy for soot PLII

Table 3.3 Laser wavelengths and corresponding power level of the laser-based

diagnostic techniques

Diagnostic technique Wavelength Pulse energy
Soot-PLII 1064 nm 250 mJ//pulse
Online OH-PLIF (also fuel- 284.007 nm >35 mJ/pulse
PLIF)
Offline OH-PLIF 283.875 nm >35 mJ/pulse
3.1.5. Sheet-making optics
Plano-convex Plano-concave
- T, -
:l*1 ~T FFL: front focal length
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Figure 3.5 Plano-concave and plano-convex illustration. (reproduced from Ref [92])

The PLIF and PLII imaging requires planar laser beam in the form of a thin laser sheet. To
transform a collimated and homogeneous beam into a thin laser sheet, three main steps were

applied as follows:
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1) Size reduction of the beam to obtain desired width of the laser sheet
2) Stretching of the beam in one direction to obtain desied thickness of the laser sheet

3) Collimation of the beam to maintain the thickness

To perform the beam manipulation in only one direction (i.e. a laser sheet), a good mix of
cylindrical lenses was required (Fig. 3.5 reproduced from Ref. [92]). A few different possible

sheet-making optics setups were identified (as listed in Table 3.4).

Laser coverage of combustion chamber (piston top view)

2. ]:I' \
1/« Sheet making optics
Combination #3

450 mirror

Figure 3.6 Mock-up test and result for the laser sheet coverage of the combustion
chamber (top) and the schematics for the sheet making optics setup and optical path for
planar laser-based diagnostic (bottom) In this study, the lenses used are: 500 mm EFL
plano-convex, -12.7 mm EFL plano-concave, 150 mm EFL plano-convex and -25.4 mm
EFL plano-concave, in order of position with respect to beam path.
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Table 3.4 Lens combinations for the laser-sheet making optics

Setup

Lenses

Combination

Pros

Cons

Plano-convex cylinder
lens + plano-concave
cylinder lens + plano-
convex cylinder lens

At the point of
interest the sheet
will be very thin.
The expansion
ratio doesn’t need
to be large

The sheet will not
propagate
homogeneously

The focal length
required from the
focusing plano-
convex lens is quite
large

Plano-convex spherical
lens + plano-concave
spherical lens + plano-
concave cylinder lens +
plano-convex cylinder
lens

The sheet will
propagate
homogeneously

Might be thicker than
in combination #1
due to the restriction
in the reduction ratio
of the spherical pair.

Require a bigger
expansion ratio in the
cylindrical set due to
the smaller size of the

beam in both
directions.
Spherical lens
alignment

Plano-convex cylinder
lens + plano-concave
cylinder lens + plano-
concave cylinder lens +
plano-convex cylinder
lens

The end result is a
collimating  sheet
of light.

The expansion
ratio in the
horizontal direction
does not need to be
as large as with the
combination in
setup B

The thickness of
sheet won’t be as
small as setup A

Plano-concave cylinder
lens + convex spherical
lens

Does not require
many lenses.

Got a thin sheet at
point of interest

The focal length of
the spherical lens
needs to satisfy the
distance to the point
of interest and the
distance between it
and the cylindrical
lens.

Alignment of
spherical lens
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In the present study, setup C was selected for its advantages summarised in the table. Also,
the alignment was easier than the other setups. Specifically, the original laser beam was
converted into a 300 um thick and 35 mm wide sheet using the sheet making optics as it entered
into the combustion chamber via the liner window, as shown in Fig. 3.6. The first plano-convex
lens was used to reduce the vertical thickness of the laser beam, followed by a plano-concave
lens positioned in such a way as to expand the laser beam horizontally. This horizontal
expansion was then stopped by using a second plano-convex lens. That is, the convergence
effect cancels out the divergence effect of the plano-concave lens, keeping a constant width for
the downstream sheet. The last lens in the series was a plano-concave lens that help cancel out
the beam convergence in the vertical direction of the first lens, in order to fix the thickness of

the laser sheet entering into the combustion chamber.

One issue of the planar laser setup is that the current cylinder liner window will act as a
plano-concave lens, leading to horizontal divergence of the laser sheet. To evaluate this, a
mock-up test was conducted in a test bench prior to the engine experiments. Shown at the top of
Fig. 3.8, a frequency doubled Nd:YAG laser beam (532 nm), a spare cylinder-liner quartz, a
picture of the piston bowl, and two beam dump blocks mimicking the bowl-rim cut-out were
used to visualise the beam pass and area coverage for piston type A. The image demonstrates
that the diverging laser sheet boundaries denoted by red dashed lines covered the entire field of
view provided by the piston bowl quartz window, which is quite beneficial for qualitative

imaging.
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Chapter 4.

Data capturing and processing

4.1. In-cylinder pressure and apparent heat release rate

A piezoelectric pressure transducer (Kistler 6056A) was installed on the cylinder head in
place of the traditional glow-plug to measure the in-cylinder pressure. The data from the
transducer were converted to a voltage output using a charge amplifier (Kistler 5015) and
recorded in a computer using a data acquisition system (MCC USB-1616HS-BNC). The
injection and encoder signals were also recorded using the same system. Furthermore, the
pressure data was used to derive the apparent heat release rate (aHRR), Q,pp, based on a simple

one-dimensional energy equation [93]:

anpp Y dv 1 dp
— - 4.1
a0 (y—l)pd9+< )v “.0)

where 0 is the crank angle degree, v is the specific heat ratio, p is the measured in-cylinder
pressure at a given 0, and V is the volume of combustion chamber at a given angle 6. The
apparent heat release rate was plotted to evaluate the in-cylinder conditions and to help identify

the combustion stage at the imaging time.

4.2. Imaging apparatus
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Figure 3.2 in Chapter 3 showed a schematic of the imaging and engine setup. An intensified
charged-coupled device camera (ICCD) was positioned in-line with the 45° reflecting mirror
that was placed inside the hollow extended piston body. Both the camera and the mirror would
remain stationary for all experiments while the piston was moving. Only bottom-view image

was captured from the optical diagnostics of the present study.

4.2.1. Intensified charged-coupled device camera (ICCD)

A charged-coupled device camera converted the exposure to photon into electric charge
based on photoelectric effect. These electric charges can then be recorded and reconstructed to
display the image. An ICCD camera is a CCD camera that is coupled with an image intensifier
(made up of a photocathode, a micro channel plate and phosphor). It boasts the advantages over
a CCD camera of having extremely high sensitivity for its extended UV spectral range and
extremely short shutter interval of a few ns, all of which is vital for good diagnostic, especially
in engine applications. This study utilised a LaVision Nanostar ICCD camera, capable of having
a short shutter interval of 5 ns and a spectral range of 280 — 1000 nm. The camera was equipped
with a 105-mm/f4.5 UV-enhanced optical lens, achieving over 85% transmission at 250 - 650
nm range. The same camera was used for various imaging diagnostics of the present study
including OH-PLIF, fuel-PLIF and soot-PLII and similarly for chemiluminescence imaging of
OH* and cool flame products. For all these diagnostics, at each crank angle location, a total of
20 images were taken from 20 firing cycles. The ICCD camera was controlled by the LaVision
Davis 7.2 software and was synchronised with the engine as well as the Nd:YAG laser during

capturing events.

4.2.2. Optical filters

Hydroxyls optical and laser diagnostics

As mentioned in the previous chapters, OH-PLIF, OH* chemiluminesence and soot-PLII

diagnostics performed in this study require a specific set of filters to isolate the target signals
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from interferences. For instance, using an excitation wavelength of 284 nm for the A’L* - X?I1
(1,0) scheme, the OH-PLIF imaging needs to capture signals in the 308-320 nm range to isolate
OH signals while rejecting the scattering signals from the excitation laser. The combination of
optical filters for OH-PLIF therefore included a 300 nm band-pass filter (40 nm FWHM with
around 70% maximum transmission in the range) and a WG-305 glass filter. Figure 4.1 shows
the optical transmission curves for these filters. The result signal from OH* chemiluminescence
also stays within this range and hence, the same set of filters were used. On the other hand, due
to very weak signals, cool-flame chemiluminescence imaging was performed without optical

filters.

Soot PLII imaging

For PLII imaging, a longer wavelength of 1064 nm helped eliminate interferences from
PAH fluorescence; however, filters were still required to block fluorescence from C, and strong
natural soot luminosity [84, 85]. One beneficial consideration is that as the soot particles are
heated by the energy of a powerful laser beam, the incandescence will be very intense and its
emissions will be mainly among the shorter wavelengths below 500 nm and in the UV range.
Therefore, in this study, a 430 nm band-pass filter (10 nm FWHM) and a 450 nm short-pass

filter were used. Their transmission curve is shown in Fig 4.2.
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Figure 4.1 Transmittance data for the WG305 glass filter from Schott filter (top) and

300 nm band pass filter from Semrock filter (bottom)
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Figure 4.2 Transmittance data for the 430 nm band-pass filter from Andover

Corporation (top), and 450 nm short-pass filter from Edmund Optics (bottom)
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4.2.3. Capturing synchronisations

To successfully capture the correct information when applying optical diagnostics,
especially laser-based diagnostics, accurate synchronisation of all the participating system is
absolutely vital. Figure 4.3 shows the timing schematics for the capturing of a typical OH-PLIF
image, which is also applicable for other laser based diagnostics. The engine encoder signal is
the master signal, and is used to trigger fuel injection as well as to control the timing of camera
capturing and the repeating laser emission. The injection occurs every 10 running cycles with
engine speed fixed at 1200 rpm, matching the laser pulsing frequency of 10 Hz, which means
that the laser beam emission will occurr at the same timing for every engine cycle. The shutter-
open signal (start capturing) for the ICCD and the lasing signal were triggered from the fuel
injection signal and their delay timing was offset from the encoder signal (T); this offset time T
is specified by the crank angle locations where the image capturing was determined to occur.

For PLIF and PLII, it is desirable to have the laser emission fall in the middle of camera

1st I loth
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Encoder : e e
| | L ;.
' : 1 1 L w
i i 1 ! »g
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Figure 4.3 Timing diagram for the synchronisation of the engine, laser system and
camera for laser-based diagnostics. Laser timing can be disregarded for

chemiluminsecence imaging
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exposure period to maximise the signal strength. Hence, another delay dt is added to the offset
time T for the laser emission signal to accommodate for electronic jittering. The encoder was
also installed so that the rising edge of its signal is at bottom dead centre (BDC), making it easy
to define the timing of the lasing and capturing event. The synchronisation for
chemiluminescence imaging used the same method as the laser-based imaging (without the

lasing event).

4.2.4. Capturing parameters

Table 4.1 lists all the parameters of the image capturing system used for the optical
diagnostics of this study. The parameters were chosen after multiple trial and error attempts to
make sure they can provide the best signal-to-noise ratio as well as a proper saturation level for

each diagnostic technique.

Table 4.1 ICCD camera capturing parameters used for each optical diagnostic techniques

. . . ICCD camera ICCD camera Optical filters
Diagnostic technique !
gate (ps) gain
Cool-flam_e 100 100% None
chemiluminescence
L 300 nm bandpass and
0,
OH* chemiluminescence 70 25% WG305
OH-PLIF (online/offline 01 90% 300 nm bandpass and
and fuel-PLIF) WG305
430 nm bandpass and
- 0,
Soot-PLII 0.05 60% 450 nm short-pass

4.3. Image processing and presentation

All captured images from the imaging diagnostics were originally in gray-scale. These
images were post-processed using an inhouse-developed MATLAB code. The post-processing
procedures include the background noise subtraction, image rotation, pseudo-colouring and

annotations. Figure 4.4 shows a sample image that was captured from fuel-PLIF imaging. Its
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annotations and styling were used in all other images in the following chapters. The red circle
represents the field-of-view bounded by the piston-bowl quartz window. The crank angle
locations after top dead centre (°CA aTDC) and after start-of-injection (°CA aSOI) denoting the
imaging timing are shown on the top left and top right corner of the image, respectively. There
are scales in mm representing the distance from the nozzle (at the centre of combustion
chamber) on the left edge and bottom edge. The online OH-PLIF signals are pseudo-coloured
blue. Because more than one imaging diagnostics were applied for the same flame at a given
crank angle, different signals were processed to have different false colours, assisting the clarity

and interpretation of the images. Table 4.2 summarises the colour used for each signal.

Annotation for crank angle locations

7.7 ° aSOl

Field-of-view

-20 -10 0 10 20
Distance to nozzle (mm)

Figure 4.4 An example image from fuel-PLIF taken at TDC with Piston A at fixed

operating condition and 130 MPa injection pressure
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Table 4.2 Pseudo-colouring for the images from each optical diagnostics

Optical diagnostics Pseudo-colour

Cool-flame chemiluminescence Orange

OH* chemiluminsecence Light green/cyan
Online OH-PLIF Blue

Offline OH-PLIF Yellow
Soot-PLII Red

4.4. Cyclic variations

Reacting diesel jets inside the engine cylinder are highly turbulent with irregular mixture
and temperature distributions, leading to cyclic variations. To minimise the cyclic dispersion,
the optical diesel engine used in this study was operated at fixed wall (coolant) temperature,
intake air temperature, and engine speed. The skip-firing also helped reduce the cyclic
variations caused by residual gases from previous firing cycles. However, some cyclic

variations were still unavoidable.

4.4.1. Variations in in-cylinder pressure data

Figure 4.5 shows in-cylinder pressure traces (top) and corresponding aHRR (bottom) for the
fixed operating conditions of Table 3.2 at injection pressure condition of 130 MPa (see Table
3.1 and Table 3.2 for operating conditions). All the in-cylinder pressure traces recorded from 20
firing cycles (black lines) are plotted together with their ensemble-averaged trace (red). The
figure shows that the individual traces are very consistent before the combustion started at
around 5°CA aTDC, suggesting stable thermal and ambient gas conditions of the engine.
However, as the combustion-induced heat release occurs and thus the in-cylinder pressure
increasing drastically, some variations are found in the in-cylinder pressure traces. For example,

the start of combustion (identified by the drastic pressure rise) occurs at various crank angle
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Figure 4.5 In-cylinder pressure traces of 20 instantaneous cycles (black lines) and their
ensemble average (red line) at the 130-MPa injection pressure condition. Their

corresponding apparent heat release rates are also shown at the bottom.

locations ranging from 6 to 8°CA aTDC and the peak in-cylinder pressure fluctuates between
3.7 and 4 MPa. However, in this study, these in-cylinder pressure variations are smaller than the
differences caused by the variations in injection pressure, which will be later shown in the
following chapters. The aHRR of individual cycles (black lines) and their cycle-averaged value
(red line) are also shown at the bottom of Fig. 4.5, which also suggests a similar degree of cyclic
variations to the pressure trace. Although the peak value fluctuates, it is noted that the sharp rise
of aHRR at around 7°CA aTDC is very consistent among all the instantaneous cycles. Also, a

small peak in aHRR is observed consistently at about 5°CA aTDC for all the cycles.
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4.4.2. Cyclic variations in images

Variations in OH-PLIF images

First of all, OH-PLIF signals can contain an extra degree of cyclic variations due to
fluctuations in the excitation laser sheet as well as the interferences of non-OH signals.
However, the variation in the laser sheet is minor, and the interference signals or signal trapping
will in fact reduce the degree of cyclic variations in the early OH-PLIF images during the fuel
injection event because the signals from fuel-PLIF are more consistent. Despite this, the OH-

PLIF data can potentially still carry significant cyclic variations as the turbulent nature of jet

Figure 4.6 Individual “online” OH-PLIF images of all engine cycles captured at
10°CA aTDC at the 130-MPa injection pressure. The averaged image and selected

individual image are shown at the top right.
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development during diesel combustion will affect the flame structures directly, especially
during the main combustion event where fuel-PLIF is much weaker. Figure 4.6 shows “on-line”
OH-PLIF images from many different firing cycles as an example. The images were taken when
a peak heat release rate was observed for the 130-MPa injection pressure condition, the same
condition as in Fig. 4.5. This timing is in the middle of the main combustion event and therefore
is most likely to be dominated by high-temperature reactions. Variations can be observed both
in terms of intensity and spatial distributions; the bottom two rows have higher intensity and

wider signal areas than other images.

An important issue associated with this high cyclic dispersion is that the average image
shown at the top-right appeared to lose some key information from individual OH-PLIF images
such as turbulent flame structures and high contrasts evident at the flame boundaries even
though the general spatial distribution is well represented. The image is blurry and smeared out
due to the cycle averaging of each pixel. To address this issue, a best-representing individual
OH-PLIF image was selected for the interpretation purposes instead of the average image by
applying a correlation-coefficient based method, similar to Refs. [13, 27, 78]. Specifically, a
two-dimensional, normalised cross-correlation coefficient (r,4 «,) Was calculated for each set of

images of a particular timing using:

i Y(xi; — %) (i — ¥)
\/ZiZj(xi,j - f)z Yl - 3_’)2

rzd,xy =

(4.2)

where x is the ensemble-averaged image count, x is the image mean of the ensemble-
averaged image count, y is an image count of an instantaneous image, y is the image value of
the instantaneous image, and i and j denote the row and column pixel, respectively. The cross-
correlation coefficient represents the degree of similarity between two images; the higher the
coefficient, the more the resemblance. In the present study, a correlation between the average

image and the individual ones was evaluated — the individual image that scores the highest was
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Figure 4.7 The correlation factors (top) and the area coverage of PLIF signal (middle)
for all individual images captured at 13.5°CA aTDC and 70 MPa injection pressure. Both
online and offline images taken at 7 mm from the cylinder head are analysed. Shown at
the bottom are a selected individual image for the highest correlation factor and the

average of 20 images.

chosen. The selected image represents the overall diesel jet shape as the average image does

while keeping turbulent structures on the flame boundaries.

An example is shown in Fig. 4.7: The correlation factors calculated for the images were
plotted for both online and offline images. It is seen that the highest correlation factor for a
given data set was 0.66 and 0.58 for the online and offline OH-PLIF images, respectively. On

the bottom row, the selected individual image together with the average image of all 20 firing
Page | 42



cycles was presented. It is clear through visual evaluation and area coverage data that the
selected individual image resembles the overall shape of the ensemble-averaged image while
still maintaining the turbulent structure and spatial distributions of the diesel flame. This
selection method also worked well regardless of the conditions as also seen in the selected
image of Fig. 4.6. The same correlation factor-based selection method was applied not only for

OH-PLIF images but also for fuel-PLIF and PLII images.

Variations in line-of-sight inteqrated images

Figures 4.8(a) and 4.8(b) display OH* and cool-flame chemiluminescence images from 19
selected individual cycles captured at 5° and 10°CA aTDC, respectively and at fixed injection
pressure of 130 MPa. Also shown at the top right of each figure is the 20-image average and
selected image using cross correlation. Among the individual images, the variations in the signal
intensity and spatial distributions are noticeable in both cool-flame and OH*
chemiluminescence. For instance, some cool-flame images show higher signal intensity on the
up-swirl side (left-hand side) while others show the opposite trend (Fig. 4.8 (b)). Most of the
OH* chemiluminescence images show comparable signal intensities between the up-swirl and
down-swirl side of the jet but the images shown in the bottom row display the down-swirl signal
only (Fig. 4.8(a)). Despite these cyclic dispersions, a majority of these images show a sharp
resemblance to the overall structure of the average image, more so than OH-PLIF signals, likely
because they are line-of-sight integrated. This is consistent with many studies using the
averaged OH* images to understand overall diesel flame structures and to extract lift-off length
information [7, 51, 58, 26]. Moreover, this suggests that the interpretation of OH* signal will
not be influenced by the fact whether one uses an ensemble-averaged image or an individual
instantaneous image. Therefore, for consistency, the same image selection method for OH-PLIF
was applied for the presentation of cool-flame and OH* chemiluminescence images in the

following chapters.
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Figure 4.8. a) Individual OH* chemiluminescence images of 19 selected cycles captured at
10°CA aTDC at the 130-MPa injection pressure condition. Shown at the top right are the
ensemble averaged image and the selected image. b)Individual cool-flame chemiluminescence
images of 19 selected engine cycles captured at 5°CA aTDC at the 130-MPa injection pressure
condition. The ensemble averaged image and the selected image are shown at the top right.
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Chapter 5.

Development of a wall-interacting diesel jet

5.1. Experimental approach

To observe the evolution of a fuel jet under the strong influences of jet-wall interaction and
swirl flow in a small-bore diesel engine, optical and laser-based imaging diagnostics were
performed. The engine was operated at fixed operating conditions listed in Table 3.1 with
selected injection conditions of 70 MPa injection pressure and long injection duration of 2.36
ms (Table 3.2). Piston type A and conventional ultra-low sulphur diesel fuel were used for this
investigation. Both online (284.007 nm) and offline (283.875 nm) OH-PLIF images were
obtained to detect and differentiate OH signals from interferences. Line-of-sight integrated
imaging of cool flame and OH* chemiluminescence was also employed to provide
complementary information to the planar OH-PLIF images. In addition, prior to the start of
combustion when no OH signals were expected, captured PLIF images were used to discuss the
liquid/vapour fuel penetration, given that the fuel fluorescence should be predominant signal.
Pseudo-colouring schemes as listed in Table 4.2 and other image post-processing procedures

were applied on all images for presentation and interpretation purposes.
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5.1.1. Laser planes for planar laser diagnostics and nozzle selection

The OH-PLIF images were taken at various distances from the cylinder head. It has been
determined that at -7.3°CA aTDC (or 7.3°CA bTDC), the fuel jet will impinge on the bowl wall
at around 6.7 mm below the cylinder head. Therefore, three different laser planes at 5, 7 and 10
mm below the cylinder head were selected to cover the top, middle and bottom part of the fuel
jet. Figure 5.1 (bottom left) depicts the location of these imaging planes with respect to the
piston-bowl geometry of piston type A and the trajectory of the nominal jet. Also shown at the

top of the figure is an illustration of the target jet relative to the laser coverage. To eliminate
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Figure 5.1 The laser beam path and area coverage (top), the field of view of PLIF
imaging in r-0 plane (bottom-left), and illustration of the laser sheets for various distances
from the cylinder head as well as the nominal spray axis and piston-bowl geometry in r-z

plane (bottom-right).
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possible impacts that the bowl-rim cut-out could have on the jet, the jet of interest was selected
so that the fuel penetrated toward 2 o’clock position, away from the cut-out. The coverage of the
laser sheet also suggest that visualisation of the target jet within the entire field-of-view is
possible. While the piston quartz window doesn’t allow for imaging of the region immediately
on the piston-bowl wall, the effect of jet-wall interaction will still be prominent across the
whole jet and can be observed with the jet development. The rectangle bounded by red dashed
lines illustrates the region of interest that will be used in the following results and discussion
section. An example image of fuel-PLIF at TDC taken at 7 mm is displayed on the bottom right

of this figure. The captured image was rotated so that the jet axis would be at 12 o’clock.

5.1.2.  Online vs. offline OH-PLIF presentation

For comparison purposes, the boundaries of the offline OH-PLIF signals were overlaid onto
the corresponding online OH-PLIF image. An example of this arrangment is shown in the right
image of Fig. 5.2. The images were taken at 13.5°CA aTDC where high-temperature reaction
was predominant and thus OH radicals were expected. The offline OH-PLIF image on the left
displays some signals near the piston-bowl wall at 3 and 8 o’clock directions, which is markedly

Offline image Online image

13.5 °aTDC 21.2°as0I] 13.5°aTDC

-

Offline signal

Figure 5.2 Post-processing of an offline OH-PLIF image for boundary detection (left)
and the offline boundaries overlaid on the online OH-PLIF image (right) taken at the
same 13.5°CA aTDC.
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different from the online OH-PLIF signal in the image shown on the right. When the boundary
has been plotted on top, it is evident that PLIF zones in the online signal are much larger than
those of the offline image, suggesting that indeed the OH is predominant at the selected imaged

crank angle location.
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Figure 5.3 Average in-cylinder pressure trace for motoring (black dot line) and firing
(brown solid line) cycles shown at the top and the apparent heat release rate (aHRR) trace
at the bottom. Also shown is the measured fuel injection rate (blue solid line). To illustrate,
symbols are provided on the pressure and aHRR traces for each image time for three
combustion stages of this study, including liquid/vapour penetration (A: circles), low-
temperature reaction (B: squares), high-temperature reaction | (C: triangles and

diamonds).
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5.2. In-cylinder pressure and apparent heat release rate

Fig. 5.3 shows the in-cylinder pressure traces for motoring and firing modes (top) and the
apparent heat release rate together with the measured injection rate (bottom) for the condition of
this investigation. Various symbols are drawn on the in-cylinder pressure and aHRR traces to
illustrate the corresponding times to the images presented in the following sections, including
circles for combustion stage A: liquid/vapour penetration, squares for combustion stage B: low-
temperature reaction, and triangles and diamonds for combustion stage C: high-temperature

reaction.

The in-cylinder pressure traces show that the fired pressure is lower than the motored
pressure upon the start of fuel injection occurred at -7°CA aTDC (or 7°CA bTDC). This is due
to the evaporative cooling of liquid diesel [4, 3, 93], which is also justified by the negative heat
release rate. At this early stage (combustion stage A), the reaction does not occur but there are
liquid and vapour-phase fuel penetrations, which can be visualised through fuel-PLIF imaging.
As the entrainment of hot air into the fuel jet continued, the fuel-air mixture self-ignited [71],
leading to a positive value in the apparent heat release rate. The heat release rate at this stage
(combustion stage B) is very low with only a gradual rise, similar to a first-stage ignition
process found in many low-temperature combustion (LTC) engine studies [12, 14, 38, 58]. As
mentioned previously, the first-stage ignition induces weak signals from CH, CO and HCHO
radicals. Therefore, cool flame chemiluminescence imaging has been performed for this
combustion stage. The low heat release rate continues until 10°CA aTDC at which a steep rise
of the heat release rate starts to occur due to the high temperature reactions of the second-stage
ignition (combustion stage C). The fired pressure also exceeds the motored pressure at this
crank angle. The high-temperature reactions at near stoichiometric mixtures normally result in
very strong heat release as well as a high concentration of OH radicals, enabling OH-PLIF and
OH* chemiluminescence imaging. In Fig. 5.3, it is noticeable that the fuel injection event

occurs throughout the combustion stage B up to the early phases of combustion stage C,
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creating a negative ignition dwell as typically found at high-load injection conditions. The peak
heat release rate is observed at 13.5°CA aTDC, 2.5°CA after the end of injection, and then the

apparent heat release rate starts to decrease, signalling the burning out of combustion products.

5.3. Combustion stage A: liquid/vapour penetration

Fig. 5.4 (left) shows the fuel-PLIF images taken at 7 mm below the cylinder head between -

6°CA aTDC and TDC, corresponding to 1.7 and 7.7°CA after the start of injection (aSOl),
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Figure 5.4 PLIF images of fuel fluorescence during combustion stage A: liguid/vapour

penetration. Only online images are shown for the plane at 7 mm below the cylinder head
due to non-reacting conditions (left). Shown on the top-right corner illustrates the
estimation of the wall-jet tip penetration length. The results are shown in the bottom-right

for both up-swirl and down-swirl sides of the diesel jet.
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respectively. At this stage, there is no reaction as evidenced by the in-cylinder pressure and heat
release rate (Fig. 5.3); therefore, only laser-induced fluorescence signals from diesel fuel should
be expected. This non-reacting period provides a good opportunity to study a vaporising diesel
jet before complex reactions take place.

In Fig. 5.4 (left), it is seen that a free diesel jet develops until -4°CA aTDC (or 4°CA
bTDC) upon which jet-wall interactions starts to occur. In the imaging plane, the free jet is split
into two: one half to the right and the other to the left; the penetrations occurs along the piston-
bowl wall. Interestingly, the jet head on the right side shows a longer penetration length than
that on the left side. This was due to the in-cylinder swirl flow that exists in the clock-wise
direction in the field-of-view, meaning the left side of the jet penetrates against the swirl
direction (i.e. up-swirl) whereas the right side of the jet travels in the same direction of the swirl

flow (i.e. down-swirl).

To further investigate the wall-interacting jet penetration, the tip penetration lengths were
derived from the fuel-PLIF images. A schematics explaining how the tip penetration was
estimated is presented on the top-right corner of Fig. 5.4. As shown in the figure, the boundary
of the fuel-PLIF region was first detected using an in-house developed MATLAB algorithm,
and then used to select the end-points of each wall-jet. These points were then used to calculate
the tip penetration length by adding the axial penetration length along the jet axis to the arc
length between the jet axis and the wall-jet tip. The results are plotted in Fig. 5.4 (bottom-right).

Since 20 fuel-PLIF images were used at each crank angle location, the mean value is presented

together with the uncertainty error range of 1.960/v/n [94]. The plot shows that the jet
development during the free (no wall interaction) jet displays a linear increase in the tip
penetration length, similar to Ref. [95-97]. As the jet impinges on the wall, however, the tip
penetration lengths of the up-swirl and down-swirl jets shows a separation from shorter
penetration for the up-swirl jet in comparison to the down-swirl jet. In fact, the down-swirl jet
penetrates at similar rate to the free jet period but the up-swirl jet penetration appears to slow
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down. This clearly demonstrates a strong influence of the swirl flow on the fuel penetration,
particularly when the jet travels against the swirl flow direction. The swirl flow will also
influence the fuel-air mixing such that the mixtures on the up-swirl side can be relatively leaner
than that of the down-swirl jet, potentially leading to less intense reactions and lower heat
release. In contrast to the significant impact on the development of the wall-jet, the swirl flow
does not appear to affect the free-jet region near the nozzle. In the tested small-bore engine, the
free-jet period is very short, meaning that the fuel jet develops mostly as a wall jet. The
injection momentum is also very high, making it impossible for the swirl flow to impact the

free-jet penetration.

5.4. Combustion stage B: low-temperature reaction

The apparent heat release rate shown in Fig. 5.3 suggests that reactions started from TDC.
Since the low heat release rate in Fig. 5.3 resembles the first-stage, low-temperature ignition as
in Refs. [12, 14, 78], cool flame chemiluminescence is expected in this stage. Therefore, direct
imaging has been performed with no optical filters placed in front of the UV-enhanced lens,
using cool-flame settings as per Table 4.1. Fig. 5.5 (left-most column) shows the cool flame
chemiluminescence images taken between 5 and 8°CA aTDC, corresponding to 12.7 and
15.7°CA aSOl, respectively.

It is noted that the injection still continues at this combustion stage, as the end of injection
occurred at 11.5°CA aTDC (see Fig. 5.3). During the experiments, there are no detectable cool
flame signals at 5°CA aTDC, despite a positive heat release rate. This should be due to very
weak signals that can not be captured for the given sensitivity of this optical setup. Fig. 5.5
shows that the first signal is observed at 5°CA aTDC when about 10 J/°CA of heat release rate is
measured. Interestingly, this first signal is found in the wall-jet area, not in the free jet region. It
is likely that the mixtures in the free jet region are too rich to be auto-ignited since the fuel is
still being injected. In fact, this wall-jet ignition is very different from the free-jet ignition in a

lifted jet flame that is often found in heavy-duty diesel engines [6, 12, 15]. Another interesting
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observation is that the effect of swirl on low-temperature reaction is minimal with both up-swirl
and down-swirl jets showing cool flame chemiluminescence in the wall-jet head region. This is
in contrast with the shorter penetration length of the up-swirl jet (Fig. 5.4) due to the swirl flow,
suggesting that variations in the degree of mixing due to swirl flow are not a predominant factor
for the low-temperature reaction occurring in the pre-mixed charge. Previous studies [14, 40,
78] reported similar results that the distribution of HCHO, a good marker of low-temperature
reaction, is not significantly affected by the mixture quality and swirl flow. The insensitivity to
swirl-flow induced mixture fraction variations is also seen when low-temperature reaction (or
cool flame) signals appears at the same timing on both down-swirl and up-swirl side of the jet.
Noticeably, both sides of the wall-interacting jet shows the same cool flame intensity
throughout the low-temperature reaction period. At 8°CA aTDC (the bottom row), however, the
down-swirl side of the jet indicates stronger signals. This potentially suggests that the transition
from first-stage, low-temperature ignition to second-stage, high-temperature ignition occurs on
the down-swirl side of the jet first. Stronger down-swirl signals persists throughout the high-
temperature reaction period as will be shown in the following section.

Fig. 5.5 (right) also shows offline and online OH-PLIF images taken at the same
imaging time of the cool flame chemiluminescence images on the left. In each image, offline
OH-PLIF boundaries were overlaid on a corresponding online OH-PLIF image. As in Fig. 5.4,
these planar images were taken at 7 mm below the cylinder head. Since OH is a good marker of
high-temperature reaction, PLIF signals from OH radicals are unlikely at this low-temperature
reaction stage. Fig. 5.5 confirms it. The offline OH-PLIF boundaries overlaid on the online OH-
PLIF images proves that the two signals are very similar. It is noticeable that the free jet region
where no cool flame chemiluminescence signal is visualised shows PLIF signals in both offline
and online OH-PLIF images. This suggests that the PLIF signals here includes strong fuel-PLIF,
meaning online OH-PLIF images shown at the rightmost column also display fuel fluorescence

signals. Together with the cool flame chemiluminescence images, the PLIF images exhibits the
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continued fuel penetration along the bowl wall and the start of the low-temperature reaction in

the wall-jet head region.

Cool flame OH PLIF
chemiluminescence Offline Online
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Figure 5.5 Cool flame chemiluminescence images (left), offline OH-PLIF images
(middle) and online OH-PLIF images (right) during combustion stage B: low-temperature

reaction. The PLIF images were taken at 7 mm below the cylinder head. The boundaries

of offline images are overlaid on the online images for comparison purposes.
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An interesting observation from Fig. 5.5 is an expansion of the PLIF signals at the wall-jet
head (annotated by red arrows) in both the up-swirl and down-swirl jets. This is likely due to a
turbulent ring-vortex forming at the jet head upon the impingement of the fuel jet on the bowl
wall [18, 19]; potentially leading to locally enhanced mixing [18]. These head vortices have
formed during the initial jet-wall interactions at the jet head region. As the injection continues,
the vortices grow more in size rather than moving faster downstream. Therefore, the expansion
observed in Fig. 5.5 does not move very far downstream but rather stays within the vicinity of
its original location. When the injection ends, the absence of momentum stops the development
of the vortices. This suggests the mixing has been improved right from the first appearance of
the vortices and sustains throughout the injection period. It is noted that this expansion occurs at
the same location as the cool flame chemiluminescence, suggesting the enhanced pre-
combustion mixing at the initial jet head vortex to initiate the first auto-ignition in this region.
Between the up-swirl and down-swirl wall jets, the stronger PLIF signals on the down-swirl side
than on the up-swirl side is obvious, which can be explained by the relatively richer mixture as

the fuel was transported by the swirl flow.

5.5. Combustion stage C: high-temperature reaction

Previous studies suggested that the transition from the first-stage, low-temperature ignition
to the second stage, high-temperature ignition occurs as HCHO signals diminish and OH signals
increase [14, 40, 41]. Fig. 5.6 shows OH* chemiluminescence (left), offline OH-PLIF (middle)
and online OH-PLIF (right) images between 9.5 and 13.5°CA aTDC, corresponding to 17.2 and
21.2°CA aSOl, respectively. The end of injection occurs at 11.5°CA aTDC (or 19.2°CA aSOl).
It should be noted that various optical filters and different capturing settings were used (see
Chapter 4) for the OH* imaging which reduced the signal significantly. This means OH* signals
shown in Fig. 5.6 are much stronger than unfiltered cool-flame chemiluminescence images in
Fig. 5.5. As in Fig. 5.5, the offline OH-PLIF boundaries were overlaid on the online-PLIF

images. In this combustion stage, a steep increase in the apparent heat release rate takes place
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(see Fig. 5.3), suggesting the second-stage, high-temperature ignition. The OH*
chemiluminescence in Fig. 5.6 is consistent with the apparent heat release rate trend such that
the strong signals can be seen developing along the bowl wall. Interestingly, the OH*
chemiluminescence appears to develop from the wall-jet head region where the cool flame
chemiluminescence is also observed at earlier crank angle locations. The OH*
chemiluminescence signals continues to grow and eventually at the end of injection (EOI), the
signals observed move toward the wall impingement point, filling the space between the up-
swirl and down-swirl jet heads. It is explained that, during the low-temperature reaction (Fig.
5.5), the mixtures near the wall impingement point and along the free jet region are too rich for
the auto-ignition to occur. Upon the end of injection, however, some mixtures in these regions
have got closer to the stoichiometry [98, 99] so that the high temperature reaction can be
initiated. It is noticeable that the reaction zone does not expand towards the free jet region,
likely due to overly lean mixtures formed after the end of injection [98, 99].

In the OH* images, earlier and more intense high-temperature reaction in the down-
swirl jet than the up-swirl jet is obvious. For example, the OH* chemiluminescence of the
down-swirl jet is seen at 9.5°CA aTDC at which the up-swirl jet shows no signals. Since the
strain rate in the opposing fuel and air flows is higher than the parallel flows, the higher scalar
dissipation rate is expected on the up-swirl side of the jet [100]. Therefore, the second-stage
ignition of the up-swirl jet can occur later than the down-swirl jet [101]. It is consistent with the
fact that the first appearance of the OH* chemiluminescence in the up-swirl jet occurs at
10.5°CA aTDC when the injection momentum and thus jet velocity starts to decrease. This can
be explained that the reduced jet velocity (relative to the swirl velocity) decreases the
dissipation rate, thereby inducing the second-stage ignition of the mixture. Moreover, the OH*
in the down-swirl jet becomes stronger and larger than the up-swirl jet as the high-temperature
reaction continues. The lower strain of the down-swirl jet than that of the up-swirl jet can also

increase the OH* signal intensity while the relatively richer down-swirl jet mixtures owing to

Page | 56



the fuel being transported by the swirl flow can also lead to more intense high-temperature

reaction.
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Figure 5.6 OH* chemiluminescence images (left), offline OH-PLIF images (middle)
and online OH-PLIF images (right) during combustion stage C: high-temperature

reaction between 9.5 and 13.5°CA aTDC when the apparent heat release rate increases.
The PLIF images were taken at 7 mm below the cylinder head. The boundaries of offline
images are overlaid on the online images for comparison purposes. The red arrows shown
on the online images at 12.5 and 13.5°CA are to annotate the expansion of OH signals
behind the jet head. Eol denotes the end of injection.
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The OH-PLIF images shown next to the OH* chemiluminescence images also suggest the
same findings of the first high-temperature reaction originating from the wall-jet head region
and more intense reaction are found in the down-swirl jet. The image plane of 7 mm below the
cylinder head is presented as in Figs. 5.4 and 5.5. The offline OH-PLIF images, primarily fuel
fluorescence signals up to the end of injection, exhibit a temporal evolution of the fuel jet along
the bowl! wall. While the signal intensity on these images is similar to the PLIF signals during
the cool flame period due to strong fuel-PLIF early on, it is seen that the offline signals become
weaker with increasing crank angle degrees, particularly after the end of injection. For example,
at 13.5°CA aTDC where the peak apparent heat release rate is observed, very weak offline OH-
PLIF signals are shown in the up-swirl jet. Also the offline OH-PLIF signals appears first to be
connected, forming a wall-jet structure (e.g. the first two images from the top). However, in the
images at later crank angle locations, the signals are disconnected, forming many isolated
fragments. This might suggest the transition of the offline signals from the fuel fluorescence to
the reaction products such as soot precursors and soot pockets [13, 40, 71].

Similar to that of Fig. 5.5, the offline OH-PLIF boundaries were overlaid on the online OH-
PLIF images as shown in the rightmost column of Fig. 5.6. The online OH images at 9.5°CA
aTDC displays OH signals, larger than the offline boundaries on both the up- and down-swirl
sides of the jet. Interestingly, the OH signals in the up-swirl jet are evident at this crank angle
even though the OH* chemiluminescence image shows no signal. The cause for this mismatch
is not entirely clear but it can be explained that in this early stage of high-temperature reaction,
some OH radicals are formed during the cool flame reaction [14]. That is, the OH concentration
from the first-stage ignition is sufficient to induce the laser-induced fluorescence signals,
although the high-temperature reaction is not intense enough to emit OH* chemiluminescence
signals. At 10.5°CA aTDC, the OH-PLIF images shows similar trends of the OH*
chemiluminescence images with both OH-PLIF and OH* signals seen in the up-swirl jet. Also,

the expansion of the down-swirl jet reaction zones in the OH* images is also visible in the OH-
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PLIF images (annotated by red arrows). As mentioned previously, this wall-jet head region was
positioned where a turbulent ring-vortex would likely form [18-20] and thus the enhanced
mixing would lead to earlier and more intense second-stage ignition. From 11.5°CA aTDC,
online OH-PLIF signals clearly outperforms the offline signals and are also seen near the wall
impingement point, consistent with the OH* signals. Again, the OH-PLIF signals are not found
in the free jet region, even after the end of injection. Later at 13.5°CA aTDC, the offline
boundaries are surrounded by strong OH signals, possibly suggesting the soot oxidation due to

the OH attack [14, 61].

While the online OH-PLIF signals in Fig. 5.6, together with the offline boundaries provides
valuable information about the spatial and temporal development of the down-swirl jet,
guestions are raised about the up-swirl jet. Upon the end of injection, up-swirl signals are
virtually non-existent with only small pocket of OH-PLIF seen at 20 mm from the nozzle in the
radial direction. Since strong OH* signals are detected with the chemiluminescence images in
the leftmost column, a long time after the cool flame reaction, this weak OH-PLIF signals are

not expected. It could be because the OH-PLIF signals in other horizontal planes were not

9.5°CA aTDC 10.5°CA aTDC 11.5°CA aTDC (Eol) 12.59%CAaTDC 13.5°CAaTDC

Figure 5.7 Online OH-PLIF images during combustion stage C: high-temperature
reaction between 9.5 and 13.5°CA aTDC when the apparent heat release rate increases.
The planar images are presented at various distances from the cylinder head. Shown at
the bottom are line-of-sight integrated OH* chemiluminescence images (from Fig. 10). The

red arrows point out the expansion of OH signals in the jet head region.
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evaluated. Fig. 5.7shows OH-PLIF images taken at three different image planes (5, 7, and 10
mm below the cylinder head). The OH* chemiluminescence images corresponding to the
imaging crank angle locations of the OH-PLIF images are also presented at the bottom row. It is
clearly seen when the OH-PLIF signals are integrated for the three planes, they do present on
the up-swirl side of the jet. For example, at 11.5°CA aTDC, the top two planes show very weak
OH-PLIF signals but the 10 mm plane displays a strong signal, which if integrated, are well
reflected in the below OH* image. In addition, the expansion of the high-temperature reaction in
the wall-jet head region (annotated by red arrows) is evident in all image planes, consistent with

Fig. 5.6.

The apparent heat release rate in Fig. 5.3 suggests the decreased high-temperature reaction
between 14 and 19°CA aTDC. At this stage, the high-temperature reaction signals are captured
but there is no more fuel supply and thus the reaction slowly diminishes. How the diesel flame
evolves at this stage is shown in Fig. 5.8. The online OH-PLIF images are presented for two
different image planes of 7 and 10 mm below the cylinder head, similar to those of Fig. 5.7. The
5 mm plane was also attempted; however, the signal was very weak likely because the flames
were transported by the downward movement of the piston. Fig. 5.8 shows that the OH signals
appeared to be distributed widely compared to earlier crank angle locations. The OH signals
continued to flow along the bowl wall and eventually become very weak by 19°CA aTDC.

Later crank angle locations were also attempted but the signal was very minimal.

14%CA aTD( 16°CA aTDC 17°CA aTDC 18°CA aTDC 19°CA aTDC

Figure 5.8 Online OH-PLIF images during combustion stage C: high-temperature

reaction between 14 and 19 °CA aTDC when the appratne heat release rate decreases. The

planar images are shown at 7 and 10 mm below the cylinder head.
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5.6. Summary

In this chapter, various optical/laser-based imaging diagnostics of OH-PLIF and fuel-PLIF
as well as cool-flame and OH* chemiluminescence signals were performed in a small-bore
optical diesel engine. The development of a reacting diesel jet under the strong influence of jet-
wall interactions and swirl flow was clarified. The major findings from this chapter are

summarised as follows:

o The low-temperature reaction of a wall-interacting diesel jet occurs in the jet head
region where a turbulent ring-vortex is formed upon the jet impingement on the
wall. The high-temperature reaction starts from the same wall-jet head region.

o During the premixed burn phase, the expansion of high-temperature reaction zone
occurs in the same wall-jet head region of low-temperature reactions where the
turbulent ring-vortex is expected.

o The swirl flow causes asymmetric jet structures such that the fuel penetration
distance is longer on the down-swirl side than that on the up-swirl side. Moreover,
the flame structures asymmetry is also found as the high-temperature reaction
occurs earlier and is stronger on the down-swirl side of the jet due to the swirl-

induced richer mixture.
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Chapter 6.
The effect of injection pressure on the wall interacting

jet

From the Chapter 5, it has been clear that further investigation of the turbulent ring-vortex
created in the wall-jet head region is essential, especially at conditions where increased injection
momentum might enhance the ring vortex. The engine operating conditions are as listed in
Table 3.2 with fixed total fuel mass for various injection pressures. Therefore, this chapter
presents images from similar optical/laser-based diagnostics as in Chapter 5 but with an
emphasis on the influence of increased injection pressure on the wall-interacting jet

development.

6.1. Experimental approach

From preliminary tests of high injection pressure conditions, laser beam attenuation was
identified on the up-swirl side of the jet (i.e. the jet travelling against the swirl flow). This issue
is illustrated in Fig. 6.1. Higher injection pressure is expected to result in longer penetration
length with reaction occurring further downstream [102,103]. Therefore, the sooting flame
penetrated along the wall and eventually the up-swirl jet was in the way of the incoming laser
sheet, leading to the laser beam attenuation. This issue was unavoidable as a conventional diesel

fuel with many added aromatic hydrocarbons was used, which are also known precursors for
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soot formation. Both soot particles and aromatic hydrocarbons are well-known sources of strong
interference and attenuation for the OH-PLIF signal. Therefore, the discussions about OH-PLIF

images will be emphasised on the down-swirl side of the jet.

6.2. Variations in in-cylinder pressure and apparent heat

release rate

Shown at the top of Fig. 6.2 are the in-cylinder pressure traces for motoring and firing
cycles. The motoring cycle is plotted using a black dashed line while green, blue, and red solid
lines are used for firing cycles at 70, 100, and 130 MPa injection pressure conditions,
respectively. The corresponding aHRR and measured injection rate are shown at the bottom of
Fig. 6.2. It is clearly seen that all the fired pressures are lower than the motored pressure upon
the start of fuel injection at 7°CA bTDC which is due to the same evaporative cooling effect of

liquid-phase diesel fuel previously observed at 70 MPa condition. During this period, no signals

Beam attenuation

Laser sheet

Figure 6.1 Laser attenuation issue at higher injection pressure
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are expected from cool-flame or OH* chemiluminescence.

The start of second-stage ignition appears to occur during the decreasing phase of the
injection rate for all injection pressures, right before the end of injection. As the injection
duration is shorter for higher injection pressure, the start of combustion occurs at an earlier
crank angle. The earlier start of high-temperature reaction for higher injection pressure is indeed

expected because the increased jet momentum will cause higher air entrainment and thus better

4 ' ' . . . .

o
2]

In-cylinder Pressure (MPa)
w

Injection rate
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-
o o
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Crank Angle Degrees (OCA aTDC)

Apparent Heat Release Rate (JIOCA)

Figure 6.2 Average in-cylinder pressure traces (top) and apparent heat release rates
(bottom) for various injection pressures. Also shown at the bottom is the injection rate

profiles measured using a Bosch-tube-type injection rate meter.
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mixing for a fixed injection mass, which is consistent with the previous studies reporting the

decreased ignition delay with increasing injection pressure [47, 96, 103, 104].

Not only the timing but also the magnitude of in-cylinder pressure is affected by the
injection pressure. Figure 6.2, for example, shows that higher injection pressure results in higher
in-cylinder pressure at any fixed crank angle location. In fact, this is due to the enhanced mixing
leading to the faster burning. For higher injection pressure conditions, the aHRR increases more
rapidly and declines at a higher rate, suggesting shorter burn duration. The decreased burn
duration results in a higher rate of heat release and increased flame temperature, leading to the
increased in-cylinder pressure [105]. The faster burning also affects heat loss characteristics.
With increasing injection pressure, the shorter burn duration will lead to increased reacting gas
temperature, which then will increase the heat loss; however, the faster burning would also limit
the time for heat loss between reacting gases and the cylinder walls [106]. The latter should be

the case for the higher in-cylinder pressure seen in Fig. 6.2.

6.3. Fuel jet penetration at higher injection pressures

Figure 6.3 (top) shows fuel-PLIF images taken at 7 mm below the cylinder head between -
6°CA aTDC (or 6°CA bTDC) and TDC for the 130-MPa injection pressure. At these crank
angles, the in-cylinder pressure and aHRR suggest that an evaporative cooling process occurs
well before the commencement of low- and high-temperature reactions (Fig.6.2). Therefore, it is
expected that the laser-induced fluorescence signals come solely from fuel (i.e. fuel-PLIF). This
non-reacting period is useful to study the penetrations of a vaporising diesel jet for various
injection pressures. Fuel-PLIF images in Fig. 6.3 (top) show that the diesel jet also impinges on
the bowl wall shortly after the start of injection. As a result, a wall-interacting diesel jet is
formed with some portion of the jet travelling against the swirl flow (clock-wise rotation in the

field of view) and the rest penetrating in the same direction.
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Figure 6.3 Example fuel-PLIF images at 7mm below the cylinder head for the 130-
MPa injection pressure condition and the illustration of the penetration length
measurement (top). Shown at the bottom are the jet tip penetration lengths on the up-swirl
side (left) and down-swirl side (right) of the jet for various injection pressures.

The tip penetration length of vaporising diesel jets for higher injection pressures of this
study (100 and 130 MPa) was also calculated using the fuel-PLIF images with the same method
described in Chapter 5. Mean values and the uncertainties of 1.960+v/n are plotted in Fig. 6.3
(bottom) for all injection pressures tested in the present study and for both up-swirl and down-
swirl side of the jet. As expected, the figure shows that the jet tip penetration length increases
with increasing injection pressure in both up-swirl and down-swirl jet due to the increased
injection momentum. Therefore, fuel-air mixing should be enhanced for higher injection
pressure conditions considering the injected fuel mass is fixed. It is also noticeable that the jet

tip penetration length on the down-swirl side is longer than that on the up-swirl side regardless
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of the injection pressure, indicating that the swirl-induced jet asymmetry exists even at higher

injection momentum.

6.4. Low-temperature reaction for various injection pressures

The cool-flame chemiluminescence imaging was performed for various injection pressure
conditions. Figure 6.4 shows these captured cool-flame chemiluminescence images. It should be

noted that the cool-flame chemiluminescence was extremely weak when the signal was first

70 MPa 100 MPa 130 MPa
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Figure 6.4 Natural “cool-flame” chemiluminescence images during the low-
temperature reaction period for various injection pressures. A jet axis is drawn in each
figure to denote the continuing fuel injection.
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detected at around 3~4°CA aTDC for all injection pressures tested in the present study. Imaging
at earlier crank angle locations was again attempted considering a positive value of the aHRRs

(see Fig. 6.2); however, still no signal was found for given optical settings.

In Fig. 6.4, vertical dashed-dot lines are also drawn on each image to denote the fuel jet
axis. It is noticeable that the cool-flame signals are originated from the wall-jet head region
regardless of the injection pressure. The results in Chapter 5 suggested that a likely cause for the
observed trend was locally enhanced mixing in the wall-jet head region due to a turbulent ring-
vortex formed during jet-wall interactions. The same explanation is also applicable for higher
injection pressure conditions. A general trend in Fig. 6.4 is that the intensity of cool-flame
chemiluminescence increases with increasing injection pressure. It is conceivable that the higher
intensity of cool-flame is caused by the enhanced head vortex due to the increased injection
momentum [18]. Furthermore, as the cool-flame reaction starts at approximately the same time
across all injection pressures, the higher amount of fuel presents at higher injection pressure
conditions before this start of reaction causes enhanced decomposition of KHP molecules,
thereby increasing the cool-flame chemiluminescence. Also, the signals are found in larger
areas for higher injection pressure conditions, which is consistent with the increased vapour
penetration length (Fig. 6.3). It should be noted, however, that the variations in the cool-flame
chemiluminescence signals do not make a significant impact on the in-cylinder conditions. As
observed in Fig. 6.2, negligible variations are found in the aHRRs between all injection pressure
conditions of the present study. A cause for this discrepancy is not entirely clear but it can be
explained that the minor heat energy released by cool flames will not stand out in a bulk-gas

phenomenon.

An interesting trend in Fig. 6.4 is that the signal difference between the up-swirl and down-
swirl jet becomes higher as the injection pressure increases. As observed in Chapter 5, the cool-
flame signals from the 70-MPa injection condition suggested that the first-stage ignition was not

sensitive to the mixture variations caused by the swirl flow. However, as the injection pressure
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increases to 100 and 130 MPa, it is noticeable that both the intensity and spatial distribution of
cool-flame chemiluminescence are much higher in the down-swirl jet. This can actually be
explained by relatively richer mixtures as well as lower scalar dissipation rates on the down-
swirl side as the fuel jet penetrates in the same direction of the swirl flow. This difference must
also exist at the 70 MPa injection case, however, it was not eminent because the overall

intensity of the low-temperature reaction was low.

Figure 6.5 shows the online OH-PLIF images with overlaid offline signal boundaries for all

70 MPa 100 MPa 130 MPa

12.7°asol1 | 5°aTDC
-

Distance to nozzle (mm)

-4.5° aEol -2.5° aEol
20 10 0 10 20 20 10 O 10 20 20 10 O 10 20

Distance to nozzle (mm)

Figure 6.5 Offline OH-PLIF boundaries overlaid on online OH-PLIF images during
the low-temperature reaction period for various injection pressures. The planar images
were obtained at 7 mm below the cylinder head. Similar to Figure 10, a jet axis is drawn

on each image to denote the continuing fuel injection.
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injection pressures tested in the present study. The images are shown for 5°CA and 7°CA aTDC
where strong signals from cool-flame chemiluminescence are observed for high injection
pressure (Fig. 6.4). The images show that online OH-PLIF signals are still very similar to the
offline OH-PLIF boundaries in all conditions despite the fact that the images were taken from
different engine cycles. As the injection continues at these crank angle locations (see the
injection rate in Fig. 6.2) and online and offline OH-PLIF signals are evident along the jet axis,

both PLIF signals should be mostly from fuel fluorescence.

6.5. High-temperature reaction at various injection pressures

Figure 6.6 shows the temporal and spatial development of OH* chemiluminescence during
the main combustion event for all injection pressures. Also drawn on some images in this figure
is a jet-axis denoting when the injection still takes place. For the 70-MPa injection, the end of
injection occurs near the peak aHRR timing whereas the injection ends 1.5°CA and 3°CA
before the peak aHRR timing for the 100-MPa and 130-MPa conditions, respectively. As
mentioned previously, the earlier end of injection results in the increased pre-combustion
mixing and thus higher rate of heat release. This is consistent with the increased OH*
chemiluminescence signals observed at higher injection pressures. Not only the OH* intensity
but also the OH* areas grow with increasing injection pressure. The imaging was performed at
every crank angle locations (or half crank angle if needed) and various numbers of OH* images
were selected depending on the injection pressure condition. In Fig. 6.6, three images are
presented before the peak aHRR timing for the 70-MPa injection case. Due to the faster burning
at higher injection pressure conditions, only two and one images are presented before the peak
aHRR timing for the 100-MPa and 130-MPa conditions, respectively. When the images taken at
9°CA aTDC (the top row) are compared, the OH* signals show further developed structures at
higher injection pressures confirming the faster burning rate. For the 100-MPa and 130-MPa
injection conditions, the first evidence of OH* signals (very weak and not shown in Fig. 6.6) are

detected at 8.5°CA and 7.5°CA aTDC, 0.5 and 1.5°CA earlier than the 70-MPa injection case,
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respectively. This indicates that the high-temperature reaction starts to occur earlier and
becomes stronger at higher injection pressure conditions, which can be explained by the
enhanced mixing. The OH* chemiluminescence images in Fig. 6.6 show the same trend for
other injection pressures tested in this investigation. For example, the first OH* signals are not
observed in the free jet or the jet-wall impingement region but at the jet head where cool-flame
chemiluminescence signals grow gradually (Fig. 6.4) for any fixed injection pressure
conditions. Also, the expansion of OH* signals in the wall-jet head region (denoted by red
arrows) is evident particularly at the peak aHRR timing regardless of the injection pressure.
Furthermore, the OH* chemiluminescence appears on the down-swirl side first and then grows

more rapidly than the up-swirl side of the jet for all injection pressures tested.

When the images at the peak aHRR timing are compared, it is clearly seen that the OH*
signals in the down-swirl jet expands more at higher injection pressure conditions (red arrows
aiming at the right side of the jet). The growth of OH* signals also occurs at a higher rate which
explains the steeper increase of the aHRR at higher injection rate (Fig. 6.2). A significant
difference is also found on the up-swirl side of the jet. For the 70-MPa injection pressure, the
up-swirl OH* signal is weaker and the coverage area is smaller than that of the down-swirl
signal due to relatively locally leaner mixtures and higher dissipation rate [100, 101]. However,
at higher injection pressure conditions, the up-swirl signal increases and eventually becomes
comparable to its down-swirl counterpart. This should be the result of the increased injection
momentum that overcomes the swirl flow, forming relatively richer mixtures on the up-swirl
side. Nevertheless, the asymmetry caused by the swirl flow is still found on the up-swirl jet
development. Figure 6.6 shows that the expansion of OH* signals on the up-swirl side appears
closer to the jet axis (red arrows aiming at the left side of the jet) than that on the down-swirl
side, which was found earlier for 70 MPa condition but now is also noticeable at 100 and 130
MPa, the cause for this can be that the initial formation of a turbulent ring-vortex occurred

closer to the jet axis due to the counter-acting swirl flow.
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Figure 6.6 OH* chemiluminescence images during the high-temperature reaction
period for various injection pressures. A jet axis is drawn jet in some images to denote the
continuing fuel injection. The swirl flow rotates in the clock-wise direction as illustrated at
the top images. The red arrows point out the expansion of OH* zones occurring in the
wall-jet head region. As annotated, the images corresponding to the peak apparent heat
release rate are 13, 11, and 10°CA aTDC for 70, 100, and 130 MPa injection pressure

conditions, respectively.
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Figure 6.7 Offline OH-PLIF boundaries overlaid on online OH-PLIF images during
the high-temperature reaction period as of Figure 12 for various injection pressures. The
planar images were obtained at 7 mm below the cylinder head. The red arrows indicate
the expansion of OH-PLIF signals occurring in the wall-jet head region. As annotated, the
images corresponding to the peak apparent heat release rate are 13, 11, and 10°CA aTDC

for 70, 100, and 130 MPa injection pressure conditions, respectively.
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For the same crank angle locations and injection pressures conditions of Fig. 6.6, Fig. 6.7
shows offline PLIF signal boundaries overlaid on the online OH-PLIF images. The laser sheet
was inserted horizontally at 7 mm below the cylinder head. As mentioned previously, the beam
attenuation due to high sooting gases was problematic. The region of high attenuation issues are
covered with grey lines to avoid the misinterpretation of signals observed in the region.
Although the online and offline OH-PLIF images were taken from different engine cycles, the
use of the correlation factor-based method to select an individual representative image is still
very effective in obtaining the offline signal boundaries that well represent the general
behaviour of interference signals with respect to the online OH-PLIF signals at high injection

pressure conditions.

A first noticeable trend in Fig. 6.7 is that the offline signals are much weaker and appear as
scattered pocket-like structures within the OH-PLIF signals (except 9 and 10°CA aTDC for the
70-MPa injection case when there was still ongoing fuel injection). These offline signals are
most likely soot incandescence, indicating the soot pockets surrounded by OH radicals during
the oxidation process. The OH-PLIF images support the finding about the expansion of high-
temperature reaction zone from the OH* chemiluminescence images. That is, the expansion of
the OH-PLIF signals is observed in the wall-jet head region where a turbulent ring-vortex
formation is expected (highlighted by red arrows). This expansion becomes more evident at
higher injection pressure conditions. For example, at the peak aHRR timing, the OH-PLIF
signals appear as thick flame boundaries with highly curved structures for the 130-MPa
injection case. This is markedly different from spread-out distributions of OH-PLIF signals at
lower injection pressure conditions. Another interesting trend that is only observed in the OH-
PLIF images is that the expansion of the high-temperature reaction zone appears to gradually
move further downstream for higher injection pressure. This is simply due to longer penetration
and higher momentum of the jet at higher injection pressure conditions. However, this is not

evident in the OH* chemiluminescence images (Fig. 6.6), likely due to the line-of-sight
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integrated nature of the signals; only when a thin layer of the flame is visualised, the shift of the

expansion zone becomes clearer.

The OH-PLIF images taken at three different horizontal planes of 5, 7 and 10 mm below the
cylinder head are shown in Fig. 6.8 using three-dimensional configurations. For presentations
purposes, the offline boundaries are not overlaid and only two crank angle locations from each
injection pressure data are presented. These images are divided into two groups: one for those
obtained before the peak aHRR and the other at the peak aHRR timing. The crank angle
location is shown at the top of each image. The up-swirl signal should be ignored in Fig. 6.8 due
to the beam attenuation issue. A first noticeable trend from the OH-PLIF images is that the
expansion of the high-temperature reaction in the wall-jet head region occurs in all three planes

(annotated by red arrows) with increased expansion and distance away from the jet-axis for
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Figure 6.8 The OH-PLIF images taken at 5, 7 and 10 mm below the cylinder head at

around the peak aHRR timing for various injection pressures. The 7-mm images are

repeated from Figure 13 for comparison purposes

Page | 75



higher injection pressure conditions. The influence of injection pressure on the vertical
distribution of OH signals is also observed in Fig. 6.8. For example, the OH signals appear to
spread widely to the lower plane in all planes for the 70-MPa injection condition, but the OH
signals are found mostly in the first two planes for higher injection pressure conditions. This
indicates that the high-temperature reaction occurs at higher plane for higher injection pressure,
most likely because the fuel jet would impinge on the bowl wall and then moves further up

towards the cylinder head [14].

6.6. Summary

The main findings from the injection pressure variations are summarised as follow:

e The start of high-temperature reaction occurs earlier for higher injection pressure
due to the increased air entrainment and better fuel-air mixing. The burn duration
decreases with increasing injection pressure which increases the rate of heat release
and in turn the in-cylinder pressure.

e For any fixed injection pressure condition, the up-swirl side of a wall-interacting jet
shows shorter penetration length than that on the down-swirl side. With increasing
injection pressure, both up-swirl and down-swirl jet penetrate further due to higher
injection momentum.

e The cool-flame signals are originated from the wall-jet head region regardless of the
injection pressure likely due to locally enhanced mixing in the wall-jet head region
as a turbulent ring-vortex is formed during jet-wall interactions. This head vortex
will become stronger with increasing injection pressure which contributes to the
increased cool-flame chemiluminescence signals, together with the earlier end of
injection and thus increased pre-combustion mixing time.

e The high-temperature reaction starts to occur in the same wall-jet head region of the

low-temperature reaction and the turbulent ring-vortex for all injection pressures.
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The expansion of both OH* and OH-PLIF in this region is evident and becomes
larger with increasing injection pressure, likely due to the enhanced heat vortex.
The higher injection pressure also causes earlier start of combustion on account of
the enhanced mixing. The difference between up-swirl and down-swirl sides of the
jet diminishes as the injection pressure increases and overcomes the swirl flow.
However, the swirl still has impacts on the diesel jet structure such that the up-swirl

reaction occurs closer to the jet axis than the down-swirl reaction does.
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Chapter 7.

Soot processes

Previous chapters focusing on the development of fuel jet and high-temperture flame
structures have provided an improved understanding of a wall-interacting fuel jet in a light-duty
diesel engine. This chapter presents additional information about soot within the flame by
performing planar laser induced incandescence (PLII) imaging. All the diagnotics performed in
the previous chapters were repeated once again to compare the structures of a reacting fuel jet
and soot within it. The same optical diesel engine and fuel injection system (including a single
hole nozzle orientated to 2 o’clock) were used while a selected injection pressure of 100 MPa
with injection timing at -7.3°CA aTDC (or 7.3°CA bTDC) and injected mass of 10 mg was
applied. At the conclusion of Chapter 6, however, two major changes were made in terms of the
piston shape and fuel. As mentioned previously, the former was to include a curved bowl-wall
shape so that the fuel penetration back towards the nozzle via a tumbling motion, which is
widely found in production engines, could be reproduced. The latter was due to the diagnostic
considerations such that a conventional diesel fuel with high aromatics contents would cause
significant beam attenuation issues and thus a low-sooting surrogate fuel would required,
especially for soot diagnostics. These two issues will be discussed in details before the results

are presented.
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7.1. Curved piston bowl — Piston B

As discussed in detail in Chapter 3.1.2, the piston underwent a design modification for the
increased field of view and for the inclusion of a curved bowl-wall shape. Figure 7.1 shows still
images from high-speed movies of natural combustion luminosity (predominantly hot soot
luminosity [13, 20, 81]) when the optical engine was equipped with Piston A (top two rows) and
Piston B (bottom two rows), both at the same operating condition of 100 MPa injection pressure

(Table 3.3). The movies were taken using a high-speed CMOS camera (VisionResearch
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Figure 7.1 Still images from high-speed movies of natural diesel combustion luminosity

for a selected cycle of piston type A (top) and piston type B (bottom)
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Phantom v7.3) equipped with a 50-mm /1.4 Nikkor lens . The imaging was performed at
36,000 frames per second and with 10 ps exposure time. Despite being line-of-sight integrated
ones containing broadband signals, the combustion luminosity images provide useful
information about the overall fuel jet development. In each image, a dashed line pointing at 2
o’clock is illustrated to denote the jet trajectory of the single-hole nozzle. The green horizontal
lines shown on the left illustrate the bowl-rim cut-out region from which the laser sheet is
inserted. On the bottom-left and bottom-right corners of each image, the corresponding crank
angle location (°CA aTDC) and time after the end of injection (°CA aEOI) are noted,

respectively.

Measurable differences in terms of jet development dynamics are seen in Fig. 7.1. For
Piston A, the jet splits up into two halves that travel along the wall upon the wall impingement.
Also, the luminosity signals appear close to the edge of the field-of-view with no signals in the
middle of the bowl, suggesting that the tumbling motion of the jet back towards the nozzle
along the bottom of the bowl surface is non-existent. This penetration behaviour is indeed what
was observed from the results of Chapters 5 and 6. On the other hand, for Piston B, the soot
luminosity signals spread across the bowl surface in addition to the penetration along the bowl
wall, indicating there is a significant tumbling motion of the jet back towards the nozzle. It is
likely that the fuel jet penetration has been guided by the curved-lip piston bowl-wall as
commonly found in production engines. Compared to Piston A, Piston B also provides a larger
field of view and more details near the bowl wall, which is advantageous for the study of a wall-
interacting jet. However, the strong soot luminosity signals in the laser beam path (left-to-right

in Fig. 7.1) suggest a significant beam attenuation issue.
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Figure 7.2 Illustration of the laser sheet with respect to the piston bowl and fuel jet in
the bottom view (top) and side view (bottom-left). Also shown on the bottom-right corner
is an example image of laser-induced fuel fluorescence obtained at 7 mm below the

cylinder head.

Figure 7.2 shows the jet development and laser plane positions corresponding to the new
piston type B. The new quartz piston, together with slightly widened bowl-rim cut-out, provides
a lager field of view of 52 mm in diameter, compared to 43 mm in diameter for piston type A. It
has been estimated that the intersection between the nominal jet-axis and the piston bowl wall is
about 6.5 mm from the cylinder head, which is below the curved lip area. Therefore, it is
expected that most of the fuel will penetrate into the bowl region. This required the planar laser
beams to be positioned at 7, 9 and 11 mm below the cylinder head to ensure the visualisation of
most of the fuel jet. It is noted that the 7 mm laser plane corresponds to the area where the

nominal jet axis intersects the piston bowl wall during the injection event and thus it will be
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used as a reference plane. An example image taken at this plane and post-processed for
presentation is shown on the bottom-right corner of Fig 7.2. The original image has been rotated
so that the fuel jet is shown to be injected upwards (12 o’clock direction) and the wall-impinged

jet is penetrating downwards (back towards the nozzle) upon the impingement on the bowl wall.

7.2. Methyl decanoate — low sooting surrogate fuel

Having been added with aromatics (up to 30%), a conventional diesel fuel produces a large
amount of soot, which causes a serious beam attenuation issue. As mentioned in the previous

chapter, the beam attenuation was already problematic with OH-PLIF. If PLII imaging were

Soot luminosity

Soot LIl =7 mm

Soot LII-9 mm

Soot LIl - 11 mm .

Figure 7.3 . Line-of-sight integrated soot luminosity (top row) and soot planar laser-
induced incandescence (PLII) images at 7, 9 and 11 mm (bottom) from conventional diesel
during the sooting period at 13°, 15° and 17.5°CA aTDC. Yellow arrows highlight the area

where signals were lost due to attenuation
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performed under such a condition, a significant portion of the signals would be lost. Figure 7.3
shows some preliminary results allowing to discuss the beam attenuation issue associated with
the use of a conventional diesel fuel. The figure presents the images captured from soot
luminosity (first row) and soot-PLII (pseudo-coloured red) during the main sooting period from
10°to 20°CA aTDC, when the engine was operated on conventional ultra-low sulphur diesel
fuel and equipped with Piston B. The PLII images were obtained from three different laser
planes so that once they were integrated, the overall soot structures would match the shape of
soot luminosity signals. However, it is very obvious from the images of Fig. 7.3 that the signals
near the bowl wall cannot be detected due to the attenuation of laser beam travelling from
bottom-left to top-right for the given image orientation. PLII signals can also be seen to be
abruptly cut off at certain zones, further indicating attenuation. Via visual inspection, the

yellow arrows in Fig. 7.3 were added to highlight these attenuated areas.

Previous researchers addressed the beam attenuation issue by using aromatics-free, single-
component fuels with similar ignition quality and physical properties of conventional diesel. For
instance, Dec et al used a mixture of tetra-eth-oxy-propane (TEOP) and hepta-methyl-nonane
(HMN) [46, 70] for its low soot and fuel fluorescence signals (or interference) [13]. Many
studies used n-heptane due to the availability and simplicity of chemical kinetic models,
providing opportunities for computational modelling [33, 38, 39, 107]. Table 7.1 summaries

various surrogate fuels used for soot diagnotics.
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Table 7.1 Alternative fuels used in diesel combustion researches

Fuel type REF.

Reference diesel/ultra-low sulphur diesel 11, 13, 33, 108

Mixture of TEOP (tetra-eth-oxy-propane) and 46, 70
HMN (hepta-methyl-nonane)

32 % HMN and 68 % n-Hexadecane (nC16) 33

n-Heptane 33,38,39,41, 72
Mixture of n-heptane and iso-octane 41, 109, 110
CioHa2 (19.7 %) CiaHzg 52.4 % Cy4Hz0 27.1 % 111, 112

Soot luminosity

Soot LIl =7 mm

Soot LIl =9 mm

Figure 7.4 Line-of-sight integrated soot luminosity (top row) and soot planar laser-
induced incandescence (PLII) images at 7, 9 and 11 mm (bottom) from Methyl-decanoate
(MD) during the sooting period at 13°, 15° and 17.5°CA aTDC.
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In the present study, methyl decanoate (Cy;H»,0,) was selected as a low-sooting surrogate

fuel for diagnostic purposes. This fuel is oxygenated and as a fatty acid methyl ester, it can be

considered as a surrogate fuel for biodiesel. There are chemical kinetic models available for

computational simulation [113-115] and the cetane number of 47-52 [116-118] is similar to a

conventional diesel fuel (i.e. 51) used in the previous experiments. Previous studies confirmed

that the methyl decanoate is very low sooting, which therefore is a good candidate for PLII

diagnostics [116]. Table 7.2 lists selected properties of the tested methyl decanoate together

with diesel properties.

Table 7.2 Properties of Methyl-decanoate and conventional diesel

Properties of Fuel

Methyl-decanoate value [117-

Diesel value [122]

121]
Composition C1H20; -
/\/\/\/\/LU/

Cetane number 48-52 52
Heat of combustion 36.67 MJ/kg 45.6 MJ/kg
Kinematic viscosity 1.71 mm?/s 3.0 mm%s
Density @ 297°K 0.871 g/ml 0.83 g/ml
O, ratio (Q) 6.1% -

Preliminary tests performed using methyl decanoate showed promising results. Figure 7.4

shows the soot luminosity and soot LII images taken at 13°, 15° and 17.5°CA aTDC

corresponding to the high sooting period of methyl decanoate. Compared to the results shown in

Fig. 7.3, the images in Fig. 7.4 clearly indicate that the soot LIl images are free from the beam

attenuation issue with strong signals observed even near the bowl wall.
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While the beam attenuation issue has been resolved using methyl decanoate, a question is
raised: what if the flame structures are largely different between diesel and methyl decanoate?
Figure 7.5 shows images from hot soot luminosity movies to address this question. The images
show that the hot soot luminosity appears at 7.9°CA aTDC for diesel, earlier than for methyl
decanoate at 9°CA aTDC. At a given crank angle location, the hot soot region is much larger for
diesel and the signal lasts longer. For example, at 25°CA aTDC, the diesel soot luminosity is
still strong and retains the flame structure whereas the methyl decanoate signals are almost all
burnt out (bottom-right image). While the soot luminosity signal strength is very different, it is

important to note that the dynamics of the wall-interacting jet development characterised by the
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Figure 7.5 Still images from high-speed movies of hot soot luminosity for a selected

cycle of diesel (top) and methyl decanoate fuel (bottom)
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fuel impingement on the wall soon after the start of injection, the rebound against to the bowl
wall, the penetration back towards the nozzle and the flow along the wall curvature are very
similar between two fuels. The strong circulating signals in the wall-jet head region, indicating
the ring vortices formed during the jet-wall interaction [18, 20], are also evident for both fuels.
Therefore, the hot soot luminosity images in Fig. 7.4 confirm that methyl decanoate is an
excellent surrogate fuel to study the development of a wall-interacting diesel jet with its lower

sooting tendency to help reduce the laser attenuation issue.

7.3. Combined PLII and OH-PLIF images

In addition to PLII images, online and offline OH-PLIF imaging were repeated using the

new piston and new fuel. Figure 7.6 shows an example of these images with the combined

Soot PLII Online OH-PLIF

7.5°aTDC

Combined image Combinsd":l'mage

-20 -10 0 10 20 -20 -10 0 10 20
Distance from nozzle tip (mm) Distance from nozzle tip (mm)
(a) (b)

Figure 7.6 (a) Offline OH-PLIF (top-left) and online OH-PLIF signals (top-right)
pseudo-coloured in yellow and blue, respectively, and their combined image (bottom) and
(b) Soot-PLII (top-left) and OH-PLIF signals (top-right) pseudo-coloured in red and blue,
respectively, and their combined image (bottom). On the combined images, the
corresponding imaging times are denoted in crank angle degrees after top dead centre (°
aTDC) and after the start of fuel injection (° aSOI). All images were obtained 7 mm below

the cvlinder head.
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online/offline image on the left and the combined PLII/OH-PLIF image on the right. The
combined image of PLII and OH-PLIF provides a great opportunity to discuss potential soot

oxidation due to OH radicals by being able to compare their structures.

7.4. Cyclic variations of PLIl images

As discussed in section 4.4 of Chapter 4, there are inherent cyclic variations impacting the
laser-based images. Figure 7.7 shows the traces of in-cylinder pressure and corresponding
apparent rate of heat release (aHRR) for all 20 firing cycles for the new piston type B and
methyl decanoate fuel. Also shown using a red line are ensemble-averaged traces. It is observed
that before the start of injection at 7°CA bTDC, the individual in-cylinder pressure traces match
well with the ensemble-averaged trace. However, as the injection starts, the variations due to

evaporative cooling become noticeable. The variations during the combustion event are also
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Figure 7.7 In-cylinder pressure traces of 20 instantaneous cycles and their ensemble
average (top). Shown at the bottom are the corresponding traces of apparent heat release

rate.

Page | 88



12°aTDC 19.7°as01 [ 450 .1pe

Figure 7.8 Individual soot-PLII images of 20 engine cycles at 12°CA aTDC. The
representative PLII image of the 20-image set is shown at the top-right. All images were

taken at 7 mm below the cylinder head.

measurable with the rise of the in-cylinder pressure starting between 3~5°CA aTDC and the

peak pressure varying between 4.3~4.4 MPa.

Figure 7.8 shows that the cyclic variations in the PLII images are quite measurable, which is
more significant than those in OH-PLIF images. For example, the LIl signals are found near the
bowl wall at 12 o’clock position in most of the images; however, it is also seen that the soot
pockets are scattered as in the second last row or non-existent as in the bottom row. Similar to

the OH-PLIF images, however, the image averaging results in smeared out signals missing
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details associated with turbulent soot structures. Therefore, in this chapter, a similar image
selection method used for the OH-PLIF images was used again. The selected image shown in
Fig. 7.8 suggests that the overall structure matches well with the averaged image while

maintaining structural details such as a few soot pockets with various sizes and shapes.

7.5. In-cylinder pressure and apparent heat release rate
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Figure 7.9 Averaged in-cylinder pressure (top) and the apparent heat release rate
(aHRR) traces (bottom) for the selected engine operating conditions. The traces for
conventional diesel are orange coloured and MD’s blue. Also shown in the aHRR plot is
the measured injection rate profile for both fuels. The laser-based imaging times are
illustrated on both in-cylinder pressure and aHRR traces using (A) circles/squares for the
ignition delay phase, (B) triangles for the premixed combustion phase, and (C) diamonds

for the mixing-controlled combustion phase.
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Figure 7.9 shows the in-cylinder pressure traces for motoring (no fuel injection) and firing
modes (top) and the derived apparent heat release rate together with the measured injection rate
(bottom). The pressure and heat release traces of methyl decanoate (abbreviated to MD) are
plotted together with the diesel traces, with blue lines representing MD and orange ones for
diesel. Shown on the traces of MD are symbols to indicate the corresponding crank angle
locations of the OH-PLIF and PLII imaging for various combustion stages including circles and
squares for the ignition delay period (A), triangles for the premixed combustion stage (B) and
diamonds for the mixing-controlled combustion phase (C). It is noticeable that the in-cylinder
and aHRR traces of MD and diesel are very similar, which is consistent with the similar cetane

number.

Figure 7.9 shows that the in-cylinder pressure of the firing mode initially follows the
motoring trace but becomes lower as the fuel injection starts at 7°CA bTDC. Similar to diesel,
this is due to the evaporative cooling of liquid-phase methyl decanoate, which also explains the
negative aHRR [4, 47]. buring this early stage, identified as the ignition delay period, PLIF
signals should be predominant from vaporising fuel as observed in the previous chapters. While
the fuel injection continues, a mild increase in the aHRR is noticeable at around TDC to 4°CA
aTDC. This corresponds to the first-stage ignition and low-temperature reaction [14] where
cool-flame chemiluminescence signals can be captured from early combustion products such as
CH, CO and HCHO radicals. The aHRR starts to increase at a much higher rate from 4°CA
aTDC, suggesting the second-stage ignition and high-temperature reaction [93] — i.e. start of
combustion. The mixture prepared during the ignition delay period combusts quickly during this
premixed burn phase [4], emitting strong signals from OH radicals. Therefore, the offline/online
OH-PLIF imaging together with the OH* chemiluminescence and PLII imaging was performed
from this main combustion stage. The aHRR peaks at 7.5°CA aTDC and declines as quickly as
it rises until 10°CA aTDC. It is noted that the injection ends in the middle of the premixed burn

phase at around 7.5°CA aTDC but the remaining fuel still combusts while being mixed with air
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in the following crank angles — i.e. mixing-controlled burn phase (including late-cycle burn-
out). This is evidenced by the slowdown of the aHRR from 10°CA aTDC. The imaging
diagnostics were performed up to 25°CA aTDC when the aHRR returned back to the level at the

start of combustion at 4°CA aTDC.

7.6. Ignition delay period and low-temperature reaction

Figure 7.10 displays the images corresponding to the ignition delay period. Shown in the

top row are the fuel-PLIF images taken at 7 mm below the cylinder head for three different
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Figure 7.10 Planar laser induced fluorescence (PLIF) signals and cool-flame
chemiluminescence signals during the ignition delay period. Shown on the first two rows is
the development of a non-reacting fuel jet during jet-wall interaction. Also shown on the
bottom row are the cool-flame signals corresponding to the images on the middle row.
Ilustrations at the right show the used laser sheet position (7 mm below the cylinder head)
with respect to the piston position at a given crank angle location and the postulated fuel

jet development.
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crank angles of -6, -4, and -2°CA aTDC. It should be noted that the red circle on each image
illustrates the bowl wall as well as the field-of-view provided by the quartz window (i.e. the
field-of-view covers the entire bowl). On the right side of the three images, the side-view
illustration of fuel jet and laser sheet corresponding to the piston position at -2°CA aTDC is
presented. The fuel-PLIF images show that the methyl decanoate jet penetrates freely upon the
start of injection before it impinges on the bowl wall at -4°CA aTDC. After the wall-
impingement, the fuel jet travels not only along the bowl wall but also along the bottom of the
piston bowl as seen at -2°CA aTDC. Shown in the middle row of Fig. 7.10 are the PLIF images
at the same 7 mm laser plane from TDC to 4°CA aTDC and on the right is the sde-view
illustrations of the laser plane, piston bowl and the fuel jet. Since Fig. 7.9 shows positive aHRR
at these crank angles, thus reactions being expected, both online and offline OH-PLIF imaging
have been performed. When they are combined onto one image using yellow for the offline
signal and blue for the online OH-PLIF, the signals overlap in most of the jet area and appear in
white colour. Therefore, the PLIF signals are interpreted as fuel-PLIF again. The images show
that the fuel jet continues to penetrate further along the bowl wall reaching half of the bowil
circumference at 4°CA aTDC. At the same time, the fuel jet appears to bounce off the bowl wall
and travels back towards the nozzle, which is shown as a downward movement of the wall-jet
head in these bottom-view images. It is noted that this downward penetration occurs below the
free jet trajectory, which is enhanced due to the curved lip design of the used piston. This means

the wall-interacting fuel jet also travels along the bottom surface of the bowil.

In the bottom row of Fig. 7.10 are shown, the cool-flame chemiluminescence images
corresponding to the fuel-PLIF images in the middle row. It is seen that the cool-flame signals
first appear near the jet axis and in the wall-jet head region at 2°CA aTDC when the aHRR
becomes positive (Fig. 7.8). The cool-flame region grows quickly, matching the size of the fuel
jet head region in just two crank angles. It is noticeable that the cool-flame signals are much

stronger at the wall-jet head than those near the bowl wall. Similar to previous observations in
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Chapters 5 and 6, this promotion to first-stage ignition is likely due to the enhanced mixing
caused by the jet-wall interaction-induced turbulent ring-vortex. In contrast to the diesel fuel in
previous chapters, however, it is interesting to note that the fuel-PLIF images show no strong
influence of the in-cylinder swirl flow. This can be explained that the curved bowl-lip shape
added to the piston causes the downward penetration of the jet and therefore, the swirl-induced
jet asymmetry does not stand out as much as in previous experiments. It should be noted,
however, the swirl ratio of this study is low at 1.4. If higher swirl ratios were applied, a
significant influence of swirl observed in the previous chapters for piston type A would also be

seen for piston type B.

7.7. High-temperature reaction: premixed burn phase

Figure 7.11 shows the OH* chemiluminescence images (top row) and the combined
online/offline OH-PLIF images at 7 mm below the cylinder head (bottom row) for various crank
angles of 5~9°CA aTDC. On each image, a green vertical dash line is drawn to illustrate the jet
axis. The transition from the first-stage ignition to the second-stage one occurs very quickly. For
comparison purposes, the cool-flame boundary at 4°CA aTDC is overlaid on the OH*
chemiluminescence image taken at 5°CA aTDC and is shown on the top-left. It is seen that the
first OH* signal appears within the cool-flame boundary and to the right of the jet axis, before

they grow further in the radial direction.

The effect of in-cylinder swirl flow is again seen in the earlier appearance and faster growth
of OH* zone on the right side of the jet. It is likely that, although it has had only a minor
influence on the jet penetration and low-temperature reaction (Fig. 7.10), the effect of higher
scalar dissipation rate caused by the opposing swirl-flow is still extant [100, 101]. The OH*
chemiluminescence signals then grow rapidly across the entire wall-jet region. By 7°CA aTDC,

almost half of the bowl area is filled up with OH* signals and at 9°CA aTDC, OH* is found
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throughout the bow! area. It should be noted that the growing OH* chemiluminescence region is

also consistent with the high aHRR seen in Fig. 7.9.

However, OH* chemiluminescence signals are line-of-sight integrated and thus the
information is limited. For example, whether the first OH* signal observed at 5°CA aTDC is
from the near nozzle region close to the cylinder head or the leading edge of the penetrating
wall-jet below the cylinder head is unclear. Therefore, the combined online/offline OH-PLIF
images taken at 7 and 9 mm below the cylinder head are used for analysis, as shown in Fig. 7.11.
The PLIF image at 5°CA aTDC demonstrates that the signals are mostly yellow (as on the far

left) or white (as on the left to the jet axis) in both laser planes, suggesting that the fuel

| OH*
Chemiluminescence
5 aTpC 127

Wall-jet head
Y 9caarDC

7 S

"~

Distance from nozzle tip (mm)

OH-PLIF9.mm
20 10 0 10 20 20 10 0 10 20 20 10 0 10 20 20 10 0 10 20
Distance from nozzle tip (mm)

Figure 7.11 OH* chemiluminescence images (top) and corresponding planar laser
induced fluorescence (PLIF) signals of OH (online/offline combined) at 7 mm (middle) and

9 mm (bottom) below the cylinder head during the premixed burn phase. The vertical

dashed-dot line indicates the fuel jet trajectory. lllustration to the right shows the used
laser sheet position with respect to the piston position at a given crank angle and the

postulated fuel jet development
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fluorescence is still dominant. However, from the 7 mm plane, it is noticeable that the signals on
the right to the jet axis are dominantly blue with minimal or no yellow, indicating that OH
radicals are generating in this region as the high-temperature reaction starts to occur. As this
region is penetrating past the nozzle centre line in the opposite direction to the injection, at 7
mm from the fire deck, the first detected OH* chemiluminescence signal is not likely from the
near nozzle region but from the tip of the penetrating wall-jet. This is consistent with the
observation in the previous chapters about the wall-interacting jet that the high-temperature
reaction was originated from the head vortex region where mixing was locally enhanced and the

first low-temperature reactions occurred.

At later crank angles, signals from the fuel fluorescence (i.e. yellow and white) diminish
quickly at the jet head region and by 9°CA aTDC, OH signals are mostly found. However, the
yellow-coloured fuel region is still observed near the wall-impingement point at both 7 and 9
mm below the cylinder head. It is noted that the end of injection occurred at 7.5°CA aTDC (see
Fig. 7.9) and thus these fuel fluorescence signals near the wall are likely from the last portion of
the fuel injection where the injection rate declines. The reduced momentum of the fuel induces
slower penetration and due to the limited air entrainment near the wall-impingement point, the

mixtures in this region could be relatively richer [98, 123].

7.8. High-temperature reaction: mixing-controlled burn phase

As the high-temperature reactions continue to occur, the fuel near the bowl wall seen in Fig.
7.10 and 7.11 is consumed quickly. This is clearly noticed in the OH-PLIF images at later crank
angles of 10 to 17.5°CA aTDC, as shown in Fig. 7.12. In the top row, the online/offline
combined OH-PLIF images taken at 7 mm below the cylinder head are presented, in which the
signals are purely blue OH-PLIF and no more interferences are detectable. Since the injection

ended at 7.5°CA aTDC and the aHRR continued to decline at this imaging time, it was
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Figure 7.12 Planar laser induced fluorescence (PLIF) signals of OH (online/offline combined, top), planar laser-induced incandescence (PLII,
middle) of soot, and the combined image (bottom) during the mixing-controlled burn phase. The vertical dashed-dot line indicates the fuel jet
trajectory. Illustration at the right shows the used laser sheet position (7 mm below the cylinder head) with respect to the piston position at a given

crank angle location and the postulated fuel jet development
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identified as the mixing-controlled burn phase. An interesting trend observed from the OH-PLIF
images in Fig. 7.12 is that strong OH signals persist for a long while. The downward penetration
of reacting wall-jet and expansion of high-temperature reaction zone continues until the OH
signals are found near the opposite side of the bowl wall at 10°CA aTDC. Then, the overall
flame structure based on OH distributions remains unchanged until 17.5°CA aTDC. By contrast,
marked variations are found in soot distributions as shown in the PLII images taken at the same
laser plane and at the same crank angles. The red-coloured images of PLII signals are presented
in the middle row of Fig. 7.12. It should noted that the PLII imaging was performed at earlier
crank angles but no signals were observed until the start of mixing-controlled burn at around
10°CA aTDC. The lack of soot formation during the premixed burn phase is different from
conventional diesel combustion in a heavy-duty engine [4, 61]; however, it is widely found in
highly-diluted low-sooting combustion regimes regardless of the engine size [13, 14, 124]. It
should be considered that methyl decanoate used in the present study is a very low-sooting fuel,
which also contributes to the delayed soot formation despite no dilution conditions (i.e. no

exhaust gas recirculation).

The PLII images also show an interesting trend that soot signals first appear in the wall-
impingement point of the jet. As mentioned previously, this is the region with limited mixing
and thus locally rich mixtures are expected [18], explaining the high and early soot
formationThe soot signals near the wall-impingement point continues to grow between 10 and
13°CA aTDC with increasing numbers of soot pockets in various sizes and shapes. An
interesting trend observed from the PLII image at 13°CA aTDC is that the signals are stronger
and take up larger space on the right side of the jet axis. This should be explained as the effect
of the swirl flow in clockwise direction. In other words, the relatively richer mixture on the
down-swirl side leads to higher soot formation than the leaner mixture formed on the up-swirl
side, due to the wall-jet travelling against the swirl flow. It is also noticeable that from 13 to

17.5°CA aTDC, the soot pockets appear to be divided into two groups with each flowing along
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Figure 7.13 The combined images of OH-PLIF signals (online/offline combined) and PLII signals during the mixing-controlled combustion phase.

The images were taken at 7, 9, and 11 mm below the cylinder head. Illustration on the right shows the used laser sheet positions with respect to the
piston position at a given crank angle location and the postulated fuel jet development.
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the bowl wall in either up-swirl or down-swirl direction. At 15°CA aTDC, no soot signals are
detected near the wall-impingement point and the soot pockets appear to shrink in size
compared to those at 13°CA aTDC, suggesting that the soot oxidation occurs while the pockets

flow along the bow! wall.

To further discuss the soot oxidation, the OH-PLIF and PLII images are combined and
presented in the bottom row of Fig. 7.12. The images clearly indicate that the soot pockets are
surrounded by OH radicals at 10~13°CA aTDC. However, at 15°CA aTDC, the OH signals start
to disappear from the wall-impingement region where strong soot signals were found at earlier
crank angles. This might suggest that the OH radicals are consumed in the oxidation of soot
particles [61, 63, 64]. It is noticeable that at 17.5°CA aTDC, all the soot pockets developed on
the right side of the jet axis completely disappear, which once again is consistent with the
weakening of OH-PLIF signals in that region. However, there is a small soot pocket remaining
in the 9 o’clock position. The cause for this persisting soot pocket is not entirely clear but it
could be that the relatively slower development of OH region on the up-swirl side of the jet (see
Fig. 7.11) has led to a lower soot oxidation rate. The combined OH-PLIF and PLII images from
the other two planes of 9 and 11 mm below the cylinder head are presented in Fig. 7.13. For
ease of interpretation, the 7 mm plane is also shown again in a three-dimensional configuration.
The figure shows that the OH signals are initially stronger in the upper planes (e.g. 10~13°CA
aTDC) but gradually become weaker while the signals increase in the lower planes (15~25°CA
aTDC). This is consistent with the downward movement of piston in the expansion stroke. At
25°CA aTDC, the OH-PLIF in the 7 and 9 mm planes are very weak and only the 11 mm plane
shows a measurable signal. In comparison, the PLII signals are found only in the 7 mm plane
from 10 to 13°CA aTDC. This suggests that the initial soot formation occurs near the bowl-lip
area as was observed in Fig. 7.12. The soot signals are not found in the lower planes until15°CA
aTDC. At 17.5°CA aTDC, strong LIl signals are observed in the 9 mm plane in the 9 o’clock

position as well as in the centre of the bowl. These soot pockets persist quite a while, as shown
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in the images at 20 and 25°CA aTDC. Since the new soot formation at this late timing is
unlikely, it is thought that the soot formed in the upper plane has been transported into the
centre of bowl due to the piston movement. Since the active OH radicals hardly exist at this late
crank angle, it is hypothesised that these soot pockets cannot be oxidised but exit through the

exhaust.

7.9. Summary

In this chapter, PLII imaging for the investigation of soot processes together with OH-PLIF
and fuel-PLIF diagnostics were performed. The same engine and fuel injection system as in the
previous chapters were used; however, a new piston shape including a curved bowl-lip design
and a new low-sooting fuel for reduced beam attenuation issue were applied. The major findings

from this chapter are summarised as follows:

e The curved bowl-lip shape in the piston induces significant jet-wall interactions
such that the jet not only travels along the bowl-wall but also bounces off the bowl
wall and penetrates back towards the nozzle.

e With the new piston, the swirl flow does not exert significant impact on fuel
penetration and low-temperature reaction; however, high influence on high-
temperature reactions still exist, evidenced by earlier appearance and faster growth
of OH radicals.

e The first PLII signals are detected at the end of premixed burn and at the start of the
mixing-controlled combustion phase when the heat release rate declines.

e The first PLII signals are found at the fuel-rich region near the wall impingement
point of the fuel jet. The soot pockets then travels along the bowl wall in both up-
swirl and down-swirl directions.

e The OH radicals surrounding these pockets disappear while oxidising soot — i.e. OH

attack on soot.
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e Some remaining soot is transported into the centre of combustion chamber during
the downward movement of the piston. These soot signals persist as there are no

active OH radicals.
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Chapter 8.

Conclusion

In this study, various optical/laser-based imaging diagnostics were performed in a single-
cylinder, light-duty, optical diesel engine. These include imaging of natural combustion
luminosity, cool-flame chemiluminescence, OH* chemiluminescence, fuel-PLIF, OH-PLIF and
soot-PLII. The in-cylinder pressure was also measured to identify the combustion stage
corresponding to the imaging timing. The primary aim was to clarify the development of a
reacting wall-interacting jet in terms of fuel penetration, low- and high-temperature reaction,
and soot behaviour. Based on the major findings from each chapter, new combustion models

have been developed as shown in Figs. 8.1 and 8.2.

Figure 8.1 shows that, in a small-bore diesel engine, a diesel jet impinges on the bowl wall
forming a wall-interacting jet shortly after the start of injection. The fuel jet splits into two sides
with one penetrating against the swirl flow and the other travelling with the swirl. Due to the
swirl effect, the up-swirl side of a wall-interacting jet shows shorter penetration length than that
on the down-swirl side, suggesting leaner mixtures. The low-temperature reaction of a wall-
interacting diesel jet first occurs in the jet head region where a turbulent ring-vortex is formed
upon the jet impingement on the wall. The high-temperature reaction then follows, starting from

the same wall-jet head region. The swirl flow causes asymmetric flame structures such that the
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high-temperature reaction occurs earlier and is stronger on the down-swirl side of the jet due to
the swirl-induced richer mixture and lower dissipation rate. During the premixed burn phase, the
high-temperature reaction zone continues to expand across the same wall-jet head region where

the turbulent ring-vortex is expected.

With increasing injection pressure, both up-swirl and down-swirl jets penetrate further due
to higher injection momentum and combustion starts earlier on account of the enhanced fuel-air
mixing. The turbulent ring vortex also becomes stronger with increasing injection pressure
which contributes to the more intense cool-flame chemiluminescence signals, together with the
earlier end of injection and thus increased pre-combustion mixing time. Moreover, the
expansion of high-temperature reaction zone in the wall-jet head region becomes larger with
increasing injection pressure, likely due to the enhanced ring vortex. As the high temperature
reaction matures during the premixed combustion, the difference between up-swirl and down-
swirl sides of the jet diminishes, owing to the increase in injection momentum that helps
overcome the swirl flow. However, the swirl impacts the diesel jet structure such that the up-

swirl reaction occurs closer to the jet axis than the down-swirl reaction.

Piston-bowl wall Low injection pressure 8
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: Liquid and vapour fuel F|rst -stage ignition ngh temperature reaction

(Iow -temperature reactlon)

Figure 8.1 llustration of the influence of injection pressure on the development of a wall-
interacting diesel jet in a small-bore diesel engine. The images are arranged in an increasing

temporal order from left to right.
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temperature reactions, and soot of a single fuel jet in a small-bore diesel engine

Figure 8.2 shows the wall-interacting jet development when a curved bowl-lip design is
included in the piston shape. Notably, soot is included in the combustion model shown in Fig.
8.2. During the ignition delay period, the injected fuel initially travels as a free jet before
impinging on the bowl wall to form a wall-interacting jet. Upon wall-impingement, the fuel jet
flows along the bowl wall while at the same time bounces off the bowl wall and travels back
towards the nozzle due to the enhanced tumbling motion of the fuel jet. The latter movement
occurs below the free jet trajectory and along the bottom surface of the bowl. The jet-wall
interaction creates a turbulent ring-vortex in the wall-jet head region where the locally enhanced
mixing causes earlier low-temperature reactions. This cool-flame region then grows quickly,
matching the size of the entire fuel jet head region. During the premixed burn phase, the
transition from the low-temperature reaction to high-temperature reaction first occurs in the
leading edge of the penetrating wall-jet. This also first happens on the down-swirl side as the
second-stage ignition on the up-swirl side of the jet is delayed due to the higher scalar
dissipation rate, resulting in the opposing swirl flow. The high-temperature reaction then
expands across the wall-jet head region when the peak rate of the apparent heat release is

measured. As the injection ends in the middle of the premixed burn phase, the apparent heat
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release rate soon declines and the mixing-controlled burn commences. The soot formation first
occurs at around the start of mixing-controlled burn and from the fuel-rich region near the wall-
impingement point. This soot region continues to grow with increasing numbers of soot pockets
in various sizes and shapes and then get transported along the bowl-wall in both up-swirl and
down-swirl directions, most likely due to the strong jet momentum. The soot pockets shrink in
size and eventually disappear as the OH radicals are consumed to oxidise soot particles. As the
piston moves down late in the expansion stroke, soot pockets follows. However, the soot
oxidation process ceases due to OH radicals becoming inactive and these survived soots can exit

through the exhaust.
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Future work

Combustion inside the cylinder of light-duty engines is very complicated and there are
many areas that still require a lot of research efforts to further improve our fundamental
understanding. It is noted that this thesis utilised only a single-hole nozzle to isolate the wall-
interacting jet development from jet-jet interactions. In production engines, multi-hole nozzles
are used to supply required amounts of fuel in a short period at high engine speeds. Therefore,
investigations of complicated jet-jet interactions and their impact on the high-temperature
reaction zone and soot regions will be needed. The use of optical engine and laser diagnostics
similar to those applied in this study will again be very useful to explore the effect of such
phenomenon. The flow field measurement using a high-speed Nd:YAG laser will be another
diagnostic of interest. The flow measurements both within the jet and surrounding air flows will
help understand details of the turbulent ring vortex formation and how quantitatively it impacts
the high temperature reactions. Moreover, the engine is operated in naturally aspirated condition
in this study, without using emissions reduction technologies such as exhaust gas recirculation
and intake air boosting. Hence, further studies repeating these investigations in different engine
conditions when incorporating these technologies will provide great support for the

development of modern diesel engine.
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