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Abstract

Pilot sprays play a vital role in dual-fuel (DF') combustion applications, where a small quan-
tity of liquid fuel is used to ignite the primary gaseous fuel. The quantity and distribution
of the pilot spray have a significant influence on combustion efficiency and the formation
of harmful exhaust emissions. This study examines the fuel spray characteristics of heavy-
duty marine diesel injectors using optical diagnostics. In dual-fuel operation, these injectors
operate in a transient mode due to shortened dwell times and limited needle lifts, which
directly impact the spray breakup and atomization processes. The objective is to inves-
tigate the behavior of transient sprays under high-pressure and high-temperature ambient
conditions. Experiments were conducted in optically accessible spray test rigs that repli-
cate in-cylinder environments. Initially, multi-hole (MH) injectors were investigated using
the Mie-scattering technique to analyze plume-to-plume variations under non-evaporative
and non-reactive conditions. Afterward, the focus shifted to studies of single-spray plumes;
to achieve this, the thimble method was implemented. A thimble is a small metal cap
placed on the nozzle tip that isolates a single spray plume from a multi-plume spray, while
collecting the remaining plumes and directing them into a drain passage. This method en-
ables the study of individual spray characteristics without interference from adjacent plumes
and without altering the nozzle geometry. Single spray experiments were carried out un-
der various conditions, including non-evaporative and non-reactive sprays, evaporative and
non-reactive sprays, and reactive sprays. A diffuse back-illumination (DBI) technique was
used to visualize the liquid phase, while Schlieren imaging captured evaporative and re-
active sprays. Natural luminosity imaging was used to capture both the low-temperature
combustion (LTC, or cool-flame) and high-temperature combustion (HTC) regimes in the
reacting spray. The low-temperature combustion (LTC) or cool-flame phase, observed at
approximately 850 K (£50 K), appeared as a blue flame, indicating gas-phase oxidation with
negligible soot formation due to lower flame temperatures and relatively uniform fuel-air
mixing. In contrast, the high-temperature combustion (HTC) phase, observed at around
1150 K (£50 K), exhibited a yellow flame resulting from higher local temperatures, locally
fuel-rich regions, and notable soot formation, whose thermal radiation dominated the lu-
minosity signal under these conditions. Lastly, near-field atomization behavior was investi-
gated using time-resolved ballistic imaging (BI), which captures spray evolution and breakup
phenomena within 10 mm of the nozzle exit. These experiments (BI) were conducted under
ambient back-pressure conditions only, with fuel injection pressures systematically varied
from 1700 to 2100 bar to study their influence on spray development. Throughout all ex-
periments conducted in this research, the ambient density was varied up to approximately
28 kg/m3, and the injection pressure was varied up to 2100 bar. The results emphasize
the combined influence of ambient density, fuel injection pressure, and temperature on the
transient development of the spray.

Keywords: Spray characteristics, thimble structure, isolated spray, non-reactive sprays,
evaporative sprays, reactive sprays, near-field atomization, Mie-scattering, diffuse back-
illumination (DBI), Schlieren imaging, natural luminosity, ballistic imaging (BI)
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CHAPTER 1

Introduction and Literature Review

1.1 Pollutant emissions

In recent decades, increasing concerns about environmental sustainability and public health
have brought the issue of harmful emissions from internal combustion engines (ICE) to the
forefront of global discussions. These engines, widely used in the automotive, industrial,
and maritime sectors, are favored for their efficiency, reliability, cost-effectiveness, and high
energy density, making them essential in a wide range of applications. However, despite
these advantages, they are also major contributors to greenhouse gas (GHG) emissions,
such as carbon dioxide (CO2), as well as nitrogen oxides (NOx), particulate matter (PM),
and sulfur oxides (SOx) (G. C. Lazaroiu et al., 2024). Such emissions play a pivotal role
in driving global warming, ocean acidification, and the deterioration of air quality, all of
which have far-reaching consequences for ecosystems and human health (G. Lazaroiu and
Mihaescu, 2021; Okajima and Kumagai, 1991). Maritime shipping occupies a particularly
critical position among the various sectors dependent on combustion engines. According to
the United Nations Conference on Trade and Development (UNCTAD), approximately 80%
of global trade by volume and over 70% by value is transported by sea, establishing maritime
transport| as the backbone of ifiternational commerce (United Nations Conference on Trade
and Development (UNCTAD), 2013). However, this vital industry is also a considerable
source of GHG emissions. Currently, the sector accounts for approximately 3% of global
GHG emissions, a figure that could rise to 17% by 2050 if stringent regulations are not
implemented (Pereda et al], 2025). The maritime industry faces major challenges in dealing
with environmental issues, mainly because it relies heavily on traditional fossil fuels and
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operates on a global scale. To meet international environmental standards and encourage
cleaner shipping, the International Maritime Organization (IMO) has set emission limits
for ship engines, especially focusing on nitrogen oxides (NOx) through its Tier I to Tier III
regulations (International Maritime Organization, 2020).

1.2 Duel-fuel (DF) engine combustion

In response, various NOx control strategies have been implemented, including advancements
in combustion technology and the integration of selective catalytic reduction (SCR) systems
in marine diesel engines. However, as emission regulations become increasingly strict in the
coming years, the maritime industry will need to adopt emission control systems that are
not only highly efficient but also compact and practical for use on ships. One significant
drawback of SCR systems is that thiey require large quantities of liquid urea, which must
be stored and carefully handled on board (Okubo and Kuwahara, 2020). This creates
logistical challenges, particularly on vessels with limited space or those operating on long
voyages where frequent resupply is not possible. As a result, there is a pressing need for
alternative emission reduction technologies that can overcome these practical limitations
while still achieving compliance with future regulations. Dual-fuel (DF) engines that operate
on liquefied natural gas (LNG) are increasingly being recognized for their ability to reduce
emissions in the maritime sector. These engines offer the flexibility to run on either LNG
or traditional liquid marine fuels such as light fuel oil (LFO), heavy fuel oil (HFO), or
even liquid bio-fuels. The use of LNG leads to a-substantial and immediate reduction
in emissions of carbon dioxide (COz2), nitrogen oxides (NOx), sulfur oxides (SOx), and
particulate matter (PM). According to findings, LNG can reduce SOx emissions by up to
99%, PM1p and PMa2 5 by 95%, CO2 by 41%, and NOx by 82% (Karatug et al., 2023). As
a marine fuel, LNG is already widely adopted globally, supported by established regulatory
frameworks and a well-developed bunkering infrastructure. Dual-fuel systems also allow
seamless switching between fuel types without compromising engine performance, enabling
vessels to meet emission standards in regulated zones while optimizing fuel choice based on
cost and availability (Wartsila, 2025). In dual-fuel (DF) compression ignition (CI) engines
operating on natural gas, a small quantity of pilot fuel, typically-diesel, is required to initiate
combustion. Natural gas does not ignite under compression alone because it has a low cetane
number and a high auto-ignition temperature compared to diesel. Therefore, without pilot
fuel, natural gas cannot achieve reliable ignition in a compression ignition engine due to its
high auto-ignition temperature and the typically lean air-fuel mixture (Chandra et al., 2011;
Agarwal et al., 2022). To overcome this, a small quantity of diesel is injected near the end of
the compression stroke. This pilot fuel ignites first due to the heat of compression, creating
a localised high-temperature zone that then ignites the surrounding natural gas-air mixture.
This ignition method ensures consistent combustion stability, maintains thermal efficiency,
and efféctiviely reduces NOx and PM emissions across a wide range of loads and operating
conditions (Pounder and Woodyard, 2004). Engine management systems regulate the gas-
to-diesel ratio according to load, speed, and operating conditions. To effectively control
NOx emissions, limiting the amount of pilot fuel injected is crucial. Generally, maintaining
pilot fuel below 5% at noiiinal load can reduce NOx emissions to roughly one-tenth of those
produced by conventional diesel engines (Wartsilda Corporation, 2023; Sombatwong et al.,
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2013). Reliable combustion depends on precise control of the pilot injection. Parameters
such as injection timing, pilot fuel quantity, spray formation, and atomization characteristics
are crucial in determining ignition quality, combustion stability, and emission levels in dual-
fuel engines (Pounder and Woodyard, 2004). The efficiency and reliability of the combustion
process depend heavily on the fuel atomization and vaporization behavior, along with its
mixing with the surrounding air inside the combustion chamber. Factors such as injection
pressure, ambient temperature, and in-cylinder gas density significantly influence spray
atomization, droplet breakup, and fuel evaporation processes, which in turn affect mixture
formation and combustion performance (Hiroyasu and Masataka Arai, 1990).

1.3 Liquid jet breakup and atomization regimes

The disintegration of liquid jets into droplets is a key process in fluid dynamics, with nu-
merous applications in fuellinjection, spray painting, agricultural sprays, and related fields.
When a liquid jet exits a nozzle, it initially forms a continuous cylindrical stream. The
interaction between cohesive forces within the liquid and external disruptive forces causes
surface perturbations and oscillations. These perturbations grow in amplitude and eventu-
ally lead to the breakup of the liquid stream into individual droplets. The transition from a
continuous jet to a spray involves two key stages, primary atomization, where the jet breaks
into large droplets or ligaments, and secondary atomization, where these droplets further
fragment into finer droplets due to aerodynamic or shear forces (Lefebvre and McDonell,
2017). Rayleigh (Rayleigh, 1878) mathematically described the jet instability by analyzing
small perturbations on the liquid (non-viscous) surface. His work demonstrated that a lig-
uid jet becomes unstable to axisymmetric perturbations when the wavelength A\ exceeds the
jet circumference mdj. The perturbations with wavelengths longer than this circumference
will grow exponentially over time, causing the jet to break up. In other words, the jet be-
comes unstable when A > md;, where dj is the diameter of the jet. Figure 1.1 illustrates the
natural breakup of a liquid jet, where surface perturbations develop with irregular wave-
Iengths. As a result, the jet disintegrates into a stream of droplets with varying sizes, some
smaller and others larger than the nozzle orifice diameter. The perturbations in the jet that

ldj ]

Figure 1.1: Natural jet disintegration, jet/orifice diameter (d;) = 100 um (Lokesh,
2017).

exhibit the highest exponential growth rate occur at a wavelength of A\opt = 4.51d;, where

fragmentation of the jet into droplets with a characteristic diameter of D = 1.89d;. Suppose
periodic perturbations of appropriate wavelength A and amplitude are applied to the liquid
jet. In that case, it breaks into evenly spaced droplets of nearly equal size, as illustrated in
Fig. 1.2. Although the droplets initially exhibit oscillatory behavior, they gradually attain

]
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T —»Vj

Figure 1.2: A laminar liquid jet, issued from an orifice with a diameter of d, =
100 pm, is subjected to regular, controlled perturbations at a frequency
of f4 = 12.0kHz (Lokesh, 2017).

a spherical shape as they move downstream, due to the combined effects of liquid viscosity
and surface tension, as shown in Fig. 1.3. While foundational, this model was based on the

dg
—= AR

e VJ

Figure 1.3: Mono-disperse droplets at downstream (Lokesh, 2017).

assumption of an inviscid%lld static environment, which limits its applicability to practical
spray systems where viscous effects and aerodynamic interactions play a significant role.

Weber (Weber, 1939) extended Rayleigh (Rayleigh, 1878) theory by including the effects
of both liquid viscosity and aerodynamic drag. He demonstrated that viscous damping slows
the growth of instabilities, increasing the optimal perturbation wavelength. The corrected
wavelength accounting for viscosity is given by Eqn. 1.1}

0.5

o 3 pL
>\opt = 27de 1+ \/ﬁ (1.1)
J

where, Aopt is the optimal wavelength of the most unstable disturbance, dj is the initial jet
diameter, up, is the dynamic viscositylof the liquid, pr, is the liquid density, and o is the
liquid surface tension. As the liquid jet propagates through the surrounding air, aerody-
namic forces impose shear stresses on its surface, inducing additional surface perturbations.
Aerodynamic forces act to destabilize the liquid jet by introducing external air resistance,
which reduces both the breakup length and the wavelength of surface disturbances. As a
result, the jet undergoes an earlier breakup, producing smaller droplets due to the enhanced
atomization process. For instance, increasing the relative air velocity from zero to 15 m/s
could reduce the optimal wavelength from 4.44d; to 2.8d; (Lefebvre and McDonell, 2017).

Building upon the foundational theoretical developments of Rayleigh and Weber, Ohne-
sorge (Ohnesorge, 1936; Lefebvre and McDonell, 2017) introduced a comprehensive dimen-
sionless framework to characterize the breakup behavior of liqujd_jets across a broad range
of fluid properties and flow conditions. This framework incorporates'three key dimensionless
numbers: [the]Reynolds number, which represents the ratio of inertial to viscous forces in
fluid flow; the Weber number, which denotes the ratio of inertial to surface tension forces;
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and the Ohnesorge number, which accounts for the combined effects of viscosity, surface
tension, and inertia in jet breakup phenomena. These parameters are defined as follows,

pL U d;

Re = . (1.2)
2d'
We = & (1.3)
o
Oh=__HL  _ YWe (1.4)

v/ PL 0 dj ~ Re

where pr, is the liquid density, U is the jet velocity, d; is the initial jet diameter, pg, is
the dynamic viscosity, and o is the liquid surface tension. Collectively, these dimension-
less groups quantify the relative influences of inertia, viscosity, and surface tension forces
in determining the instability and breakup behavior of liquid jets. OhNumberchart.png

Figure 1.4: atomization and other breakup regimes of a liquid Jet (Lefebvre and
McDonell, 2017).

Using this dimensionless framework, Ohnesorge systematically identified three principal jet
breakup regimes. Atlow Reynolds and Ohnesorge numbers, breakup occurs in the classical
Rayleigh regime, dominated by surface-tension-driven instabilities. As the Reynolds num-
ber increases to moderate values, aerodynamic interactions induce sinuous oscillations on
the liquid column, promoting asymmetric wave development and producing a broad droplet
size distribution. At high Reynolds and Weber numbers, inertial and aerodynamic forces be-
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come dominant, leading to rapid atomization and the formation of fine sprays immediately
downstream of the nozzle.

Integrating these developments, Reitz Reitz, 1978 formulated a comprehensive atom-
ization regime map that connected fundamental instability mechanisms to practical spray
behaviors as shown in Fig. 1.4. His model distinguished four regimes: Rayleigh breakup,
where surface tension dominates and droplets form with D ~ 1.89d;; first wind-induced
breakup, where moderate Weber numbers cause surface waves and droplets roughly the size
of the jet diameter; second wind-induced breakup, where shear-driven instabilities produce
much finer droplets (D < dj); and atomization, where high Weber and Reynolds numbers
trigger turbulent disintegration near the nozzle exit. The critical condition for transition
to atomization was identified as Wey > 13, where We) is the Weber number based on
perturbation wavelength.

]

1.4 Fuel spray studies in combustion engines

Atomization is the process of breaking a continuous liquid stream into fine droplets, which
are then dispersed within a surrounding gas. This process is essential because it significantly
increases the liquid surface area, enhancing its interaction with the surrounding environ-
ment (Lefebvre and McDonell, 2017). Atomization plays an important role in a wide range
of industrial and scientific applications. For instance, in agriculture, it allows the efficient
spraying of fertilizers and pesticides over crops. In meteorology, atomization helps in un-
derstanding natural phenomena such as mist and rain (Ashgriz, 2011). In the medical field,
it facilitates the delivery of medication through devices like inhalers and nebulizers (Mo-
handas et al., 2021). Furthermore, in various engineering systems, particularly combustion
engines and cooling technologies, precise control over droplet size and distribution is crucial
for achieving optimal-performance and efficiency.

Atomization occurs through one of three mechanisms: the kinetic energy of the liquid,
the aerodynamic force of high-velocity air or gas, pr the mechanical energy imparted by a
rotating or vibrating device. This process is fundamental to the combustion of liquid fuels in
diesel engines, spark-ignition engines, gas turbines, rocket engines, and industrial furnaces.
It increases the specific surface area of fuel droplets, enhancing mixing with the surround-
ing air and accelerating evaporation (Lefebvre and McDonell, 2017). Proper atomization is
essential for achieving stable combustion, efficient heat release, and minimized emissions.
Figure 1.5 illustrates the sequence of atomization processes and the characteristic features
of a spray. Optical imaging techniques have been used for decades to investigate automo-
tive fuel sprays and combustion processes, with applications in both academic research and
industry. To replicate the high-pressure and high-temperature conditions present inside
cbrdbustion engines, researchers have developed specialized spray test rigs capable of oper-
ating under engine-relevant conditions (Baert et al., 2009; Raul Payri, Garcia-Oliver, et al.,
2012; Bardi et al., 2012). These test setups incorporate advanced optical diagnostics that
enable precise visualization and analysis of spray behavior.
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Pumping characteristics, flow
in tubes and channels, internal
geometry, and flow field

Liquid properties, discharge
coefficient, sheet, cone angle,
thickness, velocity, shear

flow, and turbulence characteristics

Wave instabilities in
the liquid sheet mechanisms
for sheet primary breakup

Breakup length

Drop deformation and
breakup

Secondary breakup

drop collisions and coalescence
Drop size, velocity, number density,
and volume flux distributions

Drop dynamics, drop slip velocities,
induced air flow field, gas phase
flow field with swirl, reversed

flow, and turbulence

Spray interactions with turbulent

eddies, cluster formation, drop
heat transfer and evaporation

Figure 1.5: An overview of the various stages involved in spray atomization (Lefeb-
vre and McDonell, 2017).

1.4.1 Spray visualization test rigs

The primary function of spray visualization test rigs is to replicate the thermodynamic con-
ditions present within internal combustion engines during fuel injection and combustion.
This controlled simulation is essential for accurately observing and analyzing spray behav-
ior under engine-relevant conditions. Various configurations of spray test rigs are currently
in use worldwide, each tailored to specific research objectives and engine types. An overview
of the major types of test rigs commonly employed in spray and combustion research is pro-
vided below. The most widely adopted test rigs are the constant-volume hot cell, CVHC
(Du et al., 2017; Deshmukh, 2011), constant-volume pre-combustion cell, CVPC (Baert
et al., 2009; Bardi et al., 2012), and constant-pressure flow rig, CPFR (Bardi et al., 2012;
Raul Payri, Garcia-Oliver, et al., 2012). These systems are specifically designed to produce
the contrelled high-pressure and high-temperature environments necessary to investigate
fugispray behavipr, combustion characteristics, and air-fuel mixing under conditions rep-
resentative of actual engine|operation.
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(a) CVPC (Sandia) (b) CPFR (CMT)

(c) CV-OSCC (Wairtsila) (d) CPFR (Chalmers)

Figure 1.6: Spray test rigs: (a) Constant-volume pre-combustion cell (CVPC) at
Sandia National Laboratory (Bardi et al., 2012), (b) Constant pres-
sure flow rig (CPFR) at Universitat Politecnica de Valéncia — CMT-
Motores Térmicos (Bardi etaly 2012), (c) Constant-volume optical
spray combustion chamber (CV-OSCC: pre-mixed combustion cham-

10 ber) at Wértsila corporation, (d) Constant-pressure flow (CPFR) rig
at Chalmers University of Technology.
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Constant-volume hot cell (CVHC) functions by pressurizing a sealed chamber with gas.
Inert gases are typically used for spray studies, while air is used for combustion experiments.
An internal electric heating element raises the temperature of the pressurized gas to the
required level. Once both the pressure and temperature reach the set values, the fuel
injector is activated to initiate the injection process. Despite its advantages, the CVHC
has certain limitations. Prolonged exposure to high temperatures causes degradation of
the O-ring seals, leading to potential gas leakage. Additionally, efficient cooling of the fuel
injector is essential to prevent thermal damage during operation. The maximum achievable
temperature within the CVHC is also restricted by the material limitations of the heating
elements (Pal, 2019). The limitations of the CVHC in handling high temperatures were
resolved by incorporating a constant-volume pre-combustion cell (CVPC). In this system, a
premixed, lean combustible gas mixture is introduced into a sealed chamber. The mixture
is ignited by a spark plug, and the resulting combustion rapidly increases the pressure and
temperature of the chamber to the desired levels. The mixing fan is operated both before and
after ignition to ensure a uniform temperature distribution and a consistent gas composition
throughout the chamber. Once the target thermodynamic conditions are reached, the fuel
is injected into the chamber. The subsequent spray and combustion events are observed
and recorded through optical windows. The constant pressure flow rig (CPFR) differs
from the CMVHC and CVPC by providing a continuous flow of high-pressure, preheated gas
into the test section. This system maintains a constant ambient pressure during the entire
injection process. Compressed gas is stored in a high-pressure reservoir, heated using electric
resistance heaters, and then supplied to the chamber. The CPFR is particularly suitable
for experiments that require steady-state boundary conditions. The system operates in two
distinct modes. In the open-loop configuration, a continuous inflow and outflow of gas is
maintained throughout the experiment, enabling the chamber to function as a constant-
pressure flow (CPF) system. In contrast, the closed-loop configuration involves initially
filling the chamber with gas to the required thermodynamic conditions, after which no
further gas exchange occurs during fuel injection. This setup allows the chamber to behave
as a constant-volume system.

In addition to these rigs, two other rigs are commonly used in combustion research: the
rapid compression machine (RCM) and the optical research engine (ORE) (Mittal et al.,
2011). The RCM achieves the desired pressure and temperature conditions through a sin-
gle, rapid piston stroke that compresses the gas mixture to top dead center (TDC). The
resulting combustion occurs at constant volume, allowing a detailed study of ignition de-
lay and combustion characteristics. However, RCMs are expensive and complex to operate.
Mechanical vibrations at the end of the compression stroke pose challenges for applying sen-
sitive laser-based optical diagnostics (Baert et al., 2009). The optical research engine (ORE)
offers a more realistic simulation of in-cylinder conditions compared to static chambers and
RCMs. It is essentially a real engine modified with optical access ports made of quartz
or sapphire, allowing direct visualization of fuel injection, spray formation, ignition, and
combustion inside the cylinder. The ORE setup allows detailed investigation of spray/wall,
spray/piston, and spray/spray interactions, making it the closest representation of actual
engine behavior among all available experimental test rigs (Phan, 2009). However, due to
their structural complexity, high operational costs, risk of optical window fouling, and the
ORE need for careful design integration to accommodate diagnostic tools. The CVHC,
CVPC, and CPFR rigs provide controlled, repeatable environments for fundamental spray

11



Chapter 1 Introduction and Literature Review

and combustion studies; the RCM and ORE systems offer complementary advantages.

1.4.2 Spray and spray flame characteristics

As outlined in earlier sections, spray atomization is the process by which a liquid fuel jet
is disintegrated into millions of fine droplets, significantly enhancing evaporation and pro-
moting the formation of a homogeneous fuel-air mixture in vapor form. The quality of
this mixture is critical for achieving efficient combustion and reducing emissions in internal
combustion engines. Research on fuel sprays covers both non-evaporative and evaporative
sprays in non-reactive environments, as well as reactive sprays involving combustion pro-
cesses. A comprehensive understanding of spray morphology requires the characterization of
both macroscopic and microscopic spray properties. Macroscopic parameters include spray
tip penetration, spray cone angle, and projected spray area, which describe the overall shape
and extent of the spray plume. Microscopic parameters involve measurements of droplet
size and velocity distributions, along with their statistical averages (Agarwal et al., 2022).
In non-reactive conditions, studies have primarily focused on quantifying these macroscopic
and microscopic characteristics to understand the physical dispersion and evaporation be-
havior of the spray. In contrast, reactive spray investigations emphasize parameters that
capture the interaction between spray dynamics and combustion phenomena, including ig-
nition delay, lift-off length, flame structure, heat release rate, and pollutant formation under
various injection and ambient conditions (Agarwal et al., 2022).

1.4.2.1 Non-reactive sprays

Non-evaporative sprays

In spray research, a non-evaporative ambient refers to conditions where the surrounding
gas is maintained at ambient temperature—to prevent the evaporation of the fuel spray.
This ensures that the spray remains entirely in the liquid phase, enabling the investigation
of its physical structure and aerodynamic behavior without the influence of evaporation.
Under such non-evaporative conditions, experimental studies have consistently shown that
an increase in the ambient gas density reduces the spray tip penetration and increases
the spray cone angle. This is because higher gas density produces greater aerodynamic
resistance against the spray, which slows down its forward movement and causes it to
spread more widely in the lateral direction. This behavior is primarily attributed to the
enhanced aerodynamic drag exerted by the denser ambient gas, which decelerates the spray
tip more rapidly and promotes greater lateral dispersion of the spray (Naber and Dennis L
Siebers, 1996; X. Wang et al., 2010; R. Payri, F. Salvador, et al., 2011; Raul Payri, Jaime
Gimeno, De la Morena, et al., 2016). Along with ambient conditions, injection pressure is a
key parameter that influences spray behavior. It has a strong influence on spray break-up
and mixing with ambient air. Liquid fuel jets/sprays are disintegrated into fine droplets
due_to the relative velocity between the spray and the ambient gas. With an increase in
the injection pressure,the nozzle outlet velocity also increases, favoring the production
of smaller droplets and improved atomization (M. Arai et al., 1984). Several studies have
reported that higher injection pressure enhances the spray tip penetration and spray volume
but hardly affects the spray cone angle, which remains relatively constant during the entire
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injection process (Delacourt et al., 2005; Kim et al., 2013). This observation indicates that
although the injection pressure highly effectively enhances spray penetration, it does not
fundamentally alter the spray cone angle. Furthermore, higher injection pressures produce
greater spray tip velocities due to greater momentum at the nozzle exit before the spray tip
reaches its maximum velocity (Kim et al., 2013).

Evaporative sprays

An evaporative spray environment is established either by heating the surrounding gas to
the desired temperature and pressure or by employing a pre-mixed combustion process that,
once completed, leaves behind a high-temperature, high-pressure, inert atmosphere. Under
these evaporative conditions, the injectdd liquid fuel penetrates only up to a certain axial dis-
tance from the injector. Beyond this point, the tip of the liquid core of the spray no longer
advances steadily; instead, it fluctuates around a quasi-stationary axial position. Mean-
while, the vaporized portion of [thelspray continues to move downstream, with vapor-phase
penetration progressing further even as the liquid-phase tip remains near the same location
(Espey and Dec, 1995; Zheng et al., 2015). This phenomenon introduces a critical distinc-
tion in the characterization of evaporative sprays, wherein the liquid-phase penetration is
treated as a separate parameter, commonly referred to as the liquid length (LL). Liquid
length is defined as the maximum axial distance from the injector nozzle to the furthest ex-
tent of the liquid-phase fuel within the spray. Accurate determination of LL is of particular
importance in engine design, as excessive liquid penetration may result in impingement on
the piston crown or cylinder liner (spray—wall interaction). Spray—wall interaction describes
the behavior of fuel sprays upon impingement with the combustion chamber surfaces. This
interaction/ plays a crucial(rold in influencing the secondary evaporation of fuel droplets or
the formation and evaporation of wall films, both of which significantly impact soot and
unburned hydrocarbon (HC) emissions in internal combustion engines (Moreira et al., 2010;
Agarwal et al., 2022).

The liquid length (LL) of evaporating diesel sprays is influenced by several factors re-
lated to nozzle geometry, ambient conditions, and fuel properties. It has been established
that liquid length increases linearly with orifice diameter, as a larger nozzle produces a
thicker liquid core that extends further before breakup occurs (Dennis L. Siebers, 1998;
Desantes et al., 2005). In contrast, increasing the ambient gas defsity leads to a reduction
in liquid [length. A denser ambient environment accelerates spray breakup and enhances
atomization, which promotes faster fuel evaporation and shortens the liquid penetration.
Additionally, higher ambient density increases the entrainment of hot surrounding gases
into the spray, further contributing to the reduction of liquid length (Dennis L. Siebers,
1998; Jaime Gimeno et al., 2016; Raul Payri, Juan P. Viera, et al., 2017). Ambient gas
temperature also plays a crucial role in determining liquid length. As ambient temperature
rises, the thermal energy available in the surrounding gas increases, causing the entrained
air to heat the liquid fuel more rapidly. This elevated heating enhances the fuel vaporization
rate, resulting in a |shorter liquid phase penetration |within the spray (Dennis L. Siebers,
1998; Raul Payri, Juan P. Viera, et al., 2017). At a given ambient temperature, a shorter
liquid length typically indicates more efficient and faster air-fuel mixing, which is desirable
for improving combustion quality and reducing emissions (Espey and Dec, 1995). In con-
trast to ambient conditions, injection pressure has been found to have little to no significant
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effect on liquid length. Although higher injection pressure increases the fuel injection rate
and sprays momentum, it simultaneously promotes greater air entrainment in proportion,
thereby maintaining the overall energy balance and leaving liquid length largely unchanged
(Dennis L. Siebers, 1998; Desantes et al., 2005; Raul Payri, Juan P. Viera, et al., 2017).
Furthermore, fuel temperature and volatility are important fuel-related factors influencing
liquid length. An increase in fuel temperature or the use of fuels with higher volatility
leads to a reduction in liquid length by accelerating fuel heating and vaporization processes
(Canaan et al., 1998; Raul Payri, Garcia-Oliver, et al., 2012). Finally, for multi-component
fuels, the liquid length is primarily governed by the least volatile components in the mixture,
as these fractions evaporate more slowly and therefore dictate the final extent of the liquid
core (Jaime Gimeno et al., 2016). The procedure for determining liquid length in sprays has

Figure 1.7: Liquid length measured at different times after start of injection (SOI).
The threshold for optical thickness was set at 7 = 0.6 (Pal, 2019).

been well-documented by the Engine Combustion Network (ECN) (Jung et al., 2015), and
is widely adopted in experimental spray research. Images obtained through DBI techniques
were converted to binary form by applying a threshold based on optical thickness. Initially,
the intensity value at each pixel in the spray image, denotedas I(x,y), was normalized by
dividing it by the intensity at the corresponding pixel in the background image, Igg(z,y).
The background was created by averaging ten images captured prior to the start of injection
(SOI):

I(z,y)
Ipc (1’, y)
The optical thickness 7 at each pixel is then calculated as the negative logarithm of the
normalized intensity:

In(.'li, y) =

T(I, y) = - 10g [In(I, y)]
Figure. 1.7 presents the liquid length values determined using a threshold of 7 = 0.6 at
various times after the start of injection. The average liquid length was obtained by taking

|
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the mean of values recorded between 1 ms and 2.5 ms after SOI. All these sprays have been
studied during longer injection durations, with the liquid length measured under steady-
state conditions. However, this approach does not apply to transient sprays, where the
spray does not reach a steady state.

1.4.2.2 Reactive sprays

High-speed imaging has become an indispensable diagnostic tool for examining highly tran-
sient combustion phenomena, especially in processes like diesel spray injection and combus-
tion. Techniques such as shadowgraph, schlieren imaging, and natural luminosity imaging
provide crucial information about spray penetration, spray cone angle, ignition delay, ig-
nition location, and soot formation characteristics (Lyle M. Pickett et al., 2009). This
experimental data is essential for the development, validation, and refinement of multi-
dimensional computational fluid dynamics (CFD) models tailored for spray combustion
applications. These validated models are subsequently employed for optimizing the design
and performance of next-generation high-efficiency, low-emission engines. In the combustion
sequence of diesel spray compression ignition, two primary stages are typically observed:
low temperature combustion (LTC), also referred to as cool flame or warm flame (first-stage
ignition), and high temperature combustion (HTC), known as hot flame (second-stage ig-
nition) (Musculus et al., 2013). Notably, several researchers have proposed an additional
intermediate stage within this process, termed intermediate femperature combustion (ITC),
thereby dividing diesel ignition into three sequential phases: LTC, ITC, and HTC. In this
classification, both LTC and ITC phases occur prior to the establishment of the high tem-
perature flame (Ong et al., 2021; Y. Ju, 2021). The ignition characteristics during these
initial stages play a decisive role, as they significantly influence the stability, properties, and
limits of HT'C, which in turn directly affects engine performance and emission behavior (D.
Wang et al., 2023)._Among the key parameters governing fuel spray combustion, ignition
delay and lift-off lerigth are particularly critical, as they directly determine engine efficiency
and emission outcomes. Ignition delay, defined as the time gap between the start of fuel
injection and the onset of combustion, tends to decrease with rising ambient temperatures
and pressures due té-actelerated-chemical reaction rates. Similarly, lift-off length, the axial
distance from the injector tip to the location of a stabilized flame, is also shortened un-
der higher pxygen concentrations and increased ambient pressures (Senecal et al., 2003).
Furthermore, elevating the fuel injection pressure enhances atomization quality and spray
penetration, leading to reductions in both ignition delay and lift-off length. This behavior
was comprehensively validated through CFD simulations, which confirmed that increased
injection pressures improve combustion efficiency and result in shorter liquid lengths and
flame lift-off distances (Senecal et al., 2003).

1.4.2.3 Near field spray atomization

Ballistic imaging is an optical-diagnostic technique, originally developed for medical imag-
ing, that has been adapted for visualizing dense liquid fuel sprays. The method captures
ballistic photons, those that pass through the dense spray with minimal scattering, while fil-
tering out multiply scattered photons. This is achieved using ultra-fast time-gated devices,
such as Kerr gates or intensified cameras, which act as optical shutters. These shutters
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Figure 1.8: A ballistic image depicting the spray core, where dark areas correspond
to the fluid phase and lighter areas indicate the gas phase (M. Linne

et al., 2006).

(b) Acceleration vectors estimated from
(a) Velocity vectors obtained by correlat- time-resolved ballistic images, show-
ing selected regions (75 x 75 pixels) be- ing the forces acting within the spray.
tween successive images. Vector magni- The color scale depicts vector magni-
tudes are represented by a color scale, tudes, with red denoting the minimum
where red indicates the lowest and yel- and yellow the maximum acceleration,

low the highest, reaching up to 65 m/s. reaching approximately 12 m/s?.

Figure 1.9: Velocity and acceleration vector fields derived from ballistic imaging,
capturing the dynamic motion and forces within the spray structure
(Sedarsky et al., 2016).
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allow only the earliest arriving photons, which experience the least interaction with spray
droplets, to be recorded by the detector. As a result, ballistic imaging provides high spatial
and temporal resolution images of near-nozzle spray structures, enabling detailed exami-
nation of initial breakup processes and transient features of the spray that are typically
masked in conventional imaging methods due to extensive light scattering (M. Linne et al.,
2006). As shown in the Fig. 1.8, periodic patterns are clearly visible in the core region of the
spray. Faint traces of small ligaments are also noticeable. Moreover, once the jet becomes
fully developed, regular voids appear along the outer boundary of the spray, indicating
an organized breakup mechanism (M. Linne et al., 2006). In further extension studies by
Sedarsky et al., 2016, targeted region-matching analysis was combined with the detection
of image triplets to generate time-resolved velocity and acceleration vectors, representing
the motion and forces involved in the spray development process, as shown in Fgs. 1.9a and
1.9b.

1.5 Motivdtion

In dual-fuel engines, the ignition processiis initiated by a small quantity of liquid pilot
fuel injectiomn,| which ignites the premixed LNG—air charge. Consequently, the behavior of
the pilot spray, particularly its ignition characteristics and interaction with the gaseous

nvironment, becomes a critical factor influencing overall engiQerformance, ignition re-
I:Tiability, and emission formation. Over the years, extensive research has been conducted
on fuel sprays with longer injection durations (typically on the order of milliseconds) un-
der automotive diesel engine conditions. These studies, using optically accessible engines
and constant volume combustion chambers, have provided detailed data on spray penetra-
tion, liquid length, spray cone angle, vaporization, ignition delay, and flame lift-off length
(Lyle M Pickett et al., 2010). However, pilot sprays in LNG dual-fuel marine engines dif-
fer fundamentally from these automotive main sprays. Pilot sprays involve short injection
durations and much smaller fuel quantities, designed solely to initiate ignition rather than
supply the primary energy. Such sprays operate in a ballistic needle regime, leading to dis-
tinct atomization, entrainment, and ignition characteristics when compared to longer, main
injections (Frithhaber et al., 2018). A notable limitation in existing spray studies is that
most investigations|on automotive sprays have been performed using research injectors or
customized nozzles, often modified into a single-hole configuration, to generate an isolated
single spray plume. This is essential because multi-hole injectors typically produce multiple
spray plumes, and interactions between neighboring plumes (plume-to-plume interference)
introduce complexities in optical measurements, making it difficult to isolate individual
spray behaviors (Raul Payri, F. J. Salvador, et al., 2020). These studies were typically
conducted under high-temperature, high-pressure conditions in controlled constant volume
chambers, using single-hole research nozzles to avoid interference effects. Recognizing this
challenge, the present study adopts a new approach wherein a thimble type arrangement has
been implemented to physically isolate a/ single spray plume from a multi-hole marine injec-
tor. This enables precise, optical characterization of an individual pilot spray plume without
interference from adjacent plumes, providing reliable and representative data on spray mor-
phology, penetration, ignition delay, and flame development under both non-reactive and
reactive conditions.
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Although extensive data exist for long, steady-state sprays in automotive diesel engines,
experimental research on short-duration, transient/pilot sprays in LNG dual-fuel marine
engines remains limited. There is a significant lack of optical diagnostic studies conducted
under conditions relevant to marine engines. The injectors are designed for continuous, long-
duration operation, but in dual-fuel mode, they are subjected to transient, short-duration
pilot injections. As a result, the transient spray development, ignition site formation, and
the influence of ambient pressure and temperature under these conditions have not been
thoroughly investigated. Existing automotive data on vapor penetration and flame behavior
cannot be directly applied to dual-fuel marine engines because of fundamental differences
in injection duration, ambient conditions, and operating strategies.To address these gaps,
this study performs a high-speed optical investigation of isolated pilot sprays under engine-
relevant conditions to replicate dual-fuel marine engine environments. Mie-scattering, dif-
fused backlight imaging, Schlieren, and natural luminosity imaging are employed to capture
transient spray and combustion behavior. Additionally, the near-field spray structure is
analyzed using ballistic imaging at different ambient and injection pressures.

1.6 Objectives

The primary aim of this research is to investigate the transient behavior of pilot fuel sprays in
heavy-duty diesel injectors under conditions relevant to dual-fuel marine engine applications.
The experiments were carried out using high-pressure and high-temperature spray test rigs
using various optical diagnostics methods. The specific objectives of the study are as follows:

e The study developed and applied a plume isolation technique employing a thimble
structure to isolate individual spray plumes from a multi-plume spray, effectively
avoiding interference from adjacent spray plumes.

e The study examined plume-to-plume variations in multi-hole injectors under non-
evaporative and non-reactive conditions, to assess the consistency and symmetry of
spray formation across various injectors.

e Single-plume spray experiments were performed under non-evaporative and non-
reactive conditions at various back pressures and injection pressures. Additionally,
evaporative and non-reactive sprays were investigated across a range of back pres-
sures, injection pressures, and ambient temperatures to analyze spray behavior under
different thermodynamic conditions.

e The reactive behavior of the spray was studied under various ambient conditions
and different oxygen concentrations to understand the transient spray combustion
characteristics.

e The study investigated near-field atomization dynamics using time-resolved ballistic
imaging, with particular emphasis on spray breakup and evolution within 10 mm of
the nozzle, under ambient and various injection pressure conditions.
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CHAPTER 2

Experimental Setup and Approach

The experiments were carried out in optically accessible spray test rigs to investigate the
transient characteristics of fuel sprays over a range of fuel injection pressures, ambient
densities, and temperatures. Various optical diagnostic techniques were employed to capture
and analyze the spray dynamics. The spray characteristics are examined under the following
conditions:

e Phase-I:. Non-evaporative, non-reactive sprays
e Phase-1II: Evaporative, non-reactive sprays
e Phase-III: Reactive sprays

e Phase-IV: Near-field spray atomization using ballistic imaging

2.1 Spray visualization test rigs

2.1.1 Constant volume optical spray combustion chamber
(0SCO)

The Optical Spray Combustion Chamber (OSCC) is a constant-volume, pre-mixed combus-
tion test rig (Fig. 2.1) designed for detailed optical diagnostics of fuel spray and combustion
studies under precisely controlled conditions. The chamber features a cubical shape with
an internal volume of 17.2 liters and includes several modular components such as a gas ex-
change systen, injector adapter, corner modules, and three optical quartz windows. These
windows facilitate a selection of optical diagnostic techniques based on experimental needs.
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Parameter Value / Description
Outer dimensions 600 x 600 x 550 mm
Internal volume 0.0172 m3 (17.2 litres)
Operating pressure 0400 bar
Chamber body temperature 20200 °C
Operation mode Closed (constant-volume chamber)
Spray Type
Cold phase Non-reactive sprays
Hot phase Reactive sprays
Heat and Pressure Generation
Cold phase Pressurized air
Hot phase Pre-mixed combustion

Table 2.1: Characteristics of the optical spray combustion chamber (OSCC).

4
2 g 3
1
2
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Figure 2.1: Optical spray combustion chamber (OSCC) components: (1) chamber
body, (2) window module, (3) gas exchange module-inlet, (4) gas ex-
change module-exhaust, (5) injector module, (6) insulation for the hot
phase (7) fuel supply system, (8) corner module-spark plug, (9) corner
modules for internal pressure and temperature measurements.

The injector is mounted at the bottom of the chamber, positioned vertically to capture
all spray plumes simultaneously, and can also be tilted at an angle to study individual
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spray plumes. The chamber can operate in a cold mode, without heating, to investigate
non-evaporative and non-reactive sprays. In this mode, the desired pressure is maintained
by filling the chamber with compressed air through the gas exchange modules, while tem-
perature remains at ambient levels. For evaporative and reactive spray experiments, the
chamber temperature is increased using a pre-mixed combustion process. This is initiated
by a spark plug installed in a corner module, which ignites a fuel-air mixture to raise the
temperature before fuel injection. Pressure and temperature inside the chamber are con-
tinuously monitored via sensors in the corner modules. Temperature measurements are
taken at two locations: near the nozzle tip T1and at the top corner of the chamber T2. The
chamber’s operating temperature is then calculated as the average of these two readings, the
specifications of the OSCC are listed in Table 2.1. These temperatures were measured us-
ing a specially designed thin thermocouple, which responds rapidly to temperature changes
due to its low thermal mass. To keep the experimental conditions consistent, the chamber
was emptied and refilled using the exhaust and inlet valves. In non-evaporative and non-
reactive spray tests, this was done after every five sprays to reduce the chance of leftover
fuel mist affecting the spray pattern. In tests with evaporative and reactive conditions, the
chamber was emptied and refilled with fresh gas mixtures before every spray. The viewing
windows were cleaned whenever needed, based on visual checks and the clarity of the images
captured.

]
2.1.2 Constant-pressure flow (CPF) chamber

The constant-pressure flow (CPF) chamber is an optically accessible, high-pressure vessel.
The chamber operates in two modes: open-loop and closed-loop. In open-loop mode, com-
pressed gas enters through an inlet at the bottom and flows upward, exiting via an exhaust
outlet at the top, creating a continuous flow through the chamber. In closed-loop mode, the
chamber functions as a constant-volume vessel with no continuous gas flow, maintaining a
stable pressure similar to an OSCC setup. The CPF chamber is suitable for both cold and
hot phase operations. In cold-phase tests, ambient temperature is maintained while the
desired back pressure is achieved using compressed air. For hot-phase operation, elevated

Parameter Value / Description
Injector position Mounted on the side of the chamber
Gas inlet Bottom of the chamber
Gas exhaust Top of the chamber

Operating Modes

Open-loop mode Continuous gas flow from bottom inlet to top exhaust

Closed-loop mode No continuous flow, constant-volume operation
Spray Type
Cold phase Non-reactive sprays
Hot phase Reactive sprays

Table 2.2: Characteristics of the constant-pressure flow (CPF) chamber.
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View-1 4 View-2

View-3 View-4

Figure 2.2: Components of the constant-pressure flow (CPF) chamber: (1) ICCD
camera, (2) injector module, (3) fuel supply system, (4) gas exchange
module—inlet, (5) gas exchange module—exhaust, (6) nozzle tip.

temperatures are generated by igniting a pre-mixed fuel-air mixture inside the chamber
before fuel injection, allowing investigation of evaporative and reactive sprays under high-
temperature conditions. In the present study, the CPF chamber was operated in cold-phase
conditions, maintaining ambient temperature while applying elevated back pressures with
compressed air. The injector is mounted on the side wall of the chamber, enabling clear
visualization of spray plumes and near-field atomization. Pressure and temperature sen-
sors are installed to continuously monitor and control the internal environment, ensuring
consistent and reliable test conditions, the specifications of the CPF are listed in Table 2.2.

2.2 Test matrix and the injectors details

Table 2.3 summarizes the spray types, injectors used, nozzle/plume configurations, diag-
nostic techniques applied for each case, and categories of experiments conducted. The
properties of these fuels tested in this study are listed in Table 2.4. The first phase of the

eriments focused on non-evaporative, non-reactive spray conditions. Initially, tests were
performed using injector-Al to study spray behavior with three different nozzle setups. In
the first setup, adjacent nozzle holes were welded]shut to produce an isolated spray plume,
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Nozzle /plume configuration
Test Spray type Injectors Isqlated spray Multi-plume Diagnostics Fuel
(single spray)
Welded nozzle Thimble method | MH nozzle
(plume-blocking) | (plume-thimble) | (plumel-9)
Non-evaporative Al v v v o .
1 and non-reactive Al, A2, Band C X v v DBI, Mie-scattering LFO
Evaporative
2 and B X v X DBI, Schlieren
. n-heptane
non-reactive
Schlieren
3 Reactive B X v X and
Luminosity
4 Near field atomization Al v X X Ballistic imaging Diesel

Table 2.3: Summary of experiments: spray types, injectors, nozzle configurations,
and diagnostic techniques used.

allowing the study of a single plume without interference from others. The second setup
used the thimble method, where surrounding holes were covered to isolate a single plume
without changing the nozzle shape. The third setup used a multi-hole (MH) nozzle with all
holes open, creating a multi-plume spray to observe interactions between plumes. Diffuse
back-illumination (DBI) imaging was used to capture single plumes, while Mie-scattering
imaging was used for multi-plume sprays. In addition, four similar injectors (A1, A2, B, and

Property LFO  n-heptane Diesel
Density @ 15°C (kg/m?) 833.5 684 840
Viscosity @ 40°C (mm?/s)  3.036 0.41 3.0
Flash Point (°C) 64.5 —4 64
Sulfur (mg/kg) < 10 - < 10

Table 2.4: Fuel properties (Wartsild Corporation, 2023).

C) were tested under the same non-evaporative, non-reactive conditions to compare their
spray characteristics and variability among the injectors. Multi-plume sprays were recorded
using Mie-scattering, and plume-thimble (single plume-spray) configurations were captured
using DBI imaging. The full test matrix for these non-evaporative and non-reactive spray
experiments and nozzle details is listed in Table 2.5.

In the second phase of the experiments, the investigation focused on single spray plumes
generated using the thimble method. These sprays were tested under evaporative, non-
reactive conditions. Simultaneous DBI and Schlieren imaging were employed to capture the
characteristics of liquid-phase penetr@on and vapor-phase penetration behavior. The third
phase of the experiments concentrated on reactive spray studies. In this stage, Schlieren
imaging and natural luminosity measurements were conducted using a color high-speed cam-
era to identify and distinguish the low-temperature ignition regions and high-temperature
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. . . . Injection Ambient Injection
Injector | Orifice size | Normalized . o Number
. . duration densities pressures
name (mm) orifice size of holes
(ms) (kg/m?) (bar)
Al 0.31 0.86 0.5
A2 0.31 0.86 0.35
14.62, 27.69 | 1700, 2100 9
B 0.32 0.88 0.65
C 0.365 1 0.728

Table 2.5: Summary of injector specifications, including orifice size, injection du-
ration, number of holes, and test conditions used for non-evaporative
and non-reactive spray studies.

combustion zones within the spray. Injector-B was employed for both the second and third
phases of the experimental campaign. To achieve the high temperatures and pressures re-
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Figure 2.3: Schematic diagram of pre-mixed combustion (Dennis L. Siebers, 1998;
Baert et al., 2009)

quired for studying evaporative and reactive sprays, a pre-mixed combustion process was
employed in the OSCC, the process is shown in Fig.2.3. The process starts by evacuating
the chamber with_a vacuum pump to remove any residual gases—Following this, specific
proportions of gases—are introduced to form a lean fuel-air mixture, with the correct ra-
tio established using partial pressures based on the desired volume percentages. Once the
mixture reaches the target pressure/dessity, it is ignited using a spark plug, triggering a
rapid rise in both pressure and temperature. After the peak conditions are reached, both
pressure and temperature gradually decrease due to heat loss through the chamber walls.
Once the temperature inside the chamber reaches the target value, the fuel is injected,
where it subsequently undergoes auto-ignition. Temperature readings are taken from two
sensors placed at opposite corners of the chamber, labeled as T1 and T2. The average tem-

perature is then determined using the relation Tayvg = % In this study, hydrogen-air
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Target
Density (pgms) | Temperature | Hy Air N, \ %02
(kg/m3) (K) (bar) | (bar) | (bar) after pre-mixed combustion
+50
14.28 800 3.71 8.82 397 | 1 0
14.28 1000 3.71 8.82 397 | 1 0
27.24 800 6.65 | 15.84 | 877 | 1 0
27.24 1000 6.65 | 15.84 | 877 | 1 0

Table 2.6: Summary of target temperature and gas composition for evaporative
sprays.

mixtures are used for premixed combustion with a stoichiometric fuel-to-air ratio (A = 1).
The objective is to achieve a final combustion product containing 0% oxygen, which allows
for the investigation of non-reactive and evaporative spray behavior. The corresponding
test conditions are listed in Table 2.6. The use of hydrogen ensures that no carbon dioxide
is present in the combustion products. However, this results in a higher concentration of
water vapor, which may condense on the chamber windows. To prevent this, the chamber
walls are maintained at about 120°C and the metal walls are insulated. A specific oxygen
concentration of 13% and 19% was used for the reactive spray studies. The corresponding
test conditions are provided in Table 2.7. To reduce the intensity of pre-combustion, a
controlled amount of excess nitrogen was added to the mixture. This addition lowers the
reaction rate, as hydrogen (Hz) combustion at stoichiometric conditions (A = 1) is highly
energetic and can damage the combustion chamber windows.

Target
Target density | temperature | Hy Air 0, Ny \ %04
(kg/m3) (K) 7 | (bar) | (bar) | (bar) | (bar) after combustion
+50
850
14.38 1150 1.8 13.71 1 0 3.2 19
850
19.76 1150 2.60 | 18.60 1.5 0 3 19, 13
850
27.24 1150 3.59 | 25.65 2 0 3 19

Table 2.7: Summary of target temperature and gas composition for reactive sprays.

All initial phases of the experiments were conducted in Wértsild’s Optical Spray Com-
bustion Chamber (OSCC). In the fourth phase, the focus shifted to investigating near-field
atomization behavior using ballistic imaging. These tests were conducted in a high-pressure,
high-temperature constant-pressure flow (CPF) test rig at Chalmers University of Tech-
nology, capable of operating in both open-loop and closed-loop modes. For the present
study, the chamber was used in a closed-loop configuration (no continuous flow) at ambi-
ent temperatures and various back and fuel injection pressures, effectively functioning as a
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Chapter 2 Experimental Setup and Approach

constant-volume vessel for capturing near-field breakup characteristics. Diesel was used for
the near-field studies; fuel properties are listed in Table 2.4.

2.3 Strategies for isolating spray plumes

[solated plume

Thimble drain

(a) (b)

Figure 2.4: Spray plume isolation techniques: (a) nozzle with all holes sealed ex-
cept one to isolate a spray plume (plume-blocking method); (b) CAD
design of the thimble used to isolate a single spray plume (plume-
thimble method); and (c) front view of the multi-hole (MH) injector
spray showing plume numbering.

To study a single spray plume without interference from other plumes generated by the
multi-hole nozzle (plumel-9), it is essential to isolate the plume. Two techniques were used
for this purpose. The first technique involved sealing off all nozzle holes except the one
in use, as illustrated in Fig. 2.4a, this approach is labeled plume-blocking. The second
technique used a specially designed thimble attached to the nozzle (see Fig. 2.4b), which
allowed only one spray plume—referred to as plume-thimble to enter the chamber, while
the other plumes wegrg collected and drained away. The injector was mounted at an angle
near the bottom of the chamber, enabling the collected fu¢l §o flow straight into the drain.
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2.4 Optical methods

Additionally, the opening and closing of the thimble’s drain valves were carefully timed after
each injection to avoid pressure buildup in the drain system or thimble. For this study, the
spray plume from the ninth nozzle hole was selected for injection using the thimble method,
with the ninth plume (plume9) injected directly into the chamber and the remaining plumes
collected by the thimble.

2.4 Optical methods

Various optical diagnostics have been utilized for both qualitative observation and quan-
titative measurement of spray characteristics. These non-intrusive diagnostics allow for
detailed analysis without disturbing the spray dynamics. Optical methods for spray analy-
sis are typically classified into imaging and non-imaging techniques. Imaging-based methods
provide visual access to spray morphology and are employed to quantify parameters such
as spray tip penetration, spray cone angle, and liquid core length. In contrast, non-imaging
techniques are designed to extract statistical and dynamic properties of droplets, including
size distributions, velocities, and number densities within the spray. A variety of these
methods have been described in previous research, with each offering specific strengths
and limitations depending on the parameter of interest and operating conditions. The
previous section outlined key spray parameters commonly evaluated in spray diagnostics.
The classification of experimental techniques according to the parameters they measure is
summarized as follows. Liquid penetration was investigated using Mie-scattering and Dif-
fuse back-Illumination (DBI) imaging. Vapor penetration was characterized using Schlieren
imaging. For reactive sprays, natural luminosity imaging was employed, while near-field
atomization was examined using ballistic imaging.

2.4.1 Diffuse back-illumination (DBI)

Diffuse Back-Illumination (DBI) is a light extinction measurement technique that compares
the intensity of images taken with and without the spray present. The image without the
spray serves as a reference, allowing calculation of the light attenuation caused by the spray.
This makes the method self-calibrating and helps determine the optical thickness along the
spray axis, which shows the spray structure and liquid phase boundaries. In the experimen-
tal setup, a continuous or pulsed light source is placed on one side of the spray chamber,
and a high-speed camera is positioned directly opposite to record the transmitted light.
A diffuser is used between the light source and the spray to provide uniform background
illumination, and sometimes a Fresnel lens is added to increase background brightness. Be-
cause this method is less sensitive to small changes in the setup, it is frequently used for
detecting liquid boundaries in both vaporizing and non-vaporizing sprays (Meijer et al.,
2013; Raul Payri, Juan P. Viera, et al., 2017; Raul Payri, F. Salvador, et al., 2015; Jung
et al., 2015). The captured images contain dark regions where the liquid phase blocks the
light, bright regions where the light passes without obstruction, and gray regions that cor-
respond to vapor. This contrast allows clear identification of the different spray phases.
Figure. 2.5a illustrates the schiermnatic layout of the DBI setup; and Fig. 2.5b shows the
corresponding experimental photograph of the DBI system. In the present study, the DBI
technique was employed to visualize liquid-phase penetration in both non-evaporative and
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High-speed camera
3

Diffusers
2
1
LED lights
Thimble
\ .
\ §
. 4 Thimble drain
Injector
5
Fuel supply

(a) Schematic diagram (CAD model) of DBI.

(b) Photograph of DBI experimental setup: (1) LED lights, (2) diffusers,
(3) high-speed camera, and (4) injector and fuel supply module.

Figure 2.5: Diffuese back-illumination (DBI) experimental setup.
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evaporative sprays under non-reactive conditions for single spary plume studies. A CMOS
high-speed camera and an LED light source (Constellation 120E, Veritas) were mounted on
opposite sides of the chamber and synchronized to capture images simultaneously.

2.4.2 Mie-scattering

Mie-scattering is another widely used method for imaging the liquid phase of sprays.(Kook
and Lyle M Pickett, 2012). This technique relies on collecting light scattered by droplets
at specific angles relative to the incoming illumination. The scattering process includes
reflection, refraction, and diffraction effects. In spray diagnostics, a light source is directed
onto the spray, and the scattered light originating exclusively from liquid droplets is recorded
by a high-speed camera. Here, Mie-scattering is applied to visualize a multi-plume spray

High-speed camera 3

2 LED lights

2

LED lights

1 Injector

Figure 2.6: Schematic diagram (CAD model) of the Mie-scattering experimental
setup.

under non-evaporative and non-reactive conditions. Figure. 2.6 illustrates the schematic
layout of the Mie-scattering setup, and Fig. 2.7 shows the corresponding experimental
photograph of the Mie-scattering system. LED lights are mounted on both sides of the
spray chamber to provide uniform volumetric i[lulnination of the spray plumes during Mie-
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Figure 2.7: Photograph of Mie-scattering experimental setup: (1) injector and fuel
supply module, (2) LED lights, and (3) high-speed camera.

scattering. As depicted in Fig. 2.6, the injector is positioned vertically at the bottom of
the chamber, while the images are captured along the vertical axis from the top.

2.4.3 Combined Schlieren and Diffuse back-illumination
(DBI)

Schlieren techniques are widely employed to visualize regions within a medium where refrac-
tive index gradients exist. When a collimated light beam passes through such a medium,
some rays remain undisturbed, forming a uniform background in the image, while others
are deflected, creating regions of varying brightness depending on the nature and direction
of the deflection (Settles, 2001). In spray studies, these techniques are particularly effective
in detecting vapor boundaries, as differences in refractive index exist between the vaporized
fuel and the surrounding ambient gas. To investigate the simultaneous evolution of both
vapor and liquid-phases of a single spray under transient conditions, a combined diffuse back-
illumination (DBI) and Schlieren imaging technique was implemented, allowing concurrent
visualization of the spray’s liquid and vapor regions across a range of chamber densities
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and temperatures. The experimental setup, illustrated in Fig. 2.8, integrates both DBI and
Schlieren imaging to capture the same injection event using complementary approaches. In
the DBI system, light from a white LED source (400-700 nm) first passes through a diffuser
to produce uniform illumination and then interacts with dichroic mirrors having a 600 nm
cut-off edge. After traversing the spray, the light is reflected by a second dichroic mirror
toward the first high-speed camera, enabling clear imaging of the liquid phase. Simulta-

Schlieren imaging

®) !

0.8
Diffuce back-illumination (DBI)

@ 0.6

0.4

0.2

—0

Figure 2.8: Experimental setup for simultaneous diffuse back-illumination (DBI)
and Schlieren imaging: (1) high-speed camera (Schlieren), (2) parabolic
mirror-1, (3) parabolic mirror-2, (4) plane mirror-1, (5) plane mirror-2,
(6) laser, (7) knife edge, (8) high-speed camera (DBI), (9) LED lights,
(10) diffuser, (11) dichroic mirror-1, (12) dichroic mirror-2, (13) injec-
tor, (14) spray measurement area, and (15) Optical Spray Combustion
Chamber (OSCC).

neously, the Schlieren system employs a high-speed fiber laser (640 nm + 10 nm) along
with plain and parabolic mirrors, where the laser light bypasses the dichroic mirrors and is
captured by a second high-speed camera to record the vapor phase. To prevent interference
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from the LED illumination, a 650 nm band-pass filter is installed in front of the Schlieren
camera. Both cameras are synchronized, ensuring that the DBI system records the liquid
penetration at the same time as the Schlieren system captures vapor propagation, thereby
providing a complete depiction of spray development. A 105 mm focal length lens with an
/2.8 aperture is used for both systems, and images are acquired at 29,000 frames per second
with a resolution of 512x512 pixels and an exposure time of 9 us, offering high temporal
and spatial fidelity for accurately measuring both liquid and vapor phases.

2.4.4 Ballistic imaging

Ballistic imaging is an advanced optical technique designed to visualize dense fields with high
spatial resolution. It captures photons that pass through the spray with minimal scattering,
known as ballistic photons, enabling clear visualization of liquid structures within sprays
of high optical depth (OD), typically greater than 5, where conventional imaging meth-
ods often fail (M. A. Linne et al., 2009). The fundamental principle of ballistic imaging
involves separating these ballistic photons from multiply scattered photons using ultrafast
optical gating. When a pulsed laser beam passes through a dense spray, most photons
scatter multiple times due to the high droplet concentration, which leads to blurred and
low-contrast images. However, a small fraction of photons pass straight through or experi-

TD

M M
P
Switching beam (800 nm) I\/

Imaging beam (400 nm)

-—Q—ﬂ—rﬁk—%-o—o-—ﬂh%iﬂ N

r @ ------ P BBO
ICCD Camera

CS» cell

OKE gate

Laser: 1 mJ, 800 nm, 1 kHz)

Figure 2.9: Schematic diagram of ballistic imaging. M: 800 nm mirror, DM:
Dichroic mirror, TD: Time delay stage, BS: Beam splitter, BBO: Bar-
ium borate crystal, P: Polarizer.

ence minimal scattering; these ballistic photons retain sharp structural information about
the spray. By employing an optical Kerr effect (OKE) gate (ultrafast shutter), only photons
arriving within a few picoseconds, corresponding to the ballistic photons, are permitted to
reach the detector. This effectively filters out the delayed, multiply scattered photons and
produces sharp, high-contrast images of the liquid structures embedded within the spray.
The ballistic imaging setup typically uses a femtosecond laser source generating short pulses
at near-infrared wavelengths (e.g., 800 nm). The imaging beam is aligned collinearly with
a switching pulse that activates the OKE gate, composed of two crossed polarizers and a
birefringent medium. The switching pulse temporarily induces birefringence, allowing only
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the earliest arriving photons to pass through the second polarizer. This gating window is ex-
tremely brief, usually lasting 1-2 picoseconds, which is crucial for isolating ballistic photons
from slower, multiply scattered light. This approach enables two-dimensional imaging of
inherently three-dimensional spray structures, clearly revealing features such as liquid cores,
ligaments, and large droplets that primarily refract rather than diffusely scatter light. Bal-
listic images often show sharp interfaces between liquid and gas phases, providing valuable
insight into spray morphology, breakup dynamics, and overall spray behavior. While bal-
listic imaging delivers high-resolution snapshots of spray structure, it cannot continuously
record the full injection event because it requires precise synchronization with pulsed lasers
and gating. As a result, imaging is performed at selected time delays after injection, with

Figure 2.10: Ballistic imaging experimental setup: (1) spray visualization test rig,
(2) fuel injector, (3) ICCD camera, (4) OKE gate, (5) fuel supply, (6)
time delay stage.

multiple images collected at each interval to enable statistical analysis.
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2.5 Image processing analysis of spray
characteristics

This study used custom MATLAB code to perform image processing and contour detection
on digital images. The initial processing steps were adapted to suit the specific type of
image being analyzed, including Mie scattering, diffuse back-light, Schlieren, and ballistic
images. These steps account for the unique visual features and contrast levels of each
imaging method. However, once the spray boundary is identified, the following steps for
measuring the spray characteristics are the same for all types of images. The next sections
provide a detailed step-by-step explanation of the entire process.

2.5.1 Image analysis of non-evaporative and non-reactive
sprays
Analysis of single-plume spray

The diffuse backlight imaging technique was used to visualize the single-plume spray. The
post-processing of these images follows a procedure similar to that used for Mie-scattering
images, with a few minor differences. The steps are as follows:

Step-Ia: As an initial step, background noise is typically removed from the spray image by
subtracting the background image from the spray image. However, in this case, the spray
image exhibits higher pixel intensities than the background due to the nature of the diffuse
backlight imaging technique. Therefore, the spray image is subtracted from the background
image to enhance the contrast between the spray and the background. To achieve this, a
background image Iy, (Fig. 2.11a), captured without fuel injection, is used as a reference,
and the spray image Ispray (Fig. 2.11b) is subtracted from it. The resulting image Igyp
(Fig. 2.11c), which highlights the spray region while suppressing static background features,
is computed as Igu, = Ihg — Ispray-

Step-Ib: The resulting image, Iy (Fig. 2.11c) is then converted to binary format using
Otsu’s algorithm , 1979), as illustrated in Fig. 2.11d. This adaptive threshold tech-
nique automatically d¢fernjines an optimal threshold value to segment the spray region
the background, producing a binary image Ipinary (Fig. 2.11d).

Step-Ic: Afterconyerting the%]ge tmry, the single-plume spray is rotated to a vertical
position to simplify the analysis and calculate the spray characteristics. The segmentation
methods used are thoroughly detailed in the feferdnced studies (Shao et al., 2003; Delacourt
et al., 2005; Rubio-Gémez et al., 2018). After binarization, the method for calculating spray
characteristics proceeds as detailed in the following sections.

S

nozzle outlet and the farthest point reached by the spray (R. Payri, J. Gimeno, et al., 2016;
Xie et al., 2015). To keep the measurements consistent, the spray penetration length is

Step-1Id: Spray penetration is usually measured by findinglthe axial distance between the

defined as the distance from the spray tip along its axis to a line that contains 99% of the
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(a) Ivg (b) Ispray (¢) Isuwp (d) Binary image

Figure 2.11: Processing steps in backlight imaging of single-plume spray: (a) back-
ground image (Ing), (b) spray image (Ispray), (c) subtracted image
(Isub = Ing — Lspray), and (d) binary image after thresholding and ro-
tation.

spray area, as shown in Fig. 3.14b. In the binary image, the spray area is found by counting
all pixels with a value of one. Using the millimeter to pixel ratio, the spray penetration
(in pixels) and spray area (in pixels squared) are converted to millimeters (Eqn. 2.1) and
square millimeters (Eqn. 2.2). The formulas used are given below.

Spray penetration length (S):

S(mm) = S(pixels) x ——r (2.1)
pixels
Area of spray (SA;:
] 2 R mm
SA(mm*<) = A(pixels®) x | — (2.2)
pixels

The presence of a thimble obscures a section of the spray area near the nozzle tip, as depicted
in Fig. 2.12. To account for this hidden portion, an equivalent spray area, SAcquivalent, iS
included alongside the measured area (calculated from Eq. 2.2). This adjustment leads to
the following formula for the spray area when a thimble is used:

SAplume—thimble (me) = SAmeasured + SAequivalent (23)

Spray cone angle (CA): A commonly used technique to determine the spray cone angle
involves measuring the angle between two linds-fitted along the edges of the spray boundary.
These lines are identified using a least-squares fitting method and can be positioned either
close to or at a distance from the nozzle tip. The length over which these lines are fitted
typically depends on the spray penetration length or a multiple of the nozzle orifice diam-
eter (D). In most cases, these lines are extended toward the nozzle tip coordinates, where
they may either converge at a single point (the nozzle tip) or remain separate, depending
on the spray structure and fitting method. The approach chosen to extend these fitted
lines directly influences the resulting cone angle measurement. Therefore, it is essential to
carefully select the fitting method, considering whether the lines are fixed at the nozzle tip
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Figure 2.12: Spray area hidden by thimble thickness.
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Figure 2.13: A schematic diagram for measuring spray penetration and cone angle.

coordinates or not, and the length over which they are fitted along the spray contour, as
these factors critically affect the accuracy and consistency of the calculated cone angle. The
first method calculates the cone angle by fitting lines along the spray contour and extending
them to a distance proportional to the spray penetration length, typically about 60-70%
of S (Delacourt et al., 2005; Payri et al., 2008; Rubio-Gémez et al., 2018). Alternatively,
the penetration distance is often defined relative to the injector orifice diameter, ranging
from 10D to 100D (Farrell et al., 1996; Shao et al., 2003; Dong et al., 2016). This involves
using a least-$qudres fitting prodedure to determide the best-fit lines, following a similar

] ] ]
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principle to the triangle method introduced by Naber and Dennis L Siebers, 1996; F. Payri
et al., 2014; Emberson et al., 2016; Suraj et al., 2021. Another approach calculates the
cone angle by fitting lines between two selected points along the spray contour, without
necessarily including the entire spray region, particularly near the nozzle tip. These points
are carefully chosen to represent the specific area of interest within the spray pattern (R.
Payri, J. Gimeno, et al., 2016; Ruiz-Rodriguez et al., 2019). In all these methods, the fitted
lines may or may not intersect at the nozzle tip coordinates. This can introduce additional
errors because the spray shape and boundaries change dynamically during transient condi-
tions, and part of the spray is obscured by the thimble, making accurate boundary detection
difficult in thimble.

In the present study, the first approach was modified to calculate the cone angle. Initially,
the spray boundary was detected by binarizing the image;—and an initial guess fitted line
wds_dtawn, anchored [at the spray origin [within the spray contour (Fig. 3.14bc). The line
was then gradually shifted across one edge of the spray, calculated the least-squares error
at each step. This process continued until the least-squares error reached its minimum, as
shown in Fig. 3/4bc. The same procedure was applied to the opposite spray edge, and
the angle between these two fitted lines was defined as the cone angle for that spray. Our
experimental setup included a thimble that blocked the spray near the nozzle for up to 4.7
mm. Due to this obstruction, the spray boundary within the thimble could not be used for
least-squares fitting. Instead, the spray contour from the thimble exit to 60% of the spray
penetration length was used to compute the least-squares error. To maintain consistency
and reduce variations in cone angle measurements caused by Hifferent methods, we excluded
the spray region below 4.7 mm from the nozzle tip when calculating cone angles for plume-
blocking ulti-plume sprays (plumes1-9). In all cases, the fitted lines were drawn from
a fixed spray origin (Fig. 3.14b), located at the nozzle tip.

Analysis of multi-plume spray:

The Mie-scattering technique is utilized to visualize multiple sprays under ambient con-
ditions, specifically under non-reactive and non-evaporative sprays. the image processing
steps are described below.

Step-IIa The subtracted image (Fig. 2.14c) was then converted to a binary format using
the Otsu thresholding algorithm (Otsu, 1979). The resulting binarized image is presented
in Fig. 2.14d.

Step-1Ib Initially, an image captured before injection was subtracted from the spray image
to remove reflections and b ound noise. In the case of Mie-scattering, the background
image (Fig. 2.14a) was subtracted from the original spray image (Fig. 2.14b), and the
re g image is shown in Fig. 2.14c.

Step-IIc A masking technique was subsequently applied to isolate individual spray plumes
from the mijlti-spray image, following the approach descriped py Pastor et al., 2007; Macian
et al., 2012; Raul Payifi,_Idime Gimeno, Juan P Viera, et al., 2013. This process enabled
the segmentation of the image into distinct regions, each corresponding to a single plume,
allowing independent analysis of each spray structure. The result of this masking procedure
is [shown in Fig. 2.14e, which illustrates the appearance of plume-1 after masking. To

1
37



Chapter 2 Experimental Setup and Approach

(a) Ibg- (b) Iorg- (C) Isub = Iorg - Ibg~

(d) Thin. (e) Imask- (f) Trot-

Figure 2.14: Image processing sequence for spray image analysis: (a) background
image, Ing; (b) original spray image, Iorg; (¢) background-subtracted
image, Isub = lorg — Ibg; (d) binarized image, Ipin; (€) masked spray
plume, Inask; and (f) rotated masked plume image, Lot.

facilitate further analysis and simplify the coding process, the central axis of each plume was
measured relative to the horizontal axis. Then each plume was rotated to align vertically.
An example of the rotated plume-1 is presented in Fig. 2.14f. This procedure was repeated
for all spray plumes to ensure consistent orientation and enable uniform processing.

Step-IIc In the final stage of the image analysis process, key spray parameters such as
penetration length, surface area, and cone angles were measured for each individual plume.
A detailed explanation of the methods uUsedlto calculate these spray characteristics, similar
to those applied in diffuse back-illumination, is provided in Step-Id (Section 2.5.1).

2.5.2 Image analysis of evaporative and non-reactive sprays:

Calculating different regions inside the spray:

In transient sprays, the liquid-phase structures lack sufficient time to evolve into a steady-
state condition. As a result, the steady state liquid length typically observed in steady
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or long-duration injections are not present. To investigate the behavior of such transient
sprays, the spray field was divided into distinct regions based on variations in image inten-
sity, as described in previous studies by Raul Payri, Juan P. Viera, et al., 2017; Pal and
Bakshi, 2017; D. Ju et al., 2014. In diffuse back-illumination imaging, the presence of liquid
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Figure 2.15: Segmentation of regions within an evaporating fuel spray.

droplets and vapor leads to scattering and absorption of background light. The degree to
which light is blocked depends on the local concentration and distribution of these phases.
To quantify this effect, each spray image was normalized by dividing its pixel intensities by
those of a corresponding background image captured without the spray. This normaliza-
tion process yields a relative transmittance map, which highlights spatial variations in light
passage through the spray. Figure 2.15(a) presents the background image, (b) shows the
spray at a specific time ¢, and (c) displays the normalized image. In this context, a normal-
ized intensity of 0 indicates complete light blockage (100% obscuration), while a value of
1 indicates full light transmission (0% obscuration). These variations provide insight into
the local density of the spray. The extent of light blockage is quantified using the optical
depth, denoted by 7, whi counts for the combined effects of scattering and absorption.
It is calculated using the —Lambert law:

r——In (1>
I;

where I is the transmitted light intensity through the spray, and I; is the incident light
intensity in the absence of spray. The resulting optical depth map assigns each pixel a
value representing the degree of light reduction at that location. To classify regions within
the spray based on their opacity, threshold values of 7 were applied. Two thresholds were
selected: 7y, = 0.5 and 7, = 0.95. Regions where 7 > 0.5 were considered moderately
opaque, indicating that more than 50% of the incident light was blocked; the corresponding
projected area is denoted as Asp. Regions where 7 > 0.95 were classified as highly opaque,
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with less than 5% of the background light transmitted; these areas are labeled as Ags. This
classification enables the identification and quantification of the densest regions within the
spray, as illustrated in Fig. 2.15(c).

Measurement of vapor penetration length:

Schlieren imaging requires a tailored image processing approach that differs significantly
from the methods used for diffuse back-illumination, especially when identifying the bound-
aries of evaporating fuel sprays. In Schlieren images, vaporizing sprays cause changes in
the surrounding air’s density and temperature, which appear as textured and non-uniform
backgrounds, as shown in Fig. 2.16b. These background variations can obscure the spray
structure, making it necessary to apply corrective processing techniques. To address this,
a two-step procedure was implemented to reduce background interference and enhance the
visibility of the spray. The first step involved normalizing each spray image (Ispray) by di-
viding it by a reference background image. This reference was typically the frame captured
immediately before the current spray image, denoted as I,_1, resulting in a normalized im-
age defined as I = Ispray/In—1. This method effectively reduces static background patterns
under most conditions.

(a) Spray image at 400 K. (b) Spray image at 600 K.
(c) Normalized image (Inor) at 400 K. (d) Normalized image (Inor) at 600 K.

Figure 2.16: Schlieren imaging: A method for spray contour detection.

However, at elevated ambient temperatures such as 400 K, strong shock waves become vis-
ible in the Schlieren images. These shock waves move faster than the background structures
and introduce additional noise when the previous frame is used as a reference (Figs. 2.16a
and 2.16b). To minimize this issue, the first frame in the image sequence, captured before
the spray and shock waves appear, was used as the reference. This approach helps isolate
the spray features by reducing interference from dynamic flow styuctyres. After background

[cortection, a contrast enhancement step was applied to improve the visibility of low-intensity
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regions within the spray. This was achieved by dynamically rescaling the pixel intensities

using the transformation:
I

14 0.96
The constant 0.96 was selected based on empirical testing to ensure optimal contrast across

Inor -

the dataset. The resulting image (Inor) provides a clearer and more consistent representa-
tion of the spray structure, as illustrated in Figs. 2.16c and 2.16d. To extract the spray
boundaries from the normalized images, edge detection was performed using the Sobel op-
erator (Gonzalez, 2009). This operator calculates the gradient of image intensity in both
horizontal and vertical directions, highlighting regions with sharp intensity changes. The
resulting gradient image was then converted into a binary edge map using Otsu’s threshold-
ing method (Otsu, 1979), which automatically selects an optimal threshold value based on
image histogram analysis. To improve the continuity and visibility of the detected edges,
a morphological dilation operation was applied. This operation used a structural element
composed of horizontal and vertical lines to thicken the edges and connect any broken seg-
ments. Finally, any remaining gaps were filled, and the outermost contour of the spray was
extracted as shown in Figs. 2.16 (a-d)l__] [
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CHAPTER 3

Results and Discussions

This chapter provides a comprehensive discussion of the results obtained from the analysis
of fuel spray characteristics under various operating conditions. The analysis is organized
into five main categories based on the test conditions and specific objectives of the study.
The first part of the discussion focuses on non-evaporative, non-reactive sprays, examining
spray characteristics through isolated spray plumes and investigating plume-to-plume vari-
ations in multi-hole nozzle configurations. The second part addresses injector-to-injector
variability, evaluating the influence of different injector designs on spray morphology and
structural consistency under identical operating conditions. The third part discusses the
behavior of evaporative, non-reactive sprays, with particular attention given to the develop-
ment of liquid and vapor regions within the spray and the progression of vapor penetration
length under elevated ambient temperatures. The fourth part extends the discussion to
evaporative sprays operating under reacting conditions, focusing on flame development,
combustion behavior, ignition characteristics, and the distinction between low-temperature
and high-temperature combustion regimes for n-heptane sprays. The final part of the chap-
ter examines the near-field atomization characteristics of fuel sprays. This section discusses
primary breakup behavior and the early spray development process in the region immedi-
ately downstream of the nozzle exit, considering the effects of various fuel injection pressures
and ambient back pressures on the spray evaluation process.
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Chapter 38 Results and Discussions

3.1 Results from non-evaporative and non-reactive
sprays

3.1.1 Summary of paper-A: Shape/penetration analysis and
comparisons of isolated spray plumes in a multi-hole
Diesel spray

Dual fuel (DF) engines, commonly operating on liquefied natural gas (LNG) as the pri-
mary fuel, utilize a small quantity of liquid diesel as the pilot fuel to initiate combustion.
The spray morphology of these pilot fuel sprays critically influences the ignition delay,
flame propagation, combustion, and pollutant formation. Multi-hole nozzles are commonly
employed in practical engines, so the spatial and temporal development of individual spray
plumes from multi-hole diesel injectors affects local mixture formation and ignition develop-
ment. The optical characterization of single plumes within a multi-plume spray is inherently
challenging due to plume overlap, scattering interference, and complex internal nozzle flow
phenomena. This paper addresses these challenges by systematically implementing two
plume isolation techniques. The first involves using the thimble method to isolate a single
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Figure 3.1: Image sequences of plume-blocking (first row) and plume-thimble (sec-
ond row) at pamy,=14.62 kg/m3, P;,; = 2100 bar.

spray from a multi-plume spray. The second technique modifies the nozzle by sealing all ori-
fices except one to study a single spray. Finally, these two isolation methods are compared
with the respective spray from a multi-plume spray, assessing their impact on the measured
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3.1 Results from non-evaporative and non-reactive sprays

spray characteristics under controlled, engine-relevant conditions. Fuel injection was tested
in a constant volume spray chamber, allowing precise control of ambient conditions. To
visualize sprays, Mie-scattering imaging was used for multi-plume sprays, while diffused
back-illumination (DBI) was employed for single spray visualization under various ambient
densities (pgmp: 14.62 kg/m3 and 27.69 kg/m?), injection pressures (P;,,;: 17002100 bar),
and an injection duration of 500 us. The thimble method isolates a single plume externally
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Figure 3.2: The effect of ambient density on spray characteristics: penetration
length, spray area, and cone angle.

without altering the internal flow of the injector, while the plume-blocking method seals
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selected orifices, forcing fuel through a single hole and thereby modifying the internal sac
volume flow distribution. This distinction is crucial because any change in internal flow can
significantly affect external spray characteristics.

Visualization results showed that the plume-blocking method led to longer spray pene-
tration compared to the thimble method. This is clearly illustrated in Fig. 3.1, where the
penetration lengths of the plume-blocked sprays exceed those of the thimble-isolated and
standard multi-hole sprays under identical conditions. However, this increased penetration
came at the cost of altered spray morphology, which deviated from the behaviour observed
in the standard multi-hole configuration. This deviation was attributed to the redistribu-
tion of flow within the sac volume caused by sealing other orifices. Quite the opposite, the
thimble method maintained the injector internal flow conditions, resulting in spray area
and penetration lengths that precisely matched those of the unmodified multi-hole spray
(plume9). This finding is directly supported by statistical data from Figs. 3.2a and 3.2b.
These figures present average penetration and area plots that compare the spray penetration
length and spray area of the plume-blocking and plume ethods, clearly showing similar
results. This evidence specifically indicates that the thimble method is more suitable for
studying isolated plumes when the objective is to replicate the actual injector behaviour as
accurately as possible.

3.1.2 Summary of paper-B: Impact of[_il_:r;]jec r variability on
transient spray characteristics in Diesel injectors

Differences in spray behaviour are commonly observed among diesel injectors, even when
built to the same specifications. Slight differences in manufacturing tolerances and internal
flow conditions within the injector typically cause these variations. As a result, it becomes
challenging to accurately study the performance of individual spray plumes in multi-hole
(MH) injectors, especially during transient injection events. Attempts to modify injectors to
isolate specific plumes often increase these inconsistencies, which can affect the reliability
of experimental results. In this work, the spray characteristics of four multi-hole diesel
injectors with nearly identical designs were carefully examined and compared. Tests were
conducted at injection pressures ranging from 1700 bar to 2100 bar, and at two ambient gas
densities of 14.62 kg/m?3 and 27.69 kg/m?3. The behaviour of multi-plume spray symmetry
and asymmetry patterns was studied to evaluate the consistency of each injector and to
compare their spray characteristics. Furthermore, the single spray plumes (plume-thimble
configuration) were compared across the injectors, with a specific focus on the individual
spray pattern. To isolate and observe the individual plumes more precisely, a “thimble”
method was utilised. The results show that even small differences between injectors can
have a noticeable impact on transient spray behavior, even when the injectors share similar
specifications.

The Root Mean Square Error (RMSE) is applied to evaluate the uncertainty and variabil-
ity in spray penetration behavior across different injector plumes by systematically quan-
tifying their deviations from an average reference profile. As a statistical measure, RMSE
determines the extent of variation within a dataset. In this study, it is used to calculate
how much the penetration length of each plume differs from a mean plume penetration
curve, which is established by averaging the results from plumes 1 through 9. This makes
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Figure 3.3: (a) Comparison of penetration lengths for individual plumes (P;(t))
and the averaged plume (Payg(t)), shown as a thick black solid line,
at the selected test condition. (b) RMSE values [mm] computed as a
function of plume index using Eq. 3.1.

it possible to assess the consistency of individual plumes relative to the collective spray
behavior, as shown in Fig. 3.3a. Among the evaluated plumes, it is observed that plume-9
exhibits a penetration profile closely matching that of the corresponding plume obtained
using the thimble method.

The RMSE values for each plume (p@les 1-9 and plume-thimble) are determined using
Eq. 3.1, where the mean penetration curve is based solely on plumes 1 to 9 to maintain
consistency in comparison:

-

ta

RMSE [mm] = | = Z (Pavg(t) — Pi(t))? (3.1)

n
] t1

In this formula, n represents the number of recorded data points, while t; and to de-
note the start and end of injection, respectively. The term Pavg(t) refers to the average
penetration length at time t, obtained from plumes 1 to 9, whereas P;(t) indicates the
penetration length of the i*? plume at the same time, with i ranging from 1 to 9 and in-
cluding the thimble-based measurement (p-t). The computed RMSE values are presented
in Fig. 3.3b, corresponding to an ambient density of pymp = 14.62 kg/rn3 and an injec-
tion pressure of Piy; = 1700 bar. Higher RMSE values indicate greater deviation from the
average plume behavior, while lower values reflect closer alignment with the mean profile.
Adgditipnally, when RMSE values remain relatively uniform across the plumes, it suggests a
symmetric spray pattern, whereas significant variations imply asymmetry in the spray distri-
bution. Upon detailed examination, distinct differences in injector behavior were observed.
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were calculated for each plume across all operating conditions for all
four injectors: Al, A2, B, and injector C.

Injectors A1l and A2—although manufactured by the same company and differing only
in build numbers—exhibited significant variations in spray penetration lengths (Figs 3.4a
and 3.4b). These discrepancies were attributed to minor deviations in orifice hole drilling
and manufacturing tolerances, which led to uneven flow distribution around the injector
needle [ref]. The analysis further revealed that spray behavior b¢catpe highly unstable un-
transient operating conditions, particularly when the injector needle was partially open.
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3.2 Results from evaporative and non-reactive sprays

Under these conditions, injectors A2 and B produced relatively consistent spray patterns
(Figs 3.4b and 3.4c), whereas injector C exhibited pronounced plume-to-plume irregularities
(Fig. 3.4d). This instability complicates the prediction and modeling of fuel spray patterns
during dynamic engine operation, where partial needle lifts disrupt uniform flow structures.
The thimble method proved effective for isolating and analyzing individual spray plumes.

3.2 Results from evaporative and non-reactive
sprays

3211 (Summary of paper-C: A transient mode pilot sprays for
dual-fuel combustion

Pilot sprays tend to vaporise quickly due to short injection durations, especially under the
high-pressure and high-temperature conditions typically found in engine operation. How-
ever, accurately measuring spray liquid penetration and area becomes challenging because
of the injection’s rapid evaporation and transient nature. If the spray does not vaporise
completely, it may result in ignition delays or even misfires, affecting combustion stability
and leading to higher emissions. Hence, understanding the behaviour of evaporative pilot
sprays, particularly how ambient conditions like temperature and density influence spray
characteristics, is important for optimising ignition timing, improving engine efficiency, and
reducing emissions. Such information is also valuable for the development and validation
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Figure 3.5: Projected areas of the 50% and 95% obscuration regions as a function
of time after start of injection at 2100 bar injection pressure.
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of mathematical models for pilot spray combustion processes. This paper focuses on inves-
tigating the behavior of transient n-heptane pilot sprays under engine-relevant conditions
using a constant-volume optical spray combustion chamber (CV-OSCC). Experiments were
conducted across a range of ambient temperatures (400, 600, 800, and 1000 K, with an un-
certainty of £50 K), densities pymp, = 14.28 and 27.24 kg/m?, and injection pressures of 1700
and 2100 bar. To avoid a reactive ambient, an inert ambient atmosphere was created using
a pre-mixed combustion approach. Diffused back-illumination (DBI) and Schlieren imaging
were used together to capture both the liquid length ¢ and vapor penetration characteristics
simultaneously.

The different regions of the spray are presented in Figs. 3.5a and 3.5b. These figures
show the projected surface area of the liquid phase at injection pressures ( Pinj) of 1700 bar
and 2100 bar, and ambient densities of 14.28 kg/m? and 27.24 kg/m3, respectively. The
plots highlight how the projected area of the liquid phase changes over time within the 50%
and 95% obscuration regions. This helps in comparing the evaporation behavior and liquid
spray spread under different combinations of ambient density and temperature. The results
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Figure 3.6: Behavior of vapor penetration length and cone angle.

shown in Figs. 3.6 and 3.7 depict the variation in vapor penetration length and spray cone
angle over time after the start of fuel injection. These observations demonstrate the impact
of ambient density, injection pressure, and ambient temperature on spray characteristics,
specifically at an ambient density of 14.38 kg/m3. It is evident that the vapor penetration
length Holdreades as the ambient density increases. This is primarily due to the higher
aerodynamic drag exerted by the denser surrounding gas, which causes greater momentum
loss and restricts the axial movement of the spray. On the other hand, an increase in
injection pressure results in a narrower spray cone angle, owing to the higher velocity of the
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3.3 Results from reactive sprays

fuel jet. Moreover, a rise in ambient temperature leads to a reduction in vapor penetration
length and enhances the evaporation rate. Higher temperatures provide additional thermal
energy, enabling quicker evaporation of fuel droplets. This promotes faster mixing with the
surrounding air and limits the axial spread of the vapor phase. The Schlieren visualization
images (Fig. 3.7) further confirm that the liquid phase in these pilot sprays is present only
for a short distance and duration after injection.
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Figure 3.7: Schlieren imaging at pamp = 14.28 kg/m3 and Pn; = 2100 bar.

3.3 Results from reactive sprays

3.3.1 Summary of paper-D: Influence of ambient pressure,
temperature, and injection pressure on reactive pilot
n-heptane spray evolution using optical imaging

An experimental investigation was carried out to study n-heptane spray combustion in a
constant-volume chamber under engine relevant thermodynamic and injection conditions.
The ambient densities were set at 14.38, 19.76, and 27.24 kg/m?3, injection pressures at 1700
bar and 2100 bar, and ambient temperatures at 1150 K (£50 K) and 850 K (£50 K). Post-
premixed combustion oxygen concentrations of 19% and 13% were examined to evaluate the
influence of oxygen availability on combustion behavior. Spray combustion is a complex
process that includes atomization of liquid fuel, evaporation of droplets, mixing of fuel
with air, followed by ignition and combustion. Studying these interconnected processes
under different ambient densities and temperature conditions is important for improving
combustion efficiency and for controlling emissions in systems like diesel engines and gas

ol



Chapter 38 Results and Discussions

turbines. In this study, two optical diagnostics such as natural luminosity and Schlieren
imaging methods were employed to investigate n-heptane spray behavior under reactive
conditions under various ambient conditions.

Natural luminosity imaging records the visible light emitted from the spray flame dur-
ing combustion, originating from both chemiluminescence of reactive species and thermal
radiation from soot particles. The color and intensity of this emission provide qualitative
information about the combustion regime and dominant reaction processes. At an ambient
temperature of 850 K, the color camera captured a noticeable blue flame (Fig. 3.8), which
is typically attributed to the chemiluminescence of radicals such as CH*, C3, and OH™.
The presence of this faint blue emission indicates the onset of low-temperature combustion
(LTC), also referred to as the cool-flame regime, where low-temperature oxidation (LTO)
reactions dominate before the main ignition event. At this stage, the fuel has largely va-
porized and mixed with the surrounding air, and ignition occurs primarily in the vapor
phase through kinetically controlled oxidation. The limited heat release results in a short-
lived, transparent, and soot-free flame. These observations are aligned with the Schlieren
images acquired under the same thermal conditions, as shown in Fig. 3.9. In Fig. 3.8,
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Figure 3.8: Natural luminosity flame images at 850 K, ambient density 14.38
kg/m?®, injection pressure 2100 bar.
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3.3 Results from reactive sprays

the natural luminosity image at 850 K shows a distinct compact blue flame of the spray,
highlighting localized reaction zones where the fuel and oxidizer are well mixed. The corre-
sponding Schlieren image in Fig. 3.9 (1.52-1.86 ms ASOI) illustrates that, as the blue flame
develops, the visible spray structure begins to fade. This reduction in Schlieren contrast
occurs due to refractive index matching between the fully vaporized fuel-air mixture and
the surrounding hot gas, making the vapor optically homogeneous relative to the back-
ground. The liquid spray disappears at the same time the blue flame forms, which shows
that vaporization happens before ignition and that the combustion takes place in the gas
phase during the low-temperature combustion (LTC) or cool-flame stage. As the ambient
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Figure 3.9: Schlieren flame images at 850 K, ambient density 14.38 kg/m?, injec-
tion pressure 2100 bar.

temperature increases beyond 1000 K, the flame characteristics change considerably. At
1150 K, the natural luminosity images exhibit a bright yellow flame without any visible
blue flame as Shown in Fig. 3.10. The yellow emission arises from blackbody radiation
of incandescent soot particles formed in locally fuel-rich regions where the mixing process
is incomplete. This condition represents the high-temperature combustion (HTC) regime,
dominated by diffusibn-¢ontrolled burning and strong radiative heat release. The absence
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of blue chemiluminescence indicates that the low-temperature oxidation stage is effectively
suppressed at this elevated temperature. The luminous yellow flame develops much earlier
after injection, reflecting a shorter ignition delay (Figs. 3.12a and 3.13a), enhanced evap-
oration, and more intense heat release under high-temperature conditions. In Fig. 3.10
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Figure 3.10: Natural luminosity flame images at 1150 K, ambient density 14.38
kg/m?, injection pressure 2100 bar.

(1.34-3.14 ms ASOI), the natural luminosity image at 1150 K shows a continuous yellow
flame along the spray axis, indicating significant soot formation and diffusion-controlled
combustion. The flame occurs in the region where the fuel vapor mixes with air and re-
acts, showing that high-temperature oxidation dominates the process. The corresponding
Schlieren image in Fig. 3.11 (1.17-2.55 ms ASOI) displays strong refractive index gradients

]
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Figure 3.11: Schlieren flame images at 1150 K, ambient density 14.38 kg/m?, in-
jection pressure 2100 bar.

along the spray, highlighting regions of intense heat release and high-temperature reactions.
Unlike the 850 K case, the Schlieren signal remains strong throughout the combustion,
clearly marking the main flame front and the regions of active reaction. These observations
confirm the transition from low-temperature, kinetically controlled reactions at 850 K to
high-temperature, diffusion-controlled combustion at 1150 K. While the qualitative visual-
ization of natural luminosity and Schlieren images provides insight into the flame structure
and reaction zones, a deeper understanding of spray combustion requires quantitative mea-
surements. In this study, the effect of ambient properties, such as temperature, density
and oxygen concentration, on ignition characteristics is evaluated through measurements of
ignition delay and ignition distance, which are further discussed in the following section.
The influence of ambient density on ignition delay and ignition distance is illustrated in
Figs. 3.12a-3.12b for 850 K, and in Figs. 3.13a-3.13b for 1150 K. Increasing the density from
14.38 to 27.24 kg/m?3 reduced ignition delay, restricted axial spray tip penetration due to
stronger aerodynamic drag, and enhanced fuel-air mixing, resulting in a shorter and more
cbmpHct flhme structure. The effect df injection pressure is shown in Figs. 3.12a—3.13b.
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3.4 Results from near-field atomization

Raising the injection pressure to 2100 bar improved atomization, accelerated fuel-air mix-
ing, and shortened ignition delay, whereas 1700 bar resulted in comparatively slower mixing
and delayed ignition. Reduction of oxygen concentration from 19% to 13% further pro-
longed ignition delay and suppressed flame luminosity, particularly under low-temperature
conditions. These results demonstrate that ignition delay, flame luminosity, and spray flame
structure are governed by the combined effects of ambient density, temperature, injection
pressure, and oxygen availability. The data illustrate the transition from premixed combus-
tion at 850 K to diffusion-dominated combustion at 1150 K.

3.4 Results from near-field atomization

3.4.1 Summary of paper-E: Time-resolved ballistic imaging
of transient Diesel spray

Ballistic imaging was used to study spray evolution under ambient back-pressure conditions
at injection pressures of 1700 bar and 2100 bar. The analysis focused on three key spray
characteristics within 10 mm of the nozzle: spray penetration length (Fig. 3.14a), spray
cone angle (Fig. 3.14b), and spray area the spray. Penetration length was found to increase
with injection pressure. At 2100 bar, the spray penetrates significantly further than at 1700
bar due to the higher injection momentum, allowing the fuel to travel longer distances. This
increase in penetration is especially clear within the first few microseconds after the start of
injection (ASOI), as shown in Fig. 3.14a. Similarly, the spray cone angle demonstrated a
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Figure 3.14: Spray characteristics at injection pressures P,; = 1700bar and

2100 bar, with ambient pressure Pam, = 1 atm.

notable dependence on injection pressure during the transient near-field phase, which differs
from earlier studies suggesting pressure insensitivity (X. Wang et al., 2010). The cone angle
at 2100 bar was larger than at 1700 bar, mainly because the higher injection pressure
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Figure 3.15: Spray evaluation at Pi,j = 2100 bar and P.mp = 1 atm.
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3.4 Results from near-field atomization

imparts greater momentum to the spray, enhancing its lateral dispersion (Fig. 3.14b). This
results in a distinct umbrella-shaped spray structure within the first 50 us ASOI at 2100 bar
(Fig. 3.15). Conversely, the lower momentum at 1700 bar produced a narrower cone angle
with weaker interaction between the spray and ambient gas, reducing radial spreading. In
addition, the spray area was observed to increase with injection pressure. The larger area at
2100 bar is attributed to both the deeper penetration and the wider cone angle, which allow
the spray to spread more radially and cover a greater projected area within the image frame.
The temporal evolution of spray morphology, captured in Fig. 3.15, further illustrates these
differences. At 2100 bar, the early spray consists of a dense central core and an umbrella-
shaped periphery, with ligament-like structures emerging from approximately 100 us ASOI,
signaling the onset of primary breakup. These ligaments persist throughout the injection
event, captured, indicating sustained momentum and incom atomization as illustrated
in Figs. 3.16(e—h). At 1700 bar, the spray morphology follows a similar pattern but with
l@ronounced umbrella structures and narrower cone angles. Ligaments and periodic
surface features appear at the spray boundaries, but are weaker compared to the higher-
pressure case. Additionally, localized voids and low-density regions, possibly caused by
uneven atomization, are observed but occur less frequently than ligaments.

-
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CHAPTER 4

Concluding Remarks and Future Work

4.1 Conclusions

This thesis has presented a comprehensive experimental investigation into the transient
behavior of pilot fuel sprays from heavy-duty diesel injectors under conditions relevant to
dual-fuel marine engine applications. Through the use of high-pressure, high-temperature
optical spray test rigs and advanced imaging techniques, the study has addressed several
critical knowledge gaps in the understanding of short-duration pilot injections. A plume
isolation technique using a thimble-type structure was successfully developed and imple-
mented, enabling the optical characterization of individual spray plumes from multi-hole
injectors without interference from neighboring plumes. This approach allowed for detailed
analysis of spray morphology, penetration, and ignition behavior under both non-reactive
and reactive conditions. The study further explored plume-to-plume variations using Mie-
scattering imaging, revealing insights into the consistency and symmetry of spray formation
across different injector configurations. Single-plume experiments conducted under evapo-
rative and reactive conditions provided valuable data on liquid and vapor phase behavior,
ignition delay, and flame development. Additionally, time-resolved ballistic imaging was
employed to investigate near-field spray atomization, capturing spray their evolution within
a 10 mm radius within 10 mm of the nozzle. The influence of key operating parameters,
such as fuel injection pressure under ambient gas density, was systematically studied, offer-
ing a deeper understanding of their effects on spray characteristics. Overall, the findings
of this research contribute significantly to the fundamental understanding of pilot spray
behavior in dual-fuel combustion systems. The insights gained are expected to support the
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development of predictive combustion models and the optimization of injection strategies
for efficient dual-fuel engine operation.

4.2 Future work

While this study has provided valuable insights, several areas remain open for further ex-

ploration:

62

Investigate the influence of different injector geometries, such as nozzle hole diam-
eter, length-to-diameter ratio, and sac volume, on spray atomization and ignition
characteristics under short-duration injection conditions.

Study the interaction between pilot and main injections, particularly in split injection
strategies, to understand their impact on ignition stability and emissions in dual-fuel
engines.

Investigate the velocity and acceleration vectors of the spray using ballistic imaging.

Use two-photon laser-induced fluorescence (2p-LIF) laser sheet imaging to analyze
the structure and atomization behavior of fuel sprays.

Implement optical sectioning techniques to obtain high-resolution, plane-specific mea-
surements within transient sprays for accurate characterization of liquid and vapor
phase dynamics.
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