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Abstract

The increase in greenhouse gas (GHG) emissions worsens global warming and
climate change. Carbon dioxide (COy), as the main composition in GHG, is strictly
restricted in the emission regulation under the target of carbon neutrality by the middle
of this century. In the transportation sector, electrification has been widely recognized
as a good pathway to achieve such goals in light-duty applications. Great success in the
low power range has built confidence in the employment of large power motors.
However, the current shortcomings of battery such as low energy density, or limited
recycling of used batteries make it difficult to fully replace the combustion engines in a
short time, especially for heavy-duty engines. The utilization of low-carbon/zero-
carbon fuels can be a transitional solution for achieving CO; emission reduction rapidly.

The present thesis aims to fully predict the specific characteristics of the
combustion process of diesel-like reacting sprays fueled with hydrocarbon and
oxygenated fuels. To accomplish this objective, a so-called Quasi-1D model is utilized,
which integrates an in-house developed one-dimensional spray model with an advanced
combustion model based on laminar flamelets at a low computational cost.
Subsequently, the combustion metrics and flame structure can be efficiently examined
throughout the evaluation of the chemical state obtained along mixing trajectories.

The study mainly focuses on the case of a free spray injected through a single
hole into steady environments with the variation of ambient and injection conditions
recommended by Engine Combustion Network (ECN). A wide variety of fuels are
considered, including n-dodecane, Primary Reference Fuels, and OMEn-type fuels.

In conclusion, the Quasi-1D model delivers an accurate prediction of the main
metrics of spray combustion process across the variety of conditions considered in spite
of its low computational cost. This results in a promising tool for the calibration of
combustion in engines with alternative fuels.






Resumen

El aumento de las emisiones de gases de efecto invernadero (GEI) empeora el
calentamiento global y el cambio climatico. El diéxido de carbono (CO.), como
principal componente de los GEI, esta estrictamente restringido en las normativas que
pretenden un objetivo de neutralidad de carbono. En el sector del transporte, la
electrificacién ha sido ampliamente reconocida como un buen camino para lograr dicho
objetivo. El gran éxito en el rango de baja potencia ha generado confianza en el empleo
de motores eléctricos de gran potencia. Sin embargo, las deficiencias actuales, como la
baja densidad energética y el reciclaje limitado de baterfas usadas dificultan la sustitucion
total de los motores de combustién en poco tiempo, especialmente en el caso de los
motores de transporte pesado. La utilizaciéon de combustibles limpios puede ser una
solucién de transicién para lograr una reduccion rapida de las emisiones de COs.

La presente tesis tiene como objetivo predecir las caracterfsticas especificas del
proceso de combustién de chorros tipo Diesel en condiciones reactivas alimentados
con combustibles hidrocarburos y oxigenados. Para lograr este objetivo, se utiliza una
herramienta numérica denominada modelo Quasi-1D, que acopla un modelo de chorro
unidimensional desarrollado internamente con un modelo de combustién avanzado
basado en flamas laminares de un bajo coste computacional. Posteriormente, las
métricas de combustion y la estructura de la llama se pueden examinar de manera
eficiente a través de la evaluacion del estado quimico obtenido a lo largo de las
trayectorias de mezcla.

El estudio se centra principalmente en el caso de un chorro libre inyectado a
través de un orificio tnico en un ambiente estacionario, con variaciones de condiciones
de dicho ambiente y de inyeccién recomendadas por la Engine Combustion Network
(ECN). Se han considerado una gran variedad de combustibles, incluyendo el n-
dodecano, combustibles de referencia primatios y combustibles oxigenados de tipo
OMEn.

En conclusién, el modelo cuasi-1D ofrece una prediccion precisa de las
principales métricas del proceso de combustién en el amplio rango de condiciones
consideradas a pesar de su bajo coste computacional. Ello lo constituye en una
herramienta prometedora para la calibracion de la combustién en motores con
combustibles alternativos.






Resum

L'augment de les emissions de gasos d'efecte d'hivernacle (GEI) empitjora
l'escalfament global i el canvi climatic. El dioxid de carboni (CO2), com a principal
component dels GEI, esta estrictament restringit en les normatives que pretenen asolir
un objectiu de neutralitat de carboni. En el sector del transport, l'electrificacié ha sigut
ampliament reconeguda com un bon cami per a aconseguir aquest objectiu. El gran éxit
en el rang de baixa potencia ha generat confianga en 1'ds de motors electrics de gran
poteéncia. No obstant aixo, les deficiéncies actuals, com la baixa densitat energética i el
reciclatge limitat de bateries usades dificulten la substitucié total dels motors de
combustié en poc temps, especialment en el cas dels motors de transport pesat. La
utilitzacié de combustibles nets pot ser una solucié de transicié per a aconseguir una
reducci6 rapida de les emissions de COa.

La present tesi té com a objectiu predir les caracteristiques especifiques del procés
de combusti6 de dolls tipus Diesel en condicions reactives alimentats amb combustibles
hidrocarburs i oxigenats. Per a aconseguir este objectiu, s'utilitza una ferramenta
numerica denominada model Quasi-1D, que acobla un model de doll unidimensional
desenvolupat internament amb un model de combustié avancat basat en flamelets
laminars d'un baix cost computacional. Posteriorment, les métriques de combusti6 i
l'estructura de la flama es poden examinar de manera eficient a través de l'avaluacié de
l'estat quimic obtingut al llarg de les trajectories de mescla.

L'estudi es centra principalment en el cas d'un doll lliute injectat a través d'un
orifici unic en un ambient estacionari, amb variacions de condicions d'aquest ambient i
d'injecci6 recomanades per la Engine Combustion Network (ECN). S'han considerat
una gran varietat de combustibles, incloent el n-dodecan, combustibles de referéncia
primatis i combustibles oxigenat de tipus OMEn.

En conclusiod, el model Quasi-1D oferix una prediccié precisa de les principals
metriques del procés de combustié en l'ampli rang de condicions considerades malgrat
el seu baix cost computacional. Aixo el constitueix en una ferramenta prometedora per
a la calibracié de la combustié en motors amb combustibles alternatius.
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2 CHAPTER1 INTRODUCTION

1.1 Background and Motivation

The negative effect of greenhouse gas (GHG) emissions on global warming and
climate change has gained more attention and brought about a restriction of carbon
emission all over the world. As the main composition in greenhouse gases, carbon
dioxide (CO3) emissions from energy combustion and industrial process accounted for
89% of the energy-related GHG emission in 2022 as reported in International Energy
Agency (IEA) [1]. As shown in Figure 1.1, in the past decades, as well as in near future
ones, fossil fuels continue to serve as the primary energy supply globally, Figure 1.1.
Considering the situation that more than 58% of the installed power generation capacity
relying on combustion all over the world, the global emissions from fuel combustion
dominated by oil and natural gas accounts for 55% [2]. The transport sector, which
accounts for about 60% of the oil consumption [3], is currently trying to achieve
significant CO» reduction targets, as well as on ultra-low nitrogen oxides (NOx)
emissions within a general trend towards zero fossilization.

Global primary energy consumption by source
Primary energy" is based on the substitution method? and measured in terawatt-hours®.
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Data source: Energy Institute - Statistical Review of World Energy (2024); Smil (2017) OurWorldinData.org/energy | CC BY
Note: In the absence of more recent data, traditional biomass is assumed constant since 2015.

Figure 1.1. Global primary energy consumption by source [4]

To meet the demand of Net Zero Emission by 2050 and hence decarbonize road
transport, electric vehicles (EVs) are a promising technology. With the fast development
of battery and public charging points, as well as the financial support from the local
government, the share of electric cars in total sales has increased from ~4% in 2020 to
18% in 2023, where the huge growth was in China [5]. However, current unsolved
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problems such as the reduced efficiency in cold weather and low energy density makes
it hard for a full replacement of internal combustion engine, particularly in large power
scenatios, such as heavy-duty road transport, shipping et al. Accounting for more than
25% of road transport and 6% of total GHG emissions in European Unions (EU),
heavy-duty vehicles were required to reduce the CO; emission by 15% within 5 years
since 2019, especially for the heavy lorries over 16 tons [1]. Then, further reduction in
CO; emission was demanded that a 90% reduction compared to 2019, which covers all
the heavy-duty vehicles, including medium lorries, city buses, coaches and trailers. For
shipping, it only accounts for around 3% of global CO; emission, while the rate was
assumed to rise to 17% by 2050 [6]. Meanwhile, an initial strategy adopted by
International Maritime Organization (IMO) in 2018, promoted a target of the reduction
in total annual GHG emission by at least 50% by 2050 compared to 2008 [7].

To comply with the stricter regulations of CO, emissions, much effort has been
made in respect to improving thermal efficiency and utilizing low-carbon or zero-
carbon fuels. Reported by WEICHAI POWER CO. LTD, diesel engine has reached a
record-breaking thermal efficiency of 53.09% [8]. If focusing on the combustion, low-
temperature combustion mode, such as Homogeneous Charge Compression Ignition
(HCCI) and Reactivity Controlled Compression Ignition (RCCI) has shown great
potential on the fuel efficiency improvement, as well as the reduction in emissions of
soot particles and NOx [9] [10]. Another method to improve thermal efficiency is
electrification which has been primarily associated with light-duty vehicles, while there
is also growing interest in electrifying heavy-duty vehicles by battery-electric vehicles
(BEVs) and hybrid-electric vehicles (HEVs). HEVs take advantage of both internal
combustion engines and electric motors, while it also comes with high initial cost and
maintenance complexity due to the dual powertrains.

With the advantage of minimal modifications to current injection systems, the
utilization of clean fuels is preferred compared to the employment of HEVs, particularly
in large engines. For example, biodiesel, which is a widely used fuel, was estimated to
reduce CO2 emissions by approximately 85% based upon a life-cycle analysis [11]. In
addition, oxygenated fuels, such as polyoxymethylene dimethyl ether, are also promising
in the COz emission, with a production cost that is also trying to become close to that
of fossil fuels [12]. Additionally, investigations on compressed or liquefied natural gas
(CNG or LNG) [13] [14], and methanol [15] are also currently underway for marine
engines. Meanwhile, the ongoing research of the possible utilization of zero-carbon
fuels, such as hydrogen [16] and ammonia [17], can help to hugely reduce CO; emission,
while the design of infrastructure of injection system and fuel storage is still challenging.

When utilizing these fuel candidates, it is essential to quantify the spray and
combustion characteristics. However, experimental testing cannot encompass all
required conditions due to facility limitations, and it also entails a significant workload.
Additionally, optimizing the production pathway or raw source introduces further
complexity. Computational Fluid Dynamics (CFD) offers valuable insights into physical
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and chemical processes, particularly in scenarios that are challenging to measure.
Nevertheless, the computational cost of reliable CFD remains prohibitively high for all
fuel candidates. Over the past few decades, fundamental research has delivered detailed
characterization of the spray and combustion processes using several parameters
obtained from measurements conducted in High Pressure and Temperature vessels.
Within this context, phenomenological model/low-dimensional model can also
facilitate the evaluation of the effect of operating parameters for multiple new fuel
candidates at a lower computational cost. While the current accuracy is still far away
from CFD results, such models can also be applied in rapid engine calculations.

1.2 Objective of the study

In the history of one-dimensional spray model proposed by CMT — Clean
Mobility & Thermofluids, the prediction to spray penetration, mixing and evaporation
processes of inert spray has been established in [18] [19], similar predictions were
extended under reacting conditions by means of 1-step chemistry, as well as external
user inputs in terms of experimental ignition delay and lift-off length [20]. A more
predictive approach was introduced in [21] to enable predictions of combustion metrics
based upon detailed chemistry. In this thesis, this approach has been further developed,
hence, the main objective of this thesis is to validate the consistency of the predictions
of ignition delay and lift-off length over a wide range of operation conditions and fuels.
This goal will be achieved through two partial objectives:

e Optimizations: the main task in this section is related to the numerical issue.
Further reduction in computational cost compared to [21] is demanded
throughout the simplification of model description and the corresponding
structure of the in-house code written in the language of C++. In parallel,
more accurate predictions to combustion metrics are also required, which is
mainly on the development on the approach of flamelet integration with one-
dimensional (1D) spray model.

® Applications: the optimized model will be validated by the experimental
database from CMT performed under various steady engine-like conditions
recommended by Engine Combustion Network (ECN) [22]. The initial
validation is conducted for n-dodecane using different chemical mechanisms.
Then, the model will be extended to other fuels, including a binary mixture
of hydrocarbon fuels with a wider range of fuel reactivity compared to n-
dodecane [19] [23], and polyoxymethylene dimethyl ethers (OME), a
sustainable alternative to fossil fuels and kind to reduce greenhouse gas and
soot emission rather than diesel [24].
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1.3 Approach of the study

An extensive review of the literature will serve as the basis for the development
of the thesis. Following recommendations in [25], the interaction between the physical
1D spray model and detailed chemistry should be studied, which will substitute the
current coupling of the local density into the axial momentum and mixture fraction
equations. The combustion model is based upon an unsteady flamelet progress variable
model developed at CMT for CFD applications. Consistently with this approach, oft-
line tabulated flamelet manifolds contain the mixing and chemistry states from inert to
fully reacting in terms of the local mixture fraction f and tabulated progtess vatiables
Y. Conservation equations including Y, will be integrated along the temporal mixture
trajectories throughout the spray. Additionally, the integration approach in terms of the
scalar dissipation rate variation will be utilized.

Under this scheme, the study of the first scenario will allow to provide more
accurate predictions, which will be closer to CFD approach and low demand of
computational resources will also retain. The validation of applicability will further
emphasize the value of the 1D model development.

1.4 Outline of the study

In order to achieve the set objectives with the presented approach, the thesis is
structured in seven chapters, and the main content of each chapter is listed as follows:

Chapter 1: the current chapter presents an overview of the thesis, including a
brief description of the background, research tool and thesis structures.

Chapter 2: this chapter reviews concepts on spray and combustion process in
compression ignition engines, followed by the detailed description of the main
subprocess, namely atomization, evaporation, mixing, entrainment, premixed and
diffusion combustion. The prediction of characteristic parameters starts from the
empirical formulas, then the concept of phenomenological spray model is introduced.
Finally, the literature review on the application of phenomenological spray model on
the spray and combustion process was presented to close this chapter.

Chapter 3: this chapter introduces the modelling approach in this work,
emphasizing the basic concepts, optimizations and the influence on the ignition process
under ECN Spray A condition.

Chapter 4: this chapter explores the effect of chemical mechanisms and mixing
characteristics on the prediction of n-dodecane reacting sprays. It starts with the model
validation for inert ECN Spray A. Then, the effect of strain rate together with three
chemical mechanisms on the ignition are discussed, followed by the comparison of
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single and multiple flamelets. Next, the difference of mixing state generated by different
injection pressure and nozzle diameter is investigated. Finally, the model accuracy on
the combustion metrics is analyzed throughout the comparison of ECN recommended
conditions.

Chapter 5: the effect of fuel reactivity of hydrocarbon fuels on the ignition is
studied following the conclusion in the previous chapter. An in-depth analysis on the
differences introduced by octane number effects will be done, as well as the comparison
of combustion metrics under ECN conditions.

Chapter 6: In an analogous way as the previous chapter, the model application
was extended to oxygenated fuels, and the hydrocarbon fuels at a similar fuel reactivity
are kept as a reference. An analysis of the mixing and fuel reactivity will be done. Like
the previous chapters, the model accuracy on the combustion metrics under a wide
range of conditions will be presented.

Chapter 7: this chapter draws the conclusions from the obtained results and
suggests the possible future work.
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2.1 Introduction

As explained in Chapter 1, the role of liquid fossil fuels as an energy source
remains challenging to replace, particularly in compression ignition engines. To address
the need for maintaining high energy density while achieving carbon dioxide neutrality,
one potential solution is to substitute current fossil fuels with renewable alternatives.
Consequently, it is essential to understand the combustion characteristics of these fuels
to ensure their optimal application in compression ignition (CI) engines. For numerical
tools, a phenomenological model aimed at predicting specific quantitative parameters
demonstrates reasonable accuracy with low computational costs. This chapter will lay
the groundwork for the studies presented in this thesis, beginning with a brief overview
of the essential phases of the combustion process in CI engines. Then, it will review
research on the spray and combustion processes under quiescent environments. Next,
the principles of phenomenological spray model will be given, followed by a literature
review of the model application and recent studies to close this chapter.

2.2 Conventional DI diesel engine combustion process

The combustion process in DI diesel engines takes place in a period with a
magnitude of milliseconds and comprises complex physical and chemical processes.
Heat release rate (HRR) provides an invaluable tool for dissecting the combustion
phases of the combustion process, offering insights into the combustion efficiency,
emissions formation and the overall performance of the engines. Figure 2.1 presents
the combustion phases of a conventional direct-injection (DI) diesel process [26]. From
the start of injection (SOI) to the end of combustion (EOC), the HRR evolution can
be divided into four phases:

e Ignition delay period: the first stage of the combustion process is defined
as the time interval between SOI and the start of combustion (SOC) when
HRR is first noticeable [27]. As the liquid fuel was ejected into the chamber,
it undergoes a series of physical processes, including liquid core break up,
atomization, evaporation caused by the energy exchange with the
surrounding hot gas. These processes mainly depend on the ambient
environment, such as temperature, pressure, et al, and physical fuel
properties, such as density, viscosity, surface tension, and vapor pressure et
al. [28] In addition, due to the oxygen in the surrounding and high
temperature in the air, the low-intensity chemical reaction also takes place,
producing of shorter hydrocarbon chains. Therefore, controlling the phase
of SOC is seen as an effective way to improve the fuel economy and thermal
efficiency of engines, as well as the reduction in pollutant emissions [29]. For
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example, it is critical to realize low-temperature combustion (LTC). The
calculation of ignition delay is also the interest in this thesis.

e Premixed combustion phase: after the appearance of combustion (starting
at point b), the fuel-air mixture formed in the previous stage enters a high-
temperature combustion, corresponding to a rapid increase in HRR and
reaching the first peak in a short time. This phase is known as premixed
combustion, and it usually takes place as fuel injections are in progress, as
shown in Figure 2.1. After the first peak, the premixed mixture was burned
out, and then the steep decrease in HRR is observed until the first minimum
(ending at point ¢). The duration of this phase is usually proportional to the
ignition delay period [30]. Some species like CO2 and H2O have already been
produced during this phase. Besides, the soot precursor polycyclic aromatic
hydrocarbons (PAHs) are also quickly formed in the hot flames [31].

e Mixing-controlled combustion phase: this phase starts when the fuel-air
mixture forms before ignition has been consumed completely. The
subsequent combustion process is dominated by the fuel-air mixing rate;
hence, this phase is also called mixing-controlled combustion. Compared to
premixed combustion phase, HRR in this phase is more progressive, and the
second peak can be observed at the end of injection (EOI). By adjusting the
injection strategies, like reducing injection duration or modifying injection
timing, lower HRR can be obtained and no peaks across the entire phase,
especially for a heavy-duty engine [29]. Thus, the soot formation can be
significantly reduced [32]. As long as the injection rate is maintained, the
diesel jet enters a ‘quasi-steady’ period, during which the flame structure also
remains relatively constant. More details will be presented in the next section.
Immediately following the end of injection, the ending of fuel momentum
supply rapidly decelerates the flow propagation, leading to a stagnant, fuel-
lean region near the nozzle. If the ignition delay occurs after the end of
injection, this stagnant region can become too lean to obtain a complete
combustion and soot emission can be reduced or even eliminated.

e Late combustion phase: this phase typically starts at EOI, when the lack
of fuel momentum supply rapidly decelerates the flow propagation, leading
to a stagnant, fuel-lean region near the nozzle. At the case of ignition delay
occurring after EOI, this stagnant region becomes much lean, hence, soot
emission can be reduced or even eliminated [33]. In addition, this late
burning of the fuel that ejected during the ramp-down period usually leads
to unstable flame (b-c) compared to the mixing-controlled combustion
period. The continuous expansion of cylinder volume exacerbates the
combustion, resulting in lower heat release, which ultimately ceases until the
flame extinguishes. Proper management of the late combustion phase is
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essential to ensure complete combustion of unburned hydrocarbons and
carbon monoxide, thereby minimizing emissions of these pollutants.

Ignition Premixed combustion phase

k 4 -+ Mixing-controlled combustion phase

Rate of heat release
i

Start of End nf
mjectinm imjecorion

| I I | TR B |
20 @ b 10 TC 10 20 30
Crank angle, deg

Figure 2.1. Diagram of combustion phases during a typical DI diesel engine combustion process
characterized by rate of heat release [26].

2.3 Spray and combustion process under quiescent
environment

To further investigate the spray and combustion process fundamentally, most
studies have focused on free spray without considering turbulence in the chamber and
wall impingement. As shown in Figure 2.2, spray characteristics are typically explored
for different processes such as cavitation, atomization, evaporation, fuel-air mixing and
entrainment until the ignition, as well as pollutant emission formation. This section will
provide a detailed introduction to these processes, serving as a baseline for the
subsequent review of phenomenological models.

2.3.1. Atomization

As the high-velocity liquid fuel is ejected into the high-temperature high-pressure
combustion chamber, atomization takes place initially by transforming the injected fuel
into a fine spray or tiny droplets. In the context of atomization, the surface of the jet
becomes perturbed, leading to the formation of waves. These waves grow due to the
Kelvin-Helmholtz instability, which amplifies the surface perturbations. Eventually, the
jet breaks up into ligaments, which further disintegrate into droplets due to the action
of surface tension and aerodynamic forces. The increased contact area with the
surrounding gas facilitates better exchange of heat, mass and momentum, ultimately



2.3 Spray and combustion process under quiescent environment 11

improving the air entrainment and subsequent evaporation process, and promoting a
more efficient and complete combustion.

Spray Formation and Fuel-Ambient Combustion and
Atomization Vaporization Mixing Pollutant
primary secondary Formation
/ Particulate
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\ Ambient Entrainment Y aan Combustion
L :
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Figure 2.2. Schematic of spray and combustion process [34]
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In brief, atomization is the process of converting liquid fuel core into a number
of tiny droplets. As the fuel leaves the nozzle, the jet velocity remains constant until it
reaches a certain distance downstream from the nozzle outlet, this distance is called
intact length. Numerous research has shown that the magnitude of the intact length is
comparable to the nozzle diameter, approximately 1 to 3 times the latter [35] [36]. The
spray region, characterized by the dispersed phase volume fraction [37], can be classified
into two regions, where the first one in the upstream is named as dense region and the
latter one is named as diluted region [38], as shown in Figure 2.3.
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Figure 2.3. Schematic of atomization process of spray

In the dense region, liquid jet disintegrates into large droplets and ligaments, a
process known as primary breakup. This phenomenon describes the transformation of
the cylindrical liquid column that emanates from the injector nozzle into distinct
particles, derived by instabilities arising from surface tension, the geometry of the
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injector nozzle, and aerodynamic effects [39]. Ultimately, it turns out to be the Kelvin-
Helmbholtz (KH) instability and the Rayleigh-Taylor (RT) instability at the gas-liquid
interface [40]. Depending on the nozzle exit conditions, primary breakup exhibits
various regimes categorized by the ratio of the Ohnesorge number to the Reynolds
number, relating the viscous forces to the inertial and surface tension forces. As jet
velocity increases, the primary breakup mode initially remains in the Rayleigh regime,
then transitions to the First Wind-Induced regime, where the droplet diameter is
approximately equal to the nozzle diameter. Furthermore, as the droplet size becomes
much smaller than the nozzle diameter, air resistance no longer acts as damping factor
while increasing perturbations, leading to the Second Wind-Induced regime. Therefore,
the resultant droplet diameter becomes a critical parameter in the quantitative
investigation of the primaty breakup process.

The Sauter Mean Diameter (SMD) is frequently utilized to quantitatively analyze
the primary breakup process. Numerous optical techniques have been developed and
employed to obtain this value and distribution [41] [42] [43]. Recently, a combination
of visible-light scattering and X-ray absorption, called as scattering-absorption
measurement ratio, has overcome the limitations of the single technique employed in
the real dense spray [44] [45] [46]. Using the tool of CFD, the KH model is commonly
applied for modelling the primary breakup, and the effect of cavitation and turbulence
have also been also considered. KH-RT model exhibits improved predictions the spray
and combustion characteristics [47] [48] [49].

In the diluted region, the volume fraction of the dispersed phase decreases to the
range of 10¢ — 103 [38], where the influence of dispersed phase turbulence on the
continuous phase turbulence becomes pronounced. Thus, the droplets are surrounded
by turbulent gas flow, which generates aerodynamic forces on their surface. As a
consequence, such forces may overcome the superficial tension and distort the spherical
sharp breaking the droplet again into parcels of smaller dimensions [50]. This process
is named as secondary breakup, and it is usually quantitatively characterized using Weber
number (Wb). As shown in Figure 2.4, bag breakup is observed when the Weber
number ranges roughly from 11 to 80, during which aerodynamic forces cause the
droplets to shape into a relatively flat disk, eventually transforming into a thin
membrane. These membranes ultimately rupture, leading to the formation of numerous
small droplets. When the Weber number falls within the range of 80 to 350, a strip
breakup is manifested. In this case, the flat disks develop inward, and the membranes
collapse at their edges, producing smaller droplets. For Weber number surpassing 850,
catastrophic breakup is observed. Extremely high shear rates at the gas-liquid interfaces
lead to the eclongation of droplets, which eventually fragment due to Rayleigh
instabilities [38].
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Figure 2.4. Schematic of secondary break regimes [38]

2.3.2. Evaporation

After the atomization process, liquid fuel has broken up into a parcel of small
particles. As the spray continues to entrain air, heat is gradually transferred from the
ambient gas to the tiny fuel droplets; therefore, their relative velocities decrease as the
droplets transfer momentum to the air, leading to an increase in the temperature of the
liquid. The temperature rise results in a decrease in the vapor pressure at the surface of
droplet, initiating the evaporation process and causing the local mixture to approach
adiabatic saturation conditions [51]. As the liquid fuel penetrates, it reaches a distance
where the total fuel evaporation rate in the spray equals the fuel injection rate; this
distance is called liquid length (LLL). Usually, liquid length refers to the maximum length
where the liquid phase stabilizes. It has been verified that an excessive LL would cause
a wetting of the piston and cylinder wall, contributing to potentially higher emissions
[52].

Over the last decades, several optical techniques have been developed for
measuring liquid length, such as Mie scattering [53] and Diffused Back-illumination [54]
[55]. In non-reacting scenarios, experimental finds indicate that liquid length is
significantly influenced by the factors such as nozzle diameter [53], fuel temperature [56]
[57], thermodynamic environment [58], and fuel properties [52] [59] [60]. For instance,
a shorter LI was observed at higher gas densities, as illustrated in Figure 2.5.
Furthermore, it has been validated that injection pressure has little influence on liquid
length, due to the simultaneous change in injection rate and evaporation rate [53].
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Figure 2.5. Effect of gas density on the liquid length. Time-averaged Mie-scattered light images for three
sprays injected from left to right into the different ambient gas densities. The orifice pressure drops and
diameter, the ambient gas temperature, the fuel temperature, and the fuel were 135 MPa, 246 um,
1000 K, 438 K and DF2, respectively [53].

The observation that liquid length is linearly dependent on the nozzle diameter
and just little influenced by the injection pressure suggested that vaporization in a diesel
spray is controlled by mixing process, as opposed to interphase transport rates of mass,
momentum, and energy at droplet surfaces. The ratio of entrained gas rate M, to the
fuel mass rate 1My is used to examine the mixing process by jet theory [50],

6
; Pa Prdoustan(=)x
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where dy is the nozzle diameter, pr and p, are the density of fuel and air, respectively,

0 is the spray spreading angle and x is the axial distance. With the principle of
conservation of mass, momentum and energy, Siebers derived a scaling law to the liquid
length under the assumptions [61]:

e Axially uniform spray angles established for the non-head region of transient
gas jet, which considers a constant velocity, fuel concentration and temperature
across the section.

e Thermodynamic equilibrium between saturated fuel vapor and entrained
ambient gas is equivalent to the adiabatic condition.

Therefore, vaporization can be seen as a mixing-controlled process, and the
effect of atomization process can be ignored. The problem of two-phase diesel spray
can be reduced to a single-phase flow where a fraction of fuel vaporizes instantaneously
once there is enough enthalpy in the surrounding gas to heat it up and vaporize it [59].
Under the hypothesis of mixing-controlled spray, spray model was simplified as a one-
dimensional model [18] [33], and liquid length can be defined as the location where the
fuel concentration reaches the evaporation fraction of the mixture, Yf ¢yqp,
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the terms dy, pg, Py and 0 has been explained before. The term kjy is a correlation
constant which is partially determined by the area coefficient of the injector. The latter
one, Y7 epap, can be calculated by the enthalpy difference,

1 Ahg(TevapTf,0)

Yf,evap =1 + Aha(Ta,Tevap) (23)

where Ty is the ambient temperature, Tf o is the initial fuel temperature, and Tgyqy is
the saturation temperature when the fuel is fully vaporized. This is in agreement with
the experimental observation that LL depends on the fuel properties, i.e., fuel latent
heat and fuel temperature.

2.3.3. Fuel-air mixing and entrainment

After the complete vaporization of the fuel, the downstream penetration of liquid
length is driven by fuel momentum, which continues to entrain the surrounding hot gas.
Typically, the mixing and entrainment processes can be characterized by spray vapor
penetration, spray angle and mixture fraction distribution, each of which will be
individually discussed in the following sections.

Spray tip penetration

Spray tip penetration, one of the most essential characteristics, determines the
degree of air entrainment into the spray, significantly effecting combustion and engine
performance. As shown in Figure 2.6, spray penetration is defined as the furthest
distance from the nozzle outlet to the spray tip. Shadowgraph or schlieren imaging
techniques are predominantly employed to identify the vapor boundary of a penetrating
jet [61]. Usually, the conical-shaped region extending from the nozzle to approximately
70% of the total penetration is denoted as steady-state region, and the elliptical region
is designated as the transient region. To avoid the complex vortical structures near the
spray head, the attention is primarily focused on the steady-state region.

Figure 2.6. Diagram of vapor penetration and spray angle
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The research on jet penetration can be retrieved by Sass as early as 1920s under
room temperature [62]. Concluded from the measurement results, some empirical
formulas have been proposed as a function of the following parameters:

S =f(4P,dy, pq,0,t, pf, Vs, L) (2.4)

where AP is the pressure difference between nozzle exit and ambient, vy is the exit
velocity of the nozzle, t is time, L is the orifice length, the terms of dg, pq, pr and 0
are consistent with the explanation before. Due to the operating conditions or
limitations of facilities used in the experiment, not all the parameters in Eq. (2.1) are
considered in all the empirical formulas. Table 2.1 presents some correlations proposed
in the last century, and the penetration is mainly dependent on nozzle diameter (d°18
— d%82)injection pressure (AP%25 _ AP%3%) and air density (p7%2% — p7°>). For
most correlations, penetration is concluded as a function of square root of time
dependent. However, these empirical formulas also have the limitation on the
conditions. For example, the formula proposed by Dent [63] can only be recommended
under the conditions besides large chamber pressure (P, > 10 MPa), otherwise it
would be overpredicted.

Table 2.1. Power of parameters in cotrelations of Eq.((2.4) [64]

Power of Parameter

Proposer(s) of Correlation

AP d Da 0 t Pr v L
Schweitzer [65] 0.2936  0.4127  -0.4127 - 0.5873 - - -
Lyshevskiy [66] 0.3 0.4 -0.5 - 0.5 0.4 0.3 -
Wakuti [67] 0.25 0.5 -0.447 - 0.5 0.197 - -
Sitkei [68] 0.39 0.82 -0.35 - 0.48 -0.04 -0.3 -
Parks [69] 0.3 0.4 -0.4 0.6 0.6 - - -
Oz [70] - - -0.369 - 0.5 - - -

Taylor and Walsham [71] 0.34 0.18 -0.32 - 0.04 - - 0.18
Dent [63] 0.25 0.5 -0.25 0.25 0.5 - - -

To turther understand this phenomenon, Hiroyasu and Arai [35] proposed a two-
phase evolution of penetration in the 1990s, based on measurements conducted under
ambient densities of up to 30 kg/m?3 and injection pressutes of up to 80 MPa. The
penetration was characterized by a linear dependence on time during the initial stage,
which transitioned to a dependence on the square root of time in subsequent phases.
The formulas can be written as:

24P
S(t) = 0.39 p—t,o <t < tpreak
i

1/4
S(t) =295 (f)_:) vV dot,t = tyreak
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Before the breakup time, €y eqr, the linear dependence on time is mainly caused
by the transient nature of the initial injection rate. It is important to note that the
empirical formulas discussed above are typically derived from the measurement under
non-vaporizing conditions. Thus, the droplet size is larger than that observed under
actual engine conditions. In certain instances, a correlation of the form S o« t3/2 may
provide a more accurate prediction prior to the breakup time [72] [73]. What’s more,
empirical correlations derived from diesel may not be applicable for predicting the
behavior of alternative fuels, such as biodiesel [74].

To address the impact of gas density and vaporization on spray penetration,
especially under engine-like conditions, such as gas density exceeding 25 kg/m? at
ambient temperature of 1000 K and injection pressure surpassing 100 MPa, Naber and
Siebers conducted measurements on both non-vaporizing and vaporizing sprays under
a wide range of conditions. They also provided a theoretical correlation for spray
penetration. A similar trend was observed for both non-vaporizing and vaporizing
sprays as gas density increased, with the maximum reduction in vaporizing penetration
relative to non-vaporizing spray occurring at the location where fuel vaporization is
complete. In [75], a scaling law for the free turbulent jet is further deduced on the basis
of momentum conservation and is also validated by experimental results, allowing the
penetration correlation for vaporizing spray to be expressed as follows:

S o pz025 . pO25 . tqn—025 (g) . 05 2.6)
where M is the fuel momentum, S is the spray penetration. Indicated by the
measurements [60] [76], penetration is mainly governed by the momentum.

Spray angle

As stated in Eq. (2.6), the spray angle is a critical parameter that influences both
penetration and entrainment mass. As shown in Figure 2.6, spray angle is a measure of
the angle in the fitting lines extending from 10% to 60% of the penetration, where the
spray is in a steady state [75]. The ranges of the fitting lines can also be scaled from the
injector to 50% of the penetration. In the atomization regime, spray is assumed to be
symmetrical in the radial direction; thus, spray angle was observed to follow the
correlation [77],

0.5
0 1 3
tan (—) =—-4q- (L) = (2.7
2) A pr) 6
The term A is a constant specific to a given nozzle geometry. However, the density ratio
varies according to other research findings, the impact of breakup length is incorporated
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in the correlation proposed by Hiroyasu and Arai, in agreement with the two-step
penetration correlation in Eq. (2.5). The new formulation is written as:

0 — 835, (Z_Z)—o.zz (3_2)0.15 (Z_;>O.26 9

where Ly is the orifice length, d is the sac chamber diameter of the nozzle, the other
terms are the same as the explanation before. In conclusion, various measurements
indicate that the spray angle can be significantly affected by the ratio of ambient to fuel
density, ambient temperature and injector geometry. Additionally, while the influence
of fuel properties may not be as pronounced as that of the aforementioned parameters,
it remains a contributing factor [78]. However, turbulence and aerodynamic instabilities
introduce considerable uncertainty in the spray angle measuring. Furthermore,
discrepancies in optical techniques and image processing method also contribute to this
error, making accurate measurement of the spray angle challenging.

Fuel mass fraction/mixture fraction

The mixing of fuel vapor with the surrounding oxidizer is the primary factor that
governs the spray combustion in engines. The mixing properties can be characterized
by a variable called mixture fraction, a conservative variable that is equal to the fuel mass
fraction for inert sprays [18]. It has been known that the gradient of mixture fraction
affects the scalar dissipation rate, which in turn affects the reaction rates in diffusion
flame [38]. Therefore, quantitative mixing measurement is crucial to understand and
improve the combustion process.

Generally, laser-based techniques are employed to obtain mixing characteristics.
The widely used method for measuring diesel-like spray is Rayleigh Scattering [79] [80].
However, this technique is limited to the vaporized portion of the spray due to
interference from scattering caused by liquid-phase droplets. Raman spectroscopy is
another method that can also capture the liquid fraction of the fuel-air mixture, but it
faces limitations such as low signal intensity and poor spatial resolution [81]. Planar
laser-induced fluorescence (PLIF) with tracers is frequently utilized, although the
fluorescence signal is affected by temperature, pressure, and gas composition [82] [83].
Recently, laser-induced breakdown spectroscopy has been proposed and is increasingly
used in various flames to measure local composition of element [84] [85], then, the local
mixture fraction can be derived using the classic definitions proposed by Bilger [86] and
Peters [87].

In terms of the simulation results, a linear function of mixture fraction as the
axial distance in the vaporized region is observed. Furthermore, self-similar profiles
have been verified for a reasonable description of the radial distribution in the fully
developed region [88]. However, it is important to account for the fuel phase near the
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nozzle, while it will make it more complex in phenomenological spray model, thus, a
consideration that was overlooked.

2.3.4. Auto ignition

After the evaporation, the fuel vapor continues to mix with the surroundings,
then the ignition takes place at a certain distance where the equivalence ratio is favorable.
As discussed in Section 2.1, ignition in real engines is analyzed by means of heat release
rate derived from the cylinder pressure evolution, and the ignition is characterized as
the beginning of the rapid heat release. As shown in Figure 2.7, the pressure rise in a
constant-volume vessel for typically single-hole orifice injectors is smaller than that in
engine chambers and the measurement uncertainty also brings potential errors on the
analysis of trend. The development of optical techniques facilities the measurement of
ignition delay throughout luminosity intensity, while also allowing for the spatial
resolution of species within the flame via laser-based techniques. Additionally,
shadowgraph enables the analysis of spray profiles.

0.5

I~
'S

=
w

el
(5

pressure rise [Bar]
o
i~

filtered pressure rise
0d | = raw pressure rise
7P — S |~ time corvected pressure rise
: == "~ threshold value (ECN standard)
i i —O— igniti delay
-1 0 1 2 3 4
time [ms]

Figure 2.7. Pressure rise after ignition for Spray A in a constant volume vessel [89]

The numerous investigations suggest that the combustion process of liquid
hydrocarbon fuel in conventional diesel engines undergoes a two-stage ignition process
at specific temperatures and pressures. The first-stage ignition, also known as cool-
flame chemistry, produces sufficient reactive fuel fragments with moderate heat release,
which significantly influences the second-stage ignition timing. Higgins et al [90]
proposed a typical overview of the auto-ignition concept, dividing the period from fuel
¢jection to ignition into three stages, which are summarized as follows:

- Physical induction period: this period encompasses the duration from the
initiation of injection to the phase characterized by a simultaneous tise in
pressure and chemiluminescence. During this phase, the ejected fuel
undergoes atomization, entrainment, mixing with the surrounding hot air,
and vaporization. This vaporization process induces a cooling effect on the
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gases in the liquid-phase fuel region of the spray, which impedes the ignition
process. As hot air continues to penetrate and entrain, the mixing of
vaporized fuel and hot air elevates the temperature of the gaseous fuel/air
mixture in the non-vaporizing sections of the spray, facilitating the
commencement of the initial ignition phase. Obtained from the
measurement in [91], the first appearance of pressure rise at approximate 0.2
ms ASOI (After Start of Injection) in Figure 2.7 corresponds with the
appearance of CH»O PLIF signal detected near the liquid length at 0.23 ms
ASOI in Figure 2.8. This is also the marker of the phase ending. However,
the distinction between the physical induction period and the first stage of
ignition is somewhat contingent upon the resolution of the diagnostics
employed.

First stage ignition period: The first stage ignition period extends from the
time of initial detectable rise in pressure and chemiluminescence until the
onset of rapid heat release, which signifies the commencement of second-
stage ignition chemistry. During this period, the reaction quickly spreads
downstream, as evidenced by the fully filled CH2O at a low intensity
extending from the liquid length to the spray head at 0.31 ms ASOI. Eatly in
the first stage, chain-branching reactions consume fuel, producing radicals
and releasing small quantities of energy that increase the temperature.
Consequently, a ‘softening’ effect in Schlieren begins at the spherical near
the field, where a narrower spray tip is observed compared to the inert spray
[91] [92] [93]. As the temperature rises to the ambient level, the dissociation
of intermediate products back to reactants begins, which reduces chain
branching and effectively decreases the fuel consumption rate. The increased
temperature further enhances the CH2O formation, resulting in a higher
percentage of intense CH2O, which neatly fills the spray head. Concurrently,
the diminished shadowgraph in the same region is also recognized as
indicative of the ending of the first-stage ignition process.

Second stage ignition period: the continuous entrainment of hot air and the
heat release from the first-stage ignition increases the spray temperature until
the chemistry dominated by the hydrogen peroxide dissociation reactions
occurs, resulting in significant heat release. Similar to the phenomenon
depicted in Figure 2.1, this heat release serves as a trigger for premixed
combustion. From 0.39 ms ASOI to 0.49 ms ASOI, the area of the CH,O
signal remains constant, while the spray head in schlieren image returns to
dark in the spray due to a much higher refractive index gradient and lower
density. In the following frames shown in Figure 2.8, CH>O undergoes
oxidation in the high-temperature regions, initiating soot formation.
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Figure 2.8. Temporal evolution of formaldehyde PLIF, Schlieren images of reacting spray and the
imposed boundaries of inert spray in the middle column. In the right column, the boundaries of 10%

(white lines) and 50% (blue lines) of the maximum CHO intensity (pink color) are superposed on the
images of reacting spray shown in green color [91]. A, B, C, D represent different timings.

During the auto-ignition process of a reacting spray, the most critical parameter
is the ignition delay, which mostly refers to the instant when low-temperature and high-
temperature combustion begins. Adjustments made during the premixed combustion
period helps to realize low-temperature combustion, which is advantageous for
reducing emission and maintaining engine efficiency. Ignition delay (ID) for both cool
and hot flames is directly related to combustion chemistry; hence, the correlation can
be modeled using an Arrhenius type equation [22],

A
ID « exp (T—a) . pE - APC . 0D, 2.9)
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The terms of pg, Ty, AP are the same as the ones in previous equations, Oy is the
oxygen concentration. The investigation into the different fuel types showed that not
all the exponential coefficients will be considered [94]. Additionally, the variation in
optical techniques (i.e., Schlieren, broadband chemiluminescence) employed to obtain
ignition delay, results in slight differences in the fitting coefficients [22].

2.3.5. Mixing controlled combustion

After the peak heat release rate of the premixed combustion shown in Figure 2.1,
the fuel-air mixture formed in the atomization and evaporation process has been
consumed, and the flame is then sustained by the mixing of vaporized fuel with the
surrounding, depending on the fuel injection momentum. Thus, the combustion
occurring during this phase is named as mixing-controlled combustion, or diffusion
flame. During this phase, the flame develops at the periphery of the fuel-rich, high-
temperature downstream region of the jet. Before the end of injection, the spray jets
exhibit a ‘quasi-steady’ state that the flame structure remains constant during this phase.

As shown in Figure 2.9, a conceptual model proposed by Dec is widely accepted
to describe the mixing-controlled combustion process, encompassing liquid and vapor
zones, fuel-air mixing, autoignition, reaction zones, and soot distributions. The
diffusion flame extends starting from a certain distance downstream of the nozzle,
named as lift-off length (LOL). The magnitude of LOL indicates the amount of air
entrainment upstream of the combustion zone; thus, a longer LOL corresponds to a
mixture with a lower equivalence ratio. In conventional diesel-like spray combustion
modes, soot is formed in regions whete the equivalence ratio (¢p) over 2 [95], and the
local equivalence ratio near the LOL is estimated in the range of 2 — 4 [61]. Previous
measurement indicates that LOL exhibits a proportional relationship with ignition delay
[94], and LOL is also influenced by the factors, such as ambient temperature, density,
oxygen concentration, as well as the fuel properties [96]. The correlation of lift-off
length as a parametric relationship was developed by Peters [87] and Siebers [96], written
as

LOL < T - pP - ug, - 0%, (2.10)
where Uy is the theoretical fuel velocity at the nozzle outlet, obtained as:

Upp = 2;'—: @.11)

It should be noted that the parameter will not exhibit the similar influence on
both ID and LOL. For example, LOL is more sensitive to injection pressure compared
to ID [97]. In some cases, Zg;, tepresenting the stoichiometric mixture fraction is added
in Eq. (2.10), accounting for the difference in fuel compositions compared to
hydrocarbon fuels [98].
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Downstream of lift-off length, the effect of cooling in the vaporization process
generates a fuel-rich region where the local temperature is lower than the ambient
temperature. Near the lift-off length, several intermediate reaction species (i.e., CH2O,
ROy) are produced and subsequently consumed in the downstream, as indicated by the
combined measurement of CH>O/PAHs LIF [92]. The products of premixed
combustion play a role of reactants in the subsequent diffusion flame. As the
temperature increases, PAHs quickly formed in the rich region of the diffusion flame,
where flame temperature is ~ 1600 K. Moreover, some emissions, such as carbon
monoxide (CO) and unburned hydrocarbons (UHC) are also produced. Extending from
the initial soot formation region near the premixed combustion zone, soot appears as
small particles, thereafter, soot concentration and particle size increase as the spray
travels downstream. Ultimately, the highest concentration and the biggest particles
occur at the spray head. Towards the flame periphery, a high concentration of OH radial
[99] oxidizes the soot particles. Beyond this zone, the high flame temperature and the
availability of oxygen create an almost ideal environment for thermal NO production.
Shown in this conceptual model, high NO production rates via the thermal mechanism
are expected to occur only around the jet periphery on the lean side of the diffusion
flame, where is also favorable to the production of CO; and H»O in complete
combustion.

Products of rich combustion:

CO, UHC, particulates, ~1600 K Diffusion flame
~2700 K

Lift-Off Length \
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Figure 2.9. Schematic of Dec’s conceptual model for conventional direct-injection diesel combustion
during mixing-controlled combustion phase [29].

To meet the stricter limitations on pollutant emissions, especially in soot particles
and nitrogen oxides, low temperature combustion modes and alternative fuels are
increasingly favored for heavy-duty engines. The use of a smaller-orifice nozzle for the
injection event, along with earlier injections within an exhaust gas recirculation
environment, is preferred to facilitate low-temperature combustion. In contrast to
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conventional diesel combustion (CDC), the zone of liquid fuel is larger under low-
temperature combustion mode, and the conical jet obtained in CDC is indistinguishable.
In addition, the longer LOL also causes reduced soot formation at a further distance,
with soot primarily forming only in the head vortex. Methanol is usually adopted in
marine engines, Kaario et al [100] illustrated the flame structure of methanol as weak
combustion in terms of low CH>O formation in the premixed combustion, and the lean
combustion in the spray head also results in a low flame temperature compared to n-
dodecane, a surrogate of diesel. Xuan et al [101] explored the difference of ignition
process between n-dodecane and polyoxymethylene dimethyl ether 3 (PODE3) and
summarized conceptual models under 800 K and 900 K. A narrower high-temperature
OH flame is observed at PODE3 due to the high oxygen content, and there is no two-
lobes OH structure for the low-temperature case. Furthermore, no PAHS and soot can
be found for PODE3 flames. The position of PAH/soot is replaced by CO and HCO
within PODE3, which are surrounded by OH radicals. At 800 K, PODE3 shows a
greater potential for soot reduction, resulting from a much longer LOL compared to n-
dodecane.

2.4 Principles of phenomenological/low dimensional spray
models

To aid in the fundamental understanding of the combustion process with
alternative fuels under engine-like conditions, both experimental and numerical tools
are utilized. The former is usually employed in optical access facilities, where the spray
and combustion process are accessible by means of optical technique. Consequently,
combustion metrics such as ignition delay, lift-off length, spatial resolution of species,
soot formation, and heat release can be accurately obtained.

As for numerical tools, the complexity of model description classifies the tools
into three types: thermodynamic model shows the lowest computational cost while the
accuracy is limited by the ignition behavior of engines; CED models can provide highly
detailed predictions to such complex processes, while the computational cost is also
high, and it also has the requirements on the users. As a balance of computational cost
and calculation accuracy, phenomenological or low-dimensional models stay in this
space. Further discussion of these three-type tools is shown in the following.

Thermodynamic models

The principle is based on the first law of thermodynamics and mass balance,
while also considering momentum conservation and spatial variations in composition
and thermodynamic properties. Upon the intrinsic characteristics of the combustion
process, the chamber is divided into one or more homogeneous mixing zones [102]
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[103] [104]. Consequently, this model is referred to as a zero-dimensional (0D) model.
Typically, this model is adopted to calculate the heat release process, in conjunction
with experimental data obtained from pressure-based combustion diagnostics.
Concerning the computational cost, this model is the least expensive while the predicted
results are also somewhat limited.

Computational Fluid Dynamics models

The simulation of a multi-phase turbulent flow is to find the solutions of Navier-
Stokes equations based on different hypotheses. Direct Numerical Simulation (DNS) is
a tool that solves these equations without employing any turbulence models, thereby,
the entire range of spatial and temporal scales of turbulence must be obtained. This
approach yields the most accurate prediction, while it can only be implemented by
advanced users managing high performance computing. Large-Eddy Simulation (LES)
simplifies calculation by modelling the smallest turbulence scales. Compared to DNS,
LES significantly saves computational cost, although it is less effective in modelling in-
nozzle flow and near-field spray. Reynolds-Averaged Navier-Stokes simulation (RANS)
models all the turbulence scales, and it decomposes an instantaneous quantity into a
time-averaged and fluctuating quantities. The accuracy depends a lot on the adopted
turbulence model. Relatively to LES, RANS can further reduce the computational cost,
while it is still expensive for a wide application.

In turbulent spray modeling, the Lagrangian-discrete droplet method (DDM),
which represents the spray as a collection of individual fuel droplets with uniform
properties, and the Eulerian approach, which treats the spray as a continuous flow, are
commonly utilized in CFD studies. DDM demonstrates a notable drawback in the near-
tield modelling, where the liquid droplet size may be larger than the cell size. However,
the format of partial-differential equations in Eulerian approach makes itself expensive
in the calculation. Comparisons between DDM and the Eulerian method in spray
modeling indicate that DDM is less effective in predicting liquid length and mixture
fraction in the near field [105]. The common solution is to combine Lagrangian and
Eulerian method, which takes the advantage of computational efficiency of Lagrangian
in the far-field simulation and the accuracy using Eulerian in the near-field simulation
[106] [107]. However, CFD requires a significant level of expertise from the user, and
the calculation is more performed in workstations or super computers.

Phenomenological /Low-dimensional models

This model is a balanced solution of both requirement of accuracy and
computational cost. It does not aim to predict the intricate details of all sub-processes;
instead, it only focuses on a few particular quantitative parameters, such as liquid length,
spray vapor penetration, ignition delay, lift-off length, heat release rate and pollutant
emissions. The derivation of these parameters involves a compromise in accuracy
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through 'acceptable' simplifications, indicating that the results are inherently non-exact.
Nevertheless, they preserve most of the essential physics required to predict these
parameters with a significant degree of accuracy. Similar to the spray models used in
CFD, phenomenological models can also be categorized into Lagrangian and Eulerian
approach. Since the mixing-controlled hypothesis is valid on a developed jet, thus, the
combination of CFD with phenomenological spray can improve the accuracy in the
prediction to the near-field spray while maintaining the low computational cost [108].
It is important to note that phenomenological models lack a comprehensive description
of the turbulent flow field; therefore, they are more suitable for diesel engines, where
combustion is primarily mixing-controlled.

2.4.1. Lagrangian models

Lagrangian approach discretizes the spray region into a number of individual
droplets or parcels, which travel through time and space along distinct trajectories. As
a grid-dependent approach, the cell size must be much larger than the droplet size.
Starting from a multi-zone model based on a mathematical model for droplet
evaporation, Hiroyasu et al [109] developed it by adding equations for spray penetration.
This allows the fuel-air conditions in each zone to be described as one-dimensional flow,
instead of homogeneous flow. Therefore, this approach facilitates both temporal and
spatial solutions for spray distribution, burning rate, pressure, local temperature and gas
composition.

The schematic of this lagrangian spray model is shown in Figure 2.10, where the
spray is divided into numerous small packages by an insight of concentric circles from
the view of the fuel stream side. Each package is assumed to independently undergo the
processes of evaporation, entrainment, and ignition. From the onset of injections, the
spray released in small increments of time is partitioned into small packages, each
containing an equal mass of fuel, with no interactions among them, such as heat and
mass transfer.

E(LL)

Figure 2.10. Diagram of packages division in spray region proposed by Hiroyasu et al [109].

To describe the spray and combustion process, the following sub models are
introduced in the Hiroyasu-type model. First, spray penetration follows the empirical
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two-portion penetration shown in Eq. (2.5). Thus, the penetration at the Lth package
along the radial direction can be described as

S, =5-exp (—8557x1073- (L —1)3?) 2.12)
What’s more, the effect of swirling is in conjunction with the spray by a coefficient Cg,

SS=C5'S

-1
annS) (2‘13)

Cs = (1 + 30U,

Thereby, the switl spray penetration Sg can be calculated if the switl ratio 75,
engine speed 1, and spray initial velocity Uy are known.

Second, the air entrainment is based on the conservation of momentum, thus,
the entrained air mass for each package can be written as:

me - Ug = (mf + ma) ‘U (2.14)

Third, evaporation for each package is expressed to start immediately after the
fuel ejection, the evaporation is described as the single droplet evaporation together
with the number of droplets. Thus, the heat transfer is also the sum of the heat transfer
of all the droplets.

Four, combustion rate and amount of burning fuel of each package are calculated
by assuming the stoichiometric condition.

It must be mentioned that these correlations were generated by the experiments
before the appearance of high-pressure common rail injection system, and the injection
pressure is no more than 70 MPa. Thus, the effect of droplet atomization and collision
process needs to be considered. Jung et al [103] modified the breakup time in the spray
penetration model proposed by Hiroyasu et al. and included a radiative heat transfer
model, then achieved a good prediction to heat release rate and engine performance
with high fidelity [110]. Poetsch et al [111] introduced the separation of burned
combustion zones, which are partly re-entrained to the zones with active chemical
reactions. Meanwhile, the effect of zone number is also discussed.

2.4.2. Eulerian models

Eulerian approach treats the diesel-like spray as a continuous flow. In modern
diesel engines, the high ambient pressure in the combustion chamber diminishes the
impact of fuel atomization on subsequent physical processes. Consequently, turbulent
mixing emerges as the dominant factor, rendering the dynamics of individual droplet
dynamics relatively insignificant; thus, the vaporization is also regarded as a mixing-
controlled process. Beyond the near-nozzle regions, gas theory is applicable for
describing the spray characteristics. In addition, the high injection pressure facilitates
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the formation of finer droplets, thereby further mitigating the significance of droplet
dynamics. Depending on the injection rate, spray model based on Eulerian approach
can be classified as steady solution where the injection rate is constant and unsteady
solution where the injection rate is changed as the time evolution. The details of these
two solutions are presented in the following.

Steady solution

Naber et al. proposed a correlation using integral control surface techniques and
validated it against measured spray penetration under non-vaporizing conditions,
covering a wide range of gas density, injection pressure and orifice diameter, and
vaporizing conditions at gas temperature up to 1000 K. The schematic of the spray
model is shown in Figure 2.11. Starting from the original point inside the nozzle, the
spray is described as a symmetrically triangle profile. Compared to the realistic spray
shape shown in Figure 2.6, the region starting from the nozzle to the distance where is
approximately 70% of the total penetration can be seen as a conical shape, also named
as steady region, while the spray head shown as an elliptical shape, called as transient
region. With a primary focus on penetration, the research concentrated on the steady
region. Consequently, this triangular spray profile aligns with the findings of [112] [113].

The calculation domain is discretized as a number of cells along the axial
direction. For this injection, the spray can be assumed to be incompressible or
isothermal, neglecting compressible flow effects near the nozzle outlet. The main
hypothesis for this spray model can be listed as:

e Velocity profile along the radial direction: a uniform velocity is assumed in
[61] for a primary derivation to the spray propagation speed. In fact, the
radial velocity matches well with a Gaussian distribution throughout the
optical measurements [114]. Then, this phenomenon is adopted in the
following models [33] [112].

e Constant injection rate: injection velocity is constant across the injection
process. The ‘ramp up’ period is removed, and the injection rate reaches the
maximum immediately after the fuel ejection.

e No velocity slip between fuel and entrained air: single-phase flow is assumed
in this spray model. Thus, there are no droplets in the assumption, hence,
the velocity slip can be seen as zero. In addition, it can also help to reduce
the complexity of mathematical analysis.

e Quasi-steady flow with a uniform growth rate: constant spray angle (/2 for
half spray) is assigned, and there is no difference between near- and far-field.
For a constant injection rate, constant spray angle is also evidenced to be
effective in the spray penetration [115].
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Figure 2.11. Schematic of spray model for penetration correlation in [61]
As mentioned previously, vapor spray is driven by the fuel momentum. In a

control volume with starting from the nozzle orifice until an axial distance of x, the
conservation of fuel mass and momentum on the control surface can be written as,

pr - Ar(0) - up = py - A(x) - u(x)
pr - Ap(0) - uf = (py - Ap(X) + P - Ag (X)) - 1w (x) 215)

The nozzle outlet, also seen as the inlet of the control volume, A¢(0) is the cross-
sectional area of the fuel at the nozzle outlet, Uy is the fuel velocity. A(x) and u(x) are
the corresponding variables at the outlet of the control volume. The constant spray
angle amplifies the area with a function of spray penetration, in contrast to the inverse
function of velocity with distance. Meanwhile, the entrained air shares the momentum
by defining the cross-sectional area of the jet at X occupied by air as,

Ag(x) = Alx) —m - A (x) (2.16)

where m is a parameter with a value from 0 — 1. Thus, the velocity at the outlet u(x)
can be written as:

A(x) .Pf

u(x)zﬂ._"‘f(o).(ﬂ_m). 144.249pa 4 2.17)

(os=m)

Assuming that u(x) is equal to the velocity of the spray tip, and integrating the
u(x) from nozzle to the distance x, spray penetration can be written as,

n 1/n

s=t/(1+¢2) 2.18)
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Finally, this correlation shows the linear time-dependent function in the near-
nozzle region, and a square root time-dependent function for large distance.

Unsteady solution

For a transient injection, the injection velocity varies with time, making it difficult
to accurately predict the jet dynamics using an analytical solution [61]. To address this
limitation, an approach that discretizes the spray domain into a set of control volumes
has been adopted. Musculus and Kattke [33] and Pastor et al. [18] have both utilized
this concept, referred to as the SNL model and CMT model, respectively. The prior one
primarily focuses on penetration prediction after the end of injection, and the later one
is on the penetration during the initial and quasi-steady stages. To be consistent with
the description in the steady solution, the discussion in unsteady solution will also start
with the model description proposed by Musculus and Kattke. Then, the difference
between [33] and [18] will be highlighted. In this thesis, the model development is based
on the model established in [18], with further details presented in Chapter 3.

To describe the transient spray behavior, some other hypotheses are proposed
apart from the terms mentioned in [61]:

e Non-vaporizing jet theory: single-phase transient gas jet has been evidenced
to well predict the penetration of vaporized spray [116] [117], hence, the non-
vaporizing jet theory is remained in the transient solution to reduce the
model complexity in fuel evaporation process.

e Turbulent/molecular viscous forces in control volumes are neglected.

e The molecular and turbulent diffusion on axial momentum is ignored, only
with axial convection is taken into account.

e The net force due to any axial pressure gradient is assumed negligible.

Discrete Control Volumes
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Figure 2.12. Schematic of one-dimensional spray model with discretized control volumes [33]
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For a transient injection, the transport equation of fuel mass My and axial

momentum M will be solved in each individual control volume, as shown in Figure 2.12.
The steady equations in Eq. (2.15) can be rewritten for a single cell as:

A . .

At U pfufdA] = Mg in — Mf out

A . .

at U pu?dA] = Mip — Moy, (2.19)

Py is the liquid fuel density, p and u are the turbulent mean density and velocity,
respectively. The section of the inlet and outlet is assumed as a round, thus, the area dA
o AN . ,

is written as dA = (tan (5) Z') , which is a function of the distance z’ from the

virtual jet origin. By the way, it brings the question of how to define the spray angle 6.
As mentioned in [61], spray angle can be achieved as a function of the ratio of air density
to fuel density, of, it is an input assigned by the user [18].
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Figure 2.13. Schematic of radial distribution of velocity and mixture fraction in Musculus et al. [33]

In [33], a cross-sectional averaged solution of velocity and mixture fraction are
obtained by solving the conservation of fuel mass and momentum. Proposed by
Abramovich [118], the radial profile of velocity and mixture fraction can be written as:

ulxr) _ flr) (T ay?

ug()  fal (1 (R) ) (2.20)
where /R trepresents the normalized location along the radial direction, and the same
profiles are assumed for radial velocity and mixture fraction. As mentioned before, the
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research on spray penetration focuses on the steady-state region. Displayed in Figure
2.13, as the spray penetrates, the exponent & evolves from a uniform shape (@ = ) in
the intact area (~ 1-3 times of the nozzle diameter) to a Gaussian distribution (very
similar to a value of @ = 1.5). In the intact region (a), the on-axis velocity/mixture
fraction is assumed to be the same as the value at the exit, and the radial profile is close
to a uniform distribution. However, in a liquid-vapor equilibrium region (b), the radial
distribution is also assumed to match a Gaussian distribution, although the
measurement is limited in this area. In the developed region (c), the vapor spray has
been evidenced to fit well with the Gaussian distribution by the measurement [79] [114].

Since the solution of the momentum and mass flow conservation is for cross-
sectionally averaged value, denoted as the ‘overline’ operator , the relation with the
on-axis quantities can be written as:
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Then, the integral fuel mass flux M and integral momentum flux M in Eq. (2.19) can
be rewritten as:

iy = py [ fudA = ppBfuA
M = [ pu? dA = ppu*A (2.22)

and f§ is written as:

6(a+1)(a+2)

b= (Ba+2)(2a+1) (223)

and the value ranges from § = 1 in the near nozzle region (intact core, @ = ) to f =
2 in the developed region (@ = 1.5). The cross-sectional averaged density p in Eq.
(2.22) can be simplified to the isothermal mixture of fuel and ambient surroundings:

p=psf +pa(1-1) (2.24)

Finally, the cross-sectional averaged velocity and mixture fraction can be obtained by
solving the discretized equations using upwind differencing scheme,

mEst = mé, +p, [(BFA4),_, — (Bfad);| 4t

ME = M, + [(,8 fa*A),_ - (B faZA):] At (2.25)



2.4 Prindples of phenomenological /low dimensional spray models 33

The spray model proposed by Pastor et al [18] aims to obtain the on-axis
quantities by solving the conservations along the spray axis, while the radial distribution
of velocity and mixture fraction admits another type, written as:

ulxr) _ [fxr) 1/Sc _ (T 2
ue(x) [fcl(x)] =exp | k(R) ] (2.26)

where k is the constant coefficient equals to k = In (100) so that the radial limit is set
where the local velocity equals to 1% of the value on the axis. S¢ is the Schmidt number.
The comparison of both normalizing functions for the Abramovich radial profiles used
in SNL model [33] and the Gaussian one used in the CMT model [18] is shown in Figure
2.14, with a small discrepancy obsetved at the range of t/R = 0.2 - 0.8.
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Figure 2.14. Comparison of Gaussion distribution using the normalizing functions in SNL model [33]
and CMT model [18]

Mixing-controlled vaporizing spray

With the model description in types of steady and unsteady solution, 1D spray
model can predict spray penetration under the conditions of non-vaporizing/vaporizing
sprays or play a role of sub-model along injection process in engine cycles [119].
However, the evaporation process can only be characterized by the phase variation,
without the details of spray droplets.

In the steady solution, due to the basic assumption of single-phase flow, liquid
length was achieved at the axial position where the liquid, vapor, and entrained gas
reaching a thermodynamic equilibrium, i.e. same temperature for the three terms. The
mixture fraction at this position is also named evaporation mixture fraction. Besides,
the following thermodynamic assumptions at the liquid length are added to simplify the
heat transfer between the liquid fuel and surrounding air during the vaporization
process [56],
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e Vapor phase fuel is at a saturated condition

e Idealized phase equilibrium assumptions (i.e., Raoult’s and Dalton’s rules) is

applied
e Ambient gas solubility in liquid phase can be ignored

e The recovery of kinetic energy in the fuel vaporization region of the spray is
neglected.

Indicated in Eq. (2.2) — (2.3), an accurate calculation for Y7 ¢yqp from enthalpy
balance is necessary to obtain a reasonable liquid length. The ¥¢ ¢y derivation follows
the ideal gas law in SNL model. In addition, the value of ff was assessed by Xu et al.
[120], a conclusion that f =1.8 is the optimal one after the matching on
measurements in [53]. In CMT model, non-ideal gas law was adopted to calculate the
thermodynamic properties [121].
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Figure 2.15. Dew (green line) and bubble (blue line) curves along with temperature evolution (red line)
for n-dodecane into an ambient of 15%02 + 85%N2 at p = 22.8 kg/m3,T; o = 363 K andT, . =
900 K.

Figure 2.15 presents an example of the state relationships for a pure liquid n-
dodecane spray injected into an ambient composed of 15%02 and 85%N2. In the field
of temperature T versus fuel mass fraction Y, the liquid fuel evaporation can be
characterized by two regions. The first region is the liquid-vapor equilibrium. When the
fuel ejected into the ambient at 363 K, it can only remain in the liquid state within a
limited range where Yr > Y oy4p,s, which lies on the bubble line. As more ambient gas
is entrained into the spray, the mixture temperature continues to rise, although it
remains below the saturation conditions defined by the dew and bubble lines. The spray
maintains its liquid-vapor equilibrium until the mixture temperature reaches Teyqp and
the fuel mass fraction in the mixture increases to Yz gyqp. Once Yy < Y gpqp, the liquid
fuel vaporization was completed, marking the second region where the spray is entirely
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in the vapor phase. The increase in mixture temperature is also faster due to the
disappearance of the latent heat process. Finally, Y¢ ¢q = 0.3636 is used to determine
the liquid length in spray model under this ambient condition. It should be noted that
the calculation to Y7 gyqp only relies on the inputs of ambient conditions, hence, the
value can be obtained prior to solving fuel mass and momentum conservation.
Furthermore, Pastor et al [19]. extended this state relationship to multi-component fuels,
achieving similar evaporative behavior to experimental measurements. Consequently,
the spray model successfully predicted liquid length by tuning the spray angle [79] [122].

2.5 Phenomenological/Low-dimensional models on spray
combustion

As previously discussed, phenomenological spray models utilized for inert spray
are usually for the prediction of liquid- and vapor- penetration, and the spatial
distribution of velocity and mixture fraction. Together with chemical kinetics, it can also
be used for reacting spray simulation. In light of various application scenarios, the
discussion will be presented in the following sections: parametric scaling under steady
engine-like conditions, mixing characteristics under transient engine conditions, non-
free spray/wall impingement spray, and the reacting spray as a final section.

2.5.1. Analysis under steady ambient conditions

Spray vapor penetration has been validated to be primarily influenced by the
following parameters: injection properties (i.e., nozzle diameter, injection rate), ambient
conditions (i.e., pressure, density, temperature), and fuel types (ie., biodiesel,
oxygenated fuels). To gain a deeper understanding of the behavior of spray and the
subsequent ignition in the experimental measurement, phenomenological spray model
is usually utilized to validate the penetration so as to assess the effects of these
parameters on the penetration and mixing field. To eliminate the interference of
turbulence, the measurement was usually carried out in a constant volume/pressure
combustion vessel.

Good prediction of spray penetration is a prerequisite for obtaining the mixture
fraction field. In the context of a transient injection event, it is essential to accurately
predict the spray penetration in the initial stage and after EOI, which corresponds to
the ramp up and ramp down in the injection rate. Referring to ECN Spray A nozzle,
using a simplified ‘top hat’ rate of injection (ROI) in 1D spray model can yield a good
match for the penetration of a fully developed jet by adjusting the spray angle [123].
However, achieving a match during the initial stage requires the use of a variable ROI
and variable spray angles, with smaller values in the near field and larger values in the
far field [122]. However, the uncertainties in measuring the spray angle in the near field
may still lead to discrepancies in the initial spray penetration [124]. Concerning the
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validation of spray penetration after EOI, several new hypotheses were proposed to
describe the spray evolution [33]:

e Spray angle remains constant at the same value as that of the steady jet.
e The radial profile of mean axial velocity remains unchanged.

Following this assumption, a relatively good match in flow velocity after EOI
was obtained for ECN Spray A at two ambient densities and injection pressures [124],
supported by the ROI by [125]. After EOI, the entrainment rate was observed to
increase by a factor of three, and the region of increased entrainment travels
downstream through the jet after EOI at twice the initial jet penetration. This
enhancement in mixing leads to a more fuel-lean mixture than a steady jet, which
accounts for the observed increase in unburned hydrocarbons [126], the enhanced soot
oxidation rate after EOI [33] [127], and the improved fuel evaporation [128].

Injection properties

The spray characteristics under various injection conditions have been
investigated concerning injector design (i.e., nozzle geometry, inner structure) and
injection strategies (i.e., injection pressure, multiple injections).

In comparing ECN Spray C and Spray D, which differ in k-factor and cavitation
preference, Zhang et al [129] found that air entrainment in the injected spray is
enhanced in Spray C (k-factor = 0) with this difference being more significant at low
injection pressures. Westlye et al [130] contributed additional insight on simulated
cavitation using LES and stoichiometry surfaces from SNL spray model, concluding
that variations in spray angle in the far field affect the liquid penetration and lift-off
length. Pastor et al [131] further analyzed the comparison of these two injectors by
examining ignition delay and lift-off length across different ambient temperatures,
injection pressures and oxygen concentrations. They noted that the similar mixing fields
obtained from CMT spray model account for the analogous ignition sequences. Beyond
the conditions in Naber-Siebers empirical spray model, Fitzgerald et al [132] extended
the injection pressure up to 250 MPa, ambient density up to 52 kg/m3, and nozzle
diameters from 137 to 353 um, demonstrating that SNL spray model provides accurate
predictions for vapor penetration.

Pastor et al. [133] employed CMT spray model to analyze a pilot-main injection
event in an optical single-cylinder engine. Their findings indicate that both liquid and
vapor penetration can be accurately predicted, as well as the interactions between the
injection pulses. Desantes et al. [134] explored the mixing process of a two-pulse
injection under non-reacting conditions and found a good correlation between the
penetration of the second pulse as predicted by spray model and the experiments. The
observed faster penetration of the second pulse is attributed to the ‘slip stream’ effect.
With a proper dwell between two successive injections (0.5 ms — 0.5 ms — 0.5 ms), the
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spray of the second pulse propagates at twice the velocity of the first pulse until the end
of injection [115], which is consistent with the entrainment wave theory [33].

To further reduce computational cost, Liu. et al [135] [136] developed a 0D spray
model based on the ‘entrainment wave’ theory, wherein only the velocity at the spray
tip will be solved by the ratio of momentum flux to fuel mass flux. Moreover, an
incremental spray volume is introduced to account for the broader spray after EOL

Quasi-steady stage
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G <t<ty
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Decelerating stage

Il | 4_> >ty
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cross-sectional area

Liu et al. Zhou et al.

Figure 2.16. Schematic of the integral momentum flux over the cross-sectional area characterized as three
stages along the spray evolution process. Left: initially proposed by Liu et al. Right: developed by Zhou et
al. tj: injection duration. Ly transition time, usually equals to 2 * t;.

As shown in Figure 2.16, the spray evolution was treated as three stages. A
constant injection rate was assumed in the steady jet. In the first stage after EOI, the
fuel momentum near the jet tip remains consistent with that of the steady jet, and the
flow velocity exhibits similar characteristics as the steady jet, this stage is called transition
stage. The duration of this stage typically equals the injection duration. When the
entrainment wave front arrives at the jet tip, the reduced fuel momentum in the jet tip
starts to decelerate flow propagation. Measurements from water injection [137] and
small-quality injection [138] confirm that the spray penetration transitions from a square
root time dependence to fourth root time dependence [112]. Consequently, the
empirical formula for jet tips can be expressed as follows,

1
1/4 a\2 1
Seip = (cdﬁpf) < Ujdo ) .tz 0<t<t,

Pa tan(g)
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where ¢4 is the discharge coefficient, u; is the effective velocity, defined as the ratio of
momentum flux M; to mass flux 1. A strong agreement with the simulated results
from Musculus and Kattke’s model obtained in [136], then the model validation was
extended to the conditions of injection quantity and injection pressure at a triangular
injection rate [139]. Building upon Liu’s model, Zhou et al. [140] introduced a variable
to characterize the space from the nozzle to the jet tail, which was concluded to be
square root time dependent. The position of the jet tip remains consistent with Liu’s
model, while the accuracy of the prediction for the area-averaged equivalence ratio is
expected to improve.

Fuel types

Over the past few decades, the performance of numerous types of fuels has been
examined in the application of compression ignition engines. The fundamental
characteristics of the spray and combustion processes under varied diesel-like
conditions also garnered attention. In addition to diesel and gasoline, alternative fuels
such as biodiesel, oxygenated fuels, and even zero-carbon fuels have been used.
Compared to conventional diesel, the use of pure biodiesel, oxygenated fuels, or blends
with diesel in diesel engines has been found to significantly reduce emissions of UHC,
CO and particular matter (PM), while an increase in NOx and fuel consumption was
observed [28] [141] [142] [143].

In terms of physical fuel properties, the change in fuel density was found to have
a minimal effect on vapor penetration for both non-reacting spray and reacting spray
prior to ignition, indicating similar air entrainment among the sprays with the various
fuels. However, a similar distribution of mixture fraction does not imply a similar
distribution of equivalence ratio. For diesel and gasoline, the main components are
alkanes, hence, the spatial distribution of equivalence ratio is also comparable among
fuels when considering a surrogate fuel in a 1D spray model, where n-Hexadecane
represents diesel and n-Heptane represents gasoline [76]. A similar behavior was also
observed in the comparison between biodiesel and diesel [144]. When oxygenated fuels
are compared with regular hydrocarbons, the increase in fuel oxygen content leads to a
decrease in stoichiometric air-fuel ratio, and hence the equivalence ratio field is moved
closer to the nozzle outlet [145].

Thanks to the similar equivalence ratio field among alkane fuels, the ignition
quality of synthetic fuels can be attributed to differences in their chemical properties,
such as cetane number [146]. Meanwhile, the reduced equivalence ratio along the axial
direction, resulted from the oxygen content in biodiesel, explains the reduced soot
formation downstream when its cetane number is comparable to that of diesel [147].
Furthermore, the spatial distribution of equivalence ratio predicted by spray model has
been utilized to understand the subsequent soot formation process of oxygenated fuels
[101] [148], including the fuel that blending with diesel [74] [149].
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Concerning the effect of fuel properties on liquid length, indicated in Eq. (2.2),
the properties like fuel density and boiling point have been verified to be effective on
the fuel evaporation [60]. Recently, the inert liquid and vapor penetration of ammonia
was effectively captured by SNL and CMT spray model, although some discrepancies
remain in the initial penetration [150] [151]. This indicates that the developed jet of
ammonia is also subject to mixing control.

2.5.2. Analysis under transient ambient conditions

With transient ambient boundaries (pressure, density/temperature in engine
chamber), phenomenological spray model is primarily utilized to provide the mixing
characteristics for an understanding of the combustion process and pollutant emission
obtained in engine experiments, particularly in for low-temperature combustion modes.

CMT spray model, emphasized on the initial jet penetration and quasi-steady
behavior, is usually used to predict the mixing characteristics from SOI to SOC, where
the spray penetration remains the same pace as a reacting spray [152]. Consequently,
the obtained mixing field aids in comprehending ignition behaviors through accurate
predictions of spray penetration. In a High-Speed Direct Injection (HSDI) Diesel
engine, Benajes et al. [153] explored the potential of using pure diesel or gasoline in
Premixed Charged Compression Ignition (PCCI) combustion mode by adjusting
injection timings and oxygen concentrations. The obtained evolution of spatial ¢ at the
moment of SOC and after EOI provides an insight into the soot formation. It was
obsetved that gasoline ignites at a leaner mixture compared to diesel, with @y
predicted to be lower than 2.0, indicating reduced soot formation during the
combustion. Furthermore, the predicted equivalence ratio is also utilized in the
condition that gasoline ejected into the port to realize a RCCI mode with the direct-
injected diesel [154]. A similar application of CMT spray model in ignition investigations
was reported in [155], which examined the differences between pure diesel and gasoline
operating in Partially Premixed Combustion (PPC) mode. Recently, this model was also
employed in the design of dual-fuel engines, where diesel is injected into the chamber
to ignite the fuel ejected into the port [156] [157].

In conditions where ignition occurs after EOI, such as in low-temperature
combustion in diesel engines, SNL model is usually preferred to obtain the mixing field.
Malbec et al [158] evaluated the impact of injection duration on ignition delay in a 2.34
L optical diesel engine after the observation of a good correlation with the penetration
of a transient jet. They found that if the temperature at the top dead center is below 800
K, the ignition delay decreases as the injection duration decreases when it is shorter than
1.3 ms. In addition to its application in understanding combustion characteristics, SNL
spray model was also developed to evaluate the accuracy of infrared techniques.
Mancaruso et al. [159] [160] found that the emission of infrared radiation at a
wavelength of 3900 nm is correlated with the equivalence ratio, thereby, confirming the
suitability of this wavelength for detecting the liquid phase.
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2.5.3. Non-free spray/wall impingement

In small-bore diesel or direct-injection gasoline engines, the spray/jet
impingement on a moving piston has been proven to significantly affect the mixing,
combustion and pollutant emissions. When the liquid phase impinges on the piston, the
accumulated fuel on the cylinder wall can lead to the formation of a fuel film, which
adversely affects combustion and consequently increases the emissions of UHC, CO
and soot particles. Moreover, the heat transfer can reduce the spray temperature,
thereby extending the ignition delay. Conversely, when the vapor phase impinges on
the piston, the interaction between the jet and the wall enhances fuel-air mixing,
resulting in a reduction of soot emissions. For a non-reacting spray, the awareness of
the mixing field is essential to the understanding of the combustion process and the
soot formation. To this end, Ruth et al [161] and Osorio [162] developed the SNL spray
model to predict the spray characteristics associated with gas jet impingement.

As shown in Figure 2.17, the spray profile of a liquid-fuel impinging a flat wall
can be classified as four regions: liquid phase, free penetration, stagnate and wall
spreading. In the first two regions, the spray profiles remain consistent with free
penetration. Upon reaching the flat wall, the spray spreads laterally in two directions. In
the overlapped region, where the spray begins to penetrate radially, the flow is
considered to be in a stagnation state. Subsequently, the surrounding entrainment can
be characterized by the spray height H at vatious radius S, [163].

wall

spreading Erag
Stagnate penetration

region

Figure 2.17. Schematic of the spray structure and the characteristics for a perpendicular impingement.

Reprint by the ensemble-averaged frame shown in Figure 5 in [161]. Sf: spray penetration in the free

penetration region; Sy.: spray radius in the wall spreading region; H: spray height in the wall spreading
region.
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Figure 2.18. Schematic of phenomenological spray impinging model [161].

Consistent with the spray structure obtained by optical techniques, the spray
impinging model can also be simplified as three regions, as shown in Figure 2.18. In
region 1, spray penetrates along “z’ direction. The stagnate region was simplified as a
rectangle area 2’. Then, a ‘new spray’ leaves from the boundary at the distance of ‘ry’,
and a trapezoid spray profile is also presumed, similar to region 1. Different from the
known boundaries for the free penetration region, the boundary for the wall spreading
simulation will be derived by the following hypotheses:

- The effect of friction force is neglected in the turning region.
- No entrainment of air into the turning region.
- The normal force does not change the fluid’s kinetic energy.

Similar to Eq. (2.22), the output boundary of the turning region (i.e., Hy, Ugy¢)
can be obtained by solving the conservation equation of fuel mass,

X_fﬁ : ﬁinﬁin A = X_fﬁ : ﬁoutﬁout “Aout
and the conservation of kinetic energy,
P Ay - ﬁzzn “Aplin =P Aoyt - ﬁcz)ut Aoutllout (2.28)

Considering the no entrainment in the turning region, the sectional-averaged
mixture fraction and mixture density can be seen as constant at the inlet and the outlet.
Then, the turning parameters can be written as,
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&l

ut = Tin /% ~ 1.03173 - Gy,
ou ﬁin
Ho =72 /% ~ 0.48467 - 1, (2.29)

where &;,, = 5.0736, @y = 4.7658, Bin = Bour = 2.0195. Osorio taken the effect
of friction in the wall jet into account, the value obtained for f8 is 2.868 and 3.014 from
the fitting data in the measurement of Wood [164] and Alachopoulos [165], respectively.

Along with the direction of spray wall spreading, the conservation of fuel mass
and momentum is also applied here. Indicated in Eq. (2.25), the coefficient of § and
sectional area A should be known before the calculation. Concluded by empirical
formula of radial velocity profile proposed by Wood [164], Ruth et al. obtained the value
for 8, = 17.572° used in the calculation for sectional area A = 2nr - [Hy + (r — 1) -
tanf,], and the same value for f = 2.0195 is adopted for both conservation
equations. Osorio introduced a similar Gaussian profile to describe the effect of fuel
friction distribution along the radial direction, then, the value for f = 2.878 is used for
the fuel mass conservation My = 8 p_X_fﬁA, and a different value f = 2.959 for the

momentum conservation M = pui?A. Furthermore, the angle 8, is obtained as 5.38°,
which is much smaller than the value in [161].

Concerning the applications, enhanced air entrainment is observed in the wall
spreading region for a non-reacting spray, which explains the less sooting formation in
the gas jet impingement conditions. In addition, the influence of injection pressure,
injection duration and bowl diameter on the spray penetration and mixing
characteristics can be investigated, and a good match with measurement on the trend is
found in [161]. Regarding the reacting spray, Osotio et al [166] employed it in a variable
volume combustion chamber together with multiple injection strategies. In general, a
good agreement in the qualitative trends (i.e. fuel efficiency, heat release rate) can be
achieved between the measurement and the developed spray impinging model.

2.5.4. Analysis of reacting spray and combustion process

The spray-related variables under reacting conditions are reported for various
spray characteristics, such as spray tip penetration and mixture fraction distribution, as
well as the combustion metrics such as ignition delay, lift-off length, temperature and
species distribution. To describe the combustion process, researchers often utilized
either a single-step reaction or a detailed chemical mechanism.

Reacting spray tip penetration
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Compared to the inert spray case, where spray tip penetration is extensively
quantified and analyzed with both experimental and numerical approaches, the reacting
spray tip evolution has been analyzed only in few studies. To the authors’ knowledge,
only the CMT model has been validated against experimental results. For the prediction
of reacting spray tip penetration, the first immediate effect induced by combustion is
the modification in local conditions. Desantes et al. [20] proposed the following
assumptions for the reacting flow description:

- The turbulent mixing time is assumed to be much longer than the chemical
reaction time thereby, a frozen chemistry is assumed, and the effect of scalar
dissipation is also ignored. Hence, a single-step irreversible reaction is
assumed.

- The momentum-dominated regime is still effective. The buoyancy effects are
not considered.

- Local composition is derived from the mixture fraction following a Buke-
Schumann approach, and the temperature calculation uses absolute enthalpy
values.

— The heat radiation from the flame is ignored.
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Figure 2.19. Example of simulated diesel flame under inert and reacting conditions. The following
characteristics are plotted: Spray radius R, stoichiometric radii Rg¢, on-axis temperature T¢, on-axis
mixture fraction f. Teomp = 1680 us

When applied to a diesel-like reacting spray, the reaction is only considered after
the lift-off length. The transition from an inert state to a reacting state occurs at a
particular time instant, denoted as T.omp. The simulated diesel flame under both inert
and reacting conditions is shown in Figure 2.19, with T omp quantified at 1680 us. The
spray characteristics of reacting spray until reaching LOL are expected to be the same
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as under inert case. Then, an increased radial expansion of both spray boundary and
stoichiometric radii is observed until the distance where the T¢; suddenly increases.
Beyond this distance, the composition of the reacting spray is predominantly comprised
of products, and the on-axis mixture fraction is also higher than that of the inert one.

To get a better prediction of spray tip penetration, a good match in the
penetration in the steady-state spray is observed using a larger spray angle [123].
Subsequently, an analysis of the spray dynamics between inert and reacting sprays
indicated that the radial expansion downstream LOL is almost parallel [152], as shown
in Figure 2.20. Thus, the inputs of same spray angles for the near- and far-field are
followed in CMT spray model, with the calculation of AR based on mass conservation
downstream LOL [167]. Xuan et al. employed this model to obtain the distribution of
equivalence ratios, thereby elucidating the differences in CH>O and OH formation in
quasi-steady spray under various ambient temperatures for n-dodecane and PODE3
[101].
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Figure 2.20. Radial width for both inert and reacting spray at quasi-steady state. Condition: ECN Nominal
Spray A [152].

Combustion characteristics

To achieve the prediction of numerous combustion characteristics with a low
computational cost, combustion model is required and the integration with spray model
can be categorized as two types:

- Direct chemistry integration: in this approach, the chemical rates in the
control volumes are calculated directly using either single-step chemistry or
detailed chemistry by the mixing field obtained from empirical formulas or
1D discretized spray model. The control volumes can be defined by spatial
coordinates or mixture fractions. To preserve the advantage of low
computational cost, the number of control volume is usually limited when
using detailed chemistry.

- Flamelet approaches: in this method, the chemical process is represented
by one or several variables, instead of the Arrhenius-type equation, which
are calculated by means of flamelet approaches. The integration of spray
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models with these variables could facilitate the predictions of the combustion
process with the balance of accuracy and computational cost.

Direct chemistry integration
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Figure 2.21. Schematic of two-stage Lagrangian model for turbulent spray. The left is an OH
chemiluminescence image [168].

To understand the soot formation at engine-like conditions, Pickett et al. [168]
employed a two-stage Lagrangian (TSL) model to predict n-heptane oxidation and soot
precursor formation using a detailed chemical kinetic, consisting of 696 species and
3224 reactions. Empirical correlations were used to obtain the jet entrainment rate. As
initially proposed by Broadwell and Lutz [169], the two-stage Lagrangian model assumes
that the fluctuations in scalar mixing can be negligible on the average product
concentrations. The reactions take place in flame sheets and well-mixed regions,
corresponding to the diffusion-flame reactor where the mixing is at stoichiometry, and
fuel-rich homogeneous reactor in the core of the jet. Shown in Figure 2.21, as the
progressive entrainment, the surrounding gas is gradually transported into the reactors
starting from the nozzle and moving downstream, eventually all the fuel in the

homogeneous reactor is consumed, and the simulation at the spray tip is in a diffusion
flame [168].

In the simulation using the same fuel, n-heptane, Knox et al [170] also employed
the TSL model, while the transient ambient entrainment was simulated using a 1D spray
model [33]. As shown in Figure 2.22, the calculation of entrainment rate Mgy, is
conducted for all physical control volumes discretized in 1D spray model. To balance
the computational cost and the complexity of chemical mechanisms, some
simplifications were proposed:



46 CHAPTER 2 FUNDAMENTALS

- Radial distributions of quantities (mixture fraction, velocity) are replaced by
the cross-sectionally averaged value, which is the more like the TSL model.

- The diffusion-flame reactor is not included in the simulation for n-heptane
flame.

- The transient ambient entrainment does not affect combustion since the
nearly equivalence measurement of jet penetration under spray-H reacting
and non-reacting condition. This point prevents an accurate prediction of
reacting tip penetration.
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Figure 2.22. The schematic of control volume discretization in 1D spray model and the entrainment
process [170].

After the determination of the species composition and enthalpy in the current
control volume, the reaction was assumed to take place in a constant-pressure
homogeneous batch reactor, lasting for the same duration as the local residence time. It
was observed that predicted ignition is in good agreement with the experimental trend
as the ambient oxygen content variation using two different chemical mechanisms.

A strong correlation between vapor penetration and axial mixture fraction under
non-reacting conditions was observed, alongside a consistent experimental trend in
ignition delay as a function of ambient oxygen content, utilizing two distinct chemical
mechanisms. Furthermore, this model effectively captured the combustion recession at
high ambient temperatures, which can be attributed to its accurate prediction of the
entrainment-wave mixing process, as modeled by a 1D spray approach. Subsequently,
the model was applied to transient injection strategies, allowing for an analysis of the
differences in the evolution of global temperature and heat release rate in response to
variations in end-of-injection rate shaping and dwell time during multiple injections.

To evaluate the combustion process and pollutant emission formation in DI
diesel engines, Spessa et al. integrated a 1D spray model with a diagnostics multizone
thermodynamic model [104] [171] [172]. If the mixing process of each injected fuel
parcel is known in terms of spatial distribution and temporal evolution, the chemical
process can be calculated following the conceptual scheme of combustion. As shown
in Figure 2.23, the spatial control volumes with a constant interval AZ are rescaled as
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several mixture zones. At each time step during the injection event, a fuel parcel
(bordered with colored dash lines) is formed by the model, and it penetrates
downstream and progressively entrains the surroundings. For example, the first injected
fuel parcel is located at the spray tip (red color). Obtained from the 1D spray model,
the jet penetration will be known at each instant, then, the mixture zone can be
identified by integrating the fuel mass, which would span one or several control volumes.
Finally, the equivalence ratio can be estimated, and a time history of the equivalence
ratio in all the mixture zones can be obtained.

In the employed pilot-main injection event, the pilot injection is assumed to have
a lean/stoichiometric premixed combustion process, while the combustion of the main
injection is considered to initiate under fuel-rich conditions, undergoing a two-stage
premixed-diffusive combustion scheme. The onset of diffusive combustion depends on
the engine load. By applying the principles of energy and mass conservations in all zones,
the in-chamber mass and temperature evolutions can be obtained. Subsequently,
submodels for evaluating the formation of NOx, CO, soot and UHC can be
implemented. In addition, heat exchange with the chamber wall is accounted for
through a convective term and a radiative term attributed to the hot soot particles. The
cooling effect caused by the surrounding unburned gas is also considered during the
post- combustion mixing process. Concerning the interference of turbulence, i.e., air
flow motion and swirl ratio, it is assumed to be included in the measured pressure signal.

40

Injection rate ——————>

[
|
|
|
|
|
|
|

16|
| [
| 1"
| n
[

Discrete contrq] yolumes o3y ’f;ld,:’ w23

Mixture zones

I////II////II/A
el

LN I
. = i-1 ifﬁi i+1

—

2

z! Az

.
L

Figure 2.23. Schematic of the multizone combustion model employed in 1D discrete control volume,
along with an injection rate example [104].

Using tuning parameters such as spray angle, number of mixture zones, and
coefficients in submodels, the multizone combustion model successfully predicted the
evolution of CO, NOx, UHC, and soot formation under various engine loads and
speeds [171]. This behavior was found to be consistent with that of the Dec combustion
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model [29]. Then, the application was extended to post combustion by examining the
different injection strategies, including injection pressure, the number of injection shots
and dwell time between pilot and main injections [172]. Later, a good match is achieved
on the spray penetration and soot mass evolution between the measured and modeled
results under two different engine loads [104]. This further confirms its applications in
engine design and calibration.

In previous approaches that integrating combustion model with 1D spray model,
simplifications were done either in the spray model or in the chemical kinetics. Lee et
al. [173] proposed a novel multizone model for simulating a direct-injection methane
reacting spray. As shown in Figure 2.24, the spray domain is divided into 100 cells in
the axial direction and 10 cells in the radial direction, with the radial quantities
maintaining the self-similar radial profiles. Unlike a homogeneous reactor, the fuel
gradually reacts with the entrained surrounding gas along the axial direction, while the
species transfer between cells is only considered in the axial direction. In other words,
radial diffusion is neglected. About the combustion process, fuel is initially cracked into
CO, Ha, and other small hydrocarbons by high temperature ambient conditions in the
first stage, then, the ignition takes place after the fuel is completely mixed and rapidly
reacted with sufficient oxygen. Under the different orifice pressure drops, the model
exhibits a good match on the spray penetration with the measurements obtained
through Schlieren imaging. In addition, the model reasonably predicts the trends of
ignition delay and ignition position in response to the variations in injection pressure,
ambient pressure and the blending ratio of ethane in methane/ethane mixture.
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Figure 2.24. Concept of the division of computational domain (left) and the species transfer and the
ambient entrainment (right) [173].

Ma et al. [174] developed an integration of a 1D multizone combustion model
with a 1D spray model to predict the pressure rise during the combustion process
occurring in a constant volume chamber. Meanwhile, detailed chemistry was used to
calculate the chemical process. As an extension of SNL spray model, several new
hypotheses were proposed:
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— The spray was treated as a vaporized spray, and the liquid length is
determined by the evaporation rate 1M ¢yqp, Which is calculated by

Mf evap = Revap * My lig (2.30)

where Mg ;4 is the liquid fuel mass, and the coefficient Reyqp was set as

1% 107 s71 after the calibration on the liquid length and the check of
sensitivity on the ignition delay.

- Locally homogeneous mixing is assumed in each control volume.

- Unlike the constant spray angle for inert spray simulation, variable spray
angles are used for reacting flow.

To describe the combustion process, energy and species conservation equations
were incorporated into each control volume. The chemical kinetic model is only applied
in fuel gas phase. The consumption of liquid fuel is treated as the evaporation process.
In addition, the mass considered for the conservation equations contains the exchange
between the zones and the entrainment from the ambient gas, instead of the single fuel
component in the original model. Finally, ideal-gas law is used to calculate the pressure
after obtaining the local temperature.

For the purpose of reduction in the computational cost, the spray domain was
divided into several zones of either constant length or constant volume, with the
number of zones limited to no more than 10 for a domain size of 100 mm. About the
iteration procedures, the boundary conditions used as inputs for the current zone
retrieves from the outputs in the zone upstream. In general, the model is capable of
predicting reasonable trends in response to parametric variations, such as ambient
temperature and oxygen concentration. However, it still has some discrepancies in
quantitative comparison with experiments due to the limitations in the zone number.

With the aim of simultaneously improving the accuracy and maintain the low
computational cost, Tauzia et al. [175] tried the method that implying a single-step
chemistry kinetic in the control volumes discretized in SNL spray model. The reaction
elements involved in the reaction contain liquid and vapor fuel, Oz, N2, CO2 and H»O.
In addition to the optimizations presented in [174], the prediction of liquid length was
further refined by introducing a characteristic time Tygp, to account for the time
required for the entrained air to reach the fuel near the spray centerline. Validated by
the ECN database, considering variations in oxygen concentration (XO2 = 13 — 21%)),
ambient density (pg = 7.6 — 22.8 kg/m3) and ambient temperature (T, = 750 —
1200 K), the model in [175] realized an excellent match on lift-off length with the
varied ambient temperature under the standard ambient density (o, = 22.8 kg/m?3).
In addition, a reasonable trend in ignition delay was observed with increasing ambient
temperature, ambient density and oxygen concentration. However, some discrepancies
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in vapor penetration predictions were noted, which were attributed to the inaccurate
estimations of the injection rates.

In [176], a compatison in the obtained two-dimensional (2D) distribution of
quantities was conducted between Lagrangian and Eulerian models. The radial
distribution of mixture fraction follows the self-similar profiles in [33]. As shown in
Figure 2.25, the 2D image showed that the Eulerian model is more favorable to the
spray prediction, due to the similar spray shape with measurement.
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Figure 2.25. Two-dimensional field of mixture fraction of a reacting spray from Lagrangian model (left)
and Eulerian model (right). The black line represents the stoichiometric ratio [176].

The dilatation sub-model based on the concept that no negative entrainment in
the spray contributes to a more accurate prediction of spray penetration, as shown in
Figure 2.26. Radial dilatation takes place in the distance of 20 — 56 mm, spanning from
the lift-off length to the onset of the transient region. Thereby, the penetration was
reduced, aligning more closely with the measurement.
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Figure 2.26. Schematic of radial dilatation of one control volume by increasing the outlet radius dr, while
remaining the inlet radius 70 and axial distance z (upper), and the influence of radial dilatation on the
spray sharp for the Eulerian model (bottom).
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In the calculation of heat release, only the term of exchange with the chamber
wall was considered. The direct implication of single-step chemical kinetics in control
volumes resulted in an overprediction of the pressure rise, as indicated by the ‘old’ label
in the legend of Figure 2.27. To improve the accuracy, the new method proposed in
[177] integrated 1D spray model with a combustion mapping which tabulates the
combustion process in a mixture fraction space. The combustion process was
represented by progtress variable that illustrating the passage from a mixture regime to
a steady rate combustion regime. Besides, no reaction was assumed to be in the liquid
fuel. Using this model, the calculation time was found to be about 20 mins for an
injection duration of 2.0 ms. Good agreement on the pressure rise/heat release rate was
achieved throughout the injection process.
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Figure 2.27. The comparison of the integration approach between the direct integration of single-step
chemistry kinetics and the integration with a combustion mapping [177].

Flamelet approaches

The discussion above highlights that achieving accurate predictions requires both
fine mesh resolution and detailed chemistry. Given the characteristic times of diesel-like
combustion, where the chemical timescale is significantly shorter than the physical
timescale, the flamelet approach treating turbulent flames as an ensemble of laminar
flame sheets has gained widespread acceptance. The combustion process is pre-
tabulated into a series of tables by the scalar dissipation rate, with each table describing
the combustion process through the following variables: normalized progress variable,
mixture fraction, and variance of mixture fraction. Recently, the integration of a 1D
spray model or a reduced-order spray model with the flamelet approach has been
employed to predict ignition delay, lift-off length, and temperature fields under both
steady and transient conditions. Due to space constraints, the integration of the spray
model and flamelet will only be briefly discussed here. This chapter focuses on recent
advancements in the application of the 1D spray model. Further details on the flamelet
concept will be presented in the next chapter.
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Garcia-Oliver et al. [21] incorporated an existing 1D spray model with unsteady
flamelet progress variable, thereby enabling the prediction of combustion metrics such
as ignition delay, lift-off length and spatial distribution of temperature and species. The
introduction of mixing trajectories allows for the conceptualization of the spray as a
series of reactors along the axial direction, wherein pure fuel is introduced and gradually
mixed with ambient air. Using a constant scalar dissipation rate in this model, the trends
in ignition delay and lift-off length were reasonably predicted across various ambient
temperatures, while the accuracy requires improvement, especially in the low
temperature cases. This model is the starting point for the present PhD.

When the 1D spray model was employed in transient cases, the turbulence caused
by the intake flow, squish flow and compression cannot be roughly disregarded. For a
micro-pilot injection in a rapid compression machine (RCM), Park et al. [25] regarded
turbulence as a form of momentum loss, designing the model to exhibit greater loss as
turbulence intensifies and the velocity gradient in the radial direction gets higher.
Besides the mixture fraction, scalar dissipation rate (SDR) is also required to access the
chemical model. The transient values of the area-averaged SDR obtained from the 1D
spray model serves as a boundary condition, thereby allowing for the characterization
of the interaction between turbulence and chemistry. Using this transient flamelet
approach, the prediction of ignition is within an uncertainty of 0.5 ms for the ECN
conditions, with only the cases at a low ambient temperature of 750 K being
overpredicted.

Simulation Optical Measurements (Left: Schlieren, Right: CH,0 PLIF)
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Figure 2.28. Ignition process by the low- and high-temperature region from simulation (left), Schlieren
images (middle) and CH>O PLIF images (right). Condition: Nominal Spray A (T, = 900 K, Py,; =
1500 bar, p, = 22.8 kg/m3) [25]

The comparison of the ignition process shown in Figure 2.28 reveals that the
low- and high-temperature ignition delays defined as a temperature increase of 100 K
and 500 K at each mixture fraction, are consistent with the experimental results by
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means of CH2O PLIF and Schlieren images, respectively. Concerning the ignition
position, both low- and high-temperature ignition positions appear from the nozzle
outlet to the spray head, which is attributed to the ignorance of liquid length in the
simulation. In addition, the low-temperature ignition position was observed near the
boundary, and the spray center is too rich to be ignited, which is different from the
CH>O PLIF results that the highest CH2O concentration generated in the spray
centerline. After the appearance of high-temperature ignition, its ignition area expands
into the rest of low-temperature ignited spray envelope. However, the regions near the
spray boundary are too lean to be ignited, consistent with the weak luminosity of CH20
signal observed in the measurement.

Following the success of predictions under ECN conditions, the model
application was extended to two additional cases. The first case involves a micro-pilot
injection event in which n-dodecane was injected into a background of neat air or
air/methane mixture in RCM. The second case pertains to a medium-speed dual-fuel
engine, where natural gas is ejected into the intake port and a small amount of diesel
fuel is directly injected into the cylinder through the micro-pilot injector for ignition.
The model demonstrates accuracy in predicting ignition delay, with results consistently
within 0.5 ms across various conditions, including ambient temperature, injection
duration, air-to-methane ratio in the background, ambient pressure, and compression
ratio.

In the aforementioned implementations, turbulence is not considered in the
integration of 1D spray model and flamelet, despite the momentum conservation was
corrected in [25]. Limited by the assumption of 1D spray model based on Eulerian
approach, the variance of mixture fraction is assumed to be zero, thus, the combustion
process, which is typically represented in three-dimensional tables, is effectively reduced
to two-dimensional tables. In this sense, Deshmukh et al. [178] integrated a cross-
sectionally averaged reactive turbulent spray (CARTS) model with a flamelet solver
using multiple flamelets and achieved a reasonable prediction to the trends of ignition
delay, lift-off length and soot emissions. CARTS model is an extension of the cross-
sectionally averaged spray (CAS) model, which was derived from a three-dimensional
multiphase model using a top-down approach [179].

Unlike the Eulerian model, the CAS model offers a more comprehensive
description of the spray process, encompassing the drag force on droplet movement,
droplet breakup, evaporation, and droplet heating. Following the integration of the
turbulence model into a steady-state spray, parameters such as turbulent kinetic energy
(TKE), turbulence dissipation rate, and the variance of the mixture fraction can be
obtained, leading to the calculation of the transient scalar dissipation rate. Under the
ECN nominal Spray A condition, a strong agreement was observed between the
measurements and simulations regarding the mixture and variance of the mixture
fraction in both axial and radial directions. However, the calculated turbulent kinetic
energy and turbulent dissipation rate were found to be higher than those from the
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URANS (unsteady Reynolds-averaged Navier-Stokes) simulation at distances upstream
of the liquid length, which may be attributed to neglecting turbulence in this region.

Before the interaction between spray model and flamelet, the flamelet solver has
already solved the species mass fraction and temperature in mixture fraction space, and
the solutions were represented in the physical space using a convolution over the local
p-PDF. With the obtained scalar dissipation rate, as well as the gas pressutre provided
by spray model, the solution from the flamelet solver was mapped to the spray model,
thereby, the spatial distribution of the gas temperature and species mass fraction can be
determined. In addition, the soot modelling requires additional soot model to predict
the soot evolution, and density correction along the radial direction is also required due
to the phase transition during the soot formation.

Figure 2.29 displays an example of the 2D radial profiles of temperature and
species (CH2O & OH) along the ignition process from CARTS model (top) and
URANS results (bottom). The species profiles indicate that CH>O and OH initially form
at the spray head in both methods; however, the CARTS model demonstrates a smaller
distribution area and higher concentration. Additionally, the temperature is also
observed to be higher in the CARTS results compared to the URANS results, attributed
to the constant flamelet along the radial direction in CARTS model.
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Figure 2.29. Example of the 2D radial profiles of the temperature and species from CARTS model
(bottom), and the URANS results are plotted for a comparison (top). Condition: ECN Nominal Spray A.
Mechanism: CAI [178].
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In terms of predicting ignition delay, both multiple flamelet and single flamelet
approaches demonstrated accurate trends relative to measurements across a wide range
of ECN conditions and various fuels, reflecting the variation in fuel reactivity. Notably,
the use of multiple flamelets yielded slightly more accurate predictions. However, the
predicted lift-off length consistently exceeded the measured values across all conditions
and fuels. Regarding soot mass modeling, initially explored in the reduced-order spray
model, the predicted total soot mass was significantly lower than the measurements
under the nominal Spray A condition. This discrepancy could be mitigated by applying
a self-similar radial profile to describe radial quantities.

In general, this reduced-order spray offers new insights into the modelling of
spray and combustion modelling, with its derivation allowing for further exploration of
model applications, such as the recent research on flash-boiling spray [180]. The good
prediction in ignition delay and lift-off length indicated that the simplified approach can
be a good tool to identify the combustion characteristics of potential fuel candidates.

2.6 Summary

Throughout this chapter, the spray and combustion process under steady engine-
like conditions and the phenomenological modelling approaches have been reviewed.
When the liquid fuel is ejected into a high-temperature high-pressure reactive
environment, it undergoes the atomization, including primary and secondary breakup,
evaporation and air entrainment, then, the fuel-oxidizer mixture is ignited at some
distance downstream the nozzle after some time. Finally, the reacting spray is
characterized by mixing-controlled combustion scheme. To simplify the description of
these processes, some parameters are used to quantify that, such as the spray
characteristics including liquid length, spray vapor penetration and spray angle, and
combustion characteristics including ignition delay and lift-off length. If the prediction
is only targeted at these parameters, phenomenological model is a good tool with the
advantage of low temperature cost and acceptable accuracy.

Concerning the spray characteristics prediction, empirical formulas concluded
from the measurements are firstly given in the description of the corresponding process.
Literature review on the phenomenological spray models shows that the widely used
models are based on either Lagrangian or an Eulerian model, treating the spray as a one-
dimensional flow. The former model considers the spray area as several individual
droplets or parcels, traveling in time and space along the specific trajectories. The latter
approach treats the spray as a continuous flow, thereby, assuming the turbulent gas jet
as a mixing-controlled jet. Conservation of fuel mass and momentum is used to calculate
the spray penetration, together with the liquid length determined by the evaporation
rate determined by the energy conservation. Both kind of Eulerian spray models
proposed by CMT — Clean Mobility Thermofluids and Sandia National Laboratory can
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realize excellent prediction of spray characteristics. As a consequence, this modelling
approach has been widely employed in the analysis of the ignition behavior in engines
by means of the mixing state prediction, validation with the parametric variation and an
extension to spray impingement.

In terms of the prediction of reacting spray characteristics, a combustion model
is required to integrate with the spray model, as well as the chemistry kinetics used to
describe the combustion process. The integrations in the literature can be categorized
as follows: direct integration of single-step or detailed chemistry in the transient control
volumes discretized in spray model, and the integration of flamelet with the control
volumes on the axial direction or along the mixing trajectories. In general, the prediction
of ignition delay and lift-off length is in agreement with the experimental trend,
meanwhile, the accuracy is improved as a finer mesh and/or more detailed chemistry
kinetics is used. Furthermore, the low computational cost across a broad range of
conditions indicates potential utilization on training artificial neural network-based
models.

In the present thesis, the modelling is based on the integration of laminar flamelet
with in-house spray model, which has been initially tried. Based upon the literature
review, the model development will be performed to improve accuracy and further
reduce the computational cost. Additionally, its low computational cost across a broad
range of conditions indicates promise for training artificial neural network-based models.
The details will be presented in the next Chapter.
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3.1 Introduction

From the literature review on phenomenological models discussed in Chapter 2,
1D spray model based on mixing-controlled hypotheses can achieve an accurate
prediction of the most important spray metrics (liquid and vapor penetration, velocity
and mixture fraction distribution) under non-reacting conditions [18] [33]. Starting from
the analysis of an iso-thermal spray [181], 1D spray model, DICOM, was also
successfully employed in multi-component hydrocarbon fuels for a non-reacting spray
[18] [19] [182]. Recently, the analysis was also extended to the near field for non-
vaporizing sprays [183]. However, the calculation under reacting conditions has to
account for the influence of chemistry mechanism, turbulence and species diffusion.
The first trial using DICOM on reacting spray simulation dealt with the reacting flow
penetration [20] and local velocity [114] with a simplified 1-step chemistry and feeding
the experimental ignition delay and lift-off length as the user inputs. To realize a fully
prediction to the combustion process of a diesel-like reacting spray without the need of
the experimental database as the user inputs, the incorporation of an unsteady flamelet
progress variable (UFPV) approach to 1D spray model is adopted in this thesis.

In this chapter, the description of this incorporation, named as Quasi-1D
modelling, is illustrated. First, the background and basic theory of 1D spray model is
described in Section 3.2. Second, the concept of UFPV is discussed in Section 3.3. Then,
the model configurations and the inert spray validation is given at the starting of Section
3.4, followed by the optimizations of Quasi-1D modelling from the initial version used
in [21], including the terms of spray tip reconstruction, mixing trajectory, scalar
dissipation rate, chemical rate reconstruction, explicit solution, vaporization correction,
Yo diffusion balance, radial expansion and multiple flamelets employment.
Experimental database used for validation has been measured under the Nominal Spray
A condition fueled with n-dodecane which is available at the ECN website [22]. LLNL
mechamism consisting of 2878 species and 12839 reactions [184] was used to generate
the flamelet manifold and incorporated into the Quasi-1D model for the checking of
optimizations. The performance of optimized Quasi-1D model using different chemical
mechanisms is presented in the next chapter. Finally, the summary is presented in the
tinal Section.

3.2 General description to 1D spray model

In order to simplify the process, swirl or other turbulent flow in the combustion
chamber are not considered. In addition, the ambient volume is seen as quiescent and
large enough so that there is no wall impingement, and air condition far away from the
nozzle will not be changed by the flow evolution.
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Figure 3.1. Schematic of 1D spray model [18]

Figure 3.1 shows a schematic of the basic configuration of this problem [18]. At
the nozzle exit (x = x0), which is the inlet of fuel stream, a radially uniform velocity
profile across the radial direction is assumed. The injected flow exchanges momentum
with the ambient gas in downstream direction and until the spray tip (x = s), which
increases with time. In this way, the flow increases in width with the axial distance. The
spray cone half angle 8/2 defines the radial growth of the flow in terms of the radius
R, which is also an input to the model. Together with the nozzle diameter d, the spray
angle defines the virtual origin of the spray by the formula

do

0= 2tan(§)

X (3.1
Due to the transient nature of the general problem, the spray domain is axially
divided into a seties of cells with a certain thickness Ax spanning the whole spray cross
section. For each cell, two conservation equations of axial momentum (M) and fuel
mass (My) are solved for two unknowns, axial velocity () and mixture fraction (f),

My £) = MCxipa, ) = [ pQor,0) - ul,r,0) - dV]

me (e £) = My (i, ) = [ PG 7, 6) - f 67, 8) - dV] (3.2)

where the terms in the left side of the equations correspond to the conserved property
fluxes across the cell inlet (x;) and outlet (X;4+q) surfaces. The detailed solution
procedure can be found in [18] [20]. Note that, unless otherwise stated, all variables
within the model description correspond to Reynolds-averaged formulations.



60 CHAPTER 3 MODEL DEVELOPMENT

3.2.1. Starting hypotheses

Since the first version proposed in [75], an amount of work has been done to
optimize the model. Until now, the hypotheses for this model can be categorized as
follows:

e Symmetry around the axis, i.e., no swirl flow or turbulence inside the chamber.

e The turbulent flow is assumed to be fully developed. In this way, the self-similar
radial profiles can be defined for the conserved variables. This is one of the
major assumptions in this model, which has been validated in steady gas jet or
spray flows under inert and reacting conditions [18] [114]. This hypothesis can
be translated into the following equation:

u(x,r) £l H/S¢ \2
m = [m] = exp [—k (E) ] (33)
where Uy, fo are the axial component of velocity, mixture fraction on the
spray centreline, /R is the normalized radial position with the range from 0 to
1, Sc is set as unity [18]. Another parameter, Prandtl number, P7, is assumed
to be consistent with Sc, and, there is no need to solve the enthalpy properties
[18]. Under this Gaussian assumption, the calculation has to start after a certain
distance to the nozzle exit, denoted as ‘intact length’. At any instant time, intact
length will be calculated first. In the downstream, f; will be lower than 1. And
Eq. (3.1) will be solved for each cell. As a sequence, the mixing-controlled
model always predicts the states for a fully developed flow region while the
prediction to the near-nozzle region is not very accurate.

e The spray width R is linearly dependent on the corresponding axial coordinate,
and it is defined as the location where axial velocity is equal to { = 1% of that
on the spray centreline. In other words, for the Gaussian profile, the variable k
in Eq. (3.3) follows this cortelation, k = In(1/{) = 4.6052.

e The flow is assumed to be locally homogeneous, like that there exists a local
equilibrium both in thermal and velocity conditions. In other words, the spray
can be considered as a gas jet, which is also reasonable for the prediction of
diesel-like spray [116].

e Spray propagation causes no fluctuation to ambient pressure, and the pressure
across the whole spray is also constant. Thus, compressibility effects are
neglected.

e A non-ideal gas equation of state (Peng-Robinson) is used to calculate the local
state for liquid sprays, while an ideal gas one is used for gas jets. The
comparison in [19] showed that the discrepancy between ideal and non-ideal
gas equation on vaporization fuel mass fraction only occurs at high ambient
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pressure conditions. As a consequence, local density can be calculated under an
assumption of ideal mixing,

1
p(x, T) = W (3.4)

Lpi(xr)

where Y; is the mass fraction of mixture component i, p; is the density for
component i at the local temperature T and pressure P. For fuel species, f =
Yr. Combining Eq. (3.1) — (3.3), conservation equation for each cell can be
rewritten as,

21 pudv] = MGx, ) = M(xisa, 0)
1S pfav] =my(xy, £) — my (i, ) (3.5)

The terms on the right-hand side of the equations correspond to the conserved
property fluxes across the cell inlet and outlet surfaces. The fact that both axial
velocity and mixture fraction are self-similar enables recasting the previous
equations in terms of two unknowns, namely f; and U, which means that the
problem becomes 1D. According to the analysis in [185], the conservation
equation in Eq. (3.2) can be simplified as,

A-ul+B-uy+C=0
Af-ucl-fd+Bf-fcl+Cf=0 (36)

Note that all variables shown here are turbulent time-averaged quantities.

3.2.2. State relationship for the 1D spray model

Following the assumptions, the flow can be treated as a gas jet or vaporizing

spray. With the target of an accurate prediction to local mixture thermodynamics,
several options to state relationships are available for specified demand. The detailed
description can be found in [19], only a short discussion will be shown in the section.

For the isothermal or non-vaporizing spray, the temperature across the spray
is the same as the environmental, thus enthalpy conservation equation will not
be solved. The only relative variable is the local density, and the local density
for each component can be simplified as fuel and air density.

For the prediction of liquid sprays, the phenomenon becomes complex with
the presence of liquid and vapor fuel, and ambient air. In this way, thermal
exchange has to be considered. As a result, liquid length can be predicted, and
more considerations are made. The solution of enthalpy defined by fuel mass
fraction Y¢ can be expressed by,
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h(x,r)~hgeo

Ye(x,1) = TP

(3.7)
where hf g and hy o are the enthalpy of pure fuel and pure air, respectively.
According to that, the flow can be seen as two streams of fuel and air with an
adiabatic mixing, and the local temperature can be interpolated when enthalpy
of the local composition for the whole range of fuel mass fraction (0-1) is
known. For that, the enthalpy of the different species as a function of
temperature or pressure should be known before. After that, local mixture
density can be calculated at a given fuel mass fraction, i.e., T = T (¥f).

e For reacting spray, the dependent variable Y¢ is no longer conservative, as fuel
disappears due to the chemical reactions. As a substitution, the problem can be
solved with the same approach only ¥; switching to mixture fraction f, i.e.,
T=T(),Y; =Y(f) and p = p(f). The hypotheses ate also valid under
reacting conditions, especially the self-similar Gaussian radial profile for axial
velocity, mixture fraction is also effective [167].

The general description of 1D spray model structure is shown in Figure 3.2. The
output of this model consists of velocity, mixture fraction, temperature and species at
arbitrary position across the spray, and the main results are the on-axis variable U and
fe1 by solving the consetvation equations for axial momentum and fuel mass with the
inputs of momentum and mass flow in the fuel stream. For that purpose, the radial
integral F that defined as the cross-sectional integral of the product of density, the self-
similar radial profile and normalized area (Figure 3.2) should be calculated in advance,
which is dependent on the axial mixture fraction, Schmidt Number, spray angle, and
the self-similar function of the radial profiles and the local density. The latter variable is
one of the results from the state relationships, which calculate the local equilibrium
from the boundary conditions, i.e., thermodynamic properties. Once obtaining the local
mixture fraction, the other properties such as temperature can be calculated from the
state relationships.
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Figure 3.2. General overview of 1D spray model [18]

3.3 Unsteady Flamelet Progress Variable model

Compared to the inert case, the ignition in the reacting flow brings a more
complex process, constituting the species recombination, heat release, and,
consequently, higher temperature, lower density, which yields a faster velocity.
Simplified model based on infinite-rate chemistry (1-step reaction) has been applied in
1D spray model, while the prediction is limited in the reliance of external ID & LOL as
the user inputs [20]. For some cases, the accuracy is not good on ID prediction [186].
Thereby, the utilization of detailed chemical mechanism is essential to achieve an
acceptable prediction. Referring to the methodology incorporated in [174], the method
that directly links detailed chemistry reactions has to restrain the number of control
volumes, otherwise, the computational cost will be enlarged. Taking into account the
flow property of diesel-like spray (high-DamKo6hler number flow) that chemical
characteristic time is much shorter than physical characteristic time, the incorporation
of tabulated flamelet to account for detailed chemistry effects, making up a flamelet
manifold, is frequently applied in spray combustion simulations under diesel-like
conditions.

For that purpose, the UFPV combustion model originated by Pitsch [187] and
the version developed by CMT [188] is coupled with 1D spray model in this thesis. It
is tabulated offline by the assumption that a turbulent flame can be described as a set
of strained laminar counterflow flamelets [189]. The evolution of chemical state is
tracked by a variable with a monotonic inctease, that is progress variable Y, defined by
a species combination of main products. In the previous study, two different definitions
for n-dodecane calculation have been used in CFD-RANS simulation [21] [190], and
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the definition that Yo = 0.75Y¢p + Y¢o, + Yy,0 is preferred. Moreover, the
simulation for OMEx-type fuels also follows this definition and obtains a good
prediction in CFD-RANS work [191]. Therefore, this Y definition is considered in this
thesis.

To obtain the transient species mass fraction Y, ZLFLAM [192], a code
developed at Centro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas
(CIEMAT) is used to calculate a set of 1D laminar flamelets throughout the Eq. (3.8)
in the space of mixture fraction,

i _ x 9k
at 2 af2

+ Wy, (3.8)

where the net production rate of species k is Wy is retrieved from the chemical
mechanism. The scalar dissipation rate y, representing the effects of convection and
diffusion into the mixture fraction space diffusion, is defined as,

x(f)=2D (%)2 (3.9)

where D is laminar diffusivity, f is mixture fraction. The model is derived from the
steady laminar counterflow diffusion flame with constant density and diffusion
coefficients by Peters [193],

x(SR, f) = %exp (—Z(erfc‘l(Zf))z) (3.10)

where erfc™! is the inverse complementary error function. SR is the strain rate,
defined by the velocity gradient at the oxidizer side of the counterflow flamelet [191].
As a user input to the manifold tabulation, a vector of SR sweeps from an extremely
low value to auto-ignition limitation, which is highly dependent on the chemical
mechanism. More points are assigned in the range of small values. The prescribed ¥
profile expression can be normalized by the scalar dissipation rate at stoichiomettic
conditions Yg¢ so that it can be independent on SR, as shown in Eq. (3.11), which
shows that SR and g ate equivalent variables for flamelet tabulation.

F(f)
X(Xst' f) = XSt F(fst) (311)

A normalized progtess variable C ranging from 0 (inert state) to 1 (fully burned
state) reparametrizes the chemical evolution. This is defined as

yc_ycg'nert

steady _y inert
ySteady _yi

C= (3.12)

i stead : .
where Y7 and Y2 °** are the inert and steady values for progress variable.
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To incorporate the combustion evolution into the 1D spray model, the laminar
flamelet is tabulated for every strain rate value as a two-dimensional manifold
composing 201 points in fvector and 501 points in C vector. It is worth noting that the
turbulence-chemistry interaction is neglected in 1D spray model, the flamelet
information is only used in laminar terms. Hence, the model mixture fraction (which
can be considered as a time-average value) is the only parameter that bridges the
connection to the flamelet, and the absence of variance prevents from following a
similar path to that in [178], which reconstructs the manifold by probability density
function (PDF).

3.4 Integration of the UFPV approach into the Quasi-1D model,
Mixing Trajectory

Note that according to the 1D model hypothesis, the species mass transport is
described in terms of axial convection, which is quantified by the axial convective
velocity u, and radial convection plus diffusion, which are described by the
corresponding radial convective velocity v and radial diffusion velocity vgifs so that
Vot = V + Vgify, the detailed derivation of these terms is given in Appendix. A. As
for progress variable Y, it doesn’t follow the self-similar profile along radial direction,
thus, a similar streamline derived in CFD for the mixture fraction [194], was adopted to
deliver a 2D distribution of progress variable, known as mixing trajectory. Indicated in
Eq. (3.13), it only needs inlet and outlet terms for the surface. As shown in Figure 3.3.a,
a control volume is defined across a given mixing trajectory, where the only unknown
in Eq. (3.13) is the point at the right upper side. In the initial model version, the surfaces
limiting the control volume were perpendicular to the mixing trajectory in the upwind
side k. Information is only transported between neighbour trajectories due to the fact
that the source term includes the flamelet diffusion along the gradient of mixture
fraction. To reduce the model complexity, the surface has been changed to be
perpendicular to the coordinate axis (Figure 3.3.b), thereby, the flow balance at the inlet
and outlet will only account for the axial component velocity. Along the radial direction,
the size of control volume is rearranged by a uniform mixture fraction distribution
starting from f;; (spray centreline value) to the position of 1% times of f,; near the
spray boundary.
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Figure 3.3. Definition of mixing trajectories. The control volume is designed with the axial inlet side i and
outlet side i+1, the radial inlet at the bottom side k-1 and outlet at the upper side k. The only unknown in
the control volume is the values of the point (i+1, k). The left sketch (a) shows the version proposed in
[21], the right one is the optimized one in this thesis.

The convection conservation equation for Y, along every mixing trajectory can
be written as:

2LV — (puy, 44); — (puY, AA) i1y + s AV (3.13)
where the term on  the left-hand side  defines the  transient
accumulation/deaccumulation of progress vatiable, the first two terms on the right-
hand side correspond to the balance of convective transport of progress variable, and
the last one W, is the source term, which is obtained from the tabulation in terms of
mixture fraction, progress variable and strain rate. W, is the term of Y, - p, including
both the flamelet local chemical rate and diffusion. Similar to Eq. (3.6), the conservation
of progress variable can be rewritten as,

Ac-u-p-Y.+Bc-p-Y,+C-=0 (3.14)

However, this is only used for single cell, rather than the cross-section parameter U, f
in Eq. (3.6). Therefore, the solution of progress variable is a 2D problem.

The flow chart of the Quasi-1D model is shown in Figure 3.4. Compared to the
structure displayed in Figure 3.2, another user input, SR, is required to access the
specified flamelet before the procedure of radial integrals. It is necessary to explain that
the call-up tables here do not consider the effect of turbulence, i.e. only laminar flamelet
information is stored, which is much different from the original UFPV model adopted
in the CFD framework [190] [194] [195]. By solving the conservation equations of axial
momentum and fuel mass fraction (substituting by mixture fraction under reacting
spray), the 1D distribution of axial velocity U, (x) and mixture fraction fg;(x) are
obtained, and the self-similar profiles are also considered. With the chemical source
term W, the 2D distribution of local progress variable Y, (x,7) is obtained after the
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iteration on the local density, instead of the state relationships. Finally, the parameters
of temperature, density and species mass fraction is achieved at each cell.
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P
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p=fESRf,Y)
RADIAL INTEGRALS We =Y. p=f(SRf.Y)
N2
To@yexp(-pin(3) (5) 4
—— T e T e T e e e e T 1
. 1
6,R(x) i Cig}iﬁ%ﬁungﬁs' QUASI-1D CONSERVATION EQ:  |!
Iy, Mg o i TG " +  PROGRESS VARIABLE !
323 R e 15 1 ____________________________ !
ucl(x): fcl (x)
u(x,r), fCx, 1), Y (x,7)

T(x,7),p(x,7),Yi(x,7)

Figure 3.4. General structure of Quasi-1D modelling

3.5 Derivation of scalar dissipation rate estimation from self-
similar mixture fraction and velocity fields

As mentioned in the previous section, the concept of flamelet is to describe a
turbulent flame as an ensemble of laminar diffusion flamelets by scalar dissipation rate
which has an effect on chemistry in terms of species along the mixture fraction gradient.
For the implementation of single-step irreversible reaction on the reacting spray
simulation using 1D spray model, the effect of scalar dissipation rate is ignored [20].

As the evolution with a flamelet is characterized by the scalar dissipation rate or
strain rate, an estimation of this quantity is necessary. This section will develop a
theoretical equation for this parameter that can be later used within the Quasi-1D model.
Following the analogy to laminar flow, this parameter will be calculated from the 1D
model using the laminar diffusivity and the time-average mixture fraction according to
the following equation:

x=2-D; grad®(f)=2-D,- [(g—i)z + (3—{)2] (3.15)

where grad?(f) is the square of the gradient of the time-averaged mixture fraction. D;
is the laminar diffusivity, which will be calculated as,
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_ _f . Ydiff
D =—f -3 (3.16)

where Vg;sr is the diffusive velocity in radial direction. The gradient of mixture fraction
along radial direction df /0r can be written as,

2
= fCl(x) R( )2 exp[ R(x)) ] (317)
Considering the formula of Vg;¢r, D) can be written as
: 1-esplk()|
D, = P ——u (X)R(x) tan(H/Z) ( ) (3.18)
R

where k, kf, ky, are all equal to In (100) at the condition of unity of Schmidt number,
U (x) is the on-axis velocity at position x, and R(x) is the spray radius at the position

af\2 = [8f\> :
x. Furthermore, the term (a) + (—) can be written as,

or
3
0x

(2 = 2 et G| vk 0[] [l 0+

1 R(x) 6R
i 3.19)

Substituting Eq. (3.17) — (3.18) into Eq. (3.14), the calculation of scalar
dissipation rate will be finished. The important point about this analytical derivation lies

upon the fact that y is found to depend only on on-axis values ( fcl, 8 e ) the spray

radius R and self-similar functions.

After this derivation, the calculated spatial scalar dissipation rate is validated
against DNS calculations of a steady-state turbulent round jet of air discharging into
quiescent ait, as shown in Figure 3.5, i.e. a constant-density jet. The calculation results
will be compared to the numerical analysis of Vlad Aparece-Scutariu [196] [197], who
performed the modelling of spatial characteristics and scalar dissipation rate within
DNS framework based on the experimental measurement studied by Panchapakesan
and Lumley [198]. The gas flow was ejected into the windowless room from the outlet
sutface with diameter of D = 10 cm. A top-hat injection rate is assumed at a constant
velocity, fixed at M = 0.35 (120.05 m/s). As a user input to 1D spray model, spray angles
should be provided, and the value can be obtained from the position of spray radial
boundary. For a constant density steady-state jet, a single spray angle value is enough
for the simulation.
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Figure 3.5. The flow configuration for the steady-state air-to-air jet [196]

To start the comparison, axial velocity and mixture fraction fields will be
validated. As depicted in [196], DNS data also suggests a self-similarity in the steady-
state jet, written as,

= = exp(—yen?)
£ = exp(~y:Scn?) (3.20)

where ) = r/x, the radial profiles after x/D = 10 indicates a match value of y; = 90,
Scy = 0.72. y¢ is similar to k in Eq. (3.7). For the 1D spray model, the self-similar
profiles have been defined in Eq. (3.3) with a similar formula,

2
u r
u_cl - exp[—ku (xAtan (0/2)) ]

o~ annlk. . r_\?
o= exp[—ks - Sc (x.tan (9/2)) ] (3.21)

Thereby, the spray angle can be obtained as 25.5° under the same critetia of spray
radius that defined as the radial index where the local velocity equals to 1% of the axial
value.

On the other hand, results of axial velocity and mixture fraction have been fitted
by the authors to DNS data [196],

va _p do
uo x
do
fa=¢C " (3.22)

where B, C represent the constant of velocity decay and mixture fraction, and they are
fitted as B = 6.7, C = 5.6 respectively.
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For a steady constant-density jet with self-similar radial profiles, the solution of

Eq. (3.2) in ug; and f; can be derived analytically to obtain an inverse function of axial
distance [18],

", = /m(;/o _ ;:ﬁ 1
2
R
2

where d,q currently equals to dy for constant-density flow, { equals to 1%.
Substituting the previously derived value of S¢ = 0.72 and the derived spray angle 8 =

RIr

(3.23)

25.5° from the radial profiles into Eq. (3.23), the term ln(i/{) ' 1(6) = 6.78, and the
an| -
2
term /ln(;/() : 1+ZSC " 1(9): 5.82, which are highly similar to the B,C values fitted to
an| -
2
the DNS (Eq. (3.22)).
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Figure 3.6. Axial profiles of velocity and mixture fraction. Markers: Measurement data [198]; lines (1D):
1D spray model

To compare the accuracy of this approach, good agreement on the axial velocity

and mixture fraction is achieved in Figure 3.6 in terms of a linear relationship of u—o and
cl
!

1 x _ .
7o, versus o by comparing the results from measurement and 1D spray model. It is
cl

necessary to point out X' is the distance counting from the virtual original x = 0, as
displayed in Figure 3.1.
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The 3D field of mean scalar dissipation rate of steady-state jet composes of the

af\2 ar\2 19F\2 . .
components 2D, (5) , 2Dy (5) and 2D, (; %) , corresponding to the terms in the
axial, radial and azimuthal direction. For the first term, the on-axis mixture fraction
decays with x ™1 over this range, and turbulent diffusivity D; remains constant. Thereby,
the centreline scalar dissipation rate follows a relationship of negative fourth power of
distance yo~x~*. The derivation process to this relationship is given in Appendix. B.
As indicated in DNS data, this fitting in the range of x/D from 14 to 29 is plotted in
Figure 3.7 by characterizing the Y; according to the equation:

Xei - T = Cy/x* (3.24)

where X in Eq. (3.24) actually represents x /D, T = D /Uy, and the fitting constant C,, =
56 is obtained for this jet.
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Figure 3.7. Evolution of normalised centreline scalar dissipation rate over the axial distance (a) in the
linear scale and (b) in the log scale [196].

Following this idea, a similar plotting is presented in Figure 3.8 for the 1D model
results, the dashed line represents the fitting over the range x/D = 15 — 28, and the
coefficient is close to the theoretical value of 1.7447, as derived in Appendix B. The
fitting coefficient from DNS data is much higher than the value derived from 1D spray
model, approximately 30 times to the latter one. For the averaged scalar dissipation rate,
the contribution of gradient of scalar fluctuations are much larger than gradients of the
mean, that’s to say, the mean scalar dissipation rate is approximately the turbulent
dissipation rate [199]. Therefore, the absence of turbulence in 1D spray model results
in the reduced magnitude of the on-axis scalar dissipation rate.
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Figure 3.8. Evolution of characteristics of centreline scalar dissipation rate

The radial distribution of scalar dissipation rate is displayed in Figure 3.9 when
divided by the maximum value. On the left, the average of DNS radial profiles for 14
<x/D <29 are shown, along with experimental measurements of [200], and the models
of Libby & bray [201] and Peters & Williams [202]. On the right, the curves derived in
1D spray model are similar at four different axial indexes (x/D = 15, 17.5, 20, 25).
Similar to the results of Peters & Williams (orange curve in the left image), the peak
locates around t/x = 0.076, then decays until the boundary. The value at the peak is
approximately 100 times higher than that on the centerline. In DNS results [197], the

2
term of 2D; (Z—D is about 1/3 of the sum of the three terms. This means that the

failure of the prediction of the simplified model for the scalar dissipation rate on the
centreline is caused by the absence of fluctuation of mixture fraction in 1D spray model
and Peters & Williams model.

To compensate for the disagreement on the centreline, we assume a plateau from
the centreline to the peak (red line in the right image). To further qualify the feasibility
of this assumption, the comparison of ¥ - T in the centerline from DNS data and the
maximum across the radial section in 1D spray model is presented in Figure 3.10. The
value from both simulations is obsetrved to be neatly the same after x/D = 20, where
the jet is fully steady state, and the highest discrepancy at x/D = 14 is no more than 20%
compared to DNS data. As a conclusion, the method using mean mixture fraction
together with the assumption of constant value from the centerline to the peak is
feasible to predict the scalar dissipation rate, and this is also the basics for the following
optimizations of the implementation of multiple flamelets.
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Figure 3.9. Radial profiles of scalar dissipation rate normalized by the centreline or the maximum. Left:
the average over x/D = 14 — 29 in DNS data (blue line) [196], Experimental measurement in points from
[200], and modelling of Libby & Bray [201] and Peters & Williams [202], right: normalized scalar
dissipation rate by the maximum at four axial index of 1D spray model.
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Figure 3.10. Comparison of characteristic scalar dissipation rate along the radial direction between DNS
and 1D spray model.

3.6 Numerical details of the implementation

3.6.1. Spray tip reconstruction

Spray tip penetration can be obtained directly from the model by finding out the
furthest cell starting from the nozzle where mixture fraction exceeding 0.001. This cell

is found out after the solution of uy and f; from conservation equations of

momentum and mixture fraction [18]. Furthermore, the convergence criteria on the
progress variable calculation is also based on the comparison of on-axis mixture fraction
between two successive iterations. As seen in Figure 3.11, there is a steep drop at the
spray tip (shown in blue line). Indeed, from a purely theoretical point of view, the spray
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tip in 1D models is a discontinuity in on-axis variables. Such a strong gradient near the
tip causes more iteration times, even leading to the failure of convergence. Therefore, a
procedure to find a quasi-analytical prediction of tip penetration at every timestep has
been developed, so that progress variable equation is only solved from the end of the
intact length until this tip penetration value. In that sense, tip penetration can be
obtained from a cross-sectional average velocity evolution [181] defined as:

s  _ I(x=s u?2mrdr
E=u(x=s)— (x=s5) _[p

T M(x=s) [puznr (3.25)

Starting from that, the reconstruction of the tip penetration can be written as:

j-1

—j-1
Lo+l At (3.26)

i _
Stip =S tip

e . . Ny o _j-1
where subscript tip is the section of spray tip, superscript j is current time index. uiip

is the cross-sectional average velocity at the spray tip at the previous instant j — 1,

S . . . —j-1.
which is the ratio of momentum to fuel mass rate, At is the timestep. Once uéip is

obtained, the corresponding Stjip will be derived by linear relationship. The

reconstructed spray tip displayed in Figure 3.11 (red line) is only slightly shorter than
the distance defined by the velocity. A comparison of the spray tip with two definitions
under the inert nominal Spray A condition is shown in Figure 3.12, results agree quite
accurately for both methods.

1 ucllimited Stip
reconstructed Stip
0.8 ]
E 0.6 1
=)
3
©04r .
S
0.2 ]
0 L ) L L
0 5 10 15 20 25 30

Axial distance [mm]

Figure 3.11. Normalize centreline velocity, mixture fraction along spray axial distance at 0.2 ms ASOL.
The position of reconstructed spray tip was shown as red line.
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Figure 3.12. The comparison of spray penetration among the experiment data, limitation by velocity and
the reconstructed data
3.6.2. Time discretization

As proposed in [21], the solution of progress variable adopts the chemical source
term at the current timing j, then Eq. (3.13) can be written as,

(pYcAV) =(pYAV) 1
At

— J J i '
= (puY, AA); — (puY, AA);,, + (W AV)/ (3.27)
According to this formulation, iterations are needed to obtain the chemical source term,
which costs more computational cost and even causes convergence failure in some cases.

To further reduce the cost, an explicit method formulation is considered that
uses the chemical source term at the previous timing j — 1, hence, the procedure in Eq.
(3.27) is not needed any more. Eq. (3.13) can be written as,

(pYcAV) =(pYAV) 1
At

= (puY, AA)) — (puY, AA)., | + (WAV)I 1 (3.28)

i+1

In this way, the chemical rate is assumed to be constant within an extremely short
timestep (~1.5 us) and the unknown YCIZ can be solved immediately. Computational
time shows that explicit method only takes 56 mins for the case of Nominal Spray A
with an injection duration of 2 ms, while the original method in [21] takes 156 mins.

This comparison was performed in a PC with Intel i5-9400F CPU at 2.9 GHz with 6
cores and 16 GB RAM memory [115].

3.6.3. Numerical reconstruction of the tabulated source term at the
initial inert state
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As discussed before, the solution of the conservation equation for progress
variable (Eq.(3.28)) incorporates both the soutce term W, and the density p by
interpolation of the corresponding transient term in the flamelet manifold time
evolution of Yc is very stiff, i.e. very small changes occur during a long time, and
transition from the almost inert case (C=0) to the fully reacting one (C=1) is indeed
very fast. Therefore, discretization in a finite number of C values around the inert state
is very critical, i.e. a small error of the initial chemical reaction rate will cause amplified
deviations of the solution against the flamelet one.

In the initial approach in [21], the source term value at inert state was simply
equated to the second value in the tabulated time vector. Following the experience in
[203], interpolation by means of piecewise linear interpolations is preferred so that the
continuity in the time/progress variable relationship in the original flamelet simulation
can be retained in the tabulated version. However, close to the initial values this

procedure has to be improved. The idea is to find a corrected initial value YC,O =
Yo (C = 0, inert state) that makes it possible to reach a given value C; in a time t;
when integrating Y with a linear interpolation in the interval [0, Cy]. In general, C;
cortresponds to the first non-null tabulated value of the vector C used for the chemical
database. In some cases, specified t is used, ie., 5.0e-4 s [191], then, C; was linear
interpolated by the adjacent values.

From the concept of piecewise linear interpolation, a linear relationship of the
corresponding source term

Ye=m-c+ VY, (3.29)

is built in the region ¢ € [0, ¢1] with a slope m = (Yal - YC,O) /1. Referring to the
definition of @, and the integrating in the interval [0, ¢4 ],

(bc _ Yc _ E_> ftl dt _ fﬁﬂ — fC1 dc (330)

Ycequil_ycinert T dt 0 Ycequil_ycinert —Jo Y¢ 0 mc+Y,
Solving

t 1 mey+Ye c Yc
W = —11’1( L '0> == L In (—'1) (331)
Y i ygner m Yco Yci=Yco Yco

. r 1 . .
Assuming t; = SR merr> the above expression can be written as,
c c

! U
th e
exp (jyc,ﬂ exp (ij,l)

(3.32)

7 =

!
ty ty ..
1y, 1y
e Gt e Gl

With the notation A = ——2—— B = = the expression can be rewritten as,

Yca 1

’
th .
exp (jYC,l) t!
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—2 = —BY;0exp (—BY) (3.33)
This is similar to lambert W function f(x) = x - exp (x), and the real value of Wy
will be,

B
Wo(— .

‘ —%,—BYC1 <-1

YC,O = B (334)

_wald) v o
B ’ c1 =

Figure 3.13 displays an example of the accuracy of the previously derived

procedure, which has been validated against a flamelet case. The figure shows a

comparison of solution C = C(t) provided by the tabulated flamelet manifold and the

reconstructed profiles with the reconstructed initial value,
v/ =y +v,) e (3.35)

In the left image, good reconstructions to normalized progress variable are
observed at the timestep (At = 0.2 & 1.0 us) under the stoichiometry, indicating that
Y, can be seen as the same between the adjacent frames. Enlarging the timestep, the
time shift in the curves of normalized progress variable is still within the range of 5 us
when the timestep is shorter than 2.0 us, while the shifting becomes significant when
the timestep increases to 4.0 us. In the right image, the comparison under different
mixture fractions is presented at the timestep of 0.2 us. The reconstructed normalized
progress variable matches well with the tabulated in lean and stoichiometric mixtures,
only with a slightly earlier shift in rich mixtures. To balance the computational cost,
At = 1.0 — 2.0 us is a good time interval that will be noticed in 1D model.
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Figure 3.13. Comparison between the tabulated and reconstructed profiles C = C(t). The sensitivity of
timestep (4t) on the stoichiometric mixture fraction is shown in the left image; the performance in
different mixtures is shown in right image. Mechanism: LLNL; Condition: Nominal Spray A; Strain rate:

50 1/s.
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3.7 Liquid spray effects

The initial assumption of gas jet theory still can deliver a good prediction to
reacting spray tip penetration. Observations from gas jet are relevant because many
aspects of the mixing and transient development of diesel jets are analogous to single-
phase transient gas jet [116]. However, the calculated mixture fraction in gas phase is
higher than the real one in the dense spray region, which is calculated as a diffuse
interphase, i.e. the local density is calculated from that of a local mixture including both
liquid and gas phases. This overprediction in mixture fraction results in faster ignition
behavior, especially for low injection pressure and large orifice diameter. In addition, to
compensate for the enthalpy loss during the vaporization cooling process, the fuel initial
temperature in the flamelet manifold was set as 185 K to match the maintained fuel
temperature at 363 K in the measurement.

Under the mixing-controlled spray hypotheses, LL is defined as the location
where the mixture fraction on the axis starts to be lower than a characteristic value,
corresponding to a mixing-controlled spray evaporation feyqp (Table 4.1 in Chapter 4).
Near the nozzle, the mixture temperature is close to fuel temperature, and the reactions
are also weak. Thus, to balance the computational cost, no reactions are assumed to
occur upstream of LL, as displayed in Figure 3.14. It is important to point out that this
assumption would not be much feasible under the condition of high-reactive

environment and low injection pressures, due to the observed CH2O formation at LL
[204] [205], and the LOL is even shorter than LL [2006].

3.8 Further considerations at ignition timing
Ignition propagation

According to the previous description, interaction between adjacent trajectories
is not considered in terms of progress variable transport [21]. This results in a
development of ignition along a particular trajectory, which extends radially as far as
each trajectory ignites on its own (more details will be found in the next chapter). In the
end, trajectories at high radial locations and/or those very close to the axis ignite much
more slowly, as shown previously [115], which is far from a more physical ignition of a
Diesel-like spray, starting at particular locations and later transiting to a fully reacted
spray over the spray cross-section.

To compensate for such unphysical ignition, the transition to fully reacted state
(C = 1) at ignition timing is imposed in the present study for all the spray region
downstream of the lift-off length until the spray tip, irrespective of the trajectory state.
Figure 3.14 shows this igniting region as a trapezoidal zone with a red boundary. This
transition extends from a characteristic axial position X7y . In this sense, Xy, ¢ is



3.8 Further considerations at ignition timing 79

defined at the closest position to the orifice where the radially integrated mass at ignited
state (mass;gnited) represents more than the fraction @y, . of the total mass within

the spray cross-section (Mass¢,;)-

Hence, two parameters will affect the XLOL¢, namely @ ¢, - and the criteria of
C value defining the ignition. As depicted in Figure 3.15, the sensitivity of this constant
(@roL,c =10%, 15%, 20% and 25%) is presented in the left image, and the effect of
different C value for ignition (C = 0.80 — 0.95) is given in the right one. The results of
lift-off length from OH mass fraction XLOLgy is also plotted as a comparison. At first
glance, changing on the two parameters shows little effect on XxLOLgy. The situation
where XxLOL¢ slightly longer than xLOLgy is the most practical solution to this
combustion state transition, which only modifies the downstream distribution of
temperature and species, rather than the ignition delay timing and/or lift-off length
location. By comparing experimental values at the nominal Spray A condition, the
combination of @y gy = 20% at C = 0.95 is selected for the subsequent calculations.

Ignition-induced radial Expansion

Finally, previous studies have shown the importance of including a radial
expansion AR term of the spray at the ignition timing to enable adequate predictions of
local mixing and velocity distributions [152] [167], as well as tip penetration in
agreement with experimental observations. In particular, the absence of AR results in
faster penetration and slower mixing. This precedent work has shown that the radial
expansion can be calculated by a mass balance between inert and reacting states
downstream of the ignition location, written as Eq. (3.36).

S R S R+AR
fLO Cfo Pinert * 2rr - dr - dx = fLO Cfo

The same integral function appears on both sides of the equation, with the left-
hand side term being integrated under inert condition (C = 0), and right-hand side one

under reacting ones, just after start of combustion. The same approach has been
followed here with the Quasi-1D spray model.

Dreact * 277 - dr - dx (3.306)

It must be noted that AR is calculated once at the start of combustion, and it
remains constant in the following timings. An example of such radial expansion is
presented in Figure 3.16, where a single flamelet with strain rate at 50 1/s is incorporated
to Quasi-1D model. As observed from the temperature contour at steady state (2.0 ms
ASOI), the forced transition of combustion state is only affecting the part of the spray
downstream of XxLOL that temperature distribution is only dependent on the local
mixture fraction and the combustion state reaching the steady state (C = 1). Compared
to the results of trajectory ignition in the first row, this transition is more effective in
the fuel-rich region, especially in the area where equivalence ratio larger 2.0. To make a
difference in ignition behavior, the ignition with the transition is named as inter-
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trajectory ignition. Furthermore, this transition also results in a shift of the equivalence
ratios surface towards spray boundary, which is more significant in the radial expansion
condition AR > 0.

In general, this forcing transition is a balanced choice to compensate for the
absence of Y, diffusion, and it mainly influence the contours distribution of
temperature and species, while shows little effect on ID & LOL prediction, the most
important combustion metrics in Quasi-1D modelling.

tsoc T

Figure 3.14. Schematic of mixing-controlled evaporation assumption, transition of combustion state and
radial expansion in Quasi-1D model
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Figure 3.15. Sensitivity of lift-off length defined by OH mass fraction and C to @, (Thresl); and to
the criteria to define the ignition state by C value (Thres2).
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Figure 3.16. The comparison of temperature (T) contours and normalized progress variable (C) contours
at steady state (2.0 ms ASOI) with the discussed optimizations. Mechanism: LLNL; Strain rate: single@50
1/s. Uppet: results with trajectory ignition (otiginal version); middle: results with imposed ignition
trajectory without radial expansion; bottom: results with imposed ignition propagation with radial
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3.9 Summary and Conclusions

This chapter presents the development of the 1D spray model and highlights the
optimizations for the reacting turbulent spray simulation coupling to laminar flamelet,
tinally named as Quasi-1D model. Thereby, this developed model can realize a full
prediction of important combustion metrics, namely ignition delay, lift-off length and
contours of temperature and species concentration. The details of the optimizations of
the Quasi-1D model since its initial proposal in [21] are summarized as follows:

e In pursuit of model simplification, modifications have been made by adjusting
the control volume to be defined perpendicular to the axial coordinate.
Furthermore, spray tip was reconstructed using a cross-sectional average
velocity to effectively prevent the iteration failure when updating local density
and progress variable. An explicit time formulation for the progress variable,
incorporating a transient term at the previous timing, was also implemented to
further reduce the computational cost.
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e To enhance the accuracy of ID & LOL prediction, the first optimization is to
reconstruct the chemical reaction rate at the initially inert state by means of a
numerical procedure that has already been used in the past at CMT. Good
agreement with the tabulated evolution of normalized progress variable is
achieved by this reconstruction at a short time interval. Additionally, the
assumption of no reactions upstream of liquid length is adopted, which
weakens the effect of long local residence time in the extremely lean mixture
and prolongs the ignition delay and lift-off length.

e As a balanced choice of progress variable diffusion among the trajectories at
ignition timing, a so-called ‘Imposed ignition spread’ is implemented, which
enforces the chemical state downstream of the lift-off length to be steady. This
adjustment improves the reactivity in the spray centreline and near the
boundary, which only influences the distribution of temperature and species,
without affecting the ID & LOL prediction. The steep drop in density causes
an acceleration of penetration, which is then slowed down by the expansion in
the radial direction.

e The key procedure in flamelet incorporation is to find the reasonable strain rate,
especially in the radial direction. Initially, the calculation of local strain rate is
validated using experimental results of an air-to-air flow. In addition, a further
comparison with a DNS result indicates a good match for r/x > 0.07 in the
developed region, while the calculated results in the inner regions are much
underestimated. Lastly, the assumption of constant value from the centreline
to the peak is adopted to predict the scalar dissipation rate.

3.10 Appendix. A. Calculation of flow velocities in the radial
direction

In Eq. (3.16), turbulent diffusivity is a function of radial diffusive velocity vg;sy,

defined as the difference of radial velocity V¢ to mean radial velocity v. The derivation
of these two terms will be presented in the following:

Radial mean velocity v

In a control volume, the continuity equation states the rate at outlet is equal to
the rate at inlet plus the accumulation within the volume. The differential form of it for
a constant density can be written as,

d(pur) + a(pvr) _ 0

P or (3.37)

Along the radial direction, the velocity follows Gaussian profile,
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r \2
u = ug(x) exp [_ku (ﬁ) ] (3.38)
and the first derivative to X can be written as,
ou _ _ T 6ucl OR Zkur
ox &P [ ey (R(x)) ] { Cl(x) ax } (3-39)
substituting Eq.(3.39) into Eq.(3.37),
__16ucl r . LZ 6R2k 2 3
v=—-— fo exp[ ku(R(x)) ]rdr ucl(x)a R3 xp[ k, R(x)) ]r dr
(3.40)
The integral fr exp |—k (L)z r dr can be written as
g 0 p u R(x) >
2
Jo exp [ =keu (75) | rr = =32 expl1 dg = 52 (1 = explgD)
r \2 ky
{=—k, (ﬁ) > df = — 2 2rdr (3.41)

2
The integral for exp [—ku (ﬁ) ] r3dr can be written as,

fi exp |~k (55) | e = 25 F expl 6165 = 25 (expl 51 - D + 1)

! ki 2¢d
¢=ky (R()) zz_kz(r) _)Z(d{=F4T3dT—>T3dT=k{2z=

R(x) =
R4—
22 946
J¥ expl ¢1¢d = exp[ {1 (S + 1) (3.42)
Thus, Eq. (3.40) can be written as,
__R? 1 ((-1exp[-{]+1) __R? 1 (1-exp[-{]
1J_urxku( 2 _5)_uEk_u( 2 _{) (3-43)

Finally, radial mean velocity at each cell will be written as,

vlor) = ulor) g (1 + M) = u(x,r)tan(6/2) (% + _1_exp[k’i(i) ])

R 2kyg 2kyg
(3.44)

Radial velocity, V¢
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Under the assumption of equal diffusivity, the radial velocity can be derived from
mixture fraction transport equation:

o(pfur) | 0(pfveorr) _
s N L ~0 (3.45)

where V¢ is the sum of mean radial velocity V¢o¢ and diffusive velocity vg;rr. Mixture
fraction along the radial direction also follows the Gaussian distribution,

f = falx) exp |~k (ﬁ)z]

fu = furter exp [ ~Frae (2) | 34

where kior = ky + ff, the first derivative to x can be written as,

ofu r \21 (8fciuc OR 2k¢orT?
= &Xp [_ktot (ﬁ) ] {# + fa(Due (x) a%} (347)
Thus, Vo can be written as,

Vtot =

1 9fquq (7 _ _r 2 1 OR 2k¢or (T _ _r z 3
rf ox fO exp[ ktot (R(x)) ]rdrrffdud dx R3 fO exp[ ktot (R(x)) ]T dr

(3.48)

Similar to the conversion of integrals in Eq.(3.42), Eq.(3.48) can be forward
derived as,

1 dfquy R? 1 OR 2ksor R*
Vtot = = o 2k (L €XPISD) = = feruer 5 s g (exp[S1 (€~ D +
1) (3.49)
k** afC C fC C

fetUer == a;u ) ;u l
R _ R
a = ; = tan(9/2)

Then, it can be simplified as,
Vot (26, 17) = u(x, 1) tan(G/Z)% (3.50)

Finally, the radial diffusive velocity will be derived as,
Vairf (X, 1) = Veoe (X, 7) = v(x,7) (3.51)

In a steady-state jet, the example of calculated V¢, U, and Vg5 is presented in
Figure 3.17, normalized by the axial velocity u;. From the centreline to the half radius,
all the three terms are positive, and Vg, reaches the maximum at the position of t/R =
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0.3, consistent with the position where the peak scalar dissipation rate locates. Towards
the spray boundary, mean radial velocity tends to be negative, and the total radial
velocity approaches zero, resulted from a high diffusive velocity near the spray
boundary.

time =3.0 ms, x =80 mm
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Figure 3.17. Radial mean velocity, radial total velocity, and radial diffusive velocity normalized to local
centreline velocity along axial direction

3.11 Appendix. B. Characteristics of on-axis scalar dissipation
rate

The calculation to scalar dissipation rate ¥ concludes the parameters of turbulent

2 2
diffusivity Dy and the square of the gradient of mixture fraction (Z—i) + (Z—];) , as

written in Eq. (3.15). Along the centreline, the scalar dissipation rate was observed to
follow a relationship of negative fourth power of distance y;~x~*, and this trend is
also found when it extends to other trajectories. Described in 1D spray model, the
mixture fraction along the centreline drops downstream with the typical x ™1 law in the
developed region, thereby, the square of the gradient of mixture fraction also follows
the x™* law. In other words, turbulent diffusivity should be constant along the
centreline, the theoretical analysis is presented in the following,

Firstly, the formula of laminar diffusivity Dj is written as

: roen] 13|
ucl (X)R(x) tan(9/2) (3.52)

T B

and the velocity also follows the x ™1 law,
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_ 1n(100) . dequ() . l
uy = |28 ) (3.53)

and therefore

D, = ’lo‘g(zﬂuo_dfeq tan(g/z) 1—exp[—k(£)2] -1 tan(6/2) Uodeq 1—exp[—k££)2]

2k 2k(£)2 4,[log(100)/2 Sc 2k(x)
(3.54)
For the trajectory of the spray centreline,
==0
Then,

1 tan(8/2) Ugdeql 1 tan(0/2) updeq
=2 =3 = constant .
Dia =13 log(100)/2 Sc 2 8.flog(100)/2 Sc (3.55)

Secondly, moving towards to the calculation of scalar dissipation rate, on-axis

mixture fraction fits the law of x ™1

_ (Sc+1) ’log(loo) degq 1 (Sc+1) . 1
cl — 2 2 tan(g) x 2 kcl,u deqx (3'56)

Next, on-axis scalar dissipation rate can be derived as,

, written as,

_ o _tan(8/2) Uodeq[fal® _ ., 1 [(Sc+1) 2 updeq dq
Xet = 8,/log(100)/2 Sc [x] - Zskcl'u[ 2 kcl,u] S xt (3.57)
Divided by the term —2,

eq
XCldeq _ 1 (Sc+1) Zi % 4 _ 1 (Sc+1) chi % 4
Ug _28kcl,u[ 2 kd'u] Sc(x) _28[ 2 ] Sc (x) (3.58)

2
Finally, the coefficient 25 [SS2]" 222 cquals 10 17447, as shown in Figure 3.8,

4

Although it also fits the law x™~, the coefficient is much smaller than the value 56

derived in [197].
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4.1 Introduction

Building upon the concepts outlined in Chapter 3, a Quasi-1D model was
developed by integrating a spray model with a single flamelet manifold. This manifold
is pre-tabulated offline and takes into account variations in ambient components,
thermophysical properties, and fuel reactivity. The present chapter applies the model to
discuss the impact of spray mixing characteristics, namely injection pressure and nozzle
diameter, on the prediction of combustion metrics in conjunction with various chemical
mechanisms. The simulation utilizes the same flamelet manifold across different mixing
conditions. Experimental data suggests that higher injection pressure enhances fuel
evaporation and mixing, resulting in a shorter ID, while the increase in momentum leads
to a longer LOL. Conversely, reducing the nozzle orifice diameter boosts the air
entrainment rate, leading to a consistent decrease in ID and LOL [194].

Besides the assumptions describing the physical spray flow in 1D spray model,
the choice of chemical mechanism and definition of progtess variable (¥;) in the UFPV
model, are also considered crucial factors influencing predictions. Using this
combustion model and the progress variable definition Y, = Yo + Y¢g,, Payri et al.
[195] conducted simulations of ECN Spray A using RANS-CFD framework with
chemical mechanisms proposed by Narayanaswamy (abbreviated as Nara) [207], Yao
[208], Wang [209], and Cai [210]. Results indicated that Yao mechanism is more accurate
for predicting ID under varying ambient temperatures, while Cai mechanism performs
better for ID predictions under the conditions varying oxygen concentration. On the
other hand, Nara and Wang mechanisms are more effective for LOL predictions.
Pachano [211] modified the definition of progress variable to Y, = 0.75Y¢o + Y¢o, +
Yy,0 to ensure monotonic time evolution of Y, and achieved accurate prediction to
both ID & LOL using Yao mechanism. The inclusion of more components in this
definition, theoretically leads to a more accurate description of the chemical state [212].
Despite this, predicting under low temperature conditions remains challenging. The
present work will make use of the same Y, definition as in [211], which has been used
in Chapter 3.

Quasi-1D modelling in this chapter was arranged as follows: in section 4.3, the
influence of chemical mechanisms was studied by comparing the performance of Quasi-
1D modelling on combustion metrics (ID & LOL) and contours (Temperature, CH>O)
using Yao, LLNL [184] and Nara [207] mechanism. Next, the effect of mixing will be
conducted in section 4.4 with the variation of injection pressures and nozzle diameters
under Nominal conditions. Finally, in section 4.5, the model extension was performed
under the ECN recommended conditions [213], consisting of the variation of ambient
temperature, oxygen concentration, nozzle diameter and injection pressure. But prior

88
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to these sections, in section 4.2, an overview of the operating conditions used for the
forthcoming study will be presented

4.2 Overview of operating conditions

The boundary conditions of the parametric study correspond to those
experimentally measured in the constant pressure flow facility available at CMT [22],
where the ambient gas thermochemical conditions are controlled by supplying an
oxygen and nitrogen mixture compressed and pre-heated before entering the open
combustion chamber in which the fuel is injected. Table 4.1 shows the configurations
of the investigated conditions, which are defined in terms of nozzle diameter and
injection pressure, and ambient air density, temperature and oxygen content. The
nominal case (marked as bold) is defined by setting the ambient conditions at T, =
900 K, Xo, = 15%, Py, j = 1500 bar, p, = 22.8 kg/m?3 [214], and three parametric

studies are considered:

e The first study vatied the temperature from T, = 800 K to T, = 1000 K
while maintaining the oxygen concentration at the nominal level.

e The second study focused on the effects of dilution levels, with the oxygen
concentration modified to that of ambient air (21% in mole fraction) and
temperature at the nominal level.

e The third study involved varying the nozzle diameter using Spray A
(Do = 89.4 um, no. 210675) and Spray D (Do = 190.3 um, no. 209135).

All studies were conducted with injection pressure Py, j ranging from 500 bar to
1500 bar, while ambient density remains constant for all operating conditions.

Table 4.1. Parameters defining operating conditions. Nominal conditions are denoted in bold.

Nozzle/Diameter[um] Pipj [bar] pa[kg/m3] T.[K] Xoz2[%] fevap [-]
Spray A / 89.4 500/1000/1500 228 800 15 0.3115
Spray A / 89.4 500/1000/1500 228 900 15 0.3636
Spray A / 89.4 500/1000/1500 228 1000 15 0.4085
Spray A / 89.4 500/1000/1500 228 900 21 0.3629

Spray D / 190.3 500/1000/1500 228 900 15 0.3636

The evaporation mixture fraction, feyqp, is provided in the final column of Table
4.1. This parameter defines the limit of the liquid spray from a mixing-controlled point
of view and is only dependent on ambient air conditions (pressure and temperature) as
well as fuel temperature. The ambient density p, remains constant at 22.8 kg/m3, and
the fuel temperature of the liquid spray is held at 363 K. This parameter has been
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calculated using the liquid spray state relationships previously developed for the 1D
model in [19].

In addition to the thermodynamic conditions (shown in Table 4.1), the time
evolution of injection profiles are also essential inputs to 11D model. For Spray A, Figure
4.1 shows the mass flow rate mf(t), which is obtained from a virtual injection rate
generator [125], and the injection duration is long enough to ensure a steady-state
combustion. Then, the profile of fuel momentum M (t) can be derived by

1(t) = = RLLONS
M(t) = ms(t) - u = m(t) Capy 4] 4.1
where Ca is area coefficient, set as 0.98, pg is the fuel density, and d, is the nozzle
diameter. As for the Spray D, the mass flow rate is obtained from an ‘educated’ profile,
which has been accepted in the ECN community [122]. They are generated with a model

that accounts for expected hydraulic fluctuations in pressute, injector opening times,
nozzle minimum diameter and discharge coefficient.
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Figure 4.1. Mass flow rate at ECN Spray A condition fuelled with n-dodecane.
Table 4.2. Configurations of Quasi-1D model of Spray

Items Spray A Spray D
Nozzle diameter [pum] 89.4 190.3
Spray angle, 61 [°] 15.75 15.75
Spray angle, 0 [°] 25 25
Intact length, IL [mm)] 15 33[131]
Area coefficient, Ca [-] 0.98 0.98
Discharge coefficient, Cd [-] 0.9 0.9
Injection rate type VIG educated

To ensure a free-spray situation, the calculation domain is set as 150 mm length
with the mesh grid of 1.37 mm. 52 trajectories are considered along the radial direction,
and higher resolution is embedded in the spray centreline. As confirmed in [152], the
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input of the two spray angles for near-0; and far-field 0, with a transition occurring at
an intact length distance IL from the orifice is calibrated for the inert spray tip
penetration of nominal Spray A. The details of the inputs to the 1D model can be found
in Table 4.2.

4.3 Nominal Spray A condition

In this section, the influence of chemical mechanisms under nominal Spray A
condition is discussed in terms of chemical source term from the flamelet, ID and LLOL
against strain rate obtained from flamelet and Quasi-1D modelling. The analysis in this
section will not use the radial expansion nor the imposed ignition propagation (Section
3.8), mainly to have a better feeling of the actual model performance during ignition
sequence. Note that this does not have an effect on ID & LOL, which is the focus of
the present section. The analysis will start with the inert spray evolution, followed by
the performance of flamelet ignition as the strain rate variation, then the comparison of
single and multiple flamelets will be discussed, finally, the comparison of calculated ID
& LOL and ignition sequence among the different chemical mechanisms will be
presented.

4.3.1. Inert spray analysis

The analysis starts with the evolution of the inert spray, which builds up the
mixing field upon which ignition and subsequent flame development will later occur.
The time evolution of the vaporizing spray is usually characterized by the liquid length
and tip penetration. The vapor tip penetration is defined as the axial distance to the
furthest location where the axial velocity reaches a value of 0.1% of the one at the orifice
outlet, and the liquid length is defined as the axial distance to the shortest location where
the axial mixture fraction firstly reaches the value of evaporation mixture fraction.
Figure 4.2 shows a comparison between experimental data [152] and 1D spray model
results, demonstrating excellent agreement for both spray tip penetration and liquid
length. Input settings for the model have been summarized in Table 4.2.

For a further comparison, spatial axial profiles of velocity and mixture fractions
are compared in axial direction (Figure 4.3) and radial direction (Figure 4.4) between the
1D modelling results and experimental database from [79] [114]. The ensemble-
averaged experimental results are shown in black lines, and the uncertainty 95%
confidence intervals of the average are shown as gray fill. To enable comparison of
different ECN nozzle units used for the experiments, the spatial coordinates are
normalized by the nozzle equivalence diameter defined as doq = do(pf/ pa)">, where
dy is nozzle diameter, ps is the fuel density, p, is the ambient density. The radial
profiles at axial distances of 25, 40 and 55 mm, corresponding to the normalized
coordinates at 50, 80 and 110, respectively.
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Figure 4.2. The validation of spray tip penetration (Solid) and liquid length (Dashed) for inert spray A.
The uncertainty of experiments is delimited with shadows.

Figure 4.3 demonstrates a strong agreement between the measurement and
Quasi-1D modelling in terms of axial velocity (left hand) and mixture fraction (right
hand) at 1.5 ms ASOIL. The left side of the figure shows some overprediction to axial
velocity for x/deq < 60, attributed to measurement limitations in the dense spray region
[114]. In the right image, following the setup of Sc = 0.72 used in air-to-air jet (Chapter
3), the on-axis mixture fraction is slightly underestimated from the distance at x/deq =
80 to the spray head. The setup of Sc = 0.72 slightly underestimates the on-axis mixture
fraction in the distance from x/deq = 80 to the spray head. To get a better prediction,
the setup of unity Schmidt Number is used in 1D spray model (Table 4.2), and the
prediction in the distance 50 < x/deq < 80 is also within the measurement uncertainty.

The validation of radial velocity and mixture fraction at different axial distances
is presented in Figure 4.4. Gaussian profiles are adopted to characterize the radial
properties (U, f). The images in the upper reveal a slightly wider velocity distribution
compared to the experimental data [114], whereas the mixture fraction in the bottom is
a little bit narrower, and an excellent agreement was observed at the distance of x/deq
= 50 [79]. In general, the prediction to both velocity and mixture fraction is deemed
acceptable, supporting the use of the 1D model setup in the following calculations for
reacting spray.
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Figure 4.3. The validation of axial velocity (left) and mixture fraction (right) under inert Nominal spray A
condition. Experimental database: black; 1D modelling result: blue. The uncertainty of experiments is
delimited with shadows.
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4.3.2. Effect of strain rate on flamelet ignition in mixture fraction space

In this study, the Quasi-1D model calls up the laminar flamelet database directly
and employs a single flamelet configuration, i.e. a single strain rate value. Therefore,
examining flamelet ignition across a broad range of strain rates is a fundamental starting
point for understanding the spray ignition process throughout Quasi-1D modelling.
Figure 4.5 shows the temporal evolution of profiles of temperature in mixture fraction
space with a timestep of 10 ps. The black solid lines in the upper and bottom part
represent the temperature at steady state (C = 1) and inert state (C = 0), respectively.
Ignition starts in the lean mixtures (t = 110 ps), then the maximum temperature
increases to 1100 K after 200 ps, and the maximum temperature location also shifts
towards the richer side. After the steep increase within 40 ps in the rich mixture, the
position moves back to the stoichiometry. Finally, it reaches the steady state at 380 ps.
The profile that includes all the maximum temperature at different timings is shown as
the dash-dotted black line.
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Figure 4.5. Temperature evolution along ignition process in flamelet under Nominal Spray A condition.
Mechanism: LINL; Strain rate: 300 1/s. The vertical line is the stoichiometric mixture fraction.

The chemical source term is illustrated in Figure 4.6, showing maps of T — f
(Figute 4.6 a) and C — f (Figutre 4.6 b) for strain rates of 10, 300 and 1000 1/s among
the three selected mechanisms at nominal Spray A condition. Here, the chemical source
term is the transient flamelet term for ¥, equation, which is directly extracted from
flamelet data. A logarithmic colour scale is used for better visualization. Besides the
vertical dashed-dotted line (equivalence ratio, /st = 0.04605), a number of solid black
lines imposed on contour represent the instantaneous flamelet temperature with a
constant timestep of 10 us between two adjacent lines. The dashed line extending from
T =900 K to the maximum or from C = 0 (inert) to the steady state (C = 1) highlights
the maximum value at each instantaneous phase during the combustion process [191].
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The flamelet ignition process predominantly takes place in the region where the

mixture fraction is below 0.2. Within this range, as the system moves towards higher
temperature ot the steady state (C = 1.0), chemical reactivity can be divided into three
regions, corresponding to a two-stage ignition process that is consistent across different
strain rates and chemical mechanisms.

Starting from an ambient temperature (Ta = 900 K) in the oxidizer stream, the
temperature rises to approximately 1000 K near the stoichiometric ratio (cool
flame phase), before reaching a plateau until a final increase at the end of the
curve, known as first-stage ignition. Across the three strain rates, a consistent
morphology is observed, with high intensity expected under lower strain rates.
Among the three mechanisms, Yao scheme exhibits the strongest chemical
activity at a constant strain rate, particularly in the 0.05 < f < 0.1 range.
Qualitatively similar trends are seen in the LLNL and Nara schemes, with
slightly weaker activity in the latter mechanism. Despite starting at Ta = 900 K,
all three mechanisms reach T' = 1000 K near stoichiometry, but the Yao scheme
achieves a higher C level due to its enhanced chemical source term. While
increasing strain rate does not impact the initial temperature rise, it prolongs
the first-stage ignition stage, characterized by a steady temperature and gradual
chemical evolution in C curves. Notably, the LLNL scheme shows minimal
strain rate influence on this behavior.

A significant rise in temperature at a constant mixture fraction in the rich region
was observed at the end of the initial stage, demoted as the second-stage
ignition, typically occurring within the temperature range of 1000 K <'T' < 1500
K. The evolution of the normalized progress vatiable illustrates that a higher
strain rate leads to a prolonged period of the first-stage ignition, resulting in
increased levels of C during the second-stage ignition. Additionally, a decrease
in chemical reactivity is anticipated, as well as a narrower distribution of the
chemical source term across the temperature and a wider distribution across
mixture fraction. Consequently, the magnitude of the steep increase diminishes
at higher strain rates. Furthermore, the narrower contours contribute to the
displacement away from stoichiometry. Unlike the behavior exhibited in the
initial region, Yao solution attains the lowest chemical activity, resulting in the
highest C values at the second-stage ignition.

Afterwards, the flame was fully ignited, leading to an increase in temperature
and normalized progress variable towards the steady state. The reactivity shifts
back towards stoichiometry at SR=300, 1000 1/s, but this effect is less apparent
at low strain rate (SR = 10 1/s), where high temperature ignition takes place
almost at a stoichiometric condition for all three mechanisms.

To further elucidate on the flamelet ignition process, the evolution of ignition

delay in relation to mixture fraction is compared across different mechanisms and strain
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rates, as illustrated in Figure 4.7. First-stage ignition (referred to 1st-1D) is the instant
when each mixture reaches its chemical state at C = 0.1 first, while the second-stage
ignition (referred to 2nd-1D) is the moment when its chemical state C > 0.9.

At the lowest strain rate, the curves of both first- and second-stage ignition for
the three mechanisms exhibit a V-shape over the range of mixture fractions considered
(0 < < 0.2), with the sensitivity of ignition delay to mixture fraction being more
pronounced on the fuel-lean side. The position of the minimal value across the mixture
fractions is also known as the most reactive mixture fraction. For the first-stage ID of
Yao solution, this position locates at the fuel-lean side (f= 0.015), whereas for the other
mechanisms, it is observed on the fuel-rich side. Furthermore, both first- and second-
stage ID reach their minimum values at similar mixture fractions (0.06 for LLNL, 0.065
for Nara). Consistent with the lower intensity of chemical activity, Nara mechanism
exhibits the longest ignition delay for both first- and second-stage ignition. When
comparing Yao and LLNL, a highly similar second-stage ignition delay is found between
the two mechanisms. For the first-stage ignition delay, similar results are LLNL shows
a longer value when the mixture fraction is smaller than 0.07, alignhing with the lower
reactivity in this region.

Profiles of ID versus mixture fraction are observed to increase in width with
increasing strain rate for both the first- and second-stage 1D, i.e. diffusion accelerates
ignition on both the fuel-rich and lean cases. In terms of the first-stage 1D, the minimum
value remains relatively constant across three mechanisms, with only a longer ID for
the LLNL and Nara schemes near the stoichiometric ratio. This also indicates that
reactivity is further reduced in the fuel-lean side at the low-temperature region. As
expected, a longer second-stage 1D is found with an increasing strain rate independent
of the mechanisms. At the highest strain rate, LLNL solution is close to the extinction
limit (SR = 1250 1/s), thereby, a longer ID was found than Yao in this scenario.

In summary, Figure 4.6 and Figure 4.7 gather and condensate the process of how
ignition develops for laminar flames which is similar to the assumption in Quasi-1D
modelling. If turbulence-chemistry interaction is neglected, the general trends of
flamelet using different mechanisms should align with the corresponding performance
of the Quasi-1D model, as will be discussed in the following section.
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Figure 4.7. Ignition delay against mixture fraction for low-temperature (dash) and high-temperature
(solid) ignition. The mechanism of Yao, LLNL and NARA are compared. The vertical dash line is
stoichiometric. The uppert to bottom, cortesponding to strain tate at 10, 300 and 1000 1/s.

4.3.3. Effect of strain rate on Quasi-1D spray ignition

This section will focus on the effect of strain rate on the Quasi-1D spray ignition
process, as well as the difference among the commonly used chemical mechanisms for
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n-dodecane, named as Yao, LLNL and Nara. The calculation will be carried out under
Nominal Spray A condition.

To give a first description of the spray ignition process as obtained from the
Quasi-1D model, an example case will be used based upon the result of a SR = 10 1/s
using LLNL mechanism. First, the time-evolution of maximum temperature across the
spray is shown in Figure 4.8, where a typical two-stage ignition process is shown, the
cool-flame ignition starting at ~160 ps and the hot-flame starting at ~500 ps.
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Figure 4.8. Time evolution of maximum temperature across the spray domain along the injection process.
Condition: Nominal Spray A; Mechanism: LLNL; Strain rate: 10 1/s.

As the next step, the temporal evolution of the temperature as a function of
mixture fraction along three trajectories are presented in Figure 4.9 under the starting
assumption that no interaction among trajectories exists. Note that the mixture fraction
axis shows information in the inverse direction compared to the spray axis, ie.,
trajectories mainly extend along a decreasing mixture fraction. Taking the evolution in
the middle trajectory (r/R = 0.55) as an example, the ignition process can be categorized
as three stages. The first stage corresponds to the cool flame period in Figure 4.8, where
the Tmax remains constant in ~1000 K after the initial rise at 0.16 ms ASOI. After the
initial temperature rise in the rich mixture at 0.35 ms, the conservation of progress
variable enhances the reactions of the control volumes downstream of the first ignition
site, while the maximum temperature of these control volumes maintains at around
1000 K. Next, the rapid increase in temperature appears in the stoichiometric mixture,
while position further downstream is still not ready to be ignited. This is called as the
second stage, corresponding to the hot-temperature ignition in Figure 4.8. After that,
the Tmax reached the highest value of 2313 K. However, the mixture with a high
temperature (T > 1000 K) switches to a lean side. After the high temperature ignition
at 0.55 ms, the reacting zone slightly shifted towards leaner mixture (0.75 ms), this is
the third stage. Due to the transport of progress variable along the trajectory, as well as
the chemical activity, reaction eventually propagates towards lean regions (3.50 ms),
while the richest location remains relatively steady. This rich limit will make up the
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location marking the most upstream transition from inert to reacting state, i.e. the lift-
off location.
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Figure 4.9. Time evolution of temperature against mixture happening at the trajectories where the radial
position at t/R = 0.25 (top), 0.55 (middle) & 0.65 (bottom). Condition: Nominal Spray A; Mechanism:
LLNL; Strain rate: 10 1/s. The dashed line represents the shortest time when the temperature in this
trajectory reaches steady state.
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Similar three-stage ignition behavior is also obsetved in the inner trajectory (t/R
= 0.25) and outer trajectory (r/R = 0.65). However, the instant when the temperature
starts to rise is both later than the middle trajectory. As for the inner trajectory, the
ignition takes place at a rich mixture where /= 0.08 and finally reaches the steady state
at the first instant of 0.90 ms ASOI. At the steady state (3.5 ms ASOI), the reaction in
the initial control volume with /= 0.08 has ended, and the trajectory has also been
ignited across a wider range of mixture fractions, compared to the other two cases. As
for the outer trajectory, the ignition occurs at a lean mixture where /= 0.25, and the
longest cool flame period (0.25 ms — 0.60 ms) allows to spread into a leaner mixture in
the first-stage ignition. The analysis of trajectory ignition shows that, even at steady state,
reaction only extends up to a minimum mixture fraction value that is above zero, which
corresponds to the corresponding value at the spray tip. As a short conclusion obtained
from the three trajectories, the appearance of the cool flame or the CH>O formation
was dominated by the trajectories in the outer region (r/R> 0.5), and the hot-
temperature ignition delay is determined by the middle trajectory.

10 s — R
T [t=0201ps t= 0451 s LY J
E 5] :
10—
= [t=0251.s 2000
E 51
O'M
10 ’ : 1500
— " |t=0300 ss
E
£ 51 ’ 1
0-—“M—v—v7--
OT=0ss0s 1000
T I
E
" 500

0 10 20 30 40 500 10 20 30 40 50
x [mm] x [mm]

Figure 4.10. Sequence of 2D contours of temperature along the ignition process. Condition: Nominal
Spray A; Mechanism: LLNL; Strain rate: 10 1/s.
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Figure 4.11. Sequence of 2D contours of normalized progress variable C along the ignition process.
Condition: Nominal Spray A; Mechanism: LLNL; Strain rate: 10 1/s.
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Figure 4.12. Sequence of 2D contours of formaldehyde CH, 0 along the ignition process. Condition:
Nominal Spray A; Mechanism: LLNL; Strain rate: 10 1/s.
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Figure 4.13. Sequence of 2D contours of hydroxy OH along the ignition process. Condition: Nominal
Spray A; Mechanism: LLNL; Strain rate: 10 1/s.

Figure 4.10 shows a time sequence of 2D contours of temperature along the
ignition process, normalized progress variable is shown in Figure 4.11, mass fraction of
formaldehyde (CH2O) is shown in Figure 4.12 and hydroxyl (OH) radical is shown in
Figure 4.13. Such 2D contours are essentially an aggregation of the ignition of all the
radially distributed trajectories. Three white lines are plotted to represent the surfaces
of equivalence ratio at stoichiometry (solid line) and 0.5 and 2.0 (corresponding to the
outer and inner dashed lines, respectively). At 200 us ASOI, formaldehyde was firstly
observed in the region, extending from 11 to 15 mm from the nozzle and radially
displaced in the lean reacting mixtures, which is consistent with the earliest rise in
temperature in t/R = 0.65 shown in Figure 4.9. As reaction progresses, the temperature
in the lean mixture exhibits a moderate range, in agreement with the observed

formaldehyde between the surface of ¢ = 0.5 and ¢ = 1.0. However, the reactivity is
still low, corresponding to the maximum temperature lower than 1000 K and an
extremely low value in the field of C and OH mass fraction. At 493 ps ASOI, when the
maximum temperature firstly exceeds a threshold value of the ambient temperature plus
400 K, an increase in temperature can be found near the surface of stoichiometric. Soon
after that, the lean mixture is ignited, as well as a nearly steady state is achieved. The
high temperature consumes CH>O, and OH is formed. At the quasi-steady-state
combustion, 2000 us ASOI, the reaction is seen to have fully extended downstream
until the spray tip for those trajectories that have ignited. A lifted flame structure is
observed in terms of temperature field, which was one of the goals of the present
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modelling approach. However, the temperature at around ~30 mm along the trajectory
near the centreline is lower than 1000 K due to the weak diffusion among trajectories,
which is also much lower than the simulated results (~1600 K) in CFD work [215]. In
addition, the distribution of formaldehyde demonstrates a maximum concentration in
rich zones, while it remains a structure of thin layer compared to the broader cool flame
observed in the experiment [99]. During the ignition process, its appearance in the lean
side (¢ < 0.5) tends to be oxidized in the high temperature fields. The missing reactivity
in the spray centerline downstream of the lift-off length region, as well as in the largest
radial trajectories, is the main motivation for the correction in the C field at ignition
timing that has been described in Section 3.8. However, it will not be used in the present
section because it is only focused on ignition timing and behavior upstream LOL.

Figure 4.14 displays the ignition delay derived from flamelet manifold as a
function of strain rates, extending from 1 1/s to the extinction limit. Ignition delay is
defined as the instant when the maximum C (Cmax) exceeds 0.9 over all the mixture
fraction space, i.c. it represents the shortest value, corresponding to the most reactive
mixture fraction, as already explained in Figure 4.7. Ignition delay and lift-off length
from the Quasi-1D spray model is plotted in Figure 4.15, as well as the experimental
database shown as black lines with the grey shadow as uncertainty. The ignition delay
follows the same criteria as the plots in Figure 4.14, and the lift-off length is defined as
the minimum axial distance from the nozzle to the closest location where 14% of the
maximum value of the mass fraction of OH in the domain is reached. Then, the
consistency of ID & LLOL as the variation of strain rate is shown in Figure 4.16. Finally
in Figure 4.17 the spray ignition process is analysed in terms of profiles of Tmax
(maximum temperature across the spray domain) against mixture fraction, similar to the
flamelet ignition evolution shown in Figure 4.6. The comparison of flamelet-derived
and Quasi-1D ignition delays will provide some interesting feedback on the effect of
residence time on the spray ignition, compared to a diffusion flamelet configuration.
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Figure 4.14. Ignition delay from flamelet manifold as a function of strain rate for the investigated
chemical mechanisms
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Figure 4.15. Ignition delay (left) and lift-off length (right) calculated by Quasi-1D model as a function of
strain rate for the investigated chemical mechanisms.
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Figure 4.16. Relationship of lift-off length as ignition delay across the entire strain rates using the
investigated chemical mechanisms.

Consistently with the previous analysis of flamelet results, the globally weaker
reactivity at a higher strain rate contributes to a longer ID for the spray cases, with
strong sensitivity at a large strain rate value. Quasi-1D ignition delay is longer than the
flamelet-derived one, consistently with the need to create the mixture in the spray cases,
which is already available from the start of the calculation for the flamelet case. Nara
solution exhibits the longest ID among all three mechanisms, while in the low strain
rate range (SR < 400 1/s), the solutions from LLNL and Yao are similar.

A remarkable result is obtained for Yao scheme, which shows a non-monotonic
trend in both ID and LOL with strain rate. Initially, there is an increase in values up to
a maximum at a strain rate of 400 1/s, followed by a decrease over a wide range of strain
rates. The analysis of temperature evolution in Figure 4.17 shows that this increasing
trend occurs when ignition happens in stoichiometry or slightly rich mixtures. This is
consistent with the trend of flamelet ID (Figure 4.7), which is a result of the retarded
reactivity at high strain rates. As the strain rate further increases, ignition shifts to fuel-
lean regions rather than fuel areas in the flamelet, leading to a dectrease in ID until SR
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= 1250 1/s, followed by a slight increase up to the extinction limit at SR = 2000 1/s.
The lean ignition locations can be explained by the longer local residence time in the
peripheral trajectories, where lean conditions are dominant. As the strain rate increases,
ignition delay decreases for lean conditions (Figure 4.7), ultimately influencing spray
ignition. The role of 1st stage ignition, which is much faster for Yao compared to the
other two mechanisms, is most probably the governing factor leading to this difference
in sensitivity of the Quasi-1D spray ignition to strain rate.

For LLNL scheme, the temperature evolution against mixture fraction in the
low-temperature range (1000 K < Tmax < 1300 K) resembles the Yao scheme, with
near-stoichiometric ratio for SR = 10 1/s, fuel-rich side for SR = 300 1/s, and fuel-
lean-side for SR = 1000 1/s. Regarding high-temperature ignition, the ignition position
is typically around stoichiometry. In the Nara scheme, V-sharp profiles are found for
both ID versus strain rate, with the minimum at SR = 200 1/s. Throughout the range
of strain rates, ignition consistently occurs on the fuel-lean side, with leaner ignition for
higher strain rates.

On the other hand, lift-off length sensitivity versus strain rate as derived from
the Quasi-1D model is similar to that of ignition delay for all three mechanisms. Figure
4.16 proves that a nearly linear relationship exists between ID and LOL for the chemical
mechanisms investigated, which is a confirmation that has been extensively observed
experimentally in the literature [94].

When comparing Quasi-1D spray model predictions against the experimental
results, Nara solution is always overpredicted, then it will only be considered within the
present section, and it will be discarded for the analysis in Section 4.4 dealing with
different conditions. The predicted ID using Yao mechanism matches the measurement
at SR = 20, 700 and 2000 1/s with a very similar result for LOL, except for the slight
underprediction at 20 1/s. Similarly, LLNL results are slightly overpredicted for both
combustion metrics, but it is still close to the measurement at low strain rates.
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Figure 4.17. Maximum temperature as mixture fraction from flamelet (dash-dotted) and Quasi-1D model
(solid) at three strain rates (10, 300, 1000 1/s) for mechanism Yao (uppet), LLNL (middle) and Nara
(bottom)

As a further analysis, the ignition process in terms of the maximum C (Cmax)
evolution within the spray, is illustrated in Figure 4.18. Across all cases, a two-stage
ignition pattern is evident. Following the start of injection, Cmax shows a tendency to
increase and remains stable (low temperature phase) until a sudden rise, followed by a
high-temperature flame.

Consistent with the similar first-stage ID among strain rates shown in Figure 4.7,
there is also little impact on the beginning of first-stage ignition and the chemical state
of first-stage combustion in Quasi-1D modelling, regardless of the mechanism.
However, the high-temperature ignition delay is primarily influenced by the duration of
the first-stage ignition, which is very sensitive to strain rate.

When comparing different mechanisms, the Yao mechanism demonstrates the
highest level of the first-stage ignition. Similatly, the Yao and LLNL mechanisms exhibit
a similar onset of first-stage ignition, suggesting a resemblance in the distribution of
chemical source terms in the low-temperature range between these two mechanisms,
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albeit with lower reactivity in the LLNL solution. Furthermore, the Nara solution
displays the lowest combustion state and the longest duration for the first-stage ignition.
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Figure 4.18. Quasi-1D model evolution of Cmax at three strain rates (10, 300, 1000 1/5s) for different
mechanisms (Yao, LLNL, Nara)

A time evolution of 2D contours displaying temperature (Figure 4.19) and
formaldehyde mass fraction (Figure 4.20) provide insights into the ignition process
predicted by Quasi-1D model. The performance of using different chemical
mechanisms (Yao, LLNL and Nara) as well as the strain rates (10, 300, 1000 1/s) is
analyzed. Four typical instants are included:

- First appearance of CH2O

- Maximum temperature exceeding 1300 K (Ta + 400 K)
- 200 ps after the previous instant

- Steady combustion (2000 us)

At the lowest strain rate at 10 1/s, the eatliest appearance of CH>O was observed
with the LLNL scheme, while the earliest hot-flame ignition occurs with the Yao
scheme. This observation is consistent with the broader gap of low chemical activity in
the intermediate temperature region of LLNL scheme, as shown in Figure 4.6. After
the ignition instant, Quasi-1D model exhibits similar temperature contours between
Yao and LLNL schemes that the ignition position takes place between 20 to 30 mm
along the stoichiometric surface. Subsequently, the local temperature rises to ~2300 K
and the ignition spot spreads towards the lean and rich sides. Finally, the high
temperature zone is around the stoichiometry downstream 20 mm from the orifice.
Nara mechanism, characterized by weak reactivity, prolongs the ignition, and results in
a contour located further away from the nozzle (~30 mm). Moreover, the longer
residence time on the lean side enhances the local ignition.

For the intermediate strain rate at 300 1/s, the behavior that chemical reactivity
being weaker in the rich side and stronger in the extremely lean side leads to a longer
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ignition delay and a new ignition position in the fuel-lean zone at the distance of 20 —
30 mm in Yao scheme. Additionally, the longer local residence time in the fuel-lean side
of the spray further enhances fuel-lean ignition.

At the highest strain rate at 1000 1/s, temperature distribution primarily stays in
the fuel-lean zones. Conversely, the layer of formaldehyde tends to be thicker, as well
as a higher CH2O concentration. However, as the strain rate increases, the highest
CH:O concentration, which occurs at the highest strain rates in Yao and LLNL schemes,
appears at the intermediate strain rate in the Nara scheme. Among the chemical
mechanisms, the highest CH20O concentration is found in LLNL solution, in agreement
with the long cool flame period and highest chemical reactivity in the rich mixture. In
addition, when considering the profiles of ID & LOL versus strain rate, lower values of
strain rate are typically preferred. Overall, the Yao and LLNL mechanisms are suitable
for n-dodecane calculations, provided that an appropriate strain rate is selected.
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Figure 4.19. A time-sequence of 2D maps of temperature along ignition process under nominal Spray A
condition. Strain rates: 10, 300, 1000 1/s. Mechanism: Yao, LLNL, Nara.
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Figure 4.20. A time-sequence of 2D maps of formaldehyde along ignition process under nominal Spray A
condition. Strain rates: 10, 300, 1000 1/s. Mechanism: Yao, LLNL, Nara.

4.3.4. Multiple flamelet approach

For the simulation of nominal reacting Spray A with n-dodecane, the auto-
ignition range of strain rate in the typical S curve in flamelet manifold usually spans
from 100 1/s to 103 or 104 1/s, depending on the selected chemical mechanism. For
the sake of simplicity, the simulation using a constant strain rate could also obtain a
good prediction, where the choice of strain rate comes from the area-averaged value
across the spray [25], or a representative one in the auto-ignition range along the S curve,
ie, SR = 500 1/s in the research [216] [217]. Thereby, it is worth discussing the
difference of single or multi flamelet in the predictions using Quasi-1D model. For the
implementation of multiple flamelets, the individual flamelet manifolds were read into
the memory, then, the source term (Y, - p) is obtained by linear interpolation after the
calculation of local strain rate, which has been explained in Chapter 3.

Figure 4.21 shows the effect of strain rate on ID & LOL using LLNL mechanism.
As shown before, ignition delay from flamelet increases as the strain rate increases and
finally approaches the extinction limitation. The result is insensitive to the strain rate
when it is smaller than 200 1/s. This value is strongly dependent on the chemical
mechanism, i.e., this insensitivity is found untl 1000 1/s for Yao [218] and Nara
mechanism [2106]. The calculated ignition delay from Quasi-1D modelling also shows a
consistent monotonic increase, remaining insensitive to strain rates below 400 1/s.
Similar trends are observed for the lift-off length. On the other hand, results from the
multiple flamelet approach produce an ID & LOL prediction that are within the range
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of those obtained with a single-flamelet. The ignition delay calculated by multiple
flamelets matches the data of a single flamelet at a strain rate ~ 300 1/s, while the lift-
off length shows the match at a higher value of ~800 1/s. Both approaches, single or
multiple flamelets show the ID & LOL predictions higher than the corresponding
experimental data, possibly due to the absence of components like CH2O in the
progress variable definition.
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Figure 4.21. Effect of strain rate on the ignition delay and lift-off length using LLLNL mechanism. Red
line is the data from flamelet manifold, blue line is the calculated results from Quasi-1D modelling using
constant strain rate. Experimental data is provided as dashed black line, the uncertainty is given as the
grey shadow. The dashed blue line is the result of Quasi-1D modelling using multiple flamelets.

The evolution of Cmax across the spray is presented in Figure 4.22 for both
constant and multiple strain rates, where a typical strain rate 50 1/s in the range of
insensitivity is selected. Additionally, time-resolved two-dimensional contours of
temperature (T), formaldehyde (CH, 0) and normalized progress variable (C) during the
ignition process are presented in Figure 4.23 - Figure 4.25.

Compared to the results of constant strain rate, the initial increase in Cmax using
multiple flamelet approach also takes place at 0.13 ms ASOI, in agreement with the
insensitivity of initial phase of Cmax appearance obsetrved in Figure 4.18. Further, Cmax
shows a similar increase until 0.25 ms ASOI. After that, Cmax using multiple flamelet
approach exhibits a slightly higher value along the cool flame period, consistent with
the behavior of high Cmax value in high strain rates shown in Figure 4.18, eventually
showing a faster high temperature ignition compated to the 50 1/s case. As the multiple
flamelet approach integrates results from individual flamelets at different strain rates,
the prediction is some sort of an average over the whole flamelet manifold.

Considering the 2D contours in Figure 4.23 - Figure 4.25, the difference of
ignition process between constant and multiple flamelet approach can be briefly
described as two aspects:

e Cool-flame period: formaldehyde firstly appears in the distance of 12— 16 mm
along the stoichiometric surface at 0.2 ms ASOI for both approaches. Then,
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a larger CH20O distribution in the fuel-rich side is observed using multiple
flamelet approach, which can be explained by the higher local strain rate than
the constant case (SR = 50 1/s). A similar observation that larger CH2O
distribution in rich side detected in Figure 4.18 also supports it.

e Hot-flame period: At the end of cool flame stage, the ignition using constant
strain rate (SR = 50 1/s) takes place eatlier (0.5 ms ASOI) at the high-
temperature regions around the stoichiometry surface. In contrast, it was
found in the slightly fuel-rich side at the spray head under the multiple strain
rate approach (0.55 ms ASOI), which has been verified in CFD-LES work
[205]. After the ignition, the mixtures in both radial sides are gradually ignited.
At the steady state (2.0 ms ASOI), temperature distribution (T > 1500 K) is
similar for both methods, while the level of low temperature in the fuel-rich
side is slightly higher using multiple strain rate approach. In addition, two
distinct regions with highest value can also be found, where the first region is
along the stoichiometry, similatly to a constant flamelet approach. The second
region is found at the spray boundary in the distance of 12 — 30 mm, caused
by the higher intensity of chemical reactivity in the extremely lean mixture at
a higher strain rate.

In general, the implementation of multiple flamelet approach in Quasi-1D model
considers the effect of local flow straining on the flamelet and it is conceptually more
consistent with the precondition of describing the turbulent flame as an ensemble of
strained laminar flames. As described in Chapter 3, the calculated local strain rate is only
dependent on the local mixture fraction, while the implementation of multiple flamelet
is strongly limited by the chemical mechanisms, i.e., the ignition limiting strain rate is at
1250 1/s for LLNL mechanism, but it is at 2500 1/s for Nara mechanism. Furthermore,
in the lean mixture, the longer residence time causes a faster reach to the steady state.
Meanwhile, the absence of turbulence-chemistry interaction (e.g. by means of a
presumed PDF) probably also limits the accuracy of the predictions. Therefore, the
current implementation of multiple laminar flamelet cannot realize a reasonable 1D &
LOL prediction using arbitrary mechanism. Considering the computational accuracy,
the employment of a constant strain rate at low ranges could achieve a more accurate
ID & LOL, and it also simplifies the calculation. In view of the additional degree of
freedom that the selection of a single strain rate offers, the latter approach has been
selected for the calculations.
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Figure 4.22. The time evolution of Cmax across the spray from the constant flamelet and multiple
flamelets approach
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Figure 4.23. Time-sequence 2D contours of temperature (T) along the ignition process and the steady
state. Left: constant strain rate @ 50 1/s; Right: multiple strain rates @ 10 — 1000 1/s. The white dash
line represents the surface of the stoichiometric ratio.
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steady state. Left: constant strain rate @ 50 1/s; Right: multiple strain rates @ 10 — 1000 1/s. The white
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4.4 Variation of mixing characteristics

Starting from Quasi-1D modelling results, the study in this section examines the
impact of varying injection pressure and nozzle diameter on the spray and combustion
process. According to experimental results, ID is weakly inversely proportional to
injection pressure, while the relation to LOL is proportional [22]. Furthermore, the
injector with a large-diameter nozzle, typically found in heavy-duty engines, results in
longer ID and LLOL, as well as increased soot formation [219]. The present section will
show a discussion on the performance of Quasi-1D modelling to the varied injection
pressure/nozzle diameter.

To achieve this target, the validation of inert spray tip penetration for liquid and
vapor phases is presented firstly, followed by an analysis of mixture fraction and local
residence time. Subsequently, the prediction of ID & LOL versus strain rate using
Quasi-1D modelling is discussed by making the comparison between injection pressures
and nozzle diameters. The ignition process is then depicted through T- f spaces and
CH>O — T spaces. Next, validation on reacting spray tip penetration, ID & LOL are
provided for a variation of injection pressure (Py,j = 500/1500 bar) and nozzle
diameter (Spray A/D) around the nominal condition (T, = 900 K, X0, = 15%, p, =
22.8 kg/m3). Finally, the validation is extended to different ambient conditions (T, =
(800/900/1000) K,X0, = 15/21%) together with the three injection pressures
(Pinj = 500/1000/1500 bar), and statistical analysis is conducted to assess the
accuracy across all investigated conditions. Previous section has shown that Nara
mechanism is much less reactive than Yao and LLNL, resulting in an overly delayed

ignition at the nominal Spray A condition. Therefore, the present section only considers
Yao and LLNL mechanisms.

4.4.1. Inert spray analysis

Following the configuration outlined in Table 4.2, the model validation for the
liquid and vapor penetration is presented in Figure 4.26, where liquid length is defined
as the axial distance to the shortest location where the axial mixture fraction firstly
reaches the value of evaporation mixture fraction feyqp, and the vapor penetration is
defined as the axial distance to the furthest location where the axial velocity reaches a
value of 0.1% of the one at the orifice outlet. The results show good agreement between
the measurements and the 1D modelling, although there is a slight overprediction of
LL for Spray D. Additionally, the profiles of axial mixture fraction at 3.5 ms ASOI are
displayed in Figure 4.27. The graph illustrates an overlap in mixture fraction with the
variation of injection pressure, as the entrainment rate is not affected by this parameter,
i.e. a higher injection rate results in a higher air entrainment. On the other hand, a larger
nozzle diameter causes a higher mixture fraction, due to reduced entrainment rate.
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Figure 4.27. Axial mixture fraction of inert spray under the condition of Spray A (red), injection pressure
500 bar at Spray A (blue) and Spray D (green)

In addition to the local mixture fraction, which is directly related to the chemical
source term, another parameter that affects the chemical state along mixing trajectories
is the local residence time. Following Pachano [194], a local residence time (dt/df) that
represents the time spent at a specific mixture fraction f (or equivalence ratio @) is
defined based on mixing trajectories as the time spent per unit of mixture fraction f
according to

dt dt dx 1dx

4=y~ ua ?
where dx/df is the gradient of mixture fraction as projected along the horizontal
direction defined by the axial velocity field (u) [194]. Figure 4.28 presents the contours
of local residence time for Spray A at nominal case and injection pressure 500 bar, as
well as for Spray D under inert conditions. A logarithmic scale in the colormap has been
adjusted for better visualization. Three white lines are plotted to represent the surfaces
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of equivalence ratio at 1.0 (solid line) and 0.5 and 2.0 (corresponding to the outer and
inner dashed lines, respectively). Generally, local residence time increases as it
transitions to a lower mixture fraction, both axially and radially, which results in largest
values on the fuel-lean side (¢ < 1.0). The contours show that residence time at a given
equivalence ratio value tends to increase when shifting from nominal to low injection
pressure or larger orifice cases.

For a more comprehensive comparison of the mixing conditions, the values of
residence time along the surface of ¢ = 1.0 & 2.0 is shown in Figure 4.29 (bottom), as
well as the profiles of these two surfaces with spatial coordinates normalized by deq.
The use of a normalized spatial coordinate results in identical iso-lines location for all
three investigated cases, which shows that the mixing field scales essentially with this
parameter, ie. with nozzle diameter, and is independent of injection pressure. In
comparison to the nominal condition, a lower fuel injection velocity at low injection
pressure leads to a longer local residence time, which is approximately the square root
of injection pressute ratios (1500bar /500bar). Meanwhile, the low injection pressure
also results in a slower mixing. In the case of Spray D, the time spent at given
equivalence ratios (¢ = 1.0 & 2.0) is approximately twice as long as in Spray A, which
corresponds to the ratio of nozzle diameter (dsprayp/dspraya = 191um/89.4um,.
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Figure 4.28. The contours of local residence time for the inert condition of Spray A, injection pressure
500 bar, and Spray D. the lines of equivalence ratio at ¢ = 0.5, 1.0, 2.0 from the uppet to the bottom.



120 CHAPTER 3 MODEL DEVELOPMENT

10 . . . . . . .
——SA ¢=10
gl |- SA $=20 |
——— SAPI0500, ¢ = 1.0
SD, $=1.0
64 |- SA-Pr0500, ¢ = 2.0 ——

o

o SD, ¢ =2.0 /
(] ¢ =

3

S

24 ""k\ 3
S
0 T T T T T AN F
20 30 40 50 60 70 80 90 100
x/deq [-]
80 ) : : ) ) ; .
——SA,¢=10
- - -SA$=20
60 | [—— sA-Pro500, ¢ = 1.0 I

= = = SA-Pr0500, ¢ = 2.0

SD,¢=1.0 \// N\

dt/df [ms]
8

| L e--TIEIT .
20 30 40 50 60 70 80 90 100
x/deq [-]
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contouts of ¢ = 1.0 and ¢ = 2.0 (bottom) for inert Spray A, injection pressure 500 bar and Spray D.

In summary, a decrease in injection pressure results in a spray developing at a
lower speed over a similar mixing field, while the increase in nozzle diameter results in
a faster development of the spray over a richer mixing field. On the other hand, the
time spent at a given mixture fraction increases with both a decrease in injection
pressure and an increase in nozzle diameter. This makes up the mixing conditions where
subsequent combustion will develop.

4.4.2. Mixing effects on combustion development at nominal ambient
conditions

Ignition and lift-off length

The profiles of ID & LOL against strain rate under the conditions of nominal
Spray A are presented in Figure 4.30 and Figure 4.31, respectively. The compatrison is
carried out in terms of different injection pressures (1500/500 bar), nozzle diameters
(Spray A/D) and chemical mechanisms (Yao & LLNL). Additionally, the corresponding
ignition delay from the flamelet tabulation is also included in red color for reference.
For each case, the experimental result is plotted by a dashed line with shadow to denote
measurement uncertainty.
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According to the results of the Yao scheme (Figure 4.30.a), at low injection
pressure, the predicted ID values align closely with those under Nominal Spray A within
a strain rate range of [1 — 80 1/s], with ignition occutring near stoichiometry, similar to
the analysis in Figure 4.14. As the strain rate increases up to 700 1/s, a shorter ID is
observed at the lower injection pressure. As previously discussed for the nominal
condition, this corresponds to the fact that the ignition position shifts towards the fuel-
rich side. Figure 4.28 shows that residence time values overall increase with decreasing
injection pressure. With further increase in strain rate, the ignition position shifts
towards the fuel-lean side (as indicated in Figure 4.17), and the local residence time
between injection pressures becomes less sensitive in this area. For the case of LLNL
mechanism, the trend of ID versus SR shows a monotonic increase for both cases at
injection pressure 500 and 1500 bar, which is similar to the data originating from
flamelet (red symbol). Meanwhile, the predicted ID at low injection pressure is slightly
longer, except for the conditions within the strain rate range of [400 — 900 1/s], but
differences are certainly small.

For the effect of nozzle diameter on the ignition delay, shown in Figure 4.30.b,
the sensitivity of the model is certainly similar to the one previously observed for
injection pressure for both mechanisms, with Yao solution being more sensitive than
LLNL. The latter one shows a slight increase in 1D with nozzle diameter at low SR
values that is not observed for the low injection pressure.

As the strain rate increases towards the extinction limit, the profiles of LOL as a
function of strain rate are consistent with the corresponding profiles of ID. However,
compared to the Nominal Spray A condition, LOL is more sensitive to the varied
mixing conditions, which differs from the overlapped ID at small strain rates in Yao
scheme and close ID across the entire strain rate in LLNL scheme. Across the entire
strain rates, the sensitivity of LOL at both lower injection pressure and larger nozzle
diameter are observed to be weaker than that at Nominal Spray A condition, while this
weaker sensitivity is observed at smaller strain rate in Yao scheme and at large strain
rate in LLNL scheme. In addition, LOL at lower injection pressure is expected to be
shorter along the whole strain rates, regardless of Yao or LLNL mechanisms. For the
Spray D conditions in Yao scheme, LOL is predicted to be shorter than that of Spray
Ain the strain rates of 300 — 600 1/s.

Summarizing, the sensitivity of numerical 1D predictions to both operating
variables is quite different depending on the chemical mechanism. While Yao shows a
similar sensitivity of ID to both variables, with a trend that depends on the SR range,
LLNL mechanism is essentially insensitive to injection pressure and only slightly
dependent on orifice diameter. The latter mechanism captures better experimental 1D
sensitivity, which is much lower in injection pressure compared to that of nozzle
diameter. As for LOL, both chemical mechanisms capture very nicely the experimental
variation with injection pressure and nozzle diameter.
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In the comparison of experimental database and simulation, it has been discussed
that the choice of SR = 20 1/s is the feasible one from the results under nominal Spray
A condition with Yao mechanism, and SR = 50 1/s is the one for LLNL mechanism.
When extended to low injection pressure at Yao mechanism, the predicted ID matches
the measurement at SR = 40 1/s while the predicted LOL is closer to the experiment
at SR = 20 1/s. At LLNL mechanism, the curve of LOL as SR is neatly flat in the range
of SR <300 1/s, and predicted ID also shows a good agreement in a small range SR <
100 1/s. For the case of Spray D, with Yao mechanism, it is expected to match the
measurement at a higher strain rate of 100 1/s based on ID, but it is overpredicted for
LOL at this case. With the LLNL scheme, a good prediction to ID can be found near
SR =50 1/s, and the curves of LOL against SR ate also neatly constant under the SR
lower 50 1/s. This suggests that the difference on the mixing state has little effect on
the ID with Yao mechanism in the range of stoichiometric ignition and LLNL
mechanism. Finally, the initial selection at nominal condition of a constant value of
strain rate equal to 20 1/s for Yao mechanism and 50 1/s for LLNL mechanism can be
kept here for the parametric variations in injection pressure and orifice diameter.
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Figure 4.30. Quasi-1D model results for ignition delay against strain rate shown as the comparison
between injection pressure at 1500 bar and 500bar (a), Spray A and Spray D (b). Left images: Yao
mechanism; Right image: LLNL mechanism
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Figure 4.31. Quasi-1D model results for lift-off length against strain rate shown as the comparison
between injection pressure at 1500 bar and 500bar (a), Spray A and Spray D (b). Left images: Yao
mechanism; Right images: LLNL mechanism

Figure 4.32 shows the ignition process by instantaneous Cmax across the spray
for three different mixing conditions using Yao (left) and LLNL mechanisms under a
constant strain rate (SR = 50 1/s). After the fuel ejection, Nominal Spray A first travels
to the liquid length, where the reaction is assumed to begin. Then, a similar time period
(~50 ps) is observed from the point of reaching the first maximum liquid length to the
onset of chemical reaction (first-stage 1D). However, there is little impact on the
chemical state level (Cmax value reached) during the first-stage ignition process,
regardless of the Yao and LLNL mechanisms. Moreover, the longest residence time
leads to the shortest duration of the second-stage ID under the low injection pressure
and Spray D conditions. However, the final ignition point eventually occurs earlier for
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the nominal condition compared to the lower injection pressure or larger nozzle orifice.
As previously discussed, sensitivity is very similar for both injection pressure and nozzle
diameter for Yao, while the effect of injection pressure is less noticeable for LLNL.
Corresponding to the experimental results, the difference in ignition delay is larger in
the comparison of Spray D and low injection pressure, compared to the comparison of
different injection pressures, and this trend is only captured in LLNL scheme.
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Figure 4.32. The evolution of Cmax rate for nominal Spray A, injection pressure 500 bar and Spray D

with mechanism Yao (left) and LLNL (right). The vertical dashed lines represent the instant when the

spray tip first reaches its maximum liquid length. The dotted lines in the right side of the dashed lines
represent the measured ignition delay.
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Figure 4.33. Scatters in T- f space at the instant of Tmax > 1300 K for the case of Nominal Spray A,
injection pressure 500 bar and Spray D using mechanism Yao (left) and LLNL (right). Dashed line:
stoichiometric ratio; solid lines: steady-state solution.

To further analyze mixture formation during ignition, Figure 4.33 illustrates the
thermochemical state of the spray (temperature vs mixture fraction) in the mixture
fraction space of at ignition timing (defined as the timing to reach a maximum
temperature of 1300 K, also adopted as the ID definition in [21] [190]). The strain rate
is at 50 1/s for both mechanisms. The scatterplot includes all the trajectories. Compared
to nominal Spray A, the mixture fraction ignition site slightly shifts to the fuel-rich side
as the decrease in injection pressure as well as larger nozzle diameter, which is also
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consistent with the results reported in [220]. This shift is more pronounced in LLNL
scheme. Moreover, ignition also takes place near the stoichiometry. As a result of the
longer residence time in the fuel-rich side for both lower injection pressure and larger
diameter, a wider range of mixture fraction is observed, especially in the LLNL results,

as opposed to Spray A.
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Figure 4.34. The integration of CH>O mass fraction as temperature along ignition process for the
different mixing conditions (upper: Injection pressure 500 bar, Spray A; middle: nominal Spray A;
bottom: Spray D)
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Figure 4.34 presents the evolution of CH2O formation in CH>O — T spaces at
four specific time points:

o the onset of CH,O formation,

e 100 ps after CH2O initiation,

e the moment when the maximum temperature exceeds 1300 K,
e the steady state at 2.0 ms ASOL

Acting as an indicator for cool-flame ignition, CH»O is produced shortly after the onset
of chemical reactions (Cmax > 0) in the mixture at temperatures around 900 K. As the
reaction progresses, more CH»O is generated in the low temperature range (700 — 1000
K), then it is consumed as an intermediate species during subsequent high-temperature
combustion. Ultimately, at steady state, CH2O is observed across a temperature range
of 750 K — 1800 K, with a peak at around 1000 K under nominal Spray A condition.

As for the difference on injection pressure, the appearance of CH>O happens
carliest at the nominal Spray A condition for both Yao and LLNL mechanisms, which
is against with the discussion in [205]. In Quasi-1D model, the vaporization correction
is based on the mixture fraction in the axial centreline, and the chemical activity in the
upstream of liquid length is ignored. However, CH2O formation near the spray
petiphery is still observed. At low injection pressure, the later appearance of CH>O is
attributed to the longer time required to reach the maximum liquid length (Figure 4.32).
At steady state (2.0 ms ASOI), a higher CH2O mass fraction is observed in the
temperature range of 1000 — 1300 K in Yao scheme. However, the highest CH20O mass
fraction is almost the same for both injection pressures, and more CH>O formation is
only found at a lower CH>O mass fraction in the oxidation region where temperature
exceeding 1300 K, which is also shown in Yao scheme. Lastly, higher CH>O formation
is observed in the LLNL scheme compared to Yao due to its increased reactivity.

Following a similar argument, the appearance of CH>O in Spray D is also
compared to Spray A at a later stage, as a result of the time needed for vaporization. In
addition, the higher mixture fraction all over the spray due to slower mixing contributes
to more CH>O formation, as evidenced by the higher concentrations in the high
temperature range (1000 K — 1500 K) at steady state. The highest level in the contour
is larger than Spray A using Yao mechanism, while it is nearly constant under LLNL
scheme. Summary, the trend of CH>O formation among the different mixing conditions
is reasonable at the steady state, even though the instant when the CH>O appearance is
not fully consistent with CFD work.

Penetration and velocity field

To finalize the discussion on mixing effects, the analysis of tip penetration and
velocity field will be carried out. In this case, the approach of imposed ignition spread
is adopted that includes radial expansion in the downstream of lift-off length.
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Firstly, the effect of radial expansion on the spray penetration and axial velocity
for the nominal Spray A condition is shown in Figure 4.35 and Figure 4.306,
respectively. When including radial expansion, spray penetration was slightly
deaccelerated after 1.5 ms ASOI and consequently it matches better with the
measurement at a large distance. Meanwhile, no significant difference was observed
between Yao and LLNL mechanism.

As for on-axis velocity, Figure 4.36 shows that at the distance of x/deq ~43, the
ignition-induced radial expansion causes the steep increase in axial velocity, hence, the
predicted axial velocity is more accurate in the normalized axial distance from x/deq =
50 — 100. Due to the difference in the predicted ignition delay using Yao and LLNL
mechanism, the LLNL scheme shows a slightly higher value in the interval of x/deq =
60 — 100, while both schemes are within the measurement uncertainty.
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Figure 4.35. The comparison of penetration between experiments and Quasi-1D model. Yao mechanism:
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Figure 4.36. The comparison of axial velocity of reacting spray at 1.5 ms ASOI between experiments and
Quasi-1D model. Yao mechanism: SR = 20 1/s; LLNL mechanism: 50 1/s. Solid lines: Quasi-1D
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Figure 4.37 illustrates the comparison of results for spray tip penetration (solid
lines), ignition delay (round markers) and lift-off length (dash lines) for the nominal,
low injection pressure and Spray D calculations with both Yao and LLNL mechanisms.
Corresponding strain rates are 20 1/s (Yao) and 50 1/s (LLNL). The experimental data
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for each variable is plotted in black, with the grey shadow indicating the measurement
uncertainty [22] [131] [152]. Good agreement on spray tip penetration is observed for
both mechanisms at all three conditions, with a slight overprediction during the
transient phase immediately after ignition. It is noted that penetration is slightly
underestimated after ASOI 3.0 ms at low injection pressure, possibly due to inaccuracies
in AR calculation.

The evolution of temperature contours during the ignition process are presented
in Figure 4.38, with the top halfplane displaying results calculated using Yao
mechanism and the bottom halfplane showing results from the LLNL scheme. The
white dashed line is the stoichiometric ratio. The black dashed lines correspond to the
instantaneous lift-off length. Five instants are selected for each condition: the first line
is at the instant when Tmax > 1300 K| the second, third and fourth show subsequent
instants, and the final one is obtained at 2.0 ms ASOI.

For the nominal Spray A condition, at the first instant, the ignition takes place in
the distance of 20 — 30 mm along the stoichiometric surface. Soon, the maximum
temperature rises to the value at equilibrium state, and the radial expansion can be
observed that starting at the distance of ~25 mm. Under the assumption of imposing
ignition propagation downstream of the C-defined lift-off length, the spatial spread of
progress variable along the radial direction is neglected, and the temperature is only
dependent on the local mixture fraction. As a sequence, a strong reactivity near the spray
center and periphery is formed, different from the little reactivity shown in Figure 4.19,
where ignition only happens along preferential trajectories. As combustion proceeds, a
slight recession in lift-off can be observed until it eventually stabilizes at x = 22 mm.

Under lower injection pressure and Spray D, the ignition process exhibits similar
behaviors to nominal Spray A. However, the ignition position is closer to the nozzle for
lower injection pressure and farther for Spray D, in agreement with lift-off length
predictions. Additionally, the temperature at the spray centerline is lower, particularly
for Spray D, as mixing proceeds slower and the stoichiometric reacting surface will be
stabilized further away from the nozzle. When comparing mechanisms, minimal
differences were observed in terms of temperature contours.

During the ignition process, the position of LOL is always at the upstream of the
position where radial expansion begins. Meanwhile, the discrepancy between them is
larger at the bottom halfplane. This confirms that forcing the transient to flamelet steady
state does not affect the prediction to lift-off length.

For the comparison between Yao and LLNL schemes, ecarlier instants at the
maximum temperature exceeding 1300 K and the radial expansion appearance are
observed in Yao scheme for the three conditions. However, the ignition position is
similar using these two mechanisms, i.e., spray ignited at the distance of ~35 mm near
the stoichiometry at 457 pus ASOI using Yao mechanism, and a similar ignition is found
at 546 ps ASOI using LLNL mechanism. At steady state, the temperature contour is
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almost the same between Yao and LLNL scheme, with only a longer distance in radial
expansion appearance in LLNL scheme.
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Figure 4.38. The comparison of temperature contours along ignition process between mechanism Yao
and LLNL under the conditions of Nominal Spray A (middle), injection pressure 500 bar (left) and Spray
D (right)

4.5 Further parametric variations

As previously discussed, the main advantage of the Quasi-1D model is the
accurate calculation with low computational cost. The present section explores the
accuracy of this approach over a wide range of ECN experimental conditions to
evaluate its predictive capabilities.

The calculation of radial expansion (AR = Ryeqc — Rinert), which has been
introduced in the final version of Quasi-1D modelling, directly impacts spray
penetration, velocity field and mixing after the ignition delay. Comparison between
predicted and measured AR values are shown in Figure 4.39 over a wider set of
experimental conditions. Even though experimental results only include three injections
pressure values at nominal ambient conditions, plus one higher oxygen concentration
and one low ambient temperature at nominal injection pressure, the simulated cases
include all conditions in Table 4.1. Consistently with previous observations [152] [167],
lower injection pressure results in smaller AR, particularly noticeable at low ambient
temperature and with a large nozzle (Spray D). Additionally, overprediction occurs at
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low injection pressure, contributing to the underestimation of penetration at greater
distances. Furthermore, the level of AR is proportional to ignition delay, with longer ID
leading to greater radial expansion distances and consequently larger R values. Note that
the chemical mechanism has little influence on radial expansion, except at lower
temperature.

~(O)— Nominal —=0O—Quasi-1D, Yao
Ta=800K [|-O-Quasi-1D, LLNL

4 _—Ta=1000 K § Exp
~Lx—X02=21%
—O— SprayD
E 31
E,
14
<21

500 1000 1500
Pinj [bar]

Figure 4.39. AR for parametric variation of injection pressure together ambient conditions and Spray D
using mechanism Yao and LLNL. The black points are the data from experiment [152] [167].

The Quasi-1D model leverages the prediction to 1D & LOL, which are two key
parameters of key importance for describing the characteristics of transient mixing-
controlled reacting sprays in a cost-effective manner. In Figure 4.40, the comparison
of ID & LOL is presented between measurements and Quasi-1D modelling using Yao
and LLNL mechanisms. This comparison was conducted for cases involving varying
injection pressures, ambient temperatures (800 K and 1000 K), oxygen concentration
(XO2 = 21%), and nozzle diameter (Spray D). The analysis is complemented here by
the information in Appendix A and B, including the sensitivity to SR of ID and LOL,
as well as sample temperature contours to understand ignition.

Nominal Spray A condition

Under the nominal 900 K Spray A conditions with the difference on injection
pressure, which has been described extensively in previous sections, good agreement is
observed at three cases, only with a slight deviation for the predicted ID using LLNL
mechanism. Besides, the resolutions at two mechanisms show the same results on LOL.

Ambient temperature

For the validation under higher ambient temperature (Ta = 1000 K| the third
row), both mechanisms present underestimated ID for the three cases, with the
discrepancy being less pronounced in the LLNL scheme. The ignition position shifted
towards the fuel-rich side (1.0 < ¢ < 2.0), and the predicted ID matched the
measurements within the range of SR 200 — 300 1/s, as shown in Appendix A. This
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suggests that a single strain rate for all conditions limits the diffusion in the modelling.
Similarly, there was little difference in the prediction to LOL between the two
mechanisms.

Atlow temperature 800 K, significant overprediction of ID and LOL is observed
for both mechanisms, particularly at an injection pressure 1500 bar. As shown in the
appendix. A, the 800 K case exhibits longer overpredicted values for ID & LOL across
all strain rates. This discrepancy may be attributed to different causes. One of them can
be the limitations in the chemical mechanisms, which may not be as accurate in such
low temperature conditions. Another point could be the limited species (CO, CO,, H2O)
considered in the current Y, definition, which does not adequately capture combustion
process at low temperature. Including additional species such as HO» and CH2O could
improve ignition predictions [216] [221]. Previous numerical results have demonstrated
accurate ID predictions but underestimated LOL when using the Y, definition (Y, =
Yeo + Yco,) with a CFD framework [195]. Another factor could be the lack of
consideration for turbulence-chemistry interactions and radial species diffusion in
Quasi-1D modelling, which is also highlighted in [222]. Another noticeable effect that
shows the challenge in predicting spray behavior under such conditions is the fact that
sensitivity of ID to injection pressure changes. Experiments show that increasing
injection pressure delays ID, while the opposite trend is observed for the other
operating conditions. This trend is not captured by the Quasi-1D model, for which
predictions deviate from experimental measurements, whereas the trend of LOL with
Pinj aligns with experimental data [22]. It must be noted that the ignition under low
temperature conditions occurs at a significant distance in the downstream of liquid
length, where the mixture phase resembles a gas, supporting the gas jet theory
assumption in Quasi-1D modelling. Inert simulations have shown higher local residence
time at lower injection pressures and in lean mixtures, resulting in shorter ID. LOL
predictions are more influenced by fuel injection velocity, with shorter LOL values at
lower injection pressures in line with experimental findings.

Oxygen concentration

At high oxygen concentration (XO2 = 21%), higher chemical reactivity is
achieved in the flamelet database, while the liquid length is similar to the non-reacting
case, indicating similar fluid dynamical characteristics prior to ignition. Consequently,
the curves of ID/LOL against SR closely resembled those of the nominal Spray A case,
as illustrated in Appendix A. Both mechanisms yielded nearly identical predictions, with
accurate results for ID but slight overprediction for LOL. This discrepancy may be
attributed to neglecting reactions in the upstream of the liquid length in the nominal
case, as observed experimentally, as well as differences in the definition of lift-off length
based on chemiluminescence of the excited-state hydroxyl radical in measurement
versus ground state OH in simulation. Nonetheless, the trend of ID/LOL with Pinj
aligns well with experimental findings.
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Nozzle

Finally, the validations are performed with the variable of injection pressure
accompanied with Spray D. An excellent agreement on the ID prediction is found using
LLNL mechanism, and it is underestimated with Yao mechanism. Meanwhile, the
discrepancy on the predicted ID between both mechanisms is nearly constant as the
injection pressure decreases. A larger deviation in LOL prediction is observed at lower

diameter

injection pressure. All in all, the prediction is still acceptable.
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Figure 4.40. Comparison of calculated ignition delay (left) and lift-off length (right) using Quasi-1D
model with Yao and LLNL mechanisms under the parametric variation.

For a global overview of the prediction accuracy with two mechanisms, the
comparison of ID & LOL between the experiment and Quasi-1D modelling is shown
in Figure 4.41 encompassing all investigated cases. Overall, this model delivers
reasonable predictions within a deviation of 0.1 ms from the experimental ID and 5
mm from the experimental LOL for most of the conditions, also within a discrepancy
of 20%. Notably, there is a minimal variance in LOL prediction between the two
mechanisms, except for cases at low temperatures.
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Figure 4.41. The comparison of experimental data and Quasi-1D model under all conditions. Solid
markers are used for Yao mechanism, and the empty markers for LLNL mechanism. Markers with the
same colour correspond to a variation of injection pressures. Dashed diagonals correspond to a £20%

and 0.1 ms/5 mm for ID and LOL respectively.

4.6 Summary

In this chapter, the optimized Quasi-1D model has been validated by the
conditions fueled with n-dodecane. Under ECN Nominal Spray A condition, the model
validation was initially conducted with the inert spray characteristics, followed by the
effect of strain rate on ignition process obtained from flamelet and Quasi-1D model.
The integration of Quasi-1D model is evaluated between the single and multiple
flamelets. Then, the effect of chemical mechanisms together with the variation of strain
rate is analyzed. Finally, the model validation was performed under recommended ECN
conditions using the approach of imposed ignition spread. The results obtained can be
summarized as follows:

O The study establishes good agreement between the measurement and 1D
modelling on the liquid length and vapor penetration for inert Spray A, as well
as the good match on the quantities (velocity and mixture fraction) along axial
direction and radial direction at three points.

O Flamelet ignition from all three chemical mechanisms reveals a two-stage
process derived from the contours of transient term. Yao mechanism is more
reactive in the first stage, while LLNL mechanism is more reactive in the
moderate temperature within rich mixture. Nara mechanism performs like a
reduced-intensity LLNL mechanism. Similar first-stage 1D is observed between
Yao and LLNL solutions, while the discrepancies in the lean side was found to
be larger as strain rate increases. The second-stage ID is similar for both Yao
and LLNL schemes in a low and middle strain rate across the entire mixture
fraction. As for Nara, the longest ID for both first- and second-stage ignition
is obtained.

O Regarding the ignition process from Quasi-1D model, as the strain rate
increases, the results using Yao mechanism show a transition in ignition
position from stoichiometric mixture to fuel-rich mixture, eventually
progressing to lean mixture. This accompanies with the trends of both ID and
LOL versus strain rates exhibiting an increase in the low SR, then decreases,
and finally slightly increases again until the extinction limit. The results with
LLNL mechanism display a transition beginning in lean mixture, then moves
to rich side, and finally switches to lean mixture again. However, all the ignition
is around the stoichiometry. Thus, both ID & LOL shows a consistently
monotonic increase as strain rate. As for Nara, the ignition occurs at a leaner
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mixture as the strain rate increases. Among the three mechanisms, the Nara
solutions exhibit the longest ID and LOL.

The first-stage ignition delay is not sensitive with the variation of strain rate. As
for the temperature and species distribution, a thinner layer was found at a
lower strain rate. Among the three mechanisms, the earliest first-stage is found
with LLNL mechanism, while it lasts a longer time in the first-stage ignition
period compared to Yao solution. At steady state, similar distribution of
temperature is observed between Yao and LLNL solution, while LLNL
solution shows a larger layer of CH»O formation. The solution of Nara
mechanism shows the distribution with the smallest area and lowest intensity.

As a comparison of the prediction between the results obtained from individual
flamelets and a global integration with multiple flamelets, the utilization of
multiple flamelet doesn’t affect the appearance of cool flame, but it prolongs
the cool-flame period. The predicted ID matches the data from a single flamelet
at strain rate ~300 1/s, while the predicted LOL shows the match at a higher
value of ~800 1/s. It also results in a larger layer of CH,O distribution and
unexpected reactions occurring near the spray boundary in the middle distance.
The predicted ID & LOL is further away from the measurement compared to
the single flamelet at a low range of strain rate. In addition, the direct integration
with multiple laminar flamelets will be limited by the different extinction limit
of the used chemical mechanisms. Consequently, constant strain rate is more
favorable in the calculations in this thesis.

The discussion on the effect of mixing controlling operating variables
introduces the performance of Quasi-1D model on the variation of injection
pressure and nozzle diameter. The use of a normalized spatial coordinate results
in identical iso-lines location for all three investigated cases, which shows that
the mixing field scales essentially with this parameter. A lower fuel injection
velocity at low injection pressure leads to a longer local residence time, which
is approximately the square root of injection pressure ratios. The time of Spray
D spent at given equivalence ratios is approximately twice as long as in Spray
A, which corresponds to the ratio of nozzle diameter.

The sensitivity of numerical ID predictions to both operating variables
(injection pressure and nozzle diameter) is quite different depending on the
chemical mechanism. While Yao shows a similar sensitivity of ID to both
variables, with a trend that depends on the SR range, LLNL mechanism is
essentially insensitive to injection pressure and only slightly dependent on
orifice diameter. The latter mechanism captures better experimental ID
sensitivity, which is much lower in injection pressure compared to that of
nozzle diameter. As for LOL, both chemical mechanisms capture very nicely
the experimental variation with injection pressure and nozzle diameter.
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Using the approach of imposed ignition spread with constant strain rate, good
prediction on reacting spray penetration and on-axis mixture fraction have been
achieved with both mechanisms, and there are little discrepancies between
them. The consideration of liquid effect helps to achieve a consistent trend with
measurement in ignition delay as the variations of injection pressure and orifice
diameter.

With the choice of SR = 20 1/s with Yao mechanism and 50 1/s with LLNL
mechanism, Quasi-1D modelling demonstrates good predictions to ID and
LOL within a 20% deviation from the measured values. However, it tends to
overpredict cases at 800 K and slightly underestimates for cases at 1000 K. In
general, LLNL is more favorable to the ID & LOL predictio. Therefore, LLNL
mechanism is recommended in the calculation for n-dodecane when adopting
Quasi-1D model, and the results using LLNL mechanism will be used in the
following chapters.

4.7 Appendix A. Sensitivity to strain rate of ignition delay and
lift-off length over parametric conditions

The selection of strain rate for the calculation using Quasi-1D model is from the

plots of ID & LOL as strain rate under the Nominal Spray A condition. The profiles
are known to be little influenced by the variation of oxygen concentration. Furthermore,
the significant difference on the chemical reactivity caused by the variation of ambient
temperature will lead to the difference on the matching on experimental ID & LOL
among the strain rates, so we include the results of ID & LOL as a function of strain
rate in Figure 4.42 — Figure 4.44. This also helps to explain the discrepancy on the ID

& LOL predictions shown in Figure 4.40.
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Figure 4.43. Ignition delay (top) and lift-off length (bottom) against strain rate for T1000K at Spray A
using mechanism Yao (left) and LLNL (right)



4.8 Appendix B. Ignition process for all the investigated cases using final version with

radial expansion. 139
1200 : : : 1200 : : :
T,=900K —O—flamelet T,=900K —O—flamelet
= i O j=
1000 p,=228 kg/m® Quasi-1D model| | 1000 { 5, =228 kg/m® Quasi-1D model| |
X0, = 21% YAQ X0, =21% LLNL
8001 SprayA 8001 SprayA
—_ y —_ y o
[ [ A
= 600 = 600 ol
a 0 a
" a0 S E ,_‘/O,O,O/O " a0
g xp E -
k%: \W—; 00— E
T~ C—0—C —0—0—0
200 U—0—0—0C L 200 EP
0 . . . 0+ . . .
0 1000 2000 3000 4000 0 1000 2000 3000 4000
SR [1/s] SR [1/s]
40 : 40 . '
= T =900K
- 5 T,=900K S . o
30 i‘z p, = 22.8kgim® w0l o 22.8 kgim Y
% X0, = 21% X0, =21% '}g‘f
T25 SprayA E 251 SprayA {,/
E 7 £ pel
© Q. | O, @
—15 O—~0—0—0—0—0-0—¢ 157
10 Exp 10 A Exp
54 5 1
YAOQ LLNL
0 . : . 0 . . .
0 1000 2000 3000 4000 0 1000 2000 3000 4000
SR [1/s] SR [1/s]

Figure 4.44. Ignition delay (top) and lift-off length (bottom) against strain rate for 2102 at Spray A using
mechanism Yao (left) and LLNL (right)

4.8 Appendix B. Ignition process for all the investigated cases
using final version with radial expansion.

This appendix shows temperature contours around ignition delay time. Due to
the simplified single strain rate approach employed on the calculation to all conditions,
the stoichiometric ignition observed in the nominal Spray A will not be found under
the lower or higher temperature conditions. As a next step of the analysis to the ID &
LOL prediction, the ignition process under all conditions provided here also helps to
assist a further evaluation of Quasi-1D model on the variation of ambient conditions.
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Figure 4.46. Temperature contours along ignition process for the variation of injection pressures at the
condition of Spray A using Yao (left) and LLNL (right) mechanism. White dash line: surface of
stoichiometric ratio; white dash-dotted lines: sutface of ¢ = 0.5 (outer) and ¢ = 2.0 (inner)



144

CHAPTER 3 MODEL DEVELOPMENT

K] K]
20+ 0 c00 20+ 0 c00
Yao, T, t =0197 s LLNL, T, t =0292p:s
15 2000 15 2000
E E
£ 10 1500 E10- 1500
= =
54 1000 54 1000
,,,-«A e
0 | c— . . . . . . . M50y 0 | —— . . . . . . . M50y
0 10 20 30 40 50 &0 70 80 920 0 10 20 30 40 50 &0 70 80 920
x [mm] x [mm]
K] K]
20+ 500 20+ 500
Yao, T, t =0250.:8 LLNL, T, t =0350.s
15 2000 15 2000
E E
£ 10 1500 E10- 1500
- -
54 ) 1000 54 1000
0 500 0 500
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
x [mm] x [mm]
K] K]
20 500 20+ 500
Yao, T, t =0301.s LLNL, T, t =0400us
15 2000 15 2000
E E
£10 1500 E10- 1500
- -
54 1000 54 1000
(ﬁg ==
0 - 500 0| ——— 500
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
x [mm] x [mm]
K] X
2500 20+ 2500
Yao, T, t =3001 s LLNL, T, t =3001us
2000 15 2000
1500 1500
1000 1000
500 500
0 10 20 3 40 50 60 70 80 90 0 10 20 3 40 50 60 70 80 90
x [mm] x [mm]
a.T, =1000K,X0, = 15%, Pr = 1500 bar
K] K]
20 L 20+ 500
Yao, T, t 202025 LLNL, T, t =0261 s
15 2000 15 2000
E E
£10 1500 £ 10+ 1500
- [
54 1000 5 1000
o | o -
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
x [mm] x [mm]
K] K]
20 L 20+ 500
Yao, T, t 202505 LLNL, T, t =0300;s
15 2000 15 2000
E E
£10 1500 £ 10+ 1500
- [
54 1000 5 e 1000
Mé _,,.-«v’/‘
o o 500 0| 500
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
x [mm] x [mm]



4.8 Appendix B. Ignition process for all the investigated cases using final version with

radial expansion. 145
K] K]
20+ s 20 K c00
Yao, T, t =0301s LLNL, T, t =0350:s
15 2000 15 2000
E T
£ 104 1500 £ 10 1500
= Iy
5 1000 54 ] 1000
=== ==
o - - : - : - - . 500 0 - - - - : . - . ™ 500
0 10 20 30 40 50 60 70 80 920 o ¢ 20 30 40 50 &0 70 80 920
x [mm] x [mm]
K] K]
20+ 500 20+ K c00
Yao, T, t =3001.s LLNL, T, t =3001 s
15 2000 15 2000
T
1500 E 10 1500
e, 1
1000 59 / —
e
500 0—4 500
10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
x [mm] x [mm]
b. T, = 1000 K, X0, = 15%, Pr = 1000 bar
S Moo 201 Bas00
Yao, T, t =0233s LLNL, T, t =0292:s
15 2000 15 2000
E T
£ 104 1500 £ 10 1500
= sy
5 1000 54 1000
P : : . . y . , Mg o—ﬁ. y . . . ; y . Mgy
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 &0 70 80 90
x [mm] x [mm]
K] K]
20+ 500 20+ K c00
Yao, T, t =0300.:5 LLNL, T, t =0350 s
15 2000 15 2000
E T
£ 10 1500 E 10 1500
= =
5 1000 54 1000
= =
0 ,* 500 0 ,4—- 500
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
x [mm] x [mm]
K] K]
20 L 20 500
Yao, T, t =0351.s LLNL, T, t =0400s
15 2000 15 2000
E E
£ 10+ 1500 E 10 1500
= =
5 1000 5 1000
P e
0 - 500 [ 500
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
x [mm] x [mm]
K]
20 0,500 20 500
Yao, T, t =3001,:s LLNL, T, t =3001 s
15 2000 15 2000
E E
£ 10+ 1500 E 10+ 1500
= ! =
5 / 1000 5 / 1000
L= e
0 4 500 O—A 500
0 10 20 30 40 S0 60 70 80 90 0 10 20 30 40 50 60 70 80 90
x [mm] x [mm]

¢ T, = 1000 K, X0, = 15%, Pr = 500 bar

Figure 4.47. Temperature contours along ignition process for the variation of injection pressures at the
condition of high ambient temperature Ta = 1000 K using Yao (left) and LLNL (right) mechanism.
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Figure 4.48. Temperature contours along ignition process for the variation of injection pressures at the
condition of high oxygen concentration XO2 = 21% using Yao (left) and LLNL (right) mechanism.
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Figure 4.49. Temperature contours along ignition process for the variation of injection pressures at the
condition of Spray D using Yao (left) and LLNL (right) mechanism. White dash line: surface of
stoichiometric ratio; white dash-dotted lines: surface of ¢ = 0.5 (outer) and ¢ = 2.0 (inner)
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5.1 Introduction/Objective

The so-called low-temperature combustion strategy provides a promising
solution for reducing emissions, mainly from heavy-duty CI engines, while delivering
higher engine efficiency. Following this idea, many approaches have been explored,
such as altering the fuel stratification and combustion phasing by adjusting the ambient
environment reactivity, injection timing, or dual injection [29]. Gasoline compression
ignition (GCI), utilizing low-reactivity gasoline-like fuels in CI engines, has been
commonly realized with no significant modifications to the injection system [223]. The
longer ignition delay in GCI mode operated in conventional diesel engines results in
increased fuel-air premixing in the chamber and effective control of the combustion
phase, reducing the NOx and soot emissions simultaneously. Concerning the research
on the effects of fuel reactivity, the optimum range of octane number (ON) for GCI
was suggested in the range of ON = 75 — 85 for a light-duty engine [224] and a lower
value ON = 70 for a heavy-duty engine [225].

Primary reference fuels (PRF), which consist of a binary blend of n-heptane (ON
= 0) and iso-octane (ON = 100), are primarily used to evaluate the effect on the
combustion and emission properties of CI engines with the range of ON from Diesel-
like fuels to gasoline-like fuels [226] [227] [228]. Compared to diesel or gasoline, the
binary components in PRFs reduce the complexity of chemical mechanisms, simplifying
the numerical investigations [229] [230]. To further explore the effect of fuel octane
number on the ignition and combustion characteristics under engine-like conditions,
some fundamental research focused on the spray penetration, ignition delay, and lift-
off length have been performed in an optically accessible constant volume/pressure
facility under ECN conditions [23] [231]. ID & LOL are expected to be reduced as the
fuel reactivity increases. In addition, the studies revealed a possible engine calibration
based on a similar ignition delay between PRF00 at 15% oxygen concentration and
PRF40 at 21% oxygen concentration, which is also adopted in [232] for further
investigation of the flame structure.

In low-power applications, liquid hydrocarbon fuels are being gradually
substituted by electrical motors. However, it is still used in high-power applications, and
the high-octane fuel is still promising. Validating the Quasi-1D model for PRFs with
different blend ratios under various ambient conditions is meaningful, especially as a
fast engine calibration with varying operation loads. In the present chapter, the
performance of the Quasi-1D model for the binary blends of n-heptane (PRF00) and
iso-octane (PRF100) was evaluated under the same operating conditions as measured
experimentally in [23]. Similar to the analysis for n-dodecane described in Chapter 4,
the evaluation starts with the inert spray validation on the liquid and vapor penetration,
followed by the study of the chemical reactivity and the combustion metric (ID & LOL)
derived from flamelet manifold, then, the performance of Quasi-1D model on the
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variation of strain rate is presented. A suitable strain rate is selected, and the model
validation is extended to the conditions of sweeping oxygen concentration, ambient
temperature, nozzle diameter, and injection pressure. Finally, the analysis ends with
statistics on the relationship of LOL as ID among all the conditions.

5.2 Test conditions and fuel properties

In this paper, PRFs are blended of n-heptane and iso-octane in steps of 20% of
iso-octane in mass. The fuel properties of these blends and n-dodecane are detailed in
Table 5.1. By definition, ON=0 for n-heptane is 0 and ON=100 for iso-octane. To
simplify the description, the blends are denoted as PREF#, where # represents the PRF
number, corresponding to the octane number or the mass fraction of iso-octane. The
experimental data for validation and assessment of the Quasi-1D model was conducted
at a constant pressure facility in CMT — Clean Mobility Thermofluids, including the
liquid length under inert conditions for PRF00 and PRF100 throughout Mie scattering
[19], ignition delay by high-speed Schlieren and lift-off length by means of OH*
chemiluminescence [23] [167].

Table 5.1. Fuel propetties. Source of PRF#: NIST Chemistry WebBook [233]

Properties [unit] n-Dodecane n-heptane Iso-octane
Density [kg/m?] (T = 15°C) 751.2 680 690
Viscosity [mm?2/s] (T = 40°C) 1.44 0.559 0.559
Cetane Number [-] 74 53 14
Octane Number [-] -40 0 100
Lubricity [um] 563
Flash point [°C] 83 -1 -12
Lower heating value [M]/kg] 44.20 449 44.3
Carbon content [% m/m] 84.7 84 84.2
Hydrogen content [% m/m] 153 16 15.8

Oxygen content [% m/m] _ - -

As illustrated in Table 5.2, the experimental conditions were standardized using
the ECN Spray A injector (n0.209135), which has a single hole with a diameter of 89.4
um. The tests were conducted under a constant ambient density of 22.8 kg/m3 and a
fuel temperature of 363 K. Nominal Spray A condition highlighted by bold involves an
injection pressure of 150 MPa, an ambient temperature of 900 K, and an oxygen mole
fraction of 15%. Variations were then explored, including oxygen mole fraction of
15/18/21% at 900 K and 150 MPa and ambient temperatures ranging from 800 K to
1000 K at 15% O2 and 150 MPa. Three injection pressutres (50/100/150 MPa) were
conducted under every ambient condition. It should be noted that the ambient
temperature can only reach 950 K for PREF20 — 80 due to the facility limitation and was
also considered part of the higher ambient temperature group. The injection duration
is maintained at 3.5 ms to ensure a steady-state jet. The injection rate was obtained by a
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virtual injection rate generator [125] with the area coefficient (Ca = 0.98) and discharge
coefficient (Cd = 0.9), consistent with Chapter 4.

Table 5.2. Test conditions

Ta [K] Pinj [MPa] XO02 [%] Fuel
300 150 15 PRF00, 20, 40, 60, 80
900 50/100/150 15 PRF00, 20, 40, 60, 80
900 50/100/150 18 PRF00, 20, 40, 60, 80
900 50/100/150 21 PRE00, 20, 40, 60, 80
950 50/100/150 15 PRE20, 40, 60
1000 50/100/150 15 PRF00

5.3 Nominal Spray A condition

5.3.1. Inert spray analysis

A simulation was conducted under the Nominal Spray A condition for PRF00 to
evaluate the configurations of the Quasi-1D model. Two spray angles for near-6; and
far-field 0 is used with a transition occurring at an intact length distance IL from the
orifice. The main validation metrics are tip penetration and liquid length. As shown in
Figure 5.1, the input of 8; = 18° matches well with the measured liquid length, and
the same setup of 8, = 25° and IL = 15 mm as C12 also achieves the good agreement
on the vapor tip penetration. As shown in Figure 4.2, the input of near-0; = 15.75°
achieves an excellent prediction of liquid length in the 1D spray model for n-dodecane.
However, this value in near-0; is not feasible for all fuels. The measured liquid length
of PRI'# is observed to be shorter than C12 under the Nominal Spray A condition.
Apart from the shorter distance caused by the smaller evaporation mixture fraction
(fevap,c12 = 0.3636, fepap prro0 = 0.4282) shown in Figure 5.2, the value of near-0,
is also enlarged to reduce the predicted liquid length.
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Figure 5.1. Model validation on spray tip penetration (S) and liquid length (LL) of PRF00 under inert
nominal Spray A condition
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Figure 5.2. Axial profiles of mixture fraction and normalized velocity at 3.5 ms ASOI of inert nominal
Spray A for PRF00 and C12. The vertical dash lines represent the position of liquid length.

Note that due to the small density difference between n-heptane and iso-octane,
the injection mass and momentum flux are almost identical, irrespective of PRF#,
resulting in a similar spray penetration. Therefore, the calculation for the PREF# shares
the same injection rate under the cases of different blends. In addition, the very short
liquid length of PRF makes it more suitable for gas jet assumption in the Quasi-1D
model.

Table 5.3. Liquid length under the injection pressures at ambient temperature of 800 K and 900 K for the
fuels of PRF00 and PRF100

Fuel Ta[K]  Pinj[MPa]  EXP-LL[mm][182] 1D —LL [mm]

800 50 7.9 7.028
800 100 7.5 7.279
800 150 7.4 7.348
PREGO 900 50 6.1 5.978
900 100 5.9 5.929
900 150 5.9 5.832
800 50 7.4 6.326
800 100 6.7 6.322
PREL00 800 150 6.4 6.322
900 50 5.9 5.418
900 100 5.6 5.418
900 150 5.5 5.416

Table 5.3 compares measured and simulated LL under ambient temperatures of
800 & 900 K at three injection pressures, where pure nitrogen is used as ambient gas in
the chamber. Measurements in [19] show minimal differences on liquid length when
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adjusting the percentage of iso-octane in PRF#, as n-heptane and iso-octane have
similar volatility characteristics. This indicates that mixing characteristics for PRE# are
not highly influenced by the blending ratio, at least prior to the ignition delay. LL has
been studied to be little influenced by the injection pressure [56], and it has a
significantly higher value at low injection pressure. Among all the conditions, good
prediction is achieved, with an inverse trend of LL observed with injection pressure at
low temperatures for PRF00. The model configuration effectively captures the spray
characteristics, paving the way for subsequent calculations on reacting sprays.

5.3.2. Flamelet ignition for PRF

As discussed previously, the absence of a turbulence-chemistry interaction term
(i.e., presumed PDF approach), a direct link can be established between the laminar
flamelet manifold, and the spray ignition as derived from the Quasi-1D model.
Therefore, analyzing the progress variable source term for the flamelet manifold
generated at different strain rates is necessary for the subsequent discussion of Quasi-
1D model performance. The manifold was tabulated with a reduced chemical
mechanism (248 species, 1428 reactions) [234] originating from a detailed LLNL
mechanism (3701 species, 16048 reactions) [235] by using the method of Direct
Relation Graph and Error Propagation coupling with sensitivity analysis [236].
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Figure 5.3. Contours of flamelet transient term Y, = 8Y, /0t displayed in temperature versus mixture
fraction (a), normalized progress variable versus mixture fraction (b). The dashed line superimposed on
the contour is the time evolution of the maximum temperature / maximum normalized progtess variable
at every 10 ps timestep. The vertical line is stoichiometric mixture fraction. Different rows from top to
bottom cortespond to strain tates at 30, 160, and 600 1/s. Different columns from left to tight
correspond to PRF00, PRF40, and PRF80.

Figure 5.3 presents the contours of transient term Y in the maps of T — f(Figure
5.3.a) and C — f (Figure 5.3.b). The analysis will be done by comparing the difference
among the PRF00, PRF40, and PRF80 blends at the strain rates of 30, 160, and 600 1/s.
Similar to the analysis in Chapter 4, a dashed line highlights the maximum (Tmax or
Cmax) at every instant during the combustion process with a constant timestep of 10
us.

Similar to the ignition process of n-dodecane, the contours of PRF00 also
illustrate a typical two-stage ignition characterized by a plateau near the cool flame
temperature (~1000 K) where Cmax remains nearly constant. A comparison with n-
dodecane (Figure 4.6) reveals that the contour distribution for PRF00 is narrower in the
moderate fuel-rich area (f ~ 0.01) with reduced intensity due to lower fuel reactivity
(lower cetane number). When examining blends of PREF# and different strain rates, the
difference in chemical reactivity and the ignition process can be explained as follows:

® As the strain rate increases, the chemical reactivity will be reduced as a result
of the intensified diffusion in the mixture fraction space. Near the
stoichiometry, the distribution and intensity remain constant in the regions
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where the temperature exceeds ~1800 K. In the moderate temperature (1000
— 1800 K), the distribution shows a narrower range in mixture fraction. In
addition, the distribution near the temperature of ~1000 K shifts towards a
leaner mixture, thereby, the reactivity near the line of steady state is also
enhanced, which is also found in C12 in Chapter 4. In the rich mixture, the
separated spots in the moderate temperature on the slightly rich side, which
govern the trace of Tmax, shift towards the richer side, and, of course, the
intensity is also drastically reduced.

® As for the effect of blending of iso-octane in PRF#, increasing the blending
ratio (higher ON number) plays a role in controlling ignition by reducing
chemical reactivity across the entire map, particularly in the low-temperature
zone and the moderate-temperature zone in a slightly rich mixture. Therefore,
the value of Cmax in the plateau during the first-stage ignition decreases. For
PRF80, the reaction in the lean mixture is very weak across the three strain
rates, shown as the near-zero Cmax evolution. What’s more, the bigger gap of
transient term between the low- and high-temperature region leads to a
continuous increase in Cmax to a richer mixture, which indicates a single-stage
ignition for PRF80, especially at high strain rates.

In Figure 5.4, the calculated ignition delay in the first- and second-stage ignition
is plotted as a function of mixture fraction for the fuels PRF00, PRF40, and PRF80 at
Strain rates of 30, 160, and 600 1/s. According to the criteria utilized in Chapter 4, the
first and second-stage ignition delay are defined as the time when Cmax exceeds 0.1 and
0.9, respectively.

In terms of the 2nd-stage ignition (also known as high-temperature ignition),
compared to the observations of n-dodecane in Chapter 4, a similar V-shape is also
observed for PRF#. Still, it is more sensitive to the mixture fraction around the
minimum value (most reactive mixture fraction), typically located in a slightly fuel-rich
area. Moreover, this position shifts towards the richer side with higher blends of iso-
octane in PREF#. However, this trend is less pronounced at higher strain rates. The 2nd-
stage ignition delay remains relatively constant in the 0.04 < f< 0.08 range.

As expected, PRF# with a higher-octane number presents a longer 2nd-stage
ignition delay, with a more noticeable increase at higher octane numbers. The curves of
2nd-stage ignition delay as a function of mixture fraction are nearly parallel across the
entire mixture fraction for all the PRE# fuels. There is slight variation among PREF#
fuels on the extremely lean side, with discrepancies becoming more apparent at higher
strain rates.
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Figure 5.4. Ignition delay against mixture fraction for first- and second-stage ignition for PRF00, PRF40,

and PRF80. The vertical line is stoichiometric. The images from top to bottom correspond to the strain
rate at 30, 160, and 600 1/s.

Regarding the 1st-stage ignition, a similar trend to the 2nd-stage ignition was
found with increased strain rate and iso-octane blending in PRF#. For the shortest 1st-
stage ignition delay across the mixture fraction, the strain rate variation exhibits minimal
effect for PRFOO and PRF40, but the value of PRF80 increases at a higher strain rate.
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Compared to 2nd-stage ignition, 1st-stage ignition delay also shows parallel profiles
among PRIs. However, the difference in 1st-stage ignition delay between the adjacent
fuel blends differs across the entire mixture fraction. The enlarged difference caused by
the increased strain rate is also observed, similar to the 2nd-stage ignition delay.
Moreover, referring to the most reactive mixture fraction of Ist-stage ignition, the
difference on the leaner side is more significant than that on the rich side. As shown in
Figure 5.3, with the decrease in fuel reactivity, PRFOO towards PRF80, the reduced
reactivity is more pronounced in the lean mixture (f < fst). Concerning the gap between
1st-stage ignition delay and 2nd-stage ignition delay, the smallest value occurs at a
slightly lean mixture (£~0.04).

As a summary, Figure 5.5 displays the flamelet ignition delay as a function of
strain rate for PRT's, which will be later compared to the Quasi-1D model results. Here,
the flamelet ID is the shortest 2nd-stage ID shown in Figure 5.4. As expected, a
continuous increase in ignition delay is observed as the strain rate increases until the
extinction limit, and the trend is more obvious when strain rate is above 200 1/s.
Meanwhile, a longer ignition delay is also achieved as the fuel reactivity decreases (from
PRFO00 to PRF80), and the auto-ignition limitation also dectreases from SR = 1000 1/s
(PRF00/20) to 800 1/s (PRF80). The difference in ignition delay among PRF# is more
pronounced at a higher strain rate.
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Figure 5.5. Profiles of flamelet 2nd-stage ignition delay versus strain rate for PRFOO — 80.

5.3.3. Effect of strain rate on Quasi-1D spray ignition

Figure 5.6 shows the calculated ID (left) and LOL (right) as a function of strain
rate using the Quasi-1D model. Similar to the flamelet ignition delay, 1D is also defined
as the instant when Cmax exceeds 0.9, and lift-off length is defined as the position
where 14% of its maximum of the OH mass fraction.
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Quasi-1D ignition delay also shows constant differences among PRF00, PRF20
and PRF40 along the variation of strain rates. The sensitivity of Quasi-1D ignition delay
as strain rate is also more significant for low-reactivity fuels (PRF60 & PRIF80) at a large
strain rate. Different from the monotonic increase in flamelet ID as the strain rate
increases, a slightly V-shaped pattern is found for the profiles of both ID & LOL as
strain rate for all PRFs. In practical terms, ID remains neatly constant in the strain rate
range of 50 — 200 1/s for PRFO0 — PRFG0. Above SR = 200 1/s, Quasi-1D ignition is
more influenced by the fuel-air mixing. Thus, the magnitude of the increased ID at a
higher strain rate is more significant than that in flamelet ID.

As for lift-off length (LOL), the overall behavior is similar to ignition delay, i.e.,
increased ID & LOL with increased iso-octane in blends and V shape in strain rate
variation. However, for PRF60 and PRF80), the increase in the LOL caused by increased
strain rate slows down, especially at large strain rates. For example, the LOL of PRF80
tends to be constant when the strain rate exceeds 400 1/s, and finally, there is no high-
temperature ignition as the strain rate is larger than 600 1/s.
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Figure 5.6. The profiles of ID (left) and LOL (right) against strain rate using Quasi-1D model for PRF00
— 80. The dashed line with the shadow graph represents the measurement data, which shares the same
color as the symbols at each PRF blend.

In terms of Quasi-1D spray ignition process, different behaviors are observed
for different PRF under variations of strain rate. Note that for a single injection event,
spray evolution includes reactivity from all the range of mixture fractions simultaneously
igniting. To further explain the effect of strain rate and PRI'#, the ignition process of
PRFO0 by means of the evolution of Tmax and Cmax is first analyzed. Figure 5.7
compares the Tmax evolution against mixture fraction under different strain rates which
are obtained from Quasi-1D model (solid lines) and flamelet (dash-dotted lines). For a
better understanding, the time evolution of Tmax (left) and Cmax (right) has also been
plotted in Figure 5.8. At a higher strain rate, the flamelet-derived ignition process
exhibits a longer stage of low-temperature ignition, concurrent with a shift of the phase
of steep increase in Tmax towards richer mixtures and a reduction in the magnitude of
such temperature increase, transitioning from 1100 — 1400 K to 1100 — 1200 K. The
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Tmax evolution from Quasi-1D model shows an initially similar trace as the flamelet-
derived results, but it returns to the leaner mixture after reaching a so-called ‘turning
point’. Before the first turning point at 0.4 ms, the temperature rise in the low-
temperature combustion stage is the same among the three strain rates, while the similar

pace in Cmax stops at 0.23 ms, then a slightly higher value is observed at a higher strain
rate.
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Figure 5.7. Maximum temperature evolution against mixture fraction from flamelet (dash-dotted) and
Quasi-1D model (solid) for PRFOO at three strain rates. The black solid lines represent the inert and
steady state. The black dash line represents the stoichiometric ratio. The coloured dash line represents the
turning point where the ignition returns to a leaner side.
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Figure 5.8. The time evolution of Tmax (left) and Cmax (right)obtained from Quasi-1D model for PRF00
at three strain rates. The coloured dash line represents the turning point where the ignition returns to a
leaner side.

For all the three strain rates, the turning points along the Quasi-1D ignition is
located in the rich mixtures, with a richer value as the strain rate increases,
corresponding to a later turning time. In this period, the chemical intensity is the
governing factor. Consistent with the observation in Figure 5.3, the reactivity in the
low-temperature region tends to be lower as the strain rate increases, this is why the
turning point occurring at a richer side/longer timing under higher strain rate. As the
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injection progresses, more mixture accumulates in the lean zones, which can be ignited
due to the longer residence time. This explains the slight shift towards the richer side
during the hot-temperature ignition when strain rate increases from 30 to 160 1/s.
However, the high-temperature ignition occurs at a slightly rich mixture at the highest
strain rate, which can be attributed to both factors. The weak intensity in the lean side
shown in Figure 5.3 makes it more difficult for the lean mixture to ignite, and the longer
low-temperature combustion allows more time to react near the surface of
stoichiometry.

In the second step, analogous way is used to explore the effect of blending of
iso-octane number in PREF#. Figure 5.9 gives the profiles of Tmax against mixture
fraction along the combustion process for PRF00 — 80, which are plotted in one image
at a constant strain rate. Meanwhile, the evolution of Tmax (left) and Cmax (right) for
all the fuels are also given in Figure 5.10 as three images, corresponding to three strain
rates. Similarly, time evolutions of Tmax and Cmax are shown in in Figure 5.10.
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Figure 5.9. Maximum temperature evolution against mixture fraction from flamelet (dash-dotted) and
Quasi-1D model (solid) for PRF00 — 80 at three strain rates: 30 1/s (uppet), 160 1/s (middle) and 600
1/s (bottom). The colorful dash lines are the turning points for each fuel.

With the higher blending of iso-octane number in PRF#, the temperature rise is
reduced in the low-temperature combustion period from the flamelet-derived ignition.
Meanwhile, the scale of the temperature increment between the low-temperature and
high-temperature ignition is similar for all the fuels, while the position shifts towards
richer mixtures. Consistent with the flamelet-derived ignition, in the low-temperature
combustion stage, the maximum temperature of the quasi-1D model rises up to a value
when it reaches the turning point. Except for PRF00 at the lowest strain rate, the turning
point tends to happen at rich conditions. However, it happens at at a leaner mixture as
the fuel reactivity decreases (i.e. increasing PREF#). From Figure 5.10, the instant of the
turning point, marked as turning time, is also seen to become longer at a low-reactivity
fuel, which is in agreement with the chemical intensity indicated in Figure 5.3.

Then, the hot-temperature ignition was observed to move towards a leaner
mixture for PRF20 — 80 at the lowest strain rates and for PRF00 — 80 at the larger strain
rates. In addition, the monotonic shift towards leaner mixture is also found at a higher
strain rate for PRF20 — 80, and this shifting is the most significant for PRF20. For
PRF40 — 80, this effect is mainly on the low-temperature ignition process (T'max < 1300
K.

For all fuels, after the turning point, the position of the maximum temperature
returns to the lean side, then it reaches the leanest mixture, finally, the hot-temperature
ignition diffuses to the stoichiometry and the temperature arrives the maximum. During
this period until the leanest side, the magnitude of the temperature increase is obviously
influenced by the strain rate. For example, at the lowest strain rate of 30 1/s, the
maximum temperature of PRF60 increases to ~1300 K as the transition of the
corresponding mixture fraction from the rich side to the lean side, however, the
temperature remains nearly constant when the ignition position transfers to the lean
side at the highest strain rate. For PRF80, due to the low chemical reactivity in the low-
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temperature region indicated in Figure 5.3, the temperature rise is not sensitive in this
region, and the maximum temperature is still below 1800 K at the end of the injection
under the highest strain rate.

In terms of the low-temperature period, the Tmax and Cmax were expected to
be lower for a low-reactivity fuel, and the variation in the ignition period shows the
shortest at SR = 160 1/s, resulting in the earliest second-stage ignition across the strain
rates. Furthermore, PRF80 undergoes a single-stage, high-temperature ignition in lean
mixture, in agreement with the observation in [232].

One important point from this analysis is the selection of a single strain rate value
for the calculations under other operation conditions. As shown in Figure 5.6, good
matching on Quasi-1D ignition delay occurs in the SR range from 50 1/s to 200 1/s for
PRF00 — PRF60, while the agreement in LOL takes place in the same SR range is only
for PRFOO — PRF40. The consistency of ID and LOL concerning the strain rate for
high-reactivity fuels suggests that using a single flamelet may yield accurate predictions.
Considering the fact that excellent prediction to LOL for PRF80 is achieved at the strain
rates of 160 1/s and the calculated LOL at the same strain rate is still within the
measurement uncertainty for PRFG0, a strain rate of 160 1/s is finally chosen for all
PRF# for the calculations in the following sections.
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Figure 5.10. The evolution of Tmax (left) and Cmax (right) for PRF00 — 80 under nominal Spray A
condition at strain rates of 30 1/s (upper), 160 1/s (middle), and 600 1/s (right). The colotful dashed
lines represent the turning time, corresponding to the dash lines in the previous image.

5.3.4. Imposed ignition propagation

Figure 5.11 shows a time sequence of two-dimensional temperature fields around
the ignition timing for PRFOO (left), PRF40 (middle), and PRF80 (right) under the
nominal Spray A condition. The first-row image corresponds to the instant when the
maximum temperature exceeds ambient temperature plus 400 K, a criterion also known
as the ignition delay definition as mentioned in [21]. The subsequent images represent
the instants during the hot-temperature ignition process (Tmax > 1300 K), with the
final one displaying the instant at the end of injection where the combustion has been
stabilized.

For PRF00, ignition occurs at 629 us ASOI, and the highest temperature takes
place at an axial distance of ~30 mm from the nozzle along the surface of stoichiometric
ratio. It was also observed in rich mixture (¢ = 1.2) in [232]. In contrast, PRF40 and
PRF80 ignite later and distance farther from the nozzle. As a sequence, ignition occurs
near a lean surface, i.e., ¢ ~ 0.5. The ignition of PRF80 occurs at an almost lean mixture

[232]. Compared to PRFO, calculations show a wider radial expansion happening at ~40
mm for PRF40 and ~70 mm for PRF80.

Finally, Figure 5.12 shows the validation of the reacting tip penetration, ignition
delay, and temporal evolution of lift-off length for PRF00, PRF40, and PRF80 using an
imposed ignition propagation described in Chapter 3. The experimental data comes
from [182]. This type of validation is not typically found in other studies utilizing
reduced-order models, where local density is not coupled with flow dynamics and the
subsequent penetration evolution. For PRF00, the predicted reacting tip penetration
matches well with experimental values, albeit with a slight overprediction during the
transient phase immediately after ignition. This discrepancy is more pronounced for
PRF40 and PRF80, where overprediction holds for most of the reacting penetration
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period. The discrepancy around ignition timing stems from the fact that a sharp
transition is considered in the ignition mixture from inert to a fully reacted state, which
induces a stronger density drop and, hence, a faster acceleration compared to the
experiments. Similar observations detected in [152] [167] also exhibit a slower spray
acceleration under low-reactivity situations (i.e., low temperature or low reacting fuels),
which is also evidenced by the comparable penetration between the inert case in Figure
5.2 and the reacting case for PRF40 and PRF80 [182].
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Figure 5.11. Comparison of temperature contours along ignition process among PRF0O (left), PRF40
(middle) and PRF80 (right) under nominal Spray A condition. The white dashed line represents the
surface of stoichiometric equivalence ratio, and the white dash-dotted line represents the surface of
equivalence ratio of 0.5. The vertical black dashed line represents the temporal lift-off length.

100

@
o

—— o e m e e

Axial distance [mm]

Time ASOI [ms]

Figure 5.12. The validation on reacting spray tip penetration, ignition delay and temporal lift-off length
for PRF00, PRF40 and PEF80 under nominal Spray A condition.
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5.4 Parametric variations

In this section, the validation of the Quasi-1D model on ID & LOL prediction is
conducted for cases involving injection pressures (50/100/150 MPa), oxygen mole
fraction (15/18/21%), and ambient temperatures (800/900/950 & 1000 K). Apart from
the ID definition by Cmax > 0.9, the data defined by the time from the start of injection
at which dTmax/dt is maximum (Tmax being the maximum temperature across the
spray) is also given in red lines.

Nominal Spray A condition

Figure 5.13 compares 1D and LOL as a function of PRF number at nominal Spray
A condition between the measurements [167] and the Quasi-1D model. n-dodecane
results have also been included with the LLNL mechanism. In general, the Quasi-1D
model accurately predicts the trend of ID and LOL against PRF, namely a gradual
increase of ID & LOL with the rise in ON from -40 to 60 (C12 — PRF60), followed by
a significant increase in slope when transitioning from PRF60 to PRF80. Current study
demonstrates more accurate predictions than previous numerical work [237], possibly
due to differences in the adopted chemical mechanism. Furthermore, when using the
same mechanism as in [234], the predicted ID remains consistent between these two
criteria (Cmax and dTmax/dt) for high-reactive fuels (C12 — PRF40), while the
numerical value aligns more closely with measurements for PRF80 under the criteria
based on dTmax/dt, and the prediction for LOL matches well across the entire range
of PRF#. Meanwhile, the prediction in [234] and [237] within the CFD-RANS
framework both obtained an underestimated LLOL, especially for low-reactivity PRE#
(i.e., PRIF80), while in the present approach the agreement is overall very good.
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Figure 5.13. The ignition delay (left) and lift-off length (right) against fuel octane number under nominal
Spray A condition.
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In further analyzing the model validation under the effect of injection pressure
(Pinj = 50/100 MPa), Figure 5.14 presents the relationship between numerical and
experimental ID & LOL with respect to ON number under the same ambient
conditions as Nominal Spray A. It is necessary to note that experimental ID data for
PRFG60 were not available on the experimental database. Across all PRE#, the Quasi-
1D model effectively captures the trend of ID & LOL corresponding to the decrease in
fuel reactivity from C12 to PRF80, irrespective of the injection pressure. Similarly, a
consistent observation of longer ID based on the dTmax/dt critetia for low reactive
fuels (PRE60, PREF80) can be made for the remaining scenarios. Notably, as injection
pressure decreases, the predicted ID & LOL tends to be slightly lower than the
measurement, a finding also supported by previous research [234]. It is worth
highlighting that the liquid length of PREF# (~6 mm) is shorter compared to C12 (~11
mm) for Nominal Spray A, i.e., the scenario of PREF# calculation is closer to the gas-jet
theory in Quasi-1D model. As mentioned in Chapter 4, ID prediction is significantly
influenced by longer residence time at low injection pressure, resulting in a shorter 1D
compared to nominal condition. In terms of LOL prediction, the predicted values are
slightly shorter than those of the measurement, with discrepancies falling within 2 mm
range for all PREF#.
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Figure 5.14. The validation of ignition delay (upper) and lift-off length (bottom) against fuel Octane
number under lower injection pressure. (Pinj = 50 MPa, left; Pinj = 100 MPa, right)
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Ambient temperature

Figure 5.15 illustrates the relationship between predicted and measured ID & LOL
at varying ON numbers under different ambient temperatures (800 K and 950/1000 K).
Itis noted that no ignition takes place for PRF80 at low temperatures, resulting in a lack
of measurement data. Additionally, data for LOL at high temperatures is also missing.
As previously noted, high ambient temperature tests for C12 and PRFO0 were
conducted at 1000 K, while PRF20 — PRF80 tests were carried out at 950 K due to
facility limitations. The trend of ID & LOL increasing with the ON number is accurately
predicted. At low ambient temperatures, an accurate calculation is more challenging.
The predicted ID & LOL values are significantly longer than the measured values. Zhou
et al. also observed overpredicted ID and underestimated LOL for PRF#, attributing
this to simplified mixing and chemistry descriptions rather than the combustion model
[237]. At high ambient temperatures, accuracy improves, although the Quasi-1D model
predicts lower ID & LOL values compared to measurements for PREF#, with a less
pronounced discrepancy in ID prediction. Regardless of ambient temperature, the
disparity between the Quasi-1D model and measurements in ID or LOL remains
consistent across different PREF#. In contrast to the more accurate predictions for high-
reactive fuels (PRFO0 and PRF20) in [234], the constant flamelet approach may
contribute to inaccuracies at higher ambient temperatures.
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Figure 5.15. The validation of ignition delay (upper) and lift-off length (bottom) against fuel Octane
number under lower injection pressure. (Ta = 800 K, left; Ta = 1000/950 K, right)

Oxygen concentration

Figure 5.16 illustrates the relationship between predicted and measured 1D & LOL
based on the ON number for XO2 = 18% (left) and XO2 = 21% (right). Consistent
with previous findings, accurate predictions of ID are achieved from C12 to PRF60,
with an underestimation observed for PRF80. Moreover, this underestimation is less
pronounced at higher oxygen levels. Regarding LOL predictions, the Quasi-1D model
demonstrates sensitivity to ON variations in PRF#, yielding accurate predictions for
PRF80 across all oxygen conditions, including the reference setting. However, the
accuracy of LOL predictions is less satisfactory at the highest oxygen concentration,
particularly for PRFGO.
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Figure 5.16. The validation of ignition delay (upper) and lift-off length (bottom) against fuel Octane
number under higher oxygen concentration. (XO2 = 18%, left; XO2 = 21%, right)

Overall comparison

Figure 5.17 shows the validation of Quasi-1D model for the prediction of ignition
delay and lift-off length for the fuels with ON variation at all the ambient conditions.
Overall, this model delivers reasonable predictions within a deviation of +-0.1 ms from
the experimental ID and 5 mm from the experimental LOL for most of the conditions.
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A very consistent stratification in terms of ignition delay is observed depending on fuel
reactivity, increasing from C12 to PRF80.

For all cases, ignition delay and lift-off length are both overpredicted for the low
800 K cases, but the discrepancy is less important at lower injection pressure. If the
sensitivity of ignition delay to strain rate is calculated similatly to the plots in Figure 5.6,
results show that experimental values are far below those from the Quasi-1D model.
Another observation is the underprediction under most conditions for PRF80. In
addition, Figure 5.6 also shows that the sensitivity of PRF80 ignition delay is much
higher than that of the other fuels. Above all, the implementation of constant flamelet
approach is limited at the conditions where a long fuel/oxidizer mixing process is
needed, thus, multiple flamelets would be more effective in the following prediction in

ID and LOL.
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Figure 5.17. Validation of Quasi-1D model predictions of ignition delay (left) and lift-off length (right)
for the investigated fuels and operating conditions. Markers with the same shape and colour correspond
to a variation of injection pressure for the corresponding ambient conditions. Dashed diagonals
correspond to a £20% and £0.1 ms/5 mm for ID and LOL, respectively

Due to the wide range of reactivities in the present study, it provides a nice range
where the relationship between ID and LOL can be evaluated. This is observed both
from the experiments and the Quasi-1D model in Figure 5.18. It can be noted that data
have been grouped in terms of injection pressure, which strongly affects the lift-off
length but not ignition delay [97] [123]. To make a consistent comparison, a correlation
of lift-off length as a function of the injection pressure and ignition delay is also adopted
here [238], written as

LOL = kLOL . Pl?l] . Tb (51)

where ko, is the correlation constant, Py, is the injection pressure, T is ignition delay,
and a and b are the exponents of each parameter. The parameters are presented in
Table 5.4. Besides the coefficient k; o, the other parameters used for Quasi-1D model
are the same as the experiment. The discrepancies in the fitted ko, with the measured



172 CHAPTER 5 MODEL VALIDATION ON PRIMARY REFERENCE FUELS

value indicates the inconsistency between ignition delay and lift-off length with an
inaccurate estimation, where lift-off length is more influenced. The value of kg is
fitted as larger than the measured one, while similar analysis given in [237] exhibited a
lower k; g, concluded from CFD-RANS work.

Table 5.4. Exponents for the lift-off length correction according to Eq. ((5.1)

Parameter KioL Pinj T R?
Units [au] [MPa] [us] -
Exponent - a b -
Exp 0.0137 0.432 0.804 98.64%
Quasi-1D 0.0165 0.432 0.804 98.73%
80
© EXP-50 MPa
701| ® 1D-50MPa A
EXP - 100 MPa A
60 - 1D - 100 MPa Z
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Figure 5.18. Ignition delay and lift-off length relationship for all fuels under all conditions grouped by
injection pressure. Empty Marker: Quasi-1D model; Solid marker: Experimental database. Solid Lines:
correlation by experiment. Dashed lines: correlation by Quasi-1D model.

5.5 Summary and Conclusions

In this section, the effect of fuel reactivity on Quasi-1D model was evaluated by
combustion metrics, mainly ID and LOL. The validation was performed with n-
dodecane and Primary Reference Fuels under ECN conditions, including variations in
ambient temperatures, oxygen concentrations and injection pressures. The findings and
conclusions can be summarized as follows:

¢ Good match on inert spray penetration and liquid length is obtained by 1D
spray model for PRFs with a larger near-field spray angle as the input parameter
compared to n-dodecane.

e As for PRF00, an increase in strain rate leads to a reduction in chemical
reactivity, particulatly in the moderate-temperature region of the fuel-rich
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mixture and high-temperature region of the near stoichiometric mixture.
Within the specified mixture fractions, spanned profiles of ignition delay as
mixture fraction are observed for both first-stage and second-stage ignition,
and the shortest first-stage ignition delay remains nearly constant as the strain
rate increases. Additionally, the flamelet-derived ignition process exhibits a shift
towards richer mixtures during the phase of steep temperature increase,
coupled with a reduction in the magnitude of this temperature rise. Quasi-1D
model produces a V-shaped profile of ignition delay and lift-off length as a
function of strain rate, with a well matching on measurements at low strain
rates. As the strain rate increases, first-stage ignition takes place in a richer
mixture over a longer duration, resulting in the hot-temperature ignition also
occurring in a richer mixture.

e A lower fuel reactivity results in a longer flamelet ignition delay, particulatly in
the first-stage ignition delay, which is consistent with significantly reduced
chemical reactivity in the low-temperature region. The profiles of flamelet
ignition delay as a function of mixture fraction are similar across different
PRF#. Furthermore, the Quasi-1D ignition delay and lift-off length show a
consistent trend as the strain rate increases for all PRF#, and the relationship
between both variables and strain rate is comparable across the various PRFs.

Hence, a constant strain rate can be chosen for the calculations involving all
PREF#.

e Utilizing the same constant strain rate for all PRF#, ignition occurs at a leaner
mixture as fuel reactivity decreases, accompanied by longer first-stage ignition
duration. By employing the imposed ignition spread approach, accurate
predictions of spray penetration were achieved, although a slight overprediction
was noted after the ignition delay, especially for low-reactivity fuels. This is
attributed to the minimal acceleration in penetration observed after ignition
delay observed in the measurements.

e Under a variety of ambient and injection conditions, Quasi-1D model delivers
an excellent agreement with measurements of ignition delay and lift-off length
for PRF#, with the best matching at varying oxygen concentrations and
injection pressures. However, some discrepancies remain in cases of low
ambient temperature and in the ignition delay predictions for PRF80. Overall,
Quasi-1D model proves to be more feasible for the calculation of the fuels that
exhibit good vaporization.
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6.1 Introduction/Objective

As mentioned in Chapter 1, the use of oxygenated fuels is a good solution to
achieve carbon neutrality in the energy and transport sectors. With the high oxygen
content, oxygenated fuels also show great potential in simultaneous reduction in NOx
and soot emission. Among various oxygenated fuels, ethers, with a broader range of
cetane number and the advantage of running in CI engines with modifications, appear
to be a more favorable solution compared to alcohols [239)].

In the family of ethers, polyoxymethylene dimethyl ethers (OMEXx) are presented
by the general formula CH30-(CH20)x-CH3, where x represents the degree of
polymerization degree, usually ranging from 1 to 7. Compared to dimethyl ether (DME)
with the simpler molecular structure CH30OCH3, the liquid fuel properties of OMEx
make it a more promising candidate for blending with diesel or other hydrocarbon fuels
at low temperatures. In addition, the lower production cost of OMEx in comparison to
hydrocarbon fuels indicates a wider market potential, especially in the field of marine
transportation [240].

Recent experimental investigations performed at CMT have mainly focused on
two types of fuel: OME]1, a short chain single component fuel, known for good fuel
vaporization but difficulty in ignition; OMEX, a long chain multi component fuel mainly
composed of OME3 and OME4, which has lower volatility but is outstanding in
ignition performance. Previous studies have explored the use of these fuels by means
of neat fuel or fuel additive in engines and some of them is performed in constant
volume/pressure vessel for fundamental data [101] [241] [242] [243] [244]. Under the
Spray A condition proposed in Engine Combustion Network [245], OMEx exhibits
different ignition characteristic compared to n-dodecane, with a shorter ID and longer
LOL [24] [246]. Meanwhile, the flame structure of OMEx presents no existing of OH
downstream of LOL [247] [248], consistent with the observation of reduced soot
formation in the spray head [24]. The oxygen component in OMEx is found to play the
roles of shifting the equivalence ratio distribution, resulting in a leaner ignition of OMEx
[191] and enhancing the soot oxidation, particulatly in the spray head. In addition, the
absence of C-C bond in OMEx molecular structure also helps to reduce soot precursor
formation.

The aim of this chapter is to assess the performance of Quasi-1D model on the
OMEx-type fuels previously studied in [191]. The simulations in this chapter contain
various HCN conditions, including different ambient temperatures, oxygen
concentrations, injection pressures, and nozzle diameters. Furthermore, the comparison
between hydrocarbon and oxygenated fuels are performed in terms of two pairs: high-
reactivity fuels (C12 vs OMEx) and low-reactivity fuels (PRF60 and OMET). The
selection of C12 and PRFG0 for comparison against the counterpart oxygenated fuel
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has been based upon the fact that they should have similar ignition delay. This analysis
can help elucidate the independent influence of chemical characteristics (high- vs low-
reactivity) as well as that of oxygenated molecule vs regular hydrocarbons. Similarly to
Chapter 5, the first discussion will be given in Nominal Spray A condition, including
the inert spray characteristics, effect of strain rate on the flamelet ignition and predicted
ID & LOL, as well as the validation on reacting spray penetration and temperature
contours. Finally, the model validation is extended to patametric variation and
concludes with final remarks of the prediction accuracy of ID & LOL between
hydrocarbon and oxygenated fuels.

6.2 Test conditions and fuel properties

The validation of Quasi-1D model on the OMEx-type fuels was assessed with
the measurements conducted in a high-pressure high-temperature facility in CMT
Institute [249]. The investigated fuels contain a single component one OMEL1, and a
multi component one OMEZX, consisting of 57.90% OME3, 28.87% OME4, 10.08%
OMES5, 1.91% OMEDG, and negligible OME1 and OME2 in the experimental study [24].
In accordance with the components considered in the chemical mechanism (OMEn, n
= 2-4) [250], the fuel mixture used in the simulation consists of 59.14% OME3 and
40.96% OME4 by weight. As previously proposed, n-dodecane and PRF60 were
selected for comparison of regular hydrocarbons with OMEx and OME1, respectively.
The details of the fuel properties are given in Table 6.1.

Table 6.1. Fuel properties [243]

Properties [unit] n-Dodecane PRF60 OME1 OMEx
Density [kg/m?] (T = 15°C) 751.2 684 866.7 1057.1
Viscosity [mm?/s] (T = 40°C) 1.44 0.559 0.36 1.08
Cetane Number [-] 74 37.4 28 68.6
Lubricity [um] 563 747 320
Flash point [°C] 83 -5.4 <40 65
Lower heating value [M]/kg] 44.20 44.66 19.25 19.21
Carbon content [% m/m)] 84.7 84.08 48.4 44.2
Hydrogen content [Yo m/m] 15.3 15.92 104 8.8
Oxygen content [% m/m)] 0 0 421 45

The testing conditions are summarized in Table 6.2, where the conditions for
each fuel are shown in an individual table. The nominal Spray A condition (highlighted
in bold) is defined as the condition at T, = 900 K, X,, = 15%, P;,,j = 1500 bar.
The fuel temperature was maintained at 363 K, with an ambient density of 22.8 kg/m3.
The study explored variations in ambient temperature (800/900/1000 K), injection
pressure (500/1000/1500 bar), and oxygen concentration (15/21%). The evaporation
mixture fraction is also given in the final column. Except for PRF60, measurements are
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performed using two injectors: a single-hole nozzle with diameters of 89.4 um (Spray
A: n0.210675) and 190.3 pm (Spray D: n0.209135). A long injection duration (~4 ms)
was employed to ensure a steady spray. The injection rate for Spray A was obtained
from a virtual injection rate generator [125], and the injection rate for Spray D is from

an ‘educated’ profile [251].

a. n-Dodecane

Table 6.2. Test conditions

Spray Ta/K Pinj / bar X02 /% fevap [-]
SA 800 500/1000/1500 15 0.3115
SA 900 500/1000/1500 15 0.3636
SA 900 500/1000/1500 21 0.3629
SA 1000 500/1000/1500 15 0.4085
SD 900 500/1000/1500 15 0.3636

b. OMEx

Spray Ta /K Pinj / bar X02 /% fevap [-]
SA 800 500/1000/1500 15 0.3744
SA 800 500/1000/1500 21 0.3737
SA 900 500/1000/1500 15 0.4282
SA 900 500/1000/1500 21 0.4274
SA 1000 500/1000/1500 15 0.4738
SD 900 1000/1500 15 0.4282
SD 900 1000/1500 21 0.4274

c. PRF60

Spray  Ta/K Pinj / bar X02 /%  fevap []
SA 800 1500 15 0.4678
SA 900 500/1000/1500 15 0.5149
SA 900 500/1000/1500 18 0.5145
SA 900 500/1000/1500 21 0.5141
SA 950 500/1000/1500 15 0.5357

d. OME1

Spray Ta /K Pinj / bar X02 /% fevap [-]
SA 900 500/1000/1500 15 0.5999
SA 900 500/1000/1500 21 0.5981
SA 1000 500/1000/1500 15 0.6378
SD 900 1000/1500 15 0.5999
SD 900 1000/1500 21 0.5981
SD 1000 1000/1500 15 0.6378
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6.3 Nominal Spray A condition

In this section, the evaluation of the performance of Quasi-1D model on
oxygenated fuels and the comparison with hydrogenated fuels is performed under
nominal Spray A condition. Firstly, the analysis of inert spray was presented, including
the comparison of liquid and vapor spray penetration, and the 2D maps of residence
time. Then, the effect of strain rate on the flamelet ignition and predicted ID & LOL is
discussed. Next, the validation on reacting spray penetration will be shown using the
radial expansion and the imposed ignition propagation. Finally, the comparison of
ignition process between hydrocarbon and oxygenated fuels is presented in terms of 2D
maps of temperature.

6.3.1. Inert spray analysis

In Quasi-1D model, two spray angles are specified for the calculation. In Chapter
4, the configurations of near-0; = 15.75° and far-field 0, = 25° with a transition
occurring at an intact length distance IL = 15 mm from the orifice is utilized for the
calculation of n-dodecane under Spray A conditions. Meanwhile, the input of near-0; =
18° was given in Chapter 5 for PRF#. Figure 6.1 presents the calculated liquid length
(LL) and vapor tip penetration (S) for the investigated four fuels using the same spray
angles as n-dodecane. As expected, fuel type has a minimal impact on vapor penetration,
which is mainly dependent on nozzle momentum flux, spray angle and ambient density.
Experimental verification has shown that momentum flux is not significantly affected
by the fuel density [60] [252]. Using the same injector (Spray A, n0.210675) as adopted
in [24], there is no experimental data available for OME1 and OMEx under inert
conditions. To describe the differences in LI among these fuels, experimental data from
[241] [246] [253] was used for comparison with the calculated LL. Notably, LL for
OMEx (~11.11 mm) is slightly longer compared to n-dodecane’s (~9.7 mm) when using
Spray A-3 injector. However, the predicted LL shows an inverse trend, suggesting that
LL for OMEx is shorter, which may be caused by the inaccuracies in the fuel properties
in 1D model.

In the 1D spray model, the adjustment of near-0; will influence the predicted
liquid length. A larger ;1 results in a shorter LL, but it also leads to reduced vapor
penetration. To achieve a good match with the measured spray penetration, the spray
angles for OMEx and OME] calculation are set as follows: near-0; = 18° and far-field
0, = 25° with IL = 15 mm for Spray A; near-0; = 16° and far-field 0, = 25° with IL. =
33 mm for Spray D.

As shown in Figure 6.2, the highest value of on-axis mixture fraction is observed
for OMEXx, as well as the value of OMEI1 is slightly higher than n-dodecane, which is
consistent with the CFD results reported in [191] [246]. Due to the measurement
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uncertainty, it didn’t show an obvious difference in on-axis mixture fraction between n-
dodecane and OMEx [246]. Additionally, the value of PRF60 is nearly close to n-

dodecane. Normalized by dgq = do+/Pf/Pa, the profiles of n-dodecane, OMEx and
OME1 are nearly ovetlapped in the field before the distance of IL/deq and in the far
field near the spray head, while the highest value occurring in PRF60, caused by the
lowest fuel density among the fuels.

As highlighted by previous studies [191] [248], the ignition of OMEx-type fuels
is more likely to occur on the lean side due to the presence of oxygen content and its
impact on the distribution of equivalence ratio. The 2D maps of residence time are
illustrated in Figure 6.3, superimposed by the lines of equivalence ratios of 0.5, 1.0 and
2.0. Briefly, similar values of mixture fraction and local velocity result in similar
residence time. However, the oxygen content in OME1 and OMEXx leads to a large
value of stoichiometric mixture fraction, i.e., fst(OMEx) = 0.1083, fst(C12) = 0.0465,
hence, a longer residence time is achieved at the same surface of equivalence ratio. This
phenomenon indicates that shorter time is spent in ignition-relevant equivalence ratio
zones (around stoichiometry) and therefore OMEx-type fuels tend to ignite on the
leaner side.
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Figure 6.1. Model validation of liquid length (left) and spray tip penetration (right) of inert spray for C12,
OMEXx, PRF60 and OME1 under nominal Spray A condition with the same spray angles in Quasi-1D
model. The symbols represent the experiments using the injector of Spray A - 3 [241] [246].
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Figure 6.2. Predicted profiles of on-axis mixture fraction as the penetration in unit of mm (left) and
normalized distance (x/deq, right) at 3.5 ms ASOI at inert nominal Spray A condition for the investigated
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Figure 6.3. 2D contours of local residence time for inert Spray A of investigated fuels at 3.5 ms ASOL.
The dashed lines represent the equivalence ratio of 0.5 (upper) and 2.0 (bottom), the solid line is the
surface of stoichiometric equivalence ratio (middle).

6.3.2. Effect of strain rate on flamelet ignition in equivalence ratio space

Following the same methodology as in previous chapters, the analysis of flamelet
ignition is performed as a reference of the spray ignition sequence. To highlight the
effect of equivalence ratio, the contour maps of chemical source term Y, (T, ) for the
investigated fuels are illustrated in Figure 6.4, showing the difference between
hydrogenated and oxygenated fuels under different strain rates. The progress variables
are defined consistently across the four fuels as Yo = 0.75Y¢o + Y02 + Yu20- The
chemical mechanism developed by Jacobs et al. with 530 species and 2889 reactions is
utilized for OME1 calculation [254], while the chemical mechanism used for OMEx
calculation is from Cai et al. with 322 species and 1611 reactions [250]. Based on the
discussion in Chapter 4, the LLNL mechanism is recommended for C12 calculations.
Additionally, a reduced mechanism for PRF60 calculations was also referenced in the
previous chapter.

The effect of strain rate on the distribution of contours for n-dodecane and
PRF60 has been examined in previous studies. Additionally, the process of manifold
generation for OMEx and OMET1 has been extensively discussed in [191]. In this brief
discussion, it is noted that a higher strain rate results in a higher intensity of the chemical
reactivity in the intermediate-high temperature region and a shift towards rich mixtures.
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Meanwhile, the reactivity in the high temperature region near the stoichiometry
expetriences an increase first, then monotonically decreases until the extinction limit.

In alignment with a similar analysis reported in [191], the contours are classified
into three distinct regions for both n-dodecane and OMEx. A comparison between n-
dodecane and OMEXx reveals several common observations across the three strain rates.
In Region 1, which represents the low temperature range, OMEx demonstrates a
narrower temperature distribution compared to C12, while the intensity remains
relatively consistent with C12, especially in the lean mixture. In Region 2, mainly within
moderate temperature (1000 K < T < 1600 K) in the rich mixture, OMEx shows a
significantly higher intensity and a broader distribution in both scales of temperature
and equivalence ratio. Compared to n-dodecane, the highest intensity in this area of
OMEXx is located at a leaner mixture, resulting in the steep increase in temperature in
the imposed flamelet ignition process (dashed black line) happening at a leaner mixture.
In Region 3, which pertains to the high-temperature area near stoichiometry, OMEx
also shows a higher reactivity.

For the comparison between PRF60 and OME1, the extinction limit for OME1
is much reduced than OMEX, thus, the selection of strain rate is at a half value that SR
=160 1/s and 500 1/s, representing the middle and high strain rates.

Referring to contours at SR = 50 1/s, the difference between PRF60 and OME1
resemble the comparison of high-reactivity fuels (C12 & OMEx), where OME1 exhibits
lower intensity in region 1 and higher intensity in regions 2 and 3 compared to PRFG0.
Additionally, at a higher strain rate, PRF60 demonstrates reduced intensity in regions 1,
2, and 3, which contrasts with the heightened intensity observed in regions 2 and 3 for
OMEL. It is important to note that the chemical reactivity of OME]1 in region 1 is
significantly weaker than that of PRIF60, and its intensity is more sensitive to variations
in strain rate. Furthermore, the steep increase in temperature during the flamelet ignition
process occurs at a richer mixture as the strain rate increases, while the ignition of
OME1 takes place in a much leaner mixture than PRF60, consistently remaining in the
region where ¢ < 2.
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Figute 6.4. Contours of chemical soutce term Y, = 9Y, /0t displayed in temperature versus mixture
fraction. Dashed black line superimposed on the contour is the evolution of maximum temperature at
every 10 us timestep. The vertical line is the stoichiometric ratio.

The profiles of flamelet ignition delay as a function of equivalence ratio are
presented in Figure 6.5, which includes the low-temperature ID (denoted as LT-ID,
defined as the instant when C > 0.1) and high-temperature ID (denoted as HT-ID,
defined as the instant when C > 0.9). Note that equivalence ratio is used as independent
variable instead of mixture fraction because of the different stoichiometric mixture
fraction among all four fuels. Both the low- and high-temperature ignition delays for
the investigated fuels exhibit a typical V-shape, with the minimum value occurring at a
rich mixture. A detailed analysis of n-dodecane, OMEx, and OME1 based on a closed
homogeneous reactor and the difference of OMEx and OME1 have been already
reported in [191]. The main analysis will focus on the differences between C12 and
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OMEZXx, PRF60 and OME]1. The characteristics of C12 and PRF60 have been presented
in Chapter 4 and 5, hence there will be no further discussion on that.

At the lowest strain rate, the shortest HT ignition delay among the fuels is
consistent with the trend of fuel cetane number (CN¢12 > CNoyg, > CNpgpeo >

CNouE1), with the n-dodecane being the first one to be ignited, following by OMEXx,
then continue as PRF60, and finally OME1 is the longest one.

Across the entire equivalence ratio, C12 demonstrates a shorter LT ignition delay
compared to OMEXx, with the difference becoming smaller as the mixture approaches
stoichiometry, and subsequently increasing in richer mixtures. However, C12 and
OMEx shows the same HT ignition delays in lean mixtures, then, HT ignition delay of
C12 becomes shorter as the mixture becomes richer, finally, the difference in HT
ignition delay between C12 and OMEx becomes nearly constant in the range of 3 <
¢ <4

On the other hand, PRF60 and OME1 show similar LT ignition delays in the
lean mixture, but the LT ignition delay of PRFG0 drastically decreases as the mixture
approaches the rich side. Consequently, a significant difference in LT ignition delay is
found between PRF60 and OME1 in rich mixtures, which can be attributed to the
weaker chemical intensity of OMET1 in the low temperature region, as indicated in
Figure 6.4. As for the HT ignition delay, a lower value is noted for OME1 before the
mixture reaches the tipping point of ¢ = 1.2. Beyond this point, the HT ignition delay
of OMEI1 increases. Moreover, the discrepancies between OME1 and PRF60 are
considerably greater than those observed between OMEx and C12 in terms of LT and
HT ignition delay.

As an increase in strain rate, a wider and flatter profile is observed for LT and
HT ignition delay across the equivalence ratio, particularly in the lean mixtures. The
shortest LT ignition delay for OMEx remains nearly constant, while it is longer for
OME1. When comparing OMEx and C12, the difference in LT ignition delay tends to
be smaller, with the LT ignition delay of OMEx in the lean mixture ultimately being
shorter than that of C12. Furthermore, the HT ignition delay of OMEXx is consistently
shorter than C12 across the entire equivalence ratios, which may explain the longer
measured ID for C12 compared to OMEx under Nominal Spray A condition [24]. As
for the comparison of low-reactivity fuels, PRF60 demonstrates a shorter LT ignition
delay across the entire range of equivalence ratio, with greater discrepancies observed
in rich mixtures. As suggested in Figure 6.4 (b), the chemical reactivity in the rich
mixture of PRF60 is reduced while it is increased for OME], therefore, the HT ignition
delay of PRF60 becomes slightly longer than that of OMET1 at the highest strain rate.

Figure 6.6 presents the flamelet ignition delay as a function of strain rate, where
the ignition delay is the shortest HT-ID in the flamelet manifold at each strain rate. The
left image presents the flamelet ID for the entire range of strain rate until the extinction
limit, and the right images shorten the scale to 1000 1/s. For all the fuels, monotonically
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increasing trends of ID as a function of strain rates are found. Under the adopted
chemical mechanisms, the auto-ignition limitation in strain rate is observed to be
broader for oxygenated fuels. For the low-reactivity fuels (OME1 and PRF60), they
show a similar ID at the small strain rates, then the HT-ID of OME]1 is shorter at the
large strain rates. For OMEx, the HT-ID is nearly constant in the range of strain rates
less than 1000 1/s. However, C12 shows a larger sensitivity to strain rate, which is
mainly due to the smaller range until extinction limit. In summary, there is a quite similar
flamelet ID for hydrocarbon and oxygenated fuels. Note that the differences in the
following calculated ID & LOL using Quasi-1D model should stem not only from this
chemical behavior, but also from the difference in the difference in the mixing field
distribution, which is consistent with the conclusions in [191] [248].
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Figure 6.5. The evolution of low-temperature (LT) and high-temperature (HT) ignition versus
equivalence ratio for C12 and OMEx (left) at strain rate 50, 300 and 1000 1/s, PRF60 and OME1 (right)
at strain rate 50, 160 and 500 1/s.
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Figure 6.6. The profiles of flamelet ignition delay against strain rate for the investigated fuels. Left: full
scale of strain rate until the extinction limit; Right: zoom-in scale in the range of 0 — 1000 1 /s.

6.3.3. Effect of strain rate on Quasi-1D spray ignition

ID & LOL as a function of strain rate calculated by Quasi-1D model for the
investigated four fuels are presented in Figure 6.7, where the ID follows the definition
of the instant when Cmax exceeding 0.9 and LOL follows the criteria of minimum axial
distance from the nozzle to the closest location where 14% of the maximum value of
the mass fraction of OH in the spray. The experimental results are plotted as a dash-
dot line with a light shadow, using the same color for clarity.
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Figure 6.7. The profiles of ignition delay (left) and lift-off length (right) against strain rate for the
investigated fuels from Quasi-1D modelling. The x-axis scale is limited to strain rate at 1000 1/s.

In contrast to the monotonic trend of flamelet ID increasing as the strain rate
increases, the predicted ID for both oxygenated fuels exhibit a slightly V-shaped pattern,
with the shortest value occurring at a strain rate of 100 1/s for OME1 and 300 1/s for
OMEx. Moreover, the sensitivity of ID is more pronounced at low strain rates. It should
be noted that ignition is not achieved at all the strain rates for the low-reactivity fuels.
In particular, no ignition occurs for OME1 at above 800 1/s, and similarly for PRF60
above 900 1/s.

The sensitivity of ID to strain rate depends on the fuel, which results in a
modification in the faster to ignite fuel as strain rate changes. In this sense, PRF60
ignites slightly earlier than OMET1 until a strain rate value of 700 1/s, which is close to
the no-ignition value. Similatly to flamelet ID, n-dodecane exhibits a shorter ID for
strain rates below 100 1/s, with the opposite behavior at larger values.

The profiles of LOL against strain rate are observed to be consistent with the
trend of 1D, with the shortest value occurring at the same strain rate. At a constant
strain rate value, oxygenated fuels show a longer LOL compared to hydrocarbon fuels,
with a larger difference in LOL in the comparison between OME1 and PRFG60.
Therefore, no cross-over points exist for LOL.

Quasi-1D ID value overpredicts the experimental values for both OME1 and
OMEXx, with a similar difference observed between the measurements and the shortest
ID across the strain rates. Meanwhile, LOL for both OMEx and OME1 also
overpredicts measurements, but OME1 demonstrates a greater difference than that of
OMEXx.

To further clarify the difference in ignition process between flamelet and Quasi-
1D model under the changed strain rates, the evolution of Tmax (maximum
temperature across the domain) versus mixture fraction/equivalence ratio is presented
in Figure 6.8. The characteristics of n-dodecane ignition predicted by Quasi-1D
modelling have been examined in detail in Chapter 4. According to that, the ignition
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process of n-dodecane in the flamelet is described as a three-stage ignition, especially in
moderate and high strain rates. The first stage ignition corresponds to the initial low
temperature increase from 900 K to 1000 K, the second stage ignition is the steep
increase at a constant mixture fraction. Soon after that, the third stage ignition ends up
with a decrease of mixture fraction and temperature towards stoichiometry and Cmax
close to steady state (C = 1). For OMEX, the flamelet evolution of Tmax in the first
stage shows a lower slope compared to C12 as the fuel/air mixing approaches the
stoichiometry. In the second stage, flamelet ignition for OMEx also takes place in the
rich side, and the corresponding temperature increase is slightly larger compared to the
same stage n-dodecane. Eventually, both mixture fraction and maximum temperature
tend towards stoichiometry, similarly to n-dodecane.

In contrast to flamelets, Quasi-1D spray ignition for OMEx occurs at the lean
side where f ~0.075, and the ignition process does not seem to be influenced by the
strain rates. Moreover, leaner mixture (f < 0.075) is more favorable to be ignited. Then,
the combustion reaches a steady state at the similar mixture fraction (f ~0.075),
corresponding to approximate 2000 K. Finally, the ignition propagates to the richer
mixtures (f > 0.075), and the mixture where f > fst is eventually ignited.

The flamelet ignition process for OMET1 exhibits a similar behavior to that of
OMEXx, with the steep increase in Tmax occurring at a lower mixture fraction. In
addition, Quasi-1D ignition for OME]1 also demonstrates a lean ignition at three strain
rates, with some sensitivity to strain rate that did not happen for OMEx.

In general, the ignition process of oxygenated fuels is predicted to begin at a lean
mixture due to the long local residence time, and the ignition mixture fraction is
observed to be higher than the corresponding hydrocarbon fuels. After the instant when
Tmax > 1300 K (Ta + 400 K), the position of Tmax for C12 is near the stoichiometry,
while it shows an ignition propagation to the richer mixture for OMEXx, as a result of
the strong reactivity in this rich region shown in Figure 6.4 (a). For the low-reactivity
fuels, PRF60 and OME1 both exhibit an ignition propagation to richer mixture after
the ignition, but PRF60 shows less sensitivity to strain rate in the ignition mixture
fraction.
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Figure 6.8. Maximum temperature as mixture fraction from flamelet (dash-dotted) and Quasi-1D model
(solid) under nominal Spray A condition for the investigated fuels. The vertical dashed line represents the
stoichiometric ratio.

As reported in Chapter 4, the ignition evolution in mixing trajectories shows
similar three-stage process with a typical characteristic that the instant when the
maximum temperature along the mixing trajectory reaches the value at the steady state
under the corresponding mixture fraction. This characteristic defines the ignition delay
for each trajectory, and the smallest one will be the ignition delay for the reacting spray.
To further analyze the ignition process for the fuels under the effect of strain rate, the
profile of temperature as mixture fraction at this instant is illustrated in Figure 6.9,
covering five typical trajectories ranging from the spray center (r/R = 0.01) to the spray
boundary (t/R = 0.83). The trajectory marked as dosh-dotted line represents the one
that the ignition delay of trajectory is the shortest.
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Similarly to n-dodecane results in Chapter 4, the ignition delay at SR = 50 1/s is
determined by the trajectory at r/R = 0.55 with the ignition position occurting near the
stoichiometry. Due to the short residence time at the trajectory for the cases close to
the axis (e.g., t/R = 0.01) due to the highest local velocity, it is more difficult to be
ignited than that of trajectory at r/R = 0.83. As the strain rate increases, the ignition
delay is determined by both trajectoties (t/R = 0.55 & 0.65) at SR = 300 1/s, and both
trajectories (r/R = 0.55 & 0.83) at SR = 1000 1/s. Concerning OMEZX, the earliest
igniting trajectory is always the one at t/R = 0.55, which explains the nearly ovetlapped
profiles of Tmax as f/¢ among the strain rates shown in Figure 6.8. Meanwhile, this
trajectory shows the shortest ignition at SR = 300 1/s, which is consistent with the
observation of the profiles of ignition delay versus strain rate, as indicated in Figure 6.7.
Additionally, the mixture along the trajectories at r/R = 0.65 & 0.83 is ignited faster as
the strain rate increases, with a significant reduction at /R = 0.83 (t =2.2ms to t = 1.2
ms). This observation highlights the effect of local residence time on the ignition in lean
mixtures.

As for PRFG60, the ignition delay of the spray is also determined by the same
trajectory at r/R = 0.55 where the instant is the shortest. However, the instant is after
that of C12 at 0.55 ms. Due to the similar mixing fields between n-dodecane and PRF60,
a later ignition further away from the nozzle means that this occurs at a leaner mixture
(f ~ 0.03). As for OMEL, it also follows the observation that the trajectory of t/R =
0.55 determining the spray ignition delay. However, the ignition along all trajectories
occurs in the lean mixtures.

As indicated in Figure 6.4, flamelet ignition process shows a hot-temperature
ignition occurring in the rich mixture, due to the strong chemical reactivity. However,
the ignition process in Quasi-1D model also includes the influence of residence time.
As a balance of both factors, the eatliest ignition happens along the trajectory of r/R =
0.55 for the four fuels at the three strain rates, hinting at a balance between a too short
residence time on the axis and a too long one at high radial positions. The actual mixture
value where ignition occurs depends on the strain rate, with ignition becoming leaner
with higher strain rates.
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Figure 6.9. T — f profiles of at the ignition timing of five trajectories (t/R = 0.01, 0.25, 0.55, 0.65, 0.83)
along the radial direction for the investigated fuels (C12 & OMEXx, a; PRF60 & OME], b). The dashed
line is the earliest instant when reaching the steady state. The vertical line is the stoichiometric ratio.

Figure 6.10 presents the evolution of Cmax for the investigated fuels at three
typical strain rates. As the strain rate varies, the appearance of the initial rise in Cmax is
almost at the same instant for individual fuels. During the first-stage period, the Cmax
of C12 shows a second acceleration after 0.25 ms ASOI, which can be explained by the
ignition appearing other trajectories beside r/R = 0.55. Since the Cmax is dominated by
the same trajectory, as indicated in Figure 6.9, the first-stage ignition shows a similar
Cmax with the difference in the ignition period.
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Figure 6.10. The evolution of Cmax for C12 & OMEx (left) and PRF60 & OME1 (right) under nominal
Spray A condition for three strain rates.

As for OMEZx, a typical two-stage ignition is also observed, with the appearance
of the first-stage ignition slightly earlier than C12. Attributed to the small gap between
the LT- and HT ignition delay derived from flamelet (Figure 6.5), OME1 experiences a
continuous increase in Cmax after the initial rise appearing at 0.5 ms ASOI, indicating
a single-stage ignition process.
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From the discussion above, the choice of strain rate for the calculations of OMEx
and OMET1 can be determined by the predicted ID & LOL where is closest to the
measured data. Consequently, SR = 100 1/s is selected for OMET1 and SR = 300 1/s is
for OMEx.

Imposed ignition propagation

Figure 6.11 presents a time-sequence of two-dimensional temperature fields
during the ignition process, the comparison between n-dodecane and OMEx is shown
in Figure 6.11 (a), PRF60 and OMET1 are shown in Figure 6.11 (b). The image sequence
shown in the column starts from the instant when Tmax exceeds 1300 K until the
instant of steady combustion. The details of the analysis of n-dodecane have been
reported in Chapter 4, thus, more discussion will focus on OMEx and OME1. For
OMEZX, the ignition was observed at the surface of ¢ = 0.5 at a similar instant to n-
dodecane (507 pus ASOI), in agreement with the observation in Figure 6.9. Meanwhile,
the ignition also takes place longer distance compared to n-dodecane at the first instant,
caused by the weak chemical intensity in the low temperature region. Furthermore, for
OMEZXx, the larger gap in the chemical term between the low- and moderate-temperature
regions results in a longer period from the initial ignition to the start of radial expansion
(~600 us ASOI). The temporal lift-off length of OMEXx is also anticipated to be longer
than that of n-dodecane, along with a greater distance where radial expansion begins to
stabilize.
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Figure 6.11. 2D contours of temperature along ignition process for the investigated fuels under Nominal
Spray A condition. The vertical black line represents the temporal lift-off length. The dashed white line
represents the surface of stoichiometric. The dotted line above the white dashed line represents the

surface of ¢ = 0.5.

For PRFG0, ignition observed in the first image locates at the surface of ¢ = 0.5,
approximately 30 mm from the nozzle. As combustion progresses, the mixture
downstream begins to ignite and diffuse towards the stoichiometry surface near the
spray tip at 1301 us ASOI. Subsequently, combustion near the spray tip reaches a steady
state, indicating the start of radial expansion. The lift-off length then stabilizes at a
distance of 40 mm with radial expansion commencing at 48 mm. In addition to the
combustion in a fully steady state, ignition consistently occurs in the lean mixture before
1500 pus ASOL. In the case of OME], ignition takes place at a later phase compared to
PRFG60, and it is also observed at a leaner mixture and a larger distance from the orifice.
The highest temperature in the spray also occurs near the spray head. In addition,
OME!1 exhibits a longer duration from initial ignition at 1289 ps ASOI to the steady
state after 2400 us ASOI, consistent with the findings in Figure 6.10. The lift-off length
stabilizes at 62 mm and radial expansion occurs downstream of the lift-off length
defined by OH mass fraction.

In general terms, the ignition position is similar between the oxygenated and
hydrocarbon fuels in the field of coordinate or called as mixture fraction. However, the
difference on the distribution of equivalence ratio suggests that the ignition of
oxygenated fuels tend to occur in leaner mixture compared to hydrocarbon fuels.
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Using the selected strain rate, the validation on the reacting spray penetration as
well as the ignition delay and temporal lift-off length by the Quasi-1D model using the
imposed ignition propagation is illustrated in Figure 6.12. The measurement data origins
from [24] [152] [234]. The inputs of spray angles and intact length lead to a good
prediction to the spray penetration before ignition delay. After the ignition, besides the
good agreement on the penetration of n-dodecane and OMEx, the penetration of
PRF60 and OME1 is slightly overpredicted. As indicated in [182], ignition doesn’t cause
an acceleration to spray propagation when the PREF# number is over 40, which also
explains the slight overprediction on OME1’s penetration. One thing needs to be noted
that the reduction in lift-off length at 2.8 ms ASOI of OMEXx is caused by the ignition
of lean mixture, and the starting of radial expansion becomes closer to the nozzle after
an accumulation of C in the lean side. For OME1, the weak intensity of OH formation
results in an increase in temporal LOL after the ignition, then, LOL stabilizes after 2.0
ms ASOL
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Figure 6.12. Reacting spray tip penetration, ignition delay, lift-off length for the investigated fuels under
nominal Spray A condition
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To further evaluate the performance of Quasi-1D model on the ID & LOL
prediction for oxygenated fuels, a comparison between it and hydrocarbon fuels at a
similar cetane number is presented in Figure 6.13 in the type of simulation versus
measurement. For most of the conditions, this model delivers a good prediction to 1D
within a discrepancy of 20% for n-dodecane, while this prediction for OMEx deviates
more from the measurement than n-dodecane. Meanwhile, this deviation is reduced
under the conditions of smaller nozzle diameter (compared to Spray D), higher ambient
temperature (Ta = 1000 K), higher oxygen concentration (XO2 = 21%) and lower
injection pressure. For the LOL prediction, the accuracy across the all conditions is
similar between n-dodecane and OMEx, and it is better under the cases of higher
temperature (Ta = 1000 K) and oxygen concentration (XO2 = 21%).
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Figure 6.13. Validation of Quasi-1D model predictions of ignition delay (left) and lift-off length (right)

for the investigated fuels (C12 & OMEXx, upper; PRF00 & OME]1, bottom) and operating conditions.

Dashed diagonals correspond to a £20% for ID and LOL. Solid marker: C12, PRF60; empty marker:
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As for the comparison between PRF60 and OME], the model accuracy in ID &
LOL prediction is within the discrepancy of 20%, where the most accurate prediction
is at the conditions of higher oxygen concentration (XO2 = 21%) for both fuels. Similar
to the comparison of Cl12 and OMEXx, hydrocarbon fuels tend to have an
underestimation of ID at high ambient temperature, while this parameter is slightly
overpredicted for oxygenated fuels. As for LOL prediction, the low chemical reactivity
of OME1 under nominal Spray A condition causes the biggest deviation to experiment
among all conditions. A similar observation to OMEXx is also found that the deviation
is reduced under a higher reactive ambient condition.

6.5 Summary/Conclusions

This chapter studies the performance of Quasi-1D model on the prediction of
ignition process for oxygenated fuels containing OMEx and OME1 under the ECN
recommended conditions. n-dodecane and PRFG0 are also used as reference for
hydrocarbon fuels. Single flamelet approach is adopted in the calculation. Throughout
the findings, the conclusions are listed as follows:

o For inert Spray A, the little effect of fuel types on the vapor tip penetration is
obtained, while the predicted liquid length is both slightly higher than the
measurement for OMEx and OMEL. A higher on-axis mixture fraction is
observed for OMEx and OME1 due to fuel density differences. The oxygen
components in OMEx and OME1 cause a longer residence time compared to
hydrocarbon fuels along the surface of the same equivalence ratios.

o As the strain rate increases, the chemical reactivity of OMEx and OME1
exhibits a decreased chemical reactivity in the low-temperature region, an
increased intensity in the moderate-high temperature region within rich
mixtures, and a heightened intensity in the high-temperature region near
stoichiometry. Additionally, a spanning profile of ignition delay as a function
of equivalence ratio is observed for all fuels. At the highest strain rate, OMEx
demonstrates a shorter high-temperature ignition delay compared to C12.
OME1 displays a similar high-temperature ignition delay to PRF60, while its
low-temperature ignition delay is significantly longer than that of PRF60.

o Across the various strain rates, a monotonic increase in flamelet ignition delay
is noted for all fuels. OME1 and PRF60 show comparable flamelet ignition
delays when the strain rate is less than 500 1/s. Similarly, OMEx and C12
demonstrate analogous flamelet ignition delays when the strain rate is below

200 1/s.

o The predicted ID & LOL by Quasi-1D model shows a consistent trend as a
function of strain rate for the four fuels. The ID & LOL of OMEx is mote
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sensitive to strain rate at the low value and less sensitive at high strain rates
compared to C12. In addition, oxygenated fuels show a longer LOL than
hydrocarbon fuels at the entire strain rate.

o The predicted ID and LOL match well with the measurement for C12 and
PRF60 at a low strain rate. However, the Quasi-1D model tends to overpredict
the ID and LOL for both OMEx and OME1. Notably, OME1 exhibits a
greater discrepancy in LOL predictions compared to OMEx across all strain
rates.

o With varying strain rates, the ignition process of C12 was observed to occur
near the stoichiometric ratio, while lean ignition was noted for the other fuels.
As the strain rate increases, the ignition of OMEx shows similar evolutions
characterized by the relationship between Tmax and mixture fraction, while the
ignition of OME1 was found to occur at a leaner mixture. In addition to C12,
the ignition delay predicted by the Quasi-1D model is determined by the
ignition evolution along the mixing trajectory at t/R = 0.55. Consequently, the
Cmax during the first-stage ignition remains nearly constant, regardless of
changes in strain rate.

o The approach of imposed spread ignition allows for more accurate predictions
of reacting sprays for high-reactivity fuels. It slightly overpredicts the behavior
of low-reactivity fuels after the ignition delay. Among the Engine Combustion
Network conditions, the Quasi-1D model provides reasonable predictions for
ignition delay and lift-off length, with a deviation of within 20%. The most
accurate predictions occur under conditions of high oxygen concentration for
OME1 and high ambient temperature for OMEx.
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7.1. Introduction

This final chapter provides a summary of the research conducted throughout the
thesis. It includes conclusions drawn from the various work undertaken to achieve the
main objective of the thesis. At the conclusion of the chapter, the contribution of this
thesis to 1D spray model are also offered. Additionally, the potential future research
directions are discussed at the end of this chapter, highlighting new studies that could
further improve accuracy and possible applicability.

7.2. Conclusions

As initially mentioned in Chapter 1, the main objective of this study is to develop
a fully predictive approach for calculations in reacting spray/jets that integrate the 1D
spray modelling approach with detailed chemistry. The fulfillment of this objective was
categorized as two pathways, model improvement on the computational cost and
prediction accuracy, and the model application on the effect of chemical mechanism,
fuel reactivity and oxygen content on the combustion. The experimental database from
CMT - Clean Mobility & Thermofluids was utilized for the model validation for the
combustion metrics under various conditions recommended by Engine Combustion
Network. From the literature review in Chapter 2, flamelet is a good solution to balance
the trade-off relationship between computational cost and prediction accuracy when
implying the detailed chemistry in 1D spray model. Following this idea, laminar flamelet
was integrated into 1D spray model by adding the conservation of progress variable into
the existing conservation equations of axial momentum and mixture fraction, with the
detailed procedures of this integration and the optimizations given in Chapter 3. As a
first step, the model description for a reacting turbulent spray was optimized to achieve
an accurate prediction, as well as the procedures in overcoming the possible iteration
failures. Conducted under the ECN Nominal Spray A condition fueled with n-dodecane,
the main modifications in the model development are summarized in the following:

- The discretized control volume has been changed to be perpendicular to the
spray axis. The spray penetration has also been reconstructed so that it remains
the current iteration criteria while the iteration failure was solved, particularly
in the low reactive conditions. Explicit solution for progress variable has been
adopted, thereby, it realized a reduction in computational cost by two-thirds.

- The transient term at the inert state has been recalculated by means of a
piecewise linear interpolation, resulting in a consistency with the tabulated
evolution of progress variable across the range of equivalence ratio from lean
to rich. As for the effect of liquid phase, it is assumed that no reactions
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upstream of liquid length. Consequently, the prediction to ID is much
improved with a slight overprediction to LOL under the constant strain rate.

- After the ignition timing, the spray downstream the LOL has been imposed to
be fully ignited to balance the progress variable diffusion among the trajectories,
with an accounting for radial expansion at ignition onset, which is an effect that
is observed experimentally in the spray evolution. This modification enables a
more accurate prediction of spray tip penetration as well as the spatial
distribution of temperature and species, without affecting the prediction to ID
and LOL.

After the initial steps, the model was optimized under the specific Spray A
condition. The next objective in this thesis is to assess the performance of the model
for a wide range of operating conditions and fuels. Before the implementation, the
necessary step Is to validate the inputs to 1D spray model on the prediction of inert
spray. In Chapter 4, the reference fuel is n-dodecane, and the validation is firstly
conducted by comparing the obtained quantities with measurement under ECN
Nominal Spray A condition, comprising liquid and vapor penetration, mixture fraction
and velocity along the axial direction and radial direction at three axial points. Then,
good agreement was achieved in the liquid and vapor penetration under the lowest
injection pressure when the same inputs are followed. As for Spray D, longer transition
distance between the near-field and far-field spray angle is utilized. Concerning Primary
Reference Fuels (Chapter 5) under Spray A conditions, a larger near-field spray angle is
introduced to obtain a shorter liquid length compared to n-dodecane. Meanwhile, the
other inputs remain the same as before. Last, with the same inputs, the trend of the
predicted liquid length is in contrast to the measurements in the comparison between
OMEx and C12, as well as the comparison between OME1 and PRF60 (Chapter 6).
The adjustment in the near-field spray angle finally obtained good agreement with the
measured vapor penetration.

After the validation on inert spray, the partial objective of model application was
tulfilled with the following tasks: the investigation of influence of chemical mechanisms
with the variations of strain rate on the combustion prediction, the model accuracy at
various mixing conditions (Chapter 3 & 4), and the performance of ID and LOL
predictions for fuels with various reactivities (Chapter 5) and oxygen content (Chapter
6). The conclusions have been established in their corresponding chapter, here, the main
results are gathered to synthesize the contributions of this work to 1D spray model. The
relevant findings are summarized as follows:

e Assessment of chemical mechanisms on combustion process
(Chapter 4)

The performance of three chemical mechanisms, named as Yao, LLNL and
Narayanaswamy, was assessed under ECN Nominal Spray A condition. The
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calculation was conducted with a constant strain rate, which sweeps from an
extremely low value to the extinction limit. The most relevant findings are:

All three chemical mechanisms reveal a two-stage flamelet ignition process.
The Yao mechanism exhibits greater chemical reactivity in the first stage,
whereas the LLNL mechanism shows enhanced chemical reactivity in rich
mixtures at intermediate temperatures. The Nara mechanism behaves
similarly to the LLNL mechanism, albeit with reduced intensity. A
comparable first-stage ignition delay was observed in Yao and LLNL
solutions, while the difference on the lean side increased with the increasing
strain rates. The second-stage ignition delay of the Yao and LLNL schemes
are similar throughout the mixture fraction at low and medium strain rates.
In contrast, the Nara mechanism displays the longest ignition delay in the
tirst phase.

The predicted ignition process by Quasi-1D model exhibits three distinct
behaviors across the entire strain rates. As the strain rate increases, the
retarded chemical reactivity results in a longer ignition delay at a low range
of strain rates, accompanied by a transition in ignition from a near
stoichiometric mixture (as observed in the Yao mechanism) or a slightly
lean mixture (as observed in the LLNL mechanism) to a richer mixture.
This transition is attributed to the shift in chemical reactivity in the
moderate temperature region towards a richer side. At a higher strain rate,
the long residence time in the lean area across the spray domains enhances
the local ignition, contributing to a lean ignition and a reduced ignition delay
in Yao solution. Conversely, this leads to an increase in the ignition delay
with LLNL mechanism, which is accounted for the strong chemical
reactivity near the stoichiometry that drives the high-temperature ignition
occurring around the stoichiometry. In the case of the Nara mechanism,
ignition takes place at a progressively leaner mixture at a higher strain rate,
exhibiting a V-shaped ignition delay profile as the strain rate varies. This
profile reflects a decrease in ignition delay due to the reduced flamelet low-
temperature ignition delay in lean mixtures, followed by an increase
attributed to lower chemical reactivity.

For each chemical mechanism, the trend of the prediction 1D is consistent
with LOL as the variation of strain rate. At low strain rate, good match on
the measurement in terms of ID & LOL is observed with Yao and LLNL
mechanisms. However, the solution of Nara mechanism shows the
overprediction to both ID & LOL across the whole range of strain rates.
Summarized by the calculations under a wide range of conditions, LLNL is
the preferred option among the three chemical mechanisms.
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Performance of model integration with single and multiple
flamelets (Chapter 3 & 4)

The comparison was conducted with LLNL mechanism under Nominal Spray
A condition. The initial step is to validate the derived strain rates, followed by
the analysis of combustion metrics with single flamelet at SR = 50 1/s and
multiple flamelets at the strain rate ranging from 10 to 1000 1/s. The relevant
findings are summarized as follows:

- A simplified approach for the calculation of strain rate was developed and
compared with recent DNS calculations of a turbulent constant density gas
jet. Together with accurate predictions for on-axis velocity and mixture
fraction, the Quasi-1D approach shows good predictions of strain rate for
t/x>0.07. To address the significant underestimation observed in the inner
regions, a constant value assumption was employed from the center to the
peak.

- As for the spray calculations, the use of multiple flamelets delivers an
average behavior within the flamelet manifold strain rate range. In general,
the use of multiple flamelets does not alter the occurrence of cool flame;
however, it extends its duration. The predicted ignition delay (ID) aligns
with the data from a single flamelet at a strain rate of approximately 300
1/s, while the predicted lift-off length (LOL) cotresponds to a higher value
of around 800 1/s. The ignition sequence is relatively similar between a
single- and a multiple-flamelet, only relatively small differences are found.
Considering the additional degree of freedom that the selection of a single
strain rate offers, the latter approach has been selected for the calculations
in the thesis.

Evaluation of model accuracy at various mixing conditions
(Chapter 4)

In this section, the effect of mixing characteristics on combustion metric is
explored by adjusting the injection pressure and orifice diameter. Both Yao and
LLNL chemical mechanisms are utilized. With the further validations under
various ambient conditions, the relevant findings are summarized as follows:

- A lower fuel injection velocity at low injection pressure leads to a longer
local residence time, which is approximately proportional to the square root
of injection pressure ratios. The time of Spray D spent at specific
equivalence ratios is approximately twice as long as that of Spray A,
corresponding to the ratio of the nozzle diameter.

—  The relationship of modelled ignition delay/lift-off length and strain rate at
both different mixing conditions mainly resemble the result under the
nominal condition, with the less sensitivity as the variation of strain rate,
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particularly in the solution of Yao mechanism. Good agreement in the
measurement can be observed in the low strain rates for all the mixing
conditions using both chemical mechanisms.

- Using the approach of imposed ignition spread with constant strain rate,

excellent prediction on reacting spray penetration and on-axis mixture
fraction can be achieved using both Yao and LLNL mechanisms.
Meanwhile, with a reasonable strain rate, both chemical mechanisms can
succeed in the reasonable prediction of ignition delay and lift-off length as
the changed mixing conditions, which is consistent with the trend obtained
from measurement. Under the various chamber ambient conditions, Quasi-
1D model is also able to obtain the reasonable trends in prediction to
ignition delay and lift-off length as the injection pressute increases. As for
the prediction accuracy across vast conditions, LLNL mechanism is more
favorable for the n-dodecane simulation in Quasi-1D model. Hence, this
has been adopted for subsequent n-dodecane analysis.

Effect of fuel reactivity on combustion (Chapter 5)

Primary Reference Fuels are adopted in this study. The fuel reactivity
characterized by the octane number ranging from 0 to 80 is adjusted by
changing the blends of n-heptane/iso-octane. The similar stoichiometric ratio
and fuel density among the fuels leads to a similar mixing field. After the model
validations on ECN condition with constant strain rate, some relevant findings
can be summarized as follows:

- As for PRF0O0, an increase in strain rate results in a reduction in chemical

reactivity, a longer flamelet ignition delay, a shift towards richer mixture
and a reduced magnitude rise for the step of the steep temperature increase
inside the flamelet-derived ignition process. Quasi-1D ignition delay and
lift-off length as a function of strain rate show a V-shaped profile.
Additionally, the first-stage ignition experiences a longer duration with a
richer mixture, resulting in a richer hot-temperature ignition.

- With a higher blend of iso-octane in PRFs, the weaker chemical reactivity

leads to a longer flamelet-derived and Quasi-1D ignition delay, and its
sensitivity to strain rate is also higher. The profiles of ignition delay and lift-
off length as a function of strain rate are similar across different PRFs,
leading to a consistent constant strain rate applied for calculations of all
PRFs under the ECN Spray A conditions. In addition, ignition occurs at a
leaner mixture due to the decreased fuel reactivity, along with a longer first-
stage ignition duration.

Effect of Oxygen content on combustion (Chapter 6)
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In the section, the effect of oxygen content in fuels was studied by introducing
the OME-type fuels. The assessment was conducted with two pairs of fuel,
high-reactivity fuels including n-dodecane and OMEXx; and low-reactivity fuels,
including PRF60 and OME1. Following a similar analysis as in Chapter 4, some
relevant findings can be summarized as follows:

- With the same injection pressure, similar mixing fields in terms of mixture
fraction are observed for all fuels, while the oxygen component in OMEx
and OME1 cause a shorter residence time compared to hydrocarbon fuels
along the surface of same equivalence ratios.

- As for the flamelet ignition results, the higher chemical reactivity in the
moderate- and high-temperature region of OMEx and OME1 contributes
to a leaner flamelet ignition compared to n-dodecane and PRFG60,
respectively. For the same reason, OME1 and PRF60 exhibit comparable
flamelet ignition delays within the strain rate lower 500 1/s. Similarly,
OMEx and C12 demonstrate analogous flamelet ignition delays at the strain
rate below 200 1/s.

- As for the Quasi-1D model results, the ignition of OMEx shows a similar
trace in the evolution of maximum temperature against mixture fraction at
the three typical strain rates, while OME1 demonstrates a leaner ignition as
the strain rate increases. The relationships of ignition delay and lift-off
length both show a V-shaped profile as the strain rate changes. Across the
entire strain rate values, Quasi-1D model delivers an overpredicted ignition
delay and lift-off length for both OMEx and OMEI, with the greater
discrepancies in lift-off length observed in OMEL. The analysis of the
ignition evolution along the trajectories shows that the ignition delay is
dominated by the ignition happening along the trajectory at r/R = 0.55.

To highlight the model accuracy in the prediction of combustion metrics, the
comparison of simulated and measured ignition delay and lift-off length for
hydrocarbon (C12 & PRF) and oxygenated fuels (OMEx & OME1) is presented in
Figure 7.1, which includes all the investigated conditions in this thesis. In global, the
prediction is within a 20% deviation for most conditions. However, the prediction of
ignition delay in the case of hydrocarbon fuels is slightly underestimated, while it is
slightly overpredicted for the oxygenated fuels. As for the model accuracy on lift-off
length prediction, a good match is observed under high-reactivity conditions, with slight
overpredictions at the case of low temperatures. Overall, the advantages of low
computational cost and accurate predictions can make it a valuable tool for the
evaluation of effects of fuel reactivity and oxygen content on spray ignition and
combustion, which is an important field nowadays within the transition to renewable
fuels.
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Figure 7.1. The performance of Quasi-1D model on the prediction to ignition delay (left) and lift-off
length (right) for hydrocarbon (C12 + PRF) and oxygenated fuels (OMEx + OME1)

7.3. Future works

There is no doubt that there are still many shortcomings in the developed Quasi-
1D model in this thesis. To further improve the model accuracy under the extended
application scenario, the following proposals might be relevant to that end:

e In this thesis, laminar tables are utilized to describe the turbulent reacting
spray. Consequently, the integration of a one-dimensional spray model with
flamelet is established on the single variable, mixture fraction. However, this
approach does not capture all the information of the combustion process
which is tabulated in flamelet tables. To address this issue, introducing the
parameter of variance of mixture fraction through empirical correlations may
provide a more detailed description of the combustion process.

e In principle, employing multiple flamelets is feasible for the calculation of a
case with long injection duration. Validations of the local strain rate has been
conducted for an isothermal jet, whereas data for inert diesel-like sprays or
reacting sprays remain unavailable. In addition, the simplified approach with
a constant radial distribution around the centerline should be further
examined to ensure reliable integration with the flamelets.

e Another possible route for improving the model accuracy is the direct
integration with detailed chemical kinetics; however, the number of control
volume should be reduced to effectively manage computational costs.

e TFurthermore, the possible extension can be performed under transient
ambient conditions, such as those occurring within the cylinder during
engine operation. In this context, Quasi-1D model may also prove beneficial
for engine calibration, particularly with the use of alternative fuels.
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