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Abstract

The human-caused climate change imposes many challenges for future generations. It is commonly agreed to
stop the global warming process, and new technologies have to be found to reduce the footprint of greenhouse
gases. A high share of greenhouse gas emissions comes from the transport sector. In particular, carbon
dioxide CO, from the combustion of fossil fuels in engines contributes significantly to global warming. The
reduction of emissions in the transport sector can either be achieved by decarbonization, eliminating energy
carriers containing carbon, or defossilation, including combustion of carbon-neutral fuels. The defossilation
pathway is currently favored, and many fuels from renewable sources are in the focus of research. Two very
promising carbon-neutral Diesel fuels are 1-Octanol, which is produced from biogenic feedstock, and the
group of Polyoxymethylene ethers (OME) that are synthesized from green hydrogen and ambient carbon
dioxide. Both fuels are considered backstop technologies, which makes them very interesting in sustainable
energy production. Both fuels exhibit changed thermophysical and chemical kinetic properties compared
to conventional fossil fuels. The latent heat of evaporation of 1-Octanol is significantly increased compared
to Diesel. Also, OME shows higher latent heat of evaporation and a significantly increased vapor pressure.
The reactivity of 1-Octanol is reduced, while OME is considered a high-reactive fuel due to its high level of
oxygenation. Both fuels show no soot formation and can be utilized in blends with regular fuels to meet
new emission regulations. Furthermore, emissions of CO, CO,, NO, and soot can be significantly reduced
with 1-Octanol and OME. In the present thesis, the spray flame ignition is examined for the renewable fuels
1-Octanol and OME and compared with the Diesel surrogate n-Dodecane. The investigation utilizes a high-
fidelity Large Eddy Simulation framework coupled with a tabulated flamelet-generated manifold combustion
model.

In particular, the influence of the changed thermophysical properties on mixture formation is elucidated.
Further, the effect of the changed thermophysical properties on ignition is investigated. Also, the influence of
the changed chemical kinetic properties on ignition is examined. The impact of the latent heat of evaporation
on ignition will be elucidated. The flame structures of 1-Octanol and OME,;, are compared to the Diesel
reference fuel n-Dodecane. The analysis is performed in an automotive, heavy-duty and marine injector with
increasing nozzle sizes, and the influence of the nozzle size on ignition is discussed.

Excellent agreement of the Large Eddy Simulations under inert conditions with experimental data regarding
liquid penetration and vapor penetration length is achieved. The mixture formation analysis of the automotive
Engine Combustion Network (ECN) Spray A3 injector shows that 1-Octanol and n-Dodecane exhibit a similar
mixture formation process, while OME_;, shows higher values of the scalar dissipation rate and a narrower
spray shape. The mixture formation process in the heavy-duty ECN Spray D and marine injector from
Woodward L'Orange show delayed mixture formation. The large particle diameter leads to reduced drag and
consecutive less momentum exchange and heat transfer to the liquid phase. The temperature distribution of
the gas phase clearly shows that the heat loss due to evaporation of 1-Octanol is pronounced. The comparison
of the adiabatic mixing line assumed in the combustion model and the temperature distribution in the spray
revealed that the higher heat capacity of n-Dodecane inherently leads to a more concave shape of the adiabatic
mixing line. This fuel property makes n-Dodecane less sensitive to spray cooling effects on ignition.
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The flame structure is first investigated utilizing laminar non-premixed 1D flamelet simulations. OME_;, shows
the highest reactivity and the lowest ignition delay times for different scalar dissipation rates at stoichiometry.
Furthermore, the highest ignition limit is observed for OME_,;,. Compared to OME_;,, the ignition delay
time of n-Dodecane is increased, and its ignition limit is significantly lower. 1-Octanol shows the highest
ignition delay times at lower scalar dissipation rates at stoichiometry. In the proximity of the ignition limit of
n-Dodecane, the ignition delay time of 1-Octanol is shorter, which is explained by an increased reactivity of
1-Octanol during the high-temperature ignition. A novel flamelet model is derived that incorporates the heat
losses due to evaporation based on the results from the analysis of the gas temperature distribution of the
spray. In contrast to methods from the literature, the presented model is physically consistent and does not
change the spray flame structure.

The novel flamelet model is utilized in the reactive spray simulations for all fuels and injectors investigated.
The typical onset of ignition over the spray head in ECN Spray A3 has been confirmed for all fuels. In contrast,
the start of ignition at the spray flanks has been observed in the ECN Spray D and the marine injector from
Woodward L'Orange. In this thesis, a cause-effect mechanism has been identified that explains the different
ignition locations. The onset of ignition in mixture fraction space is similar for each fuel in all injectors.
This finding suggests that the mixture formation process dominates the ignition location. The comparison
of different-sized nozzles shows that the lowest ignition delay time is found for Spray A3, and the ignition
delay time of the larger nozzles is increased. The trend from the flamelet simulation of the lowest ignition
delay time for OME_;, is also observed in the spray flame. OME,_;, exhibits a significantly different mixture
formation and ignition behavior than 1-Octanol and n-Dodecane, due to its high stoichiometric mixture
fraction. The mixture formation process of n-Dodecane and 1-Octanol is similar, while the ignition delay
time of n-Dodecane is shorter than that of 1-Octanol. The influence of heat loss due to evaporation is very
prominent for 1-Octanol. The flamelet model without the heat-loss correction underestimates the ignition
delay time by 25 %. The heat-loss corrected model perfectly aligns with the experimental ignition delay time.
Overall, this thesis contributes to the understanding of the ignition of spray flames with renewable Diesel fuels.
Significant differences in the mixture formation process have been identified and explained with the changed
thermophysical properties. A novel flamelet model incorporating heat loss due to latent heat of evaporation is
developed and successfully utilized in the simulation of reactive sprays in LES. Perfect agreement by means of
ignition delay time and flame structure has been achieved. This thesis significantly contributes to a deeper
understanding of renewable fuels in the context of defossilation. The results of this thesis can be utilized to
develop new technologies that reduce greenhouse gases in the transport sector and slow down global warming.




1 Introduction

The human-caused climate change is one of the most threatening and challenging problems of the forthcoming
generations. Global warming is scientifically proven [5] and already creating environmental changes that
are difficult to reverse. The rising sea levels are flooding more and more areas at low sea levels. The number
of wildfires is already increasing and is supposed to increase significantly until 2100 [6]. The emissions of
greenhouse gases must be reduced drastically to stop global warming and meet the Paris Agreement [7].

As reported in the Annual European Union Greenhouse Gas Inventory [8], in the European Union, the transport
sector has been the only key category to increase the CO, emissions in the last thirty years. In the future,
the transport sector is expected to increase even further [9-11]. Hence, novel technologies are needed to
reduce CO, emissions. While in the passenger transport sector, Battery Electric Vehicles (BEV) charged with
renewable electricity might reduce CO, emissions [12], electrification of aviation, marine and heavy-duty
applications is cumbersome. Especially in the heavy-duty application, liquid fuels will be needed in the future
[9, 13, 14], since the energy density of batteries is still significantly lower than liquid fuels [15, 16]. The
reduction of CO, in the transport sector can be achieved by two routes [17]:

Decarbonization completely removes carbon from the energy conversion process. In this route, fuels like
hydrogen or ammonia may be used due to their molecular structure without carbon atoms.

Defossilation intends to replace fossil fuels with fuels from renewable sources [17].

Currently, the route of Defossilation! is favored over Decarbonization due to the retrofit possibilities of
renewable Diesel fuels. Biogenic and synthetic fuels are promising candidates to reduce CO, emissions in the
transport sector [14]. Renewable fuels are usually produced with the Power-to-X concept, which might solve
multiple issues in the energy sector. Surplus electricity from peaks in renewable power plants can be stored in,
e.g., liquid fuels and stabilize the electricity grid [18]. Especially renewable fuels with Diesel-like properties
are the focus of current research [14]. Biogenic and synthetic fuels bind CO, from the atmosphere during
production and hence, are considered carbon-neutral [19, 20]. The demand for renewable energy sources
is higher than ever before and will increase in the future [10]. Recent studies showed [1, 21-23] that the
thermophysical and combustion properties of renewable carbon neutral Diesel fuels are significantly different.
In order to use renewable fuels in engine applications, the influence of changed thermophysical and chemical
kinetic properties on mixture formation and ignition in spray flames under Diesel relevant conditions needs
further research.

!Defossilation is also referred to as Defossilisation. Within this thesis, the term defossilation is used.




[Constant Volume Spra Chamber]
[Iniection} [ Mixture Formation ] [ Ignition J

— - =i f — S

Figure 1.1: Schematic of a four-stroke direct injection Compression Ignition (Cl) engine cycle. The spray
flame cause-effect chain comprising injection, mixture formation, ignition and combustion is investigated in
the simplified Constant Volume Combustion Spray Chamber, reducing the complexity of piston movement
and flow in the engine. Even though the high-pressure, high-temperature spray combustion chamber is a
simplified geometry, it maintains the full physical complexity.

Modern direct injection Compression Ignition (CI) Diesel engines are complex and constantly under develop-
ment, optimizing emission reduction to meet new regulations. Besides engine test benches, Computational
Fluid Dynamic (CFD) simulations are nowadays an indispensable tool for engine pre-development. With the
help of CFD, novel engine designs and combustion process methods can be tested rapidly without manu-
facturing new parts or expensive time on the test bench. However, numerical models need accurate initial
conditions. Hereby, the engine cause-effect chain comprises the spray formation, mixing, combustion and
emission production. In particular, combustion models require precise information about mixture formation
and temperature distribution in the combustion domain. Regarding the engine, the first steps in the cause-effect
chain are spray formation and mixture formation, defining the initial conditions and prediction accuracy of
the subsequent simulation of combustion and emission production.

However, as shown in Figure 1.1, the mixture formation process of a four-stroke direct injection Diesel
compression ignition engine is very complicated. The moving piston and intake flow in the compression stroke
introduce complexity to the system interacting with the combustion process. Hence, it is suitable to investigate
combustion in a simplified geometry while maintaining full physical complexity. A common approximation for
the ignition process in the engine is a constant volume, high-pressure and high-temperature spray chamber.
Especially for novel fuels, the experimental and numerical investigation in constant volume spray chambers is
beneficial.

In the context of renewable Diesel fuels, the biogenic fuel 1-Octanol? and the E-fuel (Poly-)oxymethylene
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ether (OME,?), are two promising Diesel alternatives. However, due to their chemical composition, the two
fuels exhibit significantly different thermophysical and combustion properties compared to reference Diesel
fuels, e.g., n-Dodecane* [1, 2, 21, 24-28]. The changes from different fuel properties on injection, mixture
formation and combustion have not yet been comprehensively examined and understood. Hence, developing
new technology with renewable Diesel fuels needs further research. Efficient and accurate models are needed
to incorporate the effects introduced by novel renewable fuels on combustion. High-fidelity numerical models,
such as the Large Eddy Simulation, are crucial for understanding complex mixing and ignition phenomena in
high-pressure spray flames.

In this context, this thesis investigates the influence of thermophysical properties and changed chemical kinetics
of 1-Octanol and a mixture of OMEs in high-pressure sprays using Large Eddy Simulations. Furthermore,
the influence of increasing nozzle sizes for automotive, heavy-duty and marine injectors is examined. The
objectives of this thesis are placed in the context of the archival literature. Subsequently, the aims of this
thesis are derived from the literature review.

1.1 Renewable Diesel fuels and spray flames

The following presents a brief but comprehensive overview of the carbon-neutral biogenic Diesel fuel 1-Octanol
and the synthetic fuel Polyoxymethylene ether (OME). First, production methods are shown in Sec. 1.1.1,
next, emission reduction potentials are discussed in Sec. 1.1.2. In Sec. 1.1.3, the changed thermophysical
and chemical kinetic properties are elucidated. Finally, an overview of spray flames with 1-Octanol and OME
is presented in Sec. 1.1.5. The literature review reveals open questions regarding modeling and changed
combustion properties of renewable Diesel fuels. The aims and questions of this thesis are derived based on
the review.

1.1.1 Production routes for the carbon dioxide neutral Diesel fuels 1-Octanol and
(Poly-)oxymethylene ethers

The production of 1-Octanol (CgH;50) is not scaled to plant size yet. Though 1-Octanol is already used
in the beauty industry for fragrances [29], further research is needed to produce the fatty alcohol on a
large scale from biogenic feedstock. In the literature, mainly two pathways are described. One route is the
catalytic production of 1-Octanol from biomass [30] via furfural-acetone [31]. The second and main pathway
uses genetically modified E-coli bacteria to convert glucose or fatty acids to 1-Octanol [29, 32-34]. The
basic chemicals are derived from organic origins, which can be produced from Cyanobacteria/Algae [35].
Further information can be found in the review of Kremer et al. [34]. In Kremer et al. [34], low efficiencies
are reported for the pathways described here, while efficiency is assumed to be improved immensely. A
considerable advantage of producing 1-Octanol from renewable organic materials is that no hydrogen is used
in the production process. Furthermore, the production of 1-Octanol is considered a backstop technology.

The synthesis of OMEs (H;C-O-(CH,0),-CH,, mainly a mixture of x € [3,4,5] named OME_,;,) can be achieved
by a manifold of pathways. Most routes start with the basic chemical methanol. Methanol is mainly produced
from green hydrogen from electrolysis with renewable energy and carbon dioxide [36, 37]. The CO, can
be obtained by separation from existing industrial processes, e.g., coal power plants, cement factories, the
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production of ammonia and biogas plants. An alternative is capturing CO, from ambient air, which is currently
very expensive [20]. Another possible green route for CO, production is the anaerobic digestion of biomethane
[20]. Some authors also describe methanol production from biomass [38] or from natural gas [39].

An intermediate step in the production of OME is the synthesis of formaldehyde from methanol. From
formaldehyde, methylal and trioxane are produced [39, 40]. Methylal and trioxane are further synthesized to
OME using catalytic reactions. Different studies conducted a Life Cycle Analysis and cost evaluation [20, 41,
42]. In Rodriguez-Vallejo et al. [20], various pathways of the synthesization of OME are evaluated. Some
routes even show a negative CO, balance [20]. Due to many unknown cost developments for electricity,
hydrogen and CO,, a price estimation for OME is cumbersome [41]. In 2021, the price for OME was estimated
to be 1.5-3.6 times higher than Diesel [20]. Meanwhile, the Diesel cost roughly increased 50% compared to
2021. In Europe, higher taxes for fossil fuels are expected, so OME can be considered competitive with Diesel.
In Ueckerdt et al. [42], the possible lack of green hydrogen in Germany is discussed. From a global perspective,
the shortage of green hydrogen could be mitigated by producing OMEs in sunny areas internationally. Also,
the production of OMEs is considered a backstop technology [42].

1.1.2 Emission reduction potentials

Besides the carbon neutrality of 1-Octanol and OME,;,, both fuels are reported to reduce combustion emissions
significantly. In the following, the reduction potentials are outlined.

Multiple studies in engines [43-46], observed lower CO emissions for 1-Octanol compared to Diesel. In
Graziano et al. [43], also lower CO, emissions were reported. Diesel and 1-Octanol blends showed significantly
lower formation of NO, and soot [45-50]. Already small amounts of 1-Octanol reduce soot formation up to
75% [43]. The low sooting tendency of 1-Octanol can be utilized to reduce NO, emissions (soot-NO, trade-off).
Furthermore, higher Brake Thermal Efficiencies (BTE) are reported [45, 46, 48]. 1-Octanol shows lower
exhaust gas temperatures [45, 51], which might cause a negative impact on the exhaust gas after-treatment
process.

Also, OME,,;, is reported to show lower NO, and CO emissions in engines [52-54]. OME’s higher brake
thermal efficiency is shown in multiple engine experiments [55-57]. The high degree of bound oxygen in all
OME:s inhibits soot formation particularly. Many studies showed the potential to decrease soot formation from
neat OME_;, and blends with Diesel [28, 38, 52, 57-65]. The soot volume fraction of neat OME_;, is so low
that it is almost not measurable [58, 66]. Furthermore, Particulate Matter (PM) is also reduced in number
and size of particulates [53, 58, 67-69]. In Avolio et al. [68], Real Driving Emission (RDE) measurements
revealed that a blend of Diesel and 7 % of OME_;, already fulfills the requirements of the Euro 6d regulation.

In summary, 1-Octanol and OME,;, are promising candidates to cut emissions, such as CO, net CO,, NO,, PM
and soot significantly. Both fuels will help to reduce the Green House Gas footprint in the transport sector by
defossilation.

1.1.3 Changes in thermophysical properties and chemical kinetics

The changed molecular structure of 1-Octanol and OME due to bound oxygen significantly influences the
thermophysical and chemical kinetic properties. This section highlights the most significant changes compared
to standard Diesel fuels.




Thermophysical properties Most liquid properties of 1-Octanol are very similar to n-Dodecane as a Diesel
surrogate. 1-Octanol exhibits a slightly higher liquid density than n-Dodecane [70]. Vapor-Liquid Equilibria
(VLE) measurements in [2, 27] revealed a slightly higher vapor pressure compared to Diesel, which was also
reported in Ambrose et al. [71]. A significant difference to n-Dodecane and OME is the high latent heat of
evaporation of 1-Octanol [70, 71] that might change the mixture formation process.

Also, the thermophysical properties of OMEs exhibit significant differences to n-Dodecane. In the context of
the German publicly funded project "E2Fuels" (funding number: 19|18009 ), liquid thermophysical properties
of OME; and OME, have been measured and published [2, 22]. The group of OMEs shows a significantly
higher liquid density compared to 1-Octanol and n-Dodecane [22]. The vapor pressure measurements at
lower temperatures of Boyd et al. [72] suggested a similar vapor pressure of OMEs compared to n-Dodecane.
However, the detailed measurements up to the vicinity of the critical temperature from Fechter et al. [2]
revealed that the vapor pressure is significantly higher than n-Dodecane and 1-Octanol. Other recent studies
used theoretical models (e.g., force field methods) to derive the thermophysical properties for OME [73, 74]
and used the data from Boyd et al. [72] as input. The high-fidelity measurements from Fechter et al. [2] and
Beutler et al. [22] are more accurate and therefore used in this thesis. In this work, the influence of the higher
vapor pressure of OME on the spray and mixture formation is investigated using Large Eddy Simulations.

Chemical kinetics For the modeling of combustion, detailed chemical kinetic reaction mechanisms are
needed. These mechanisms include all relevant reactions and species involved in the combustion reactions.
Since 1-Octanol is relatively new in the context of Internal Combustion Engines (ICEs), only a few reaction
mechanisms are available. Mainly there are three mechanisms known to the author. The first mechanism was
developed by Cai et al. [25] and was reduced by Li et al. [75]. A newer reaction mechanism for 1-Octanol is
developed by Pelucchi et al. [76] in the CRECK modeling group (POLIMI). The mechanism of Pelucchi et
al. has been utilized in this thesis since it performed best in the reactive spray flame simulations. All kinetic
mechanisms show that the chemical ignition delay time of 1-Octanol is higher than n-Dodecane and OME.
The ignition delay time of 1-Octanol in engines is also reported to be higher [44, 47]. Further, the bound
oxygen atom in 1-Octanol increases the stoichiometric mixture fraction.

OMEs have received more attention recently, and many reaction mechanisms have been developed. The
first mechanism from Sun et al. [77] was developed based on laminar flame speed measurements of OME;.
The mechanism by Sun et al. was further reduced in He et al. [78]. The first mechanism, including OME5
and OME,, was developed by Cai et al. [24]. This mechanism included experimental data of shock tube
measurements and data from Rapid Compression Machine (RCM) experiments that represent the auto-ignition
process. A newer reduced mechanism by Niu et al. [79] is based on the mechanism by Cai and includes
modeled kinetic data for OME; and OMEg4. However, no thermophysical data is available for OME; and OMEg,
which is needed in the CFD. Hence, the detailed mechanism by Cai et al. [24] is used in this thesis. The group
of OMEs are reported to be highly reactive fuels, exhibiting short chemical ignition delay times. However,
OME’s Lower Heating Value (LHV) is significantly lower than n-Dodecane. The LHV for OME; is approximately
50 % lower compared to Diesel [80]. For the equivalent energy of Diesel, the volumetric flow rate has to be
increased by a factor of 1.75 [54]. The high level of oxygenation of OMEs increases the stoichiometric mixture
fraction significantly. Compared to n-Dodecane, the stoichiometric mixture fraction of OME; at the boundary
conditions used in this thesis is doubled. The high stoichiometric mixture fraction is a crucial difference from
standard hydrocarbons and is essential in the mixture formation process.

Hence, this thesis examines the influence of changed thermophysical properties, e.g., increased vapor pressure
and latent heat of evaporation, on the mixture formation. Further, the influence of different chemical kinetic
properties on mixture formation and ignition is investigated in this thesis.




1.1.4 ECN: Reference spray flames

The Engine Combustion Network (ECN) is a group of established research institutes examining reference
injectors in Constant Volume Combustion Chambers that are representative of Diesel engine combustion. The
boundary conditions for each case are standardized and publicly available [81]. The joint effort collected a
large database of experimental and numerical reference data that gives a comprehensive insight into Diesel
combustion. In particular, ECN Spray A and ECN Spray D represent automotive and heavy-duty Diesel injectors
that have been studied by many facilities and at various boundary conditions. In the past, the Diesel surrogate
n-Dodecane has been used for investigation. In the last workshops organized by the ECN [81], the focus was
set on renewable Diesel fuels. The following section provides an overview of existing reference spray flames.

1.1.5 Reference spray flames of renewable Diesel fuels

In order to be able to better classify this thesis in the context of existing studies, in the following studies on
spray flames with the reference fuel n-Dodecane and the renewable fuels 1-Octanol and OME are presented.

The standard surrogate fuel for Diesel, n-Dodecane, has been a focus in the Engine Combustion Network
and has been extensively studied experimentally and numerically. Most studies examined spray flames in
the Spray A injector, representing light-duty vehicles. Recent studies also investigate spray flames in the
heavy-duty injector Spray D. A non-exhaustive list of experimental works is provided here: [82-88]. The
mixture formation process of the automotive Spray A and the heavy-duty injector Spray D exhibit remarkable
differences. The experimental works show that the liquid penetration length of Spray D is approximately
doubled compared to Spray A. The ignition delay time increases with the nozzle size. For n-Dodecane, the
ignition delay time in Spray D is increased by approximately 30 % compared to Spray A. The ignition location
in Spray A is reported at the spray head, while in Spray D, the onset of ignition is observed at the spray flanks.
The experimental findings are reproduced in reactive CFD simulations. The tabulated chemistry approach has
been proven in many studies to reproduce the flame characteristics of the injectors very well [3, 89-95]. Due
to low numerical cost and low computation time, the Reynolds Averaged Navier Stokes (RANS) framework
is commonly utilized in reactive spray flame simulations. In a RANS framework, inherently, only global
combustion characteristics, such as the ignition delay time, can be reproduced. The complex interaction of
mixture formation and ignition can only be investigated in high-fidelity Large Eddy Simulation (LES) or Direct
Numerical Simulation (DNS) frameworks. The increasing availability of computing resources enabled the
detailed examination of spray flames in LES. Recent studies investigated the spray flames of Spray A and Spray
D in LES [96-105]. Even though the ignition location at the spray head in Spray A and at the spray flanks for
Spray D are reproduced in LES [93, 94, 97, 104], no comprehensive explanation has been found yet and will
be addressed in this thesis.

In contrast to n-Dodecane, only limited information about mixture formation and spray flame structure can
be found for 1-Octanol. One of the first experimental studies to investigate inert sprays of Di-N-Butyl Ether
with 1-Octanol by Palmer et al. [106] highlighted the need for investigations with neat 1-Octanol. Very
recently, the study by Strauf3 et al. [21] examined the mixture formation process of 1-Octanol in the Spray A3
injector®. The study revealed that 1-Octanol, with a higher volatility than n-Dodecane, exhibits longer liquid
penetration lengths, suggesting differences in mixture formation. In Tian et al. [107], blends of Biodiesel
and 1-Octanol showed a changed mixture formation behavior in a constant volume spray chamber under
inert conditions. Increased vapor penetration lengths with increasing content of 1-Octanol are reported. Only
the study of Ruiz-Rodriguez et al. [51] examines the spray flame structure of 1-Octanol experimentally. The

>The Spray A3 nozzle is approximate 10 % larger than Spray A and has a higher conicity factor: Ksaz=3vs. Kga=1.5.




study shows that 1-Octanol produces less soot compared to n-Dodecane. To the author’s best knowledge,
no numerical study has been published on mixture formation and spray flame ignition for 1-Octanol in the
archival literature.

In the literature, the mixture of OME;, OME, and small shares of OME; is often referred to as OME_;,.
Since thermophysical properties are not available for OME;, OME_;, is usually modeled as 60 % OME5 and
40 % OME,4 by volume. Experimental studies investigating OME sprays revealed substantial changes in the
mixture formation process. In Dageforde et al. [108], OME_;, has been examined in the Spray A injector.
The comparison to n-Dodecane using Phase-Doppler-Anemometry (PDA) showed smaller spray velocities
for OME_;, and less air entrainment. Also, the study of Strauf? et al. [21] showed significant differences
between n-Dodecane and OME_;, in the Spray A3 configuration. Even though OME_;, is more volatile, the
liquid penetration of OME_;, is longer than the less volatile n-Dodecane. The higher liquid penetration
length of OME_;, suggests a significant change in the mixture formation process. The experimental and
numerical study of neat OME; and neat OME, in a close-to-series heavy-duty injector further suggests that
the mixture formation among OMEs exhibits differences [1, 28]. Inner-nozzle flow simulations suggest that
cavitation might occur [28]. The tendency for cavitation of OME_;, has been confirmed in the ECN Spray C in
Singh et al. [109]. The spray flame structure of OME_;, has been experimentally studied in Spray A and Spray
Din [82, 110, 111]. One key finding is that OME,,;, does not produce any soot in both injectors. Furthermore,
the ignition delay time is significantly shorter than for n-Dodecane. The ignition delay time also increases
with the nozzle size, but OME_;, is not as sensitive as n-Dodecane. Regarding the flame structure, OME;,
shows less formation of the excited OH radical, which has been reported in Ma et al. [66]. The spray flame
shape for OME_;, is slightly narrower than with n-Dodecane. Chemiluminescence imaging revealed that the
formation of OH" is distributed closer to the spray center line [82].

One of the first simulations of OME,4 has been presented by Goeb et al. [59] and showed significant differences
in mixture formation between n-Dodecane and OME,. However, the Large Eddy Simulation in Goeb et al. [59]
underestimated the experimental ignition delay time by approximately 40 %. The spray flame structure of
OME,,;, has been studied in Spray A conditions in an LES framework by Mira et al. [112]. The flame structure
of OME_;, showed substantial differences from n-Dodecane. The spray flame of OME_;, is narrower than
n-Dodecane, and the iso-line of the stoichiometric mixture fraction shows separated fuel-rich clouds, while
n-Dodecane exhibits an enclosed iso-line of the stoichiometric mixture fraction. Further, the ignition delay time
of OME_;, is reported to be shorter than n-Dodecane. The RANS simulation of Wiesmann et al. [113] confirmed
differences in the mixture formation of OME,,;, in the Spray A3 injector. As observed in Wiesmann et al. [113],
the ignition delay time for OME,_;, is constantly underestimated by 30 % for different boundary conditions,
raising the question of whether the mixture formation and flamelet models used, need to be extended for
changed thermophysical and chemical kinetic properties. Also, the study in RANS by Benjaes et al. [114]
of OME,,;, in Spray A and Spray D conditions underestimated the ignition delay time. Benjaes et al. [114]
revealed that the onset of ignition in Spray A for OME_;, is located at the spray head and at the spray flanks for
Spray D. The study of Haspel et al. [1] was the first to investigate neat OME; and neat OME, in a close-to-series
heavy-duty injector in LES. Significant differences in the mixture formation process among the fuels were
observed. While the flame structure analysis in the flamelet simulation revealed an earlier ignition for neat
OME;, the spray flame of OME, ignited before OME;,, which is explained with a different mixture formation
process in the spray. The study of Haspel et al. [1] revealed that the mixture formation process plays a vital
role in the ignition process and the flame structure of OME:s.




1.2 Scientific questions and aims of this thesis

Diesel fuels from renewable sources show great potential to reduce CO, emissions. The biogenic aliphatic
long-chained alcohol 1-Octanol is produced from organic feedstock. Since the bound carbon comes from
photosynthesis, the combustion of 1-Octanol is considered CO, neutral. Also, the oxygenated oligomer OME
is considered CO, neutral when produced from green hydrogen and ambient CO,. Both fuels have bound
oxygen in their molecular structure, which enables the reduction of soot in Diesel blends. Neat 1-Octanol and
OME practically show no soot production in engines. However, bound oxygen also substantially changes the
thermophysical properties of 1-Octanol and OME. High latent heat of evaporation is reported for 1-Octanol,
compared to the reference fuel n-Dodecane. OME_;,, on the other hand, has a significantly increased vapor
pressure. Both fuels show a changed mixture formation behavior. Furthermore, the chemical behavior of the
renewable fuels is different. While 1-Octanol shows reduced reactivity and higher ignition delay times, OMEs
show an increased reactivity and exhibit low ignition delay times.

The literature review elucidated the high potential of 1-Octanol and OME_;, to reduce greenhouse gas
emissions, NO, and soot. However, the influence of changed thermophysical properties on mixture formation
is an unanswered question for 1-Octanol and OME. The complex interplay of mixture formation and chemical
kinetics is not comprehensively understood. Moreover, the influence of larger nozzle sizes on mixture formation
and ignition is an open question in the literature.
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Figure 1.2: lllustration of the aims of this thesis: How do renewable Diesel fuels change the mixture formation
process and spray combustion? Which effect does the nozzle size have on mixture formation and spray
combustion?
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The aim of this thesis is to elucidate the effects of changed thermodynamic and chemical kinetic properties




and increased nozzle sizes on mixture formation and ignition. A graphical illustration of the aims of this thesis
is shown in Figure 1.2. The aims and questions of this thesis are summarized in bullet points:

Question How do the changed thermophysical properties affect the mixture formation process?

Question How do the changed thermophysical properties, e.g., higher latent heat of evaporation and vapor
pressure, change the ignition behavior compared to conventional fuels (e.g., n-Dodecane)?

Question How do the changed chemical kinetic properties influence the spray flame structure?
Question How do the changed chemical kinetic properties influence the ignition of spray flames?

Question How do increasing nozzle sizes (automotive, heavy-duty and marine injector) influence the ignition
behavior?

The scientific questions of this thesis are answered in the following. This thesis is structured as follows. First,
in Sec. 2, the governing equations, models and numerical models are presented that are used for the inert
and reactive Large Eddy Simulations in this thesis. In Sec. 3, the experimental data and methods are briefly
explained. Subsequently, the numerical framework of the Large Eddy Simulation is presented in Sec. 4. In
particular, the meshes for the different injector setups are presented. The scientific question of how the changed
thermophysical properties influence the mixture formation process under inert conditions is investigated in
Sec. 5. Further, the influence of increasing nozzle size on mixture formation is examined among the different
fuels. The chemical ignition delay times and the spray flame structures are investigated in Sec. 6. The ignition
under strained conditions is investigated in the laminar non-premixed flamelet model. A novel flamelet model
is derived, which includes the effect of the enthalpy loss due to the latent heat of evaporation. Finally, in
Sec. 7, the turbulent spray flame structure of n-Dodecane, 1-Octanol, and OME,;, is examined in the Large
Eddy Simulation. The different mixture formation processes and ignition delay times among the fuels and
different injectors are discussed. The thesis is closed in Sec. 8 with a summary and conclusion.




2 Governing equations, Models and Numerical Methods

Spray injection is a dispersed multi-phase problem with complex physical processes: high-pressure injection,
breakup, evaporation, mixture formation, turbulence, diffusion and finally, combustion and pollutant formation.
All processes are strongly coupled, and each subproblem has a high level of complexity itself. Hence, not
all effects are solved by fundamental physical equations but need modeling. In this thesis, a high-fidelity
framework is used, trying to minimize the modeling portion. In the following, all equations and models used
are briefly presented.

2.1 Gas phase

In the following, the equations for fluid motion used in this thesis are presented. In general, fluid motion can
be described by the Navier-Stokes equations. These basic equations describe both inert and reactive conditions
in equal measure. In the case of reactive spray simulations, the variable density formulation is applied. For
inert simulations, additional transport equations for the species mass fractions for each species Y}, are solved.
In this work, additional transport equations for the mixture fraction Z and normalized progress variable Y
are solved for reactive simulations.’

2.1.1 Governing equations

The governing equations used for the inert and reactive spray simulations are presented in the following.

2.1.1.1 Mass conservation equation

Eq. 2.1 denotes the mass conservation equation for spray simulations. Here, p represents density, u; is the
velocity in direction j, x; is the spatial coordinate, and 5, is the evaporation source term of evaporated fuel
that is further explained in Sec. 2.2.

Op  Opu;
ot * 856j

=S, (2.1)

In the following, the "Einstein summation convention" is used, where if indices appear twice, the terms are summed.
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2.1.1.2 Species mass fraction transport equation

It is common to solve additional transport equations for each species & of the mixture to determine its spatial
distribution. These equations are formulated in terms of the species mass fraction Y, which is defined as the
mass fraction of a single species mass my, over the total mass:

mg
Y = ——. (2.2)
Zi;vzl mg
The transport equation for each species k is further defined as:
0pYr  0pYy (uj + Vi .
oYy OPYi (s Vies) _ gy, (2.3)
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In Eq. 2.3, V}, ; is the diffusion velocity of each single species & in direction j. On the right-hand side, @y, is the
so-called chemical source term accounting for production and consumption in chemically reacting flows for
each species (see Sec. 2.3.1). In inert simulations, wy, is set to zero in this thesis. Furthermore, S} denotes the
evaporation source term that accounts for the evaporation of liquid fuels in (Diesel) sprays, which is further
explained in Sec. 2.2.

Summing up over all species N transport equations, the conservation of mass in Eq. 2.1 may not be violated
by definition. It can be shown that the following conditions apply to fulfill mass conservation [115]:

N !
Z Vi = 1, (2.4)
k=1
N !
PR AEL (2.5)
k=1
N !
D wp=0. (2.6)
k=1

2.1.1.3 Diffusion velocity

Within this thesis, the Fick diffusion model is employed. The diffusion velocity V}, ; is assumed to be proportional
to the gradient of the species mass fraction and the diffusion coefficient Dy:

1 9Y,
Vi, =—Dp——. 2.
k,j kY, oz, (2.7)

The measurement of diffusion coefficients and their modeling is not straightforward. For larger molecules like
hydrocarbons, in contrast to hydrogen, it is common to assume that the thermal a; and species diffusivities

Dy, are equal. The Lewis number Le describes the ratio of thermal and species diffusivity. Within this thesis,
the Lewis number of each species k is assumed to be unity Le,= %IZ =1, and differential diffusion effects due
to high species diffusivity are neglected. Furthermore, each species of the mixture is assumed to have the
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same diffusion coefficient. The bulk diffusion coefficient D can then be calculated using the mixture mean
thermal conductivity ), the mean heat capacity c, and mean density p:

Do A (2.8)
PCp

The modeling of A and ¢, is explained in Sec. 2.1.3.

2.1.1.4 Momentum conservation equation

The momentum conservation equation is given as follows:

Opu; | Opuju; B dp n 07ij

8t c%zj N aIL’Z 8a:j + Pgi + Su,i' (29)

Here, p denotes the pressure, 7;; is the viscous stress tensor that is further described in Eq. 2.10, g; is the
gravitational acceleration in spatial direction 7 and S, ; the momentum source term (see Sec. 2.2.1.2) that
represents the coupling of the liquid and gaseous phase.

Applying the Boussinesq hypothesis [116], the viscous stress tensor 7;; reads:

Ou;  Ouj 2 Ouy
i = — 20— |- 2.1
Ty = H <8xj + ox; 35]8%) (2.10)

In Eq. 2.10, p is the dynamic viscosity (see also Sec. 2.1.3) and §;; is the Kronecker delta. The subscript
p = 1,2, 3 is used for the Einstein summation.

2.1.1.5 Energy conservation equation

The energy conservation in this work is formulated in terms of the total enthalpy. In Eq. 2.11, the definition of
the total enthalpy is presented, where h; is the total enthalpy, h, is the absolute enthalpy and u; the velocity
in direction ¢ [115].

(2.11)

The absolute enthalpy h, is composed of the sensible enthalpy i and its chemical part, the standard enthalpy
of formation Ah% . (at reference conditions 7=298.15 K).

n n T
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In Eq. 2.12, h, is the specific absolute enthalpy (see also Sec. 2.1.3) of species k, Y}, the species mass
fraction, ¢, the heat capacity at constant pressure for species k£ and Ah% .. represents the standard enthalpy
of formation.

A general form of the total enthalpy equation reads [115]:

N

+Q+p Y Yifui(ui+ Vi) + Sn, + puigi. (2.13)
k=1

ot dr; Ot Ox; ox;

Ophy  Opu;hy  Op  Og; n OTijuy

The first term on the left-hand side (LHS) resembles the transient change of the total enthalpy h:, and the
second term is the convective part of the enthalpy. On the right-hand side (RHS) of Eq. 2.13, 2 57 expresses the
enthalpy change due to pressure change, and ¢; is the energy flux that reads:

N
+ ,OthkYka’i. (2.14)
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In the second term on the RHS of Eq. 2.14, it is commonly assumed that the sensible enthalpy, more precisely
the heat capacity, is equal for all species. Furthermore, the enthalpy of formation is zero for elementary
molecules, and compound molecules have the same order of magnitude and are assumed constant. Using

. . . . . )\ aha
Eq. 2.5, the second term on the RHS disappears, and it is possible to rewrite Eq. 2.14 as ¢; = — & o
BTZ]

Furthermore, it can be shown that for subsonic flows, the viscous heating term —52- % in Eq. 2.13 may be
neglected [115]. In the present study, Q is also set to zero since no external energy sources, e.g., a spark
plug, are considered. Also, the volume force f, ; in Eq. 2.14 is neglected. The spray enthalpy source term Sh,
represents the coupling with the liquid phase, see Eq. 2.56. The final enthalpy equation after reformulation

reads:

apht 6puzht - @ 8(]1
ot dr; Ot Oux;

+ Sht + puig;. (2.15)

2.1.2 Turbulence modeling

In technical combustion applications, there are many examples of turbulent flows, e.g., power plants, spray
and engine flow. In fluid dynamics, a well-known non-dimensional characteristic to distinguish if a flow field
is laminar or turbulent is the Reynolds number [117]:

uLp

Re = —. (2.16)
I

A laminar flow is generally characterized as a layered flow, meaning no eddies occur. However, spatial and
temporal changes may be observed. Low Reynolds numbers indicate a laminar flow, and high values of the
Reynolds number indicate turbulent flow. From the Reynolds number, it can be derived that low velocities
u, small length scales L, and low density flows p reduce the Reynolds number. Also, high-viscosity p fluids
dampen instabilities and reduce the Reynolds number leading to laminar flow. On the other hand, turbulent
flows are characterized by the presence of eddies and their chaotic or stochastic nature. High velocities and low
viscosity fluids allow perturbations to grow and build eddies. Different modeling strategies have been found
to simulate turbulent flows. In the following, fully resolved and stochastic turbulence models are presented.
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2.1.2.1 Direct Numerical Simulation (DNS)

The equations Eq. 2.1, Eq. 2.3, Eq. 2.9, and Eq. 2.13 comprehensively describe turbulent flows, if the spatial,
temporal and chemical scales are discretized well enough. Simulations resolving all physical and chemical
scales are called Direct Numerical Simulations (DNS). The dimensions of technical systems are in stark contrast
to the discretization requirements of DNS. Hence, reduced complexity models have been developed to describe
technical turbulent flows with Computational Fluid Dynamics (CFD) methods.

2.1.2.2 Reynolds-Averaged Navier-Stokes (RANS)

The statistical description of turbulent flows allows the decomposition of different length and time scales.
A prevalent turbulence model is the Reynolds-Averaged Navier-Stokes (RANS) model. The basic concept is
to decompose a flow quantity ¢ in its time-averaged (¢) and fluctuating ¢'(¢) part. The Reynolds average is
defined as:

o(t) = (@) + ¢'(t). (2.17)

After applying the Reynolds averaging on the Navier-Stokes equations, the flow components only depend on
their mean values. Only the so-called Reynold stress term, arising from the Reynolds averaging procedure,
depends on the fluctuating part. The Reynolds stress tensor cannot be calculated and needs modeling. Hence,
the set of RANS equations is unclosed and needs a closure model. Further information can be found in
Pope and Frohlich [118, 119]. The solution of RANS equations represents the mean fields, so no detailed
fluctuations are resolved. RANS simulations do not require high mesh resolutions, nor detailed temporal
discretization. Due to the lower computational requirements and short simulation times, RANS simulations
have a high popularity in pre-development. RANS modeling is mainly used, when only mean quantities are
of interest, e.g., drag forces of a specific design or the efficiency of a new engine design. Whenever detailed
information about the flow field is required, models of higher complexity have to be employed.

2.1.2.3 Large Eddy Simulation (LES)

A compromise between the very detailed DNS and the RANS simulation is the so-called Large Eddy Simulation
(LES). The idea of LES is to resolve as many spatial and temporal fluctuations as possible, reducing the modeling
proportion to the unresolved scales. This is accompanied by a higher spatial and temporal resolution, as well
as higher computational cost compared to RANS, but significantly lower than DNS. The high fidelity character
of LES allows a detailed investigation of the mixture formation of novel fuels with changed thermophysical
properties and is the model of choice in this thesis. In contrast to RANS modeling, LES decomposes scales by
filtering instead of averaging [120, 121]. All quantities ¢ are spatially filtered to separate the scales into a
resolved (grid scale) and unresolved part (sub-grid scale (SGS)). The decomposition of scales reads:

p=d+¢. (2.18)

The filtered quantity ¢ in Eq. 2.18 can be obtained applying a filter operation ( - ):

B(x) = / 6(r, %)G(r, x)dr, 2.19)
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where G(r, x) is the filter kernel. The filter kernel has its center around x and is evaluated as a function of the
distance to the center r. Besides the explicit filtering (Eq. 2.19), it is prevalent to use implicit spatial filtering
in LES [118, 122]. The implicit filtering approach utilizes the grid resolution for scale separation instead of
applying a filter operation. The mesh resolution has to be chosen according to the scale decomposition. A
general rule is to resolve approximately 80 % of the turbulent kinetic energy [119]. The unresolved fluctuations
are in the sub-grid scale, smaller than the smallest cell size. It has to be noted that choosing the correct cell
size in multi-phase, particle-laden flows is not straightforward. Besides the discretization requirements for
the gas phase, the liquid phase must also be considered. The spatial expansion of the largest particle size
limits the smallest cell size. For spray simulations in particular, the thesis of Wehrfritz [91] proposed a ratio
of %—Om ~ 60 % in LES (d; is the nozzle diamter and Az the cell size) and is used in this thesis. If the cell
size is significantly smaller than the largest particle, the results are not necessarily more accurate, but the
computational effort increases significantly [123, 124].

The filtered transport equations contain terms of the form p¢ that cannot be retrieved from the LES. For
variable density reactive flows, it is beneficial to apply the Favre-Filter [115, 118, 125]:

5= (2.20)
p
and Favre decomposition:

b=d+¢". (2.21)

After applying the Favre filter (~) and some rearranging, the filtered transport equations for mass, momentum,
enthalpy and species are derived.

o o
55 + 8";‘2 = 58m (2.22)
J
opu; %d} U; op O0Tij 0 TZ‘S]'GS _ =
= - - i w,i 2.2
ot 81']‘ 6952 8:6]‘ 8a;j tPgit pS ’ ( 3)

Oph, Optuh, Op 0q; OGS s
Pyt _ 9P ZH5 0 2.2
8t al‘j 6t 8.7}]' a$j + pujgj + pSht ( 4)

aﬁ?}; 8ﬁﬁz?]€ 0 |_ (= VsGs 8% =
= D 2.25
ot " om  om [p< +SCs(;s> (axz) PS5k (2.25)
The viscous stress tensor 7;; in Eq. 2.23 reads:
_ _ _(Ou;  Ou; 2. Ouy
= —Z5,=2 ). 2.2
Tii 'M(G.’rj * ox; 35]83:p> (2.26)

The new term 7;,°% in Eq. 2.23 represents the unclosed term p(u;u; — ;) representing the sub-grid scale

viscous stress. The anisotropic part of the sub-grid viscous stress tensor is modeled with the Boussinesq
hypothesis [116], similar to the viscous stress tensor, see Eq. 2.27.
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g TG <a T e 3%,
The sub-grid scale viscosity vsgs requires further closure through modeling (see Sec. 2.1.2.4).

Also in the filtered enthalpy transport equation (Eq. 2.24) the unclosed term q?GS = ﬁ(ﬁj\f; — ﬂj%t) arises after

Favre-filtering. It is further commonly assumed that small eddies (sub-grid scale) have a diffusive character.

Hence, closure for, e.g., ¢;“ is obtained using the gradient assumption and introducing the turbulent thermal

diffusivity a; = I;’rSSGGSS , with Prggg being the turbulent Prandtl number.

X Oh v Oh
4 cp O PPy oz ( )
SGS _ VsGs 87%
- = ) — 2'2
qj pPI“SGS 8.%']' ( 9)

2.1.2.4 LES sub-grid model

As described in Sec. 2.1.2.3, unclosed terms from the filtering procedure arise. In spray simulations, two
solution approaches are followed in the literature. As described in Boris et al. [126], the unresolved dissipation
can be modeled with high-order numerical schemes that implicitly have a dissipative character. No additional
sub-grid model has to be employed. The so-called MILES (Monotonically Integrated LES) has been successfully
employed in spray simulation [91]. In this thesis, however, a sub-grid eddy viscosity model is used. With the
help of the Boussinesq assumption, the sub-grid scale viscosity vggs in Eq. 2.27 is introduced. Nicoud et al.
[127] performed an dimensional analysis and showed that v5gg has the form of:

vsas = (CmA)? D (1), (2.30)

with C,, denoting a grid dependent model constant, A the local cell size? and D,,, is a differential operator
acting on the velocity field u;. A popular sub-grid LES model is the Smagorinsky model [120], which relies
on the strain tensor. However, the original Smagorinsky model is known to produce stresses close to walls,
where the operator should vanish. The o model introduced by Nicoud et al. [127] eliminates this issue. The
differential operator D,, is constructed out of the singular values of the velocity gradient tensor. The operator
is presented as:

(2.31)

The grid-dependent model constant (), in Eq. 2.30 is commonly assumed to be C, = 1.5 and the SGS

1
characteristic length scale is evaluated as the grid size A = V3. The grid constant C,, can also be evaluated
dynamically. Still, Rieth [128] and Gierth [93] showed that the dynamic procedure does not yield significantly
better results or is appropriate for particle-laden multi-phase flows, respectively. In the thesis of Gierth [93]
it was also shown that a model constant of C,, = 2.0 is better suited for the type of meshes used in this

for implicit LES filtering
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study. Hence, the sigma model with C, = 2.0 is utilized within this thesis. Further information on turbulence
modeling can be found in [118, 119].

2.1.3 Thermophysical properties

A widespread approach to determine the heat capacity c,, absolute enthalpy h,, and entropy s for the gaseous
phase is the so-called NASA polynomials [129]. The NASA polynomials consist of seven coefficients a; used in
Eq. 2.32-Eq. 2.34. They are state-of-the-art in many combustion solvers, e.g., CHEMKIN [130], Cantera [131]
and others.

' (T) 2 3 4
7= ag + a1 T + axT* + asT? + a4T (2.32)
hT(T) ay az, o Q3,53 Q4,4 a5
= —T+ =T —T —T — 2.33
g =0+ ST+ 2T+ T+ T + o (2.33)
s™(T a a a
}(2 ) _ aoInT + a1 T + EQTQ + §3T3 + Z4T4 + ag (2.34)

Properties like gas viscosity and gas thermal conductivity are computed using the following correlations [132,
133]:

. 5 \/ﬂmkszT (2 35)
e = 16 50@2x :
ToR ey
9 T\ 1/2 3
A= 2 <kB ) Co (2.36)
327/2 \ my, UI%AQ]?]@Q)*

In Eq. 2.35, uy is the viscosity of species k and is calculated using the irrational number 7, m; the mass of
species k , the Boltzmann constant kp, cr,% is the collision diameter of the k& — k interaction potential and
Q,gf)* denotes the collision integral. Further, C, in Eq. 2.36 denotes the heat capacity at constant volume,
and A is the Avogradro number.

As described in Kee et al. [133], using a polynomial fit for the viscosity and thermal conductivity is convenient.
The transport properties are computed using Cantera [131] and then fitted with Scipy [134]:

N
In g = Z ap, i (In "1, (2.37)
n=1
N
IAr = bp(InT)". (2.38)
n=1

The properties of mixtures can then be derived from the single species properties. Eq. 2.39 is the so-called
Wilke-Bird formula [132, 133, 135], which is used to compute mixture properties and reads:
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Here, ®; is an auxiliary variable that reads:

1 W\ ~1/2 12y VA 2
oo () (e () )

For the mixture averaged thermal conductivity, the following formula is used [133, 136]:

1
XA 2.41
(Z kkJerle/)\k) (2.41)

The interested reader is referred to [133] for more detailed information about transport models.

2.2 Liquid phase

In the following, all models and equations that are used to describe the liquid phase are presented. In particular,
the spray modeling utilized in this thesis is presented. Furthermore, the liquid thermophysical properties of
single and binary fuels are shown.

2.2.1 Spray model

There are several methods to model the multiphase flow in spray simulations. Prevalent are the Euler-Euler
methods and Euler-Lagrange methods. In Euler-Euler methods, both the liquid and gas phase are formulated
in an Eulerian reference frame. Besides others, one common method in the Euler-Euler approach is the Volume
of Fluid (VOF) method. The distinction between the gas and liquid phase is achieved by solving at least one
transport equation for the volume fraction of the liquid phase. One advantage of these models is that breakup
can be incorporated and simulated. Moreover, it is possible to simulate the inner nozzle flow and spray in
one simulation workflow. A big drawback, however, is the high spatial discretization requirement needed to
resolve single droplets. In passenger and heavy-duty Diesel engine conditions, droplets have a diameter of
approximately d € [1 — 300] pm. In VOF, it is essential to discretize the interface very accurately, leading to
very fine grids. Otherwise, surface tension forces are not well reproduced. Furthermore, VOF methods are
known to be numerically very diffusive with low grid resolutions reducing accuracy. Assuming a resolution
of only four cells per diameter of a liquid particle results in very fine meshes with high computational costs.
Further information can be found in [137, 138].

Another Euler-Euler approach for high-pressure sprays is the single-fluid Diffuse Interface method or ¥ — Y
model [139]. Most Diesel injections are above the critical pressure but below the critical temperature of the
fuel. However, small parts of the spray are supercritical, and no interface between the gas and liquid phase
exists. Following this observation, the Diffuse Interface method models the liquid spray as turbulent mixing

18



Primary Secondary 1 Single
Breakup Breakup L Particle

Ll ]

Liquid core

L

J

Figure 2.1: Schematic of the spray cause-effect-chain: Liquid core, primary breakup, secondary breakup and
single particles.

of a variable density flow [140]. A transport equation for the liquid mass fraction Y and the liquid surface
density ¥ are solved. With the help of ¥, the liquid surface can be reconstructed. The method has also been
applied in LES [50, 140, 141]. However, an equation of state is needed in the Diffuse Interface method for
closure. No accurate description is available for renewable fuels, and the Diffuse Interface method cannot be
applied.

As described above, the full discretization of the liquid phase is cumbersome and numerically expensive.
Hence, Williams [142] proposed a model that reduces the complexity of dispersed flows with many particles.
Under the assumption of small spherical droplets and low Weber numbers, the shape and size of a particle can
be described by its radius. Hence, it is reasonable to model a spray by a transported probability function that
only depends on a few parameters. The probability function describes the number probability of how many
particles have a certain radius, location, speed or temperature [142]. The transport function for the particle
distribution is called the Williams spray equation [142].

As depicted in Figure 2.1, in Diesel sprays not only small particles occur, which is an assumption in the Williams
spray equation. From the liquid core exiting the injector nozzle large droplets are shed. The primary breakup
of high-pressure Diesel sprays is usually in the atomization regime, meaning that the liquid core disintegrates
catastrophically [143]. After the primary breakup, the large particles further break up into smaller particles,
referred to as secondary breakup. Finally, single particles undergo heating and evaporation. In these conditions
where the assumptions of the Williams spray equation are not fulfilled, Euler-Lagrange methods, such as the
Particle-In-Cell method (PIC), combine the approach of a statistical description of the liquid phase and discrete
single particles. The equations for the carrier phase are solved in an Eulerian reference frame, and particles are
solved in a Lagrangian reference frame. Since a spray has a high number of particles, particles with the same
properties are clustered as parcels. This means that each parcel represents multiple droplets with the same
properties, such as velocity, mass, diameter and temperature. This approach maintains a high resolution of
the particle distribution while reducing the numerical cost drastically. Even though parcels represent multiple
particles they are treated as single discrete droplets. The coupling to the carrier phase in Eulerian coordinates
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is a two-way coupling (see source terms in Eq. 2.1, Eq. 2.9 and Eq. 2.12). With the help of parcels, the
Eulerian mesh does not have high discretization demands compared to VOF methods. The interested reader is
referred to [144-146]. Compared to the Euler-Euler methods, the PIC method is numerically less expensive
and used within this thesis. In the following, the governing equations and models are presented.

2.2.1.1 Single droplet model

As described above, multiple droplets sharing the same properties are clustered in so-called parcels. These
parcels’ tracking is formulated as if the parcel is a single particle. The equation of motion for a single parcel
reads [123]:

d . _ CpReg _ CpRey,

— iy = Uy — Ug) = — ——Ure].- 2.42
qtta = 7, 9 W~ Ha) = 05t (2.42)
With Re, denoting the parcel’s® Reynolds number:
dqy
Req = Pofdlrel (2.43)
Hg
and the parcel time scale 7, is defined as:
pady
=< 2.44
Td 1871 (2.44)

In Eq. 2.42, the subscript d € [1, Nparcels] represents the index of the parcel, subscript g denotes the gas phase
properties and Cp is the drag coefficient. The drag coefficient is evaluated from the empirical relations [147]:

24 1p,2/3
o {Red (14 §Re®) Rea <1000 (2.45)

0.424 Req > 1000.

As the droplet evaporation model, the model according to Abramzon and Sirignano [148] is used. The mass
flux due to evaporation 7iq ; for each species i reads:

Ag.i
ma; = 2madciNu In (1 + Byi) - (2.46)
Pg,i

In Eq. 2.46, rq is the representative radius of the parcel, Nu is the Nusselt number and B,, ; the Spalding mass
number for species i [149]:

fi £ A7
Bm ] = . 2-
71 1 _ j}f.sl ( )

3Since equations for single droplets are solved, subscript d is chosen for parcels.
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In Eq. 2.47, the subscript f denotes fuel and superscripts s and oo indicate the position on the droplet surface
and in the gas phase far away, respectively. The mass fraction of fuel at the surface Y7, is computed for each
liquid species i from the mole fraction at the surface:

X;, =X l,ipV;p’i~ (2.48)

In Eq. 2.48, X }Z is the mole fraction of the fuel species i in the liquid, pyap,; is the vapor pressure of the fuel
species i and p is the system pressure. Note that Eq. 2.48 is formulated for the ideal gas assumption, no
real-thermodynamic evaporation effects are considered within this thesis. For n-Dodecane and 1-Octanol,
Vapor-Liquid Equilibrium measurements are available [27] (see Sec. 2.2.2), and X f41s evaluated directly
from the tabulated VLE (see Sec. 2.2.2).

The Nusselt number in Nu Eq. 2.46 is obtained by the Ranz-Marshall correlation [150]:
Nu = 2 + 0.6 Re'/2 Pr!/3. (2.49)

The thermophysical properties required in Eq. 2.46 and Eq. 2.49 are evaluated at the position of the so-called
one-third rule [151, 152]:

1
R L (250
ref s 1 o0 S
T =T +§(TZ —T5). (2.51)

The parcel temperature is calculated by solving an energy balance equation of the form [153]:

a7

maCpl—,— dt, =qs— mdhvapa (2.52)

where ¢, is the heat flux towards the droplet (surface) and h,,, represents the heat of vaporization. Note that
in the used numeric framework, a sub-cycling for the liquid phase [ is used. Hence the time in Eq. 2.52 is
denoted as ¢;.

2.2.1.2 LES spray coupling

Closing the two-way coupling with the gaseous phase, the source terms for Eq. 2.22, Eq. 2.25,Eq. 2.23 and
Eq. 2.24 are evaluated for the time step At, in the gaseous phase. They are computed as follows [93]:

Q new old
~ — mg/
—, (2.53)
Z cell At
i, —mid,
S, =S"N, 4, 9 2.54
k= Z WA, (2.54)
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In the definitions for the source terms, the variable ¢ is the parcel index in the cell, Ny, is the number of
particles in the parcel with index ¢ and V,;; is the volume of the cell where the parcels are located.

In the case of multicomponent fuels, e.g., OME,;,, the source terms for mass, momentum and enthalpy are
obtained by looping over all fuels.

2.2.1.3 Breakup model

The description of the parcel evolution in Euler-Lagrange methods is manifold. The presumed PDF approach
prescribes a probability function of parcel sizes and velocities at a specific location and area. This model
assumes that the atomization process and breakup of the liquid jet after the nozzle exit has already occurred.
A downside of this approach is that the shape of the distribution is not necessarily known. A standard spray
simulation particle size distribution is the Rosin-Rammler distribution [154], which was initially used for coal
particles. In contrast to Diesel sprays, gasoline sprays are less dense, and the size and velocity distribution can
be measured [155, 156]. Sprays under Diesel-relevant conditions (high pressure, high temperature) have a
very dense spray core, where it is challenging to measure size distributions by experimental techniques, e.g.,
Phase-Doppler-Anemometers.

Another approach that is coupled with the Particle-In-Cell method is a breakup model. Most models assume
that breakup is triggered by oscillations on the liquid jet exiting the nozzle, eventually leading to breakup. If a
critical frequency on the surface is reached, droplet breakup occurs. One model type is based on the Rayleigh
analogy, which assumes that a droplet reacts like a spring and damper system. The most popular model is the
Taylor Analogy Breakup model (TAB) [157], and its advancement is the ETAB (Enhanced TAB) model [158].
The class of TAB models solve an additional differential equation of a spring-damper system. A significant
downside is that only one eigenmode is considered.

Other models rely on the Kelvin-Helmholtz and Rayleigh-Taylor instabilities that form on the liquid jet and
droplet surface (see Figure 2.2). These types of models are also referred to as KH-RT models. One of the
first models are the WAVE model [159] and Reitz-Diwakar model [160]. The commonly referred KH-RT
breakup model is presented in Beale et al. [161] and is the basis for this work. Note that there are many
variants with small differences regarding implementation and details. KH-RT models are used for various
sprays, e.g., gasoline and Diesel sprays and different injectors. Large ligaments or the fluid jet undergo the
Kelvin-Helmholtz breakup mode, and new droplets with a smaller diameter are formed (see Figure 2.2).
Additionally, small droplets may be shed and undergo Rayleigh-Taylor breakup.
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Figure 2.2: Illustration of the spray injection process and the breakup model. The injector with the nozzle
diameter d, determines the initial parcel diameter (blob method). The liquid ligament close to the nozzle exit
is modeled using blobs that undergo Kelvin-Helmholtz breakup. The Rayleigh-Taylor instabilities may also
form from the nozzle exit on but are more dominant on smaller parcels (compared to blobs).

The KH-RT model is not predictive and needs adjustment. The fuel and injector-specific model parameters
are needed to adjust the spray morphology. The input parameter B scales the new radius of a child parcel
after KH breakup and is commonly set to a constant value of By=0.61 proposed in [161]. B; parametrizes
the time after KH breakup is applied and takes values between 1-60. C'-, which is usually set to unity C-=1,
scales the time after RT breakup occurs on a droplet. The parameter Cry scales the radius of the droplet after
RT breakup and takes the constant value of Crr=0.1 [161]. Note that for the same case, the parameters
between RANS and LES simulation might change significantly.

Figure 2.3: Illustration of the spray disk injection method. The blue particles represent blob parcels randomly
distributed over the nozzle area. Each blob has its own velocity vector & whose absolute velocity matches
the injection velocity computed from the rate of injection profile. The velocity vector lies within the cone
defined by the spray angle ¢.

The spray simulation with the KH-RT breakup model in this thesis is conducted by injecting so-called blobs
with the size dj of the nozzle [159], which can be considered as the primary breakup model (see Figure 2.1).
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The velocity and the direction of the injection must be prescribed on the blob. The blob parcel then un-
dergoes the secondary breakup. In this thesis, an advanced method has been implemented. The blobs
centers are placed randomly on the nozzle outlet plane, and the velocity vector is also randomly chosen
with the constraint to lie in the cone sketched in Figure 2.3. The cone angle ¢ is usually set as the far
cone angle measured in experiments as proposed by Naber et al. [162]. The magnitude of the velocity is
preserved for all injected parcels to ensure momentum conservation. The aim of this method is an even
distribution of the point-modeled parcels in the simulation domain and to achieve better air entrainment in LES.

If available, inner-nozzle flow simulations coupled to the breakup model increase the predictivity. This class of
models is able to include transient effects from within the nozzle and can, e.g., incorporate effects of cavitation.
The interested reader is referred to [163-166]. Since no inner-nozzle flow simulations are available to the
author for the cases in this study, the KH-RT model using measured or modeled Rate of Injection profiles is
utilized within this thesis.

2.2.2 Liquid properties

Liquid properties are needed in multiple models, e.g., the breakup and evaporation models. Hence, accurate
modeling is crucial for the mixture formation process and subsequent modeling steps. The single-species
properties are calculated using temperature-dependent formulas. The n-Dodecane properties provided from
OpenFOAM v2012 [167] are used and shown in Figure 2.4. The properties for 1-Octanol are extracted from
the VDI-Warmeatlas [70] and are also displayed in Figure 2.4. The composition for n-Dodecane and 1-Octanol
at the surface in Eq. 2.48 are extracted from measured Vapor-Liquid Equilibria (VLE) with nitrogen in Fechter
et al. [27]. The VLE measurements have been performed in the context of a project funded by the Fachagentur
Nachwachsende Rohstoffe (project ID: 2220NR021B), in which parts of this work have been carried out.
The measurements are unique since they have been performed for various pressures relevant to CI engine
combustion up to the critical temperature of the fuels. The VLEs are tabulated, and the mole fraction of a
species can be uniquely retrieved by the liquid temperature and the system pressure.

The liquid thermophysical properties in Figure 2.4 for neat OME; and OME, have been measured in the context
of the German publicly funded project "E2Fuels" (funding number: 19|18009|) and have been published [2,
22]. The liquid density, heat capacity at constant pressure and thermal conductivity in Figure 2.4 are extracted
from [22]. The vapor pressure and latent heat of evaporation for neat OME; and OME, were measured in
Fechter et al. [2]. As shown in Fechter et al. [2], the available vapor pressure curves and latent heat of
evaporation from [72, 73] were not accurate, especially close to the critical pressure and temperature. Also,
the very detailed measurements of T, and p; in Fechter et al. [2] revealed significant differences compared
to the available data in the literature. The surface tension for the OMEs has been extrapolated from values at
room temperature [168] up to the critical point using a suitable model from [70].

The OME mixture used in the experiments is composed mainly of OME; and OME,, but also has shares of
10.1 vol% OME; and 1.91 vol% OMEg. Since only detailed thermophysical properties and reaction mechanisms
were available for OME; and OME,, the mixture was simplified to these components. OMEs; and OMEq
are thermophysically closest to OME, (see estimation models in [169]) and are assigned to OME,4. The
multicomponent mixture of OME_,;, is modeled with 57.9 vol% OME; and 42.1 vol% OME,.

In multicomponent mixtures, the liquid properties in this thesis are computed under ideal mixing assumptions.
All mixture quantities ¢n,ix (€.8., density, heat capacity, etc.) are evaluated from Eq. 2.57 from their single
species properties.
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N
Prix = ZXN% (2.57)

Critical properties of the mixture are also evaluated using the ideal gas law. In Eq. 2.58, Vi, ; is the critical
volume for species i. Vi, ; can be measured or estimated with Eq. 2.60. The critical compressibility factor
Z it indicates the influence of the real-thermodynamic effect. For ideal gases, its value is Z.,;; = 1. The critical
pressure of the mixture is evaluated using Eq. 2.59.

T _ va XiTerit,i Verit,i (2.58)
crit,mix — .
ZZN X Verit,i
St XiZerit 31 XiTerit,i

Peritmix = 12 : : (2.59)
o va XiVerit,i
R-Tos .

‘/crit,i = Zcrit Lot (260)

Derit,i
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Figure 2.4: The liquid thermophysical properties used in this thesis are partly extracted from [2, 22, 167].
The surface tension is extracted from [168] and extrapolated to the critical point with a formula for surface
tension extracted from [70]. The last row denotes the absolute liquid enthalpy (similar to Eq. 2.12).
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2.3 Combustion model

This thesis uses multiple combustion models to describe combustion that are presented in the following [115].
First, the description of chemical reactions in numerical simulations is presented. A set of equations for
chemical reactions are solved to evaluate the chemical source terms, which are the basis for all upcoming
combustion models. Subsequently, the homogeneous reactor model is presented to assess chemical ignition
delay times (without transport effects). Next, the laminar non-premixed flamelet model used to describe
combustion in spray flames, including transport effects, is presented. Finally, the turbulent combustion model
is presented.

2.3.1 Chemical reactions

A chemical system is characterized by M reactions with N molecules. In each reaction, the species My, is
multiplied by its molar stoichiometric coefficient v, ; and vy ; (see Eq. 2.61). Reactions in general, run in
forward and reverse directions until equilibrium is achieved. For turbulent spray flames, finite rate chemistry
is assumed. The rate of change for each species is defined by the sum of production and consumption wy,;
(also denoted as chemical source term) in every reaction, see Eq. 2.62.

N N
S vMp = My for j=1,M (2.61)
k=1 k=1
M M
d)k = Zwkj = Wk Z Vij Qj (2.62)
j=1 J=1

The production rate wy, can be further described by the product of the stoichiometric coefficient vy,; (v; =
vy i~ iz ) and the reaction progress Q;. The reaction progress depends on the reaction rate K and the product
of each reactant/product molar concentration [X}| with its stoichiometric coefficient as the exponent.

N N
Qj = Kfj H [Xk]l/;“j - Krj H [Xk]ygj (2'63)
k=1 k=1

In Eq. 2.64, the so-called Arrhenius equation is employed to calculate the forward reaction rate Ky;. The
reaction rate is defined by the preexponential factor Ay;, the temperature 7% with its temperature coefficient
f3;, the activation energy £, the universal gas constant R and the temperature 7"

Kfj = Aijﬁj exp <—§§1> . (264)

For completeness, the reverse reaction rate for equilibrium reactions can be computed using Eq. 2.65. In
Eq. 2.65, p, represents the ambient pressure at 1 bar, AS]Q and AH}J are the entropy and enthalpy changes
respectively [115].
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(2.65)

2.3.2 Homogeneous reactor model

The homogeneous reactor model is one of the most fundamental combustion models [170]. It assumes
perfect mixture homogenization and does not consider any transport effects. The model can be formulated for
constant pressure or constant volume conditions. This thesis uses the formulation for constant volume since it
most accurately resembles the combustion in a constant volume spray chamber. The change of species i is
described by Eq. 2.66 and is equal to the chemical source term from Eq. 2.62.

d [X;]
de

Y (2.66)

The chemical ignition delay time of a fuel can be computed with the homogenous reactor model by neglecting
heat fluxes between the system and its environment (Q=O). The temperature of the reactor is described
by Eq. 2.67, where h; and ¢p,; are the molar enthalpy and molar heat capacity, respectively. The index N
describes the number of species.

. N N
(Q/V) + RT 3 w; — 3 (hiw)
— (2.67)
; [Xi] (¢pi — R)

ar _
dt

The pressure trace can be either computed using the ideal gas law or solving Eq. 2.68:

dp N N aT
L _ RS w; X, & 2.68
at ;w +;[ n (2.68)

)

For Diesel fuels, usually, a two-staged ignition behavior is observed. The initial consumption of fuel leads
to an increase in temperature, and stable intermediate species are formed. The profile of the Heat Release
Rate (HRR) shows its first peak, which is referred to as first stage ignition delay time 74, ;. During further
combustion, the intermediate species are also consumed and form more radicals that accelerate the combustion,
referred to as thermal runaway. The main ignition occurs, and the chemical ignition delay time is defined as
the main ignition delay time 7;4,, ». The main ignition is determined as the second significant peak in the HRR
profile. A schematic that visualizes the definition of the ignition delay times is provided in Figure 6.2 (see
Sec. 6.2).
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2.3.3 Laminar non-premixed flamelet model

Under the assumption of large Damkéhler numbers Da = ™ (e.g., at high pressures), reaction zones in
non-premixed turbulent flames are very thin. High Damkohler numbers represent a state where the flow
characteristic flow time 7¢ is high compared to the characteristic chemical time scale 7.. Figuratively speaking,
turbulent flow cannot penetrate the flame structure, and reactions are faster compared to the time scales of
the surrounding flow. A turbulent flame structure depicted in Figure 2.5 can then be decomposed into an
ensemble of so-called flamelets. Thin reaction zones show high gradients in the flame normal direction, and
gradients align mainly in this direction. Hence, flamelets can be described with one-dimensional equations
for species mass fraction and temperature (or enthalpy). The flamelet modeling approach for non-premixed
combustion of technical systems has been mainly influenced and introduced by Peters [171, 172]. Peters
presented the element-based, normalized mixture fraction Z as a conserved scalar [171]. The mixture fraction
describes the mixing between the oxidizer (Z = 0) and the fuel stream (Z = 1). The mixture fraction is a
conserved scalar, since from an elemental balance, no elements are produced nor consumed during reactions.

(

[ Oxidizer Z=0 ]/
[ Fuel =1 ]

[ Oxidizer Z=0 ]\J

S
L4

\_

Figure 2.5: Schematic of the laminar non-premixed flamelet model in accordance to [171] and [173]. The
diffusion flame is located at Z, which is assumed to be a thin flame sheet. The gradients of the mixture
fraction VZ and the temperature VT align along the flame’s normal direction.

During the mixing of fuel and oxidizer, the Lewis number Le;= 7~ defines the relation between thermal and
mass diffusion of species i. In the thesis of Pitsch [174], it was proposed to solve a general transport equation
of Z which can be used for unity and non-unity Lewis numbers. For Diesel fuels, it is commonly assumed that
the Le=1 assumption is reasonable and is also used within this thesis [3, 59, 91, 93, 94, 101, 112, 123]. The
mixture fraction Z is then defined as the ratio of the mass flow rate of fuel 7, normalized by the sum of fuel
and oxidizer fuel stream (10x):

z=-—"r (2.69)
MF + Mox
While flamelet equations can be solved in physical coordinates, the transformation in the so-called mixture
fraction space is advantageous. The non-dimensional spatial coordinate after transformation is the mixture
fraction Z, and the time in physical space is transformed to the flamelet time 7 with the transformation
operators given in Eq. 2.70-Eq. 2.72.

0 0 0Z 0
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0xq - 0Z, + 024 07’ =23 (2.72)

As described above, the gradients of the mixture fraction and the temperature align to the flame normal
direction, transport effects in Z; and Z3 direction are neglected in this thesis (see Eq. 2.72). A detailed
description of the transformation of the species transport and temperature equation is given in [171, 173-175].
The transformed equation for the mass fraction of species k under the Le=1 assumption now reads:

oY,  px 0%, .
_ 2

and the temperature equation is denoted as:

oT 92T de, OT s Y., 0T 1 < .
X PXT PXZ Pk E - ZCUkhk.

= PX=p- P =k - 2.
Por = 2022 20,0207 " 2¢, 4= " 02 07 ¢, (2.74)
k=1
From the transformation, an unclosed term arises, the so-called scalar dissipation rate y (SDR):
7\ 2
y=2D <a> . (2.75)
893]-

The scalar dissipation rate describes mixing effects and the strain effects from the underlying flow field and
can be correlated to the physical strain rate a by appropriate correlation. The scalar dissipation rate depends
on the spatial gradient of Z and needs closure (model or profile from DNS). Peters proposed an analytical
function for the SDR that has been derived from the analysis of a laminar mixing layer (also referred to
as the inverse error function complement function) [171, 174]. As shown later in the tabulated chemistry
approach, it is reasonable to parameterize the scalar dissipation rate with the value of x4, which refers to y at
stoichiometric conditions (Zg):

X(Z) = xst €xp (2 ([erfc_1 (QZSt)]2 - [erfc_l(QZ)]2>) . (2.76)

2.3.4 Tabulated chemistry

As described in Sec. 2.3.3, a turbulent flame can be described as a statistical ensemble of one-dimensional
flame structures. This enables pre-computing all thermophysical states ® in advance and storing them in
lookup tables. In the 3D LES, the appropriate thermophysical state can be retrieved by control variables that
uniquely define ®. In this work, the thermo-chemical state is a function of the mixture fraction Z, the scalar
dissipation rate at stoichiometry x4t and the flamelet time 7:

b = (Z, xst, 7). (2.77)
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One parameter that is invariant to pressure, temperature and reaction progress is the mixture fraction at
stoichiometry: Zg. Hence, the possible profiles of x are parameterized at stoichiometric conditions and are
defined as xy = x(Zs). Furthermore, retrieving the flamelet time 7 in the LES is challenging. Hence, Pierce
[176, 177] first proposed the concept of the Flamelet Progress Variable (FPV) approach in LES. The progress
variable replaces the flamelet time 7 and is a non-dimensional parameter that describes the progress of a
reaction. A combination of combustion products and intermediates is chosen to define the progress variable
Ye, such that the weighted sum of the species is strictly monotonously increasing over time. It is common
to use the mass fractions of combustion products, e.g., CO, CO, and H,O. For the ignition of Diesel fuels
with a dominant two-stage ignition behavior, CH,O as a cool-flame marker is added to the definition of Y.
Furthermore, since formaldehyde is consumed during ignition, H, is used to compensate for the consumption
of CH,O [178], since H, is usually monotonically increasing during the main ignition. The definition of the
progress variable within this thesis reads:

Yo =a Yoo+ B-Yoo2 +7- Yo + 9 - Youo + € Yho. (2.78)

In this study, the weights «, /3, 7, 6 and ¢ have been set to unity because this combination has proven to
capture the ignition process very well for all fuels investigated. In general, however, finding the proper weights
in Eq. 2.78 can be cumbersome [179] since the combination must ensure monotonicity for all combinations of
Z and x4 during the ignition process and at stationary conditions (transport is equal to production).

The progress variable Y is a function of each point in mixture fraction space Z. For normalization, the
minimum and maximum values at each Z and 4 value are used:

YC’ (Z, T, Xst) - YC,min (Z, Xst)

C(z st) = .
( s X t) YC,max (Z, Xst) - YC’,min (Z’ X‘gt)

(2.79)

Monotonicity of the progress variable profile ensures unique mapping of the flamelet type time 7 on the
normalized progress variable C'. The thermophysical state after mapping to the progress variable can now be
described by:

® = (Z, xst, C). (2.80)

The original FPV approach was developed for gas-turbine combustors, and only stationary flamelet solutions
[176] were incorporated in the ensemble of flamelet solutions, which cannot capture unsteady effects, e.g.,
auto-ignition. Overcoming this model limitation, this thesis uses unsteady laminar flamelet solutions for
tabulation. Unsteady flamelet solutions have first been used in Pitsch et al. [180] in the context of non-premixed
methane/air flame in LES. Unsteady Flamelet Progress Variable approaches (UFPV) have the advantage that
auto-ignition effects can be incorporated. The full S-shaped curve describing the stable and unstable flamelet
solutions of stationary flamelet simulations can be incorporated®. Details about the UFPV approach can be
found in [3, 181, 182]. Since the original UFPV approach needs the calculation of the S-shaped curve before
the simulation of unsteady flamelets, a Reduced Unsteady Flamelet Progress Variable (RUFPV) has been
introduced in [3, 93]. The RUFPV approach neglects the igniting solutions of the unstable branch of the
S-shaped curve. Only unsteady flamelet solutions that are igniting from the initial solution of the adiabatic
mixing line are used as igniting solutions. Solutions with a scalar dissipation rate larger than the stoichiometric
scalar dissipation rate at ignition xs in are tabulated as not ignited flamelets. Here, st ign is defined as

“*Further information about the S-shaped curve and the UFVP approach used in this thesis can be found in Gierth et al. [3].
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the first unsteady flamelet solution that undergoes ignition (decreasing the SDR until ignition occurs). The
interested reader is referred to Gierth et al. [3], where the suitability of the RUFPV approach in spray flames
is shown.

2.3.4.1 Turbulence Chemistry Interaction

As described in Sec. 2.3.3, turbulent flames can be characterized by an ensemble of laminar flamelets. In the
concept of the Large Eddy Simulation, sub-grid scale fluctuations are not resolved but modeled. Only mean
Favre-filtered quantities ¢ can be retrieved from the LES. The mean Favre-filtered quantity ¢ is represented
by the ensemble of corresponding laminar simulations. Since the sub-grid scale distribution is unknown,
Turbulence Chemistry Interaction (TCI) models are used to obtain the correct mean values from the lookup
table. As described in Peters et al. [171], the statistical distribution in a turbulent flow can be described with a
Probability Density Function (PDF). In the case of the RUFPV approach, the thermo-chemical state is defined
by ® (Z, xst, C). A Favre-filtered quantity ¢ (z;, t) at position z; and simulation time ¢ can be computed as
the integral of the convolution of the value retrieved at the thermo-chemical state ®(Z, xst, C) and the joint
density weighted Filtered Density Function (FDF) P(Z, xs, C) as:

~ Xst,max
& (wint) = / / / 6 (Z, xot, C) P (Z, X, C) dZdxyrdlC. 2.81)
X

st,min

As presented in IThme et al. [182], the density-weighted FDF reads:
ﬁ(Zv Xstac) = %P (Z7 Xst)c) . (282)

Eq. 2.81 can now be rewritten in the form that the non-density weighted quantities ¢ (z;,t), e.g., the filtered
progress variable source term wy,,, can be computed:

_ 1 X st,max
sw= [ [ [ 6210 Pz ) azaxaic
Xst,min (2,83)

Xst,max
- / / / 6 (Z, xst, C) ~ B (Z, X1, C) dZdx5dC.
X

st,min

The relation for the filtered density is presented as [93]:

1 Xst,max 1 1~ -1
p(x;t) = / / / ;P (Z, xst,C)dZdxdC . (2.84)
0 Jx

st,min 0

The joint FDF P (Z, x, C) can be further decomposed in its marginal and conditioned FDF [182]:

P(Z,xst,C) = P(Z,xst) P(C | Z,xst) - (2.85)
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Statistical independence of the mixture fraction Z and x4 is assumed for the normalized progress variable C' in
Eq. 2.79. Also, Z and y; are assumed to be statistical independent [182], the FDF can be further decomposed
to:

P (Z,xst,C) = P(Z)P (xst) P (C). (2.86)

The shape of the presumed FDF is essential for the model quality. The bimodal nature of the sub-grid scale

mixing PDF defined by Z and its variance Z/2 was discovered in DNS [183]. In Cook et al. [183], a 3-PDF
was suggested and successfully used in many studies thereafter, e.g., [174-177, 182]. The 3 PDF is defined as
follows:

T ~ /775 _ F(Bl‘i‘BQ) B1—1 B Ba—1
P(Z,Z,7 )_7“&)“52)2 (1—2z)%1, (2.87)

The 3-PDF is defined by the mean Z and its sub-grid scale variance Z”* (first and second moment of the
distribution), where Z”” is defined as:

77 =72 — 72, (2.88)
In Eq. 2.87, I" denotes the gamma function:
r(B) = / 2P te % da, (2.89)
0
and the parameters 3; and (3, are defined as:
~lza-2Z
pr=2 7(~ ) —1{, (2.90)
gn?
~|lza-2Zz
Bo=(1-2) 2a_2) (2.91)
Z//2

The variance of the mixture fraction is further normalized, allowing an efficient table lookup:>

Z(1 - 2)

—N
zm =
Z//2

(2.92)

- . —N
The entire thermo-chemical state composed of Favre filtered parameters is now defined as ® (Z  Xst, C, 2" > .

In accordance to other works [90, 140, 182, 184], the probability functions for s and C are chosen as a
dirac § function.

—N
57" is also denoted as the segregation factor [140].
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2.3.4.2 RUFPV-LES coupling

The coupling of the combustion model with the Large Eddy Simulation is described in the following and
illustrated in Figure 2.6. As presented in Sec. 2.3.4, the Reduced Unsteady Flamelet Progress Variable (RUFPV)

~ ~ /[~ . ——N
approach is used, and the thermo-chemical state is uniquely defined by & = & <Z Xt C, 2"

-~

-

~
n
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Figure 2.6: Schematic of the RUFPV-LES coupling used in this thesis in the style of [93]. The open-source
CFD solver OpenFOAM v2012 [167], the in-house C++ flamelet solver ULF [185], and the in-house Python tool
pyFlut are utilized.

In the reactive spray LES, reactive scalar transport equations are solved for Z and Ye. The transport equations
in Eq. 2.93 and Eq. 2.94 for the filtered mixture fraction Z and the progress variable Y read:

pZ OpuiZ D | (= | wsas ) (07
ot + or;  Ox; [p <DZ + SCSGS> <8xl>

Yo opuY. 0 | [~  wses ) [0Ye
= — D
ot + awi 8(6,’ [P ( Yo * SCSgs> ( al’i >

+ S, (2.93)

+ Wy, (2.94)
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The diffusion coefficients D and ﬁyc are evaluated utilizing the Lewis unity number assumption, see Eq. 2.8.
The eddy diffusivities are evaluated based on the gradient flux assumption D; = ¢595-. Here, Scsgg represents
the sub-grid scale Schmidt number. Within this thesis, the turbulent Schmidt and Prandtl numbers are set

to Scsas=Prsas=0.4 [3, 93]. In contrast to the laminar flamelet transport equations, 7 and 170 are reactive

scalars due to their source terms S,, and @yc. The spray mass source term 5,,,° is evaluated according to
Eq. 2.53, and the progress variable source term is defined as the sum of the net production rates of the species
composing the progress variable (see Eq. 2.78). The progress variable is normalized for the table lookup
according to Eq. 2.79.

The filtered scalar dissipation rate X and the variance of the mixture fraction Z”* are evaluated from algebraic
expressions [177, 186, 187]. The mixture fraction variance is computed using the algebraic expression:

2

Z
oz (2.95)

0z

27 = C A2

where according to Pierce [177], C o =0.13. 7 is further normalized using Eq. 2.92.
The Favre-filtered scalar dissipation rate is computed according to [188]:

2

0z , (2.96)

Oz

e (e )
Scsas

and the scalar dissipation rate at stoichiometric conditions used for table lookup is evaluated as [188]:

= . (2.97)

As described in further detail in Gierth et al. and the thesis of Gierth [3, 93], mapping the flamelet time on a
progress variable results in no ignition without an initial value of the source term at C=0. In this thesis, the
progress variable source term at C'=0 is replaced with a very small source term according to the following
integration:

fg(CZCimt) wYC (Za Xsts t) dt
fOt(CZCim't) dt

Winit (2, Xst) = VC € [0, Cinit] - (2.98)

The choice of Cj,;; has been carefully chosen, so the ignition process is not affected by means of too early
ignition. The presented approach has been successfully utilized in [3, 93, 94].

As shown in Figure 2.6, the progress variable source term Z;yc and the species mass fraction vector Y}, are
retrieved from the FLUT.

®In this thesis preferential evaporation effects for multicomponent fuels on combustion are neglected, hence, only one equation for
the mixture fraction is solved.
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3 Experimental Reference Configurations

Spray simulations, besides other reactive flow simulations, have the strong premise of relying on experimental
data due to the non-predictive character of the spray models. The experimental setups and data used within
this thesis are briefly described in the following for a deeper understanding of available data. An overview of
all available experimental data is provided in Table 3.1.

Table 3.1: Overview of experimental data for the investigated fuels and injectors. The data for the ECN Spray
A3 and the Woodward L'Orange injector are provided by the Department of Fluidsystemtechnik (FST) at
the University of Erlangen-Nuremberg. For the ECN Spray D, measurement data has been provided by the
Sandia National Laboratories (SNL) and by CMT - Motores Térmicos (CMT) at the Universitat Politécnica de
Valéncia.

Injector: ECN: Spray A3 (d=97nm) ECN Spray D (d=190 pm) L’Orange Woodward (305 pm)

Fuel: Inert Reactive  Inert Reactive Inert Reactive
OME,,;,  FST: Schlieren, Mie FST: OH  SNL: DBLRayleigh CMT: OH

1-Octanol  FST: Schlieren, Mie FST: OH" FST: Schlieren, Mie FST: OH

n-Dodecane FST: Schlieren, Mie FST: OH" SNL: DBLSchlieren CMT: OH" FST: Schlieren, Mie FST: OH"

3.1 Constant volume chamber diagnostics

The Constant Volume Chamber is utilized to examine Diesel engine combustion since it resembles closest the
conditions at the top dead center position when ignition occurs in the engine. The simplified geometry in
spray chambers allows the separation of the influence of complex engine flow and piston movement from the
mixture formation and combustion process of spray flames while keeping full physical complexity.

In the following, important measurement techniques of integral spray metrics are presented. The liquid
penetration lengths defining the furthest distance of the liquid phase from the nozzle are usually measured
utilizing the Diffuse Backlight Illumination (DBI) method [189, 190] or Mie-Scattering [191]. The vapor
penetration length, denoting the distance of the fuel vapor cloud from the nozzle, is determined by Schlieren
imaging or Rayleigh-Scattering [192]. Reactive measurements often utilize imaging of the excited hydroxyl
radical OH", which is obtained by OH" chemiluminescence. Another method that can measure the mass
fractions of hydroxyl radicals OH and formaldehyde CH,O is the Planar Laser Induced Fluorescence (PLIF)
technique. In Figure 3.1, an image of the high-pressure, high-temperature constant volume chamber from the
Department of Fluidsystemtechnik (FST) in Erlangen-Nuremberg is presented.
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Figure 3.1: Overview of the high-pressure, high-temperature measurements at the Department of "Fluidsys-
temtechnik” (FST) at the University of Erlangen-Nuremberg. On the left, the combined Mie scattering and
Schlieren setup is shown, which is used to evaluate liquid and vapor penetration lengths and to visualize the
spray. The image in the center shows the high-pressure, high-temperature spray chamber used at FST. On
the right side, the setup is used to measure excited hydroxyl radicals (OH") in reactive conditions as a flame
marker and evaluate the spray ignition delay time.

3.2 Automotive injector: ECN Spray A3

All fuels investigated in this thesis: n-Dodecane, 1-Octanol and OME_;,, have been measured with the Engine
Combustion Network (ECN) Spray A3 single hole injector and have partially been published in Strauf3 et al.
[21]. The nominal nozzle diameter is dy=90 pm. However, each injector in the ECN has a slightly different
diameter. In this study, the injector with serial number 02C08028 with an actual dy=97.48 yum is used. The
Spray A class of injectors is representative of automotive applications. The Spray A3 variant has, in contrast to
the standard Spray A injector, a higher conicity factor K in the nozzle (Ksa3=3 vs. Ksa=1.5).

The measurements have been performed in the high-pressure, high-temperature spray chamber at the Depart-
ment of Fluidsystemtechnik (FST) at the University of Erlangen-Nuremberg. The ECN baseline conditions
are listed in Table 3.2 and are used for all investigated cases. They also represent the boundary conditions in
the LES and flamelet simulations. In Figure 3.1, the measurement techniques are visualized. On the left, in
Figure 3.1, the combined Mie-scattering and Schlieren setup is shown. In the center, the spray chamber is
displayed and on the right, the setup for the measurements of hydroxyl radicals in its excited state (OH")
is visualized. The measurements are repeated for 32 injections, the independent injection events are then
ensemble averaged. The averaged intensities are then normalized by their respective maximum value. A more
detailed explanation of the recording procedures and the equipment is found in Haspel et al. [1] and the
thesis of Riel3 [191].
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Table 3.2: ECN baseline conditions boundary conditions.

Parameter: TChamber TFuel PChamber PRail XFuel XO2 XN2
Inert: 900 K 363K 60Dbar 1500 bar 1 0 1
Reactive: 900 K 363K 60bar 1500 bar 1 0.15 0.85

3.3 Heavy duty injector: ECN Spray D

The heavy-duty single-hole injector Spray D from the Engine Combustion network has been put more into
focus in the last years. For n-Dodecane, the database of the experimental data is reasonably good, but for
OME,,;,, the data availability is limited. In this thesis, the Spray D nozzle with the serial number 209103
has been utilized, which has an actual diameter of dy =190 pm. The data for the inert comparison with
n-Dodecane is published on the ECN website [81] and was measured at Sandia National Labs. An overview of
the spray chamber at Sandia National Laboratories (SNL) is provided in [190]. Vapor penetration lengths are
determined from Schlieren imaging, and liquid penetrations are derived from Diffuse Backlight Illumination
(DBI). The data for OME_;, has been provided by Sandia National Labs by personal communication (Julien
Manin, Kevin Wan and Lyle Pickett). The liquid penetration lengths have been measured using DBI, and
the vapor penetration lengths were measured using Rayleigh Scattering. During the measurements of vapor
penetration length, Kevin Wan reported particle formation. Similar behavior has been observed during the
measurements of vapor pressures in Fechter et al. [2]'. For Spray D, no Schlieren or Mie imaging data for
inert conditions are available for the author.

Ignition delay times are provided by CMT-Motores Térmicos [194]. The chemiluminescence imaging for
n-Dodecane and OME,;,, which has been published in Pastor et al. [82], has been provided by personal
communication (Jose Maria Garcia).

3.4 Marine injector: Woodward LOrange single hole injector

Since no experimental data is available for 1-Octanol in the Spray D configuration, the technical single-hole
injector from Woodward L'Orange with a nozzle diameter of dy=305 pm is used for the comparison in a large
injector setup. The nozzle size is typical for marine engines and off-road stationary engines. The applied
measurement techniques are the same as described in Sec. 3.2. In the marine injector, n-Dodecane and
1-Octanol have been examined.

The author assumes that at high temperatures and under inert conditions, formaldehyde is produced [193]. Since formaldehyde is
the basic chemical for the polymer polyoxyethylene, a polymerization reaction under inert conditions is likely.
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4 Numerical Setup

The settings of the numerical framework used in this study are briefly presented in this chapter. An overview
of the used meshes and their design is given. Furthermore, the parameters for the spray breakup model are
provided. Finally, the used numerical schemes and discretization methods are presented.

4.1 Mesh generation

In this thesis, multiple meshes are used that are optimized toward each injector size. Since Large Eddy
Simulations are always grid-dependent, and spatial discretization is crucial to the simulation accuracy. In
the Euler-Lagrange approach, the spatial expansion of the parcels is neglected. In the Eulerian field, they
can be regarded as a point source. Only in the two-way coupling the diameter is taken into account for
momentum exchange. This represents a limitation to the grid resolution since the parcel diameter is supposed
to be smaller than the cell size (far field assumption). In contrast, in LES, a high grid resolution is needed.
The parcels are the largest near the nozzle, and their diameter decreases significantly due to breakup and
evaporation downstream. The far-field assumption can be violated in the near nozzle region using the blob
method and a too-fine mesh resolution. Note that the influence of parcels larger than the grid size is regarded
as negligible since the high-pressure injection leads to a fast primary breakup. In the region where the far
field assumption is violated, a common approach is to limit the evaporation source term to the cell volume,
which is also applied in this thesis [195, 196].

Table 4.1: Mesh dimensions of the meshes for ECN Spray A3, ECN Spray D and Woodward L'Orange single
hole injector.

do Arpn X Y Z
ECN Spray A3 97um  62.5pm (—0.03m,0.03m) (0m,0.1m) (—0.03m,0.03m)
ECN Spray D 190pm  125pm  (—0.04m,0.04m) (0m,0.15m) (—0.04 m,0.04 m)

Woodward L’'Orange 305um 183um  (—0.03m,0.03m) (0m,0.14m) (—0.03m,0.03 m)
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(c) Woodward L'Orange single hole injector mesh.

Figure 4.1: Overview of the meshes used in this study. The vapor penetration length at the according time
step is marked as a vertical gray line, and the liquid penetration length is shown as a blue line to illustrate the
dimensions of the spray. The mesh for Spray A3 (a) has approximately 11.6 xe6 cells, the mesh of Spray D (b)
has 4.8 xe6 cells, and the Woodward L'Orange mesh (c) has 7.4 xe6 cells. The meshes only use hexahedral
cells.
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In the study of Wehrfritz et al. [123], a mesh study has been performed for the ECN Spray A configuration
(dp=90m). The key finding here is that a cell size close to the nozzle of Ax = % - dy =64.5um is a good
compromise in terms of liquid and vapor penetration lengths and grid resolution of the gas phase in LES. In
this study, the ratio of % has also been applied to the larger injectors. Good agreement has been achieved

using this ratio.

In Figure 4.1, the meshes used in this study are displayed. In order to reduce the overall number of cells,
while maintaining the same simulation quality, a refinement strategy is applied. From an initial mesh, four
refinement levels are applied. The shape of the refinement is adapted to the spray and has the shape of a cone.
The meshes only use hexahedral cells and have been created using the OpenFOAM tool snappHexMesh [167].

4.2 Solver settings and discretization

The 3D-CFD simulations have been performed with the open-source C++ software OpenFOAM v2012 (ESE
branch) [167]. The solver used in this thesis is based on the OpenFOAM solver sprayFoam. This solver has
been extended with a coupling to the in-house C++ code Universal Laminar Flame (ULF) solver [185] and
the interface flameletConfig [197] for the efficient retrieval of data in precomputed tables. The coupling with
ULF enables the usage of the tabulated chemistry approach in OpenFOAM. Several models in OpenFOAM
have been modified, e.g., the evaporation model, breakup model and liquid properties have been added to the
standard version (see Sec. 2.2.2). The adapted transient low-Mach number transient Euler-Lagrange solver
used in this thesis was developed together with Sandro Gierth [93] and is named sprayFlameletFoam. The
solver uses the Finite Volume Method (FVM) [198] as the discretization method. For the pressure velocity
coupling, the PISO algorithm is used [199]. The discretization order in time is 1°* order due to robustness
reasons. Very small maximum time steps of Atpax=150ns ensure small numerical integration errors. Spatial
discretization schemes are 2™ order schemes.

Table 4.2: Overview of the breakup model parameters used in this thesis. The settings shown in this table
have been used for inert and reactive simulations equally.

Fuel: Injector: By Bi C; Crr mSymit Werimie Sprayangle [°] miy [kg]l  tinj [s]
n-Dodecane ECN Spray A3 (dg=97um) 0.61 5 1 0.1 0.05 6 20 3.77e-06  0.00151
ECN Spray D (dp=190pm) 0.61 5 1 0.1 0.05 6 19.7 50.56e-06 0.0045
Woodward
LOrange (dy=305 m) 061 5 1 0.1 0.05 6 20 74.36e-06 0.0028
1-Octanol ECN Spray A3 (dp=97pm) 0.61 5 1 0.1 0.05 6 20 3.97e-6 0.00151
Woodward
LOrange (dy=305 jm) 061 5 1 0.1 0.05 6 19 80.43e-06 0.0028
OME,,ix ECN Spray A3 (dp=97pm) 0.61 5 1 0.1 0.05 6 20 4.22e-06  0.00151
ECN Spray D (dp=190pm) 0.61 5 1 0.1 0.05 6 21.5 59.60e-06 0.0045

The breakup model implemented in this thesis is presented in Sec. 2.2.1.3. During the simulation of the
transient injection in Haspel et al. [1] many breakup models have been studied and examined. The KH-RT
model has been proven to be a robust and trustworthy semi-empirical model. Towards predictive spray
modeling a strong influence has been identified on the fuel mass flux (ROI) and spray angle. In Haspel et al.
[1], the highly transient rate of the injection profile has been extracted from inner-nozzle flow simulations
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[28], improving the liquid penetration lengths significantly. The simulations highlighted the importance of
proper inflow conditions. As described in Pickett et al. [200], the rate of injection measurement techniques are
often not reliable for the simulation and hence, modeling is needed to find the correct shape of the injection
profile. Furthermore, the experimental far cone angle with the definition of Naber et al. [162] should be used
in the KH-RT model as a boundary condition. All other parameters in the KH-RT model were determined
for the used LES framework! at ECN baseline conditions. The parameters are constant for all injectors used,
only the spray angle and ROI profiles change for each injector. The breakup parameter and spray angles are
provided in Table 4.2.

The author wants to emphasize that the settings should be adjusted to the numerical framework. Even in the same simulation
framework, different parameters are expected in a RANS model.
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5 Spray Mixture Formation Analysis

In the compression ignition engine cause-effect chain, the first step is the mixture formation. As mixture
formation defines the boundary conditions for the following steps, it is crucial to the ignition process. Within
this thesis, novel synthetic and biogenic Diesel fuels are under investigation. The mixture formation process is
examined in sprays of increasing complexity. An automotive-sized injector (ECN Spray A3, in Sec. 5.1), a
heavy-duty injector (ECN Spray D, in Sec. 5.2) and a marine-sized injector (Woodward L’Orange, in Sec. 5.3) is
employed in this thesis. In the following, the effects of different thermophysical properties are investigated. As
a first step, the modeling framework is validated utilizing experimental data. Experimental Schlieren and Mie
images are compared to LES results providing a visual impression of the sprays. Vapor and liquid penetration
lengths are further used for a quantitative comparison. Differences in thermophysical fuel properties that
influence the mixture formation are discussed in detail. In Sec. 5.4.1, global mixture characteristics, such
as averaged mixture fraction and scalar dissipation rates, are derived from the Large Eddy Simulations and
compared between the sprays. Finally, the temperature distribution of the gas phase is analyzed in mixture
fraction space in Sec. 5.4.2. This analysis elucidates the differences between the assumptions made in the
combustion model and the actual conditions in the spray.

-

\

[Woodward L'Orange]

Injector

_— |

(ECN Spray D] ===

; -@ @

Figure 5.1: Overview of the injectors used in this thesis. A representative injector for the automotive sector is
available with the Engine Combustion Network (ECN) Spray A3 injector with a nozzle diameter of dy=97 um.
The heavy-duty sector is represented by the ECN Spray D injector with a nozzle diameter of dy=190 pm. The
representative Woodward L'Orange marine injector with a nozzle diameter of dy=305 pm, can also be utilized
in off-road power generators.
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5.1 Automotive injector

The ECN Spray A3 injector introduced in Sec. 3.2 has a nozzle diameter of dy= 97 um and is typical for
automotive applications. N-Dodecane is used as a surrogate for Diesel and serves as a reference case. Further,
1-Octanol and OME_;, are investigated as biogenic and synthetic fuels. In the following, the LES framework is
validated, and differences between the fuels in the ECN Spray A3 injector at baseline conditions are elucidated.

5.1.1 Visual inspection of ECN Spray A3

In Figure 5.2, a visual impression is presented for all fuels in Spray A3. A time series is shown for the
period relevant to mixture formation and ignition (¢=0.1 ms-0.4 ms). In the top rows of each subfigure, the
experimental averaged, normalized Schlieren signal I (gray) from FST (see Sec. 3.2) is overlayed by the Mie
scattering signal (cyan). In the bottom rows, the Favre-filtered mixture fraction field Z from the LES is used
for comparison. An iso-line with Z = 0.001 encloses the spray. According to Naber et al. [162], the value of Z
= 0.001 is also used to determine the vapor penetration lengths within this thesis. For a comparison to the
experimental Mie scattering signal, the parcel cloud is colored in cyan.

The comparison between the experiment and simulation shows overall good agreement for all fuels. Vapor
and liquid penetration are matched qualitatively very well. Also, the spray shapes from the instantaneous LES
align well with the experimental averaged counterpart. A closer examination shows that the spray shapes are
similar for n-Dodecane and 1-Octanol. The shape with a broad spray head and a narrow spray area close to
the injector is typical for automotive-sized injectors and has been reported in many studies for n-Dodecane
[59, 91, 96, 99]. Also, for 1-Octanol, the shape from the LES aligns with existing experimental studies [21,
107]. The OME_,;, spray shows a smaller spray far cone angle of approximately 19° than n-Dodecane with
21° in the experiment. Also, the LES shows that the OME_;, spray is narrower, and the spray pattern shows
a more elongated shape. This behavior is also observed in experimental Raman-Rayleigh measurements
in Wiesmann et al. [113]. The iso-contour of Z=0.001 suggests that the spray is continuous. However, as
shown in Figure 7.5 (reactive simulation), the iso-line of Z is not continuous. A detached region of smaller
clouds with an enclosed iso-Z; contour is observed, which is not found for n-Dodecane or 1-Octanol (see also
Figure 7.3 and Figure 7.4). The spray separation has also been observed in the study by Mira et al. [112] for
the Spray A injector (nominal nozzle diameter dy=90 pm). As shown in Figure 5.2 (c), the Z = 0.001 iso-line
of OME,,;, does not show a disjointed spray visually. However, considering the high Z;=0.1083 of OME,;,, it
becomes clear that the iso-line of Zi; may be separated from the spray core. This complex mixture formation
phenomenon is only visible in LES (or DNS). Hence, other studies [82, 113, 114] in a RANS context, cannot
deliver this in-depth information.
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Figure 5.2: Comparison of non-reactive Large Eddy Simulation results towards experimental data for ECN
Spray A3. The results of n-Dodecane are shown in (a), 1-Octanol in (b) and OME,,;, in (c). In the top rows of
each subfigure, the overlayed averaged Schlieren (grayscale) and Mie (cyan) signals are displayed (normalized
signal intensity I). The mixture fraction field Z and the parcels (cyan) are displayed in the bottom row. The
iso-line around the spray corresponds to Z= 0.001, which represents the spray contour as in the Schlieren

image.
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5.1.2 Quantitative comparison: Vapor and liquid penetration of ECN Spray A3

For a quantitative comparison, the vapor and the liquid penetration lengths are shown for the ECN Spray A3
injector in Figure 5.3. As described above, the vapor penetration in the LES is determined by the furthest
distance of the Z=0.001 iso-line to the nozzle. The liquid penetration in the LES is defined as the distance from
the nozzle, where 99 % of the liquid mass is incorporated. In Figure 5.3, also the rate of injection (ROI) profile
is presented with the dash-dotted line. The experimental ROI is determined with the "hydraulic pressure rise
analyzer" ("Hydraulischer Druckanstiegs-Analysator" (HDA)); further details on the measurement technique
are found in [201]. In modern high-pressure injectors, the ROI profiles usually follow a top-hat profile. As
shown in Figure 5.3, the experimental ROI shows a flatter ramp-up compared to the modeled ROI used in the
LES. The HDA measurement principle reacts slowly to rapid changes due to inertia effects in the pressure
recordings. The slower ramp-up leads to higher liquid penetration lengths in the initial phase. Circumventing
this issue, a rate of injection profile generator with physically more accurate profiles has been developed and
provided by CMT and SNL [200].
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Figure 5.3: Comparison of the liquid and the vapor penetration length of n-Dodecane (a), 1-Octanol (b) and
OME,,ix () under inert conditions for the ECN Spray A3. Experimental liquid and vapor penetration are plotted
as a dotted line, LES results are represented by solid lines. The experimentally measured rate of injection
profile is displayed using dash-dotted lines, and the modeled ROI [200] used in the LES is shown as a dashed
line. While the vapor penetration lengths are similar, the liquid penetrations of 1-Octanol and OME,;, are
longer than that of n-Dodecane.

All fuels align quantitatively very well with the experimental data. Only minor deviations are observed at
the start of the injection. The LES slightly overestimates the VPL at around ¢=0.05 ms after the visible start
of injection (tavSOI). This is found for all fuels, suggesting that the modeled ROI profile is not accurate in
this region. However, deviations are small, and in comparison to other studies in the literature [97, 98, 101,
202], the results align very well. For n-Dodecane and 1-Octanol at around tavSOI=1.0ms, again, a small
overestimation of the VPL is observed, which is most likely attributed to the modeled ROI profile used. Also,
the liquid penetration aligns very well with the experimental results for all fuels. For OME_,;,, the LPL is
partially underestimated, but overall the LES matches the experimental results well. The LES framework has
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been visually and quantitatively validated with experimental data for Spray A3, and results produced by the
simulation are found to align very well.

5.1.3 Influence of thermophysical properties on mixture formation in ECN Spray A3

After successful validation of the used LES framework, mixture formation phenomena are elucidated. In Strauf3
et al. [21], it has been found for Spray A3 that the liquid penetration lengths of 1-Octanol (~(11.7 mm}))
and OME,;;, (=(12.2mm)) are longer than n-Dodecane (~(10.8 mm)). Considering the liquid thermophysical
properties in Figure 2.4, the shorter LPL of n-Dodecane is counterintuitive. N-Dodecane has the lowest vapor
pressure over a wide temperature range, indicating that it has the lowest volatility of all fuels. This raises the
question, of how the fuel (n-Dodecane) with the lowest volatility can have the shortest liquid penetration
length.

a )

Figure 5.4: lllustration of the heat balance for a parcel in a cell shown in Eq. 2.52. The heat flux provided
by the gas phase is denoted as (),, the heat flux heating the droplet is represented by @, and the heat flux
withdrawn from the parcel is calculated by the mass flux 7 times the latent heat of evaporation L. The
parcel has the relative velocity ug;, in the gas phase.

In general, evaporation is dominated by the underlying thermophysical properties (vapor pressure and latent
heat of evaporation) and the heat provided by the ambient (see Eq. 2.52). The amount of evaporated fuel is
mainly depending on the temperature-dependent vapor pressure of the fuel. This means that heat from the
surrounding is needed to heat up the droplet for evaporation. As shown in Figure 5.4, the amount of heat
delivered from the gas phase (Q,) limits the evaporation process. If this consideration is followed further, a
fuel with high vapor pressure and high heat of evaporation would withdraw more heat from the ambient.
Consequently, the temperature in the gas phase would decrease. Since heat transfer is proportional to the
temperature difference between the gas and liquid phase, less heat can be transferred from the ambient to the
liquid phase and the evaporation rate decreases. Finally, longer liquid penetration lengths can be observed for
fuels with high vapor pressure and high latent heat of evaporation. Please note that in high-pressure sprays, the
heat provided to the spray is strongly linked to the air-entrainment process. Hence, thermophysical properties
are not the only cause of longer liquid penetration lengths. In order to better quantify the complex interaction
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between air entrainment, heat exchange and thermophysical properties, a non-dimensional number for the
particle heat transfer is derived with the help of dimensional analysis [203]. In Table 5.1, all thermophysical
and physical quantities that supposedly contribute to evaporation and heat transfer are listed. Following
the Buckingham II-Theorem [203], eight quantities N = 8 are found with four dimensions M = 4, that
result in N — M = 4 independent non-dimensional numbers. The quantities are the parcel slip velocity
Uslip = Uparcel — Ugas, the liquid heat capacity at constant pressure c,;, the latent heat of evaporation .y, the
cell gas temperature 7,, the gas thermal conductivity \,, the parcel diamter d, the liquid density p; and the
fuel vapor pressure py,,. They have the dimensions length L [m], mass M [kg], time T [s] and temperature Q
[K].

Table 5.1: Dimensional analysis to derive a non-dimensional number that describes the parcel heat transfer
as a ratio of heat provided by the ambient and the required heat of the liquid phase to evaporate.

‘ Uslip  Cp,l hvap Tg )\g d p DPvap
L 1 2 2 0 1 1 -3 -1
M 0 0 0 0 1 0 1 1
T -1 -2 -2 0O -3 0 O -2
Q 0 -1 0 1 -1 0 O 0

Table 5.2: Non-dimensional numbers according to II-Theorem that are derived from the dimensional analysis.

hvap PvapUslip*d Ty-Ag Ag-Ty-usiip
cpiTy AgTy P d-Uslip. hyap  Papd-Pvap
L 0 0 0 0
M 0 0 0 0
T 0 0 0 0
Q 0 0 0 0

The smart combination of variables gives the four independent non-dimensional variables II;, i € [1, 4] (see
Table 5.2):

I, = hvap I, = Pvap * Uslip - d
cpi- Ty Ag - Ty

15 — Ty - Ay I, = )\g'Tg'uslip‘
pr-d- Uslip hvap Dvap - d- hvap

From the variables, I14 is selected for the analysis of longer liquid penetration lengths in the ECN Spray A3 for
1-Octanol and OME_;, than n-Dodecane, since it incorporates the effect of changed vapor pressure and latent
heat of evaporation of renewable fuels. The Parcel Heat index (PH index) in Eq. 5.1 can be interpreted as the
ratio of heat that can be provided by the gas phase for evaporation, to the heat flux needed for evaporation in
the liquid phase. Returning to the previous idea above, the PH index describes the cooling of the gas phase by
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evaporation and its influence on evaporation and the liquid penetration length. Hence, the PH index provides
deeper insight into the mixture formation process.

)‘g : Tg “Uslip )‘g (Tg,celli) : Tg,celli * Uslip,cell, N "Heat flux from the gas phase”

DPvap - d- hvap B DPvap (Tparcel,celli) “d- |hvap(Tparcel,celli)| N "Heat flux needed for evaporation"
(5.1)

The analysis of the PH index in the sprays has been performed in the following methodology. Liquid properties
have been extracted from the Lagrangian phase. In the OpenFOAM implementation, the evaluation of affiliated
gas properties is not straightforward. For each parcel, the corresponding cell in the Eulerian frame of reference
has to be found by the cartesian coordinates of the parcel. With LES meshes of approximately 10 million cells,
the iterative process for each parcel is computationally expensive. Hence, the parallelization technique of
multithreading is applied to determine the gas properties of the parcels. In Figure 5.5, the conditional, parcel
mass-weighted PDF of the parcel heat index for all parcels with an LPL over 10 mm is shown at tavSOI=0.3 ms
(liquid penetration is at steady state).
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Figure 5.5: Comparison of the conditional, parcel mass-weighted distribution of the non-dimensional number
PH at tavSOI=0.3 ms for n-Dodecane (a), 1-Octanol (b) and OME, (c) in ECN Spray A3. The PH number
describes the ratio of available heat flux from the gas phase and the required heat for the evaporation of
the fuel. The conditional mean of the PH of parcels shows lower values of PH for 1-Octanol and OME,y;,,
indicating higher liquid penetration lengths.

In Figure 5.5 (a), the PDF of n-Dodecane shows a higher variance compared to the other fuels. Higher values
up to PH=0.0015 are reached!. N-Dodecane also has the highest mean value of PH=4.3068e-03. In regard
to the smallest vapor pressure of all fuels investigated, but the lowest LPL, it is assumed that the spray of
n-Dodecane can transfer more heat from the gas phase to the liquid phase, and hence, evaporation is increased.
Consequently, the liquid penetration length of n-Dodecane is lower. While the shape of the PDF for 1-Octanol
is very similar to n-Dodecane, overall lower values of the parcel heat index PH are observed. The lower mean
value of PH= 4.1371e-03 for 1-Octanol (b) means that the parcels received less heat during their lifetime
and exhibit a longer LPL. OME_;, (c) shows a significantly different distribution and has the lowest mean of
PH=2.2560e-03. Further, the distribution exhibits a lower variance. The mean value of PH for OME_,;, is
considerably lower compared to n-Dodecane and 1-Octanol, which is reflected in the highest value of the liquid
penetration length. The low values of PH suggest that the gas phase transferred less heat, and evaporation was

Please note that also values PH >> 1 are observed at different parcel locations and time after visible start of injection.
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limited. In summary, lower mean values of the PH number align well with the increasing liquid penetration
lengths observed.

This analysis of the newly introduced Parcel Heat transfer number clearly shows, that thermophysical properties
alone, e.g., the vapor pressure, are not sufficient to predict liquid penetration lengths in sprays. The mixture
formation process plays a significant role in the evaporation of complex and novel renewable Diesel fuels. Since
non-dimensional numbers like the PH index reduce complex phenomena into a single scalar, an interpretation
of the observed phenomena is needed. In Sec. 5.4, more analysis is performed on the mixture formation
process, allowing for a better understanding of the mixture formation process.

5.1.4 Interim conclusion for Spray A3

In the following, the most significant findings are summarized in bullet points:

* The LES framework has been successfully validated for renewable Diesel fuels under ECN Spray A3 inert
baseline conditions.

 Significant differences have been identified in the mixture formation among n-Dodecane, 1-Octanol
and OME_;,. In regard to the thermophysical properties, the most volatile species OME,;, showed the
longest liquid penetration length.

* The non-dimensional parcel heat transfer number (PH) has been derived with the help of dimensional
analysis.

* The conditional PDF of the parcel heat transfer number showed that less heat is transferred from the
gas phase for 1-Octanol and OME_;, during the parcel lifetime. This analysis explains the higher
liquid penetrations of the renewable Diesel fuels 1-Octanol and OME,_;, compared to the less volatile
n-Dodecane.

5.2 Heavy-duty injector

The ECN Spray D injector presented in Sec. 3.3 represents a heavy-duty application, e.g., truck engines. In
contrast to the nominal nozzle diameter of dyp=180um, the injector used in this thesis exhibits a slightly
larger dy=190 pm (see Sec. 3). Unfortunately, no experimental data exists for 1-Octanol, but n-Dodecane and
OME,_,;, are investigated in the following.

5.2.1 Visual inspection of ECN Spray D

As described in Sec. 3.3, no Schlieren and Mie image data is available for the ECN Spray D. Nevertheless, a
visual impression of Spray D is given in Figure 5.6 showing a time series of the Favre-filtered mixture fraction
field Z (gray) and the parcel cloud (cyan). The iso-line of Z=0.001 represents the contour of the spray and is
also used for the determination of the vapor penetration length.

The visual inspection of Figure 5.6 at t=0.1 ms shows, that the parcel cloud of n-Dodecane (a) and OME;, (b)
is in the range of the vapor penetration (Z=0.001 iso-line). This is a significant difference from the ECN Spray
A3 injector, at the same time step, the liquid phase approximately penetrated half the distance compared to
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Figure 5.6: Comparison of non-reactive Large Eddy Simulation results for n-Dodecane (a) and OME (b) in
the ECN Spray D. The mixture fraction field Z is displayed in gray, and the parcels are represented in cyan.
The iso-line around the spray corresponds to Z= 0.001, which represents the spray contour used to determine
the vapor penetration lengths.

its vapor phase. As expected for a larger nozzle with the same injection duration, higher values of the mixture
fraction are observed?. The shape of both sprays is more elongated compared to the ECN Spray A3. This
might be attributed to the fact, that the liquid penetration length is doubled. After the visual inspection, a
quantitative comparison of the experiment and LES is conducted.

5.2.2 Quantitative comparison: Vapor and liquid penetration of ECN Spray D

There are not many studies [140, 204, 205] numerically investigating the ECN Spray D under inert conditions.
While there is a comprehensive dataset for n-Dodecane, data for OME_;, is very limited. While the ROI is used
from CMT for n-Dodecane and OME,;,, liquid and vapor penetration data is obtained from the ECN database
[81] for n-Dodecane and for OME,,;, from SNL by personal communication (Julien Menin, Kevin Wan, Lyle
Pickett). The vapor penetration measurements for OME_;, at SNL do have some uncertainty. During the
measurements, the formation of a white substance has been reported, that might disturb the Raman-Rayleigh
signal. The field of view is limited from 30 mm to 70 mm (horizontal line) for OME;,.

2In comparison to Figure 5.3, the maximum in the color bar of the Favre-filtered mixture fraction is Z=0.4.
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Figure 5.7: Comparison of liquid penetration and vapor penetration length of n-Dodecane (a) and OME,;, (b)
under inert conditions for the ECN Spray D injector. Experimental liquid and vapor penetration are plotted as
a dotted line, and LES results are represented by solid lines. The experimentally measured rate of injection
profile is displayed using dash-dotted lines, and the ROl used in the LES is shown as a dashed line (identical
in this configuration). The experimental vapor penetration data for OME,;, in (b) starts at 30 mm, and the
field of view in the experiment is limited to 70 mm (horizontal line). The LES results align very well with the
experimental data.

The vapor penetrations derived from the LES in Figure 5.7 align with the experimental measurements for both
fuels. Small deviations are observed for n-Dodecane (a) in the initial phase until tavSOI=0.25 ms. These small
deviations are most likely linked to the different ROI profile used in the simulation (ROI from CMT), while the
vapor penetration has been measured at SNL. The vapor penetration length of OME_;, (b) aligns perfectly
with the experimental results. At larger nozzle diameters, it has been observed by the author, that in contrast
to Spray A3, 95 % of the liquid mass in the LES should be used to determine the liquid penetration length®.
The liquid penetration lengths for both fuels are slightly overestimated by the LES in the initial injection
phase, the quasi-stationary liquid penetration lengths align excellently. The initial overprediction is observed
by other groups as well [140, 205], and is most likely attributed to inaccuracies in the ROI measurement. As
described in Sec. 5.1 the measurement of the transient increase at the beginning of injection is cumbersome
and error-prone. In Spray D, n-Dodecane exhibits a higher liquid penetration length than OME_;;.

Overall excellent alignment is found for both fuels between LES and the experiment. The LES framework is
considered validated for the ECN Spray D setup.

3A comparison between computed [206] and experimental Mie signal in a heavy-duty injector [1] showed best alignment for 95 %
of the liquid mass.
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5.2.3 Influence of thermophysical properties on mixture formation in ECN Spray D

The vapor penetration lengths in Spray D for both fuels are almost identical. Following the studies of [191, 207,
208], the vapor penetration is strongly dominated by the momentum introduced by the liquid spray. It can be
concluded that similar momentum is introduced. But a significant difference in the ROI profiles between the
fuels is observed. The ROI of OME_;, in Figure 5.7 (b) shows higher values compared to n-Dodecane. The
higher ROI values can be explained with the higher liquid density of OME,;, p(T'=363 K) =974 kg/m3, than
n-Dodecane p(T=363 K)=698 kg/m? (see Figure 2.4). Consequently, n-Dodecane must exhibit higher parcel
velocities to have the same momentum. Following this thought, the velocity distribution in the spray direction
U, is examined in Figure 5.8 for both fuels at tavSOI=0.55s, where the quasi-steady state for the LPL is
reached. It is visible that n-Dodecane has a higher mean value of the velocity (U,) =316.688 m/s and reaches
higher maximum velocities. OME_;, has a lower mean value of (U,) =298.739m/s and has lower maximum
velocities. A study by Dageforde et al. [108] supports the results from the LES, where OME_;, has been
reported to have lower nozzle exit velocities compared to the reference Diesel fuel. Generally, the injection
rate in Spray D is four times higher than in Spray A3. The liquid penetration is approximately doubled.
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Figure 5.8: Comparison of the parcel velocity in spray axis U, (y-direction) of n-Dodecane (a) and OME
(b) under inert conditions for the ECN Spray D injector at tavSOI=0.55 ms. The maximum and mean velocity
(black vertical line) of n-Dodecane is significantly higher than for OME, ;.
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Figure 5.9: Comparison of the conditional parcel velocity in spray axis U, (y-direction) for parcels whose
liquid penetration length is larger than 20 mm. N-Dodecane (a) and OME,x (b) are compared under inert
conditions for the ECN Spray D injector at tavSOI=0.55 ms. Also, at the tip of the liquid spray, the maximum
and mean velocity (black vertical line) of n-Dodecane is significantly higher than for OME,,;y.

In contrast to the results in Spray A3 (Sec. 5.1.2), n-Dodecane has a longer liquid penetration length in Spray
D than OME,,;,. The influence of the higher parcel velocity on the liquid penetration length is examined using
the conditional parcel velocity distribution, which is presented in Figure 5.9. The parcel velocity is evaluated
for all parcels that exceed the liquid penetration length of 20 mm, representing the parcel cloud’s tip. Again,
n-Dodecane (a) reaches higher maximum velocities and a mean of (U,) =244.506 m/s. OME,;, (b) has a
mean of (U,)=227.787m/s and parcel velocites do not exceed 275m/s. The higher velocity of n-Dodecane
suggests that the momentum exchange is different, and the parcels do have more inertia left. The analysis
using the parcel heat index shows higher values of n-Dodecane compared to OME,;,*, indicating that in
contrast to Spray A3, the longer LPL of n-Dodecane is not only an effect of thermophysical properties but
also an effect of reduced momentum exchange. It can be concluded that the mixture formation process of
n-Dodecane is significantly different, leading to higher parcel velocities and a higher liquid penetration length.

5.2.4 Interim conclusion for Spray D

The most important findings are summarized in bullet points:

* Good agreement with experimental data is observed in terms of liquid and vapor penetration length.

* The vapor penetration lengths are similar for both fuels. Hence, the same momentum is introduced to
the spray.

* The rate of injection for OME,,,;, is significantly higher due to its higher liquid density of p(T=363 K) =974 kg /m?
(n-Dodecane: p(T'=363 K)=698 kg/m?).

“*Results of the PH distribution of Spray D are not shown here for brevity reasons.
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* To meet the momentum balance, n-Dodecane must have higher injection velocities. This finding is also
observed in the LES and aligns with experimental observations.

* The parcel cloud’s tip of n-Dodecane has significantly higher velocities than OME_;,.

* Consequently, n-Dodecane shows a longer liquid penetration length than OME,,;,. This is a significant
difference from ECN Spray A3.

* The liquid penetration length is approximately doubled in Spray D compared to Spray A3.

5.3 Marine injector

The third injector investigated in this thesis is the Woodward L'Orange single-hole marine injector with a
nozzle size of dy=305pum. With this injector, the influence of larger nozzle diameters on mixture formation
is examined for n-Dodecane and 1-Octanol. As described in Sec. 3, the ECN baseline conditions are used
for the inert spray simulation. It has to be mentioned that this study is the first of its kind to investigate
n-Dodecane and 1-Octanol in an injector this size. To the author’s best knowledge, injectors with nozzle
sizes above dy=200 pm are not frequently studied in LES. The inert mixture formation analysis in LES of a
large marine injector for n-Dodecane and 1-Octanol is a novelty presented in this work. In the following, a
validation of the LES setup is performed, and differences to the other spray setups are elucidated.

5.3.1 Visual inspection of the Woodward L'Orange spray

The visual inspection of the large injector for marine applications is presented in Figure 5.11. In this
configuration, in each subfigure, the experimental Schlieren and Mie images (top row) are available for
comparison to the simulation (bottom row). The examined fuels are n-Dodecane (a) and 1-Octanol (b).
The same time steps as for the other injectors were chosen for the comparison in Figure 5.11 to ensure
comparability.

In the initial injection phase at t=0.1 ms, the LES slightly overpredicts the vapor and liquid penetration length
for n-Dodecane (a) and 1-Octanol (b). As observed for the heavy-duty Spray D injector in Sec. 5.2, the liquid
spray cloud in Figure 5.11 is close to the vapor tip until ¢=0.2 ms for both fuels. This behavior seems to be
typical for injectors with large nozzles and is observed in the experimental data (top row) and LES (bottom)
for n-Dodecane (a) and 1-Octanol (b). It is assumed that the droplets after primary breakup are significantly
larger compared to smaller injectors and exhibit more mass. More time is needed to heat up the parcels with
a higher mass until they start to evaporate and the fuel vapor cloud lifts off the liquid spray. Furthermore,
the spray morphology of the marine injector is more elongated compared to the automotive Spray A3. This
might be attributed to the fact that the larger particle diameters exhibit reduced momentum exchange with
hot ambient gases. The reduced momentum exchange of large particles can be explained by their reduced
drag coefficient. In Figure 5.10, it is shown that the drag coefficient C'p decreases significantly for increasing
droplet diameters. Hence, momentum exchange and, consequently also, air entrainment is reduced.
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Figure 5.10: Drag law from Eq. 2.45 for a constant slip velocity and increasing droplet diameter d=0.1-400 pm.
The drag is exponentially reduced for larger parcel diameters, indicating less momentum exchange with the
gas phase.

The separation of the liquid and vapor cloud becomes more obvious at ¢=0.3 ms for both fuels. In contrast to
Spray A3 in Figure 5.2, where lower values at the spray tip are observed, high values of the mixture fraction Z
are observed on the center line up to the Z= 0.001 iso-line for the marine injector. This spray morphology has
also been observed for Spray D in Figure 5.6 and is most likely attributed to the reduced momentum exchange
in the initial injection phase.

At t=0.4ms, it becomes more obvious, that the experimental Schlieren image at the spray tip is not visible,
which can be explained by the experimental methodology of how the normalized Schlieren image is processed.
The postprocessing of the Schlieren signal is explained in detail in the thesis of Rief3 [191]. The author comes
to the conclusion, that very high absolute intensities at the spray flanks cause the lower signal at the tip to
disappear in the grayscale used in this thesis. The LES of both fuels slightly overestimates the experimental
vapor penetration at t=0.4 ms, which is likely attributed to the rate of injection profile (see Sec. 5.3.2). The
liquid penetration of the LES, which is represented by the parcel cloud (blue) in Figure 5.11 (a) and (b),
however, align very well with the experimental Mie signal. Overall good agreement between the experiment
and simulation is observed.
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Figure 5.11: Comparison of non-reactive Large Eddy Simulation results towards experimental data for n-
Dodecane (a) and 1-Octanol (b) in the marine Woodward L'Orange injector. In the top rows of each subfigure,
the overlayed averaged Schlieren (grayscale) and Mie (cyan) signals are displayed (normalized signal intensity
I). In the bottom row, the mixture fraction field Z and the parcels (cyan) are displayed. The iso-line around
the spray corresponds to Z= 0.001, which represents the spray contour as in the Schlieren image.

5.3.2 Quantitative comparison: Vapor and liquid penetration of the Woodward L'Orange injector

In the simulation of the Woodward L'Orange injector, the rate of injection profile has been measured with
the pressure rise method (HDA). As explained in Sec. 5.1, this measurement technique is not suitable to use
without modification in the LES. Since the tool from [200] is not designed for nozzles this size, the ROI profile
has been modified based on experience from similar injectors. As shown in Figure 5.12, the experimental ROI
profile is shifted for better comparison with the modified ROI profile used in the simulation. The experimental
ROI profile exhibits a slow ramp-up in the ROI profile, which is not visible in Figure 5.12.

In the profile used for the LES (dashed line) in Figure 5.12 (a) and (b), the experimental profile is cut off,
obtaining a more realistic increase in ROL In the preliminary simulations, a pronounced overprediction of the
vapor penetration length shortly after the visible start of injection has been observed. The overshoot soon
subsided, indicating that the initial phase of the experimental ROI profile is not accurate. Hence, the original
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experimental ROI signal was adapted in the time range tavSOI=0-0.25 ms with a weight function to maintain
the shape of the ROI but reduce its value. The final ROI used in the LES improved the overprediction of the
vapor penetration significantly, while still, small deviations are visible that could not be compensated for. In
comparison to the automotive and heavy-duty injectors above, the Woodward I’Orange injector exhibits the
highest ROI values of approximately 30 mg/ms. This is about ten times higher than Spray A3 and three times
higher than Spray D.
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Figure 5.12: Comparison of the liquid and vapor penetration length of n-Dodecane (a) and 1-Octanol (b) under
inert conditions for the Woodward L'Orange injector. Experimental liquid and vapor penetration are plotted as
a dotted line, LES results are represented by solid lines. The experimentally measured rate of injection profile
is displayed using dash-dotted lines, and the modeled ROI used in the LES is shown as a dashed line.

As mentioned above, the first peak of the experimental ROI induces a slight overestimation in the vapor
penetration length of the LES for both fuels. Since this deviation is only present in a limited time frame,
the author assumes that this slight overprediction is not affecting the mixture formation process. The liquid
penetration for n-Dodecane (a) aligns perfectly with the experimental data. For 1-Octanol (b), the LES
captures the liquid penetration length well. However, on average, the LES seems to underestimate the LPL for
1-Octanol slightly. As reported in Li et al. [209], the breakup and mixture formation process for large nozzles
is very complex and cumbersome. Considering the increased scales, e.g., nozzle diameter and flow rates,
compared to other sprays in the archival literature, the vapor and liquid penetration lengths align perfectly
with experimental data.

While the vapor penetration lengths are similar for both fuels, the liquid penetration length for 1-Octanol is
slightly higher compared to n-Dodecane. The difference is marginal but visible in the experiment and follows
the trend observed in Spray A3. Further analysis on this behalf is not reasonable because the LES only predicts
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very slight differences that are too small to be assessed with the methodology developed in Sec. 5.1.3.

5.3.3 Influence of thermophysical properties on mixture formation in the Woodward L'Orange
injector

The liquid penetration length of 1-Octanol in the experiment and the simulation in Figure 5.12 is slightly
higher than n-Dodecane. This trend has also been observed in Spray A3. While the LES reproduces this trend,
the difference in LPL is not distinct enough for conclusive results. It is assumed that a similar mode of action
as observed in Spray A3 in Sec. 5.1.3 is present.

5.3.4 Interim conclusion for the Woodward L'Orange injector

The following most important findings are summarized in bullet points:

* First study of its kind to investigate a spray in such a big nozzle in LES for n-Dodecane and 1-Octanol.

Excellent agreement of the vapor and the liquid penetration length with the experiment is obtained.
» Comparable spray shapes and structures have been identified compared to Spray D.

* The experimental rate of injection profile has successfully been modified for the LES. The modeled rate
of injection profile yields significantly better alignment in the vapor penetration.

* The liquid penetration is almost four times higher than in Spray A3.

* Slightly higher liquid penetration of 1-Octanol than n-Dodecane is observed in the experiment. The LES
reproduces this trend, but the differences are too small for further investigation.

* The Large Eddy Simulation framework presented in this work can successfully reproduce sprays with
different scales.

5.4 Comparison of combustion relevant mixture formation metrics

After the LES framework has been successfully validated for all sprays (ECN Spray A3, ECN Spray D and
Woodward L'Orange single hole) and fuels (n-Dodecane, 1-Octanol and OME,;,) investigated, the mixture
formation process can be examined using LES results. The LES shows its full potential to provide in-depth
information about the mixture formation process relevant to the ignition, complementing the experiment.
Quantities that are not accessible in the experiment, such as 3D fields of mixture fraction, scalar dissipation
rates and temperature, can be analyzed in the LES. A detailed analysis of the mixture formation process under
inert conditions is provided in the following.
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5.4.1 Analysis of the averaged mixture fraction and the averaged conditional scalar dissipation
rates

In the study by Dahms et al. [210], the ignition process of spray flames has been elucidated in great detail.
Dahms et al. report that the first stage ignition of the spray starts around the stoichiometric mixture fraction
Z and propagates into fuel-rich regions. It can be concluded that ignition occurs when enough fuel-rich
mixtures (Z > Z4) are available. Additionally, the scalar dissipation rate at stoichiometry (inverse residence
time) is below the ignition limit (xs < Xst,ign). Assessing this interplay of ignitable mixture fraction and
residence time locally in three dimensions is cumbersome. Hence, volume-averaged values of the mixture
fraction and conditional scalar dissipation rates at stoichiometry are derived from the LES and are used to
compare the differences in mixture formation observed between the sprays and among the fuels. This analysis
will later be utilized in the examination of reactive sprays, explaining differences in the ignition delay time.

The conditional domain average of the Favre-filtered mixture fraction is evaluated for all cells, where fuel
is present (Z >0.0001). The conditional domain average of X is evaluated for all cells that are ignitable
((xst|Z € [Zst,0.3]).

The analysis for the ECN Spray A3 is shown in Figure 5.13. All fuels have in common that the average of the
mixture fraction and scalar dissipation rate at stoichiometry show a steep increase and then a falloff behavior®.
The peak values of (Z)~0.11 are reached at approximately tavSOI=0.1ms for all fuels (Figure 5.13). The
mixing process is similar for all fuels. The average mixture fraction approaches (Z)~0.04 asymptotically at
tavSOI=1.0 ms.

While the X, profiles for n-Dodecane (a) and 1-Octanol (b) are similar in Figure 5.13, reaching a peak
value of X ~1001/s and then fall off to almost zero, OME_;, (c) has a peak value of Y ~2501/s and then
approaches g ~75 1/s asymptotically. OME_;, in Spray A3 has the highest peak value of xg for all fuels and
injectors investigated. Also in Spray D with OME_;, (Figure 5.14 (b)), lower peak values of X, are found. An
explanation of this observation can be found in the simulation results in Figure 5.2 (c). In the Favre-filtered
mixture fraction field in Figure 5.2 (c), locally, significantly higher values of Z are found for OME,,x than for
n-Dodecane (a) and 1-Octanol (b) on the spray center axis. Consecutively, higher gradients of Z and X are
expected (see Eq. 2.97).

>The write out frequency of the cases in Figure 5.13, Figure 5.14 and Figure 5.15 unfortunately differ. For some cases the time span
from tavSOI=0-0.05 ms has not been written out. Due to limited computational and storage resources, the cases could not be
repeated with higher write-out frequency. Despite this, the profile after tavSOI=0.05 ms is considered to be important for ignition
[210].
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Figure 5.13: Comparison of the conditional mean of the mixture fraction field (Z) (Z >0.0001) and the scalar
dissipation rate (Ys|Z € [Zg, 0.3]) in the ECN Spray A3 for n-Dodecane (a), 1-Octanol (b) and OME, (c).
The volume-averaged mixture fraction is represented by a solid line, and the conditional scalar dissipation
rate at stoichiometry is shown as a dashed line.

Only slightly higher peak values of the averaged mixture fraction are observed for n-Dodecane (a) and OME;,
(b) in Figure 5.14 for Spray D. OME_;,’s peak value is higher than n-Dodecane at (Z)~0.125. Compared to
Spray A3, the peaks of the mixture fraction and scalar dissipation rate are shifted towards approximately
tavSOI=0.2 ms. The peak shift indicates that the evaporation process is slower than for the smaller nozzle
in Spray A3. This finding can also be observed in Figure 5.6, where the parcel cloud and the vapor cloud at
tavSOI=0.1 ms are head to head. The peak of the Yy profile is also shifted later in time. Further, OME_;, has
double the peak value than n-Dodecane of x5~100 1/s and asymptotically reaches values of ys~25 1/s, while
n-Dodecane falls off to zero. In contrast to Spray A3, n-Dodecane has a significantly lower peak of ys~501/s.
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Figure 5.14: Comparison of the conditional mean of the mixture fraction field (Z) (Z >0.0001) and the
scalar dissipation rate (Y«|Z € [Zs,0.3]) in the ECN Spray D for n-Dodecane (a) and OME (b). The
volume-averaged mixture fraction is represented by a solid line, and the conditional scalar dissipation rate at
stoichiometry is shown as a dashed line.

The profiles for the Woodward L’Orange injector in Figure 5.14 of n-Dodecane (a) and 1-Octanol (b) follow
the shift in time observed for Spray D. As explained in Sec. 5.3, the reduced drag and momentum exchange
delays evaporation due to less air entrainment. Further, larger particle diameters need more time to heat up
until evaporation occurs.

As observed in Spray A3, n-Dodecane and 1-Octanol have very similar mixing characteristics. The peak values
of the scalar dissipation rate at stoichiometry are reduced xs~50 1/s compared to Spray A3, and are similar
to Spray D in Figure 5.14. The lower values of the scalar dissipation rate than in Spray A3 are explained
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by the prolonged mixing time (shift of peak values), leading to lower gradients of the mixture fraction (see
EqQ. 2.96). The longer mixing times for large nozzles (Spray D and Woodward I’Orange) injectors are a
significant difference compared to Spray A3.
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Figure 5.15: Comparison of the conditional mean of the mixture fraction field <Z) (Z >0.0001) and the scalar
dissipation rate (X |Z € [Zq,0.3]) in the Woodward L'Orange injector for n-Dodecane (a) and 1-Octanol (b).
The volume-averaged mixture fraction is represented by a solid line, and the conditional scalar dissipation
rate at stoichiometry is shown as a dashed line.

The following bullet points summarize the main findings of the analysis of the domain averaged mixture
fraction and scalar dissipation rate at stoichiometry:

Spray A3 :

* Peak values of the domain averaged mixture fraction and scalar dissipation rate at stoichiometry
are found at approximately tavSOI=0.1 ms, suggesting the faster onset of evaporation.

* Highest peak values of the scalar dissipation rate at stoichiometry are observed among all injectors.

* Same trends for OME,;, are observed as in Spray A3: higher peak values of the mixture fraction
and the scalar dissipation rate compared to n-Dodecane.

* Similar minimum and maximum values of the averaged mixture fraction are found as in Spray A3.
* The peaks of the distributions are shifted towards approximately tavSOI=0.2 ms.

 Significantly lower peak values of the scalar dissipation rate are observed that are explained by
longer mixing times.

Woodward L'Orange single hole :
* N-Dodecane and 1-Octanol show the same mixing characteristics and peak values.
* The peaks of the distributions are shifted towards tavSOI=0.2 ms as observed in Spray D.
* As observed in Spray D, lower averaged scalar dissipation rates have been shown.
Conclusions :

* In the domain averaged mixture fraction and scalar dissipation rate at stoichiometry profiles, all
fuels show distinct mixing characteristics among all injectors.

62



* The heavy-duty and marine injectors show longer mixing times and reduced scalar dissipation
rates.

* The volume averaged mixture fraction values increase only slightly for larger nozzle sizes.

* For the larger nozzle sizes (Spray D and Woodward L'Orange), the onset of evaporation is delayed
compared to Spray A3, suggesting that ignitible mixtures occur later than in Spray A3.

5.4.2 Temperature distribution in the spray relevant for ignition

As described in Sec. 5.4.1, the spray’s ignition strongly depends on the ignitable mixture fraction and the strain
rate. The mixture’s temperature is another crucial parameter for ignition and strongly influences the ignition
delay time. Due to the significant differences observed in the thermophysical properties in Figure 2.4, e.g., in
the vapor pressure and latent heat of evaporation, the question arises of how the changed properties affect
ignition in the spray. Since it is challenging for experimental techniques to determine the spray temperature,
the Large Eddy Simulation is crucial to examine the temperature distribution in the spray. In the following,
the gas temperature distribution for each spray and fuel in mixture fraction space is examined. The scatters in
Figure 5.16, Figure 5.18 and Figure 5.19 are colored with their respective value of the scalar dissipation rate
at stoichiometry, giving further information on the strain the corresponding fluid element is encountering.
The marginal PDFs of the mixture fraction and the temperature are shown at the edges. The adiabatic mixing
line, which is assumed in the flamelet model (see Sec. 6), is represented by the red solid line.
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Figure 5.16: Comparison of the gas temperature distribution over the according mixture fraction at
tavSOI= 0.1 ms for n-Dodecane (a), 1-Octanol (b) and OME,,;, (c) in the ECN Spray A3 injector. The scatters
are colored with their respective value of the scalar dissipation rate at stoichiometry, indicating whether the
mixture is ignitible. The red line represents the adiabatic mixing line that is used as the initial profile in the
flamelet simulations. The vertical lines represent the value of the stoichiometric mixture fraction Z; of each
fuel. The marginal PDF of the mixture fraction (top) and the temperature (right) are mass-weighted.

All fuels in Figure 5.16 for the ECN Spray A3 injector show undercooling introduced due to latent heat of
evaporation of the liquid phase. The evaporation process cools the gas phase down to T'=450 K, which is
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also reported in other studies in LES [90, 101, 112]. Considering the marginal PDFs of mixture fraction and
temperature, it is visible that the probability of low temperatures of T'=450 K is small.

The maximum value of the mixture fraction for n-Dodecane (a) is Z ~0.35, 1-Octanol (b) has a slightly lower
maximum value of Z~0.30 and OME,y;, (c) reaches values up to Z~0.4. The high values for OME,y;, have also
been observed in Figure 5.2. All fuels have in common that leaner mixtures show higher values of the scalar
dissipation rate at stoichiometry, which would inhibit ignition.

A significant difference between the fuels is the temperature difference between the adiabatic mixing line,
which is prescribed as an initial condition in the combustion model, and the temperature distribution in
the spray. For n-Dodecane (a), the adiabatic mixing line aligns with the highest values of the temperature
distribution of the spray simulation. 1-Octanol (b) and OME_;, (c) exhibit a significant gap between the
adiabatic mixing line and the temperature distribution from the spray. The highest deviation from the adiabatic
mixing line is observed for 1-Otanol (b) at Z~0.30 with an indicated difference of AT=75K. For OME,;,
(©), the highest deviation to the adiabatic mixing line shifts to Z~0.40, the undercooling for OME,;, is
approximately AT=50K. The undercooling effect of the spray in comparison to the adiabatic mixing line
used in the combustion model scales with the latent heat of evaporation (see Figure 2.4). 1-Octanol shows the
highest undercooling effect and also exhibits the highest latent heat of evaporation Ay, of all fuels. Overall, the
temperature distributions of 1-Octanol and OME_,;, are shifted towards lower temperatures than n-Dodecane
in Spray A3. Revisiting the results of the parcel heat transfer number of Sec. 5.1.3, the temperature distribution
analysis confirms the assumption that the gas phase provides less heat for evaporation for 1-Octanol and
OME,,;x than n-Dodecane.
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Figure 5.17: The influence of gas properties on the modeling of spray undercooling is examined by comparing
the adiabatic mixing lines for all fuels in (a) and their heat capacities in (b). N-Dodecane has the highest
heat capacity of all fuels, and hence the adiabatic mixing line exhibits a more concave shape.

Furthermore, comparing the adiabatic mixing lines of all fuels shown in Figure 5.17 (a) reveals, that n-
Dodecane shows a more concave shape than the other fuels. This means that in the ignition-relevant regions,
the spray undercooling effect is less significant for n-Dodecane than for the other fuels. The more concave
shape of the adiabatic mixing line for n-Dodecane is explained by a significantly higher heat capacity than for
1-Octanol and OME_;,, which leads to lower temperatures of the mixture of oxidizer and fuel for n-Dodecane.
In Figure 5.17 (b), the heat capacity at constant pressure clearly shows the higher values of n-Dodecane. This
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finding is a novelty discovered in this thesis. It explains differences of sensitivities on ignition delay in the
spray in Sec. 7 and will be used in Sec. 6.4 for optimization of the flamelet model.

For Spray D in Figure 5.18, the temperature distributions for n-Dodecane (a) and OME_;, (b) show a similar
distribution as observed in Spray A3. Again, the adiabatic mixing line of n-Dodecane (a) is closest to the
temperature distribution, but in Spray D, a gap between the adiabatic mixing line and the temperature
distribution at Z=0.25 is exhibited. While the maximum values of Z shifted to lower values compared to Spray
A3, Z=0.275 for n-Dodecane and to Z=0.3 for OME,;,, the marginal PDFs of the mixture fraction shifted
towards higher values of the mixture fraction. The marginal PDF of the temperature is shifted towards lower
temperatures for both fuels. This is a significant difference between the Spray A3 and Spray D. For OME;y,
the maximum distance to the adiabatic mixing line increased to approximately AT=75K at Z~0.30. At the
same Z position in Spray A3, the temperature difference was only AT=25K. This means that fluid elements
exhibit substantially lower temperatures in Spray D compared to Spray A3.
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Figure 5.18: Comparison of the gas temperature distribution over the according mixture fraction at
tavSOI= 0.1 ms for n-Dodecane (a) and OME,;, (b) in the ECN Spray D injector. The scatters are colored
with their respective value of the scalar dissipation rate at stoichiometry, indicating whether the mixture is
ignitible. The red line represents the adiabatic mixing line that is used as the initial profile in the flamelet
simulations. The vertical lines represent the value of the stoichiometric mixture fraction Z«. The PDF of the
mixture fraction (top) and the temperature (right) are mass-weighted.

In the Woodward L’Orange injector in Figure 5.19, the minimum temperatures of T~450K remain. But
the distribution of the marginal temperature PDF shifts significantly towards lower temperatures for both
fuels. The shift is more pronounced than in Spray D. Also the maximal mixture fraction for n-Dodecane
(a) and 1-Octanol (b) shifts towards fuel-richer mixtures (Z ~0.4), similar to Spray A3 in Figure 5.16. As
observed in Spray A3, the distribution for n-Dodecane fits very well to the spray temperature distribution,
while 1-Octanol exhibits a significant temperature difference to the adiabatic mixing line. However, the shape
of the distribution for both fuels is similar. The similarity in mixture formation for n-Dodecane and 1-Octanol
has also been observed in Figure 5.2 and Figure 5.11. The marginal temperature distribution reveals, that the
gas temperatures of 1-Octanol are lower compared to n-Dodecane. The lower temperature distribution of
1-Octanol also confirms the slightly higher liquid penetration length exhibited in 5.12 (b).
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Figure 5.19: Comparison of the gas temperature distribution over the according mixture fraction at
tavSOI= 0.1 ms for n-Dodecane (a) and 1-Octanol (b) in the Woodward L'Orange single hole injector. The
scatters are colored with their respective value of the scalar dissipation rate at stoichiometry, indicating
whether the mixture is ignitible. The red line represents the adiabatic mixing line that is used as the initial
profile in the flamelet simulations. The vertical lines represent the value of the stoichiometric mixture fraction
Z«. The PDF of the mixture fraction (top) and the temperature (right) are mass-weighted.

The following bullet points summarize the most significant findings:

1-Octanol and OME_;, exhibit a lower temperature distribution than n-Dodecane in all injector sizes
investigated. The spray cooling effect scales with the latent heat of evaporation.

The temperature distribution of n-Dodecane is closest to the adiabatic mixing line in all spray configura-
tions. An explanation is found in the lower latent heat of evaporation. Furthermore, for the first time, it
is shown that the higher heat capacity at constant pressure of n-Dodecane compared to other fuels leads
to a more concave adiabatic mixing line that fits the shape of the temperature distribution of the spray.

1-Octanol and OME_;, exhibit a higher sensitivity for heat loss due to evaporation than n-Dodecane.

The outcome of the parcel heat transfer number analysis in Sec. 5.1.3 for Spray A3, that longer liquid
penetration lengths of 1-Octanol and OME_;, are attributed to lower temperature in the gas phase, are
confirmed.

Increasing nozzle sizes lead to similar temperature distributions, but the marginal PDFs are shifted
towards lower temperatures and higher values of the mixture fraction.

5.5

Conclusion on the mixture formation analysis

First, the used Large Eddy Simulation framework has been validated under inert conditions. The results
of the LES and the experiment for the inert sprays are in perfect alignment. For the first time, 1-Octanol
has been successfully investigated in a high-fidelity LES framework. The LES as a diagnostic tool is utilized
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to complement experimental findings. Complex mixture formation processes which cannot be explained
with experimental measurements have been investigated in-depth. The mixture formation analysis for
increasing nozzle sizes with n-Dodecane, 1-Octanol, and OME_,;, revealed significant differences due to
distinct thermophysical properties. In Spray A3, higher liquid penetration lengths have been observed in
the experiment and the simulation for 1-Octanol and OME,;,, compared to n-Dodecane. The newly derived
non-dimensional parcel heat transfer number PH suggested that even though 1-Octanol and OME,;, are more
volatile, the gas phase cannot deliver enough heat for evaporation. This finding is supported by the analysis of
the temperature distribution in Sec. 5.4.2.

A comprehensive investigation of the domain averaged mixture fraction and scalar dissipation rate at sto-
ichiometry showed distinct mixing characteristics for the different fuels and injectors. While n-Dodecane
and 1-Octanol show similar profiles and maximum values of the scalar dissipation rate, OME_,;, exhibits
higher peak values and falls off faster. With increasing nozzle size, the maximum values of the conditional
domain averaged scalar dissipation rate at stoichiometry at fuel-rich mixtures decrease for all fuels. The
heavy-duty and marine injectors showed a shift of the peak of the domain averaged mixture fraction to later
times, suggesting slower evaporation rates in the initial phase. Compared to smaller particles, e.g., in Spray
A3, reduced momentum exchange or air entrainment is observed in the initial phase of injection due to lower
drag coefficients of larger parcels (see Figure 5.10). Consecutively, less heat is transferred to the liquid phase,
limiting evaporation. Hence, also mixing is shifted back in time.

Finally, the gas phase temperature distribution in mixture fraction space showed that the thermophysical
properties of the fuels have a significant impact on mixture formation. The gas phase temperature scales with
the latent heat of evaporation of the fuel. The temperature distribution of 1-Octanol exhibited the largest
difference to the adiabatic mixing line. The fuel with the highest vapor pressure (OME,;,) showed the highest
value of the mixture fraction. With increasing nozzle size (injected mass), the marginal probability density
function for the mixture fraction shifts towards higher values, while the marginal temperature PDF shifts
towards lower temperatures. For the first time, the influence of a higher heat capacity of n-Dodecane on the
adiabatic mixing line has been shown. The higher gas heat capacity at constant pressure of n-Dodcane implies
a more concave shape of the adiabatic mixing line. The steeper curve at lower mixture fractions fits better
with the temperature distribution of the spray.
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6 Spray Flame Structure Analysis

This chapter aims to elucidate the combustion behavior of n-Dodecane, 1-Octanol and OME_,;,. The analysis
is structured by models of increasing complexity. First, chemical kinetic mechanisms are identified (Sec. 6.1),
and the chemical ignition delay times are investigated in the 0-D homogenous reactor model (Sec. 6.2). All
fuels show significant differences in their reaction kinetics and chemical ignition delay times. Furthermore,
the influence of strain on 1-D flame structures is investigated in the laminar non-premixed flamelet model
in Sec. 6.3. This detailed analysis is vital for flame characterization of novel Diesel fuels. Next, the results
from the mixture formation analysis are transferred to derive a realistic spray heat-loss corrected temperature
profile for the flamelet simulations in Sec. 6.4. The methodology of deriving the initial temperature profile
from inert spray simulations is introduced, and effects on the spray flame and ignition are elucidated. Finally,
the methodology of assembling the flamelet manifold into a table for look-up is briefly described in Sec. 6.5
and the results from the flame structure analysis are concluded in Sec. 6.6.
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Figure 6.1: Molecular structure of n-Dodecane, 1-Octanol and the main components of OME,;;,: OME3 and
OME,. The overview shows the distinct differences between the fuels. N-Dodecane and 1-Octanol show a
linear structure, and the OME-type fuels are non-linear. The lack of carbon-carbon bonds is visible for OME;
and OME,. Molecule images are produced using Molview [211].
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6.1 Kinetic reaction mechanism selection

As a first step, suitable kinetic reaction mechanisms that reproduce the combustion properties under homoge-
nous and strained conditions must be identified.

For n-Dodecane as a standard surrogate fuel for Diesel (EN 590), many reaction mechanisms are available,
which span all levels of detail (skeletal, lumped, reduced and detailed). In the spray combustion community,
the reduced mechanisms of Yao, Standford University and POLIMI (CRECK modeling group) are commonly
used [212-214]. In this thesis, a detailed POLIMI mechanism is used. The modular concept of POLIMI allows
for generating highly flexible reaction kinetics. The detailed mechanism from POLIMI provided by personal
communication (Alessandro Stagni) [215] includes kinetic pathways for NO and PAH formation and has been
successfully used in [3, 93, 94].

Since 1-Octanol has only recently raised interest in the combustion community, fewer mechanisms are available.
The author has found two detailed mechanisms by Cai et al. [25] and Pelucchi et al. [26, 216] (POLMI). Both
mechanisms are very detailed, meaning they have a high number of species and reactions included. Both
mechanisms have been tested in reactive spray LES. The mechanism of Cai significantly overestimated the
spray ignition delay time, while the mechanism of Pelucchi slightly underestimated the ignition delay time
(IDT). As described later in Sec. 6.4, an underestimation of the UFPV approach for a fuel with increased vapor
pressure and latent heat of evaporation is more reasonable. Hence, this study uses the mechanism of Pelucchi
et al. [216].

The multicomponent fuel OME_;, is mainly composed of OME; and OME,. The group of Polyoxymethylenethers
is also relatively new in the context of combustion. The first mechanism available by Sun et al. [77] only
considered OME; and hence was not suitable for OME,;,. Besides that, only laminar flame speed measurements
were used to optimize the mechanism. In the context of self-igniting Diesel spray combustion, chemical ignition
delay times are more relevant as input for mechanism optimization. Based on Sun et al. [77], He et al. [78]
improved the kinetics using additional experimental chemical ignition delay times measured in the Rapid
Compression Machine and reduced the number of species. The mechanism by Cai et al. [24] was the first
mechanism that also contained OME,. In comparison to Sun et al. [77] and He et al. [78], the chemical
ignition delay times for the Cai mechanism are slightly shorter and match very well with the experimental
data (shock tube). Recently also, the mechanism by Niu et al. [79] extended the mechanism by Cai with
OME; and OME. Since no experimental data for the chemical ignition delay time of neat OMEg; and OME¢
are present, reaction rates are extrapolated using data of lower chain lengthed OMEs. In Wiesmann et al.
[113], the mechanism of Niu underestimated the spray ignition delay time of OME_;, compared to the Cai
mechanism. This behavior is also observed in homogenous reactor simulations (not shown here for brevity
reasons). Another mechanism of POLIMI, which is not published yet and retrieved by personal communication
(Alessandro Stagni) [215], slightly overestimates the chemical ignition delay times compared to Cai et al. [24].
The POLIMI mechanism is also based on the Cai mechanism. Further, the Niu and the POLIMI mechanism
are reduced mechanisms. The extension of Niu of OMEs; and OMEg is only modeled; hence, no validation is
possible. Hence, in this study, the detailed mechanism of Cai is used.

An overview of the used mechanisms utilized in this thesis is provided in Table 6.1. It has to be noted that the
level of detail of the used mechanisms in this thesis (number of species and reactions) is notable, even for a
tabulated chemistry approach.
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Table 6.1: Overview of the used mechanisms for flamelet simulations and chemical ignition delay times.
Further, the discretization of the flamelet lookup tables is shown.

~ - —N

Fuel Mechanism Number of species Number of reactions Resolution Z Resolution C'  Resolution X Resolution Z” Zgt Xst,ign
OME ,ix [24] 322 1611 101 151 16 7 0.1083 370 %
1-Octanol [26, 216] 524 18940 101 151 24 7 0.0538 84 é
n-Dodecane [214,217] 405 10481 101 151 32 7 0.0460 55.3 é

6.2 Ignition under homogeneous conditions

The Homogenous Reactor Model (HRM) is considered one of the most fundamental combustion models (see
Sec. 2.3.2). The HRM includes only the reaction kinetics and no transport effects. Fuels for compression ignition
combustion engines are commonly characterized by their ignition delay curves, which can be determined
from a manifold of homogenous reactor simulations with different initial temperatures and equivalence ratios.
The first stage and main ignition delay times are derived from the Heat Release Rate (HRR) profiles of the
simulations.
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Figure 6.2: Schematic of a representative Heat Release Rate profile. The definition of the first and second
stage ignition is visualized.

As shown in Figure 6.2, the first-stage ignition is defined as the first significant peak in the HRR profile. The
main ignition is defined as the second peak with the global maximum. The main ignition (74, 2) is regarded
as the chemical ignition delay time. The chemical ignition delay times are then plotted over their respective
initial temperature, which denotes the ignition delay curve (see Figure 6.3).

In Figure 6.3, the ignition delay curves are displayed for different equivalence ratios. The equivalence ratios
are chosen according to relevant mixture fractions present in the sprays investigated in this thesis: Z €
[0.025-0.4], which corresponds to ® € [0.5-4] or A\ € [0.25-2].

It is common to define the abscissa of ignition delay curves as the inverse temperature: 1000/7. Since the
chemical ignition delay time has a multiscale character, it is convenient to use a logarithmic scale. The gray
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box in Figure 6.3 represents the temperature range 7" € [730K — 900K] where auto-ignition typically occurs
in spray combustion.

From Figure 6.3, it is evident that OME_;, has the shortest chemical ignition delay time over the whole
range of initial temperatures and equivalence ratios investigated. In the relevant temperature range for
ignition (gray box), the ignition delay time is approximately three times lower than for the other fuels. In
the high-temperature ignition region, OME,;, ignites about six times faster. Compared to n-Dodecane and
1-Octanol, OME_;, does not show a pronounced two-stage ignition behavior typical for Diesel fuels, while
n-Dodecane and 1-Octanol do show a Negative Temperature Coefficient (NTC) regime at 7' € [833 K - 1000 K].
This regime is typical for fuels with a two-stage ignition behavior. In the NTC regime, stable intermediate
species form, which is an endothermic process that withdraws enthalpy from combustion. The formation of
intermediate species increases the main ignition delay time.

There is no clear opinion in the literature if OME_;, exhibits a two-stage ignition behavior without the presence
of an NTC regime. The author follows the opinion that OME_;, also has a two-stage ignition behavior since a
short first-stage ignition regime is visible, as shown in Sec. 6.3.

All fuels have in common that the ignition delay times decrease for increasing equivalence ratios. While
n-Dodecane ignites faster than 1-Octanol in a wide temperature range, there is a turning point in the
high-temperature region where 1-Octanol ignites faster. This means that the low-temperature chemistry of
1-Octanol is slower than n-Dodecane, but the high-temperature chemistry above T'~1100 K is faster than
n-Dodecane. This effect gets more pronounced for higher equivalence ratios.

In summary, it can be stated that:

* OME,,;, has the shortest chemical ignition delay time (factor 3-6).

* In the relevant temperature range for auto-ignition, n-Dodecane has a shorter chemical ignition delay
time compared to 1-Octanol.

* N-Dodecane and 1-Octanol clearly show a two-stage ignition behavior, while OME,;, does not show a
distinct NTC regime.

* 1-Octanol has a shorter chemical ignition delay time compared to n-Dodecane in the high-temperature
ignition regime (7" > 1100 K).
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Figure 6.3: Comparison of chemical ignition delay times for: OME,,, 1-Octanol and n-Dodecane at
ECN baseline conditions (Xp, = 0.15, p= 60bar). The equivalence ratios relevant for ignition ® <
[0.5,1.0,1.5,2.0,3.0,4.0] are displayed. The gray box represents the temperature range where auto-ignition

typically occurs T' € [730K — 900K]. The homogenous reactor simulations have been conducted with the
chemistry solver Cantera [131].
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6.3 Ignition under strained conditions

After examining the ignition behavior without transport effects in the homogeneous reactor model (0D), the
fuels investigated in this thesis are now examined under strained conditions (1D). Within this work, the
non-premixed flamelet model described in Sec. 2.3.3 is utilized. First, n-Dodecane, 1-Octanol and OME_;,
are compared for identical profiles of the scalar dissipation rate. Then the ignition delay times are compared
for different scalar dissipation rates at stoichiometry. The flamelet simulations have been conducted using the
in-house code ULF [185].

6.3.1 Strained ignition with the identical scalar dissipation rate profile

The following compares the flame structures under strained conditions for n-Dodecane, 1-Octanol and OME_;,.
Since the mixture fractions at stoichiometry Z; (see Table 3.2) are significantly different for all fuels at the ECN
baseline conditions (Xo2=15 %, n-Dodecane: Zy=0.0460, 1-Octanol: Zs=0.0538 and OME,;,: Zs=0.1083)1,
a comparison at the same scalar dissipation rate at stoichiometry x would lead to different underlying scalar
dissipation rate profiles (see also Eq. 2.76). Hence, in Figure 6.4, 1-D flamelet simulations with the identical
underlying x profile are shown for the flamelet time 7 € [0,1] ms. For n-Dodecane (left column), this gives a
value of ys=401/s for parametrization of the scalar dissipation profile in Eq. 2.76, for 1-Octanol (center) a
value of x4 =51.321/s and x=146.08 1/s for OME_;, (right). The temperature profiles are shown in the first
row of Figure 6.4. In the second row, the mass fraction of the low-temperature marker formaldehyde Ycp20 is
shown, in the third row, the mass fraction of the high-temperature ignition marker Yoy is displayed and in
the following rows the mass fractions of the major combustion species Yoo, Yco2 and Yoo are presented.
Enabling the comparison of temporal changes during ignition, the identical time steps were used for all lines
in the plot among all fuels (time steps between all lines are constant (A7=>50 ps) for all fuels). This means
that conclusions about the ignition delay times and ignition behavior can be drawn using the color code in
Figure 6.4.

Low-temperature chemistry

While the maximum temperatures at the flamelet time 7=1 ms for all fuels are very similar (around T=2200 K),
the course of ignition is very different. OME_;, exhibits notably higher temperatures in fuel-rich regions until
approximately 7=0.25 ms. This is also visible in the mass fraction of formaldehyde Y120 as the marker for low-
temperature ignition. The formation of CH,0 in slightly fuel-lean mixtures is observed for all fuels investigated.
The formed CH,O is then transported towards fuel-rich mixtures, and a first increase in temperature is known
as cool flame propagation described in detail by Dahms et al. [210]. At an initial stage of ignition, the formation
of Yconeo for OME,;, is observed to reach more fuel-rich mixtures (Z~0.4-0.5) compared to n-Dodecane and
1-Octanol. An explanation is found in the approximately doubled value of the stoichiometric mixture fraction
Zs=0.1083 for OME;, shifting the regions of CH,O formation to fuel-richer regions. 1-Octanol has slightly
lower values of Y90 in the low-temperature chemistry (until 7=0.75 ms) compared to n-Dodecane.

'While all fuels have similar chain lengths, the bound oxygen in 1-Octanol and OME,,;, increase the stoichiometric mixture fraction.
The atom-based balance of the combustion reaction ( Bilger’s mixture fraction) allows for higher fuel concentrations under
stoichiometric conditions due to the bound oxygen.
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High-temperature chemistry/ Main ignition

At the simulated x profile, OME;, has the shortest IDT of 7;,,~0.45 ms, followed by n-Dodecane at 7i5,,~0.65 ms
and 1-Octanol at 73,,~0.75 ms. These findings align with the chemical IDT shown in Figure 6.3. As discussed
in Sec. 6.2, n-Dodecane and 1-Octanol show a pronounced NTC behavior, meaning that the formation of
stable intermediate species in the low-temperature ignition slows down the ignition process. As described
above, this behavior is visible in a prolonged low-temperature/first-stage ignition and formation of Ycp20,
delaying the second-stage ignition for 1-Octanol and n-Dodecane. While n-Dodecane has a shorter IDT than
1-Octanol, the transition from low to high-temperature ignition is faster for 1-Octanol. This is visible by the
line density between low and high temperatures. N-Dodecane shows two (yellow) lines between the first and
main ignition (A7 ~ 0.15ms), 1-Octanol and OME;, only show one line during main ignition (A7~/0.1 ms).
During the main ignition, Yopo0 is consumed, while Yoy is formed around stoichiometry (vertical lines denote
Zg in Figure 6.4). This behavior is observed for all fuels.

N-Dodecane and 1-Octanol have similar peak values of Yoy, while slightly higher values for OME_;, are
observed. The higher OH mass fraction of OME_,;, is most likely linked to the higher Zy value. At higher
values of the mixture fraction Z, more fuel is present for combustion, increasing the quantity of products.
Also for the major species (Yco,Yco2,Yn20) higher maximum values are observed for OME_,;,. 1-Octanol
shows a slight increase in the maximum values for the major species, which can be explained by the higher
stoichiometric mixture fraction compared to n-Dodecane.

In contrast to the flamelet analysis presented here, 1-Octanol and OME_,;, are reported to show less Yco
in engine experiments [43, 53, 54, 218]. Especially for lean operating conditions, the Y-o and Yco2 could
be reduced compared to a regular Diesel fuel for OME_;, and 1-Octanol. This finding is notable because
the flamelet analysis shows a doubled maximum Yo value for OME_;, and a slight increase for 1-Octanol
compared to n-Dodecane. However, the maximum of Y¢o for OME_;, is located at around Z=0.4, while
n-Dodecane and 1-Octanol peak at Z=0.15 and Z=0.2 respectively. All fuels show significant amounts of
Yco in regions from stoichiometry to fuel-rich mixtures. Comparing the Yoo values for all fuels at, the
stoichiometric mixture fraction of n-Dodecane at Z4=0.0460 (A=1 operating condition), significantly reduced
formation of Yo for OME,;, is observed.

For Yco2, the peak values are all located at Zg (location of the non-premixed flame). A significant difference
is observed for OME,;,. In fuel-rich mixtures, the shape of the Y2 profile for OME,;, is convex, while
n-Dodecane and 1-Octanol are concave. The convex shape of OME, ;2 indicates that in fuel-rich operating
conditions ( fuel-air ratio A < 1 or ®>1) OME_,;, produces more Y02 compared to n-Dodecane and 1-Octanol
with a concave shape.

On the other hand, the high stoichiometric mixture fraction of OME,;, leads to significantly lower Ycoo
emissions in lean conditions. Comparing the values of Yoo at the stoichiometric mixture fraction of n-
Dodecane at Zs =0.0460 shows, that OME_;, produces approximately half of Y02 than n-Dodecane and
1-Octanol.

Summarizing the most important findings:

 Aligning with the chemical ignition delay times in Sec. 6.2, n-Dodecane and 1-Octanol show a pronounced
low-temperature chemistry behavior typical for Diesel fuels. OME_,;, also shows low-temperature
chemistry, but first-stage ignition is short and less pronounced.

2In Mira et al. [112] it is mentioned that OME,,;, in contrast to n-Dodecane, combusts acetylene in the fuel-rich regions, which
might explain the higher CO, values.
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Similar maximum temperatures are observed for all fuels at around T=2200 K.
OME_,;, exhibits higher peak values of Y¢20 in the stationary solution.

1-Octanol and OME_,;, show faster thermal runaway than n-Dodecane, indicating higher reactivity
during ignition.

Similiar peak values of Yo are observed for all fuels. Besides OME,;, exhibiting slightly increased Yopu
due to more Ycp20 and a higher mixture fraction at the peak position.

At the prescribed x profile, ignition delay times increase from OME_;, (fastest) to n-Dodecane and
1-Octanol (slowest).

OME_,;, exhibits almost doubled peak values of Yo than n-Dodecane and 1-Octanol.

The peak values of Y02 and Yyo0 at the stoichiometric mixture fraction for OME,;, are slightly increased
compared to the reference fuel n-Dodecane.

The experimental findings of lower Yoo and Yoo2 values compared to Diesel in engine experiments
are elucidated. The increased stoichiometric mixture fraction of the oxygenated fuels OME_,;, and 1-
Octanol leads to lower emissions at the stoichiometric mixture fraction of the reference fuel n-Dodecane
(respective lean conditions).
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Figure 6.4: Comparison of laminar non-premixed flamelet simulations with the identical x profile: n-Dodecane
(left), 1-Octanol (center) and OME,; (right) at ECN baseline conditions (see Table 3.2). The simulations are
conducted for scalar dissipation rates at stoichiometry of y=40.00 1/s for n-Dodecane, xs:=51.321/s for
1-Octanol and x;=146.08 1/s for OME,,ix. The same temporal discretization is used for each line. Thus, the
course of ignition can be compared based on the color code. In the top row, the temperature profile is shown.
The following rows show the mass fractions of CH,0, OH as flame markers for low and high-temperature

chemistry. The next rows show the major species’ mass fraction, used for the progress variable: CO, CO,
and H,0. The vertical lines represent the stoichiometric mixture fraction Z for each fuel.
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6.3.2 Influence of strain on the ignition delay time

In Sec. 6.3.1, flame characteristics at identical profiles of the scalar dissipation rate are elucidated. But in
spray flames, the auto-ignition is strongly influenced by different strain levels. In the following, the influence
of strain on ignition delay time is examined for all fuels. This investigation provides deeper insight into the
ignition behavior in the spray.

The main ignition delay time 7;,,, in Figure 6.5 for different scalar dissipation rate profiles, has been evaluated as
the maximum of the maximum temperature gradient (%) for Thyax >1000 K. The highest scalar dissipation
rate at stoichiometry where auto-ignition occurs xs ign is represented by a vertical line.
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Figure 6.5: Investigation of the influence of strain on the ignition delay time in the 1-D flamelet for OME;,,
1-Octanol and n-Dodecane at ECN baseline conditions (see Table 3.2). The IDT of each fuel is plotted until
their respective ignition limit x ign, Which is highlighted as a vertical line.

Over the complete range of scalar dissipation rates at stoichiometry, OME;, has the shortest ignition delay
time. The sensitivity of OME_;, towards strain effects on ignition delay time is not pronounced. OME_,;,
also exhibits the highest ignition limit at ys jsn =370 1/s. This low sensitivity of the IDT towards the scalar
dissipation rate is explained by the high reactivity of OME_,;,, reducing the chemical ignition delay time by a
factor 3-6 compared to the other fuels (see Sec. 6.2). As expected from the chemical ignition delay times
in Figure 6.3, the ignition delay time of n-Dodecane is shorter than 1-Octanol. In proximity to the ignition
limit of n-Dodecane (xst,ign), the ignition delay time of 1-Octanol falls below the IDT of n-Dodecane. At first
glance, this finding is counterintuitive. As seen in Figure 6.3, the chemical IDT of 1-Octanol is higher in the
relevant temperature range for ignition. But at higher temperatures, the reactivity of 1-Octanol increases
and the IDT falls below the IDT of n-Dodecane. The increasing IDT with increasing scalar dissipation rates in
Figure 6.5, causes higher temperatures in the first-stage ignition process for 1-Octanol. As observed in the
auto-ignition curves in Figure 6.3, the reactivity at higher temperatures is increased for 1-Octanol and leads
to earlier main ignition. This behavior is also visible in the ignition limits. N-Dodecane shows the lowest value
at Xst,ien=05.3 1/s and 1-Octanol has a slightly higher value of y jgn=841/s.
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It can be concluded that OME_;, is more reactive than the other fuels and ignites earlier also under strained
conditions. While 1-Octanol shows higher IDTs at lower scalar dissipation rates, the IDT decreases compared
to n-Dodecane and also has a higher value of x isn. The interested reader might object that the higher
values of the stoichiometric mixture fraction of the oxygenated fuels may lead to higher s ion values, but the
underlying x profile does not exhibit higher values of the scalar dissipation rate (see Eq. 2.76). In Figure 6.6,
the profiles of the scalar dissipation rate at ignition (xst,izn) are presented for the investigated fuels in mixture
fraction space. The horizontal lines in Figure 6.6 represent the ignition limit X ion and the vertical lines
show the stoichiometric mixture fraction of each fuel. Figure 6.6 clearly shows that OME_;, has the highest
maximum value of the scalar dissipation rate, followed by 1-Octanol and n-Dodecane.
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Figure 6.6: Comparison of x profiles at the ignition limit for: n-Dodecane (xst,ign=55.31/s), , 1-Octanol
(Xst,ign=841/s) and OMEx (xst,ien=3701/s) at ECN baseline conditions (see Table 3.2). Horizontal lines
represent the corresponding x.,ign Value, and vertical lines represent the mixture fraction at stoichiometry
Zs. The scalar dissipation rate profiles show that OME,;;, has the highest maximum of all profiles.

The most interesting findings are summarized below:

OME,;x has the highest scalar dissipation rate at stoichiometry where ignition occurs.
OME_;, has the lowest ignition delay time over the whole range of .
The ignition delay time of OME_;, is less sensitive to changes of the scalar dissipation rate.

The ignition delay time of n-Dodecane is lower than 1-Octanol. Close before the ignition limit of
n-Dodecane, the IDT of n-Dodecane exceeds the ignition delay time of 1-Octanol. The reactivity of
1-Octanol increases in the high-temperature region, which explains its higher ignition limit compared to
n-Dodecane.

The highest scalar dissipation rate where ignition occurs (xst,ign) is associated with the stoichiometric
mixture fraction of the fuel. It is shown that the higher Z; of OME_;, still means that OME;, ignites at
the highest scalar dissipation rate profile.
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6.4 Heat-loss corrected flamelet model derived from the mixture formation
analysis

The mixture formation analysis presented in Sec. 5.4.2 revealed that especially 1-Octanol and OME_;,, with
a higher latent heat of evaporation than n-Dodecane, exhibit a significantly lower temperature distribution
than it is assumed in the flamelet simulation. In addition, the lower heat capacities of 1-Octanol and OME_;,
increase the sensitivity for the heat losses due to evaporation compared to n-Dodecane. Due to the respectively
higher temperatures in the flamelet model than in the actual spray, the thermophysical state in the CFD is
overpredicting the source term of the progress variable retrieved from the flamelet look-up table, and the
ignition delay time in the CFD is underpredicted. As shown in the introduction in Sec. 1.1.5, incorporating
spray cooling in flamelet models is an unresolved topic in the literature.

Some studies try to directly include evaporation in the one-dimensional flamelet model [219, 220]. This
approach is well suited for investigating the effect of spray on the flame structure. In an UFPV approach,
however, the high complexity and increased simulation time make this approach not suitable for a tabulated
chemistry approach. In other studies, a lower fuel temperature is assumed, until an agreement between the
temperature distribution in the spray and the adiabatic mixing line with the reduced fuel temperature is
achieved [101, 221, 222]. However, the methodology results in fuel temperatures for the ECN Spray D down
to True1=155 K [221] and is not standardized. The effect of very low fuel temperatures (e.g., Truo1=155K)
on the flamelet manifold, described in [221, 222], remains open. This methodology is also limited to the
absolute zero point for the fuel (TF..;=0K), which might be reached for increased nozzle sizes and fuels with
a high latent heat of evaporation. Moreover, thermophysical properties for gas species (see Eq. 2.32-2.34)
are usually defined only above 7'=200 K. The methodology of decreasing the fuel temperature significantly
to incorporate heat loss due to evaporation does not represent the spray’s temperature distribution properly,
since ignition delay times show an offset of 10-20 % for n-Dodecane [101, 222]. Other studies for n-Dodecane
in ECN Spray A without the correction of heat-loss due to evaporation sometimes even perform better [3, 90,
95, 112, 114]. In Zhang et al. [223], an enthalpy reduction-based method is presented, but no evaluation of
the method compared to a standard model is provided.

As a novelty in this work, the investigation of the gas temperature distribution of the inert sprays revealed that
n-Dodecane is less sensitive to heat loss due to evaporation, but in the context of renewable Diesel fuels with
higher latent heat of formation and increasing nozzle sizes, the influence of heat loss due to evaporation on
ignition increases. As shown in several studies for OMEs [59, 102, 112, 113], the ignition delay time in reactive
sprays is underestimated by 10-50 %. The unresolved issue of heat loss due to evaporation (spray cooling)
on flamelet-based models remains unsolved [93]. In this thesis, a reproducible and physically consistent
approach is introduced, incorporating spray cooling effects in the flamelet manifold.

The initial temperature profile of the novel heat-loss corrected flamelet model is reduced to two line segments
instead of the adiabatic mixing line. This assumption has proven to be suitable in the coupled reactive spray
simulation. The idea of the novel model is to obtain the optimal temperature profile that represents the average
temperature of the spray for the flamelet simulation. The line segments must not intersect the adiabatic mixing
line. Otherwise, higher temperatures would be assumed than in the original flamelet model, and the IDT
in the spray would be further reduced. The midpoint of the line segments is determined by an optimization
process. The marginal probability function of the mixture fraction Py is integrated until most scatters are
incorporated (z% Confidence Interval (CI)), and the average temperature of the spray is evaluated at the
position in mixture fraction space (Z=27,c1%). The process is repeated until a maximum of CI (xCI%) is
found, and the line segment, defined by (Z=0, T'=Toxidizer)> (Z=Zyc19%, T=(T|Z%c1)), is not intersecting
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the adiabatic mixing line. In Figure 6.7, the process to determine the initial temperature profile of the novel
heat-loss corrected flamelet model (dash-dotted line) is visualized. The complete initial temperature profile is
defined by the points (Z=0, T=Toxidizer), (Z=Zyc19, T={(T|Zr%c1)), and (Z=1, T'=Tgye). The heat loss
corrected initial temperature profile must not intersect the adiabatic mixing line, and 2% CI must have its
maximum (most scatters are incorporated). The heat loss corrected temperature profile is determined at
t=0.1ms, where all injectors have reached their maximum liquid penetration length.
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Figure 6.7: Illustration of the method determining the heat-loss corrected initial temperature profile from the
inert spray simulation (gray distribution). The solid red line represents the adiabatic mixing line, and the dark
red dash-dotted line represents the heat loss corrected temperature profile. At the top edge, the integration
of the marginal PDF of the mixture fraction is visualized.

The procedure is applied to all sprays investigated in this thesis. In Figure 6.8 the heat-loss corrected
temperature profiles are presented for the ECN Spray A3 and compared to the adiabatic mixing line assumed
in the standard flamelet model. The highest difference between the adiabatic mixing line and the heat-loss
corrected profile is observed for 1-Octanol (b). Also, OME,;, (c) exhibits an undercooling effect, but not as
pronounced as for 1-Octanol. On the other hand, for n-Dodecane (a) the difference between the heat-loss
corrected profile and the original profile is negligible.

The difference between the novel method presented in this thesis and the method described in [221, 222],
lowering the fuel temperature to True= 155K, is significant for n-Dodecane and OME_;,. The method from
the literature underestimates the spray temperature and would underestimate the ignition delay time [221,
222].
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Figure 6.8: Temperature distribution extracted from the inert ECN Spray A3 simulation at tavSOI= 0.1 ms for
n-Dodecane (a), 1-Octanol (b) and OME,,;, (c). The new initial profile for the flamelet simulations is shown as
the dash-dotted line, the adiabatic mixing line is denoted as the solid line, and the methodology presented in
[221, 222] is represented by the dotted line. Additionally, the marginal probability density functions of Z and
T are shown at the respective edges.

With increasing nozzle size in ECN Spray D in Figure 6.9, n-Dodecane (a) exhibits more significant differences
to the adiabatic mixing line. The temperature distribution for n-Dodecane is also shifted to lower temperatures
due to a higher evaporated mass and hence, higher enthalpy loss. Also, the corrected profile of OME,;, reveals
a significant difference between the adiabatic mixing line and heat-loss corrected temperature profile.
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Figure 6.9: Temperature distribution extracted from the inert ECN Spray D simulation at tavSOI= 0.1 ms
for n-Dodecane (a) and OME,;, (b). The new initial profile for the flamelet simulations is shown as the
dash-dotted line, the adiabatic mixing line is denoted as the solid line, and the methodology presented in
[221, 222] is represented by the dotted line. Additionally, the marginal probability density functions of Z and
T are shown at the respective edges. Additionally, the marginal probability density functions of Z and T are
shown at the respective edges.
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For the marine injector from Woodward L'Orange in Figure 6.10 with the highest injection rates and injected
masses, the heat-loss corrected temperature profile gets more important for 1-Octanol (b). The temperature
distribution shifts towards lower temperatures. Moreover, the longer spray ignition delay time observed in the
experiment shows a higher sensitivity in the temperature correction. For n-Dodecane (a), a lower sensitivity
is observed, and the heat-loss corrected profile only shows small deviations compared to the adiabatic mixing
line.

Zo3 g c1: 0.271688
Tzj0a0cr: 576.70K

T
- |7
TrLut
T 11 Other groups 1

—:— Corr. T profile

| Zos g c1: 0.273485
100 Tzjos%cr: 586.46 K

T
r — T— 900 |
M — Trur ) I

------- Other groups 1 800

—-— Corr. T profile

(L
I}
1
1

1
1
1

T [K]

& 600 [ & 600 A Vs
L v 4
L L 1|
[ I .
500 |1 500 [ S 2
-
T 148
400 t1 400 1
! I N N I I A I I I i : I N TN R N N N S |
0.00.10203040506070809 0000 0.025 0.00.1020.3040506070809 000 0.025
Z1 PDF [-] A PDF [-]
(a) n-Dodecane. (b) 1-Octanol.

Figure 6.10: Temperature distribution extracted from the inert Woodward L'Orange single hole injector
simulation at tavSOIl= 0.1 ms for n-Dodecane (a) and 1-Octanol (b). The new initial profile for the flamelet
simulations is shown as the dash-dotted line, the adiabatic mixing line is denoted as the solid line, and the
methodology presented in [221, 222] is represented by the dotted line. Additionally, the marginal probability
density functions of Z and T are shown at the respective edges.

The influence of the heat-loss corrected temperature profile is examined for 1-Octanol in the Woodward
L'Orange injector (Figure 6.10 (b)) as it shows the highest sensitivity towards heat loss due to evaporation.
The findings of this comparison are also valid for the other fuels. For the sake of brevity, only 1-Octanol is
investigated in detail here.

In Figure 6.11, the side-by-side comparison of the adiabatic mixing line (left) and the heat-loss corrected
temperature profile (right) in the flamelet simulation is shown. The connection point for the two line segments
in the heat-loss corrected temperature profile is located at P(Z=0.27 |T'=576 K), see Figure 6.10 (b). From
the temperature profiles it can be observed, that as expected, the ignition of the heat-loss corrected flamelet
is delayed. The path of the highest temperature (7" at the most reactive mixture fraction Zyr, denoted as
the thin dash-dotted line in Figure 6.11) at each time step exhibits minor deviations, but overall very similar
profiles are observed®. Also, the major species do not show significant differences. Besides the later ignition
delay for the heat-loss corrected temperature profile, the stationary profiles for both modeling approaches are
identical. Moreover, also the scalar dissipation rate where ignition occurs X ion is not affected in the case
of the heat-loss corrected temperature profile. It can be concluded, that all chemically dominated processes
are not significantly affected in the stationary solution, but the expected shift in ignition delay is observed
(see color code and Figure 6.12). An explanation is found in the Arrhenius equation (Eq. 2.64). The lower

3The most reactive mixture fraction has been introduced by [224] and has been used as a single point. However, Mastorakos [224]
also states that Zyr can shift over time. In recent spray studies, the term most reactive mixture fraction has been utilized as the
point of highest temperature in the igniting flamelet manifold [102, 112, 178].
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temperatures in fuel-rich regions reduce the reactivity of the formation of CH,O. Through transport processes

and low-temperature chemistry, the temperature rises, and the ignition follows the same processes as the
standard modeling approach.
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Figure 6.11: Comparison of flamelet simulations with adiabatic mixing (left) and the heat-loss corrected
temperature profile (right) at xs:=701/s for 1-Octanol. The connection point for the two line segments in the
heat-loss corrected temperature profile derived in Figure 6.10 (b) is located at P(Z=0.27 |T=576 K) and is
used in the simulation of the marine injector. In the top row, the temperature profiles are presented for the
course of ignition. In the rows below, the mass fractions of the low and high-temperature ignition markers
(CH,0 and OH) and major species (CO, CO, and H,0) are displayed. While the ignition delay time is delayed
for the heat-loss corrected flamelet model, the stationary profiles are identical.
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In Figure 6.12, the influence of the scalar dissipation rate on the ignition delay time is shown for adiabatic
mixing and the heat-loss corrected temperature profile. The IDT of the heat-loss corrected profile exhibits
a higher ignition delay time compared to the flamelet with adiabatic mixing. The offset between the two
ignition delay curves remains nearly constant. Close to the ignition limit, both ignition delay curves align. The
ignition limit x4 ien is identical for both modeling approaches.
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Figure 6.12: Influence of the scalar dissipation rate on the ignition delay time for 1-Octanol. The modeling
approach with and without spray temperature correction is compared. The heat-loss corrected profile from
Figure 6.10 (b) exhibits a nearly constant higher ignition delay time. The ignition limit x ;en for both modeling
approaches is identical.

The findings from the analysis of a heat-loss corrected flamelet approach are summarized in bullet points:

Based on the findings from the analysis of the temperature distribution, a novel method for heat-loss
corrected initial temperature profiles due to latent heat of evaporation is proposed.

The novel model is, in contrast to existing models, including heat losses due to evaporation, physically
consistent, and the derivation of the initial temperature profile is a standardized and reproducible
process.

The novel model does not affect the stationary profiles of the flamelet simulation, only the course of
ignition is different, leading to longer ignition delay times.

Ignition at different values of the scalar dissipation rate at stoichiometry showed an almost constant
offset on the ignition delay time until close proximity to the ignition limit.

The ignition limit x jon is identical for the standard and heat-loss corrected flamelet model.

6.5

Flamelet Lookup Table (FLUT) generation

The Flamelet Lookup Tables (FLUT) used within this thesis have been produced with the in-house C++ code
"Universal Laminar Flame Solver" [185] and the in-house Python code "pyFLUT." According to Sec. 2.3.4, an
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ensemble of laminar non-premixed flamelets is solved before the LES. In this thesis, the resolution of Z in
the flamelet simulations is 101 points. The flamelet simulations are simulated in the interval of 7=0-10ms.
The first step is to find the scalar dissipation rate at stoichiometric conditions where the flamelet simulation
starts to ignite (ignition limit, X izn). The discretization of y. is evenly spaced in the table, only at the
boundaries (x5 = 0 and xst = Xst,ign ) @ refinement is applied. Usually, two to three x; values above Xt ign
are added to discretize non-ignited thermophysical states above xst ign. After a reasonable table layout is found
in terms of accuracy and size, a suitable definition of the progress variable is determined. Further information
about the optimization of the progress variable definition can be found in Sec. 2.3.4, and Sun et al. [77]. All
flamelet solutions are mapped from the flamelet time 7 to the progress variable C'. The resolution of C' is 151
within this thesis. Finally, all flamelet simulations are assembled into the FLUT, and the §-PDF integration
is al?vplied to get the filtered solution quantities needed in the LES for the TCI closure. The discretization in

7 direction is seven. Further information regarding the used FLUTs is found in Table 6.1. All tables have
been assembled for the standard flamelet model and the heat loss corrected flamelet model.

6.6 Conclusions on the flame structure analysis

A detailed flame structure analysis has been conducted for n-Dodecane, 1-Octanol and OME_;,. The analysis
is based on models of increasing complexity.

First, chemical ignition delay times are investigated in the 0-D homogeneous reactor model. The chemical
ignition delay time for OME,;, is three to six times lower than for n-Dodecane and 1-Octanol. This finding
indicates high reactivity for OME_,;,. The chemical IDT of n-Dodecane is shorter than 1-Octanol in the
temperature range relevant for ignition. In the high-temperature chemistry regime (7" > 1000 K), 1-Octanol
exhibits a higher reactivity, resulting in lower ignition delay times.

The ignition under strained conditions is investigated in the laminar non-premixed flamelet model. First, all
fuels are compared in flamelet simulations with identical profiles of the scalar dissipation rate to elucidate
differences in the flame structure. The increased share of bound oxygen in 1-Octanol and OME,_;, increase the
stoichiometric mixture fraction. The stoichiometric mixture fraction of OME;; (Zsx = 0.1083) is approximately
twice as high as 1-Octanol and n-Dodecane at the ECN baseline conditions. This significantly influences the
flame structure, shifting the diffusion flame to higher Z values. The oxygenated fuels exhibit the trend of
higher mass fraction peaks of CO and CO, in the stationary solution. The peaks of Yo and Yoo shift to higher
mixture fractions for oxygenated fuels, where higher amounts of carbon are present to form CO and CO,. The
higher maximum values of Yoo and Y09 for oxygenated fuels compared to n-Dodecane in the flamelet do
not agree with experimental results in engines, where lower CO emissions are reported. At stoichiometry,
almost no CO but mainly CO, is produced. At the stoichiometric mixture fraction of n-Dodecane (Zs=0.0460),
1-Octanol and OME,;, exhibit significantly lower values of CO (due to their higher stoichiometric mixture
fraction). This explains why, at certain operating conditions, OME_,;, and 1-Octanol show reduced levels of
CO. As observed in the homogenous reactor model, OME,;, has the lowest ignition delay time over the whole
range of scalar dissipation rates at stoichiometry. The high reactivity of OME,;, leads to a low sensitivity of
strain on ignition delay and a high value of the scalar dissipation rate where ignition occurs (xst,ign)-

In contrast, the influence on ignition delay by strain is significant for n-Dodecane and 1-Octanol. While at low
scalar dissipation rates at stoichiometry, 1-Octanol shows a higher IDT, a turning point is observed close to
the ignition limit of n-Dodecane where the IDT of 1-Octanol falls below the IDT of n-Dodecane. As observed
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in the ignition delay curve, the reactivity of 1-Octanol increases in the high-temperature chemistry regime,
leading to a higher ignition limit x; jon compared to n-Dodecane.

The mixture formation analysis revealed significant differences in the temperature distribution between the
fuels and the adiabatic mixing line assumed in the flamelet model. One important finding is that the lower heat
capacities of 1-Octanol and OME_;, increase the modeling error of neglecting the heat loss due to evaporation
in the flamelet model. A novel methodology introducing a temperature correction for the spray cooling effect in
the flamelet simulation is proposed. Compared to other approaches, the methodology is physically consistent
and standardized. The heat loss corrected temperature profile is derived from the inert spray simulation in a
post-processing step. The effects of the heat-loss corrected temperature profile have been shown in detail for
1-Octanol, the fuel with the highest latent heat of evaporation. While the ignition delay time is increased for
the corrected temperature profile, no differences in the stationary solution are exhibited. Also, the ignition
limits are identical since this is a reactivity-controlled process.

The detailed flame structure analysis provides detailed information for the reactive spray simulations. The novel
heat-loss corrected flamelet manifold is compared to the state-of-the-art flamelet model. The performance of
the new model will also be shown in the coupled reactive spray LES in the next chapter (Sec. 7).
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7 Ignition of Turbulent Spray Flames

As a final step in this thesis, the results of the reactive spray simulations are presented. The simulations were
conducted for n-Dodecane, 1-Octanol and OME_;, for the automotive ECN Spray A3 injector (Sec. 7.1), the
heavy-duty ECN Spray D (Sec. 7.2) and the marine Woodward L'Orange single-hole injector (Sec. 7.3). The
standard flamelet model and the heat-loss corrected flamelet model are compared based on the spray ignition
delay time as a global characteristic. The aim of the spray flame analysis is threefold:

Influence of mixture formation First, the influence of mixture formation concerning different fuel thermo-
physical properties on ignition is elucidated.

Influence of latent heat of evaporation on ignition Second, the influence of heat loss due to evaporation on
ignition is evaluated by comparison of the standard flamelet model with the temperature-corrected
flamelet model.

Influence of nozzle size Third, the influence of increasing nozzle size on ignition is examined.

The structure of the ignition of turbulent spray flames investigation is based on that of the mixture formation
analysis in Sec. 5. The fuels are compared side-by-side in one injector setup at a time, followed by the
comparison of injectors with increasing nozzle sizes. An overview of the ignition delay times of all fuels and
injectors is presented in Table 7.1.

7.1 Automotive injector: ECN Spray A3

In the following, the simulation results for the reactive ECN Spray A3 are presented. The comparison between
n-Dodecane, 1-Octanol, and OME_;, is drawn based on different combustion metrics, e.g., ignition delay
times, OH" chemiluminescence imaging, different Favre-filtered fields extracted from the LES and the analysis
of the flame structure in mixture fraction space.

7.1.1 Influence of latent heat of evaporation on ignition

The ignition delay time is a global spray flame characteristic crucial for engine design. The following analysis
shows the different ignition delay times for all fuels in Spray A3. Furthermore, the influence of the heat-loss-
corrected flamelet model is elucidated.

As described in the thesis of Riefd [191], the ignition delay in the experiment is determined as the 50 %
probability of all ignition events. An ignition event in the experiment is detected when a threshold value is
reached. The ignition delay time in the LES is determined by 2 % of the maximum of the volume-integrated
You. The volume-integrated mass fraction of the Favre-filtered OH signal is considered to be most consistent
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with the experimental measurement technique. In Figure 7.1, the evolution of the volume-integrated Favre-
filtered OH mass fraction is shown over time. The results for n-Dodecane (a) perfectly align with the IDT
measured in the experiment. As described in Sec. 6.4, n-Dodecane in the Spray A3 configuration is not
significantly affected by the heat loss due to evaporation. Hence, no heat-loss-corrected flamelet simulation is
conducted.

Table 7.1: Overview of ignition delay times from the experiment and the reactive spray simulation. The ignition
delay time Tign,sim,. ; of the standard flamelet model is compared with the solution of the heat loss corrected

flamelet model TignSimy, - Excellent agreement of the ignition delay time has been achieved with the heat
pray
loss corrected flamelet model introduced in this thesis.

Injector ‘ ECN Spray A3

Fuel Tign,Exp Tign,Simy, Tign’Sistmay €rel, Thq [%] €rel, Tspray [%]
0.4726

n-Dodecane 40.0185 ms 0.469 ms -0.1
0.8065

1-Octanol 40,0286 ms 0.647ms  0.7800ms  -24.7 -0.8
0.3807

OME,,ix 40,0154 ms 0.348ms  0.399ms -9.4 4.6

Injector ‘ ECN Spray D

Fuel Tign,Exp Tign,Simy, 7'ign,SimTSpray €rel, Thq [%] €rel, Tspray [%]
0.628

n-Dodecane 40,0280 ms 0.5520ms  0.632 ms -13.8 0.6
0.460

OME ix 40,029 ms 0.3800ms  0.464 ms -21.1 0.9

Injector ‘ Woodward L’Orange

Fuel Tign,Exp 7'ign,SimTa | 7'ign,SimTSpray €rel, Thq [%] €rel, Tspray [%]
0.5068

n-Dodecane 40,0338 ms 0.5260 ms 3.6
0.8779

1-Octanol 10.0595 ms 0.7410ms 0.851ms -18.5 -3.2

For 1-Octanol in subfigure (b) in Figure 7.1, the standard flamelet model fails to predict the correct ignition
delay time. As shown in Table 7.1, the relative error in IDT for 1-Octanol with the standard flamelet model
is around —25 %. From the analysis in Sec. 6.4, the high underestimation in IDT can be explained by the
large deviations between the adiabatic mixing line and the temperature distribution in the spray. A high
influence of heat loss due to evaporation is expected. The reactive spray simulation with the heat-loss corrected
temperature profile achieves significantly improved results. The deviation to the experiment is reduced to
around —1 %, perfect agreement is achieved.

For OME_,;, in subfigure (c), the ignition delay time as a global combustion metric shows reasonable agreement
with the standard combustion model. However, the heat-loss corrected flamelet model for OME_;, in Spray A3
halved the error to 5 %. The heat-loss corrected flamelet model improved the results significantly and shows
perfect alignment with the experiment.

The profile of the volume integrated Yoi of OME,;, in Figure 7.1 (c) reveals a significant difference to the
profiles of n;Dodecane (@) and 1-Octanol (b). While the profiles of n-Dodecane and 1-Octanol show a steep
increase of You, OME;, shows a flatter slope until the maximum value is reached. In the ECN Spray A, also
Mira et al. [112] observed lower values of Yoy for OME,_;,. The slope of OME_;, suggests a high sensitivity
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toward experimental techniques utilizing a threshold for the determination of the IDT. A threshold technique
might be inaccurate for fuels with a flat slope of the OH mass fraction.

x10~8 x10~% x10~%
1.0 1.0 1.0
Tign,sim: 0.4690 ms Tignsim: 0.7800 ms Tign,sim: 0.4000 ms
Tigngxp: 04726 +- 0.0185 ms Tiangixp: 0.8065 +- 0.0286 ms TignExp: 0.3807 +- 0.0154 ms
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(a) n-Dodecane. (b) 1-Octanol. (c) OMEiy.

Figure 7.1: Comparison of the volume integrated Yoy signal for n-Dodecane (a), 1-Octanol (b) and OME,;
(c) in ECN Spray A3. The spray ignition delay time is defined as 2 %( [,, Yo )max. The comparison shows
differences in the ignition delay time among the fuels for the standard flamelet model (dashed line) and the
heat-loss corrected flamelet model (solid line). The heat-loss corrected flamelet model aligns excellently
with the experimental ignition delay time.

7.1.2 Influence of the fuel on the ignition location

In spray flames, the formation of OH aligns with the flame front and is commonly used to compare exper-
imental data and simulation results. The comparison of the ignition location based on the averaged OH"
chemiluminescence images and the line of sight integrated (LOSI) ?OH mixture fraction from the LES for
Spray A3 in Figure 7.2 is used to validate the simulation framework. Further, the OH" chemiluminescence
distribution reveals more profound insight into the ignition location in the spray flame. In Figure 7.2, in each
subfigure, the experimentally measured OH" averaged and normalized signal intensity I is shown in the top
row. The most consistent comparison in the LES is the line of sight integrated OH mass fraction, which is
shown in the bottom row of each subfigure.

The comparison of n-Dodecane in Figure 7.2 (a) and 1-Octanol in Figure 7.2 (b) exhibit excellent agreement
with the experimental data. The position and onset of the ignition is captured very well. The line of sight
integrated You is distributed slightly wider in the spray normal direction for n-Dodecane and 1-Octanol, which
could be attributed to the kinetic mechanism used [91, 113, 225]. In contrast to n-Dodecane, the ignition
location in spray direction, also known as lift-off length (LOL), for 1-Octanol is observed further downstream
in the LES. The LOSI signal of OME_;, exhibits good agreement with the experiment. Especially the onset
of ignition is captured well. A slight shift downstream of the ignition position is observed. Experiments and
simulations show a narrower distribution for OME,;, compared to the other fuels. This finding is in line with
experimental and numerical studies [82, 112].

All fuels investigated in Spray A3 exhibit the typical onset of ignition at the spray tip on the spray centerline.
This finding aligns with the other studies in the literature and is an important characteristic for automotive
injectors [59, 85, 90, 96, 101, 102, 112, 113]. Considering the strong influence of the used kinetic mechanism
on the lift-off length [91, 113, 225], overall excellent agreement between experiment and simulation is
achieved.
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Figure 7.2: Comparison of reactive Large Eddy Simulation results towards experimental data for n-Dodecane
(a), 1-Octanol (b) and OME,;, (c) in ECN Spray A3. The top rows of each subfigure show the averaged
normalized signal intensity of OH" chemiluminescence. In the bottom rows, the instantaneous line-of-sight
integrated Favre-filtered OH mass fraction You is shown for comparison. The spatial structure of ignition is
captured very well by the LES for n-Dodecane, 1-Octanol and OME,y;y.
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7.1.3 Spray flame structure in physical space

The ignition process of the different fuels is now elucidated based on the Favre-filtered fields of the temperature,
CH,0 and OH mass fractions, the mixture fraction and the scalar dissipation rate at stoichiometry on the
center plane of the spray. In Fig. 7.3-Figure 7.5, the first row is the Favre-filtered temperature field 7' (a)
close before and after the onset of ignition. In the second row, the mass fraction of CH,O (?CHQO) as the
low-temperature ignition marker and the mass fraction of the high-temperaMture ignition marker OH (?OH) (b)
are shown. The third row shows the Favre-filtered mixture fraction field Z (¢) and the fourth row the scalar
dissipation rate at stoichiometry X (d). In all subfigures, the iso-line of the stoichiometric mixture fraction is
shown as a gray line. This analysis delivers a comprehensive insight into the ignition process, which is not
accessible by the experimental data available.

The ignition process of n-Dodecane is elucidated using the LES results in Figure 7.3. As described in Dahms
et al. [210], the cool flame marked by the formation of Yoo (b) starts in the fuel-rich parts of the spray
at t=0.4 ms. At the corresponding mixture fraction, an increase in the temperature field (a) is observed. At
t=0.450 ms, the onset of main ignition is exhibited with the consumption of CH,O (b) (opaque region at the
tip). In the subsequent time step at t=0.500 ms, the formation of OH (b) is observed at the spray head, which
is accompanied by high temperatures (a). The ignition over the spray head aligns with regions with a very
homogenous mixture fraction field, and low scalar dissipation rates at stoichiometry.

Compared to n-Dodecane, the ignition of 1-Octanol in Figure 7.4 is shifted towards later times (¢=0.78 ms).
In Figure 5.2, the outline (ZSO = 0.001) of the spray was comparable to that of n-Dodecane, while the Z;
iso-line in Figure 7.4 exhibits a slightly narrower spray due to the higher stoichiometric mixture fraction. As
also observed in the mixture formation analysis in Sec. 5, the spray of 1-Octanol shows significantly lower
temperatures (a) than n-Dodecane. The scalar dissipation rate (d) at the spray tip shows higher values than
n-Dodecane at the same time steps, inhibiting the ignition process. At t=0.75 ms, first ignition kernels are
observed at the spray tip.

The spray of OME,;, in Figure 7.5, shows a significantly different shape compared to n-Dodecane and 1-
Octanol. The contour formed by the Z iso-line is notably narrower due to the high mixture fraction at
stoichiometry (Z=0.1083) and the slightly narrower spray outline observed in Figure 5.2. Higher values
of the mixture fraction and the scalar dissipation rate at stoichiometry (d) are found, which aligns with the
results in Figure 5.16. The iso-line of Z is not closed, as exhibited for the other sprays. At t=0.35ms, a
detached cloud of small fuel-rich isles is shown, which is also reported in Mira et al. [112]. Despite the higher
scalar dissipation rates, the onset of ignition is located at the position of the detached isle of fuel-rich mixture.
Hence, the typical ignition over the spray head is also observed for OME,;,. All fuels show the typical cool
flame propagation behavior.
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(d) Favre-filtered scalar dissipation rate at stoichiometry: ;.

Figure 7.3: Comparison of T (a), Ycu20 & You (b), Z (c) and Y (d) fields of the reactive n-Dodecane Spray
A3 simulation. The gray line represents the iso-line of Z;. The comparison gives deeper insight into the

ignition process. The ignition over the spray head, typical for ECN Spray A is shown in the temperature and
You fields.
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Figure 7.4: Comparison of T' (a), Ycme0 & You (b), Z (c) and X (d) fields of the reactive 1-Octanol Spray A3

simulation. The gray line represents the iso-line of Z. The comparison gives deeper insight into the ignition
process. The ignition over the spray head, typical for ECN Spray A is shown in the temperature and Yoy

fields.
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Figure 7.5: Comparison of 7' (a), Yeus0 & You (b), Z (c) and Y (d) fields of the reactive OME,,;, Spray A3
simulation. The gray line represents the iso-line of Z. The comparison gives deeper insight into the ignition
process. The ignition over the spray head, typical for ECN Spray A is shown in the temperature and Yoy
fields.

7.1.4 Spray flame structure in mixture fraction space

The flame structure analysis is now conducted in mixture fraction space. In Figure 7.6-Figure 7.8, the subfigures
(a) show the Favre-filtered temperature T in physical coordinates for a better understanding of the results in
mixture fraction space. The analysis in mixture fraction space is shown in subfigures (b). The temperature
scatters are colored in their respective distance to the nozzle in the spray direction (y-direction) in the first row
and as the distance from the spray centerline (z-direction) in the second row. This method allows visualizing
the location of ignition in mixture fraction space. The Favre-filtered mass fractions of Ycm20 and Yop as the
marker for low and high-temperature ignition are colored by the distance to the nozzle (y-direction) and are
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plotted in the third and fourth row in subfigures (b).

The temperature distribution of the reactive n-Dodecane Spray A3 is shown in Figure 7.6. The distribution in
mixture fraction space in subfigure (b) reveals that the ignition of n-Dodecane starts in fuel-rich mixtures
with the formation of CH,0. At ¢t=0.450 ms, the formation of hydroxyl radicals is visible close to stoichiometry
in the fuel-rich part. The production of OH aligns with the consumption of CH,O and the onset of main
ignition. The highest temperatures are now observed at the stoichiometric mixture fraction. The temperature
scatters show that ignition starts at the spray tip and near the spray centerline. The analysis of the spray flame
structure in mixture fraction space reflects the flame structure observed in the flamelet simulation.

The spray flame analysis for 1-Octanol in mixture fraction space is presented in Figure 7.7. Compared to
n-Dodecane, more scatters are observed at lower temperatures in the fuel-rich region in Figure 7.7 (b).
The onset of a significant temperature increase is observed at t=0.6 ms, approximately 0.2 ms later than
n-Dodecane. In contrast to n-Dodecane, more high-temperature scatters are located further away from the
spray axis (second row in Figure 7.7 (b)). But the main ignition occurs at the spray head on the spray center
line. The broader ignition distribution for 1-Octanol is also visible in the OH" chemiluminescence signal,
discussed in Sec. 7.1.2.

The analysis of OME,,;, in mixture fraction space in Figure 7.8, reveals a significantly different spray flame
structure. The contour formed by the Z iso-line in Figure 7.8 (a) is notably narrower due to the high
stoichiometric mixture fraction of Z, =0.1083. In contrast to the other fuels, the iso-line of Z; is not enclosed.

In Figure 7.8 (b), scatters are found at higher values of the mixture fraction for OME,;, (up to Z=0.4), which
aligns with the results in Figure 5.16. At t=0.35ms, a detached cloud of small fuel-rich isles is shown in
Figure 7.8 (a), which is also reported in Mira et al. [112]. Despite the higher scalar dissipation rates observed
in Figure 7.5 (d), the onset of ignition is located at the position of the detached isles of the fuel-rich mixtures,
which confirms the typical ignition over the spray head for OME_;, (see also first row of Figure 7.8 (b)).

After the ignition at t=0.45 ms in Figure 7.8 (b), the flame structure of OME;, in mixture fraction space exhibits
only high temperatures in lean mixtures, which is unique for OME_;, in Spray A3. The high temperatures in
lean mixtures are also confirmed in Figure 7.8 (a) at t=1.0 ms. In contrast to the other fuels, this reduces the
formation of Yoy in Figure 7.7 (b) significantly. This finding explains the results from Figure 7.1 (c), where
also lower values of the volume integrated OH mass fraction were found. A similar flame structure in mixture
fraction space shown in this work has also been reported for Spray A in Mira et al. [112].

95



t = 0.400 ms t = 0.450 ms t = 0.500 ms

10 T [K] s

y [mm]
=]

t = 1.005 ms

900 2700 | | 11 17

0 lb 20 Sl) 4‘0 S}J 0 lb iO 31) 4‘0 5}) 0 l‘() 20 30 40 51) 0 ll)
x [mm] « [mm] x [mm]
(a) Favre-filtered temperature field in physical space: T.
t = 0.400ms t = 0.450ms t = 0.500ms

20 30 40 50

 [mm]

t = 1.000 ms

2500 |
_ 2000 F

=)
i 1500

Bew
Bis .
?&fr

1000
500 |,

2500 |
_ 2000 F
=
o 1500 ¢
1000

500 |,

0.0015 F
2 0.0010
0.0005

0.0000 ¢

0.015 [

0.010

Yero [-]

0.005

0.000 t¢

00 01 02 03 00 01 02 03
Z Z1

(b) Spray flame structure in mixture fraction space.

Figure 7.6: Spray flame structure analysis of n-Dodecane for the ECN Spray A3 injector. In subfigure (a),
the filtered temperature field in physical space is shown for comparison. The top row in (b) shows the
Favre-filtered temperature T colored as the distance in y-direction from the nozzle, and the second row is
colored as the distance in z-direction. The third and fourth rows are the Favre-filtred mass fractions of OH

and CH,0 colored as the distance from the nozzle in y-direction.
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(a) Favre-filtered temperature field in physical space: 7.
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Figure 7.7: Spray flame structure analysis of 1-Octanol for the ECN Spray A3 injector. In subfigure (a), the
filtered temperature field in physical space is shown for comparison. The top row in (b) shows the Favre-
filtered temperature T colored as the distance in y-direction from the nozzle, and the second row is colored
as the distance in z-direction. The third and fourth rows are the Favre-filtred mass fractions of OH and CH,0
colored as the distance from the nozzle in y-direction.
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(b) Spray flame structure in mixture fraction space.

Figure 7.8: Spray flame structure analysis of OME,,;, for the ECN Spray A3 injector. In subfigure (a), the filtered
temperature field in physical space is shown for comparison. The top row in (b) shows the Favre-filtered
temperature T colored as the distance in y-direction from the nozzle, and the second row is colored as the
distance in z-direction. The third and fourth rows are the Favre-filtred mass fractions of OH and CH,0 colored
as the distance from the nozzle in y-direction.

7.2 Heavy-duty injector: ECN Spray D

In the following, the simulation results for the reactive ECN Spray D simulation are presented. The comparison
between n-Dodecane and OME_,;, is drawn based on different combustion metrics.

98



7.2.1 Influence of latent heat of evaporation on ignition

The comparison of the experimental ignition delay time and the volume integrated OH mass fraction for the
ECN Spray D in Figure 7.9 reveals significant differences to Spray A3. The experimental ignition delay time
for n-Dodecane in subfigure (a) is approximately 30 % later compared to the IDT in Spray A3. As shown in
the mixture formation analysis in Figure 5.14, the evaporation process is delayed. Consecutive, the mixture
formation process takes longer until ignitable mixtures are present. Furthermore, the higher injected mass
in Spray D also leads to a lower temperature distribution (see Figure 6.9), and ignitable fluid particles need
more time for ignition.

The simulation incorporating the heat-loss corrected flamelet model for n-Dodecane shows excellent agreement
with the experimental IDT. However, the standard flamelet model underestimates the IDT by roughly 10 %.
This finding suggests that the later IDT in Spray D for n-Dodecane is mostly attributed to a different mixture
formation process than in Spray A3.

For OME,,;, in subfigure (b) of Figure 7.9, the experimental IDT is only approximately 20 % longer than in
Spray A3. The reactive spray simulation with the standard flamelet model exhibits an IDT of approximately
0.38 ms, which is identical to the IDT discovered in Spray A3 conditions. The temperature-corrected flamelet
model for OME_,;, aligns perfectly with the experimental IDT of 0.46 ms. It can be concluded that the later
ignition delay for OME_,;, in Spray D is, in contrast to n-Dodecane, mainly attributed to heat loss due to
evaporation. This finding is supported by the analysis of the influence of the scalar dissipation rate on ignition
in Figure 6.5, showing that OME_;, does not exhibit a high sensitivity towards the scalar dissipation rate.
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Figure 7.9: Comparison of the volume integrated Yo signal for n-Dodecane (a), and OME,,;, (b) in ECN Spray
D. The spray ignition delay time is defined as 2 %( [,, ?OH)maX. The comparison shows differences in the
ignition delay time among the fuels for the standard flamelet model (dashed line) and the heat-loss corrected
flamelet model (solid line). The heat-loss corrected flamelet model aligns excellently with the experimental
ignition delay time.
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7.2.2 Influence of the fuel on ignition location

The comparison of the experimental OH" signal and the line of sight integrated Favre-filtered OH mass fraction
in Figure 7.10 reveals insight into the ignition location for Spray D. The experimental data in Figure 7.10 has
been provided by personal communication by one of the co-authors (José Maria Garcia) of Pastor et al. [82].
In Figure 7.10, the top row in each subfigure shows the experimental averaged and normalized OH" signal
intensity I and the bottom row shows the line of sight integrated You. For OME,,;x, the normalization process
at t=0.45 ms causes a noisy image in subfigure (b).

In Figure 7.10 (a), the results for n-Dodecane are shown. The onset of ignition is captured excellently by
the LES. Further, in line with experimental and simulation results in the literature [82, 93-95, 97, 140], the
ignition of n-Dodecane in Spray D is observed at the spray flanks. The peaks of the LOSI Yoy are located at
around 8 mm in the radial direction, which aligns well with the experimental OH" signal. Also, the lift-off
lengths of the experiment and simulation align very well.

In contrast, the results for OME_;, in Figure 7.10 (b) show a significantly different distribution. The peaks
of the OH" signal and the LOSI Yoy are closer together in the radial direction than for n-Dodecane. Also,
in the spray direction, the distribution of OME,,;, is more compact than for n-Dodecane. The experimental
OH’ images in the top row also show a narrow distribution of the intensity for OME,y;, with ignition over the
spray flanks. In the instantaneous LES in the bottom row, a distinction between the peaks at the flanks can be
identified too, but the signals are very close together. The onset of ignition and lift-off length of the LES for
OME,,;, align perfectly with the experimental data.

In contrast to the findings in Pastor et al. [82] (at t=3.015 ms), ignition over the spray flanks is also observed
for OME_,;,. The narrower distribution and ignition closer to the spray center axis for OME_;, is explained with
the doubled stoichiometric mixture fraction compared to the n-Dodecane of Zs =0.1083 and will be further
discussed in Sec. 7.2.3. This finding is a novelty in this work and extends the understanding of spray flames
with oxygenated fuels. Overall, perfect agreement of ignition location and the onset of ignition is observed for
the reactive spray simulation.
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Figure 7.10: Comparison of reactive Large Eddy Simulation results towards experimental data for n-Dodecane
(a) and OME,;, (b) in the ECN Spray D [82]. The top rows of each subfigure, show the averaged normalized
signal intensity of OH" chemiluminescence. In the bottom rows, the instantaneous line-of-sight integrated
Favre-filtered OH mass fractionj/OH is shown for comparison. The spatial structure of ignition is captured
very well by the LES. The LOSI Yoy highlights the ignition over the spray flanks for n-Dodecane in (a). For
OME,x in (b), the high-intensity regions are closer together, which has also been observed in [82].

7.2.3 Spray flame structure in physical space

The spray flames of n-Dodecane and OME_;, in Spray D are now analyzed in physical space. In Figure 7.11,
the ignition process of n-Dodecane is shown. The characteristic ignition over the spray flanks is clearly visible
in the Favre-filtered temperature field (Figure 7.11 (a)) and the Favre-filtered mass fraction of OH (Figure 7.11
(b)). The mixture fraction field in subfigure (c) reveals that the ignition location at the spray flank exhibits
significantly lower values of the mixture fraction compared to the spray tip. As shown in a flame regime
analysis by Popp et al. [94], the same locations exhibit the low-temperature chemistry regime and successively
high-temperature ignition in Spray D. The findings from Figure 5.6 show that, in comparison to Spray A3,
the liquid penetration and vapor penetration align for a longer time. This mixing phenomenon leads to high
mixture fractions and low temperatures on the spray center axis. In contrast, in Spray A3 (see Figure 5.2),
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the liquid and vapor penetration lengths separate faster. As a direct effect, in Spray A3, a fuel vapor cloud is
pushed in front of the liquid spray that mixes with the hot ambient and creates an ignitable mixture at the
spray head. In Spray D, however, air entrainment is found at the spray flanks.

The mixture formation of OME;, in Figure 7.12 exhibits a narrower spray due to the high stoichiometric
mixture fraction. The ignition over the spray flanks, which has been observed in Figure 7.10 is clearly visible in
the temperature (Figure 7.12 (a)) and ?OH (Figure 7.12 (b)) fields. The observation of lower scalar dissipation
rates X (d) at the spray flanks compared to the spray head for n-Dodecane is also found for OME ;.. However,
for OME,;, higher values of the mixture fraction (Figure 7.12 (c)) are observed at the spray flanks than for
n-Dodecane. In contrast to Spray A3, in Spray D, the iso-line for OME_;, of Z; is enclosed, and no detached
clouds of fuel-rich mixtures are observed.
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(d) Favre-filtered scalar dissipation rate at stoichiometry: xst.

Figure 7.11: Comparison of T' (a), Ycmz0 & You (b), Z (c) and Y (d) fields of the reactive n-Dodecane Spray D
simulation. The gray line represents the iso-line of Z;. The comparison gives deeper insight into the ignition
process. The ignition over the spray flanks, typical for ECN Spray D, is shown in the temperature and the Yoy
fields.
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Figure 7.12: Comparison of 7' (a), Ycm20 & You (b), Z (c) and Y (d) fields of the reactive OME,,;, Spray D
simulation. The gray line represents the iso-line of Z;. The comparison gives deeper insight into the ignition

process. The ignition over the spray flanks, typical for ECN Spray D, is shown in the temperature and the You
fields.

7.2.4 Spray flame structure in mixture fraction space

The flame structure analysis in mixture fraction space in Figure 7.13 and Figure 7.14 provides a comprehensive
insight into the ignition process of Spray D. In subfigures (a), the temperature distribution in physical
coordinates is shown for a better understanding of the results in mixture fraction space. The ignition is
examined with the temperature distribution colored in the spray direction (y) in the first row, and spray
normal direction (x) in the second row in subfigures (b).

For n-Dodecane, the onset of ignition at t=0.65ms in Figure 7.13 (b) clearly shows that the hottest scatters
are not at the spray tip, but at the spray flanks. This aligns with the findings made in the previous sections
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(Sec. 7.2.2 and Sec. 7.2.3). The analysis in mixture fraction space reveals that the onset of ignition is
approximately at the same mixture fraction Z=0.1 as observed in Spray A3, while in Spray A3 the ignition
starts at the spray head and in Spray D at the spray flanks. It can be concluded that the mixture formation
process in Spray D is significantly different than in Spray A3. This finding is supported by the results made in
Popp et al. [94].

After ignition has occurred at ¢=0.65ms, the spray head of n-Dodecane is also ignited. At t=1.0 ms ignited
scatters are found distributed in y and = direction in Figure 7.13 (b). The ignited spray head is also visible
in Figure 7.13 (a). At t=1.0ms, the cool flame propagation becomes visible. In the region where Yoy is
produced, formaldehyde Y20 is consumed.

The analysis for OME_,;, in Figure 7.14 confirms the findings from the analysis in physical space in Sec. 7.2.3.
The ignition occurs in a smaller area around the spray center line. The separation between ignition over the
spray head or spray flanks in the first and second row of Figure 7.14 (b) is not pronounced in mixture fraction
space. Hot scatters in the x direction (second row) in Figure 7.14 (b) reveal that the ignition over the spray
flanks is mainly present in fuel-lean conditions. However, the onset of ignition at t=0.4 ms is found at fuel-rich
conditions at Z=0.2. This finding contrasts the classical cool flame propagation [210] observed in Spray A3.
The scatters in fuel-lean conditions during ignition suggest that in Spray D with OME,_;,, the influence of the
premixed combustion regime is more pronounced [226].
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Figure 7.13: Spray flame structure analysis of n-Dodecane for the ECN Spray D injector. In subfigure (a),
the filtered temperature field in physical space is shown for comparison. The top row in (b) shows the
Favre-filtered temperature T colored as the distance in y-direction from the nozzle, and the second row is
colored as the distance in z-direction. The third and fourth rows are the Favre-filtred mass fractions of OH
and CH,0 colored as the distance from the nozzle in y-direction.

105



You [-]

Yero [-]

y [mm]
(=]

2500 |
2000
1500
1000

500 |

2500 |
2000 f
1500 +
1000
500 |

0.002

0.001

t = 0.400 ms

T K] e r—

b ity b D

900 2700 q

t = 0.450 ms

t = 0.500 ms

—~

t = 1.000 ms

—»

0 10 20 30 40 50 60 70

« [mm]

10 20 30 40 50 60 70

= [mm]

0 10 20 30 40 50 60 70

 [mm]

0 10 20 30 40 50 60 70

 [mm]

(a) Favre-filtered temperature field in physical space: 7.

t = 0.400 ms

t = 0.450 ms

t = 0.500 ms

t = 1.000 ms

|/

] _£ f ]
| '45'.. o |

i
|
JPLEN

4
/4
/

1
1
1
1
/ 1
1
1

0.000 tr

0.020
0.015
0.010
0.005
0.000 ¢

_..451’

(b) Spray flame structure in mixture fraction space.

y [m]
0.08

Figure 7.14: Spray flame structure analysis of OME,;; for the ECN Spray D injector. In subfigure (a), the filtered
temperature field in physical space is shown for comparison. The top row in (b) shows the Favre-filtered
temperature T colored as the distance in y-direction from the nozzle, and the second row is colored as the
distance in z-direction. The third and fourth rows are the Favre-filtred mass fractions of OH and CH,0 colored
as the distance from the nozzle in y-direction.

7.3 Marine injector: Woodward L'Orange single hole

In the following, the simulation results for the reactive Woodward L'Orange injector are presented. The
comparison between n-Dodecane and 1-Octanol is drawn based on different combustion metrics.
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7.3.1 Influence of latent heat of evaporation on ignition

In Figure 7.15, the profiles of the volume integrated You are shown together with the experimentally
determined ignition delay time for n-Dodecane (a) and 1-Octanol (b) in the Woodward L’Orange injector. The
experimentally measured ignition delay times for the marine injector for n-Dodecane (7ign, Exp=0.5068 ms)
and 1-Octanol (Tign Exp=0.8779 ms) are only slightly higher compared to ECN Spray A3 (see Table 7.1). For
comparison, the IDT of n-Dodecane and 1-Octanol in the marine injector is increased by only approximately
10 % than in Spray A3, while in Spray D, the IDT was increased by approximately 30 % for n-Dodecane. Hence,
the IDT of n-Dodecane in the marine injector is shorter than in Spray D. The mixture formation analysis
in Sec. 5.4 revealed very similar profiles of the averaged mixture fraction and scalar dissipation rate for
n-Dodecane in Spray D and the marine injector. The lower ignition delay time for n-Dodecane in the marine
injector than in Spray D is explained by the higher averaged temperature distribution in the marine injector in
Figure 6.10 (a).

The ignition delay time of n-Dodecane of 7jgy, gim =0.526 ms in 7.15 (a) shows excellent agreement with the
experimental IDT. As already observed in Spray A3, no heat-loss correction is needed for n-Dodecane. The
temperature distribution of n-Dodecane in the marine injector in Figure 6.10 (a) is shifted towards fuel-rich
conditions and higher temperatures, which explains that no temperature correction is needed.

In contrast to n-Dodecane, the influence of heat loss due to evaporation is significant in the IDT of 1-Octanol.
The simulation with the standard flamelet model underestimates the IDT by approximately 20 % (see Table 7.1).
As shown in Figure 7.15 (b), the heat-loss corrected flamelet model delivers excellent agreement with the
experiment for 1-Octanol (7ig,,sim =0.851 ms). The later ignition of 1-Octanol in the marine injector compared
to Spray A3 can be explained by the delayed mixture formation process shown in Figure 5.15 (b). Further,
lower chemical reactivity has been shown in Figure 6.3.

Overall, a perfect agreement has been shown in the ignition delay times of the marine injector for n-Dodecane
and 1-Octanol. While n-Dodecane did not exhibit a sensitivity toward the heat-loss corrected flamelet model,
the influence for 1-Octanol was very significant.
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Figure 7.15: Comparison of the volume integrated Yo signal for n-Dodecane (a), and 1-Octanol (b) in
the marine Woodward L'Orange injector. The spray ignition delay time is defined as 2 %( [, ?OH)maX. The
comparison shows differences in the ignition delay time among the fuels for the standard flamelet model
(dashed line) and the heat-loss corrected flamelet model (solid line). The heat-loss corrected flamelet model
aligns perfectly with the experimental ignition delay time.

7.3.2 Influence of the fuel on ignition location

The comparison of the OH" signal with the line of sight integrated mass fraction of OH in Figure 7.16 reveals
significant differences in the ignition process of n-Dodecane (a) and 1-Octanol (b).

The lift-off length of n-Dodecane in Figure 7.16 (a) is slightly overestimated in the LES. Most high-intensity
regions in the LOSI You signal are located at the spray flanks, which is also observed in the experiment. In
contrast to the averaged experimental data, the instantaneous LES results exhibit scattered peaks of Yo,
while the experiment predicts a more continuous ignition front at the flanks. The strong dependency of the
used chemical kinetic mechanism on the OH formation explains differences to the experiment.

Also, the LES results of 1-Octanol in Figure 7.16 (b) show ignition at the spray flanks, which aligns well with
the experiment. The lift-off length of 1-Octanol is slightly underestimated in the simulation. The shape of the
LOSI Yoy in Figure 7.16 (b) for 1-Octanol is narrower than the experiment. While the experiment shows
distinct high-intensity regions, the LES exhibits smaller scattered regions. Overall, good agreement in the
ignition location and onset of ignition is achieved for n-Dodecane and 1-Octanol.
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Figure 7.16: Comparison of reactive Large Eddy Simulation results for the Woodward LOrange single hole
injector towards experimental data for n-Dodecane (a) and 1-Octanol (b). In the top rows of each subfigure,
the averaged normalized signal intensity of OH" chemiluminescence is shown. In the bottom rows, the
instantaneous line-of-sight integrated Favre-filtered OH mass fraction Yoy is shown for comparison. The
spatial structure of ignition is captured very well by the LES.

7.3.3 Spray flame structure in physical space

The spray flame structure of the marine injector for n-Dodecane and 1-Octanol is now examined in physical
space in Figure 7.17 and Figure 7.18. In general, n-Dodecane and 1-Octanol show very similar mixing behavior
in the Woodward I’Orange injector, while the ignition delay times are different.

The nozzle diameter of the marine injector compared to Spray D is increased by a factor of 1.6, and the
resulting spray pattern for both fuels is broader in the spray normal direction. However, both fuels in the
Woodward I’Orange injector exhibit the same characteristic distribution of the mixture fraction reported for
Spray D. High values of the mixture fraction are present on the spray center axis from the spray base until the
spray head, visible in the subfigures (c) in Figure 7.17 and Figure 7.18. Still fuel-rich, but leaner mixtures
are observed at the spray flanks where also lower scalar dissipation rates Yy are observed (subfigures (d)
in Figure 7.17 and Figure 7.18). It can be concluded, that more hot air has been entrained at the spray
flanks, and the ignition process is initiated. This assumption is supported by the flame regime analysis of
Spray D in Popp et al. [94], where similar spray structures are found. As shown in the line of sight integrated
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You in Figure 7.16, the onset of ignition is observed at the spray flanks visible by high-temperature regions
in subfigure (a) and the formation of ?OH in subfigures (b) of Figure 7.17 and Figure 7.18. This effect is
very prominent for n-Dodecane, in Figure 7.17 (a). At t=0.50ms, a pocket is formed for n-Dodecane at the
lower flank of the spray where first formaldehyde (Figure 7.17 (b)) is produced and subsequently consumed,
denoting the onset of high-temperature ignition.

However, the same mixture formation process leading to ignition over the spray flanks is observed for 1-Octanol.
The onset of ignition for 1-Octanol is also observed at the spray flanks ( see Figure 7.18 (a)). The significantly
higher IDT of 1-Octanol in the spray flame is explained by the lower temperatures due to the high latent heat
of evaporation observed in the mixture formation analysis in Figure 5.19 (b) and the higher chemical ignition
delay in Figure 6.3.

The spray flame of n-Dodecane shows a higher spray cone angle after ignition. The thermal expansion due
to hot products at ignition occurs at approximately t=0.5ms for n-Dodecane and spreads the spray. Due
to the later ignition of 1-Octanol and slightly higher stoichiometric mixture fraction, the spray structure in
Figure 7.18 is narrower compared to n-Dodecane until ignition. After ignition at t=0.9 ms, also the spray
flame of 1-Octanol spreads out.

Overall, n-Dodecane and 1-Octanol show a very similar mixture formation process in the Woodward L'Orange
injector. Both fuels show the onset of ignition over the spray flanks, as observed in the heavy-duty ECN Spray
D injector in Sec. 7.2. The later ignition of 1-Octanol is explained by the lower temperature distribution due
to the high latent heat of evaporation and its high chemical ignition delay time. The spray flame shape of
1-Octanol exhibits a more elongated shape than n-Dodecane, due to the later onset of ignition.

110



t = 0.400 ms t = 0.500 ms t = 0.550 ms t = 0.600 ms
20 T T T T T T T T T T T T T T T T T
T K] 0
10 ¢ 900 2700 A
7 / W, T
E 0| iy )
= G RS
-10 ¢
20 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
a [mm] x [mm] x [mm] x [mm]
(a) Favre-filtered temperature: 7.
t = 0.400 ms t = 0.500 ms t = 0.550 ms t = 0.600 ms
20 T T T T T T T T T T T T T T T T T
Yoo 1 &
10k cno 10 o0 L . 17 A 17 C T
7 e R PO
E o= = = =
> At TS ' Boed A
10+ B _ | | 1 | o 1 L [
Youl-] O 0.0013
20 . . . R . . . . . . . . . . . . . . . . . . . . . . . .
10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
a [mm] x [mm] x [mm] x [mm]
(b) Favre-filtered mass fractions of CH,0 and OH: Ycu20 & You.
t = 0.400 ms t = 0.500 ms t = 0.550 ms t = 0.600 ms
20 T T T T T T T T T T T T T T T T T T T T
Z -
10 0 0.4 ~ i
E = - P "*{
[y I : | ==
= 3 a8 RGNS
-10 ¢
20 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
a [mm] x [mm] x [mm] x [mm]
(c) Favre-filtered mixture fraction: Z.
t = 0.400 ms t = 0.500 ms t = 0.550 ms t = 0.600 ms
20 T T T T T T T T T T T T T T T T T T
Xst [1/
10t X“Vl ol 600 { | i 1t i 1t . wefuas
E B o S P & B > ‘ S
E 0f=—oo [T —___ —
> ~— ~
-10 ¢
20 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
x [mm] x [mm] x [mm] x [mm]

(d) Favre-filtered scalar dissipation rate at stoichiometry: ;.

Figure 7.17: Comparison of 7' (a), Yoo & You (b), Z (c) and X« (d) fields of the reactive n-Dodecane Wood-
ward L'Orange single hole injector simulation. The gray line represents the iso-line of Z.. The comparison
gives deeper insight into the ignition process. The ignition over the spray flanks, typical for heavy-duty
injectors, is shown in the temperature and Yoy fields.
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(d) Favre-filtered scalar dissipation rate at stoichiometry: ;.

Figure 7.18: Comparison of T' (a), Yemzo & You (b), Z (c) and Y« (d) fields of the reactive 1-Octanol Woodward
L'Orange single hole injector simulation. The gray line represents the iso-line of Z;;. The comparison gives
deeper insight into the ignition process. The ignition over the spray flanks, typical for heavy-duty injectors, is
shown in the temperature and the Yoy fields.

7.3.4 Spray flame structure in mixture fraction space

In the following, the spray flame structure of the marine injector is analyzed in mixture fraction space in
Figure 7.19 and Figure 7.20. In particular, the ignition location in mixture fraction space is investigated.
For an easier interpretation of the results in mixture fraction space, the corresponding temperature field in
physical space is shown in subfigures (a). The temperature scatters in Figure 7.19 (b) and Figure 7.20 (b) are
colored according to the distance from the nozzle in the spray direction (y-direction, first row) and as the
distance in the spray normal direction (x-direction, second row).

The spray flame structure of n-Dodecane in Figure 7.19 (b) exhibits the highest mixture fractions among all

112



injectors. In the marine injector, values up to Z=0.4 are observed for n-Dodecane. The onset of ignition for
n-Dodecane is observed at Z~0.1 in Figure 7.19 (b). The same value has also been observed for Spray A3
(Sec. 7.1.4) and Spray D (Sec. 7.2.4). The temperature distribution in Figure 7.19 (b) clearly shows, that
the onset of ignition is located at the spray flanks. At t=1.000 ms, the spray flame is fully developed, and the
cool flame propagation process is clearly visible in 7.19 (b) for ?OH and ?CHQO. The red scatters of ?OH in
Figure 7.19 (b) represent the flame at the spray head. At the location of the peak of ?OH, EN/CHQO is almost
completely consumed.

The flame structure of 1-Octanol in Figure 7.20 (b) is similar to n-Dodecane. The onset of ignition is observed
in the second row of Figure 7.20 (b) at Z=x0.1 at the spray flanks. Due to the longer ignition delay time of
1-Octanol, the ignition is observed further downstream compared to the other sprays (see first and second
row of Figure 7.20 (b)). The lower chemical IDT and the lower temperatures observed in Figure 6.10 lead
to the later ignition. The fully developed spray flame at t=1.000 ms in Figure 7.20 (a) is narrower than
n-Dodecane and exhibits a cylindrical shape, while n-Dodecane shows a conical shape. The scatters colored in
the spray’s normal direction in the second row of Figure 7.20 (b) are homogenously distributed over fuel-lean
and fuel-rich mixtures, which is reflected in the temperature field in Figure 7.20 (a).

The analysis in mixture space of the marine Woodward L'Orange injector confirms the observations made
in Spray A3 and Spray D. The ignition location in mixture fraction space is determined by a fuel-dependent
mixture fraction of ignition, but the ignition in physical space is dominated by mixture formation. For 1-Octanol
and n-Dodecane the ignition starts at Z=0.1 in all injector sizes. As shown in Figure 7.17 (c) and Figure 7.18
(c), the mixture fraction of ignition in the marine injector is observed at the spray flanks, where subsequently
ignition is initiated.
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(b) Spray flame structure in mixture fraction space.

Figure 7.19: Spray flame structure analysis of n-Dodecane for the Woodward L'Orange single hole injector.
In subfigure (a), the filtered temperature field in physical space is shown for comparison. The top row in
(b) shows the Favre-filtered temperature T colored as the distance in y-direction from the nozzle, and the
second row is colored as the distance in z-direction. The third and fourth rows are the Favre-filtred mass
fractions of OH and CH,0 colored as the distance from the nozzle in y-direction.
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(b) Spray flame structure in mixture fraction space.

Figure 7.20: Spray flame structure analysis of 1-Octanol for the Woodward L'Orange single hole injector. In
subfigure (a), the filtered temperature field in physical space is shown for comparison. The top row in (b)
shows the Favre-filtered temperature 7" colored as the distance in y-direction from the nozzle, and the second
row is colored as the distance in z-direction. The third and fourth rows are the Favre-filtred mass fractions of
OH and CH,0 colored as the distance from the nozzle in y-direction.

7.4 Conclusions on ignition in turbulent spray flames

In this chapter, the reference fuel n-Dodecane, the biogenic oxygenated fuel 1-Octanol and the synthetic
oxygenated fuel OME_;, have been investigated under reactive conditions in different injectors with increasing
nozzle sizes. In the following, the findings and results of this examination are discussed. First, the influence
of the nozzle size on the spray flame structure is discussed. Second, the differences in spray flame combustion
among the fuels are elucidated in detail.

The analysis of the automotive Spray A3, the heavy-duty injector Spray D and the marine Woodward L'Orange
injector revealed significant differences in the mixture formation and ignition process among the injectors.
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A characteristic feature of the automotive injector Spray A3 is the ignition over the spray head. The small
nozzle size leads to smaller droplets that can exchange momentum very fast. The momentum exchange
leads to air entrainment that enhances the evaporation process significantly. An ignitible, slightly fuel-rich
mixture is formed in the spray head. Through the mixing process in the spray head, lower scalar dissipation
rates at stoichiometry are observed, while the spray base exhibits higher scalar dissipation rates. In contrast
to the automotive injector Spray A3, the mixture formation process of the heavy-duty and marine injector
is significantly different. The larger nozzle sizes of the Spray D and Woodward L'Orange injectors exhibit
delayed evaporation, which is shown in the averaged mixture fraction analysis in Sec. 5.4. It is assumed, that
the higher injected mass and the initially larger blobs exhibit reduced momentum exchange due to reduced
drag (Figure 5.10). Also, the visual inspection of the Spray D and Woodward L’Orange injectors shows that
the liquid penetration is on the same level as the vapor penetration until approximately ¢=0.2 ms. The high
liquid penetration depths lead to a cool area and high values of the mixture fraction on the spray center line.
The visual inspection of the mixture fraction field for Spray D and the Woodward L'Orange injector reveals
(subfigures (c) in Figure 7.11, Figure 7.12, Figure 7.17 and Figure 7.18) that lower values of the mixture
fraction are observed at the spray flanks, compared to the spray head. The mixing in large nozzles is assumed
to be located at the spray flank, while the smaller nozzle of Spray A3 shows the main mixing at the spray head.
This finding aligns with the results of Popp et al. [94], where a regime identification method for n-Dodecane
in Spray A and Spray D was conducted. In Spray A, the low-temperature chemistry regime was observed at
the spray head and for Spray D at the spray flanks [94]. The spray flame characterization in mixture fraction
space shows that ignition for small and large nozzle occurs at the same respective mixture fraction. It can be
concluded, that the differences in the spatial ignition location at the ECN baseline conditions investigated in
this study are mainly attributed to the mixture formation process. This finding is a novelty discovered in this
work.

Besides the different mixture formation behavior due to the size of the nozzle, also significant differences in
the ignition behavior among the fuels: n-Dodecane, 1-Octanol and OME_;, are observed. In the following, the
most significant differences are elucidated.

N-Dodecane is used in this thesis as a reference fuel since it is the most common surrogate fuel for Diesel. The
chemical ignition delay time of n-Dodecane is between that of 1-Octanol (highest IDT) and OME_;, (lowest
IDT) in this thesis. The ignition delay time of n-Dodecane is increasing with the size of the nozzle. A trend of
increasing IDT with the nozzle size from Spray A3 (smallest) to Woodward L’Orange (higher IDT) and Spray
D (highest IDT) is observed for n-Dodecane. The gaseous heat capacity at constant pressure of n-Dodecane is
significantly higher compared to the other fuels. The higher heat capacity leads to a more concave shape of
the adiabatic mixing line assumed in the combustion model, which fits better with the spray’s temperature
distribution. The sensitivity towards heat loss due to evaporation for n-Dodecane is less significant compared
to 1-Octanol and OME_;,.

The lowest reactivity has been observed for 1-Octanol, which also has the longest chemical ignition delay time
among the fuels. Especially in the low-temperature chemistry regime, the lowest reactivity is observed. At
higher temperatures, a higher reactivity for 1-Octanol is observed than for n-Dodecane. 1-Octanol exhibits
the highest latent heat of evaporation among the fuels (Figure 2.4), which leads to high heat losses due to
evaporation in the spray (see Sec. 5.4.2). Consecutively, high ignition delay times are observed in the spray.
1-Octanol exhibits the highest sensitivity towards the heat-loss corrected flamelet model. The ignition delay
times without the corrected model underestimate the ignition delay time by up to 25 %. Even though the
latent heat of evaporation is significantly higher compared to n-Dodecane, the mixture formation process is
similar to n-Dodecane.

In contrast to the other fuels considered, OME;, exhibits a significantly different mixture formation process.
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The high vapor pressure of OME_;, (Figure 2.4) leads to higher maximum values of the mixture fraction. The
stoichiometric mixture fraction of OME_;, is approximately doubled compared to n-Dodecane and 1-Octanol
at ECN baseline conditions. The high value of the stoichiometric mixture fraction results in less fuel-rich
mixtures in Spray A3, where a detached cloud of small isles with fuel-rich mixtures is observed. The unique
mixture formation process leads to an overall leaner mixture that could be utilized for CO reduction since CO
is mainly produced in the fuel-rich regions of the flame. Further, the chemical and thermophysical properties
of OME_;, are significantly different. The chemical ignition delay time and ignition delay time under strained
conditions are significantly lower than for n-Dodecane and 1-Octanol. Furthermore, the low sensitivity of
strain on ignition delay and the high ignition limit of OME_;, results in a lower sensitivity of the ignition delay
time with increasing nozzle sizes. The influence of heat-loss correction is evaluated as moderate for OME_;,
in Spray A3 but significant in Spray D!.
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Figure 7.21: Overview of the ignition delay times for all fuels and injectors. The circles represent n-Dodecane,
the downright triangles represent 1-Octanol, and the diamonds represent OME,,,. Filled markers denote the
ignition delay times utilizing the heat loss corrected flamelet model, non-filled markers show the IDT of the
standard flamelet model, and the smaller non-filled markers with error bars represent the experimental IDTs.

As shown in Figure 7.21, excellent agreement has been achieved among all fuels and injectors utilizing the
novel heat-loss corrected flamelet model developed in this thesis. The developed LES spray framework has
been adapted and validated for the simulation of fuels with significantly different thermophysical properties
in small and very large injector setups. The LES reveals new insights into the mixture formation and ignition
process of turbulent spray flames. The combined mixture formation analysis in inert conditions and the spray
flame analysis in mixture fraction space revealed the cause-effect chain of different ignition locations in the
spray. Finally, the critical parameters and sensitivities among n-Dodecane, 1-Octanol, and OME_;, have been
identified and discussed.

!Note that the smaller influence of the heat-loss corrected flamelet model for OME,,;, only holds for the investigated injectors and
boundary conditions. In Haspel et al. [1], the ignition delay time was underestimated more significantly for neat OME; and OME,
in a heavy-duty injector at reduced ambient temperatures and an increased rate of injection. It is assumed that the underestimated
IDTs are due to the high enthalpy loss due to the latent heat of evaporation.
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8 Summary, Conclusion and Outlook

The transport sector contributes significantly to the emission of greenhouse gases due to the combustion of
fossil fuels. The increasing threats of global warming accelerate the development of renewable technologies
reducing the carbon dioxide footprint. The preferred route in the transport sector is defossilation using fuels
from renewable resources. Novel Diesel fuels from biogenic sources and renewable electricity (E-Fuels) are
promising candidates due to their carbon-neutral production and backstop ability. In this thesis, the biogenic
fatty alcohol 1-Octanol and the synthetic group of oligomers (Poly-)oxymethylene ethers are investigated.
Due to their oxygenated molecular structure, both fuels exhibit changed thermophysical and chemical kinetic
properties. This thesis aims to elucidate the influence of the changed thermophysical properties on mixture
formation in high-pressure, high-temperature sprays. Furthermore, the question of how the fuels from
renewable resources are changing the ignition behavior is addressed. Influences of mixture formation and
changed chemical kinetic behavior are elucidated. The influence of the latent heat of evaporation on the
spray flame structure is examined in this thesis. Finally, the question of how the increasing nozzle size for
automotive (ECN Spray A3), heavy-duty (ECN Spray D) and marine (Woodward L'Orange) injectors influences
the ignition in spray flames is investigated. The scientific questions are answered utilizing a high-fidelity
Large Eddy Simulation framework coupled with a tabulated chemistry approach. For the first time, OME_;,
has been studied in the ECN Spray D configuration using an LES framework. Further, to the author’s best
knowledge, this thesis is the first to investigate 1-Octanol in spray flames, and the first study of its kind of a
marine injector in LES.

First, the numerical framework for the LES of spray simulations is validated under inert conditions. Excellent
agreement with experimental Schlieren and Mie scattering data was achieved in terms of liquid and vapor
penetration, as well as spray morphology for all fuels and injectors. The subsequent mixture formation analysis
revealed significant differences to the reference Diesel surrogate n-Dodecane. Spray experiments in Spray A3
showed longer liquid penetration lengths of the more volatile 1-Octanol and OME,,;, compared to n-Dodecane.
In this thesis, a non-dimensional number is derived that suggests that due to the higher vapor pressure and
latent heat of evaporation, more enthalpy is withdrawn during evaporation, reducing the gas temperature
significantly. Hence, the evaporation limiting heat transfer is reduced, and longer liquid penetration lengths
are exhibited. While 1-Octanol shows similar mixing behavior to n-Dodecane, OME_,;, shows narrower spray
shapes and different mixing characteristics.

Next, the influence of the nozzle size on mixture formation is examined based on volume averaged mixture
fraction and scalar dissipation rate profiles. Distinct differences between the smaller automotive and the large
heavy-duty and marine injectors are identified. The mixture formation process in Spray A3 is significantly
faster than in Spray D and the Woodward L’Orange injector. In Spray A3, higher values of the scalar dissipation
rate are observed than in the larger nozzles. While the profiles of n-Dodecane and 1-Octanol align in all
injector sizes, OME_;, exhibits higher values of the scalar dissipation rate. In this thesis, an explanation for
the delayed mixture formation is presented. The similar liquid and vapor penetration lengths in the initial
injection phase for Spray D and the Woodward L'Orange injectors and the delayed mixing process suggest that
the large particles show reduced momentum exchange and less air entrainment. This finding is important for
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the explanation of different ignition locations. Further, the influence of increased latent heat of evaporation of
1-Octanol and OME_;, is investigated in mixture fraction space. The comparison of the spray’s gas temperature
distribution and the adiabatic mixing line, which is prescribed as an initial condition in many combustion
models, reveals, that the gas phase is significantly cooled by 1-Octanol, which has the highest latent heat of
evaporation. The influence of heat-loss due to evaporation scales with the latent heat of evaporation (low
to high: n-Dodecane, OME_;,, 1-Octanol). For the first time, it has been shown that n-Dodecane exhibits
a higher gas heat capacity, which inherently compensates for the effect of heat loss due to latent heat of
evaporation, meaning that n-Dodecane is less sensitive towards spray cooling effects on ignition. Among
all fuels and injectors, lower scalar dissipation rates have been observed for fuel-rich mixtures contributing
significantly to ignition in spray flames.

The influence of the changed chemical properties has been examined in OD and 1D canonical combustion
models. The analysis of the chemical ignition delay times in the 0D homogeneous reactor model revealed
distinct differences among the fuels. While n-Dodecane and 1-Octanol show a Diesel typical Negative
Temperature Coefficient (NTC) behavior, the NTC regime of OME_;, is not pronounced. The highest chemical
ignition delay time is observed for 1-Octanol, followed by n-Dodecane. Despite the higher IDT in the low-
temperature chemistry regime, at higher temperatures, the ignition delay time of 1-Octanol falls below
n-Dodecane. The IDT of OME_;, is three to six times shorter than the other fuels, suggesting a high reactivity.

Subsequently, the ignition under strained conditions is analyzed in 1D laminar non-premixed flamelet simu-
lations. At identical scalar dissipation rate profiles, all fuels show similar maximum temperature values of
T~2200 K. Higher peak values of Yo and Yoo are found for 1-Octanol and OME_;,, while the peaks are
shifted toward higher mixture fractions due to the increased stoichiometric mixture fraction of the oxygenated
fuels. A comparison at the position of the stoichiometric mixture fraction of n-Dodecane reveals that less CO
is produced for 1-Octanol and OME_,;,, which aligns with experimental observations. Within the ignition
limits, OME,;, shows the lowest ignition delay time among all fuels. The ignition delay profile over the scalar
dissipation rate for OME_;, reveals low sensitivity toward strain effects. Furthermore, OME,,;, shows the
highest ignition limit xq ign Of all fuels. Even though 1-Octanol showed a lower reactivity in the 0D model,
the ignition limit is higher than for n-Dodecane. For low scalar dissipation rates, the IDT of n-Dodecane is
lower, but at higher scalar dissipation rates and longer ignition delay times, the higher reactivity of 1-Octanol
at higher temperatures becomes apparent, and the IDT of 1-Octanol falls below the IDT of n-Dodecane.

A novel flamelet model is derived that accounts for the effect of latent heat of evaporation on the flame
structure, which is based on the mixture formation analysis. In the model, the initial temperature profile is
modeled by line segments that are derived from inert spray simulations, including the distinct temperature
distribution of the spray. A new methodology to determine the shape of the initial temperature profile is
presented that, in contrast to other methods in the literature, is physically consistent, flexible for all fuel
and injector combinations and is standardized. The investigation for 1-Octanol showed that the solution
between the standard model (adiabatic mixing line) and the heat-loss corrected model does not change
integral combustion properties (stationary solution and ignition limits). Only the transient ignition process
and, consecutively, the ignition delay times are prolonged.

The heat-loss corrected flamelet model has been utilized in reactive Large Eddy Spray Simulations. First, the
influence of increasing nozzle sizes on the ignition is discussed. For all fuels, the typical onset of ignition
over the spray head has been observed in Spray A3. In the larger heavy-duty Spray D and marine injector
from Woodward L'Orange, the onset of ignition has been observed at the spray flanks. The ignition delay time
in the spray increases with the nozzle size. The later ignition of larger nozzles is explained by the delayed
evaporation observed in the mixture formation analysis and lower temperatures due to more enthalpy loss. In
this work, it has been shown for the first time that the ignition starts at a fuel-specific mixture fraction among
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all injectors, while the spatial point of ignition is determined by mixture formation. The highly evaporative
Spray A3 shows the mixing and air entrainment at the spray head. In injectors with larger nozzles, the large
particles experience less drag and momentum exchange. This leads to higher values of the mixture fraction
at the spray center line up to the vapor penetration length. Air entrainment of hot gases occurs at the spray
flanks, leading to ignition. This cause-effect mechanism of mixture formation has been reported for the first
time in Spray D and a marine injector in LES and is a novelty of this work.

Further, the influence of the changed thermophysical properties and different chemical properties have been
investigated among all fuels. 1-Octanol exhibits the longest ignition delay time in all injectors examined. The
influence of the heat loss due to evaporation has been most significant for 1-Octanol. The flamelet model
without heat-loss correction underestimated the IDT by about 25 %. The novel heat-loss corrected model
achieved perfect agreement for all fuels. All ignition delay times are within the experimental uncertainty. Even
though 1-Octanol has a significantly higher latent heat of evaporation and slightly higher vapor pressure, the
mixture formation and spray shape are very similar to n-Dodecane, which is also reported in the literature. In
contrast, the mixture formation of OME,,;, differs from the other fuels. In Spray A3, OME_,;, shows detached
fuel-rich clouds in contrast to the other fuels. Due to the doubled stoichiometric mixture fraction compared
to the other fuels, the cross area of fuel-rich mixtures is reduced significantly, which can be clearly shown
in the mixture fraction space. OME_;, exhibits the narrowest spray shape among all fuels. Due to the high
stoichiometric mixture fraction, ignition and the diffusion flame are closer to the spray center axis. In contrast
to n-Dodecane, the increase of the ignition delay time from Spray A3 to Spray D is significantly lower for
OME_,;,. As shown in the flamelet simulations, OME_,;, is highly reactive and less sensitive toward changes in
the scalar dissipation rate. Hence, the IDT of OME_;, is not particularly sensitive to different nozzle sizes.

It can be summarized that the influence of changed thermophysical and chemical kinetic properties of the
renewable fuels 1-Octanol and OME_;, have been successfully investigated in a high-fidelity Large Eddy
Simulation framework. The influence of higher latent heat of evaporation and vapor pressure has been
elucidated and compared to the reference fuel n-Dodecane. Based on the mixture formation analysis, a novel
method to incorporate the effects of heat loss due to evaporation in the combustion model has been developed
in this thesis and has been successfully applied in reactive spray simulations. Effects of increasing nozzle
sizes have been identified and could be explained with the help of the detailed mixture formation analysis
under inert and reactive conditions. Perfect agreement has been achieved for all LES spray simulations under
inert and reactive conditions. This thesis revealed relevant cause-effect chains in the ignition process for
renewable Diesel fuels and the effects of the nozzle size. A comprehensive insight to spray flame ignition and
the influence of heat loss due to evaporation is presented and extends the existing understanding of spray
flames.

In future works, the next steps toward predictive LES spray simulations could be incorporating inner nozzle
flow simulations into the spray simulation framework used in this thesis. The spray simulations with the
Particle-In-Cell approach still heavily rely on experimental measurements for the rate of injection profiles,
penetration lengths and spray angles that are input to the breakup models. With the help of inner nozzle
flow simulations, complex effects, e.g., cavitation can be captured, and LES could become a predictive tool in
engine pre-development. The results from this thesis should be incorporated into the combustion method
development process. In particular, the heat-loss corrected flamelet model should be utilized for 1-Octanol in
engine simulations. With the help of the novel flamelet model, the ignition delay times could be optimized
for 1-Octanol by increasing the compression ratio and increasing the ambient temperature at ignition. The
presented LES framework could also be utilized to optimize nozzle designs for OME_,;, to reduce greenhouse
gas emissions. Furthermore, OME_;, as a highly reactive fuel could be utilized in dual fuel combustion methods
as a pilot fuel, compensating for the influence of the low reactivity of gaseous fuels. The presented work
contributes significantly to reducing emissions in the transport sector.
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Nomenclature
Abbreviations

BEV  Battery Electric Vehicle

BTE Brake Thermal Efficiency

CFD Computational Fluid Dynamics
CI Compression Ignition

CI Confidence Interval

CMT Instituto Universitario de Motores Térmicos
DBI  Diffuse Backlight Illumination
DNS Direct Numerical Simulations
ECN Engine Combustion Network

EN 590 European Norm 590

ETAB

FDF

FPV

FST

FVM

HDA

HRM

HRR

ICE

Enhanced Taylor Analogy Breakup Model
Filtered Density Function

Flamelet Progress Variable
Fluidsystemtechnik

Finite Volume Method

Hydraulischer Druckanstiegs-Analysator
Homogeneous Reactor Model

Heat Release Rate

Internal Combustion Engine

KH-RT Kelvin-Helmholtz Rayleigh-Taylor




LCA Life cycle analysis

LES Large Eddy Simulation

LHS Left hand side

LHV Lower Heating Value

LOL Lift Off Length

LOSI Line Of Sight Integration

MILES Monotonically Integrated LES
NDF Number Density Function

NTC Negative Temperature Coefficient
PDA Phase-Doppler-Anemometry

PDF  Probability Density Function

PIC  Particle-In-Cell

PLIF Planar Laser Induced Fluorescence
PM  Particulate Matter

RANS Reynolds-Averaged Navier-Stokes
RCM Rapid Compression Machine

RDE Real Driving Emission

RHS Right hand side

ROI  Rate of injection

RUFPV Reduced Unsteady Flamelet Progress Variable
SDR Scalar dissipation rate

SNL Sandia National Laboratories

TAB  Taylor Analogy Breakup Model
tavSOI Time after the visible start of the injection
TCI  Turbulence Chemistry Interaction

UFPV Unsteady Flamelet Progress Variable




ULF

VLE

VOF

Universal Laminar Flame Solver
Vapor-Liquid Equilibria

Volume of Fluid

Physical Symbols and Constants

B2

AHY

ARS,,

ASY

Wk

qs

Si

Ak

Weight for Yo in the progress variable
Molar heat capacity at constant pressure
Molar enthalpy

Weight for Y02 in the progress variable
Parameter of the S function

Parameter of the 5 function

Scalar dissipation rate

Entropy changes

Standard enthalpy of formation for species &
Entropy changes

Weight for Y20 in the progress variable
Production rate

Mass flow

Heat flux

Heat flux to the droplet

Species evaporation source term for species k
Weight for Yy15 in the progress variable
Gamma function

Weight for Yoo in the progress variable
Air-fuel equivalence ratio

Thermal conductivity

Thermal conductivity of species &

Xi
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ij

U
ij

Molar concentration

o model differential operator

Molecule

Rate of progress of reaction j

Damkohler number

Sub-grid scale Prandtl number

Sub-grid scale Schmidt number

Viscosity of mixture

Viscosity of species k

Stoichiometric coefficient for reactant for species k£ and reaction j

Stoichiometric coefficient for product for species k£ and reaction j

Collision integral

Velocity vector of blob parcel

Augxiliary variable to compute viscosity of mixture
Independent non-dimensional variable

Pi

Density

Singular value of the velocity gradient tensor
Collision diameter of the "k — k" interaction potential
Flamelet time

Characteristic flow time

Favre filtered progress variable source term
Favre filtered species mass fraction source term due to evaporation
Favre filtered fuel mass source term due to evaporation

Favre filtered spray cooling enthalpy source term
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Cp,k

Favre filtered spray momentum source term

Variance of the mixture fraction

Strain rate

Thermal conductivity

Coefficient for the NASA polynomials
Thermal conductivity of species k
Preexponential constant

Coefficient to compute species viscosity
KH-RT parameter

KH-RT parameter

Coefficient to compute species thermal conductivity
o model constant

Heat capacity of at constant pressure
Heat capacity at constant volume

Heat capacity at constant pressure for species k
Diffusion coefficient

Diffusion coefficient for species k
Activation energy

Absolute enthalpy for species &

Heat of vaporization

Conicity factor

Boltzmann constant

Forward reaction rate

Reverse reaction rate

Mass of species k

Number of particles in parcel
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Pa
Derit

DPvap,i

Ugas
Uparcel

Uslip

%I‘it

Vie,j

Z crit

—N
Z//2

Le

Pressure

Ambient pressure at 1 bar

Critical pressure

Vapor pressure of species i
Universal gas constant
Temperature

Time

Critical temperature

Velocity in direction 4

Gas velocity in cell

Parcel velocity in cell

Parcel slip velocity

Volume

Critical volume

Diffusion velocity of species & in direction j
Molecular mass of species k
Molecular mass

Spatial coordinate in direction ¢
Mole fraction of species k

Mole fraction of species ¢ in the liquid phase
Species mass fraction for species k
Mixture fraction

Critical compressibility factor

Normalized variance of the mixture fraction
Avogadro number

Lewis number
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Ler  Lewis number of species &
PH  Parcel Heat index
Re Reynolds number

Super- and Subscripts

a Index variable
B Temperature coefficient
st Stoichiometry

erfc  Error function compliment

o o model

m Mass based evaluation
cell  Cell

d Droplet

F Fuel

f Forward

g Gas

Oz Oxidizer

q Parcel index
r Reverse
\%4 Constant volume

ign  Ignition
1 Liquid
S Surface

SGS  Sub-grid scale
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