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Abstract 

The spray impingement in diesel engines attracts the attention of engine researchers in 

recent decades as the physical size of the engine is reduced. Due to the spray impingement, 

the atomization, vaporizing and air-fuel mixing quality is altered compared to a free spray. 

For emission control, soot is one of the major particulate emissions from diesel combustion 

and its formation in an impinged spray is worthy to be investigated. 

Firstly, to understand the impinged spray characteristics, the experiments for both non-

vaporizing and reacting conditions were conducted in a constant volume combustion 

vessel. The impinged spray was captured by a high-speed camera and the instantaneous 

spray propagation distance and rate were obtained. For a better understanding, the 

microscopic behavior of the spray propagation, the curvature of the impinged spray was 

calculated and a relationship between local fuel distribution and soot formation was found. 

After that, the apparent heat release rate from an impinge spray combustion and the heat 

flux through the impingement were analyzed. The apparent heat release rate was obtained 

by the internal chamber pressure and the heat flux was measured by heat flux probes 

embedded in the impinging plate.  

Then, the soot formation of an impinged spray was both studied from experiments and 

simulations. In the experiments, the natural luminosity mainly due to the incandescence of 

soot particles was captured by the high-speed camera. A computational fluid dynamics 

(CFD) approach was adopted to quantitatively study the soot formation in terms of absolute 

soot mass and soot mass fractions in the vicinity of the wall. In the last, the film formation 

under different ambient temperatures, impinging distances, and oxygen concentration was 

investigated in terms of film area and thickness. The impact of film formation on the soot 

outcomes was then investigated by comparing the rate of film vaporization and soot 

formation.  

To summarize, the main goal of this dissertation is going to benefit the understanding of 

the impinged spray in reacting diesel-relevant engine conditions. From experiments, a 
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global view of soot formation in an impinged spray was analyzed and the mechanism of 

soot formation was further revealed by the CFD simulations. 
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1 Introductions 

1.1 Motivations 

In recent decades, even the percentage of green energy such as solar, wind, and nuclear 

energy is increasing, fossil fuel is still used as the main power supply for the automotive 

industry. In the United States, near 80% of US energy is provided by fossil [1]. Since 

internal combustion engines still dominates the power supply area for transportation 

services, it is necessary to improve the efficiency of the combustion devices to reduce the 

wasted power as well as the emissions such as NOx, UHC (unburned hydrocarbon), CO2, 

and soot which will lead to global warming but mostly human health issue. 

Diesel engines, compared with gasoline engines, have potential higher thermal efficiency 

[2]. At the same time, the conventional diesel combustion will produce particulate matter 

(PM) and NOx because of the ambient high-temperature and rich fuel-air mixture. Several 

advanced diesel combustion strategies such as low-temperature combustion have been 

applied to reduce the soot formation and NOx since the soot and NOx are formed at high-

temperature and fuel-rich zones [3–5]. The conventional diesel combustion process is 

mainly controlled by the air-fuel mixing process which is affected by turbulence [6]. As 

the engine size becomes more compact, the diesel spray with high injection pressure would 

lead to the spray impingement hitting on the piston head or the sidewall of the combustion 

chamber. The spray impingement introduces additional turbulence into the fuel 

vaporization, air entrainment, and flame propagation [7,8]. The induced turbulence may 

benefit the air-fuel mixing and reduces the possibility of incomplete combustion. However, 

the heat loss from the spray through the wall may lead to lower thermal efficiency and 

quenching effect in the near-wall region. Hence, the mechanism of spray impingement is 

necessary to be fully understood the concept of low-temperature diesel impinged spray 

combustion.  
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Besides the heat loss through the wall, the deposition of fuel on the piston head by the 

liquid spray impingement especially under the cold-start conditions when the liquid length 

is longer than the travel distance is another concern for the emission control and thermal 

efficiency [9]. The deposition of fuel on the hard surface, called wall-wetting or film 

formation, will affect the fuel vaporization and fuel-air mixing process in the near-wall 

region. Fuel film has been known as a source of emission outcomes as it is hard to achieve 

complete combustion in the peripheral area of the film. Although the global properties such 

as film mass, area, and thickness are quantified by the previous research [9–13], the film-

flame interaction under the diesel case is barely studied. In the real engine cycle, if the fuel 

film from one cycle could not be burned, the unburned fuel will accumulate and affect the 

heat load in the next cycle [14]. Therefore, it is necessary to investigate the film formation 

and its correlation with soot formation in a diesel impinging spray under various test 

conditions such as different ambient temperatures and oxygen concentrations. 

1.2 Goals and objectives 

The goal of this thesis is to provide a thorough understanding of the diesel impinging spray 

regarding the spray and flame development, film formation in both non-vaporizing and 

reacting conditions, thermal characteristics such as heat release rate, and heat transfer 

through the wall and soot outcomes under different operating conditions. In order to 

achieve the goal, this research consists of four objectives which are broken into different 

chapters including the findings from both experiments and simulations to support the goal.  

The first objective is to extend the characteristics of impinged spray such as local expansion 

distance, expansion rate, and local fuel distribution from a non-vaporizing spray to a 

reacting spray. The findings from the comparison of the non-vaporizing and reaction spray 

contribute to the understanding of the effect of reactions on the global spray momentum, 

spray shape, and local spray morphology with different ambient temperatures.  

Heat loss from the spray through the wall would lead to a lower heat release rate (lower 

thermal efficiency) and delayed ignition. Therefore, the second objective is to investigate 
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the heat transfer between the spray and the impinging surface. The apparent heat release 

rate is firstly investigated for test conditions under different ambient temperatures. The 

heat flux is measured by three embedded heat flux probes in the impinging surface and the 

results are analyzed for reacting conditions. The heat flux measurements are conducted 

with different ambient temperatures and different locations with respect to the impinging 

point.  

The soot formation in an impinging spray is complex compared to a free spray. The soot 

outcome is not consistent with the involvement of spray impingement but depends on the 

various factors such as impinging distance, wall and charge gas temperature, and whether 

there is a film formed. Therefore, the third objective is to study the soot formation in an 

impinging spray under different operating conditions. Not only the effect of impingement 

on the location of soot formation but also the quantitative analysis is evaluated from both 

experiments and simulations. The location of soot formation is analyzed by using the IRT 

method under different ambient temperatures. The qualitative information of soot 

formation is then extracted from the Intensity-Radial-Time (IRT) plots. From simulations, 

the quantitative soot formation in terms of soot mass fraction and its relationship with local 

temperature and equivalence ratio is obtained. The findings from this goal give a detailed 

insight into how soot is produced for an impinging spray both qualitatively and 

quantitatively. 

The liquid film is a special phenomenon for spray impingement when the liquid portion of 

the spray contacts the hard surface. The film is found to be one of the sources which 

contribute to the soot formation. Therefore, the last objective of this dissertation is to 

investigate the film formation in a reacting environment and its impact on the soot 

production for an impinging spray. As it is hard to accomplish the measurement of film, 

soot formation simultaneously with combustion which involves the optical signals 

contributed by the soot incandescence, CFD simulations are performed to visualize the 

liquid film formation under different ambient temperatures, impinging distances, and 

oxygen concentrations. Meanwhile, the rate of soot formation and film formation is then 
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correlated to quantitatively explain the influence of liquid film on instantaneous soot 

production. 

1.3 Thesis organization 

With the listed objectives, the thesis is organized into twelve chapters. The first chapter 

describes the introduction to the spray impingement phenomenon, the goals, and the 

objectives of the current thesis. 

Chapter 2 provides detailed literature regarding the impinged spray characteristics from 

both non-vaporizing and reacting conditions, soot formation in diesel spray combustion, 

the film formation in non-vaporizing and vaporizing conditions, and its role in reacting 

conditions.  

Chapters 3 to 4 give a summary of the experimental and numerical approaches utilized in 

the current study. Chapter 3 provides an overview of the experimental facilities, test 

conditions, and experimental diagnostics. The setup of optics, combustion vessel, data 

acquisition system will be provided. The test conditions in the current thesis are 

summarized and the diagnostics are briefly introduced. Chapter 4 explain the numerical 

platforms, the configurations of the CFD simulations, spray, turbulence, film, combustion 

and soot models. 

In Chapter 5, all of the methods of post-processing are introduced as follows: firstly, the 

boundary tracking for the impinged spray and flame. Then, the IRT method and the 

curvature calculation for the spray boundary. Followed by the histogram of the intensity 

distributions and the heat flux calculation. Next, the calculation of the apparent heat release 

rate and the signal filtering and processing for the temperature profiles. Lastly, the 

validation of simulations regarding the spray penetration, ignition delay, and macroscopic 

characteristics is also depicted in this chapter. 

Chapter 6 starts to discuss the results obtained from the high-speed images by Mie 

scattering and natural luminosity from non-vaporizing and reacting conditions, 
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respectively. In this Chapter, the macroscopic characteristics of spray impingement such 

as instantaneous impinged spray distance and the expansion rate, the IRT plots, and the 

histogram of the intensities are provided.  

Chapter 7 reports the microscopic characteristics of spray impingement including the 

curvatures of the boundary of the impinged spray, the local fuel distribution, and soot 

formation along the spray boundary. The state-relationships of the curvatures and the fuel 

distribution and soot formation are correlated. The microscopic characteristics are also 

validated for simulations to make sure that the simulations could predict the transient 

behavior of the impinged spray properly. 

In Chapter 8, the apparent heat release rate from the reacting conditions and the heat flux 

of an impinging diesel spray is discussed. The heat flux are calculated to explain the 

temporal heat loss at various locations on the wall under different ambient temperatures. 

Chapter 9 discusses the soot formation in an impinged spray from both experiments and 

simulations. A detailed schematic of the chemical species formed in an impinging spray is 

provided. The flame development under different ambient temperatures is explained using 

the data visualization tool. The soot quantity, local temperature, and local equivalence ratio 

are obtained from simulations and their relationships are statistically investigated. 

Chapter 10 depicts the film formation on a roughened hard surface and its contribution to 

the subsequent soot formation in the combustion process. Firstly, the film formation 

consisted of film thickness, area, and mass, as well as its evaporation process are examined 

in non-reacting conditions. Then, the film formation is investigated in reacting conditions 

incorporating with the flame through simulations. 

Chapter 11 summarize the main conclusions and findings of this thesis and the 

recommendations for future studies. 

The references are listed in Chapter 12 and the in-house post-processing codes are included 

in Appendix A. The copyright permission from three publishers, SAE international, the 
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American Society of Mechanical Engineers, and the International Journal of Engine 

Research are provided in Appendix B. 
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2 Literature reviews1 

2.1 Diesel spray characteristics 

Diesel engines are widely used in automotive industries because of their high thermal 

efficiency and low load advantages over spark-ignition engines. However, NOx and soot 

particles are often produced in diesel engine combustion due to the dominant mixing-

controlled incomplete combustion [2]. The pollutant issue becomes important in recent 

years because of the environmental protection impact. Therefore, several advanced 

 

 
1 Reprinted with permission from SAE papers 2019-01-0067 and 2019-01-0267 ©2019 
SAE International and 2021-01-0543 ©2021 SAE International. Reprinted with permission 
from International Journal of Engine Research (IJER) and the American Society of 
Mechanical Engineers (ASME). The materials in this chapter were published in the 
following papers: 

• Zhao, Z., Zhu, X., Zhao, L., Naber, J. et al., "Spray-Wall Dynamics of High-Pressure Impinging 
Combustion," SAE Technical Paper 2019-01-0067, 2019, https://doi.org/10.4271/2019-01-0067. 

• Zhao, Z., Zhu, X., Naber, J., and Lee, S., "Impinged Diesel Spray Combustion Evaluation for 
Indirect Air-Fuel Mixing Processes and Its Comparison with Non-Vaporing Impinging Spray Under 
Diesel Engine Conditions," SAE Technical Paper 2019-01-0267, 2019, 
https://doi.org/10.4271/2019-01-0267. 

• Zhao, Z., Zhu, X., Zhao, L., Tang, M. et al., "A Numerical Study for the Effect of Liquid Film on 
Soot Formation of Impinged Spray Combustion," SAE Technical Paper 2021-01-0543, 2021, 
https://doi.org/10.4271/2021-01-0543. 

• Zhao, Z, Zhao, L, & Lee, S. "Evaluation of Soot Production Near a Cold Surface for an Impinged 
Diesel Spray Combustion." Proceedings of the ASME 2020 Internal Combustion Engine Division 
Fall Technical Conference. ASME 2020 Internal Combustion Engine Division Fall Technical 
Conference. Virtual, Online. November 4–6, 2020. V001T05A002. ASME. 
https://doi.org/10.1115/ICEF2020-2938 

• Zhao Z, Zhu X, Naber J, Lee S-Y. Assessment of impinged flame structure in high-pressure direct 
diesel injection. International Journal of Engine Research. 2020;21(2):391-405. 
doi:10.1177/1468087419859788 

https://doi.org/10.4271/2019-01-0067
https://doi.org/10.4271/2019-01-0267
https://doi.org/10.4271/2021-01-0543
https://doi.org/10.1115/ICEF2020-2938
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combustion strategies and designs of engines have been developed and applied to diesel 

engines to reduce the formation of NOx and soot further. 

Since the thermal NOx is mainly formed in relatively high-temperature combustion, a low-

temperature combustion strategy has been developed to reduce the formation of NOx 

significantly [15]. The design of engine combustion devices, especially the shape of the 

piston head, has also been evaluated via the engine performance, emission levels, and heat 

losses [16]. The swirl ratio could be optimized by modifying the shape of the piston head 

to reduce the formation of NOx. However, it has been reported that spray impingement 

takes place when using the irregular shape of the piston head to improve the air-fuel mixing 

through the swirl. Recently, spray impingement has received significant attention for the 

pollution generated during the cold-start-up and affected engine performance when 

increasing the compression ratio. 

The spray process, especially in diesel engines, is one of the keys in terms of optimizing 

the in-cylinder combustion process. Lots of experiments were conducted to evaluate the 

spray behavior of either non-reacting or reacting cases [17–22]. To understand the 

mechanism of fuel vaporization, the liquid fuel penetration was measured under a wide 

range of four aspects: 1) The injection pressure, 2) The orifice diameter, 3) The ambient 

gas temperature, 4) The fuel volatility, and temperature. It turns out that the liquid length 

will change linearly with the orifice diameter, but the length is independent of the injection 

pressure. If the fuel is a mixture of high volatility and low volatility fuel, the liquid length 

mainly depends on the properties of low volatility fraction [6]. The nozzle geometry fuel 

blend effects were investigated under experiments that were conducted in a constant 

volume combustion chamber [23]. Four different nozzle geometries include: 1) Divergent, 

2) Straight, 3) Straight-rounded, 4) Convergent-rounded were used to quantify the spray 

characteristics. At the same time, different combinations of fuel mixture were also 

investigated under the auto-ignition process. Several conclusions were addressed based on 

the experimental results: The discharge coefficient is varied at different nozzle geometry 

while the convergent nozzle has a higher coefficient and divergent has a smaller one. The 
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spray liquid penetration would decrease due to the increases of the ambient pressure and 

temperature which shows the same trend as the previous study [6]. 

The spray impingement will re-distribute the velocity field and introduce the turbulence 

into the fuel expansion. The behavior of normal and oblique impingement is varied due to 

the momentum change after the impingement. Several types of research were based on 

normal injections [8,24,25]. Yoshio et al. measured the velocity distribution of the diesel 

spray after the impingement through the Particle image velocimetry technique [26]. They 

tested different injection angles and found that the normal impingement will lead to lower 

velocity compared with a tilted injection. And the surface properties and fuel adhesion on 

the plate will affect the velocity distribution. The radial thickness growth of the impacted 

fuel which is also called rebound height is reported under different injection pressure, 

vessel density, and wall temperature. After comparing the numerical and experimental 

results, the current CFD spray models show the uncertainties for high injection cases due 

to complex spray-wall interaction [8]. Due to the non-uniform combustion chamber of the 

piston head, the diesel spray won’t impinge on the wall normally instead of having an 

incident angle [24,27,28]. Even though the incident angle effect on the velocity distribution 

is investigated by [26], the behavior of the fuel expansion which has non-symmetric 

velocity is not fully understood. To quantify the fuel expansion pattern on the plate, Zhu et 

al. defined the expansion properties by tracing the impinging point and outer boundary of 

an oblique injection [29]. 

Several parameters such as rebound height impinged spray distance and expansion rate are 

chosen as the main measurable index of the non-vaporizing impinged spray. Yu et al. 

evaluated the effect of fuel blend ratio, ambient temperature, ambient density on the 

behavior of impinged spray [30]. They found that there are three factors having the 

dominant influences on the behavior of impinged spray: 1) the mass and momentum of the 

impinged spray; 2) the spreading or splashing resistance on the surface; 3) the strength of 

the air entrainment. They argued the impinged spray radius is mainly affected by the 

momentum of the impacting spray while the impinged spray leading edge height is mainly 
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affected by the surface tension and viscosity of the fuel. Especially, the impinged spray 

radius increases and the height decreases with the raised level of air entrainment.  

A conceptual model of non-vaporizing impinged spray was described in Zhao et al [31]. In 

this model, the spray experiences the initial penetration, mixing process before the 

impingement and expansion on the plate. It is noted that there is a stagnation region on the 

top of the leading edge. The air-fuel mixing process becomes poor in this region and this 

could further lead to soot production in reacting cases. Ma et al. investigated the spray and 

evaporation of a certain diesel blend without the impingement [32]. With the air 

entrainment analysis, the spray volume increases as the injection pressure increases. The 

increased spray volume could enhance the air-fuel mixing process. A high injection 

pressure could penetrate farther and break the larger droplets into smaller ones to enhance 

the air-fuel mixing process.  

The spray impingement with combustion becomes more complex. The flame impingement 

involves the chemical reactions and heat release from reactions that may contribute to the 

total wall heat flux. Therefore, the heat flux attributed by the flow is better to be firstly 

evaluated in non-reacting conditions to exclude the influence of combustion. Torregrosa et 

al. measured the heat flux in engine motoring conditions [33]. They found that the temporal 

heat flux is mainly affected by the temperature of ambient gas instead of inner plate 

temperature. Wang et al. conducted the spray impingement tests in an open area with 

different injection pressures, impinging distances, and wall temperatures [34]. The 

impinging and peripheral regions were defined based on the radial temperature profiles. 

The temperature drop is the maximum at the impinging point and recovering in the 

peripheral regions. As the flow velocity is increased or impinging distance is reduced, the 

temperature drop in the impinging region is increased. The temperature drop is the 

maximum when the temperature of the wall is close to the Leidenfrost temperature of the 

fuel. Hou et al. also investigated the effect of mass flux and temperature of the wall on the 

local heat flux and heat transfer coefficients [35].  
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As the heat flux from the spray to the wall is fuel sensitive, Zhou et al. used n-pentane as 

the fuel to investigate the relationship between heat flux and film formation under different 

injection pressure and surface temperature [36]. They found that the peak heat flux is 

linearly correlated with injection pressure and surface temperature. The film residence time 

is reduced with a higher surface temperature and injection pressure. Further, Zhou et al. 

extended their studies adopting different fuels. It was revealed that fuel with a lower boiling 

point and higher enthalpy of vaporization would result in a stronger cooling effect in non-

flash boiling conditions [37]. 

2.2 Reacting spray-wall interaction at diesel operating conditions 

Advanced injection and combustion phasing strategies have been widely adopted in 

internal combustion engines (ICEs) to improve thermal efficiency and reduce pollutant 

emissions [26]. Although diesel engines have a  higher thermal efficiency than gasoline 

engines, they produce more NOx and soot particles. 

A great number of researchers have focused on the spray combustion processes in diesel 

engines in the past decades [38–42]. As stated in the study [23], the auto-ignition of diesel 

free-spray combustion often takes place downstream of the vaporized spray jet. Dec 

provides a detailed and important conceptual model of conventional diesel spray 

combustion, which is shown in Figure 2.1, based on the laser-sheet images of diesel spray 

combustion [7].  

In this conceptual model, the liquid fuel experiences dispersion, atomization, vaporization 

process, and a mixing process with air. This schematic also depicts the diesel combustion 

process in between the auto-ignition and end of injection. In this quasi-steady process, the 

ambient air penetrates the interface between the high-temperature fuel vapor and ambient 

gas, leading to the production of diffusion flame. In contrast, the oxygen penetrates the 

low-temperature region (brown region after the liquid fuel) and generates a thin, fuel-rich, 

premixed region. The mixture expands downstream and the temperature is increased into 

the range of the soot production temperature (1300 K-1600 K). Therefore, the downstream 
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is occupied by a small amount of soot and combustion products which is shown as a blue 

region. A high-temperature core where the high soot region is located is formed inside the 

downstream (red and yellow region).  

 

Figure 2.1. A conceptual model of diesel free-spray combustion [7]. 

A soot-rich core is formed downstream from the conventional diesel combustion. This core 

potentially leads to pollutant emissions. With tightening government regulations of 

particulate matter, the priority of reduction in soot particles has been emphasized 

significantly. Several strategies, such as exhaust gas recirculation (EGR) and partially 

premixed charge compression ignition, are applied to diesel engines to remove or reduce 

the formation of soot particles [15,43–45].   

Lowering the temperature of the charged gas is one of the ways to minimize thermal NOx 

in diesel combustion. However, the reduced temperature may lead to incomplete 

combustion and subsequently generate more soot particles. A low-temperature combustion 

(LTC) model has been introduced in diesel combustion to assess the low-temperature 

combustion process [5,15]. Although this LTC conceptual model has not been well verified 

by all LTC strategies, it provides initial results towards a common description of low-load 

and single-injection applications. In the LTC model, ignition occurs at the farthest 

downstream and propagates back toward the nozzle tip. It is reported that soot only forms 

downstream and the soot occupied region will shrink with the crank angle increases [15].  
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However, compared with free spray combustion, the impinged fuel jet may lead to liquid 

film formation due to the short distance between the nozzle and piston head in cold-start 

conditions, which generates a fuel-rich zone and deteriorates the combustion process. In 

contrast, the spray impingement on the piston head could also generate finer fuel particles 

which help the air-fuel mixing process and subsequently optimize combustion. Most of the 

studies in the spray-wall interaction have focused on the non-vaporizing cases and local 

film formation [9,12,46], while very few studies have been done to study the detailed spray-

wall dynamics and flame propagation of impinging diesel combustion. Several researchers 

have quantitatively measured the soot concentration in impinged spray combustion. Wang 

et al. introduced the fuel impingement and nozzle size effects on the soot formation process 

[42]. The two-color pyrometry was used to quantify the temperature of the soot region. The 

width, surface area, and height of the normal impinged spray flame were measured through 

flame luminosity captured by the high-speed camera. They observed that the structure of 

the impinged flame remained in a quasi-steady state which was comparable with free spray 

combustion. Du et al. used the natural luminosity technique to quantify the injection 

pressure impact on ignition and combustion characteristics of impinging diesel spray [47]. 

With the increased injection pressure, the ignition location is stretched toward the surface 

of the impinging plate. Increased injection pressure tends to reduce the soot formation due 

to the optimized air-fuel mixing process because of finer fuel droplets generated by the 

impingement. However, when introducing a cold impinging plate into the experiments, 

they suggested using a low injection pressure to elevate the ignition location for normal 

impingement. 

In order to study the inner structure of impinged spray combustion, Bruneaux used laser-

induced fluorescence (LIF) with two excitation wavelengths to detect the hydroxyl (OH) 

radicals and polycyclic aromatic hydrocarbon (PAH) of diesel jet combustion in a constant 

volume combustion chamber [48]. With simultaneous LIF images, an impinging 

combustion conceptual model is summarized. In the quasi-steady state of impinging 

combustion, the diffusion flame is formed at the interface between the ambient air and fuel. 

The soot is formed near the impinging plate but OH radicals are formed above the soot and 
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attached with the reaction zone of diffusion flame. After looking at the LIF images, several 

stages have been defined: 

1. Formaldehyde (CH2O) is formed during the appearance of a cool flame. OH radicals are 

formed by consuming the formaldehyde with cool flame expansion.  

2. During the diffusion portion of combustion, the interface of low and high-temperature 

is located through the detection of formaldehyde and OH regions, indicating the reaction 

zone of diffusion flame. 

3. Formaldehyde is also observed in the rich premixed zone which is comparable with 

Dec’s conceptual model. 

However, Bruneaux’s model only shows the normal impingement of fuel spray. With the 

irregular shapes of piston heads and the arrangement of injectors, the fuel jet will impinge 

the solid surface with an incident angle. The tilted fuel jet will generate non-symmetric fuel 

expansion and air-fuel mixing.  

The heat loss on the impinging surface due to spray impingement in the combustion process 

also receives attention because it will affect thermal efficiency and emission levels. Also, 

the heat loss could lead to terminated combustion near the wall called the quenching effect. 

Some researchers found the surface temperature could influence the flame structure, 

ignition delay, as well as ignition location. Under the low surface temperature, the ignition 

delay is longer while the flame height and width increase as the surface temperature is 

increased. For reacting conditions, the flame hits the wall instead of a cooling spray and 

there will be heat loss from the flame to the wall, subsequently leading to termination of 

combustion near the wall. The heat loss reduces the combustion efficiency as well. From 

experimental studies, the spatial heat fluxes from reacting conditions were reported. Pillai 

et al. found that the heat flux is the highest at the stagnation region, i.e., impinging region 

and decaying with the increase of the radial distance [49]. Kawanabe et al. also found the 

same behavior with Pillai’s research but with a numerical method [50]. After obtaining the 

heat flux, the local heat transfer coefficients were calculated from the heat flux through the 
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continuity equation. Moussou et al. investigated the effect of injection pressure and 

impinging distance on the peak heat transfer coefficients. It was revealed that the peak heat 

transfer coefficient was increased with a higher injection pressure and lower impinging 

distance [51]. Similar to the methodology from [51], Mahmud et al. calculated the spatial 

heat flux and heat transfer coefficient at different radial directions. They found the 

waveforms of heat flux were correlated with local flamelet speed and the profiles of heat 

flux had similar shapes even in different radial positions [52]. Some researchers found the 

surface temperature could influence the flame structure, ignition delay, as well as ignition 

location [53]. Under the low surface temperature, the ignition delay is longer while the 

flame height and width increase as the surface temperature is increased. Heat loss from the 

spray to the cold surface results in delayed ignition and locally flame quenching near the 

wall, producing more soot particles in the vicinity of the surface [52]. Zhang et al. 

quantified the relationship between ignition delay, wall temperature, and ignition location 

with an impinging spray [53]. When the wall temperature was increased, the ignition delay 

was shortened, and the ignition location was further moved downstream to the wall. The 

effect of wall temperature on flame development was studied [54]. In their study, a lower 

wall temperature case showed low-temperature ignition happened in the vortex generated 

by the impingement and followed by high-temperature ignition kernels at the outer surface 

of the vortex. At a high wall temperature, the high-temperature ignition kernel was found 

in the near-wall region without the appearance of low-temperature ignition. For the flame 

propagation, both lower and higher wall temperature cases showed that the flame 

propagated from the high-temperature ignition kernel along the stoichiometric iso-surface 

throughout the whole spray, but the directions varied. They also concluded that the 

maximum area-averaged heat flux is multiple times higher for a low wall-temperature case 

than a high wall temperature case. Zhao et al. measured the heat flux during the spray 

impingement by using a heat flux probe [55]. It was found that the heat flux was the highest 

near to the impinging point where the spray directly hit on the wall which agrees with the 

results from a recent work [49]. 
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2.3 Soot formation in diesel spray combustion 

Due to the recently tightened emission regulations in the automobile industry, soot 

formation is one of the main concerns for the emission control of diesel engines. Two 

factors that globally affect the soot formation in diesel sprays are local temperature and 

equivalence ratio. The relationships among soot, equivalence ratio, and temperature were 

well described in the chart from Kitamura et al. [56]. In Figure.10 from ref [56], soot is 

mostly formed in the range of temperature from ~1500 to 2500 K and equivalence ratio 

above 2.  

The spray impingement in reacting cases is hard to capture since most fuel is vaporized 

before the impingement and the vapor phase is transparent. The results showed that there 

will be more soot if the impingement is involved in the combustion process [57]. Increased 

injection pressures could reduce soot emissions in a non-linear fashion. In contrast, Fattah 

et al. found that soot temperature and content were reduced by the spray impingement [58]. 

Shorter impinging distances further reduced soot temperature and content because of an 

enhanced mixing process. Such a conflict makes the soot formation in spray impingement 

more complex. Liu et al. also investigated the effect of wall distance to the injector tip and 

wall temperature on the combustion characteristics [59]. Short wall distance and high wall 

temperature lead to shorter ignition delay and stable flame development. Li et al. compared 

free sprays with impinging sprays and the impinging spray was into two types: no-liquid 

contact and liquid contact impingement [57]. The combustion was enhanced under no 

liquid contact but deteriorated under liquid contact impingement. Liquid-contact 

impingement leads to pool flame generation near the wall and unburnt fuel in the spray. 

For an impinged diesel spray combustion, although the soot production is reduced with the 

help of enhanced mixing due to spray impingement [58,60], there is still noticeable soot 

production in an impinging flame. They concluded that a reduced impinging distance could 

reduce soot production but the relationship between impinging distance and soot 

production is non-linear. It is further revealed that the mixing mechanism is different with 

different impinging distances [60]. The mixing of an impinging spray includes 
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impingement-enhanced mixing and entrainment wave mixing. With a shorter impinging 

distance, the impingement-enhanced mixing becomes stronger and boosts the overall 

mixing rate, showing a peak in the entrainment rate profile. While with a longer impinging 

distance, the impingement-enhanced mixing and entrainment wave mixing act serially to 

maintain a constant mixing rate.  

To study the soot formation, the characteristics of soot particles such as the diameter of a 

particle was obtained through transmission electron microscope (TEM) images. The soot 

aggregates formation and breakup process for a free spray were described in ref [61]. A 

large number of smaller size primary particles were formed on the surface of the large soot 

particles upstream. As the axial distance is increased, the aggregates carbonized and then 

break into smaller compact particles. However, for an impinging spray, several factors, e.g., 

swirl flow direction, injection pressure, and jet-jet interaction, are considered related to the 

size of soot particles [62–64]. From these studies, soot formed in the impinging region has 

a relatively small diameter. As the flame propagates along the impinging surface, the small-

size soot particles merge to form larger aggregates. The effect of the direction of induced 

air swirl on the soot morphology was depicted with optical engine tests [64]. Distinct soot 

primary particles, long-chain soot aggregates, and fractal large soot aggregates were 

observed in the impinging, down-swirl (counter clock-wise) and up-swirl (clock-wise), 

respectively. Although the up-swirl location showed the larger soot aggregates, the number 

of aggregates is smaller than the impinging region and down-swirl location, reflecting 

lower soot concentration in soot luminosity images. A higher injection pressure generates 

larger soot aggregates in pool fire but smaller soot aggregates in the exhaust due to the 

enhanced soot oxidation rate [62]. The spray-wall interaction with a single-hole injector or 

jet-jet interaction with a multi-hole injector presumably creates a fuel-rich region and the 

interactions would alter the air entrainment rate and subsequently soot oxidation [65]. The 

studies for nano soot structure could give us insights into soot formation and oxidation in 

diesel flames and help explain the soot formation in the near-wall region.  
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2.4 Film formation in spray impingement 

Liquid films formed on the cylinder and piston head are known as one of the main sources 

of producing unburned UHC and particulate matter emissions. The emissions are attributed 

to the deteriorating vaporization and mixing process due to a lack of contact between the 

ambient gas and film surface [66]. When the film is formed, it could lead to fuel-rich zones 

after vaporization and further develop pool flames when the fuel-rich mixture interacts with 

the flame front. An increased injection pressure could reduce the amount of fuel mass 

deposited on the wall because high injection pressure could change the behavior of droplets 

from sticking on the wall to splashing [67]. At low wall temperatures, the film exhibited a 

wavy pattern with no voids inside the film. As the wall temperature was increased, the film 

area was decreased, and voids are found in the film [68]. Luo et al. found that there was a 

possibility that the rebound or splashed droplets re-deposited on the wall [69]. The 

possibility of the re-deposited film may contribute to the soot formation after the end of 

injection. 

Liquid contact also leads to the wall-wetting phenomenon which generates a liquid film on 

the wall after the impingement. A number of researchers investigated film formation under 

different operating conditions. LIF is an optical method that could capture film. The laser 

reflection method was employed by Saito et al. to explore the behavior of adhered fuel film 

on a wall during a small size direct-injection (DI) diesel engine development [70]. They 

found that the film thickness of the adhered fuel was found to be 10 µm to 50 µm, and the 

fuel film area on the wall is strongly affected by the wall temperature. Sendai et al. 

employed a 355 nm LIF technique to measure the film thickness of a spray impinging on 

a glass plate in a constant volume combustion vessel [71]. The results showed that the ratio 

of the adhered fuel to the total injected fuel was about 40% at 10 ms after the end of 

injection and this ratio does not change with the injection duration. Schulz et al. evaluated 

the effect of injection pressure, ambient density, and charge pressure on the film thickness 

[72]. High temperature, longer traveling distance, and higher injection pressure lead to 

thinner wall film. Even though laser diagnostics could achieve an accurate measurement, 
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the low frequency of the laser sheet posed difficulty for continuous measurement. Besides, 

the calibration procedure was too complex. Therefore, Drake et al. developed a novel 

optical method called the Refractive Index Matching method (RIM) [9]. The calibration 

procedure of RIM is relatively easy to apply, and it could generate a continuous and time-

resolved film thickness measurement. Direct measurement of film properties was 

conducted by Yu et al. using an oil thickness sensor [30]. The sensor was placed under the 

injector and the measurement was carried out at atmospheric pressure and room 

temperature. 

All the results of film measurements show that the spray momentum mainly governs the 

film formation, where the momentum is determined by the injection pressure and ambient 

density. Besides spray momentum, wall surface and fuel properties also affect film 

deposition. The film area is increased with higher injection pressures on a smooth surface 

[9]. However, the film area experienced a reduction with higher injection pressure on a 

roughened surface [12]. With higher volatility fuels like n-heptane, the film area, mass, and 

film thickness are much smaller compared with lower volatility fuels such as diesel [12]. 

The magnitude of the film thickness of a diesel spray is generally above 10 µm [73] while 

that of an n-heptane spray is under 2 µm [12]. 

LIF is an optical method that could capture film, PAH, a known soot precursor, and soot 

luminosity simultaneously. Film and soot incandescence in an optical engine were 

simultaneously visualized in ref [11]. Tracing the soot incandescence originated from the 

film, it turns out that soot was adjacent but quenched to film. The adjacence was clearer in 

ref [10] as the appearance of PAH was also reported. Soot, PAH, and film were connected 

serially, and strong PAH signals were found peripherally to the film, depicting the 

transformation from film to soot. Although soot formation is still initiated near the film 

region, it is reported that film does not strongly affect the bulk flame.  For film models, 

there are many numerical models summarized in ref [74] but a 1D direct numerical 

simulation (DNS) model has been recently developed [75]. Compared to ref [74], the 1D 

DNS model considers the temperature gradient in the film instead of treating the film 
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temperature as uniform. Also, the flame quenching near the film surface is taken into 

account in the DNS model. It turns out that the flame quenching distance is linearly 

correlated to the thickness of the fuel vapor layer above the film.  

Even there existed a number of studies focusing on the film formation and heat transfer for 

an impinging spray, most of them were conducted either in non-vaporizing or vaporizing 

conditions [76–79]. The flame-film interaction was investigated mainly in gasoline 

operating conditions because the ignition happens later than the end of injection [76,77]. 

At that time, the liquid film is already deposited and there is no spray coming out. Jungst 

et al. [10] and Stevens et al. [80] investigated the pool fires phenomenon in gasoline 

applications. However, for diesel cases, it is more difficult to study the flame-film 

interaction because the spray impingement, film deposition, and auto-ignition happen 

simultaneously. 
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3 The experimental facility, test conditions, and methodology 

3.1 Combustion vessel and supplying hardware’s overview 

3.1.1 Combustion vessel overview 

This spray-wall impingement experiment was carried out in a high-pressure, high-

temperature constant volume combustion vessel (CV). The CV is a 1.1 L cubic chamber 

with good optical access. The maximum temperature and pressure that the vessel could 

maintain are ~ 2000 K and ~ 5000 psi, respectively. Three types of port windows were 

installed on all six surfaces of the cube: 101 mm diameter transparent window (sapphire), 

blank metal window, and injector window. The windows were sealed by an o-ring and 

gasket which made the natural gas leakage less than 6 psi at an initial 100 psi and 30 psi at 

an initial 500 psi in the vessel during 1 min. The unobstructed orthogonal optical access is 

coupled with high-speed imaging techniques to study spray development. The impinging 

plate was mounted on the bottom, and the injector was installed on one of the side windows. 

Three ports on the eight vertices of the chamber are used for the intake/exhaust of chamber 

ambient gas, and a mounted dynamic pressure transducer. A Kistler 6001 piezo-electric 

dynamic pressure transducer coupled with a Kistler 5044a charge amplifier was used to 

measure the CV pressure. A 3D model of the combustion vessel body is shown in Figure 

3.1. The model of the combustion vessel in Solidworks. 

 
Figure 3.1. The model of the combustion vessel in Solidworks. 
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Besides the main vessel body, several sub-systems are briefly described here. A high-

pressure fuel delivery system was used to provide the target back pressure to a Bosch LBZ 

solenoid diesel injector. The fuel cart was designed and built by the Alternative Energy 

Research Lab at Michigan Tech. The fuel cart includes a storage tank, two fuel 

accumulators, an oil pump, and a front panel to control the valves, monitor the fuel pressure 

through the gauges. The fuel is initially pressurized by the shop air to ~ 20 psi and then 

further dramatically pressurized by the oil pump to the target injection pressure. The fuel 

pressure at the outlet of the fuel cart could reach up to 2500 bar for diesel. A mixing vessel 

was built to provide the target gas composition to the main combustion vessel. The mixture 

was made based on the calculation of mixture composition which was provided by the 

Engine Combustion Network (ECN) [81]. The reactants consisted of acetylene, hydrogen, 

oxygen, and nitrogen. A spark plug and two fans were mounted on the top window of the 

vessel. The fans were placed symmetrically to the spark plug to provide a homogeneous 

environment after the pre-burn process. After the pre-burn, the acetylene and hydrogen 

were consumed but the unconsumed oxygen was left in the vessel according to the target 

oxygen volume fraction. A pressure rise in the chamber from the beginning of the filling 

process is shown in Figure 3.2. After the filling process, a signal is sent to trigger the spark 

plug to ignite the mixture. The chamber pressure, as well as the bulk temperature, are both 

increased. Once they reach the target pressure, another signal is sent to the injector to 

provide the fuel in the vessel. A second pressure rise is also revealed, and it is due to the 

auto-ignition of the spray. 

Based on the different objectives, the impinging plate is switched between quartz 

transparent window, surface roughened plate, and the metal plate with heat flux probes 

embedded. The photos of the arrangement of these different impinging surfaces are shown 

in Figure 3.3. 
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Figure 3.2. The pressure curve on a single combustion event from the start of the test to the 

end of the combustion. 

 
Figure 3.3. From the left to right: transparent quartz impinging window embedded in the 

combustion vessel, impinging window + additional artificial roughened impinging plate 

for film thickness measurement, artificial half-smooth-half-roughened impinging plate. 

The metal impinging plate is not shown here as it shares the identical geometry with the 

quartz impinging window. 
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3.1.2 Data acquisition systems and metal impinging window fabrication 

The finite element analysis (FEA) analysis has been carried out using ABAQUS/CAE 6.14-

3 tool and the best-suited design has been chosen based on stress and temperature 

distributions on the window plate surface. The window design consists of six heaters, seven 

thermocouples, and three heat flux transducers.  

 
Figure 3.4. Impingement window final design/configuration (a), and FEA results: (b) 

Temperature distribution; (c) Von-Moises stress distribution; (d) Von-Moises stress 

distribution with 350 bar load. 

From the FEA simulation results based on Figure 3.4(a), the window plate temperature is 

estimated at 800 K and the Von Moises stresses are around 100 bar (see Figure 3.4(b) and 

3.4 (c)). It can be concluded that the window design/configuration can withstand the given 

pressure and thermal conditions of the combustion vessel and can be achieved a desired 

uniform temperature of the plate. Further, all six heaters should be positioned 10 mm below 
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the window plate (top surface), in order to maintain the uniform desired temperature. 

Further, the analysis for 350 bar load conditions is made to study the material elastic 

limitations. In this analysis, the only external load is applied in terms of pressure and 

omitted the thermal loads. From the analysis, the Von-Moises stresses are well below the 

yield strength of the window material is shown in Figure 3.4(d). Therefore, the current 

window design/configuration can be used for spray impingement experiments in the 

combustion vessel.  

A single-hole injector nozzle with 120° full-included angle were designed with a fuel 

injector nominal nozzle outlet diameter: 200 μm.  

The data acquisition systems include a National Instruments chassis and two data 

acquisition system (DAQ) cards. An in-house Labview program is designed to record the 

temperature signals from either start of the injection or the start of pre-burn ignitions. The 

trigger level is set to 5 volts as a rising edge and the sampling rate is set to 100 kHz which 

corresponds to a resolution of 0.01 ms. The resolution could fulfill the requirements of 

capturing the spray impingement event. The acquisition process is described in Figure 3.5. 

 
Figure 3.5. Schematic temperature recording during the injection and combustion event. 
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In addition, the PID heater controller, electrical heaters, and monitor thermocouples are 

shown in Figure 3.6. And the control logic for the recording program is explained in Figure 

3.7. 

 
Figure 3.6. Heater controlling box with built-in PID controller, electrical heaters, and 

monitoring thermocouples. 

 
Figure 3.7. Control logic of the temperature recording process in an in-house Labview 

program. 
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The J-type thermocouples for the heat flux measurements are calibrated from both the 

bench test and the combustion vessel test. The response time of the J-type thermocouple is 

less than 400 µs. The impinging plate is set to the temperature from 100 to 200 °C in the 

bench test and 100 to 250 °C in the combustion vessel test. The results for the bench and 

combustion vessel tests are listed in Figure 3.8. 

 
Figure 3.8. Impinging plate temperature calibration in bench and combustion vessel test. 

3.2 Test conditions 

In this section, the test conditions for spray, combustion, and CFD simulations are 

summarized. The first section includes the diesel spray tests for the impinged spray 

characteristics such as impinged spray distance, fuel mass, and soot distribution, etc. The 

second section includes specific test conditions for film formation. The n-heptane replaced 

diesel as the target fuel because the thickness of diesel film is out of the range of the RIM 

method. In the third section, the test conditions for CFD simulations are listed. It is noted 

the models and detailed configuration of the simulations will be introduced in Chapter 4. 
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3.2.1 Test conditions for impinging diesel spray 

The test conditions for spray tests including both reacting and non-vaporizing conditions 

are listed in Table 3.1. The test fuel, injection pressures, nozzle diameter, impinging angle, 

fuel temperature, energizing injection time, injected fuel mass, impinging distance, 

ambient gas concentration, and ambient temperature are listed. The differences between 

the non-vaporizing and reacting spray are the injection pressure and ambient gas 

composition. To maintain the total injected mass in the vessel, the injection pressure was 

set to 1500 bar for reacting conditions. To investigate the effect of oxygen concentration 

on the combustion, the oxygen composition after pre-burn was set to 15% and 18%.  

Table 3.1. Test conditions for the impinging spray 

Parameters Value Unit 

Fuel Ultra-low sulfur diesel - 

Fuel injection pressure (Pinj) 1200, 1500, 1800 bar 

Nominal nozzle outlet 

diameter 

200 

 

µm 

 

Orifice orientation relative to 

injector axis 

60 ° 

Fuel temperature 363 K 

Energizing injection time 2 ms 

Injected fuel mass 24 at 1500 bar Pinj mg 

Vertical distance between 

injector tip to impinging 

distance 

40 mm 

Oxygen mole fraction N2, 0%, 15%, 18% - 

Ambient density (ρamb) 14.8, 22.8, 30.0 kg/m3 

The ambient gas temperature 

at injection (Tamb) 

423, 800, 900, 1000 

 

K 
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3.2.2 Test conditions for film measurements 

For film measurements, two different optical setups were used for the film measurement: 

the Refractive Index matching method and the direct backlit method. The RIM method 

could quantitatively measure the film thickness and area but it has limitations for the film 

thickness of low-volatile fuel such as diesel. Therefore, for the film measurement, n-

heptane replaced diesel as the target fuel. Also, the injection pressure of n-heptane could 

not reach over 1500 bar. Hence, two lower injection pressures, 600 and 900 bar were added 

to the test conditions. The test conditions for film measurement are listed in Table 3.2. 

Table 3.2. Test conditions for the film measurement 

Parameters Value Unit 

Fuel N-heptane - 

Fuel injection pressure 600, 900, 1200, 1500 bar 

Nominal nozzle outlet 

diameter 

200 

 

µm 

 

Orifice orientation relative to 

injector axis 

60 ° 

 

Fuel temperature 363 K 

Energizing injection time 2 ms 

Injected fuel mass 24 at 1500 bar Pinj mg 

Vertical distance between 

injector tip to impinging 

distance 

40 mm 

Oxygen mole fraction N2 - 

Ambient density 14.8, 22.8, 30.0 kg/m3 

The ambient gas temperature 

at injection 

423 

 

K 
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3.2.3 Test conditions for CFD simulations 

In this section, the test conditions for CFD simulations are introduced. As diesel is a multi-

component fuel, diesel2 was used in the CFD simulations. The reaction mechanism is 

adopted from [82] with 44 species and 139 reactions. The test conditions for simulations 

are listed in Table 3.3. To investigate the film formation under different impinging 

distances, two impinging distances, 30 and 40 mm, were set in the CFD simulations.  

Table 3.3. Test conditions for CFD simulations 

Parameters Value Unit 

Fuel Diesel2 - 

Fuel injection pressure 1500 bar 

Nominal nozzle outlet 

diameter 

200 

 

µm 

 

Orifice orientation relative to 

injector axis 

60 ° 

 

Fuel temperature 363 K 

Energizing injection time 2 ms 

Injected fuel mass 24 at 1500 bar Pinj mg 

Vertical distance between 

injector tip to impinging 

distance 

30, 40 mm 

Oxygen mole fraction 18%, 21% - 

Ambient density 22.8 kg/m3 

The ambient gas temperature 

at injection 

800, 900, 1000 

 

K 
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3.3 Methodologies 

In this section, the methodologies for the experiments will be introduced. Four different 

optical diagnostics, Mie scattering, shadowgraph and schlieren, refractive index matching, 

and natural luminosity are sequentially introduced. 

3.3.1 Mie scattering 

Mie scattering is a theory based on the elastic scattering of incident light in the droplets, 

named by Gustav Mie [83]. This typically happened when the droplet/particle size is larger 

than the wavelength of incident light. On the contrary, Raleigh scattering described a 

phenomenon when the droplet/particle size is smaller than the wavelength of incident light 

[84]. In the current study, the droplet size from diesel spray is larger than the wavelength 

of the backlight which is hundreds of nanometers. The intensity of Mie outcomes from an 

elastic particle is mainly determined by the incident angle of the light, the intensity of the 

incident light, Io, and the power of droplet diameter. Under the identical backlight 

environment, the droplet diameter will be the dominant factor that affects the intensity 

outcome. Thus, the Mie scattering signals could be used to qualitatively explain the global 

spray shape where the liquid droplets occupied and the droplet size in the spray. Sample 

images from the Mie scattering for the spray test and film measurement are shown in Figure 

3.9. 
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Figure 3.9. From left to right: the side view of an impinging spray, the bottom view of an 

impinging spray, and the film mark left on the impinging surface. All images were taken 

by the Mie scattering signals. It is noted that the side and bottom views were taken by diesel 

spray while the film image was taken by an n-heptane spray. 

3.3.2 Shadowgraph and schlieren 

As the Mie scattering could only capture the liquid phase of the spray and lack the 

sensitivity of vapor in a high-temperature environment. Therefore, the shadowgraph and 

schlieren techniques are adopted mainly to detect the transparent fuel vapor based on the 

density gradients [85–87]. A Z-shaped schlieren was applied due to the room space 

limitation of the lab which was also shown in Figure 3.10. The light from a digital mode 

light-emitting diode (LED) became a point light after passing through a focusing lens. A 

parabolic mirror was used to expand the point source into a collimated light and this 

collimated light would be focused back to the camera by using the second parabolic mirror. 

To visualize the ambient air movement more clearly, a knife-edge was placed in front of 

the camera lens. Otherwise, the shadow technique was considered without placing the knife 

edge.  
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Figure 3.10. The Z-shaped schlieren setup for spray test. 

3.3.3 Refractive index matching 

RIM is one of the optical techniques that could evaluate the thickness of a liquid film when 

it is deposited on a roughened impinging surface. The RIM could provide temporal and 

spatial characteristics of the liquid film through the scattering light ratio from the 

roughened surface before and after the film deposition. This method requires a similar 

refractive index between the impinging surface and target fuel. In the current thesis, the 

refractive indexes for n-heptane and the impinging surface are 1.39 and 1.46, respectively. 

The relationship between film thickness, surface roughness, and a film-covered area is 

depicted in Figure 3.11.  
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Figure 3.11. Relationship between film thickness, surface roughness, and a film-covered 

area. 

In addition, the schematic of film formation is explained in Figure 3.12. The high-speed 

camera is looking from the bottom of the impinging surface. Naturally, the roughness of 

the surface could scatter the incident light on the surface. As the film is deposited on the 

surface and trapped by the roughness, the incident light from the light source is scattered 

and diffused on the surface, subsequently changing the intensity in the film region. 

Therefore, the transmission ratio ΔTrans, which is determined by one minus the ratio of 

the intensity in a wet area to the intensity of dry area, could be correlated with the film 

thickness through a calibration process. After that, for the actual spray tests, by finding the 

local transmission ratio, the film thickness could be calculated.  
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Figure 3.12. The schematic of film formation and the RIM technique fundamentals. 

In the calibration, a known volume of the fuel is smoothly deposited on the impinging 

surface. Divided by the film occupied area, the film thickness could be calculated. 

Therefore, to avoid the splash from the injection, a precise syringe with the finest resolution 

of 0.05 mm3 was used to inject a known volume of fuel on the roughened surface. The 

injected volume is from 0.5 to 1.5 µL with an increment of 0.1 µL. As n-heptane is a 
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relatively high-volatile fuel and it may start to evaporate during the deposition, a fuel 

mixture combining n-heptane and low-volatile fuel dodecane was used for the calibration. 

The purpose of the dodecane was going to determine the maximum film occupied area. 

Two compositions were adopted: 90% n-heptane with 10% dodecane, and 95% n-heptane 

with 5% dodecane. The average transmission ratio and average film thickness in the film 

region were curve-fitted to obtain the calibration curve. The calibration curve for the 

current film measurement is shown in Figure 3.13. In addition, the RIM method has a 

limitation that it could not measure the film thickness higher than surface roughness. 

Besides, the precision of RIM depends on the contrast of image which is mainly affected 

by the camera detection range and light intensity. 

 
Figure 3.13. The relationship between the transmissivity to the film thickness. Two 

mixtures were used for the calibration. The equation for the calibration curve is that 

thickness = 1.667*ΔTrans2 + 0.5454*ΔTrans. 
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In addition, the surface roughness profile was measured by a laser profilometer. Four 

random locations on the roughened surface were examined and the profiles are shown in 

Figure 3.14. 

 
Figure 3.14. Surface roughness on the impinging surface. 

3.3.4 Natural luminosity for diesel spray combustion 

Natural luminosity is the luminosity generated by the radials’ incandescence from the 

black-body radiation [88–90]. In a diesel spray combustion, the luminosity is dominantly 

contributed by the radiation from the soot particles. In naked observers such as eyes, the 

flame is yellow-ish because of the soot incandescence in a high-temperature environment. 

In addition, the intensity level of soot incandescence is proportional to the soot volume 

fraction. Therefore, the natural luminosity of a diesel flame is widely used in the engine-

related area to qualitatively explain the soot formation. In the experiments, the flame was 

captured by an 8-bit monochrome high-speed camera and there is no need to supply an 
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additional light source to light the spray/flame. A sample image from the natural luminosity 

looking from the bottom is shown in Figure 3.15. The impinging plate is marked by a red 

circle. 

 
Figure 3.15. Sample natural luminosity image. Tamb = 900 K, 18% O2, Pinj = 1500 bar and 

ρamb = 22.8/kg/m3. 

3.3.5 Droplet sizing measurements 

Malvern Spraytec has been used to measure the droplet size. The working principle of 

Malvern Spraytec system is: Light from the laser emitter is scattered by the spray droplets. 

The laser beam is expanded by the collimating optics to provide a wide parallel beam. The 

scattered light is focused by a focusing lens on a Fourier arrangement and picked up by the 

detector array. Non-scattered light is focused by the focusing lens so that it passes through 

the pinhole at the center of the detector array. This is measured by the beam power detector 
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to give the light transmission. The angle at which a particle diffracts light is inversely 

proportional to its size. The detector array is made up of over 30 individual detectors, each 

of which collects the light scattered by a particular range of angles. There is a data channel 

for each of these. Measuring the angle of diffraction determines the size of the particle, as 

shown in Figure 3.16. 

 
Figure 3.16. Experimental setup and schematic of droplet sizing measurement. 
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4 Numerical simulation details 

In this Chapter, the configurations and main models used in the simulations will be 

introduced. The Lagrangian-Eulerian approach of coupling the liquid spray with the 

gaseous phase was employed to describe fuel spray and combustion in a commercial CFD 

software package CONVERGE©. 

4.1 Simulation input configuration 

The CV was modeled with a cubic domain. Diesel2 embedded in CONVERGE© package 

was selected as the fuel. The sub-models for spray, turbulence, liquid drop dynamics, and 

combustion used in this study are summarized in Table 4.1, with a detailed description 

provided in [74]. These models have been used extensively in numerical studies and were 

validated for a wide range of operating conditions, geometries, fuels, and injectors [91–

94].  

The base mesh size for Reynolds-averaged-Navier-Stokes (RANS) and Large-eddy-

simulation (LES) simulations was 4 and 2 mm, respectively. Grid generation was done 

during runtime along with adaptive mesh refinement (AMR) based upon gradients in 

velocity, temperature, and species. Fixed embedding of cells was implemented near the 

nozzle. Mesh size selection was based on published grid convergence studies [95,96]. The 

minimum grid size is determined by the base grid size divided by the scale level power of 

2. In order to investigate the soot formation near the plate due to the heat transfer between 

the flame and wall, the plate temperature was set to 550 K and the conjugate heat transfer 

(CHT) model was enabled to predict the wall temperature change during the flame 

impingement. The CHT is necessary when taking into account the heat transfer in the finite 

thickness wall [55]. In the current conjugate heat transfer model, the fluid phase, the solid 

phase, and the interface between solid and fluid are defined. The interface is then virtually 

separated with front and back surfaces. The heat flux between the fluid and solid was 

treated as uniform across the interface. 
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For reacting conditions, a reduced mechanism by Liu et al. [82] including 44 species and 

139 reactions was used to calculate autoignition and subsequent combustion by a detailed 

chemistry combustion model, SAGE. The two-step Hiroyasu-NSC (Nagle and Strickland-

Constable) approach was used to simulate the soot formation and oxidation process with 

acetylene (C2H2) as the soot formation precursor [97,98]. 

The models and inputs parameters for the simulations are summarized in Table 4.1. 

Table 4.1. Input parameters and models for CFD simulations. 

Models/Parameters RANS LES 

Injection model Blob distribution 

Evaporation model Frossling correlation 

Collision model No time counter 

Break-up KH/RT 

Wall interaction model O’Rourke and Amsden 

Combustion solver SAGE detailed 

Chemical mechanism Liu et al. [82] 

Soot model Hiroyasu-NSC [97,98] 

Turbulence model Standard k-ε Dynamic structure 

Base grid size 4 mm 2 mm 

AMR level 4 4 

Fixed embedding level 4 4 

Minimum grid size 0.25 mm 0.125 mm 

4.2 Spray/wall interaction models 

The spray models are activated once the injection starts. The droplets which have the same 

thermal properties are combined into a parcel to reduce the computational time. After the 

injection, the spray experienced primary breakup, secondary breakup, drop drag, collision 

and coalescence, evaporation, and turbulent dispersion processes [74].  
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The spray models include: 1) Spray breakup models, 2) Drop Drag models, 3) Collision 

models, 4) Drop turbulent dispersion models, 5) Drop/wall interaction models, 6) 

Evaporation models. In this study, spray breakup, drop/wall interaction, and evaporation 

are discussed because spray penetration, one of the scales that is used to verify the 

simulation results, is mainly determined by the breakup models. The spray penetration in 

simulations is determined by the mass fraction of liquid fuel. After the start of injection, if 

the integrated fuel mass from the injector tip to downstream reaches 0.97 of total injected 

mass, the distance between the farthest parcel and injector tip will be counted as the spray 

penetration [74].  

The widely used break-up model is Kelvin-Helmholtz and Rayleigh-Taylor instability 

model [99]. The KH instability takes into account the stability of transferring a cylindrical 

liquid droplet into the gas phase. RT instability considers the deceleration of drops due to 

the drag force. 

When the droplets impinge on the wall, they may rebound or slide on the surface or lead 

to liquid wall film deposition. The drop/wall interaction is separated into 4 regimes when 

considering the effect of non-dimensional temperature which is the ratio of wall 

temperature and fuel boiling temperature which could be described based on Weber and 

Laplace number in Kuhnke film splashing model [100]. 

The other wall film model is provided by O’Rourke and Amsden where the film splash 

criteria are determined by the Weber number, film thickness, and fuel viscosity [101]. In 

the current study, the O’Rourke and Amsden model is adopted. 

When the liquid fuel is injected into the computational domain, it is converted from a liquid 

phase to gaseous vapor. The droplet diameter will shrink until the whole droplet becomes 

fuel vapor. There are two main correlations that describe the rate change of the droplet 

radius. One is given by Amsden et al. [102] and the other is provided by Chiang [103]. 

In Frossling correlation, the rate change of the droplet is defined based on the density of 

liquid and gas phase, the vapor mass fraction, mass diffusivity of liquid vapor in the air, 
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and Sherwood number (Sh) which can be described as a function of Reynolds number (Re) 

and Schmidt number (Sc) [102]. Chiang gave a new correlation of Nusselt number (Nu) 

and Sherwood number as an alternative in the equation of droplet radius change [103]. 

4.3 Turbulence models 

Turbulence can significantly increase the mixing rate of species, energy, and momentum. 

It is important to introduce the turbulence models since the turbulence can significantly 

enhance air-fuel mixing, especially in diesel combustion because it is a mixing-controlled 

process. The turbulence methods are divided into three categories in terms of the eddy 

length scale: 1) RANS, 2) LES, 3) DNS. 

RANS simulation is the time-averaged simulation of the motion of the fluid flow. RANS 

turbulence models available in CONVERGE© are the standard k-ɛ model and RNG 

(Renormalization Group) k-ɛ model. The standard k-ɛ model assumes that the flow is fully 

turbulent, and the viscosity of the molecule can be ignored [104]. During the process of 

averaging the constitutive equations, it is losing fidelity. If the smallest scales of turbulence 

can be systematically eliminated, the remaining scales of turbulence become more 

distinguishable. Compared with LES and DNS, the accuracy and computational time of 

RANS are balanced to obtain reasonable results without having longer computational time. 

Several RANS models are available in CONVERGE© which are Standard k-ε, 

Renormalization Group k-ε, Rapid Distortion RNG k-ε which were provided by Han et al. 

[105] and Realizable k-ε, Standard k-ω which were provided by Wilcox [106]. 

Besides the RANS model, LES is briefly introduced because it could resolve the large 

eddies that are affected by the flow field. Based on the large eddy theory, the large-scale 

eddies are simulated directly while the small-scale eddies are treated isotropic. Therefore, 

large eddy simulation is conducted through a filtering process to separate the small and 

large eddies [107,108]. In the current thesis, A one-equation non-viscosity dynamic LES 

turbulence model known as the dynamic structure model was used to simulate the turbulent 

sub-grid scale stresses [109]. A sub-grid scale kinetic energy transport equation in this 
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model was applied to model the energy flow from the resolved scales to the sub-grid scales, 

based on an energy flow budget between resolved and the sub-grid scales [95]. 

4.4 Combustion and soot models 

The CFD simulations offer several models for diesel combustion models: 1) Detailed 

SAGE model, 2) Modified Shell Ignition model [110], 3) Characteristics Time Combustion 

model [111,112], 4) Extended Coherent Flame Model 3 Zones [113].  

The SAGE model gives the details of the combustion process that calculates the reaction 

rates for each elementary reaction while the CFD solver solves the transport equations. 

SAGE, along with AMR, and an accurate mechanism can be used for modeling many 

combustion regimes (ignition, premixed, mixing-controlled) [74]. Even though the 

computational time may be increased, the accuracy of the simulation could be significantly 

raised up due to the detailed chemistry simulation.  

In case of the need for rapid simulations, several simplified combustion models such as 

Shell, CTC, and ECFM3Z can also be applied individually or combined to describe the 

combustion process. In the current thesis, a SAGE detailed combustion solver is utilized. 

The steps of the SAGE solver are briefly described as follows: 

For a specific species i, the net production rate is given by Equation (4.1): 

𝜔̇𝜔𝑖𝑖 = �𝑣𝑣𝑛𝑛𝑛𝑛𝑛𝑛𝑞𝑞𝑟𝑟

𝑅𝑅

𝑟𝑟

 (4.1) 

where the v is the net stoichiometric coefficient, r is the specific reaction, R is the total 

number of reactions and M is the total number of species. 

The rate of the production qr is given by Equation (4.2): 
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𝑞𝑞𝑟𝑟 = 𝑘𝑘𝑓𝑓𝑓𝑓�𝑋𝑋𝑖𝑖𝑣𝑣𝑟𝑟
𝑀𝑀

𝑖𝑖=1

− 𝑘𝑘𝑟𝑟𝑟𝑟�𝑋𝑋𝑖𝑖𝑣𝑣𝑝𝑝
𝑀𝑀

𝑖𝑖=1

 (4.2) 

In Equation (4.2), the krw and krv indicate the forward and reverse rate coefficients where 

both of them are addressed from Arrhenius form given in Equation (4.3): 

𝑘𝑘𝑓𝑓𝑓𝑓 = 𝐴𝐴𝑇𝑇𝑏𝑏𝑒𝑒−
𝐸𝐸
𝑅𝑅𝑢𝑢𝑇𝑇 (4.3) 

where the A is the pre-exponential factor, b is the temperature exponent, E is the activation 

energy and Ru is the universal gas constant. 

Then the governing equation for mass in a cell is given by Equation (4.4): 

𝑑𝑑𝑋𝑋𝑖𝑖
𝑑𝑑𝑑𝑑

= 𝜔̇𝜔𝑖𝑖 (4.4) 

Soot models are important to predict soot formation and oxidation. Generally, there are 

four processes including soot inception, soot surface growth, soot coagulation, and soot 

condensation. Soot inception describes the process when the smallest soot particles are 

formed from the soot precursors. Soot surface growth explains the competition between 

the soot growth and the consumption of soot due to the reaction both happening on the soot 

particle’s surface. Soot coagulation indicates the larger soot particles formed by the 

collision of smaller soot particles. Soot condensation explains the direct formation of large 

soot particles from the gas-phase soot precursors [74]. In CONVERGE©, the empirical 

correlation for soot formation and soot oxidation is given by the refs [97,98]. The rate of 

soot formation is proportional to the Arrhenius pre-exponential factor, and the square root 

of back pressure, exponential of minus activation energy, and reciprocal of ambient 

temperature. For soot oxidation, the Nagle and Strickland model is used by using the 

carbon oxidation mechanism. The soot oxidation rate is determined by the carbon oxidation 

reaction rate, the surface area of the soot particles, and the molecular weight of carbon [98]. 

The soot formation from Hiroyasu-NSC mechanism is briefly introduced as follows. 
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Firstly, the net soot formation rate is given by Equation (4.5): 

𝑑𝑑𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑𝑑𝑑
= 𝑚̇𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑚̇𝑚𝑜𝑜𝑜𝑜𝑜𝑜 (4.5) 

The formation rate 𝑚̇𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is given by: 

𝑚̇𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐴𝐴𝑠𝑠𝑠𝑠𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎√𝑃𝑃𝑒𝑒
−𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅𝑢𝑢𝑇𝑇  (4.6) 

Where Asf is the pre-exponential factor, P is the ambient pressure and macet is the mass of 

acetylene which is the chosen species for soot precursor. For modelling soot oxidation, the 

NSC correlation is used considering the carbon oxidation. The soot oxidation is considered 

to happen on the surface of the soot particles. Therefore, the soot oxidation rate is given 

by: 

𝑚̇𝑚𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑆𝑆𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝑀𝑀𝑀𝑀𝑐𝑐 (4.7) 

where the S is the surface area of the soot particles, R is the soot oxidation reaction rate and 

MWc is the molecular weight of the carbon. 

The soot particle is assumed to be spherical and uniform in size, so that the surface area of 

the soot particle is given by Equation (4.5): 

𝑆𝑆 = 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜋𝜋𝐷𝐷𝑠𝑠2 (4.7) 

where nsoot is the number of soot particles, Ds is the diameter of the soot particle which is 

25 nm in this study. 
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5 Data processing methodologies2 

Post-processing is one of the most important works in the current thesis. The amount of in-

house MATLAB codes for image-processing, signal-processing, and mathematical 

calculations will be introduced in this section. The detailed programs will be provided in 

Appendix A. 

 

 
2 Reprinted with permission from SAE papers 2019-01-0067 and 2019-01-0267 ©2019 
SAE International and 2021-01-0543 ©2021 SAE International. Reprinted with permission 
from International Journal of Engine Research (IJER) and the American Society of 
Mechanical Engineers (ASME). The materials in this chapter were published in the 
following papers: 

• Zhao, Z., Zhu, X., Zhao, L., Naber, J. et al., "Spray-Wall Dynamics of High-Pressure Impinging 
Combustion," SAE Technical Paper 2019-01-0067, 2019, https://doi.org/10.4271/2019-01-0067. 

• Zhao, Z., Zhu, X., Naber, J., and Lee, S., "Impinged Diesel Spray Combustion Evaluation for 
Indirect Air-Fuel Mixing Processes and Its Comparison with Non-Vaporing Impinging Spray Under 
Diesel Engine Conditions," SAE Technical Paper 2019-01-0267, 2019, 
https://doi.org/10.4271/2019-01-0267. 

• Zhao, Z., Zhu, X., Zhao, L., Tang, M. et al., "A Numerical Study for the Effect of Liquid Film on 
Soot Formation of Impinged Spray Combustion," SAE Technical Paper 2021-01-0543, 2021, 
https://doi.org/10.4271/2021-01-0543. 

• Zhao, Z, Zhao, L, & Lee, S. "Evaluation of Soot Production Near a Cold Surface for an Impinged 
Diesel Spray Combustion." Proceedings of the ASME 2020 Internal Combustion Engine Division 
Fall Technical Conference. ASME 2020 Internal Combustion Engine Division Fall Technical 
Conference. Virtual, Online. November 4–6, 2020. V001T05A002. ASME. 
https://doi.org/10.1115/ICEF2020-2938 

• Zhao Z, Zhu X, Naber J, Lee S-Y. Assessment of impinged flame structure in high-pressure direct 
diesel injection. International Journal of Engine Research. 2020;21(2):391-405. 
doi:10.1177/1468087419859788 
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5.1 Experimental related data processing 

5.1.1 Boundary tracking for spray and flame shape 

The structure of impinged spray and flame is investigated by using boundary tracking as 

the main image processing tool. Both general expansion structures for outmost boundaries 

and film formation area are acquired through using boundary tracking. The global 

parameters for non-vaporizing conditions (i.e., axial/radial expansion distance at axial 

direction) were obtained by tracking the boundary of the spray expansion pattern. The 

procedure of the boundary tracking method is shown in Figure 5.1. 

 
Figure 5.1. Boundary tracking procedure: (a) raw image before background subtraction, 

(b) gray image after background subtraction, (c) outmost boundary tracking of spray 

expansion (which is used to obtain spray expansion distance), (d) weight contour of 

intensity gradient with a zoomed-in spray (which is used to track the shape of liquid film 

near to the impinging point), and (e) spatial window (red square box) for integration of 

intensity (which is used to integrate the intensity near boundary pixel). 

One sample of the bottom-viewed high-speed image (before background subtraction) is 

shown in Figure 5.1(a). The background without any spray is subtracted from Figure 5.1(a) 

and the subtracted gray image is shown in Figure 5.1(b). The boundary of the spray or 

flame is typically acquired by using the ‘bwboundaries’ function in MATLAB. The 

boundary tracking of function ‘bwboundaries’ is based on the threshold of the absolute 

magnitude of intensity instead of the gradient of intensity. The threshold can be an arbitrary 

number based on intensity level or automatically determined by using the ‘Otsu’ method 
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[114]. By setting a certain threshold, a visual check is needed to determine whether the 

threshold is set properly enough to obtain good outcomes. Even though the ‘bwboundaries’ 

could find the most connected interested area, there are still some holes and fragments 

seating in the interested area. The ‘fill’ function is needed to be adopted to obtain a single, 

continuous-connected boundary. The single, continuous boundary of spray expansion is 

shown in Figure 5.1(c), marked by a blue solid line.  

There is a liquid film that has been found to be formed near the impinging point after spray 

impingement. A certain amount of fuel adheres on the plate near the impinging point, 

showing a very slower expansion rate compared to the expansion rate of the outmost spray 

boundary. Due to unclear intensity gradient in the film formation region, the original 

boundary tracking method is no longer applicable. A new method of boundary tracking 

based on image segmentation is adopted to track the inner structure (liquid film region) of 

spray expansion. Weighted intensity gradients are acquired based on the local level of 

intensity and the intensity of the interested seed point. Since the film region is located 

peripheral to the impinging point, the impinging point is chosen as the seed point. The 

contour of the weight is shown in Figure 5.1(d). Local weight is inversely correlated to the 

local intensity gradient, which means the region with a sudden intensity change has a small-

weighted gradient. By setting a certain threshold for the weight, the boundary of the film 

region can be acquired. A visual check is also needed to determine the threshold. In order 

to investigate the effect of turbulence intensity which can be denoted as the effect of the 

curvature on the flame luminosity, a spatial window which is shown as a 2 mm long red 

square in Figure 5.1(e) is used to integrate the intensity near the boundary. The size of this 

spatial window is determined through sensitivity analysis by varying the size of the square. 

It is found that larger square-bound leads to overlapped information and smaller square-

bound leads to miss information.  

One sample of the bottom-viewed high-speed image (after background subtraction) is 

shown in Figure 5.2(a). After the impingement, the fuel spray expands on the plate radially 

but with a different expansion rate due to the tilted incident angle. The impinging point is 
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obtained by the ‘Centroid’ function and shown as a red dot in Figure 5.2(a). Three 

directions (left radial, right radial, and axial) are defined to explain the spray expansion 

behavior. The axial expansion distance is defined as the average distance between the 

impinging point to the pixels on the local boundary (purple line). There are Npixel numbers 

of pixels on the boundary. The distance at a given time t can be defined as Equation (5.1) 

𝐷𝐷(𝑡𝑡) =
∑�(𝑥𝑥 − 𝑥𝑥𝑖𝑖𝑖𝑖𝑖𝑖)2 + (𝑦𝑦 − 𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖)2

𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 (5.1) 

The ximp and yimp represent the location of the impinging point where the x and y represent 

the location of the local boundary pixel. Similarly, the radial distance could be obtained. 

The whole space domain is separated into sectors with respect to the impinging point and 

the schematic of the space domain is shown in Figure 5.2(b). The local expansion distance 

at a given time could be represented as D (t, θ) where θ is the radial coordinate. The sector 

angle α where distance is averaged was determined through the sensitivity analysis and 5° 

was found to have the best outcome. The three directions (left radial, right radial and axial) 

in Figure 5.2(a) correspond to the θ of 270°, 90° and 180° in Figure 5.2(b). A sample profile 

of expansion distance at 2 ms ASOI (after the start of injection) under the non-vaporizing 

condition is shown in Figure 5.2(c). Three arrows (located at 90°, 180°, and 270°) in Figure 

5.2(c) indicate the local expansion distance at right radial, axial, and left radial directions. 
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Figure 5.2. The procedure of local boundary tracking method: (a) definitions of the spray 

expansion directions (dash line: left radial; solid line: axial; dash line with a dot: right 

radial); (b) space domain of data analysis (θ); (c) profile of expansion distance at 2 ms 

ASOI under non-vaporizing conditions. 
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The local expansion rate ER (t, θ) could be then defined as Equation (5.2):  

𝐸𝐸𝐸𝐸(𝑡𝑡,𝜃𝜃) =
𝐷𝐷(𝑡𝑡,𝜃𝜃) − 𝐷𝐷(𝑡𝑡′,𝜃𝜃)

𝛥𝛥𝛥𝛥
 (5.2) 

where the t’ is one frame before t. Δt is equal to 1/fps (frame per second). For reacting 

cases, the flame front distance and expansion rate are obtained by using the same boundary 

tracking method and space domain. 

Besides examining the expansion rate, the density of the spray boundary contour could also 

be used to qualitatively evaluate the local expansion rate. A sample case is shown in Figure 

5.3 including an instantaneous spray image at the end of injection and the temporal 

contours of the spray boundary from the start of impingement to the end of injection. In 

the region near the impinging point, the boundary contour is sparser than the leading edge 

of the spray. Thus, the bulk expansion rate is higher at the impinging region than the leading 

edge. 

 
Figure 5.3. Left: the instantaneous image of an impinging spray at the end of the injection. 

Right: The evolution of the tracked spray boundary from the start of impingement to the 

end injection. 
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5.1.2 Intensity-Radial-Time methodology 

The soot formation of impinged spray combustion can be indirectly denoted by conducting 

simultaneous spatial and temporal integration of flame luminosity. The methodology of the 

integration of flame luminosity has been introduced by previous researchers [18,115,116]. 

In the free spray case, the flame luminosity is treated radially uniform, and the integration 

is applied in the axial direction. However, for an impinging case, a polar coordinate system 

is adopted to explain the integration of luminosity in radial directions. The angle θ of the 

polar coordinate system represents the inclined angle between the local flame pixel and 

impinging point. The radius of the coordinate corresponds to the ASOI.  

The sample image in Figure 5.4(a) is selected from one combustion event at ambient 

temperature 900 K and 1.7 ms ASOI. The intense flame luminosity is noted by red in the 

false-color map. The space domain of the image is separated into sectors with respect to 

the impinging point. The impinging point is shown as a red dot. In order to determine the 

best angle sector, the sensitivity analysis is performed by varying sector angles of 20°, 10°, 

5°, and 1° and it is found that the best result was from sector angle of 5°. A mask (a red 

sector in Figure 5.4(b)) scans over the sectors to obtain the integration of flame luminosity. 

Simply, the integrated intensity in No.i sector at a given timestamp is calculated by 

Equation (5.3): 

𝐼𝐼𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖(𝑡𝑡) = �𝐼𝐼𝑙𝑙𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)𝑑𝑑𝐴𝐴𝑖𝑖(𝑡𝑡) (5.3) 

The Ilocal (x,y,t) and Ai (t) are the local flame luminosity and the flame occupied area in 

each sector at a given timestamp. The integrated intensity is converted into a colored arc 

that sits on the concentric circle in Figure 5.4(c) at a given timestamp. The color of the arc 

represents the magnitude of the integrated intensity. 

The area-averaged integrated flame luminosity replaces the overall integrated flame 

luminosity to explain the soot formation. Equation (5.3) is then modified to Equation (5.4):    
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𝐼𝐼𝑖𝑖𝑖𝑖𝑡𝑡𝑎𝑎𝑣𝑣𝑒𝑒𝑖𝑖(𝑡𝑡) =
∫ 𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑥𝑥,𝑦𝑦, 𝑡𝑡)𝑑𝑑𝐴𝐴𝑖𝑖(𝑡𝑡)

𝐴𝐴𝑖𝑖(𝑡𝑡)
 (5.4) 

The Iint_ave_i represents the area-averaged integrated flame luminosity over the flame 

occupied area of No.i sector at a given timestamp. The Iint_ave_i is then normalized by the 

maximum range of the camera detection limit (i.e., 255 of intensity). The IRT maps from 

0 to 6 ms ASOI are shown in Figure 5.4(d). The overall IRT results are averaged by 5 

repeats. 

 

 
Figure 5.4. A schematic of flame luminosity integration in both space and time domain. 
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In addition, the time-resolved natural luminosity image and the integrated intensity are 

shown in Figure 5.5 and Figure 5.6 step by step. They help the audience to understand the 

temporal integration process. 

 
Figure 5.5. Time-resolved natural luminosity images of impinging spray diesel combustion 

at given ASOIs. 

 
Figure 5.6. Time-resolved integrated flame luminosity at given ASOIs. 
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5.1.3 Curvature calculation for transient turbulent impinging spray boundary 

As the curvature usually has a sign to indicate the orientation, the definition of the curvature 

needs to be clarified before the curvature calculation. A snapshot of non-vaporizing 

impinged spray is illustrated in Figure 5.7, looking from the bottom view. During the spray 

expansion on the plate, the outmost boundary of spray expansion is perturbed by both the 

surrounding gas and the plate surface friction. It is assumed that the surface drag, which 

hinders spray boundary expansion, is radially and uniformly distributed, and therefore 

outmost spray boundary shape is assumed to be both determined by the surrounding gas 

dynamics (local gas velocity) and initial droplet velocities after the impingement. The 

captured images illustrate that there exist wrinkled boundaries with a number of convex 

and concave regions. In concave regions, spray expansion is suppressed by the ambient gas 

while there is less constraint in the convex regions. The strength of the suppression may 

affect the strength of the air-fuel mixing process. Note that the definition of the concave 

and convex shape is with respect to the impinging point. The convex and concave are 

defined by the positive and negative curvatures, respectively. 

 
Figure 5.7. A schematic of non-vaporizing impinged spray from the bottom view. 
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The local curvature of the flame expansion boundary is calculated as an indirect indicator 

of the local level of air entrainment at the flame boundary region. Mathematically, this 

curvature is defined as the rate of change of unit tangent vector when a particle is assumed 

to move on the evaluated curve. This expression can be explained as 

𝐾𝐾 =
𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 (5.5) 

where TV is the unit tangent vector: 

𝑇𝑇𝑇𝑇 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 (5.6) 

and s is the distance on the curve. However, it is hard to directly measure the rate of change 

of the unit tangent vector. Therefore, the curvature K can be expressed as: 

𝐾𝐾 =
𝑑𝑑2𝑟𝑟
𝑑𝑑𝑠𝑠2

 (5.7) 

If a third parameter m is introduced to calculate the tangent vector, then: 

𝐾𝐾 =
𝑇𝑇𝑇𝑇′(𝑚𝑚)
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 (5.8) 

𝑟𝑟′(𝑚𝑚) =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 (5.9) 

K can be then expressed as 𝑟𝑟′(𝑚𝑚) 𝕩𝕩 𝑟𝑟′′(𝑚𝑚) 𝑟𝑟′(𝑚𝑚)⁄ . In a 2D image, the r can be explained 

as: 

𝑟𝑟 = 𝑥𝑥𝒊𝒊 + 𝑦𝑦𝒋𝒋 (5.10) 

where x and y are corresponding to the dimensions of the image in the Cartesian coordinate. 

If y is considered as a function of x, then: 
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝒊𝒊 +
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝒋𝒋 (5.11) 

Combining these relations with the previous expression of curvature, the first explicit 

expression of curvature is revealed as: 

𝐾𝐾 =
𝑦𝑦′′

(1 + 𝑦𝑦2)1.5 (5.12) 

If local y and x can be explained as 𝑥𝑥 = 𝑓𝑓1(𝑚𝑚) and 𝑦𝑦 = 𝑓𝑓2(𝑚𝑚) by using a parameter m, the 

previous equation is changed to [117,118]: 

𝐾𝐾 =
(𝑥𝑥′𝑦𝑦′′ − 𝑦𝑦′𝑥𝑥′′)

(𝑥𝑥2 + 𝑦𝑦2)1.5  (5.13) 

The local curvature at each individual pixel on the boundary can be obtained by curve 

fitting with a second-order polynomial method. Three pixels, target pixel, its left neighbor 

pixel, and right neighbor pixel on the boundary, are used to obtain the functions of curve 

fitting, 𝑥𝑥 = 𝑓𝑓1(𝑚𝑚) and 𝑦𝑦 = 𝑓𝑓2(𝑚𝑚). The parameter m is always defined as 0 at the target 

pixel. At the left neighbor pixel, mleft equals the relative distance between the left neighbor 

pixel and target pixel. Similarly, mright can be obtained. The curvature at each target pixel 

can be calculated with the definition of K.  

Before applying this method in the actual spray images, the verification of the curvature is 

needed. Therefore, a known size of the circle is generated in MATLAB and its theoretical 

curvature is the reciprocal of the radius. In Figure 5.8, three circles with the radius of 16, 

51, and 101 pixels are generated. The corresponding radiuses in mm are 1.68, 5.36, and 

10.61 mm. The local curvature of the circle is calculated starting from the top of the circle 

along the boundary of the circle. The theoretical and calculated curvatures are shown on 

the plot next to the corresponding circle. As can be seen in the plot, this method loses the 

sensitivity near the starting point and end point. As the radius is increased, the percentage 
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of the length of losing sensitivity is reduced which means that this method has more 

accurate outcomes from a curve with smaller curvature. 

.  

Figure 5.8. The verification of the curvature method is introduced in section 5.1.3. Three 

circles with a radius of 1.68, 5.36, and 10.61 mm are shown from top to the bottom. 

Nevertheless, to avoid losing the sensitivity, the vertices instead of all pixels could be used 

to specifically obtain the bulk curvature on the spray boundary. Therefore, the vertices on 

the spray were acquired and details are introduced as follows.  
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From Equation (5.1), the expansion distance is obtained but the plot domain is different 

when trying to find the vertices. Instead of the radial domain, the pixel-based domain is 

used to plot the expansion distance. A sample of the expansion distance is shown in Figure 

5.9. The red dots in Figure 5.9 represent the location of the vertices. The first derivative of 

the expansion distance is obtained to find the location of vertices pixels. Similar to the 

definition of mathematical stagnation points, the vertices lie where the first derivative of 

the curve is zero and the product of the first derivative of left and right neighbor the pixels 

is negative. It could be explained as a combination of Equations (5.14) and (5.15):  

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

|𝑥𝑥=𝑥𝑥𝑖𝑖 = 0 (5.14) 

   
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

|𝑥𝑥=𝑥𝑥𝑖𝑖−1
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

|𝑥𝑥=𝑥𝑥𝑖𝑖+1 <  0 (5.15) 

 
Figure 5.9. Expansion radius at a given timestamp. 

After finding the location of the vertices, they are reflected on the spray image. The 

comparison against the vertices and the spray boundary is shown in Figure 5.10. It is noted 

that the contrast of the spray is modified.  
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Figure 5.10. Definition of the curvature and the detection of vertices of the flame front 

boundary. The concave and convex are marked with green and blue arrows, respectively. 

5.1.4 Histogram-based distribution 

Apart from the normal impingement, the fuel mass distribution could be non-uniform at a 

tilted incident angle. In reacting cases, the non-uniform mass distribution could form one 

or several local fuel-rich zones after the impingement, which further deteriorate the air-fuel 

mixing process and possibly produce the environment for soot formation favor. The 

intensity level of soot luminosity would be related to the concentration of soot under a 

similar temperature environment. In the current study, the range of camera detection is 

separated into 5 groups starting from 0 to 250 (8-bit resolution) with an interval of 50 to 



62 

locate the most intensive soot region. The distance between the flame location and the 

impinging point is calculated. All flame-occupied pixels (without imaging threshold) are 

counted to obtain enough statistical data. The spatial distribution of the soot luminosity is 

plotted with the histogram function with a bin width of 1mm. 

5.1.5 Heat flux calculation 

During the flame expansion on the plate, the temperature difference between the plate and 

flame leads to heat loss to the cold surface and further lead to soot formation on the plate. 

A metal plate with three embedded heat flux probes replaces the bottom quartz fixture to 

measure the surface and inner plate temperatures during the combustion event. The location 

of heat flux probes is illustrated in Figure 5.11. The location of the ideal impinging point 

is also marked in Figure 5.11. Its location is calculated based on the CV geometry, 

arrangement of the injector, and the impinging plate. It is noted that the impinging plate is 

replaced by a transparent quartz plate in Figure 5.11 for better visualization comparing the 

location of heat flux probes and the spray pattern. The transparent quartz plate and the 

metal impinging plate share an identical geometry.  
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Figure 5.11. Locations of heat flux probes and their relative location with spray. At the 

initial location, three probes occupied locations 1, 2, and 3. The ideal impinging point is 

marked in between the location 1 and 2. The ideal impinging point is calculated based on 

the CV geometry and the arrangement of the injector and impinging plate. 

In this test, a DAQ system is triggered to record the temperature profile with a sampling 

rate of 100 kHz when the pre-burn mode is initiated. However, during the energized 

injection, there is noise in the temperature profile due to the energizing signals from the 

injector driver. A 100th order median filter is applied to the original temperature profile and 

the validation of the filtered temperature is shown in Figure 5.12. These three probes are 

installed evenly with a radial distance of 25 mm between location A (Location 1 in Figure 

5.11) and C (Location 3). The heat flux probe is a 3-wire heat flux probe that consists of a 

1.5-mm probe and two welded junctions. The 3-wire probe provides the ability to measure 
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surface, embedded temperatures. The surface thermocouple is installed exposed to the 

ambient gas, while the embedded one is installed 2 mm below the surface one.  

 
Figure 5.12. Comparison of the raw surface temperature profile with median filtered 

surface temperature. 

After reaching the desired ambient pressure, the injector is triggered to inject the fuel into 

the chamber. The fuel is injected 0.27 ms later after the trigger signal due to the hydraulic 

injection delay. The actual injection duration is 2.4 ms which is 0.4 ms longer than the 

energized injection duration. The following equation is used to calculate the temporal local 

heat flux: 
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𝑞𝑞″ = −𝑘𝑘
∆𝑇𝑇
𝑑𝑑

 (5.16) 

where the k is the thermal conductivity of the stainless steel which is 44.5 W/m*K. ΔT is 

the temperature difference between the surface and 2 mm below the surface. d is the gap 

between the surface and embedded thermocouples, which is 2 mm. If the heat flux is 

positive, the local heat transfer is treated from the wall to the ambient.  

However, in some test conditions with the shock of the electrical injection signals, the 

median filter can’t trace the early temperature change after the impingement. Therefore, a 

Fast-Fourier transform filter is applied to the temperature signals. The details will be 

provided in section 5.1.7. 

5.1.6 Apparent heat release rate calculation 

The apparent heat release rate (aHRR) in the constant volume chamber is calculated to 

identify the combustion phases of impinged combustion by varying the ambient 

temperature. Based on the assumption of a closed system operating with an ideal gas, the 

aHRR can be evaluated by Equation (5.17) [2]: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
1

𝛾𝛾 − 1
𝑉𝑉𝑉𝑉𝑉𝑉

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 (5.17) 

where the specific heat ratio 𝛾𝛾 is a constant (1.35) for the mixture used in CV whose 

volume is fixed at 1.1 L. From Equation 5.17, it could be concluded that the aHRR is 

proportional to the bulk pressure change in the combustion vessel. Due to the acoustic wave 

in the vessel, the pressure curve shows an oscillation, and the profile needs to be filtered. 

The process of filtering pressure is addressed as follows: the pressure drop due to natural 

cooling is subtracted from the pressure rise because of the combustion. A sample pressure 

rise due to combustion is shown in Figure 5.13. In addition, the pressure rise is separated 

into two parts: the premixed portion and the diffusion portion. The separation point is 

defined as the center of the first rising curve. The pressure rises before and after the 
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separation point contributes to the aHRR of premixed and diffusion combustion, 

respectively. A Butter worth filter with a cut-off frequency of 1500 Hz was applied for the 

diffusion portion. 

 
Figure 5.13. Pure pressure rise due to combustion and the filtered pressure. 

A typical aHRR profile of diesel spray combustion is shown in Figure 5.14. The overall 

process is separated into three domains: I: Premixed combustion (constant volume 

process); II: Diffusion combustion (constant pressure process); III: Late burning. Note that 

there is an increase of heat release rate at an early stage of region I due to the cool flame 

effect. 
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Figure 5.14. The heat release rate of typical free spray diesel combustion. 

5.1.7 Fast-Fourier Transform related signal processing 

Due to the disturbance of the electrical shock from the injector driver, the temperature 

profiles acquired from DAQ need to be properly filtered. Initially, a median filter with 

100th order is applied to the raw signals in section 5.1.5. However, the median filtered 

signals can’t track the dropping down phase after the impingement during the injection 

signals. Therefore, a fast Fourier transform (FFT) filter is applied to the original signals 

[119].  In Figure 5.15, the raw temperature profile, fast Fourier transform filtered, and 

median filtered profile is overlaid. The start of injection (SOI) is also marked in Figure 

5.15. The actual temperature profile during the injection is blocked by the electronic 

injection signals. The power spectrum of the raw signals is shown in Figure 5.16. A low-

pass strategy is adopted, and the cut-off frequency has been set to 500 Hz. In Figure 5.15, 

it could be seen that the FFT filtered signals could track before injection, during the 
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injection, and after the injection phases properly. The start of injection is determined by 

finding the first electrical signal of the injection driver then adding the hydraulic delay of 

the injector which is ~ 0.27 ms for the LBZ injector.  

 
Figure 5.15. Overlaid raw, FFT filtered and 1D median filtered temperature profiles.  
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Figure 5.16. The power spectrum of raw temperature signal from FFT. 

5.2 Simulation related data processing 

In section 5.1, the main methods of data processing for experiments have been introduced. 

In this section, the data post-processing for simulations will be explained in three different 

sub-sections: the column data extractions and definitions such as liquid length, ignition 

delay, etc., from the output files directly generated by the simulations, the virtual natural 

luminosity calculated from the simulations through using the theory of black radiation of 

soot and the curvature calculation for spray boundary generated in the simulations. 

5.2.1 Data extraction from simulations and definitions 

The outcomes from simulations are converted to column format using the built-in tool from 

CONVERGE© Studio. The data of column format is reconstructed in a 3D domain using 

the MATLAB scatter interpolant function. The 3D data could also be visualized by an 
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open-source post-processing software, ParaView. It can quickly build visualizations to 

analyze data using qualitative and quantitative techniques. ParaView was developed to 

analyze extremely large datasets using distributed memory computing resources. 

Especially, it could provide the ability to render the dataset for better visualization. For 

simulations in reacting conditions, the ignition delay and liquid length are important to 

verify the outcomes from simulations with experiments. There are two ways to define the 

ignition delay: light intensity-based, and chamber pressure-based. The ignition delay 

obtained from the high-speed image is based on the threshold of intensity. A sample 

temporal maximum intensity is shown in Figure 5.17. The solid black line indicates the 

instantaneous maximum intensity on log scale in the high-speed image. Once the maximum 

intensity reaches the steady-state, half of it is defined as the threshold (dashed line). The 

time at the cross point is defined as the ignition delay. 

 
Figure 5.17. A sample of ignition delay determination based on the maximum intensity of 

the flame. 
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However, for simulations, it is hard to obtain the natural luminosity directly. Therefore, the 

ignition delay is determined by the pressure rise due to the combustion. Ignition delay was 

defined as the time when the mean pressure exceeded the originally filled pressure by 3 

kPa, identical to the experiments.  

For the liquid length, it is obtained by finding the maximum extent of the spray 

development in experiments. In the simulation, spray penetration before impingement was 

defined as the distance between the nozzle tip and the leading edge of the liquid spray 

encompassing 97% of the fuel mass. 

The standards for ignition delay and spray penetration are based on the ECN [81]. Details 

regarding the comparison between experiments and simulations will be discussed in section 

5.3. 

5.2.2 Natural luminosity generated by simulations 

A method to visualize the soot field from a spray flame in CFD simulations was developed 

by Hessel et al. and utilized in this study [120]. This method allowed direct comparisons 

between natural luminosity images and CFD numerical results for the relative brightness 

of the soot incandescence. The method was based on projecting blackbody radiation from 

the soot cloud along line-of-sights onto a two-dimensional plane and accounted for the 

optical characteristics of the imaging system. The length scale of line-of-sight integration 

in the current study was 0.2 mm/pixel. Higher resolution could not be achieved due to the 

extremely huge computer memory requirement when processing the CFD column format 

data. 

The details of converting the soot volume fraction to the natural luminosity are provided 

as follows. The soot volume fraction is the ratio of the mass of soot divided by the volume 

of the cell to the mass of soot divided by the volume of soot particle. The processing steps 

are: Firstly, the radiant intensity of a soot particle assuming blackbody radiation is 

calculated based on the refractive index and temperature of soot particles. Then the soot 
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emissivity is calculated based on the soot volume fraction and the distance along the line-

of-sight direction within a cell. In the current thesis, the direction of line-of-sight is the z-

axis which is the vertical direction. Next, the soot transmissivity is calculated by 

subtracting soot emissivity from 1. Finally, the signals received by the camera sensor are 

locally calculated by multiplying the soot transmissivity, the radiant intensity, and the 

spectral response of the camera. After the local calculation, the signals are integrated along 

the line-of-sight direction.  

In a previous study [116], a direct comparison between the experiments and simulations 

have not been done. This was because that the line-of-sight integrated CFD luminosity 

images did not share the same luminosity scale with the experimental high-speed images. 

To facilitate direct comparison, the CFD intensity I(x,y)CFD was scaled with respect to the 

camera display scale (0-255). Figure 5.18 shows the highest intensity at each timestamp 

for the experimental results. The calibration point for simulations is chosen at the same 

time step to match the time of maximum experimental intensity. As can be seen in the 

figure, the highest intensity is increased with time and it reaches the maximum value at a 

certain time t ASOI, and then stays at a nearly constant value in experiments. Therefore, it 

is assumed time t ASOI is a relatively steady-state and the maximum intensity is the same 

for both the experiments and simulations at t under the same display scale. The scaled flame 

luminosity I’(x,y)CFD is obtained by using the following equation: 

𝐼𝐼’(𝑥𝑥,𝑦𝑦)𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐼𝐼(𝑥𝑥,𝑦𝑦)𝐶𝐶𝐶𝐶𝐶𝐶 ∗ [𝑚𝑚𝑚𝑚𝑚𝑚(𝐼𝐼(𝑥𝑥,𝑦𝑦)𝐸𝐸𝑋𝑋𝑋𝑋)/𝑐𝑐𝑐𝑐𝑐𝑐(𝐼𝐼(𝑥𝑥,𝑦𝑦)𝐶𝐶𝐶𝐶𝐶𝐶)]|𝑡𝑡 (5.18) 

The cal(I(x,y)CFD) and max(I(x,y)EXP) are marked with green and red circles in Figure 5.18, 

respectively. However, this method has limitations because the trends of experiments and 

simulations are diverse after the calibration point. The maximum intensity of experiments 

drops but the maximum intensity of simulations continues going up. This scaling process 

needs to be further modified to fit the trend to match the experimental results. 
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Figure 5.18. Temporal maximum intensity comparison between experiments and 

simulations. The cal(I(x,y)CFD) and max(I(x,y)EXP) are marked with green and red circles, 

respectively. 

5.2.3 Curvature calculation for transient turbulent impinging spray boundary 

In order to directly compare the curvature distribution with experimental results, LES 

simulation results were interpolated into a reconstructed domain with a grid resolution of 

0.1047 mm. Limited by the computational cost associated with the resolution of the 

reconstructed data, CFD data analysis was only performed on a plane 1 mm above the 

impinging plate. The flame front boundary was traced by using the OH radicals contour 

(instead of natural luminosity in experiments) on the chosen plane. The curvature 

distribution was characterized as histograms with a bin size of 0.05 mm-1 for both 

experiments and simulations. The calculation of the boundary curvatures follows the 

method introduced in section 5.1.3. A sample of instantaneous OH contour is shown on the 
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left of Figure 5.19. By using the boundary tracking method, the binary area of spray 

occupied region is detected and the boundary is marked together with the binary image. 

This detection is shown in the middle of Figure 5.19. The curvature profile from one edge 

of the spray boundary to another is displayed on the right of Figure 5.19.  

 
Figure 5.19. Left: Instantaneous OH contour from 900 K flame. Middle: Binary area of 

spray detected by the boundary tracking method. Right: Curvature profile of the detected 

boundary. 

5.3 Validation of simulations 

After the model description and definitions from simulations, the validation of simulations 

against the experimental results will be discussed in this section. The spray penetration and 

ignition delay will be compared between RANS, LES, and experimental results. The 

penetration and ignition delay validations for film cases will be discussed independently. 

The qualitative flame shape validation will be discussed in Chapter 6. 

5.3.1 Validations of spray penetration 

Spray penetration is one of the most widely used parameters for model validation. Figure 

5.20 shows the temporal liquid penetration comparison between the experiment and the 

simulation at an ambient temperature of 900 K with 0% O2 before spray impinging on the 

wall, at 0.45 ms ASOI. 
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Figure 5.20. Spray liquid length comparison between RANS simulation and experiments. 

Tamb = 900 K, Pinj = 1500 bar and 0% O2. 

Figure 5.21 shows that the simulated liquid penetration for LES simulations matches the 

experimental results well which means the spray momentum is predicted well. The time of 

spray impingement at the current test condition is ~ 0.45 ms ASOI which is nearly identical 

between experiments and simulations. From Figure 5.21, it can be seen that the liquid 

length under Tamb of 900 K is close to the traveling distance. Thus, it can be concluded that 

spray under 900 and 1000 K ambient temperatures will not deposit distinct film but the 

spray under 800 K will under the impinging distance of 40 mm. 
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Figure 5.21. Spray liquid length comparison between LES simulation and experiments. 

Tamb = 900 K, Pinj = 1500 bar and 0% O2. 

For the film case, spray penetrations at different ambient temperatures and impinging 

distances were obtained from simulations and their comparisons with experimental data 

are shown in Figure 5.22. It is noted that the film case applies the RANS turbulence model. 

In Figure 5.22, it is observed that the simulation results matched well with the experimental 

result before 0.2 ms ASOI. After 0.2 ms ASOI, under the same impinging distance, the 

simulations slightly over-predict the spray penetration. It is noted that the spray penetration 

is saturated at an impinging distance of 30 mm after 0.2 ms ASOI due to the earlier 

impingement at a lower impinging distance. 
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Figure 5.22. Validation of the spray penetration for film case. 

5.3.2 Validations of ignition delay 

After discussing the spray penetration, the ignition delays from RANS, LES, and film cases 

will be provided in this section.  

Figure 5.23 shows ignition delays at different ambient temperatures both in experiments 

and simulations. As mentioned in the previous section, ignition delay was obtained based 

on pressure- rise. The simulated ignition delay matches quite well at 900 K and 1000 K 

while it is over-predicted at 800 K. In addition, although the ambient temperature varied, 

the spray or the flame traveled towards the impinging plate with the same initial 

momentum. Thus, the spray impingement time was maintained the same under three 

temperature conditions around 0.45 ms, represented with a red solid line in Figure 5.23. It 

is also interesting to point out that though ignition delays at three ambient temperature 

cases is all longer than 0.45 ms, the flame luminosity at 900 K and 1000 K can be visualized 
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even before the impingement [121]. This is likely because the luminosity could be either 

produced by the cool flame or the other radicals’ chemiluminescence. 

 
Figure 5.23. Pressure-based ignition delay comparison between RANS simulations and 

experiments under different ambient temperatures. 

Figure 5.24 shows ignition delays comparison for LES simulations at ambient temperatures 

of 800, 900, and 1000 K with 18% O2 in both experiments and simulations. Simulation 

results showed 0.01 ms less variation at 800 and 900 K, and 0.1 ms less variation at 1000 K. 

The well-matched ignition delays indicate that the auto-ignition behaviors could be 

predicted well by the simulations. The well-matched ignition delay is also crucial for 

predicting the correct ignition location and representing the flame development from 

simulations. 
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Figure 5.24. Pressure-based ignition delay comparison between LES simulations and 

experiments under different ambient temperatures. 

Validation of ignition delays for film cases is shown in Figure 5.25. From Figure 5.25, it 

could be observed that the ignition delay matches well under the ambient temperatures of 

900 and 1000 K. The impinging distance doesn’t have significant effects on the ignition 

delay under these two ambient temperatures. However, the simulation result at an ambient 

temperature of 800 K is over-predicted by around 0.5 ms. And shorter impinging distance 

leads to longer ignition delay at an ambient temperature of 800 K. The outcomes from 

simulations could do the quantitative comparison for the 900 and 1000 K cases but 

qualitative comparison for the 800 K case since the ignition delay is over-predicted at 

800 K case. 
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Figure 5.25. Pressure-based ignition delay comparison between RANS (film) simulations 

and experiments under different ambient temperatures and impinging distances. 



81 

6 Macroscopic spray and flame boundary structure and 

behavior of an impinging diesel spray3 

In this chapter, the macroscopic impinged spray characteristics under both non-vaporizing 

conditions and reacting conditions will be discussed. The macroscopic boundary structure 

includes the distance of the impinged spray from the impinging point, the propagation rate 

of the spray, and radial intensity distribution from the Mie scattering signals and natural 

luminosity signals. In the first section, the propagation distance and propagation rate from 

non-vaporizing conditions are examined. In the second section, the flame front and bulk 

flame propagation speed are evaluated from reacting conditions. The results from non-

vaporizing and reacting conditions are then compared to discuss the effect of reactions on 
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Combustion," SAE Technical Paper 2019-01-0067, 2019, https://doi.org/10.4271/2019-01-0067. 

• Zhao, Z., Zhu, X., Naber, J., and Lee, S., "Impinged Diesel Spray Combustion Evaluation for 
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Diesel Engine Conditions," SAE Technical Paper 2019-01-0267, 2019, 
https://doi.org/10.4271/2019-01-0267. 
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the bulk spray propagation. In the last section, the results from CFD simulations are 

compared against the experimental results to verify the numerical outcomes. 

6.1 Time-resolved flame images and validation of flame shape from 

natural luminosity 

Time-resolved side-view images of flame luminosity (with dimensions of 50 mm vertical 

and 66.5 mm horizontal) are shown in Figure 6.1 to study the dynamics of impinged flame 

propagation. The injector tip and impinging plate are marked with blue triangles and solid 

yellow lines, respectively. As shown in the first row of  Figure 6.1, the soot is first observed 

above the plate at around 0.4 ms ASOI at the ambient temperature of 1000 K. At 0.6 ms 

ASOI, the observed soot region expands towards the impinging plate. At an ambient 

temperature of 900 K, the location of initially observed soot is closer to the impinging plate 

than the location at an ambient temperature of 1000 K but still lies above the plate. The 

appearance of the impinged flame at an ambient temperature of 900 K is comparable with 

the one at an ambient temperature of 1000 K, but less soot is formed at the upstream. It is 

also notable that a soot-rich region (the brightest region) is formed at the top of the flame 

front at these two temperatures. At the ambient temperature of 800 K, the soot is first 

observed in between 1.7 and 2.2 ms ASOI. When the impinged flame flashes back from 

the leading edge towards the impinging point, no soot is observed in the backside of the 

impinging point. At around 3 ms ASOI, there is no soot observed upstream for all three 

cases due to the end injection. 

Based on the previous study [122], the lift-off length of the free spray diesel combustion at 

an ambient temperature of 1000 K and ambient density of 22.8 kg/m3 is below 30 mm. And 

this lift-off length is much shorter compared to the distance between the injector tip and 

impinging plate in this study (> 40 mm). The behavior of impinged spray combustion 

resembles the free spray combustion before the impingement. Therefore, the ignition 

location is above the plate at the ambient temperature of 1000 K in this study. Since the 

soot is formed near the lift-off length region in free spray combustion, there is a flame 
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impingement in between 0.6 and 1 ms ASOI which can be seen in the first row of images 

in Figure 6.1. Similarly, there is also flame impingement observed when the ambient 

temperature is 900 K. However when the ambient temperature is reduced to 800 K, the lift-

off length is much longer, and the flame impingement is no longer visible at this ambient 

temperature. 

 
Figure 6.1. A time-resolved flame luminosity development on varying ambient temperature 

from a side view. 

Time-resolved natural luminosity images of the experiments and line-of-sight integrated 

RANS simulation results from the bottom view are shown in Figure 6.2. It is noted that the 

line-of-sight soot field is integrated along z-direction in simulations. The impinging point 

at each condition is marked as a red point in the image. The direction of upstream incoming 

spray and the direction of flame expansion on the plate is marked with a green solid line 

and red dashed lines, respectively. The expanding flame is stretched from a circular shape 

at 1.2 ms ASOI towards an oval shape after 2ms ASOI. The flame luminosity is observed 

peripheral with respect to the impinging point in the experiments. In the simulation, even 

the soot luminosity is also peripheral with respect to the impinging point, the region 

upstream near the impinging point is not occupied by soot and there is no luminosity 

observed close to the impinging point as well. 
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Figure 6.2. Time-resolved natural luminosity images from experiments/line-of-sight 

luminosity image from simulations, the 900K flame. Left: experiment results; right: 

simulation results. Impinging point is marked as a red dot. The direction of upstream 

incoming spray and the direction of flame expansion on the plate is marked with a green 

solid line and red dashed lines in the very first image, respectively. 

Time-resolved natural luminosity images of the experiments and line-of-sight integrated 

LES simulation results from the bottom view are shown in Figure 6.3. It is noted that the 

line-of-sight soot field is integrated along z-direction in simulations. The impinging point 

at each condition is marked as a red point in the image. The direction of upstream incoming 

spray and the direction of flame expansion on the plate is marked with a green solid line 

and red dashed lines, respectively. The expanding flame is stretched from a circular shape 

at 1.2 ms ASOI towards an oval shape after 2 ms ASOI. The flame luminosity is 

peripherally observed with respect to the impinging point in the experiments. In the 

simulations, the soot luminosity is also peripherally observed but the region near the 

impinging point is not occupied by soot and there is nearly no flame luminosity observed 

close to the impinging point. 
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Figure 6.3. Time-resolved natural luminosity images from experiments/line-of-sight LES 

luminosity image from simulations, the 900 K flame. Left: experiment results; right: 

numerical results. Impinging point is marked as a red dot. The direction of upstream 

incoming spray and the direction of flame expansion on the plate is marked with a green 

solid line and red dashed lines in the very first image, respectively. 

6.2 Non-vaporizing spray propagation characteristics after 

impingement 

6.2.1 Spray front distance 

The expansion distance for an impinged spray is defined as the distance from the local 

spray/flame outer boundary to the impinging point. Local expansion distance is used to 

examine the shape of impinged spray development quantitatively and globally. Four 

different time marks after starting of impingement (ASI) with an interval of 0.5 ms are 

chosen from the beginning of the impingement towards the end of injection. The baseline 

condition (Tamb = 423 K, Pinj = 1500 bar and ρamb= 22.8 kg/m3) for non-vaporizing spray is 
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shown in Figure 6.4. The expansion distance is obtained radially starting from the spray 

axis and averaged by 5 repeats. Generally, local expansion distance increases with time at 

a given circumferential angle but the highest value is always at θ = 180° as most of the 

spray momentum is distributed along the axial direction after the impingement. The 

expansion rate which is the time derivative of expansion distance illustrates a decrement 

along with different ASIs. Except for the axial direction at 180°, most of the radial 

directions exhibit a deceleration when the time is increased which could be concluded from 

the more compact profiles. Such a phenomenon indicates that the spray expansion is 

decelerated due to the shear force acting on the spray from the impinging surface.     

 
Figure 6.4. Profile of expansion distance of liquid spray expansion along radial directions. 

Conditions: Tamb = 423 K, Pinj = 1500 bar and ρamb= 22.8 kg/m3. 
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6.2.2 IRT plots of non-vaporizing diesel spray 

In section 6.2.1, the magnitude of the velocity of an expanding spray was obtained but the 

spray momentum is a combination of local mass and velocity. As mentioned in section 

3.3.1, the signals from Mie scattering could represent the qualitative mass distribution of 

certain liquid droplets. In section 5.1.2, an image processing method called IRT was 

introduced to process the experimental spray images from the Mie scattering technique. 

With the help IRT method, the spatial and temporal information of Mie scattering images 

can be used to exploit qualitative mass distribution. The intensities of Mie scattering are 

attributed to the incident light angle, droplet size, and intensity of the light source. In the 

current study, the light source directly illuminates the bottom window of the combustion 

vessel. Therefore, the local intensities in Mie scattering images are mainly contributed by 

the number of droplets, i.e., the amount of mass deposited on the plate. Since the charge 

gas pressure is usually chosen as the adjustable parameter in the engine test instead of 

injection pressure, the effect of ambient density on the mass distribution will be discussed 

in this section for a non-vaporizing spray. The effect of ambient density on the local 

averaged intensity is shown in Figure 6.5, where it can be seen that the averaged intensities 

are uniformly distributed except in the axial direction which is the region between 150° 

and 210°. The averaged intensity at axial direction is much higher than other regions at the 

same time instant. With ambient density increment, averaged intensity also increases, while 

this increment happens in the axial direction only.  

 
Figure 6.5. Intensity-axial-time under different ambient density (a) 14.8 kg/m3 (b) 

22.8 kg/m3 (c) 30.0 kg/m3. Conditions: Tamb = 423 K, Pinj = 1500 bar. The numbers marked 

on the dashed circles indicate the ASI time. 
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6.2.3 Droplet sizing measurement under non-vaporizing conditions 

 
Figure 6.6. Test conditions for droplet sizing measurement. 

The test conditions for droplet sizing measurements are shown in Figure 6.6. The ambient 

density, injection pressure, and temperature of the impinging plate are varied. The total 

sensor number is 36. Some of the tests were using sensors number 16-36 to only focus on 

the smaller size of the droplet. The Sauter Mean Diameter (SMD, D32) results are defined 

as the diameter of a sphere that has the same volume/surface area ratio as a particle of 

interest, which is a parameter standing for the average particle size. SMDs show an increase 

after impingement, as shown in Figure 6.7. The low temperature (135℃) case has the 

highest SMD value during the whole process. 200℃ case has slightly higher SMD than 

250℃ case. The detailed probability density function (PDF) plots of particle size 

distribution at 5 ms ASOI are compared among three plate temperatures, as shown in 

Figure 6.8. The PDF shows the particle size distribution at 5 ms ASOI. The center of PDF 

locates at 54.12 µm, 18.48 µm, and 15.85 µm for 135℃, 200℃, and 250℃, respectively.  
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Figure 6.7. Instantaneous SMD for different plate temperatures. 

 
Figure 6.8. Particle size distribution at various plate temperatures. 

Droplet sizing measurement was carried out in five different locations and various ambient 

conditions. Figure 6.9 shows a schematic of the five locations in the experimental setup 

and the timing that the spray tip reaches the center of each detection location respectively. 

Baseline condition is ambient density of 22.8 kg/m3, injection pressure of 1500 bar. 
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Figure 6.9. A schematic of droplet sizing measurement. 

The SMD (Sauter mean diameter) is the main outcome of the droplet sizing measurement. 

Figure 6.10 shows the SMD evolution with time at 5 different locations at the baseline 

condition. Before the end of spray(~2.7ms), location 3 (impinging point) has the largest 

SMD. After the end of the spray, the SMD at 4 and 5 surpass at 3. 

 
Figure 6.10. Instantaneous SMD at five different locations at the baseline condition. 
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Figure 6.11 shows the results of the effect of injection pressure and ambient density on 

SMD evolution. Apparently, the injection pressure does not hold an obvious effect on the 

SMD. During the late spray, 1500 bar case shows a little bit high SMD than 1200 bar and 

1800 bar cases. However, the high ambient density leads to smaller SMD, due to the effect 

that better air mixing and air entrainment. 

 
Figure 6.11. Effect of injection pressure and ambient density on SMD. 

6.3 Reacting spray propagation characteristics after impingement 

6.3.1 Flame front distance and bulk flame propagation rate 

In the previous study, the expansion distance at axial and radial directions of the diesel 

impinged spray was quantified under non-vaporizing conditions [29]. In the current study, 

the flame expansion is visualized by the soot incandescence. Therefore, the flame front is 

important to locate the soot regions during the flame expansion. The flame front boundary 

is obtained to investigate the difference between the behavior of spray expansion and flame 

expansion.  

The local flame front distance at Tamb (ambient temperature) of 1000 K is shown in Figure 

6.12. The local flame front distances at four different timestamps are chosen to represent 

the trend of growth of the flame front, starting from 0.8 ms ASOI to 2 ms ASOI with an 

interval of 0.4 ms. At a given time, the local flame front distance is plotted along with the 
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sequence of θ. Generally, the local flame front distance increases as the ASOI increases. 

At 0.8 ms ASOI (~ 0.3 ms after the flame impingement), the local flame front distance 

shows nearly a flat line with a magnitude of ~10 mm. However, at 1.2 ms ASOI, the local 

flame front distance at axial direction jumps towards around 25 mm from ~ 10 mm while 

the distance at two radial directions only increases to around 20 mm. At 1.6 ms ASOI, the 

local flame front distance keeps increasing but the growth rate in the same period (0.4 ms) 

at axial direction decreases. At 2 ms ASOI, the flame front distance has a slower rate of 

growth except for sectors between 0° to 50° and 300° to 360°. Such a phenomenon is due 

to the fact that the flame reaches the edge of the bottom window after 1.6 ms ASOI. 

Therefore, the local flame front distance is saturated at around 20 mm in sectors between 

0° to 50° and 300° to 360°.  

In order to compare the development of the pattern of flame expansion under-reacting cases 

and liquid fuel expansion under non-vaporizing cases, the ratio of axial flame distance to 

radial flame distance is obtained from taking the ratio of the flame distance at 180° to the 

flame distance at 90°. In a previous study [29], the ratio was around 1.4 under non-

vaporizing conditions at 2 ms ASOI when the vertical distance between the nozzle tip and 

the impinging plate was 52 mm, showing an oval shape. When the vertical distance is 

reduced down to 40 mm, the ratio of axial to radial distance is increased to around 1.6 ~ 

1.7 at 2 ms ASOI. The increased ratio of axial distance to radial distance may be due to the 

higher injection momentum at the shorter distance and combustion process. Such a 

phenomenon indicates that the shape of flame expansion is stretched, showing a slimmer 

oval shape along the axial direction. The increased ratio could allow more fuel vapor to 

accumulate in the axial direction, forming a fuel-rich zone and further producing soot in 

the subsequent combustion process. 
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Figure 6.12. Profile of local flame front distance at Tamb = 1000K and four different time 

stamps. 

The local flame front distance at Tamb of 900 K is shown in Figure 6.13. The profile of local 

flame front distance shows an asymmetric shape along with the axial direction. The local 

flame front distance is calculated starting from 1.2 ms ASOI at Tamb of 900 K. Compared 

with results at Tamb of 1000 K, the local flame front distance (FFD) is lower at 1.2 ms ASOI 

at Tamb of 900 K but shows a similar magnitude after 1.6 ms ASOI.  
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Figure 6.13. Profile of local flame front distance at Tamb = 900K and four different time 

stamps. 

The local FFD shows an asymmetric shape, indicating an oval shape of the flame expansion 

pattern. The ratio of axial to radial distance is increased as the vertical distance between 

the nozzle tip and impinging plate is reduced. At Tamb of 900 K, soot doesn’t occupy the 

impinged spray before 1.6 ms ASOI. The soot area grows to catch the impinged spray outer 

boundary. Such a phenomenon leads to the fact that flame expansion rate at the early stage 

of timing after the flame impingement is lower compared with Tamb of 1000 K. 

In early engine cycles, the injection pressure could significantly affect the quality of the 

air-fuel mixing process [123]. Higher injection pressure could enhance the air-fuel mixing 

because it could allow more opportunity for the fuel to mix with air. Unlike a free spray, 

the momentum of impinged spray is re-distributed after the impingement. There are four 

stages defined for the expansion rate under non-vaporizing cases after the impingement: 
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rapid deceleration; slow deceleration; constant expansion rate and expansion termination. 

If these stages are valid for impinged combustion, the regions which surround the 

impinging point should have the best quality of air-fuel mixing while the local region near 

the leading edge of the flame should have the worst quality of air-fuel mixing because the 

region near the leading edge sits in expansion termination stage. In this section, the effect 

of ambient temperature on the flame expansion rate is discussed. Local flame expansion 

rate (FER) is also plotted along the sequence of θ.  

The local FER at Tamb of 1000 K is shown in Figure 6.14.  At 0.8 ms ASOI, the axial 

direction has the maximum velocity and the profile of the speed shows an asymmetric 

shape along the axial direction. At 1.2 ms ASOI, the axial direction shows a rapid 

deceleration while the velocity at other directions slowly decreases. At 1.6 ms AOSI, the 

flame expansion rate reaches the constant expansion regime, showing a nearly uniform 

velocity distribution from sectors 50° to 300°. At 2 ms ASOI, the flame front distance is 

already saturated in the sectors 0° to 90° and 270° to 360°. Therefore, in these sectors, the 

velocity decreases to nearly 0 m/s. While the magnitude of mean velocity at 2 ms ASOI is 

slightly lower than the mean velocity at 1.6 ms AOSI, the stage of velocity is still in the 

constant expansion regime. Therefore, at Tamb of 1000 K, the behavior of the flame 

expansion follows rapid deceleration; slow deceleration, and constant expansion rate.  
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Figure 6.14. Profile of local expansion rate at Tamb = 1000K and four different time stamps. 

At Tamb of 900 K, the flame expansion rate is calculated starting from 1.2 ms ASOI. The 

profiles are shown in Figure 6.15. The flame expansion reaches the constant expansion 

regime after 1.6 ms ASOI. Furthermore, the velocity profile at Tamb of 900 K matches the 

velocity profile at Tamb of 1000 K. It is found that the ambient temperature doesn’t show 

significant effects on the expansion rate after 1.6 ms ASOI. However, at an ambient 

temperature of 900 K and 1.2 ms ASOI, the velocity is lower than the one at 1.6 ms ASOI 

under the same Tamb. This is due to the fact that the soot luminosity starts to be visualized 

at 1 ms ASOI and soot occupied area starts to expand in the impinged spray. The calculated 

flame expansion rate represents the growth rate of soot occupied area. The overall flame 

expansion at Tamb of 900 K still follows rapid deceleration; slow deceleration and constant 

expansion rate when soot occupies the impinged spray. 
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Figure 6.15. Profile of local expansion rate at Tamb = 900K and four different time stamps. 

6.3.2 Distance distributions of different levels of natural luminosity 

In this section, the distance distribution of flame luminosity is evaluated. In the previous 

section, a fuel-rich zone is assumed to be formed at the leading edge of the axial direction. 

If this assumption is true, a relatively bright sooting flame should be visualized at the 

leading edge of the axial direction. Note that there is no intensity threshold for this 

histogram study. Therefore, very few flame luminosities are observed outside the occupied 

flame area. The distance distribution at three different timestamps (1.2, 1.6, and 2 ms 

ASOI) which correspond to the timing of the evaluated FFD and FER are chosen to 

investigate the temporal distance distribution and its correlation with the FFD and FER. 
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An additional timestamp (3 ms ASOI) is chosen because it is the timing of the early stage 

after the end of injection. 

The distance distribution of flame luminosity at Tamb of 1000 K is shown in Figure 6.16. 

The distance distribution of flame luminosity at 1.2, 1.6, 2, and 3 ms ASOI is shown in 

Figure 6.16(a), (b), (c), and (d), respectively. At 1.2 ms ASOI, three intensity groups (0-

50, 50-100, 100-150) occupy the flame area and there is no flame luminosity higher than 

150 observed at this moment. Most of the flame luminosity sits within the range of 15 mm 

to 20 mm. At 1.2 ms ASOI, the axial FFD is around 28 mm and the radial FFD is around 

20 mm which can be obtained from Figure 6.12. The flame pixels are treated to be located 

near the leading edge of the axial direction when the distance between the flame pixel and 

impinging point is larger than radial FFD at a given time. At 1.6 ms ASOI, there are some 

flame luminosities in the intensity range 150-200 observed between 20 mm and 30 mm. At 

2 ms ASOI, the histogram of flame luminosities in the intensity range 150-200 increases. 

The number of flame luminosities in the intensity range 150-200 is even, radially 

distributed on the plate between 10 mm and 50 mm. At this moment, the axial and radial 

FFDs are ~ 43 mm and ~ 25 mm, respectively. At 3 ms ASOI, the combustion phase 

reaches the late burning, and all fuel is injected into the vessel. There is a deep valley for 

three intensity groups (0-50, 50-100, 100-150) observed between 40 mm and 50 mm. The 

other two intensity groups (150-200 and 200-250) claim this region, indicating there is a 

soot-rich zone formed at the leading edge of the axial direction. 

The distance distribution of flame luminosity at Tamb of 900 K is shown in Figure 6.17. 

Before 1.6 ms ASOI, the flame occupied region (calculated from the integration of the 

flame occupied area) is smaller at Tamb of 900 K. The axial direction has a much smaller 

flame occupied region, showing a sharp decrease in the total counts of flame pixels beyond 

the distance of 20 mm. Even though the flame is still mainly occupied by that three intensity 

groups (0-50, 50-100, 100-150), the percentage of each of the three groups is not evenly 

distributed anymore. At the leading edge of the axial direction, the flame is mainly 

occupied by the group with the range of intensity 50-100 before 3 ms ASOI. At 3 ms ASOI, 
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the distribution and flame occupied area are similar between Tamb of 1000 K and 900 K but 

the fuel-rich zone at Tamb of 900 K is not as bright as the case of Tamb of 1000 K.   

 
Figure 6.16. Distance distribution of flame luminosity at Tamb = 1000 K (a) 1.2 ms ASOI 

(b) 1.6 ms ASOI (c) 2 ms ASOI and (d) 3 ms ASOI. 

 
Figure 6.17. Distance distribution of flame luminosity at Tamb = 900 K (a) 1.2 ms ASOI (b) 

1.6 ms ASOI (c) 2 ms ASOI and (d) 3 ms ASOI. 

6.4 Comparison of macroscopic boundary structure between non-

vaporizing and reacting spray  

6.4.1 Comparison of front boundary and propagation rate 

In the previous sections, the local FFD and FER under reacting conditions were evaluated. 

In the previous study, a conceptual model of non-vaporizing impinged spray was described 

[31]. In that model, a vortex is formed at the leading edge of the axial direction and there 

is a stagnation region on the top of the leading edge. The local expansion rate and expansion 
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distance under non-vaporizing conditions are evaluated and compared with the local FFD 

and FER to validate that conceptual model for the reaction cases. 

The local liquid spray expansion distance at Tamb of 423 K is shown in Figure 6.18. 

Generally, the profile of local expansion distance shows an asymmetric shape along with 

the axial direction. And it increases along with the ASOI increases. Compared to the local 

D with the local FFD, the magnitude of distance between 100° and 250° is similar between 

the non-vaporizing and impinged combustion conditions, indicating the overall 

expansion/propagation patterns aren’t changed due to the different ambient temperature 

and reactions. However, the fluctuation of the expansion distance is smaller than the 

reacting conditions. Such a phenomenon is due to the fact that the liquid fuel expansion is 

not easily perturbed by the ambient air compared with the gaseous phase of vapor fuel, 

showing a smaller shot-to-shot fluctuation on the expansion boundary under non-

vaporizing conditions. Note that there are huge fluctuations of expansion distance near the 

backside of the impinging point. This is because the reflection on the edge of the bottom 

fixture affects the local intensity. 

The expansion rate at Tamb of 423 K is shown in Figure 6.19. Similar to the FER, the axial 

direction always has the maximum magnitude of the velocity under non-vaporizing 

conditions. The axial direction also has the maximum deceleration rate. From 0.8 to 1.2 ms 

ASOI, the axial velocity is reduced from around 55 m/s to 25 m/s while in the radial 

direction, the velocity is only reduced from around 35 m/s to 15 m/s. After 1.6 ms ASOI, 

the sharp spike at axial direction is no longer observed. The velocity is similar between 1.6 

and 2 ms ASOI and there is no huge difference in temporal velocity distribution from 100° 

to 250°. At 0.8 ms ASOI, the velocity is higher at non-vaporizing conditions but shows a 

similar spatial magnitude distribution after 1.2 ms ASOI. 

After the comparison between the local expansion distance and flame front distance, the 

similar magnitude of these two distances shows that the behavior of the flame propagation 

under reacting conditions follows the same behavior of the spray expansion under non-

vaporizing conditions.  
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Figure 6.18. Comparison of local expansion distance at Tamb = 423K and flame front 

distance at Tamb = 1000 K. 

 
Figure 6.19. Comparison of local expansion rate at Tamb = 423K and Tamb = 1000 K. 



102 

6.5 Macroscopic flame boundary structure 

6.5.1 IRT plots of reacting diesel spray 

As a result, the effect of ambient temperature on IRT is shown in Figure 6.20(a). From the 

start of injection to the disappearance of flame, three ASOI times (i.e., 2 ms, 4 ms, and 

6 ms) are marked with concentric red circles. The fuel spray is injected at 0° with respect 

to the impinging point. The timing of the first appearance of observed soot is marked by 

the green symbols over the entire sector. The time-resolved integration of flame luminosity 

is shown in Figure 6.20(b) to explain the evolution of overall soot production on the plate. 

The time-resolved integration of flame luminosity is obtained by adding up the normalized 

magnitude of 72 sectors at a given time. The red, green, and blue solid lines represent the 

time-resolved level of soot production at ambient temperatures of 1000 K, 900 K, and 

800 K, respectively.  

In Figure 6.20(a), the initial soot is observed at around 0.4, 0.8, and 1.8 ms ASOI at an 

ambient temperature of 1000 K, 900 K, 800 K, respectively. When the ambient temperature 

is 800 K, there is no soot observed in the regions between 0° to 30° and 330° to 360°, the 

backside of the impinging point. At an ambient temperature of 900 K, the soot is observed 

circumferentially with respect to the impinging point. A similar phenomenon is also 

observed at an ambient temperature of 1000 K with some irregularity. The green markers 

form a smooth circle at the ambient temperature of 1000 K, showing a consistent timing of 

the appearance of the first observed soot. While the magnitude of local IRT reduces as the 

ambient temperature is decreased, the most intensified regions of soot production at 

individual ambient temperatures are all located in between 150° and 210° after 2 ms ASOI. 

In Figure 6.20(b), the magnitude of temporal overall soot production is higher as the 

ambient temperature is increased. The slope of soot production is comparable at an ambient 

temperature of 1000 K and 900 K before the end of injection (at around 3 ms ASOI), but 

shows a slower rate of soot production at the ambient temperature of 800 K. After the end 

of injection, the magnitude of soot production begins to drop at all three ambient 
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temperatures. After around 3.5 ms ASOI, the soot production shows a sudden decrease at 

an ambient temperature of 1000 K and 900 K on account of the effect of flame quenching 

in the radial direction. The fuel spray reaches the vertical distance of 40 mm at 0.5 ms 

ASOI under the same injection pressure, ambient density, and distance between the injector 

and impinging plate. Therefore, in this study, the timing of fuel impingement is assumed 

to be 0.5 ms ASOI. 

 
Figure 6.20. Effect of ambient temperature on the integration of flame luminosity (a) IRT 

results (b) time-resolved integration of flame luminosity. 

The IRT results of different oxygen levels are shown in Figure 6.21(a). As can be seen in 

Figure 6.21(a), the occupied soot region of low oxygen percentage cases is comparable 

with high oxygen percentage cases while less local soot is formed at a given time. The soot 

is also observed between 0° to 30° and 330° and 360° at low oxygen percentage, indicating 

there is flame impingement and soot formation takes place above the plate at low oxygen 

percentage.  

The time-resolved integration of flame luminosity at different ambient oxygen percentages 

is shown in Figure 6.21(b). The initial soot is observed at a similar time for these two 

oxygen percentages, showing approximately the same rate of temporal soot production 

before 0.8 ms ASOI. The temporal soot production at low oxygen percentage is lower than 

the one at high oxygen percentage in between 0.8 and 3.5 ms ASOI. There are two falling 

stages of soot production with different slopes. From around 3.5 to 4 ms ASOI, the 

temporal soot production shows a sharp reduction because of the effect of flame quenching 

in the radial direction. The second falling stage is mainly caused by the effect of flame 
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quenching in the axial direction. It is noted that the temporal soot production at low oxygen 

percentage exceeds the one at high oxygen percentage after around 3.5 ms ASOI when the 

remaining fuel is consumed after the end of injection. 

 
Figure 6.21. Effect of oxygen level on the integration of flame luminosity (a) IRT results 

(b) time-resolved integration of flame luminosity. 

Comparisons of IRT plots between experiments (left) and RANS simulation (right) are 

shown in Figure 6.22. Three ambient temperatures, 800 K, 900 K, and 1000 K are evaluated 

and shown from top to bottom. In general, the simulation results follow similar trends with 

experiments, showing that the relative intensity increases as the ambient temperature 

increases. The brightest region is observed in between 150° and 210° in both experiments 

and simulations while there is one peak observed at 180° in the experiments and two peaks 

observed at 210° and 150° in the simulations. However, the IRT plots from simulation 

show a wing shape, leaving an open area between 330° to 360° and 0° to 30°. The open 

area tends to close as the ambient temperature increases. The relative brightness of the 

800 K flame is similar between the simulation and the experiment while the other two 

flames show a more intensive region after 2 ms ASOI. From the side view of experiments, 

the ignition starts before the impingement at both 900 K and 1000 K flames while far 

downstream after the impingement at 800 K flame. This phenomenon will lead to radial 

soot formation on the plate at both 900K and 1000 K flame, experimentally. While in the 

simulations, the structure of IRT plots of all three cases is similar to the experimental 800 K 

flame. Thus, if the ignition starts before the impingement, soot will be formed peripheral 
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with respect to the impinging point after the impingement, looking from the bottom view. 

However, if the ignition starts after the impingement, soot will be formed mostly 

downstream but not close to the impinging point as well as the upstream. 

 

 
Figure 6.22. IRT plots under different ambient temperatures. Left column: experimental 

results, right column: RANS simulation results. Ambient temperature of 800 K, 900 K and 

1000 K, from top to bottom. 
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IRT plots of experiments (left) and LES simulations (right) are shown in Figure 6.23. The 

900 K and 1000 K flames are evaluated and the results are shown from top to bottom. In 

general, the numerical results follow similar trends with experiments. Unlike the uniformly 

distributed intensity in experiments, the intensity in simulations is more intensive and not 

uniformly distributed in the angular domain. This is because the scaling process is more 

like a multiplying process without any physical conversion from the outcomes of the 

interpreted CFD luminosity towards the grayscale of the physical camera. However, even 

the luminosity distribution is not exactly the same between experiments and simulations, 

the high-intensity area is observed between 150° and 210° in both experiments and 

simulations. A more intensive region is shown in the 900 and 1000 K ambient conditions 

after 2 ms ASOI. 

 

 
Figure 6.23. IRT plots under different ambient temperatures. Left column: experimental 

results, right column: LES simulation results. The 900 K and 1000 K flames are shown 

from top to bottom. 
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6.5.2 Distance distributions of different levels of intensity from CFD interpretation 

The distance between the flame-occupied pixel and the impinging point is calculated and 

plotted in a stacked bar chart with a bin width of 1 mm in Figure 6.24. Four different time 

steps listed from left to right, 1.2 ms, 1.6 ms, 2.0 ms, and 3.0 ms ASOI were shown for 

900 K flame. The RANS simulation results are shown on the top while the experimental 

results are shown on the bottom. It is found that the relative highest flame luminosity is 

located close but behind the leading edge of the flame boundary. With the flame expansion 

on the impinging plate, the maximum expansion distance from the simulations is increasing 

which is marked with the solid line. 

The summation of all bars should equal the area of flame occupied region. And the 

discrepancy between the simulation and experiments mainly happens within 0 to 10 mm 

which is close to the impinging point. This is because the high-speed images captured the 

luminosity from the bottom view. The luminosity in this region may be caused by the 

luminosity in the spray cone above the impinging plate. The highest flame expansion 

distance shows good agreement between the experiments and simulations, as marked by a 

red line in Figure 6.24. Also, the distributions of pixel distance relative to the impinging 

point share similar trends between the experimental and simulation result, although, in the 

simulation result, the region within 30 mm is occupied by relatively low intensity (0-50). 
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Figure 6.24. Distance distribution of flame luminosity at different ASOI, 1.2 ms, 1.6 ms, 

2.0 ms, 3.0 ms, from left to right, 900 K flame, top row: RANS simulation results; bottom 

row: experimental results. 

The distance between the flame-occupied pixel and impinging point is calculated and 

plotted in a stacked bar chart with a bin width of 1 mm in Figure 6.25 and Figure 6.26. The 

experimental results are shown on the left and the LES numerical results are shown on the 

right for both 900 and 1000 K ambient conditions at four different time steps (1.2, 1.6, 2, 

and 3 ms ASOI) from top to bottom.  

The summation of all bars should equal the area of flame occupied region. The discrepancy 

of the shape of the distribution between the simulations and experiments mainly happens 

within 0 to ~ 10 mm which is close to the impinging point. This phenomenon could be 

observed in Figure 6.23. Except for the region between 0 to ~ 10 mm, the shape of the 

distribution of pixel distance shares similar trends between the experimental and numerical 

results. 

The distance distribution of flame of 900 K ambient condition is shown in Figure 6.25. In 

numerical results, most of the intensity is lower than 50 at 1.2 ms ASOI. At 1.6 ms ASOI, 

the quantity of intensity lower than 50 is nearly maintained the same but intensities higher 

than 50 are started to be observed. At 2 ms ASOI, very high intensities (> 200) are carried 
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by the spray from ~ 30 to ~ 50 mm. The maximum distance of the experiments is located 

at ~ 30, ~ 40, ~ 45, and ~ 58 mm at 1.2, 1.6, 2, and 3 ms ASOI, respectively. The high 

intensities are mainly located in between ~ 40 and ~ 50 mm at 3 ms ASOI in experiments. 

From the simulations, the maximum distance is located at ~ 35, ~ 45, ~ 50, and ~ 60 mm 

at 1.2, 1.6, 2, and 3 ms ASOI, respectively. The high intensity from the simulations is 

mainly located between ~ 35 and ~ 55 mm at 3 ms ASOI. By comparing the locations of 

high intensity (> 150) and maximum distance at each time step, it is then concluded that 

the relative high flame luminosity is located close but behind the leading edge of the flame 

boundary. 

The distance distribution of flame of 1000 K ambient condition is shown in Figure 6.26. In 

both experiments and simulations, the quantity of 0-50, 50-100, and 100-150 are nearly the 

same along with the axial distance before 1.6 ms ASOI. At 2 ms ASOI, the high intensity 

(> 150) starts to be observed in the experiments. At 3 ms ASOI, high intensity is observed 

between ~ 40 and ~ 55 mm near the leading edge of the flame. In numerical results, the 

percentage of low intensity is (< 50) increased significantly in between the region between 

the ~ 10 and ~ 40 mm. Intensities higher than 150 start to vanish after 2 ms ASOI, making 

a low intensity (< 50) dominate the intensity distribution. Similar to the experimental 

results, high intensity (> 150) is also observed near the leading edge of the flame in the 

simulations. 
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Figure 6.25. Distance distribution of flame luminosity at different ASOIs, 1.2, 1.6, 2, and 

3 ms, from top to bottom, the 900 K flame, left: experimental results; right: LES simulation 

results. 
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Figure 6.26. Distance distributions of flame luminosity at different ASOIs, 1.2, 1.6, 2.0, 

3.0 ms, from top to bottom, the 1000 K flame, left: experimental results; right: LES 

simulation results. 
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7 Microscopic spray and flame boundary structure and 

behavior of an impinging diesel spray4 

7.1 Experimental results 

7.1.1 Curvature distribution of a non-vaporizing impinging spray 

In order to quantify local characteristics of the expanding impinged spray boundary, 

curvature distribution (or histogram) of the boundaries is present in Figure 7.1. Positive 

curvature indicates a convex shape of spray expansion while negative curvature refers to a 

concave shape of spray expansion. Zero curvature indicates flatness. The summation of the 

counts of curvatures equals total pixels along the boundary at a given time. Since total 

pixels on the boundary increase, because the perimeter of the boundary increases along 

with time, the summation of counts of curvature is increasing. The absolute magnitude of 

 

 
4 Reprinted with permission from SAE papers 2019-01-0267 ©2019 SAE International. 
Reprinted with permission from International Journal of Engine Research (IJER) and the 
American Society of Mechanical Engineers (ASME). The materials in this chapter were 
published in the following papers: 

• Zhao, Z., Zhu, X., Naber, J., and Lee, S., "Impinged Diesel Spray Combustion Evaluation for 
Indirect Air-Fuel Mixing Processes and Its Comparison with Non-Vaporing Impinging Spray Under 
Diesel Engine Conditions," SAE Technical Paper 2019-01-0267, 2019, 
https://doi.org/10.4271/2019-01-0267. 

• Zhao, Z, Zhao, L, & Lee, S. "Evaluation of Soot Production Near a Cold Surface for an Impinged 
Diesel Spray Combustion." Proceedings of the ASME 2020 Internal Combustion Engine Division 
Fall Technical Conference. ASME 2020 Internal Combustion Engine Division Fall Technical 
Conference. Virtual, Online. November 4–6, 2020. V001T05A002. ASME. 
https://doi.org/10.1115/ICEF2020-2938 

• Zhao Z, Zhu X, Naber J, Lee S-Y. Assessment of impinged flame structure in high-pressure direct 
diesel injection. International Journal of Engine Research. 2020;21(2):391-405. 
doi:10.1177/1468087419859788 
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curvature mostly falls in between 0 and 0.5 mm-1 (relatively flat region) nevertheless very 

few highly wrinkled shapes are observed (absolute magnitude of curvature is greater than 

0.5 mm-1 but counts are lower than 20). The boundary of spray expansion becomes more 

wrinkled just after the spray impingement when comparing the curvature distribution 

between 0 and 0.5 ms ASI.  

Standard deviation is used to describe the dispersion degree of distribution. In the current 

study, the curvature distribution is symmetric along curvature (at 0 mm-1) which means the 

mean value is near 0 mm-1. A larger standard deviation of curvature distribution represents 

boundary more wrinkled compared to the boundary which has a smaller standard deviation 

of curvature distribution. At 1 ms ASI, the standard deviation is 0.34 mm-1, and the mean 

value is 0.026 mm-1. At 1.5 ms ASI, the standard deviation is 0.3 mm-1, and the mean value 

is 0.02 mm-1 under non-vaporizing conditions. Such a phenomenon can be observed by 

comparing the curvature distribution between Figure 7.1(b-d). While the number of 

boundary pixels grows significantly, most of the local curvature starts to remain in the same 

region that curvature equals zero. A high peak of ~ zero curvature is observed as growing, 

indicating the overall boundary of spray expansion under non-vaporizing conditions 

becomes smoother along with time. After the spray impingement, the outmost boundary 

initially becomes wrinkled due to the splash and rebound phenomenon but smooth at a later 

expansion. During the expansion, the momentum of droplets is dissipating while most of 

the impinged fuel is still in the liquid phase at Tamb = 423 K. The air perturbation may not 

be strong enough to make the boundary highly wrinkled. Therefore, very few relatively 

large magnitudes of curvature are observed (absolute magnitude of curvature > 0.5 mm-1).  
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Figure 7.1. Local curvature distribution development (a) ASI = 0 ms (b) ASI = 0.5 ms (c) 

ASI = 1 ms (d) ASI = 1.5 ms. Conditions: Tamb = 423 K, Pinj = 1500 bar and ρamb= 

22.8 kg/m3. 

7.1.2 State-relationship between local curvature and intensity of Mie scattering 

It is postulated that wrinkled boundary may result from the strength of air entrainment and 

spray momentum. Stronger air entrainment suppresses the spray expansion, leading to a 

concave shape of the boundary. The dissipation rate of the impinged spray momentum 

would be slower in a region with weaker air suppression, leading to form a convex shape 

of the boundary. The concave region may accumulate more droplets than the convex region 

because the movement of droplets in the concave region is limited. The scatter plot between 

integrated intensity at a given boundary pixel and its curvature is shown in Figure 7.2.  
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Figure 7.2. Curvature correlation with neighbor integrated Mie scattering intensity (a) ASI 

= 0 ms (b) ASI = 0.5 ms (c) ASI = 1 ms (d) ASI = 1.5 ms. Conditions: Tamb = 423 K, Pinj = 

1500 bar and 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎= 22.8 kg/m3. The scatters obtained from θ = 0° and θ = 180 ° are shown 

in the red circle and green circle, respectively.  

Two regions are marked with red circles and green dashed circles. The red region is mainly 

occupied by the boundary pixels near θ = 0° with low magnitude integrated intensity while 

the green region is mainly occupied by the boundary pixels near θ = 180° with high 

magnitude of integrated intensity. In Figure 7.2, most scatters reside symmetrically, 

vertically along the curvature (at 0 mm-1) where the local outmost boundary is relatively 

flat. Under non-vaporizing conditions, the shape of spray expansion is mainly controlled 

by spray momentum because the momentum flux of the liquid phase is much higher than 

the vapor phase and air perturbation is not strong enough to significantly change the shape 

of the spray expansion. The effect of air entrainment on liquid spray expansion can be 
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negligible. However, if the ambient temperature is raised enough to fully vaporize the fuel 

before impingement, it is expected the shape of spray expansion is mainly controlled by 

both spray momentum and air entrainment. 

7.1.3 Curvature distribution of a reacting impinging spray 

The curvature of the flame outmost boundary is calculated to investigate the effect of air 

entrainment on the shape of flame expansion. The snapshots of curvature distribution at 

the different ASI times are shown in Figure 7.3 for the 900 K flame. As expected, the flame 

outmost boundary demonstrates a more wrinkled structure than the liquid spray expansion 

boundary. The majority of curvature magnitude resides in between -1.0 to 1.0 mm-1. At 

0.5 ms ASI, the curvature profile shows an asymmetric shape along zero curvature. Unlike 

the curvature distribution of non-vaporizing conditions as seen in Figure 7.1, the range of 

absolute value of curvature under reacting conditions stretches from -2 to 2 mm-1, creating 

very fine flame wrinkles. The standard deviation of the curvature distribution is 0.4 mm-1 

at 1 ms ASI and it increases to 0.7 mm-1 at 1.5 ms ASI. This indicates that the outmost 

flame boundary becomes more wrinkled with time. As time progresses, the concave region 

is continuously suppressed and the convex region keeps expanding, making the boundary 

more stretched. Compared with the standard deviation at 1.5 ms ASI which is 0.3 mm-1 

under non-vaporizing conditions, the flame boundary is obviously much more wrinkled 

after the impingement than that under the non-vaporizing conditions. At 1 ms ASI, the 

curvature distribution is comparable with the curvature distribution at 0.5 ms ASI except 

for the zero curvature. Note that this curvature distribution information provides only the 

degree of wrinkling not the fluctuation amplitude of wrinkles. As time progresses, the 

counts of curvature are nearly the same at a given curvature except for the zero curvature. 
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Figure 7.3. Curvature distribution of flame outmost boundary (a) ASI = 0.5 ms, (b) ASI = 

1 ms, and (c) ASI = 1.5 ms. Conditions: Tamb = 900 K, Pinj = 1500 bar, and ρamb = 

22.8 kg/m3. 

The curvature of flame outmost boundary at Tamb = 1000 K shown in Figure 7.4 is also 

evaluated to investigate the effect of ambient temperature on the local flame expansion 

structure. Compared with the curvature distribution at Tamb = 423 K, high curvatures 

(absolute value of curvature > 1 mm-1) are also observed. Compared with the curvature 

distribution at Tamb = 900 K as shown in Figure 7.3, a temporally similar curvature 

distribution can be seen, and therefore, the effect of ambient temperature on the flame 

expansion boundary is insignificant, as long as the flame development is identical. The 

global structure of flame expansion is found to be similar to the structure of spray 

expansion under non-vaporizing conditions due to the identical spray momentum 

distribution after the impingement, while the local structure of flame outmost expansion 

boundary, i.e., the degree of wrinkling, is significantly modified by the strength of air 

entrainment. 
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Figure 7.4. Curvature distribution of flame outmost boundary at (a) ASI = 0 ms, (b) ASI = 

0.5 ms, (c) ASI = 1 ms, and (d) ASI = 1.5 ms. Conditions: Tamb = 1000 K, Pinj = 1500 bar 

and ρamb = 22.8 kg/m3. 

7.1.4 State-relationship between local curvature and intensity of natural luminosity 

With the visual inspection of expanding impinged flame, there exists a coherent pattern on 

the flame boundary and the near-field flame luminosity (intensity). Here, the correlation is 

calculated on the curvature along the impinged flame boundary by integrating the 

luminosities in a square region with 2 mm-length which is determined by the sensitivity 

analysis in the vicinity of the boundary. Unlike non-vaporizing cases, the scatter plot in 

Figure 7.5 illustrates coherent distribution from the high integrated intensity (relative high 

soot production) at the negative curvature (concave) to the low integrated intensity (relative 

low soot production) at the positive curvature (convex). This correlation is obviously seen 

as an inverted “S”-shape, which is marked with a red solid line, with time, as seen in Figure 
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7.5. During the flame expansion on the plate, soot tends to be formed near the concave 

shape of the flame boundary where the flame expansion is greatly suppressed. With 

continuous fuel injection, more fuel vapor is possibly accumulated in concave regions and 

it may lack the opportunity to mix with ambient air. While in the convex region, i.e., 

positive curvature, the magnitude of integration of soot luminosity becomes smaller, 

showing much less soot formed near the flame boundary. In the convex region, the outmost 

flame appears to exceed the current boundary, yielding more opportunity for the vapor fuel 

to mix with the ambient air and thus further prohibit soot formation in that region. This 

inverted S-shape is a new finding of the state relationship at the solid-liquid-gas interface 

flame propagation. 

 

 
Figure 7.5. Curvature correlation with neighbor integrated soot luminosity (a) ASI = 0 ms, 

(b) ASI = 0.5 ms, (c) ASI = 1 ms, and (d) ASI = 1.5 ms. Conditions: Tamb = 1000 K, Pinj = 

1500 bar and ρamb = 22.8 kg/m3. 
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7.1.5 Mechanism of flame boundary formation after impingement 

From the curvature distributions at different ASIs, the positive and negative curvatures are 

almost distributed evenly along the flame boundary. By analyzing the curvature profiles 

along the flame boundary, the quantity of the peaks could be found at the given ASI time. 

Due to the radial propagation of the flame on the impinging plate, a method that transfers 

curvature profile to the angular domain was used. Detailed information on this re-sampling-

based method is provided in [124]. Figure 7.6 shows the power spectrum results from the 

900 K flame. The power spectrum is colored by the normalized amplitude at a given ASI. 

The x-axis is the degrees per peak after the transformation (for example, 40 degrees per 

peak indicates it could be found a peak on the flame boundary rotating every 40 degrees). 

By dividing the degrees per peak, the quantity of convex and concave on the flame could 

be found. The power spectrum generated from the curvature profile represents the 

characteristics of the peak on the flame boundary along with ASI. From Figure 7.6, it is 

observed that there is an intensive band between 15 and 40 degrees per peak. An intensive 

band seating indicates that the peaks are distributed evenly along the flame boundary. The 

single band is nearly unchanged along with ASI. However, the boundary is not purely 

formed with certain degrees per peak. There are also some parts that show higher degrees 

per peak than 40 after 1.7 ms ASI which indicates there is a violent fluctuation on the flame 

boundary.  
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Figure 7.6. Normalized power spectrum of the curvature profile for the 900 K flame. 

Figure 7.7 shows the power spectrums of the curvature profile of the 1000 K flame at each 

ASI. A single peak is observed near 30 degrees per peak in the power spectrum of both 900 

and 1000 K flames. However, compared to the spectrum of the 900 K flame, the intensive 

band is narrower which indicates the flame boundary is more stable. Echoing the curvature 

distribution from Figure 7.3 and Figure 7.4, the microscopic flame structure is comparable 

and even the fluctuation behavior of the flame front is similar under ambient temperature 

900 and 1000 K. Due to the fact that the combustion characteristics are different under 900 

and 1000 K ambient conditions, the spray momentum could be the main factor that affects 

the macroscopic flame structure in terms of propagation rate, flame front distance, 

curvature magnitude of the flame front as well as the distribution of curvatures along the 

boundary.  
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Figure 7.7. Normalized power spectrum of the curvature profile for the 1000 K flame. 

7.2 Simulation results 

7.2.1 Curvature distribution from simulations 

The curvature of the flame boundary is one of the parameters that could be used to evaluate 

the turbulence intensity and quality of mixing along the flame boundary. The precision of 

the curvature calculation depends on the grid resolution of the images or the cell size of the 

simulations. Therefore, simulation column-format results were interpolated into a 

reconstructed 3D domain with a fixed size for all cells with a resolution of 0.1047 mm/cell 

to match the pixel resolution of experimental high-speed images. The curvature of flame 

boundary in simulations was performed on a horizontal plane ~ 1 mm (~ 10 cells height) 

above the impinging plate. However, the curvatures obtained from experiments were traced 
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by the projected flame looking from the bottom. The flame boundary in simulations was 

traced through the OH radicals’ contour (instead of natural luminosity in experiments) on 

the chosen plane. Curvatures of the flame boundary were calculated according to ref [118]. 

The curvature distributions were characterized as histograms with a bin size of 0.05 mm-1 

for both experiments and simulations. 

Figure 7.8 shows the comparison of curvature distribution at 0.5 and 1.0 ms ASI of the 

900 K flame. Boundary pixels having higher absolute curvatures than 2 mm-1 were binned 

into -2 mm-1 and 2 mm-1, respectively. These high curvature pixels have relatively small 

quantities (~ 1% of all evaluated pixels) so they would not affect the global shape of the 

distributions. Generally, symmetric distribution with respect to zero curvature (flat flame 

boundary) at the center and rapidly decaying in both negative and positive directions are 

observed in both experiments and simulations. The mean value and standard deviation of 

the curvature profile for the 900 K flame at both 0.5 and 1.0 ms ASI are close to the 

experimental results (~ 7% deviation). It is noted that the sharp spikes of zero curvature of 

experiments at 1 ms ASI are due to the smooth boundary blocked by the view of the 

impinging plate which could be seen in Figure 5.19(middle). 

 
Figure 7.8. Curvature distributions of the 900 K flame. 

Figure 7.9 shows a comparison of the curvature distributions between experiments and 

simulations of the 1000 K flame at 0.5 and 1.0 ms ASI. Simulation results agreed with 

experimental results. From 0.5 to 1.0 ms ASI, the mean curvature value changes from 
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0.02 mm-1 to 0.01 mm-1, and the standard deviation increases from 0.38 mm-1 to 0.66 mm- 1. 

A similar trend of curvature distribution is observed in both 900 and 1000 K flames in 

simulations. 

 
Figure 7.9. Curvature distribution of the 1000 K flame. 

7.2.2 Vertical temperature and soot distributions at different heights above the 

impinging plate 

As the flame is propagating on the plate, the maximum expansion distance is getting 

increased. A normalized distance is required to represent the locations of the corresponding 

intensive soot regions at different time steps. It is the ratio of the flame location to the 

distance of the leading edge. The normalized distance of 0 and 100% represents a location 

at the impinging point and the leading edge of the flame, respectively. 

Figure 7.10 demonstrates the definition of the normalized distance and a cut view of the 

impinged flame of 900 K ambient condition. The impinging point is marked as a red dot 

and two scales, 50 and 100% are marked with black lines. The chosen plane is aligned with 

the spray axis with a thickness of 0.2 mm. 
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Figure 7.10. Definition of the normalized distance between the impinging point and leading 

edge. 

After the ignition delay, residence time affects the soot formation of diesel spray 

combustion. As the ignition delays are unlike for various ambient temperature conditions, 

the ASOI is inappropriate for evaluating the soot formation. Hence a new time scale called 

AID (after the ignition delay) is used to maintain the residence time of soot. AID represents 

the difference between ASOI and ignition delay. 0.5, 1 and 1.5 ms AID are the three various 

timesteps used in ambient 900 and 1000 K conditions. 

Figure 7.11 shows the temperature and soot mass fraction of the the 900 K flame in a given 

cross-section together at each time step. At the ambient 900 K condition, the profiles for 

temperature (black) and soot mass fraction (red) vs. the height from the impinging surface 

at different normalized distances (50 to 80%) are represented in Figure 7.11. The 

temperature is ranged from 900 to 2600 K and the soot mass fraction is ranged from 0 to 

2*10-3. 

The profiles show that temperature and soot mass fraction are changed in the layer near the 

impinging surface. The starting point which is located at the one-cell height (0.125 mm) 

above the impinging surface is marked as ‘close to plate’ (C to plate) in Figure 7.11. At 

0.5 ms AID and a normalized distance of 0%, the temperature profile has one peak at ~ 

8 mm height. The peak of the temperature indicates the upper flame boundary. As the 

height lowers, the temperature is decreased because fuel occupies the region near the 

impinging point. At the normalized distance of 50%, two peaks on the temperature profile 

are observed at different heights such as ~ 8 and ~ 3.7 mm. The higher peak indicates the 

flame boundary while the lower peak indicates the boundary between the high-temperature 

region and soot formation region in the flame. Below the lower peak soot mass fraction is 
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increased and temperature is decreased. The temperature and soot mass fraction profiles 

are similar at a normalized distance of 60 and 70% compared to 50% whereas at a 

normalized distance of 80% different trends are observed near the impinging surface. Both 

temperature and soot mass fraction are decreased below ~1.5 mm.  

For normalized distances of 50, 60, and 70%, the results at 1 ms AID shows a similar trend 

as 0.5 ms AID for soot mass fraction less than 2 mm height, i.e., soot mass fraction is 

increased as the temperature is decreased near the impinging plate. Whereas at 80% soot 

mass fraction is ~0 below 2 mm height but observed temperature between 0.5 and 5 mm is 

~2200 K then is decreased below 0.5 mm.  

All normalized distances show a similar trend below 2 mm height at 1.5 ms AID, i.e., soot 

mass fraction is increased, and temperature is decreased. From the color map of soot mass 

fraction, a dense core of soot is observed at the top of the leading edge of the flame and a 

layer of soot is observed just above the plate. 

Figure 7.12 shows the temperature and soot mass fraction of the 1000 K flame in each 

cross-section. The profiles for temperature (black) and soot mass fraction (red) vs. the 

height from the impinging surface at different normalized distances (50 to 80%) are 

represented in Figure 7.12. At 0.5 ms AID, the region near the impinging point is mainly 

occupied by the fuel. Thus, the temperature at a normalized distance of 0% near the same 

point is much lower than the flame temperature. From the soot mass fraction map, a dense 

core of soot is observed near the leading edge of the flame between the normalized distance 

of 60 and 80%. At all normalized distances, the soot mass fraction is increased, and 

temperature is decreased below 2 mm height. 
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Figure 7.11. Temperature, soot mass fraction map, and profiles near the impinging plate. 

From top to bottom: AID = 0.5, 1.0 and 1.5 ms, the 900 K flame. *C plate = close to the 

impinging plate. 
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Figure 7.12. Temperature, soot mass fraction map, and profiles near the impinging plate. 

From top to bottom: AID = 0.5, 1.0 and 1.5ms, the 1000 K flame. 

At 1 ms AID, below 1.5 mm height soot mass fraction near the impinging surface is 

increased as the temperature is decreased. From the soot mass fraction map, relatively 
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dense soot regions are observed between normalized distances 60 and 80%. One dense soot 

core is above the plate and a soot layer is also found near the impinging plate. At 1.5 ms 

AID, soot mass fraction is increased and temperature is decreased below 2 mm height at 

all normalized distances. The soot core at the top of the leading edge vanishes and a denser 

soot layer is located near the impinging plate. 

From Figure 7.11 and Figure 7.12, the soot mass fraction is generally increased near the 

impinging surface. From the temperature map, a relatively low-temperature layer is found 

close to the impinging surface at all three temp steps, attributed to the heat transfer between 

the plate and flame. The temperature in the layer is mostly seated in the temperature range 

of soot formation. Therefore, the soot is observed near the impinging surface. Also, 

ambient gas is hard to entrain to the region close to the wall which will lead to worse soot 

oxidation. 

When the flame propagates on a plate, the soot layer which is formed near the impinging 

plate is accumulated and moving with the leading edge of the flame. This is due to 

continuous fuel deposited on the wall and worse soot oxidation because of lack of air 

entrainment to the wall. From the soot mass fraction map of all three timesteps, the soot 

layer starts to be formed after the impingement and the soot mass fraction in the soot layer 

is increased when the residence time of soot is increased. 
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8 Thermal characteristics of an impinging diesel spray5 

In this Chapter, the apparent heat release rate from the reacting conditions and the heat flux 

of an impinging diesel spray is discussed. The heat transfer coefficients obtained from the 

heat flux are also calculated to define the heat transfer regimes with respect to the distance 

from the impinging region. The heat transfer coefficients were obtained from non-

vaporizing conditions. 

8.1 The apparent heat release rate of an impinging diesel spray 

The effect of ambient temperature on heat release rate is shown in Figure 8.1. Red, green, 

and blue solid curves show the heat release rate at ambient temperatures of 1000 K, 900 K, 

and 800 K, respectively. The transparent color band represents the uncertainty among 5 

repeats. The timing of vapor fuel impingement (tvimp) and flame impingement (tfimp) are 

marked with black arrows in Figure 8.1. 

 

 
5 Reprinted with permission from SAE papers 2019-01-0067 and 2019-01-0267 ©2019 
SAE International. Reprinted with permission from International Journal of Engine 
Research (IJER). The materials in this chapter were published in the following papers: 

• Zhao, Z., Zhu, X., Zhao, L., Naber, J. et al., "Spray-Wall Dynamics of High-Pressure Impinging 
Combustion," SAE Technical Paper 2019-01-0067, 2019, https://doi.org/10.4271/2019-01-0067. 

• Zhao, Z., Zhu, X., Naber, J., and Lee, S., "Impinged Diesel Spray Combustion Evaluation for 
Indirect Air-Fuel Mixing Processes and Its Comparison with Non-Vaporing Impinging Spray Under 
Diesel Engine Conditions," SAE Technical Paper 2019-01-0267, 2019, 
https://doi.org/10.4271/2019-01-0267. 

• Zhao Z, Zhu X, Naber J, Lee S-Y. Assessment of impinged flame structure in high-pressure direct 
diesel injection. International Journal of Engine Research. 2020;21(2):391-405. 
doi:10.1177/1468087419859788 
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At the ambient temperature of 1000 K, a sharp spike due to premixed combustion is 

observed. A lower magnitude of temporal aHRR as compared to the premixed portion is 

observed, after around 1 ms ASOI. At the ambient temperature of 900 K, the premixed 

portion is still notable, but the duration of the premixed portion is extended. There is also 

a large shot-to-shot variation of the magnitude of aHRR in the premixed phase compared 

to an ambient temperature of 1000 K. As seen in the second row of Figure 6.1, the flame 

is formed very near to the plate at an ambient temperature of 900 K. This shot-to-shot 

variation could be possible because of the fluctuation of flame impact on the impinging 

plate. Even though the duration of the premixed combustion portion is different at ambient 

temperatures of 900 K and 1000 K, the temporal magnitude of aHRR of these two ambient 

temperatures is the same with each other after around the 1.7 ms ASOI. At an ambient 

temperature of 800 K, the discrete premixed and diffusion portions are no longer notable. 

As can be seen in the third row of Figure 6.1, the flame is observed after 1.7 ms ASOI and 

far at the front side of the impinging point. The aHRR starts to increase after around 1.5 ms 

ASOI and this delayed ignition gives more time for fuel to vaporize and mix with the air. 

The trend of the apparent heat release rate at an ambient temperature of 800 K resembles 

the trend of low-temperature premixed combustion in the previous study [125]. The 

combustion phase at an ambient temperature of 800 K is more like premixed combustion. 
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Figure 8.1. Effect of ambient temperature on the apparent heat release rate. 

8.2 Heat flux of an impinging diesel spray 

During the flame propagation on the plate, there is heat loss from the flame to the impinging 

plate. The local heat transfer at a given location is considered affected by flame 

temperature. Therefore, three heat probes are lined along with the axial direction to 

investigate the effect of spray impingement on the local heat transfer. The local heat flux 

at different temperatures and locations is discussed in this section. 

The heat flux at locations A, B, and C at an ambient temperature of 1000 K is shown in 

Figure 8.2. After the start of injection but before spray impingement, there is heat transfer 

from ambient air to the plate because of the temperature difference (Tamb of 900 K and 

1000 K, the plate temperature is heated up from 423 K to 523 K in heat flux measurements). 

The heat flux data were analyzed with the subtraction of the pre-burn heat loss. The 

temporal heat flux reaches the maximum at around 3 ms AOSI. Location B has the 



133 

maximum temporal heat flux while location A has the minimum temporal values of heat 

flux. Since the flame firstly impinges on the plate and then propagates radially, the heat 

flux at location B starts to increase first and the direct impingement makes the heat flux 

maximum at location B.  

At Tamb of 900 K, the magnitude of heat flux at location A is similar to the one at Tamb of 

1000 K. The profiles of the 900 K flame are shown in Figure 8.3. However, the temporal 

magnitude at location B is different from the magnitude at location B at Tamb of 1000 K. 

Note that Nusselt number is a function of Reynolds number and Prandtl number. In this 

study, Prandtl number doesn’t change. In Figure 6.14 and Figure 6.15, after 1.2 ms ASOI, 

the expansion rate is similar between the ambient temperatures of 900 K and 1000 K. 

Therefore, Reynolds number is comparable in these two cases, which leads the Nusselt 

number similar and therefore, the convective heat transfer coefficient is nearly the same 

under Tamb of 900 K and 1000 K. Since the heat flux is calculated by using convective heat 

transfer coefficient and temperature difference between the flame and cold surface, high 

flame temperature could lead to high local heat flux. Therefore, heat flux at location B 

under Tamb of 900 K is lower than the one under Tamb of 1000 K because the flame 

temperature is lower at Tamb of 900 K than Tamb of 1000 K [135]. Therefore, the temporal 

magnitude of the heat flux near the impinging point is mainly controlled by the flame 

temperature because of the direct impingement. At location C, the magnitude of heat flux 

at Tamb of 900 K is higher than the heat flux at Tamb of 1000 K. The flame expansion rate is 

higher at location C under Tamb of 900 K which is FER at θ of 360°. With the same Prandtl 

number but a higher Reynolds number because of a higher flame expansion rate at location 

C at Tamb of 900 K compared with the FER at location C and Tamb of 1000 K, the local 

Nusselt number is higher, and local convective heat transfer coefficient is higher at location 

C and Tamb of 900 K, leading to higher heat flux compared to it at Tamb of 1000 K. 
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Figure 8.2. Profile of local heat flux at three different locations and Tamb = 1000 K. 

 
Figure 8.3. Profile of local heat flux at three different locations and Tamb = 900 K. 
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The temporal heat flux at the three locations under different ambient temperatures is shown 

in Figure 8.4. The local convective heat transfer can be determined by the product of the 

convective heat transfer coefficient and the temperature difference between the bottom 

surface and impinging flame. The flame development is quite different at Tamb = 800 K 

compared to the other two temperatures. The 800 K flame developed after impingement 

while the other two ambient temperature flames began just around the impingement time 

(900 K flame) or even before the impingement (1000 K flame). The auto-ignition at Tamb 

= 800 K happens at farthest downstream and recesses back towards the impinging point. 

As can be seen in Figure 8.4, the temporal rate of heat flux of 800 K flame is much lower 

than the other two conditions. There are possibly two reasons: The convective heat transfer, 

which is mainly induced by the bulk motion of the flame, is lower under 800 K flame 

because of lower adiabatic flame temperature. In spite of the temperature difference 

between surface and combustion gas, radiation of soot particles is another source of local 

heat flux [136]. The soot production of 800 K flame is found much lower than the other 

two conditions. Thus, the radiative heat transfer is also lower under 800 K flame. These 

two factors make the temporal rate of heat flux under 800 K flame near half to other two 

flames at location A and C and 1/3 at location B. 
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Figure 8.4. Local heat flux at different locations (a) Location A, (b) Location B, and (c) 

Location C. Conditions: Pinj = 1500 bar and ρamb = 22.8 kg/m3, 18% O2. 
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9 Soot formation in an impinging diesel spray 

9.1 The mechanism of soot formation in an impinging spray 

According to the observations from ref [121], it is noted that ignition location and soot 

growth varies among different ambient temperatures. When the test condition has a certain 

combination (for my cases, Pinj of 1500 bar, vertical impinging distance of 40 mm with an 

impinging angle of 60°, ρamb of 22.8 kg/m3, and Tamb of 800 K with ultra-low sulfur diesel 

as the fuel), the high-temperature reaction zones (where OH are formed) are mainly found 

at the boundary of the impinged part of the spray.  From natural luminosity images, the 

flame propagation direction of the 800 K flame is also different from the 900 and 1000 K 

flames. A schematic describing such a phenomenon is shown in Figure 9.1 for the flame 

development of 800 and 1000 K flames from the start of ignition to the timing when the 

flame is developed. The main spray is rendered with black which is shown in Figure 9.1(a). 

The darkness of the spray indicates the relative equivalence ratio. A higher equivalence 

ratio is presented with a darker color. The volume-rendered 3D temperature distributions 

in the spray are shown in Figure 9.1(b) to (e) with false colors for 800 K (bottom row) and 

1000 K (top row) flames.  

After the start of injection, when the ignition location is found in the free part of the spray 

in Figure 9.1(b), the high-temperature region is initiated from the free part of the spray, 

following the spray momentum and subsequently catching the spray front and covering the 

whole spray as shown in Figure 9.1(c). However, for the 800 K flame from Figure 9.1(d) 

to (e), the initial ignition is found at the edge of the expanding spray. The high-temperature 

region is propagating countering the direction of spray momentum. Such a different flame 

development behavior may lead to different temperature gradients and mixing behaviors. 

As the soot formation is strongly related to the temperature and local equivalence ratio, the 

temperature, equivalence ratio, and soot quantity near the wall among 800 K, 900 K, and 

1000 K flames will be discussed and compared detailed in the latter sections. 
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Figure 9.1. Schematic of different types of flame development (volume-rendered from 

simulations). (a) The fuel-air mixture. Instantaneous distribution of iso-surfaces of the 

temperature of (b) 1 ms ASOI of the 1000 K flame, (c) 1.5 ms ASOI of the 1000 K flame, 

(d) 2 ms ASOI of the 800 K flame, (e) 2.5 ms ASOI of the 800 K flame. 

A qualitative comparison of the experimental flame and LES generated flame is shown in 

Figure 9.2. As the natural luminosity is a representative of local soot radiation which is a 

function of local temperature and soot volume fraction, the temperature and soot mass 

fraction from simulations are presented in Figure 9.2 for the comparison. The experimental 

flame was combined by two high-speed images, from the side and bottom view, obtained 

from two individual combustion events but the same operating condition. The temperature 

and soot mass fraction distributions from simulations are volume-rendered with false color. 

By visually comparing the shape of the flame and the luminosity of the flame, the wrinkles 

of the flame boundary are qualitatively comparable between experiments and simulations. 

From the natural luminosity images, the most luminous region is found at the leading edge 

of the flame within the vortex region. Meanwhile, at the same location, the soot mass 

fraction is relatively high from the simulation results. The visual comparison could confirm 
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the flame development is globally predictable from LES simulation in terms of soot 

formation and flame structure. 

 
Figure 9.2. Comparison of flame shape between experiments and simulations. (a) Natural 

luminosity images from bottom view and side view. (b) Instantaneous distribution of iso-

surfaces of temperature. (c) Instantaneous distribution of iso-surfaces of soot mass fraction. 

The left-hand side and right-hand side of the solid line represent the experimental and 

numerical results, respectively. 

The ignition location of the 800 K flame was found at the edge of the expanding spray 

while the ignition location was found at the free spray part above the plate for the 1000 K 

flame. The ignition location of the 900 K flame was found close to the impinging region 

near the wall. To separate flame behaviors by ignition location, the 900 K flame is chosen 

as a reference for comparing different flame development behaviors. For better spatially 

visualization of the flame, especially the region near the wall, the soot mass fraction, 

temperature, and equivalence ratio are volume-rendered through the open-source Paraview 

program [137].  

Firstly, the temporal soot mass fraction, temperature, and equivalence distributions of the 

900 K flame are shown in Figure 9.3. The starting time is selected as 1 ms ASOI which is 

just after the ignition delay of the 900 K flame. The ending time is 2.5 ms ASOI which is 

around the actual end of injection. At 1 ms ASOI, high equivalence ratios are in the free 

spray and low equivalence ratios are found in the expanding spray. The splash of parcels 

in the impinged spray and larger contact surface area benefits the air-fuel mixing process, 
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resulting in lower equivalence ratios in the expanding spray. Meanwhile, the flame with 

high temperature starts to propagate along the surface of the expanding spray. Low soot 

mass fractions are found inside the flame. Although soot starts to be formed, the short 

residence time leads to low soot mass fraction and sparse distribution in the flame. The low 

soot mass fraction here indicates the presence of soot initiation at an early stage after the 

ignition delay.  

At 1.5 ms ASOI, while the free spray still shows high equivalence ratios, the leading edge 

of the expanding spray shows a relatively higher equivalence ratio than 1 ms ASOI. It is 

due to the fuel accumulation where the impinging spray waves propagate near the 

impinging surface. Meanwhile, high soot mass fractions start to be observed at the same 

locations of high equivalence ratio regions. Low soot mass fractions are found near the 

impinging region, indicating that the soot is initiated near the impinging region for the 

900 K flame. At 1.5 ms ASOI, the spray further expands on the plate and the leading edge 

of the spray starts to roll up following the direction of the vortex generated by the spray 

impingement. Furthermore, soot is continuously formed at the leading edge where both the 

equivalence ratio and temperature favor the soot condition. After the end of injection, both 

free spray and expanding spray show less fuel-rich and subsequently less soot formed at 

the leading edge of the spray compared to 2 ms ASOI.  

To summarize, when the ignition location is in the free spray, the flame is developing along 

the surface of the spray and propagates along with the spray momentum. When the 

incoming fuel is going to burn, there is not enough time for it to mix with the air as the fuel 

is soon contacting the reaction zones. Therefore, fuel-rich zones near the wall are 

immediately consumed by the flame and lack the opportunity for air entrainment at the 

bottom of the spray. 
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Figure 9.3. Flame development of the 900 K flame. Instantaneous distribution of iso-

surfaces of soot mass fraction, equivalence ratio, and temperature are shown from top to 

the bottom. Four ASOIs, from 1 to 2.5 ms are chosen. 

When the ambient temperature is increased to 1000 K, the ignition location is elevated 

towards the nozzle, but the flame is still propagating along the direction of spray 

momentum. The volume-rendered soot mass fraction of 900 and 1000 K flames are shown 

in Figure 9.4 for comparison. From Figure 9.4, the spray shape where the equivalence ratio 
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is richer than 0.6 is similar between the 900 K and 1000 K flames, e.g., qualitatively 

comparable spray area. Most soot is formed at the leading edge of the spray in both the 

900 K and 1000 K flames. However, the 1000 K flame has a globally local higher soot 

mass fraction. A higher ambient temperature shortens the ignition delay as well as the lift-

off length, giving a smaller area of air entrainment upstream. It is noted that the high soot 

mass fraction spots at the left of the 1000 K flame at 2.5 ms ASOI are due to the flame 

contact with the sidewall. 

 
Figure 9.4. Comparison of the instantaneous distribution of iso-surfaces of soot mass 

fraction between the 900 K (top row) and 1000 K (bottom row) flames. Four ASOIs, from 

1 to 2.5 ms are chosen. 

For the 800 K flame, the behavior of flame development is quite different from the 900 and 

1000 K flames and it is shown in Figure 9.5. The flame with a high temperature (> 2200 K) 

starts to be formed nearly 0.5 ms after the ignition delay. Besides, the ignition location is 

not found at the free spray part rather than the edge of the expanding impinged spray. The 

flame propagation and spray expanding directions are marked with red and black arrows 

in the temperature distributions at 2 ms ASOI. Due to a longer mixing time, the equivalence 
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ratio in the part of the spray that is before the impingement is globally decreased compared 

to the 900 K flame as there is more air entrained into the spray. Also, the mixing quality 

could also be affected by the ignition delay [60]. The air entrainment rate is reduced due to 

the ignition and hot gas expansion inside spray gives hardness to the air entrainment as 

well. Not only the equivalence ratio at the leading edge of the impinged spray is reduced, 

but the equivalence ratio at the free spray is also reduced from above 4 at the 900 K flame 

to less than 3 at the 800 K flame. As the time is increased to the end of the injection, the 

flame is propagating from the leading edge to the impinging region which could be seen 

from the temperature distribution at 2.5 ms ASOI. Meanwhile, the soot mass fraction is 

significantly reduced compared to the 900 and 1000 K flames, and nearly no soot formed 

near the impinging region. The void region near the impinging point is due to the existence 

of the film. The film leads to quenching and blocks the soot formation in film occupied 

region, but it still contributes to soot formation above the film [11]. Another evidence for 

soot-blocked-by-film is that only the 800 K flame deposits distinct film and there is nearly 

no soot formed in the impinging region. After 3.5 ms ASOI, the flame starts to dissipate, 

and the soot mass fraction is globally reduced. 
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Figure 9.5. Flame development of the 800 K flame. Instantaneous distribution of iso-

surfaces of soot mass fraction, equivalence ratio, and temperature are shown from top to 

the bottom. Due to the longer ignition delay, four ASOIs are shifted to 2 to 4 ms. 

In Figure 9.6, a cut view of the 900 K flame at the centerline of the spray axis, 1.5 ms 

ASOI, is presented to show the spatial distributions of cool flame, soot, and OH radicals. 

The fuel-air mixture, formaldehyde (CH2O), soot precursor (Acetylene (C2H2)), OH 

radicals, and soot are combined to show the progress of mixing, auto-ignition, soot 

precursor formation, soot accumulation, and soot oxidation. Initially, after the injection, 

the spray experiences a mixing process with ambient gas to form a fuel-air mixture. After 

the ignition delay, cool flame indicator CH2O is formed at the tip of the fuel-air mixture 

near the impinging location. The CH2O significantly accumulates in the near-wall region 

and an abrupt increase in the concentration of CH2O was also observed [138]. C2H2 is 
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formed in the post-impingement part of the spray and is mainly found near the wall. At 

bottom of the leading edge of the spray, the combination of soot precursor and relative low 

soot is found. Carried by the vortex at the leading edge of the spray and experiencing longer 

soot residence time, the combination of soot precursor and initial soot (low soot mass) 

becomes mature soot that has relative high soot mass in the core of the vortex at the leading 

edge of the spray. When the mature soot is continuously lifted by the vortex, it touches the 

soot oxidation layer where the OH radicals are formed and start to be oxidized. The 

oxidation layer is thicker at the top of the vortex where the counter-flow exists. 

 
Figure 9.6. A schematic of fuel-air mixture, CH2O, C2H2, soot, and OH formed in an 

impinging flame. 

Due to the oblique impingement, the mass of the spray is not distributed radially uniform. 

Thus, the tendency of soot formation may be varied in different radial locations. From 

Figure 9.6, the vortex region is defined as the front side of the impinged spray and the 

impinged spray axially behind the impinging point is defined as the backside of the spray. 

To compare the difference of soot mass fraction at the front and backside of the spray, a 

horizontal plane at 1 mm above the wall is chosen for analysis in Figure 9.7. Soot mass 

fraction is shown with a range of 0 to 0.002. The void regions found in the spray are those 
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regions that have an equivalence ratio lower than 0.6. In Figure 9.7(a), a line with an arrow 

indicates the centerline of the spray axis and the cross point of the arrow line with a 

perpendicular line indicates the location of the impinging point. The main spray is then 

horizontally divided into the back and front parts with respect to the perpendicular line. 

The back and front sides of the spray are shown in Figure 9.7(b) and (c), respectively. 

Through visual observation, the front side shows a relatively average higher soot mass 

fraction than the back side. Meanwhile, the soot mass fraction near the leading edge of the 

spray is significantly higher than the backside and impinging region of the spray. 

 
Figure 9.7. Differences of soot formation at the front and back sides of the impinging point. 

From the Hiroyasu soot model, soot mass fraction is acquired from the outputs of the 

simulations. The absolute soot mass is then calculated by multiplying the total cell mass 

with the soot mass fraction. Then the total soot mass at the front side of the spray is summed 

up with all analyzed cells. In order to distinguish the differences of total soot mass between 

the front and back sides, the total soot mass of the front side of the spray and the whole 

plane from four different heights is obtained and compared in Figure 9.8. The soot mass 

formed on the backside of the spray could be obtained by subtracting the soot mass on the 

front side from the whole plane. The temporal total soot mass on different heights is shown 

with black, red, green, and blue lines. By comparing the soot mass between the whole plane 
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and front side, it is noticeable that the soot mass at 5 and 7 mm is nearly overlaid between 

solid and dashed lines which means the soot formed at the backside could be neglected. 

Thus, for soot formation-oriented analysis, only the front side of the spray will be discussed 

in the remaining sections. 

 
Figure 9.8. Instantaneous total soot mass on different heights for the 900 K flame. 

Two factors are affecting the absolute soot mass which is the total mass of cell and soot 

mass fraction. The total cell mass, soot mass fraction, and absolute total soot mass at four 

different heights for the 900 K flame are shown in Figure 9.9 to present the progress of 

soot formation after the ignition delay. In Figure 9.9(a), when the spray is propagating after 

the impingement, the mass at 1- and 3-mm heights firstly increases as the fuel is mixed 

with the ambient air. After ~ 1.2 ms ASOI, the mass at 5- and 7-mm heights start to increase, 

and it shows a higher slope than 1 and 3 mm after 1.5 ms ASOI. This phenomenon is 

attributed to the vortex formed at the leading edge that carries the fuel-air mixture from the 

near-wall region to a higher altitude. After the end of the injection, the cell mass starts to 

decrease at 1- and 3-mm heights but 5- and 7- mm heights are keeping increasing due to 

the existence of the vortex. The cell mass is reduced after ~ 3.5 ms ASOI at 5 and 7 mm 

when the vortex is dissipated.  
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Soot mass fraction is another factor influencing the absolute soot mass. In Figure 9.9(b), 

the average soot mass fraction at 1, 3, 5, and 7 mm are shown. After the ignition delay, the 

average soot mass fraction at four heights is initially increased simultaneously. However, 

it is diverged after 1 ms ASOI and increased faster if closer to the wall before ~ 1.3 ms 

ASOI. After ~ 1.3 ms ASOI, both the cell mass and average soot mass fraction at 5- and 7-

mm height are increasing faster and they exceed 1 and 3 mm height. At 1- and 3-mm 

heights after 1.3 ms ASOI, the slope of the average soot mass fraction profile becomes 

smaller until the fraction reaches the maximum at the end of injection. Meanwhile, at 5- 

and 7- mm heights, after the rising phase, the average soot mass fraction reaches a plateau 

and drops due to the end of the injection. However, it increases again and drops after ~ 

3.3 ms ASOI. As attributed by the higher cell mass and soot mass fraction, the absolute 

total soot mass is initially higher in the near-wall region before ~ 1.3 ms ASOI. After 

dropping for a short period, due to the huge cell mass increase, the soot mass also 

significantly increases at 5- and 7- mm heights while the average soot mass fraction is not 

changing dramatically. 

 
Figure 9.9. Instantaneous soot mass fractions and absolute soot mass at different heights 

for the 900 K flame. (a) Total cell mass. (b) Average soot mass fraction. (c) Total soot 

mass. 

From Figure 9.6, soot precursor is mainly formed in the near-wall region, and soot is 

formed in the vortex region which is between 3 and 7- mm in height. Thus, for comparison 

of soot formation in three different flames, the average mass fraction of soot and soot 

precursors for the 800 K, 900 K, and 1000 K flames are shown in Figure 9.10. For better 
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visualization, the soot mass fraction is multiplied by a factor of 10. In the 800 K flame, 

after the ignition delay, soot precursor is significantly higher at 1 mm compared to the other 

three heights. Even after the end of injection and all the fuel is injected in the domain, the 

soot mass fraction is remained at a low level compared to the 900 and 1000 K flames. For 

the 900 K flame, only the mass fraction of the soot precursor will be discussed. At 1- and 

3-mm heights, the mass fraction of the soot precursor firstly reaches a plateau and then 

decreases while at the other two heights, it drops after ~ 1 ms AOSI and recovers after ~ 

1.3 ms ASOI. It is found that the mass fraction of the precursor is always higher at 1 mm 

which means the precursor is mainly formed in the near-wall region. For the 1000 K flame, 

the trends are similar to the 900 K flame, but the magnitude of soot and precursor mass 

fraction is higher. 

 
Figure 9.10. Instantaneous soot and soot precursor mass fractions for 800 K, 900 K, and 

1000 K flames, from left to right, respectively. Soot mass fraction is multiplied by a factor 

of 10 to make a better comparison with precursor mass fraction. 

9.2 Relationship between quantity of soot and local temperature 

After discussing the curvature of the flame boundary, it is found that local curvature is 

correlated with local qualitative soot quantity [55]. The soot formation is affected by local 
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flame temperature and equivalence ratio. From LES simulations, the temperature and soot 

quantity are non-uniform at different heights above the plate. The results at six different 

heights, i.e., 1, 2, 4, 6, 8, and 10 mm above the plate which is ranging from close to the 

wall to far above the wall are presented. The temperature distributions are only presented 

where the soot is intensively formed. The grid size of the interpolated data is 0.2 mm which 

indicates that the distribution is shown within the height ± 0.1 mm. Three AIDs, 0.5, 1, and 

1.5 ms are adopted to investigate the flame development at different heights.  

The contours of temperature and soot mass fraction of the 900 K flame at 0.5 ms AID are 

shown in Figure 9.11 from left to right, respectively at the heights of 1, 2, 4, 6, 8, and 10 

mm are shown from top to bottom. The occupied area of soot is decreased as the height is 

away from the impinging surface. At a height of 1 mm, the area of soot formation nearly 

occupies the whole downstream region. A relatively low-temperature band is found at the 

leading edge of the flame where there is intensively soot formation. At the close-by wall, 

soot also occupied the region near the impinging point, but the mass fraction is relatively 

low. As the height is increased to 2 mm, the occupied soot and mass fraction nearly 

maintain the same as the area of the height of 1 mm. At a height of 4 mm, the thickness of 

the soot band is increased but its perimeter is decreased. At a height of 6 mm, the soot 

formation at two sides vanishes and soot is only formed nearby the leading edge of the 

flame. At heights of 8 and 10 mm, the area of soot formation shrinks because there is not 

too much spray over the height of 10 mm.  

In Figure 9.11, it could be observed that soot is intensively formed at a temperature below 

1800 K. However, low-level soot concentration is also presented close to the wall in high-

temperature regions. In order to quantify the correlation of temperature and soot formation 

at different heights, the scattering plots which show the local temperature and soot mass 

fraction in each cell are shown in Figure 9.12. A 2-D histcount function is used to obtain 

the scatter density at a certain temperature and soot mass fraction. The bin sizes of 

temperature and soot mass fraction are 10 K and 4*10-5, respectively.  At the height of 

1 mm, the shape of the distribution is displayed as a triangle. An intensive band is observed 
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between the temperature of 1600 and 2200 K. At the height of 2 mm, the shape of the 

distribution is also displayed as a triangle shape. The intensive band is shifted to the 

boundary of the top right part. At the height of 4 mm, the shape of the distribution becomes 

a combined relationship with two arms, one on the bottom, the other one with a ~ 45 

degrees angle. It is defined these two arms as dependent region and independent region, 

respectively. In the dependent region, soot formation is increased as the temperature is 

decreased where the soot and temperature have a dependency. In the independent region, 

the soot formation is nearly unchanged even the temperature is ranged low from 1300 K 

and up to 2400 K. As the height is increased, the intensive band is shifted towards the 

dependent region. Looking at the contour of the soot mass fraction, the soot formation near 

the impinging point has vanished above the height of 4 mm. In meantime, the scatters in 

between the independent and dependent regions are vanished when the height is above 4 

mm. Thus, it can be addressed that the scatters in between the two arms are caused by the 

soot formed near the impinging point. At the height of 6 and 8 mm, the shape of the 

distribution is similar to it at a height of 4 mm.   
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Figure 9.11. The contours of temperature and soot mass fraction at different heights above 

the plate, AID = 0.5 ms, the 900 K flame. 
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Figure 9.12. The correlation of soot mass fraction and temperature at different heights 

above the impinging plate, AID = 0.5ms, the 900 K flame. 

From Figure 9.11 and Figure 9.12, it could be observed that the soot and temperature are 

similar between the height of 1 to 2 mm, 4 to 6 mm, and 8 to 10 mm, individually. Hence, 

the current thesis will only present the results of the height of 1, 4, and 8 mm for the 

representatives of three different levels of height, close to the wall (below 2 mm), medium 

height (2-8 mm), and far above the wall (above 8 mm). The distributions of temperature 

and soot mass fraction as well as the scattering plots of the 900 K flame at 1 ms AID are 

shown in Figure 9.13 from left to right, respectively. At a height of 1 mm, the area of soot 

formation nearly occupies the whole downstream region. A relatively low-temperature 

band is found at the leading edge of the flame. Dense soot cores are found close to the 

leading edge of the flame. At the height close to the wall, soot is also observed near the 

impinging point, but the soot mass fraction is relatively low. At the medium height, the 

area of soot formation maintains the same near the leading edge of the flame but the soot 

formation near the impinging point is disappeared. The area of dense soot cores is increased 

as the height is increased. At a height of 8 mm, the soot is only formed axially near the 

leading edge of the flame.  

From the scattering plots, the area of the soot-occupied region is decreased as the height is 

increased. At a height of 1 mm, the shape of the distribution is also displayed as a triangle. 
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At a height of 4 mm, the shape of distribution also becomes a two-arms type. The intensive 

band is shifted towards the dependent region. Compared with the distribution of height of 

1, 4, and 8 mm, the scatters in between the two regions are vanished which is attributed to 

the disappearance of soot formation near the impinging point. The slope of the dependent 

region is increased compared to the slope of 0.5 ms AID. The higher slope indicates that 

the same soot mass fraction location would have a higher temperature in the dependent 

region. 

 
Figure 9.13. The contours of temperature and soot mass fraction at different heights above 

the plate, AID = 1 ms, the 900 K flame. 

The distributions of temperature and soot mass fraction of the 900 K flame at 1.5 ms AID 

are shown in Figure 9.14 from left to right, respectively. The low-temperature band near 

the leading edge of the flame is much thicker than the band of 0.5 and 1 ms AID. At the 

medium height, the area of soot formation is smaller than the area of the height of 1 mm. 

Dense soot regions start to be observed near the leading edge of the flame at the 

downstream region. Dense soot regions are nearly at the same spatial location, but the area 

is decreased far above the plate. The scattering plots between temperature and soot mass 
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fraction are also shown in Figure 9.14 in the third column. The trend of the scatters is 

similar compared to the trend of 0.5 and 1 ms AID. However, there are more scatters sitting 

in the independent regions. From the flame development, it could be observed that the area 

of soot formation is increased as the height is decreased. More soot will be formed close to 

the wall especially near the impinging region. 

 
Figure 9.14. The contours of temperature and soot mass fraction at different heights above 

the plate, AID = 1.5 ms, the 900 K flame. 

The distributions of temperature and soot mass fraction of the 1000 K flame at 0.5 ms AID 

are shown in Figure 9.15 from left to right, respectively. It is noted that the 0.5 ms AID of 

1000 K flame is ~ 0.3 ms earlier than the 0.5 ms AID of 900 K flame. Only two heights are 

chosen at 0.5 ms AID as there is no spray far above the plate at this time. At a height of 1 

mm, the area of soot formation nearly occupies the whole downstream region. Compared 

to the results of the flame of 900 K at 0.5 ms AID, the soot is more uniformly distributed 

along with the plate instead of intensively forming near the leading edge. At the medium 

height, the area of the flame shrinks faster than the flame of 900 K ambient condition and 
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this is because that the flame is just developed after the impingement at a temperature of 

1000 K ambient condition. The scattering plots between temperature and soot mass fraction 

are shown in Figure 9.15, third column. The area of the soot-occupied region is decreased 

as the height is increased. The intensive band is observed close to the plate but disappeared 

at medium height. The distribution is also shifted from a triangle shape to a dependent-

independent shape as the height is increased. 

 
Figure 9.15. The contours of temperature and soot mass fraction at different heights above 

the plate, AID = 0.5 ms, the 1000 K flame. 

The distributions of temperature and soot mass fraction of the 1000 K flame at 1 ms AID 

are shown in Figure 9.16 from left to right, respectively. As flame propagates on the plate, 

the soot tends to be formed from the inside of the flame to the leading edge of the flame. 

At the medium height, high soot mass fraction cores are observed near the leading edge of 

the flame. The area of soot occupied region shrinks further but the dense soot cores are still 

visible far above the plate. The scattering plots between temperature and soot mass fraction 

are shown in Figure 9.16, right. Unlike the previous scattering plots, the intensive band is 

not dense as it of the 900 K flame. However, the trend is similar to it of the 900 K flame. 
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Figure 9.16. The contours of temperature and soot mass fraction at different heights above 

the plate, AID = 1 ms, the 1000 K flame. 

The distributions of temperature and soot mass fraction of 1000 K flame at 1.5 ms AID are 

shown in Figure 9.17 from left to right, respectively. At close to the wall, the area of soot 

formation nearly occupies the whole flame region. The low-temperature band is no longer 

uniformly distributed along the flame boundary.  Dense soot cores are observed at the 

concave regions of the leading edge of the flame. Soot is also observed near the impinging 

point. At the medium height, denser soot cores are observed which have higher soot mass 

fraction than the flame of 900 K ambient conditions. At far above the plate, only the dense 

soot cores are left. The scattering plots between temperature and soot mass fraction are 

shown in Figure 9.17. The soot mass fraction is extended higher, and the slope of the 

dependent region is further increased. The higher slope indicates that high soot mass region 

is going to be formed at relatively high temperatures. 
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Figure 9.17. The contours of temperature and soot mass fraction at different heights above 

the plate, AID = 1.5 ms, the 1000 K flame. 

From the visualization of the distributions of soot mass fraction and temperature, it could 

be observed that the temperature and soot quantity have a strong relationship. The high 

quantity of soot mass is mainly formed at the relatively low-temperature region which is 

between 1400 and 2000 K. When the height is close to the impinging plate, soot is formed 

in the whole flame. Dense soot cores start to be observed near the leading edge of the flame. 

As the height is increased, the soot near the impinging point is disappeared and the area of 

dense soot cores is increased. After a certain height, e.g., 4 mm, the area of soot formation 

shrinks compared to the soot formation close to the wall. 

9.3 Relationship between quantity of soot and local equivalence ratio 

Figure 9.18 shows a scatter plot of the average soot mass versus curvature on the chosen 

plane for 900 K flame. The plane is 1 mm above the wall. Most scatters reside in the region 

between -1 mm-1 and 1 mm-1 where the average soot mass is lower than 0.5*10-5 µg at 
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0.5 ms ASI. The highest average soot mass is around 1*10-5 µg. The minimum average 

soot mass is close to 0 at 0.5 ms ASI. The relatively small amount of soot mass is because 

the 0.5 ms ASI is very close to the ignition time (~ 0.36 ms ASI) and soot is not formed at 

large quantities just after the ignition timing. At the high positive curvature side, the 

average soot mass is very low which is below 0.1*10-5 µg. At the high negative curvature 

side, although some scatter have very low soot mass, scatters with relatively high soot mass 

(> 0.5*10-5 µg) are observed. As time increases to 1.0 ms ASI, the total amount of soot 

increases significantly. The maximum average soot mass is above 6*10-5 µg and the 

minimum average soot mass is around 0.5*10-5 µg at 1.0 ms ASI. 

To investigate the effect of air entrainment on curvature, the scatters in Figure 9.18 are 

colored by the corresponding local average equivalence ratio. The equivalence ratio is 

decreased at the flame front where the fuel is consumed. The average equivalence ratio was 

obtained similarly as the average soot mass, only with a larger square window size of 

16 mm2, to obtain reasonable information. At 0.5 ms ASI, fuel-rich scatters (equivalence 

ratios > 2) are observed in the concave segments. The scatters located at the left top corner 

have an equivalence ratio higher than 1.5, producing higher soot mass. The scatters located 

at the right bottom corner have an equivalence ratio lower than 1.5. At 1.0 ms ASI, the 

scatters show an inverse ‘T’ distribution. In the region between ~ 0.5 mm-1 and 0.5 mm-1, 

fuel richer scatters produce a larger quantity of soot mass. In concave segments, scatters 

with a high equivalence ratio larger than 2 are observed where curvature < -1 mm-1. In 

convex segments, scatters have a relatively small equivalence ratio around 1 where 

curvature > 1 mm-1. 
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Figure 9.18. Curvature-soot relationship for the 900 K flame. 

Figure 9.19 shows scatters of the average soot mass versus curvatures on the chosen plane 

for 1000 K flame. At 0.5 ms ASI, the maximum average soot mass is around 1.1*10-4 µg 

and the minimum average soot mass is around 2*10-5 µg. At 0.5 ms ASI, by comparing the 

soot mass between concave and convex segments, it is found that relatively high soot mass 

is produced in concave segments. At 1.0 ms ASI, the scatter cloud is mainly distributed 

symmetrically along zero curvature. The distribution of the scatters shows an inverse ‘T’ 

pattern. The soot mass production in concave and convex segments is equalized at 1.0 ms 

ASI. 

The scatters in Figure 9.19 are also colored by the corresponding local equivalence ratio. 

Unlike the scatters under 900 K ambient, scatters with a high equivalence ratio (~3) are 

observed at 0.5 ms ASI. The reason could be that the vaporization of fuel is enhanced at 

1000 K, but the entrained air is still nearly the same quantity without additionally 

introduced turbulence. More vaporized fuel will increase the local equivalence ratio. Most 

scatters with a high equivalence ratio are observed near-zero curvature, however, the 

scatters in concave segments show a higher equivalence ratio compared to that in convex 

segments. At 1.0 ms ASI, the overall equivalence ratio decreases because of more entrained 

air during the flame propagation attributed to a larger contact area between ambient and 

flame. 
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Figure 9.19. Curvature-soot relationship for the 1000 K flame. 
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10 Film formation on an impinging surface and its relationship 

with impinging diesel spray combustion6 

10.1  Film evaporation process without reaction 

10.1.1 Film evaporation comparison 

The film evaporation test is based on the duration when the film is fully vaporized. From 

section 3.3.1, a specific optical setup for the vaporization test was adopted and the 

schematic of the setup is shown in Figure 10.1. 

 
Figure 10.1. Schematic of the optical setup for film vaporization tests. 

 

 
6 Reprinted with permission from SAE papers 2021-01-0543 ©2021 SAE International. 
The materials in this chapter were published in the following paper: 

• Zhao, Z., Zhu, X., Zhao, L., Tang, M. et al., "A Numerical Study for the Effect of Liquid Film on 
Soot Formation of Impinged Spray Combustion," SAE Technical Paper 2021-01-0543, 2021, 
https://doi.org/10.4271/2021-01-0543. 

 

https://doi.org/10.4271/2021-01-0543
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During the spray impingement on the surface, a liquid film mark will remain on the plate 

which can be tracked through the boundary tracking method in section 5.1.1. However, the 

camera looking from the side view (in Figure 10.1) could benefit the precision of boundary 

tracking by getting rid of the reflection from the bottom view. A diffuser was mounted in 

front of the LED to provide a uniform light source. A sample of the film area obtained from 

the side view is shown in Figure 10.2. Due to the tilted angle of the camera, the scale of 

the x and y-axis is different. Therefore, a 10 mm scale is shown on the background-

subtracted film image for both the x and y-axis. From this technique, the film thickness and 

subsequent film mass can’t be quantified but the film area could be obtained. The film area 

is valuable for quantitatively analyzing the film residence time during the spray event. 

 
Figure 10.2. A schematic of film area calculation from a tilted side view. 

A sample of instantaneous film area is shown in Figure 10.3. The evaporation time is 

defined as the time between point A when the film shows the maximum area and point B 

when the film area is decreased to 10% of the maximum area. As can be seen in Figure 

10.3, the film area is decreased exponentially, and a exponential curve fitting is applied. 

The constant and exponential coefficient are 283.6 and -1.8, respectively.  
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Figure 10.3. A sample of instantaneous film area from the baseline condition. 

After that, the effect of ambient density and injection pressure on the vaporization time is 

shown in Figure 10.4 and Figure 10.5. As the ambient density and injection pressure is 

increased, the evaporation time is decreased. By increasing the ambient density from 14.8 

to 30 kg/m3, the evaporation time is only reduced ~ 0.3 ms. However, when the injection 

pressure is increased from 600 to 1200 bar, the evaporation time is reduced to half. 

Interestingly, it is noted that the mechanism of the film deposition is varied under different 

ambient densities and injection pressures. Increasing the ambient density and lowering the 

injection pressure both increases the spray momentum, but the evaporation time is 

oppositely changed. Under different ambient densities, although the spray momentum is 

increased but the evaporation time is increased. Under different injection pressures, the 

evaporation time is increased when the spray momentum is reduced. Therefore, the spray 

momentum is not the only factor that affect the evaporation time. The film evaporation also 

takes into account the fuel atomization, mixing, splash and rebound phenomenon. 
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Figure 10.4. The effect of ambient density on the evaporation time of the liquid film. 

 
Figure 10.5. The effect of injection pressure on the evaporation time of the liquid film. 
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10.1.2 Film thickness on a roughened surface 

After the calibration for the RIM technique, the single-hole injector with a nozzle diameter 

of 200 µm was mounted on the combustion vessel and the distance between the injector tip 

and rough plate is ~ 33.65 mm. N-heptane as the liquid fuel was injected on the rough flat 

surface at various ambient and injection conditions. The ambient temperature is 423 K 

which is the same as the rough surface temperature, and the fuel temperature is 363 K. All 

other test conditions are the same as the single-hole injector test conditions. Film thickness 

is calculated based on the above calibration result and a small area (2*2 mm2) near the 

impinging point is selected for film thickness calculation. The film thickness at each 

condition is averaged from five repeats.  

The effects of ambient density and injection pressure on film thickness as a function of 

impinging time are shown in Figure 10.6 and Figure 10.7. The actual fuel injection is 

terminated at 2.5 ms ASOI and the mist which hinders the signal capturing exists until 

4.6 ms. Therefore, data is analyzed after 4.6 ms until the complete vaporization of film. 

The complete film vaporization occurs under 20 ms ASOI. Generally, the film thickness 

decreases with ambient density and injection pressure and the thickness range is from 0.5 

to 1.2 µm.  

For the film thickness measurements, each test is based on at least 3 repeats. Film mass, 

film area and averaged film thickness are all decrease after the end of impinging due to the 

evaporation. However, all the film properties are showing some extended decreases. As 

shown in Figure 10.6, the film properties increase with a decrease of ambient density due 

to the fact that higher ambient density causes enhanced fuel atomization and air 

entrainment. 



167 

 
Figure 10.6. Effect of ambient density on film properties: film mass, film area, and film 

thickness. 

As shown in Figure 10.7, The film properties increase with a decrease of injection pressure 

because higher injection pressure causes enhanced fuel atomization and air entrainment. 

Relatively lower spray momentum makes the liquid easier to wet the wall and become a 

film. 

 
Figure 10.7. Effect of injection pressure on film properties: film mass, film area, and film 

thickness. 

10.2  Film formation from simulations and its impact on flame and soot 

formation 

10.2.1 Film area and thickness of different ambient temperatures 

The global deposited film mass and formed soot mass could not present the local intensive 

regions of film and soot formation of an impinging spray. Two local parameters, film 

thickness and soot mass fraction, could indicate where the film is relatively thicker or 
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thinner and soot is intensively formed. Hence, local distributions of film thickness, 

temperature and soot mass fraction close to the impinging surface will be discussed in the 

following sections. 

The film thickness at different time stamps and ambient temperatures are shown in Figure 

10.8. A 20 mm- length scale, location of the impinging point, and the spray expansion 

directions after the impingement are presented in Figure 10.8, the 800 K case at 1ms ASOI. 

For the 800 K case, the film is observed after the impingement and it is not fully vaporized 

before 4 ms ASOI, i.e., the end of simulation time. From Figure 10.8, the film is observed 

radially around the impinging point but mainly formed in the downstream direction. Before 

the end of injection, there is an intensive spot at the impinging point which could be seen 

at 1 and 2 ms ASOI at an ambient temperature of 800 K. After the end of the injection, the 

intensive spot is evaporated but the downstream film is still observed which shows several 

intensive film rings radially. The distribution is similar, but the film thickness is reduced 

at 4 ms ASOI compared to it at 3 ms ASOI. For the 900 K case, the shape of the distribution 

is similar to it at 1 ms ASOI at 800 K. The intensive spot is also observed near the 

impinging point and a single intensive ring is formed at the leading edge of the film region. 

As time is increased, the intensive ring becomes several rings, showing a pattern of 

different waves after the impingement. However, the local film thickness and overall film 

area are lower at the 900 K case compared to the 800 K case. For the 1000 K case, the film 

is only clearly observed at 0.4 ms ASOI which is just after the impingement. The film is 

soon fully vaporized due to shorter ignition delay and higher ambient temperature. Thus, 

the film is barely observed at 0.8 and 1 ms ASOI. 
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Figure 10.8. Film thickness distributions on the impinging plate. Test conditions: Pinj = 

1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, impinging distance = 30 mm. 
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The temperature distributions are shown in Figure 10.9. The target plane is chosen 0.25 mm 

(one minimum cell height) above the impinging surface. By comparing the film thickness 

in Figure 10.8 and temperature distributions at 3 and 4 ms ASOI for the 800 K case, a 

temperature transition region is found between the film leading edge and flame initiation 

region. The temperature in the transition region is reduced due to film evaporation.  

Two wings of high-temperature cores are merged into one region with a low temperature 

in the middle and a high temperature at the two sides. The boundary of the high-temperature 

region is smooth before the evaporation of the film. At 2.5 ms ASOI, the liquid film is 

evaporating so that a non-smooth boundary in the transition region (perturbed region in 

Figure 10.9) is observed. The temperature is decreased because the film vaporization 

obtains the heat from the high-temperature spray. At 3 ms ASOI, the film is fully 

evaporated, and the boundary of the high-temperature region becomes smooth again. For 

the 1000 K case, the temperature distributions show the recession, but the film effect is not 

significant on the temperature distribution because the film is already fully evaporated 

before 1 ms ASOI. However, even the film is fully evaporated after 1 ms ASOI, the film 

region is too rich to burn, leading to a low-temperature region observed near the original 

film region at 2 ms ASOI for the 1000 K case. 
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Figure 10.9. Temperature distributions on the impinging plate. Test conditions: Pinj = 1500 

bar, ρamb = 22.8 kg/m3, O2 = 18%, impinging distance = 30 mm. 
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After discussing film thickness distributions, the distributions of soot mass fraction are 

discussed. The soot mass fractions which are 0.25 mm above the impinging surface are 

shown in Figure 10.10. It is noted that the scale of soot mass fraction of 800 K is lower 

than other temperatures. By comparing the temperatures in Figure 10.9 and soot 

distributions, the soot is formed in the medium temperature range which is ~ between 1400 

to 2000 K. All cases show the intensive soot region in the downstream with a wing shape. 

As time is increased, the soot occupied region is propagating from the leading edge of the 

flame back to the impinging point side. However, the film region slows the soot growth 

back to the impinging point region, forming a transition region between the soot-occupied 

region and film leading edge. Compared to the distribution at 3.5 and 4 ms ASOI of the 

800 K case, the location of soot formation near to the plate is nearly the same and there is 

no soot formed near the impinging point. This is because the impinging region is occupied 

by the liquid film, and it is too rich to burn. For the 900 K case, the pattern observed from 

the 800 K case is still observed. Due to less film deposition and faster film evaporation, the 

soot region starts to grow back to the impinging point at 3 ms ASOI. This is clearly seen 

at 3 ms ASOI where the boundary of the soot region is not uniform and perturbed by the 

film evaporation in the transition region. For the 1000 K case, the film is nearly totally 

evaporated after 0.6 ms ASOI. Due to the unburnt fuel near the film region, soot is not 

observed near the impinging region. 

  

  



173 

 

 
Figure 10.10. Soot mass fraction distributions on the impinging plate. Test conditions: Pinj 

= 1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, impinging distance = 30 mm. 
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10.2.2 Film area and thickness of different impinging distances 

Two different impinging distances are used to discuss the effect of the impinging distance 

on film deposition and soot formation. The deposited film mass and formed soot mass in 

the chamber at 30- and 40-mm impinging distances for the 800 K case are shown in Figure 

10.11. As can be seen in the film mass profiles, the deposited film mass is significantly 

reduced when the impinging distance is increased to 40 mm. The reason is that a longer 

impinging distance will reduce the opportunity of liquid spray contact on the impinging 

surface, especially when the liquid length is close to the impinging distance. However, 

meanwhile, the formed soot in the chamber is increased when the impinging distance is 

higher. This is because the film is fully vaporized in the chamber and involved in flame. 

The fuel mass in the chamber could be calculated by subtracting the film mass from the 

total injected mass. By comparing the ratio of formed soot and fuel mass in the chamber, a 

longer impinging distance leads to a higher ratio of vapor fuel, subsequently higher soot 

production.  

 
Figure 10.11. Total deposited film and formed soot mass at different impinging distance. 

Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, Tamb = 800 K. 

The film thickness distributions at 40 mm impinging distance under 800 K is shown in 

Figure 10.12. Film thicknesses at four timestamps, 1, 1.5, 2, and 2.5 ms ASOI are shown 

to explain the film deposition when the impinging distance is longer. At 1 ms ASOI, the 

film thickness is nearly evenly distributed around the impinging point. The intensive spot 
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near the impinging point observed from the 30 mm impinging distance case no longer 

exists. At 2 ms ASOI, even the intensive spot is still not observed, but a relatively thicker 

ring is observed at the film leading edge because of the continuous film deposition from 

different impinging waves. However, the single ring shows local thinner film thickness, 

compared to the 30 mm impinging distance case. After 2 ms ASOI, the local film thickness 

is also reduced due to the film evaporation.  

 
Figure 10.12. Film thickness distributions on the impinging distance at impinging distance 

of 40 mm. Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, Tamb = 800 K. 

10.2.3 Film area and thickness of different oxygen concentration 

From previous sections, it is concluded that higher ambient temperature and longer 

impinging distance could directly reduce the deposited film mass. Higher ambient 

temperature could not only directly promote the film evaporation but also shorter the 
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ignition delay, subsequently enhancing the film evaporation through the film-flame 

interaction. To discuss the effect of the ignition delay individually on the film evaporation, 

the ambient temperature is maintained at 900 K case but the oxygen level is increased to 

21% to shorter the ignition delay. Therefore, the ambient temperature won’t affect the film 

evaporation before the ignition delay and the effect of ignition delay could be discussed 

independently.  

The deposited film mass and formed soot mass in the chamber at different oxygen levels 

are shown in Figure 10.13. As can be seen in the film mass profiles, the deposited film 

mass between 18% and 21% O2 cases is nearly the same before the ignition delay. This is 

because the ambient temperature is the same, leading to a similar film evaporation rate 

before the ignition delay. The film mass starts to be generally reduced after ~ 1.5 ms ASOI. 

The profile shape is also nearly the same between different oxygen levels. The peaks and 

valleys are also matched at the same time with the rate of injection. 21% O2 case has higher 

soot production between 1 to 3 ms ASOI but lower soot production after ~ 3 ms ASOI. 

This could be because the oxidation is stronger in a 21% O2 environment after the end of 

the injection.  

The film thickness distributions of different oxygen levels are shown in Figure 10.14. The 

same time stamps are used to make a direct comparison of film thickness between 18% and 

21% oxygen cases. Echoing the film thickness of 18% O2 in Figure 10.8, the shape of film 

thickness distribution is almost identical between 18% and 21% O2 cases before 1 ms ASOI 

with the same ambient temperature, 900 K. After the ignition delay, early formed flame 

and higher temperature from 21% O2 environment leads to local lower film thickness at 

the same given time. This could be observed from film thickness distribution at 1.5 and 

2 ms ASOI. 
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Figure 10.13. Total deposited film and formed soot mass at different oxygen concentration. 

Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, Tamb = 900 K, impinging distance = 

30 mm. 
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Figure 10.14. Film thickness distributions on the impinging distance at 21% oxygen 

concentration. Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, Tamb = 900 K, impinging 

distance = 30 mm. 

10.2.4 Impact of film formation on impinging diesel spray combustion 

After validating the spray and the combustion models, the effects of ambient temperatures 

on the film deposition and soot formation are presented. The profiles of deposited film 

mass on the plate under different ambient temperatures are shown in Figure 10.15. The 

profile of total injected fuel mass is also shown in the same figure for comparison. The 

total injected fuel mass is saturated after ~ 2.4 ms ASOI as the actual injection is ~ 2.4 ms. 

After 0.2 ms ASOI, the spray impinges on the plate and the liquid film starts to be deposited 

at an impinging distance of 30 mm. The rate of total film mass is a combination of the rate 

of film deposition and film evaporation. If the film deposition is faster than its evaporation, 

the deposited film mass is increased. Under different ambient temperatures, the film mass 
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at a given ASOI is always higher at a lower ambient temperature. At a high ambient 

temperature such as 1000 K, the deposited film mass is a very small amount which is lower 

than ~1% of the total injected fuel mass. At an ambient temperature of 800 K, the deposited 

film mass keeps increasing until 2.5 ms ASOI and starts to be reduced afterward. It is 

observed that the film starts to evaporate immediately after the ignition delay in the 800 K 

case. However, for the 900 K case, film evaporation starts 0.6 ms later after the ignition 

delay. This is because that the spray is still impinging to deposit the film when the ignition 

starts at 900 K case while the spray is almost ended when the ignition starts at 800 K case. 

Thus, it is concluded that the film deposition takes the domination over the film evaporation 

when the spray is still coming which makes the film evaporation less effective on the 

deposited film mass before the end of the injection. At the ambient temperature of 1000 K, 

the ignition delay is further reduced and there is much less opportunity for film deposition 

as the fuel spray is vaporized and ignited immediately after the start of the injection. 

 
Figure 10.15. Total deposited film mass on the plate. Test conditions: Pinj = 1500 bar, ρamb 

= 22.8 kg/m3, O2 = 18%, impinging distance = 30 mm. 
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After discussing the deposited film mass at different ambient temperatures, the total soot 

mass formed in the simulation domain is compared between different ambient 

temperatures. The results of soot outcomes at different ambient temperatures are shown in 

Figure 10.16. After the ignition delay, higher ambient temperature leads to higher soot 

production in the chamber. For the 1000 K case, it is noted that faster soot oxidation than 

soot formation is observed after ~ 3 ms ASOI as the total soot mass is reduced. However, 

the profile at an ambient temperature of 800 K shows a different trend because the ignition 

delay is close to the end of the injection. The late combustion process was not influenced 

by the spray process for the 800 K case. Soot quantity is nearly unchanged after ~ 3.2 ms 

ASOI.  

 
Figure 10.16. Total formed soot mass in the simulated domain. Test conditions: Pinj = 1500 

bar, ρamb = 22.8 kg/m3, O2 = 18%, impinging distance = 30 mm. 

In order to compare the soot formation between an impinging spray and a free spray, soot 

profile of a free spray from the ECN database [81] with the same nozzle size (200 µm), 

injection pressure (1500 bar), ambient temperature (900 K) and density (22.8 kg/m3) but 
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different oxygen level (15%) and n-dodecane as the fuel was adopted. Due to different 

oxygen levels and different injection specs, only a qualitative comparison will be 

performed. After the flame initiation, soot starts to be formed for both experiments and 

simulations. However, the trend of total soot mass is different between ECN results and 

simulations. In ECN results, soot mass firstly increases then decreases to a steady state. In 

the simulations, soot mass is keeping increasing but shows a slower formation rate than 

ECN results between 1.2 to 2 ms ASOI. This is because the amount of vaporized fuel of 

the impinging case is reduced due to the film deposition and thus less fuel is involved in 

the flame. After ~ 1.5 ms ASOI, the film in the impinging spray starts to be evaporated and 

more fuel is vaporized to involve in the flame. In order to present the relation between film 

deposition and soot formation, the profiles of film deposition rate and soot formation rate 

of the 900 K case from simulations are shown in Figure 10.17. The positive and negative 

film deposition rates indicate film deposition and evaporation, respectively. Globally the 

film deposition rate is decreased and shifted from film deposition to film evaporation while 

the soot formation rate is always increased before ~ 2.6 ms ASOI. The film evaporation 

rate and soot formation rate are matching the maximum at ~ 2.6 ms ASOI. This could 

confirm that when more fuel is vaporized from the film into vapor to lead to local fuel-rich 

zones, the soot formation rate is increased. After ~ 2.6 ms ASOI, the injection is ended and 

thus both film evaporation rate and soot formation rate are reduced because there is no fuel 

coming anymore.  
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Figure 10.17. The rates of film deposition and soot formation from simulations. Test 

conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, impinging distance = 30 mm, 

Tamb = 900 K. 
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11 Conclusion and future work 

11.1  Main findings 

In the current study, the characteristics of a diesel impinging spray are evaluated from both 

non-vaporizing and reacting conditions under various parameters such as injection 

pressure, ambient density, ambient composition, and impinging distances. Furthermore, 

the soot formation in an impinging spray is evaluated in both experiments and simulations. 

The experimental work was done in a constant volume combustion chamber at Michigan 

Technological University with various optical diagnostics. For the numerical study, a 

commercial CFD software CONVERGE© is used to simulate the spray and combustion 

behavior for an impinging spray. Both RANS and LES turbulence models are applied for 

different purposes. The results identify the global spray and flame structure of an impinging 

spray, the boundary structure of the flame with local soot, the heat loss during the spray-

wall interaction, film formation, and its interaction with flame. The conclusions which can 

be derived from the present work are summarized as follows: 

11.1.1 Macroscopic flame structure 

• As the ambient temperature is increased, flame luminosity is observed before the 

impingement and further above the plate, i.e., 900 K and 1000 K. For the high-

temperature conditions, the flames appear before the impingement and impact on 

the plate with radially spreading. However, the flame at 800 K appears at the front 

side, far away from the impinging point, and recess towards the impinging point. 

• The flame expansion rate is governed by the spray momentum (injection pressure 

and ambient density). The low ambient temperature only reduces the flame 

expansion rate at the early stage of combustion after spray impingement. On 

contrary, the ambient temperature doesn’t show significant effects on flame 

expansion rate in a later stage of combustion. 
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• At Tamb of 1000 K and 900 K, the flame expansion rate follows the stages after the 

impingement similarly defined from the non-vaporizing conditions: 1) rapid 

deceleration; 2) slow deceleration; 3) constant expansion rate.  

• Due to the increased ratio of axial to the radial flame front, fuel vapor is possible to 

be transported towards the top of the leading edge of the axial direction, generating 

a soot-rich zone during the combustion event. A very intensive soot region is 

observed at the leading edge of the axial direction. 

• With the help of the IRT method, the most intensive soot luminosity region and 

Mie scattering signal region are located along the impinged spray axial direction. 

Comparing the IRT plots for the non-vaporizing and reacting conditions, the most 

intensive soot region is formed in the axial direction which is mainly due to the fuel 

accumulation in the axial direction, forming a fuel-rich zone. Local temporal 

outmost boundaries of flame are found to have wrinkles attributed to air 

entrainment. 

• Lowering oxygen percentage reduces the temporal soot generation before the end 

of injection. However, soot generation becomes high at low oxygen percentage 

when the left-over fuel is consumed after the end of injection. 

11.1.2 Microscopic flame structure 

• The profiles of curvature distribution are nearly similar after the impingement for 

both non-vaporizing and reacting conditions. However, the hot combustion gas is 

easier, compared to the liquid fuel, to be entrained by ambient gas, making the 

increment of wrinkles in reacting conditions. The correlation of the boundary 

curvature and near-field soot formation demonstrates an inverted ‘S’ shape 

distribution with time. More soot is formed in concave regions while less soot is 

formed in convex regions. 
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• From the analysis of impinged flame front curvature, the two evaluated ambient 

temperatures (900 K and 1000 K) show the unnoticeable influences on the 

curvature distribution, implicitly the same level of flame-air mixing rate. This 

indicates, to some extent, a similar level of induced turbulence via flame impacting.  

• LES simulation results showed good agreements in global spray combustion 

characteristics, such as liquid length and ignition delay, as well as the transient local 

spray/flame structure after the impingement by comparing the curvature 

distribution of the flame boundary. These findings indicate that the spray models 

could well predict the propagation behavior after the impingement. 

• From the curvature profiles, the curvatures of concave and convex regions are 

nearly paired with each other. As the ambient temperature is increased, a more 

violent flame makes the flame boundary more wrinkled. 

11.1.3 The apparent heat release rate and heat flux 

• From the analysis of heat release rate, lowering ambient temperature delays the 

auto-ignition, allowing more time for fuel to vaporize and mix with air, leading to 

the extended duration of premixed combustion. 

• Peak heat flux is observed near the impinging point and the difference of local heat 

flux is mainly due to the difference between flame and surface temperatures when 

the flame development is identical. However, local heat flux is much lower 

attributed to the soot radiation when there is much less soot formed at lower 

temperature flame. 

11.1.4 Soot formation in an impinging spray 

• With the current arrangement of the injection, more fuel would like to be dumped 

towards the front side of the impinging point, which will lead to higher soot mass 

fraction at the leading edge compared to the impinging region. 
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• The oxidation close to the wall is weaker than the top surface as the ambient gas is 

hard to entrain to pass the flame to the wall side. Also, the temperature is reduced 

and seated into the range of soot formation due to the heat transfer from the flame 

to the wall. 

• As the residence time was increased, it was observed that the soot near the 

impinging plate and leading-edge is continuously accumulated. 

• From the wall to the ambient, total soot mass on a horizontal plane is increased to 

the maximum then decreased. Soot is initially formed near the wall and carried by 

the vortex at the leading edge to an upper altitude. When the soot is moved near the 

oxidation layer, the total soot mass is reduced due to soot oxidation.  

• The soot precursor is mainly formed near the wall and converted to soot at the 

leading edge. After the end of the injection, the soot mass near the wall is reduced 

as there is no supply for the fuel-air mixture. However, the remaining fuel in the 

chamber is carried by the vortex and continuously forms soot at higher heights. 

11.1.5 Film formation and its interaction with flame 

• Under the same impinging distance, higher ambient temperature leads to a thinner 

film. The relation between the film mass and ambient temperature is not linear. The 

film mass under an ambient temperature of 800 K is nearly 40% to 50% of the 

injected fuel mass while the film mass is only ~10% and 1% of the total injected 

mass under an ambient temperature of 900 K and 1000 K, respectively. 

• The film deposition rate is globally decreased before the end of the injection. Along 

with the decreased film deposition, the soot formation rate is globally increased 

before the end of the injection. According to the distributions of temperature, the 

temperature near the film region shows a lower value due to the film evaporation 

into the flame. A temperature transition region is observed between the flame and 

film leading edge where the temperature is relatively low. 
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• Different impinging distances lead to different film patterns on the impinging 

surface. Under 30 mm impinging distance, the film shows a waving pattern with 

high film thickness at the leading edge of the film. An intensive film spot is also 

observed near the impinging point under 30 mm impinging distance. 40 mm 

impinging distance could significantly reduce the global film mass and local film 

thickness compared to the 30 mm impinging distance case. The intensive film spot 

near the impinging point no longer exists. Only a single ring with high film 

thickness is observed at the leading edge of the film under 40 mm impinging 

distance. 

• Under the same ambient temperature but with different oxygen levels, the film 

formation and evaporation are nearly identical before the ignition delay. Due to the 

high oxygen level, 21% oxygen case shows an early ignition delay. The higher 

flame temperature generated by a high oxygen level environment leads to lower 

global film mass and local film thickness. 

11.2  Future work 

The remaining goals for the current study are: 

• The surface curvature in the 3D domain will be obtained and the soot oxidation rate 

along the surface will be correlated with the surface curvature. 

• The film-flame interaction for diesel spray will be experimentally investigated. A 

specific optical technology may be developed to capture the film, flame 

simultaneously and the quantitative measurement for the film thickness can be 

achieved.  

• The low-temperature combustion mechanism which considers the quenching effect 

when the flame touches the hard surface will be developed. 

Based on future work, the current thesis will be an indicator for the direction of further 

investigation for diesel impinging spray with combustion. 
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A MATLAB programs for data processing introduced in 

Chapter 5 

A.1 Boundary tracking 

% DOE BOTTOMVIEW DATA ANALYSIS  
% MADE BY ZHIHAO JULY 2017 
clear all 
close all 
%% CONDITION SETUP 
SOI = 28;          % START OF INJECTION 
EOA = 118;           % END OF ANALYSIS 
ntotal = EOA;     % TOTAL NUMBERS OF IMAGES TO BE PROCESSED 
scale = 0.177;   % SCALE UNIT 'MM/PIXEL'  
% scale = 0.1047;   % SCALE UNIT 'MM/PIXEL'  
freq = 36000;        % IMAGE ACQUSITION FREQUENCY/FRAME RATE 
% freq = 10000;        % IMAGE ACQUSITION FREQUENCY/FRAME RATE 
nx = 384;      % IMAGE SIZE X AXIS UNIT 'PIXEL' 
ny = 368;      % IMAGE SIZE Y AXIS UNIT 'PIXEL' 
% nx = 704;      % IMAGE SIZE X AXIS UNIT 'PIXEL' 
% ny = 704;      % IMAGE SIZE Y AXIS UNIT 'PIXEL' 
numberToExtract = 1; % DETERMINE HOW MANY AREA TO KEEP, GENERALLY 
THE NUMBER IS 1 
impingingtime = 30; % THE FRAME OF IMPINGEMENT 
boundary_matrix = zeros(nx,ny); 
numberToExtract = 1; 
%% 
dir_raw = 'E:\CV\DOE\DOE 2017 March'; % DIRECTORY OF THE IMAGE 
YYYYMMDD = '20170330'; 
HHMM = '2202'; 
writerObj = VideoWriter('Bottomview.avi'); 
writerObj.FrameRate = 3; 
open(writerObj); 
column = 190; 
row = 87; 
% column = 357; 
% row = 184; 
angle = 1*2*pi/360; 
angle1 = 5; 
b = 500; 
ave_radii = 0; 
%% READ BACKGROUND IMAGE 
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for i=1:1% CHOOSE THE FIRST IMAGE AS THE BACKGROUND 
if i < 10 
     fullFileName1 = [dir_raw '/' YYYYMMDD '/' HHMM '/' HHMM '00000' num2str(i) 
'.bmp']; 
    elseif i < 100 
     fullFileName1 = [dir_raw '/' YYYYMMDD '/' HHMM '/' HHMM '0000' num2str(i) 
'.bmp']; 
    elseif i < 1000 
     fullFileName1 = [dir_raw '/' YYYYMMDD '/' HHMM '/' HHMM '000' num2str(i) 
'.bmp'];  
end 
Background = imread(fullFileName1); % READING THE BACKGROUND 
end 
cd([dir_raw '\' YYYYMMDD '\' HHMM]) % CHANGE THE WORKING DIRECTORY 
TO THE TARGE FOLDER 
% 
for i = SOI:EOA % READ IMAGE AFTER THE START OF INJECTION 
if i < 10 
     fullFileName = [dir_raw '/' YYYYMMDD '/' HHMM '/' HHMM '00000' num2str(i) 
'.bmp']; 
    elseif i < 100 
     fullFileName = [dir_raw '/' YYYYMMDD '/' HHMM '/' HHMM '0000' num2str(i) 
'.bmp']; 
    elseif i < 1000 
     fullFileName = [dir_raw '/' YYYYMMDD '/' HHMM '/' HHMM '000' num2str(i) 
'.bmp']; 
end  
grayimage = imread(fullFileName); % ORIGINAL IMAGE 
grayimage = grayimage - Background; 
grayimage(grayimage<10) = 0; 
grayimage = double(grayimage); 
grayimage1 = imgaussfilt(grayimage,2); 
grayimage1 = medfilt2(grayimage1,[5 5]); 
  
[filteredimage,estDoS] = imnlmfilt(grayimage); 
sigma = estDoS; 
thresh = 0.17; % 1800bar 
W = gradientweight(grayimage,sigma,'RollOffFactor',4,'WeightCutoff',0.005); 
sample = W; 
[BINARY,D] = imsegfmm(sample,column,row,thresh); 
B = bwboundaries(BINARY); 
stats = regionprops(BINARY, 'orientation','area','Extrema','centroid'); 
 area=[stats.Area].*scale.*scale; 
if isempty(area) == 1 
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    area = 0; 
end 
area_time(i,1) = area; 
  
for k = 1:1 
   boundary = B{k}; 
end 
figure(1); 
imshow(grayimage,[0 255]); 
hold on 
plot(boundary(:,2),boundary(:,1),'r'); 
hold on 
end 
 

A.2 Curvature verification and calculation 

clear all 
close all 
%% 
image = zeros(765,765); 
maskSize = 201;  % 
R = (maskSize-1)/2 
t_r = (maskSize-1)/2 ;   
[x,y] = meshgrid((1-maskSize)/2:maskSize/2,(1-maskSize)/2:maskSize/2); 
[t,r] = cart2pol(x,y); 
t(r>t_r) = nan; 
r(r>t_r) = nan; 
[xn,yn] = cart2pol(t,r); 
mask = ~isnan(xn); 
scale = 0.1047; 
theo_curv = 1/(maskSize*scale/2); 
middle1 = 383; 
middle2 = 383; 
column = 383; 
row = 383; 
image(middle1-R:middle1+R,middle2-R:middle2+R) = image(middle1-
R:middle1+R,middle2-R:middle2+R)+double(mask); 
figure(1); 
imshow(image); 
    B = bwboundaries(image);  
    for k = 1:length(B) 
       boundary = B{k}; 
    end 
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   starting_point = find(boundary(:,2) == column,1,'first'); 
   boundary_modified(1:length(boundary)-starting_point+1,2) = 
boundary(starting_point:end,2); 
   boundary_modified(length(boundary)-starting_point+2:length(boundary),2) = 
boundary(1:starting_point-1,2); 
   boundary_modified(1:length(boundary)-starting_point+1,1) = 
boundary(starting_point:end,1); 
   boundary_modified(length(boundary)-starting_point+2:length(boundary),1) = 
boundary(1:starting_point-1,1); 
  
   oneD_distance = ((boundary_modified(:,2)-column).^2 + (boundary_modified(:,1)-
row).^2).^0.5; 
    
  
   abs_oneD = oneD_distance.*scale; 
   x_axe = (1:length(boundary_modified(:,1)))'; 
   y_axe = (1:length(boundary_modified(:,2)))'; 
   coeff_x = polyfit(x_axe,boundary_modified(:,2),10); 
   coeff_y = polyfit(y_axe,boundary_modified(:,1),10); 
   [xData, yData] = prepareCurveData(x_axe, boundary_modified(:,2)); 
   [xData1, yData1] = prepareCurveData(y_axe, boundary_modified(:,1)); 
   [xData2, yData2] = prepareCurveData(y_axe, oneD_distance); 
    % Set up fittype and options. 
   ft = fittype( 'smoothingspline' ); 
   opts = fitoptions( 'Method', 'SmoothingSpline' ); 
   opts.SmoothingParam = 0.0001; 
  
    % Fit model to data. 
   [fitresult, gof] = fit( xData, yData, ft, opts ); 
   [fitresult1, gof1] = fit( xData1, yData1, ft, opts ); 
   [fitresult2, gof2] = fit( xData2, yData2, ft, opts ); 
   polyvalue = feval(fitresult,x_axe).*scale; 
   polyvalue1 = feval(fitresult1,y_axe).*scale; 
   oneD_distance_poly = feval(fitresult2,y_axe); 
   deriv = gradient(oneD_distance_poly,0.1); % 1st deriv 
   sec_deriv = gradient(deriv,0.1); % 2nd deriv 
    
   curvature = curv_calc(boundary_modified,polyvalue,polyvalue1,scale); 
   figure(2); 
   plot(curvature,'-k','LineWidth',2); 
   hold on 
   theo_y = ones(1,length(curvature)).*theo_curv; 
   plot(theo_y,'--k','LineWidth',2); 
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   hold on 
   xlabel('Pixel','FontSize',20); 
   ylabel('Curvature (1/mm)','FontSize',20); 
   legend({'Calculated curvature','Theoretical curvature'},'FontSize',20,'Location','south'); 
    
    
function curvature = curv_calc(boundary_modified,polyvalue,polyvalue1,scale) 
   for L = 2:length(boundary_modified)-1 
   x = 0:704; 
%    curvature(:,l) = LineCurvature2D(bound_peak(:,:,l)); 
   para_t_left = -((polyvalue(L-1,1)-polyvalue(L,1)).^2+(polyvalue1(L-1,1)-
polyvalue1(L,1)).^2).^0.5; 
   para_t_right = ((polyvalue(L+1,1)-polyvalue(L,1)).^2+(polyvalue1(L+1,1)-
polyvalue1(L,1)).^2).^0.5; 
   para_t = 0; 
   para = [para_t_left para_t para_t_right]'; 
   coef(:,L) = polyfit(para,[polyvalue(L-1,1) polyvalue(L,1) polyvalue(L+1,1)]',2); %x 
curve fit 
   coefy(:,L) = polyfit(para,[polyvalue1(L-1,1) polyvalue1(L,1) polyvalue1(L+1,1)]',2); 
%y curve fit 
   x_singleprime(L,1) = coef(2,L); 
   x_doubleprime(L,1) = 2*coef(1,L); 
   y_singleprime(L,1) = coefy(2,L); 
   y_doubleprime(L,1) = 2*coefy(1,L); 
   curvature(L,:) = (x_singleprime(L,1).*y_doubleprime(L,1)-
y_singleprime(L,1).*x_doubleprime(L,1))/((x_singleprime(L,1).^2+y_singleprime(L,1).^
2).^1.5); 
   x1 = boundary_modified(L-1,2); 
   x2 = boundary_modified(L+1,2); 
   y1 = boundary_modified(L-1,1); 
   y2 = boundary_modified(L+1,1); 
   x_mid = boundary_modified(L,2); 
   y_mid = boundary_modified(L,1); 
   a(L,1) = (y1-y2)/(x1-x2); 
   b(L,1) = y1-(a(L,1).*x1); 
   mid_point_x(L,1) = (x1+x2)/2; 
   mid_point_y(L,1) = (y1+y2)/2; 
   a2(L,1) = -1./a(L,1); 
   b2(L,1) = y_mid-x_mid.*a2(L,1); 
   y = a2(L,1).*x+b2(L,1); 
   y_prime = a(L,1).*x+b(L,1); 
   R(L,1) = abs(1./(curvature(L,1).*scale)); 
   length_scale_x(L,1) = sqrt(R(L,1).^2./(1+a2(L,1).^2)); 
   if L < round(length(boundary_modified)/2) 
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   if a2(L,1) > 0 && curvature(L,1) > 0 
   x_cen(L,1) = boundary_modified(L,2)+length_scale_x(L,1); 
   y_cen(L,1) = boundary_modified(L,1)+a2(L,1).*length_scale_x(L,1); 
   else if a2(L,1) > 0 && curvature(L,1) < 0 
   x_cen(L,1) = boundary_modified(L,2)-length_scale_x(L,1); 
   y_cen(L,1) = boundary_modified(L,1)-a2(L,1).*length_scale_x(L,1); 
   else if a2(L,1) < 0 && curvature(L,1) > 0 
   x_cen(L,1) = boundary_modified(L,2)-length_scale_x(L,1); 
   y_cen(L,1) = boundary_modified(L,1)-a2(L,1).*length_scale_x(L,1); 
   else if a2(L,1) < 0 && curvature(L,1) < 0 
   x_cen(L,1) = boundary_modified(L,2)+length_scale_x(L,1); 
   y_cen(L,1) = boundary_modified(L,1)+a2(L,1).*length_scale_x(L,1); 
   end 
   end 
   end 
   end 
   end 
   if L>=round(length(boundary_modified)/2) 
   if a2(L,1) > 0 && curvature(L,1) > 0 
   x_cen(L,1) = boundary_modified(L,2)-length_scale_x(L,1); 
   y_cen(L,1) = boundary_modified(L,1)-a2(L,1).*length_scale_x(L,1); 
   else if a2(L,1) > 0 && curvature(L,1) < 0 
   x_cen(L,1) = boundary_modified(L,2)+length_scale_x(L,1); 
   y_cen(L,1) = boundary_modified(L,1)+a2(L,1).*length_scale_x(L,1); 
   else if a2(L,1) < 0 && curvature(L,1) > 0 
   x_cen(L,1) = boundary_modified(L,2)+length_scale_x(L,1); 
   y_cen(L,1) = boundary_modified(L,1)+a2(L,1).*length_scale_x(L,1); 
   else if a2(L,1) < 0 && curvature(L,1) < 0 
   x_cen(L,1) = boundary_modified(L,2)-length_scale_x(L,1); 
   y_cen(L,1) = boundary_modified(L,1)-a2(L,1).*length_scale_x(L,1); 
   end 
   end 
   end 
   end 
   end 
 
   clear para_t_left para_t_right para_t para pos pos1 
   end 
end 
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A.3 Apparent heat release rate 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Demo code to filter the noise in the raw pressure data for further % 
% analysis to obtain heat-release rate and ignition delays.          % 
% Zhihao Zhao                                            % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
clear all; 
close all; 
clc; 
  
% Initialization of the parameters 
yyyymmdd        = 20200726; 
hhmm            = 1948;  
Freq            = 100000; 
gamma_gas = 1.35; 
MW = 29.1; 
hydrodelay_UHS  = 0.25;    % unit: ms; hydraulic delay of the injector.  
oxygenlevel     = 0.21; 
separation_pt   = 50134;   % 1st separation point 
filter_pt1      = 50001;   % starting point for data filtering 
filter_pt2      = 51501;   % ending point for data filtering 
Temperature_test= 900;    % unit: K 
speed_sound = (gamma_gas*8314*Temperature_test/MW)^0.5; % Speed of sound 
Pressure_test   = 61;      % unit: bar 
F_cutoff1       = 1500;    % cutoff frequency for the 1st butterworth filter, for the 2nd part 
of the pressure curve 
F_cutoff2       = 5000;    % cutoff frequency for the 2nd butterworth filter, for the 
assembled and spline interpolated pressure curve 
F_cutoff_fir    = 5000;    % cutoff frequency for the FIR filter 
filter_order1   = 5;       % order of the 1st butterworth filter, for the 2nd part of the 
pressure curve 
filter_order2   = 1;       % order of the 2nd butterworth filter, for the assembled and spline 
interpolated pressure curve 
ftr_fir_order   = 50;      % order of the FIR filter 
Upsample_freq   = 1e7;     % frequency for upsampling after two-part data smoothing  
load(strcat('F:\CV\2020 JD spray impingement\JDpressure\', num2str(yyyymmdd), '\', 
num2str(hhmm), '\TestFileData.mat')); 
  
% Speed of sound correction for pressure trace delay 
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Liquid_length = 24; % Unit mm 24 @ 900 k 24kg/m3 16 @ 1050 k 33kg/m3 
Nozzle_vertical_distance = 50.65; % Unit mm 
Distance = (((101.3-Liquid_length*sin(pi/10))^2 + (Nozzle_vertical_distance-
Liquid_length*cos(pi/10))^2) + Nozzle_vertical_distance^2)^0.5; 
lag_sound = Distance/speed_sound; 
  
  
% Finding SOI 
SOI = min(find(Injection == max(Injection))); 
Time_original = 1/Freq:1/Freq:size(Time, 1)/Freq; 
Time_original = Time_original'; 
  
% Pressure subtraction: exponential decay, select the right range of data to perform data 
fitting 
Pressure_original = Pressure; 
P_fit_range = Pressure(SOI-10000:SOI); 
T_fit_range = Time_original(SOI-10000:SOI); 
  
% Curve fitting for pressure subtraction 
P_log_range = log(P_fit_range); 
p = polyfit(T_fit_range, P_log_range, 1); 
y = polyval(p, T_fit_range); 
yresid = P_log_range - y; 
SSresid = sum(yresid.^2); 
SStotal = (length(y)-1) * var(y); 
rsq = 1 - SSresid/SStotal; 
  
% Pressure subtraction to determine the pressure rise due to spray combustion 
P_sub = Pressure(SOI-50000:SOI+30000); 
T_sub = Time_original(SOI-50000:SOI+30000); 
T_sub_plot = Time_original(SOI-50000:SOI+30000)-Time_original(SOI); 
P_fit = exp(p(1)*T_sub+p(2)); 
P_diff = P_sub-P_fit; 
  
% Create two filters 
[c1, d1] = butter(filter_order1, F_cutoff1/(100000/2)); % Butterworth filter for the 2nd 
part of the pressure curve. 
[c2, d2] = butter(filter_order2, F_cutoff2/(Upsample_freq/2)); % Butterworth for the 
assembled and spline interpolated pressure curve. 
  
% Smoothing the pressure by two different portions 
Pressure_1 = P_diff(filter_pt1:separation_pt ); 
Pressure_2 = P_diff(separation_pt :filter_pt2); 
Pressure_1_flip = flipdim(Pressure_1, 1); 
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Pressure_1_flipsub = Pressure_1_flip(1)-(Pressure_1_flip-Pressure_1_flip(1)); 
Pressure_1_assemble = [Pressure_1' Pressure_1_flipsub(2:end)']'; 
Pressure_2_flip = flipdim(Pressure_2, 1); 
Pressure_2_flipsub = Pressure_2_flip(end)-(Pressure_2_flip-Pressure_2_flip(end)); 
Pressure_2_assemble = [Pressure_2_flipsub' Pressure_2(2:end)']'; 
Time_1_assemble = T_sub_plot(filter_pt1:(2*separation_pt -filter_pt1)); 
ftr_fir = fir1(ftr_fir_order, F_cutoff_fir/(100000/2), 'low'); 
Pressure_1_filt = filtfilt(ftr_fir, 1, Pressure_1_assemble); 
Pressure_2_filt = filtfilt(c1, d1, Pressure_2_assemble); 
  
% Assembling the two smoothed curves 
mid_pt_P1 = (size(Pressure_1_filt, 1)+1)/2; 
mid_pt_P2 = (size(Pressure_2_filt, 1)+1)/2; 
Pressure_separation = [Pressure_1_filt((mid_pt_P1-2):mid_pt_P1)' 
Pressure_2_filt(mid_pt_P2:(mid_pt_P2+1))']'; 
Pressure_filt = [Pressure_1_filt(1:mid_pt_P1)' Pressure_2_filt((mid_pt_P2+1):end)']'; 
  
% Spline interpolation along the entire pressure curve 
Time_filt = T_sub_plot(filter_pt1:filter_pt2); 
Time_smoothed = T_sub_plot(filter_pt1):(1/Upsample_freq):T_sub_plot(filter_pt2); 
Pressure_hi = spline(Time_filt, Pressure_filt, Time_smoothed); 
Pressure_smoothed = filtfilt(c2, d2, Pressure_hi); 
  
% time vector corrections 
Time_unfilt_correct = T_sub_plot*1000-hydrodelay_UHS-lag_sound ; % unit: ms 
Time_filt_correct = Time_filt*1000-hydrodelay_UHS-lag_sound ;   % unit: ms 
Time_smoothed_correct = Time_smoothed*1000-hydrodelay_UHS-lag_sound ;   % unit: 
ms 
% Plotting 
fig = figure; 
plot(Time_unfilt_correct, P_diff, '-r', 'LineWidth', 1); 
hold on; 
plot(Time_filt_correct, Pressure_filt, '-b', 'LineWidth', 2); 
hold on; 
% plot(Time_smoothed_correct, Pressure_smoothed, '-k', 'LineWidth', 3); 
xlim([0 5]); 
ylim([0 500]); 
xlabel('Time ASOI, ms'); 
ylabel('Pressure, psi'); 
legend( 'Original pressure', 'Filtered pressure', 'Location', 'northeast') 
title('Comparison of the processed pressure curves'); 
  
gamma = 1.35;   % assumption 
V = 1.1;        % unit: L 
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deltaT = 0.001; % unit: ms 
dQ = (1/(gamma-1))*V* diff(Pressure_smoothed)/deltaT*6894.76/10000; % unit: Mega 
Watt, dQ/dt = L*psi/sec = (6894.76 psi/Pa * 0.001 m3/L)/(0.001 sec) 
T_hrr = Time_smoothed_correct(1:(end-1));  
start_index = find(abs(T_hrr-0)<0.0001,1,'first'); 
start_index2 = find(abs(Time_filt_correct-0)<0.01,1,'first'); 
% T_hrr = T_hrr'; 
P_ignd = Pressure_filt(start_index2:start_index2 + 500); 
T_ignd = Time_filt_correct(start_index2:start_index2 + 500); 
T_save = T_hrr(start_index:start_index + 50000)'; 
dQ_save = dQ(start_index:start_index + 50000)'; 
% dQ = dQ'; 
figure;  
plot(T_save, dQ_save, 'r-', 'LineWidth', 2); 
xlim([0 5]); 
ylim([-10 60]); 
xlabel('Time ASOI, ms'); 
ylabel('Heat release rate, kJ/ms'); 
title('Heat release rate'); 
%% 
Ignition_delay_P = T_ignd(find(P_ignd>0.435,1,'first')); 
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B Copyright documentation 

B.1 SAE response for copyright 
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	Abstract

	The spray impingement in diesel engines attracts the attention of engine researchers in recent decades as the physical size of the engine is reduced. Due to the spray impingement, the atomization, vaporizing and air-fuel mixing quality is altered compared to a free spray. For emission control, soot is one of the major particulate emissions from diesel combustion and its formation in an impinged spray is worthy to be investigated.
	Firstly, to understand the impinged spray characteristics, the experiments for both non-vaporizing and reacting conditions were conducted in a constant volume combustion vessel. The impinged spray was captured by a high-speed camera and the instantaneous spray propagation distance and rate were obtained. For a better understanding, the microscopic behavior of the spray propagation, the curvature of the impinged spray was calculated and a relationship between local fuel distribution and soot formation was found. After that, the apparent heat release rate from an impinge spray combustion and the heat flux through the impingement were analyzed. The apparent heat release rate was obtained by the internal chamber pressure and the heat flux was measured by heat flux probes embedded in the impinging plate. 
	Then, the soot formation of an impinged spray was both studied from experiments and simulations. In the experiments, the natural luminosity mainly due to the incandescence of soot particles was captured by the high-speed camera. A computational fluid dynamics (CFD) approach was adopted to quantitatively study the soot formation in terms of absolute soot mass and soot mass fractions in the vicinity of the wall. In the last, the film formation under different ambient temperatures, impinging distances, and oxygen concentration was investigated in terms of film area and thickness. The impact of film formation on the soot outcomes was then investigated by comparing the rate of film vaporization and soot formation. 
	To summarize, the main goal of this dissertation is going to benefit the understanding of the impinged spray in reacting diesel-relevant engine conditions. From experiments, a global view of soot formation in an impinged spray was analyzed and the mechanism of soot formation was further revealed by the CFD simulations.

	1 Introductions
	1.1 Motivations
	In recent decades, even the percentage of green energy such as solar, wind, and nuclear energy is increasing, fossil fuel is still used as the main power supply for the automotive industry. In the United States, near 80% of US energy is provided by fossil [1]. Since internal combustion engines still dominates the power supply area for transportation services, it is necessary to improve the efficiency of the combustion devices to reduce the wasted power as well as the emissions such as NOx, UHC (unburned hydrocarbon), CO2, and soot which will lead to global warming but mostly human health issue.
	Diesel engines, compared with gasoline engines, have potential higher thermal efficiency [2]. At the same time, the conventional diesel combustion will produce particulate matter (PM) and NOx because of the ambient high-temperature and rich fuel-air mixture. Several advanced diesel combustion strategies such as low-temperature combustion have been applied to reduce the soot formation and NOx since the soot and NOx are formed at high-temperature and fuel-rich zones [3–5]. The conventional diesel combustion process is mainly controlled by the air-fuel mixing process which is affected by turbulence [6]. As the engine size becomes more compact, the diesel spray with high injection pressure would lead to the spray impingement hitting on the piston head or the sidewall of the combustion chamber. The spray impingement introduces additional turbulence into the fuel vaporization, air entrainment, and flame propagation [7,8]. The induced turbulence may benefit the air-fuel mixing and reduces the possibility of incomplete combustion. However, the heat loss from the spray through the wall may lead to lower thermal efficiency and quenching effect in the near-wall region. Hence, the mechanism of spray impingement is necessary to be fully understood the concept of low-temperature diesel impinged spray combustion. 
	Besides the heat loss through the wall, the deposition of fuel on the piston head by the liquid spray impingement especially under the cold-start conditions when the liquid length is longer than the travel distance is another concern for the emission control and thermal efficiency [9]. The deposition of fuel on the hard surface, called wall-wetting or film formation, will affect the fuel vaporization and fuel-air mixing process in the near-wall region. Fuel film has been known as a source of emission outcomes as it is hard to achieve complete combustion in the peripheral area of the film. Although the global properties such as film mass, area, and thickness are quantified by the previous research [9–13], the film-flame interaction under the diesel case is barely studied. In the real engine cycle, if the fuel film from one cycle could not be burned, the unburned fuel will accumulate and affect the heat load in the next cycle [14]. Therefore, it is necessary to investigate the film formation and its correlation with soot formation in a diesel impinging spray under various test conditions such as different ambient temperatures and oxygen concentrations.

	1.2 Goals and objectives
	The goal of this thesis is to provide a thorough understanding of the diesel impinging spray regarding the spray and flame development, film formation in both non-vaporizing and reacting conditions, thermal characteristics such as heat release rate, and heat transfer through the wall and soot outcomes under different operating conditions. In order to achieve the goal, this research consists of four objectives which are broken into different chapters including the findings from both experiments and simulations to support the goal. 
	The first objective is to extend the characteristics of impinged spray such as local expansion distance, expansion rate, and local fuel distribution from a non-vaporizing spray to a reacting spray. The findings from the comparison of the non-vaporizing and reaction spray contribute to the understanding of the effect of reactions on the global spray momentum, spray shape, and local spray morphology with different ambient temperatures. 
	Heat loss from the spray through the wall would lead to a lower heat release rate (lower thermal efficiency) and delayed ignition. Therefore, the second objective is to investigate the heat transfer between the spray and the impinging surface. The apparent heat release rate is firstly investigated for test conditions under different ambient temperatures. The heat flux is measured by three embedded heat flux probes in the impinging surface and the results are analyzed for reacting conditions. The heat flux measurements are conducted with different ambient temperatures and different locations with respect to the impinging point. 
	The soot formation in an impinging spray is complex compared to a free spray. The soot outcome is not consistent with the involvement of spray impingement but depends on the various factors such as impinging distance, wall and charge gas temperature, and whether there is a film formed. Therefore, the third objective is to study the soot formation in an impinging spray under different operating conditions. Not only the effect of impingement on the location of soot formation but also the quantitative analysis is evaluated from both experiments and simulations. The location of soot formation is analyzed by using the IRT method under different ambient temperatures. The qualitative information of soot formation is then extracted from the Intensity-Radial-Time (IRT) plots. From simulations, the quantitative soot formation in terms of soot mass fraction and its relationship with local temperature and equivalence ratio is obtained. The findings from this goal give a detailed insight into how soot is produced for an impinging spray both qualitatively and quantitatively.
	The liquid film is a special phenomenon for spray impingement when the liquid portion of the spray contacts the hard surface. The film is found to be one of the sources which contribute to the soot formation. Therefore, the last objective of this dissertation is to investigate the film formation in a reacting environment and its impact on the soot production for an impinging spray. As it is hard to accomplish the measurement of film, soot formation simultaneously with combustion which involves the optical signals contributed by the soot incandescence, CFD simulations are performed to visualize the liquid film formation under different ambient temperatures, impinging distances, and oxygen concentrations. Meanwhile, the rate of soot formation and film formation is then correlated to quantitatively explain the influence of liquid film on instantaneous soot production.

	1.3 Thesis organization
	With the listed objectives, the thesis is organized into twelve chapters. The first chapter describes the introduction to the spray impingement phenomenon, the goals, and the objectives of the current thesis.
	Chapter 2 provides detailed literature regarding the impinged spray characteristics from both non-vaporizing and reacting conditions, soot formation in diesel spray combustion, the film formation in non-vaporizing and vaporizing conditions, and its role in reacting conditions. 
	Chapters 3 to 4 give a summary of the experimental and numerical approaches utilized in the current study. Chapter 3 provides an overview of the experimental facilities, test conditions, and experimental diagnostics. The setup of optics, combustion vessel, data acquisition system will be provided. The test conditions in the current thesis are summarized and the diagnostics are briefly introduced. Chapter 4 explain the numerical platforms, the configurations of the CFD simulations, spray, turbulence, film, combustion and soot models.
	In Chapter 5, all of the methods of post-processing are introduced as follows: firstly, the boundary tracking for the impinged spray and flame. Then, the IRT method and the curvature calculation for the spray boundary. Followed by the histogram of the intensity distributions and the heat flux calculation. Next, the calculation of the apparent heat release rate and the signal filtering and processing for the temperature profiles. Lastly, the validation of simulations regarding the spray penetration, ignition delay, and macroscopic characteristics is also depicted in this chapter.
	Chapter 6 starts to discuss the results obtained from the high-speed images by Mie scattering and natural luminosity from non-vaporizing and reacting conditions, respectively. In this Chapter, the macroscopic characteristics of spray impingement such as instantaneous impinged spray distance and the expansion rate, the IRT plots, and the histogram of the intensities are provided. 
	Chapter 7 reports the microscopic characteristics of spray impingement including the curvatures of the boundary of the impinged spray, the local fuel distribution, and soot formation along the spray boundary. The state-relationships of the curvatures and the fuel distribution and soot formation are correlated. The microscopic characteristics are also validated for simulations to make sure that the simulations could predict the transient behavior of the impinged spray properly.
	In Chapter 8, the apparent heat release rate from the reacting conditions and the heat flux of an impinging diesel spray is discussed. The heat flux are calculated to explain the temporal heat loss at various locations on the wall under different ambient temperatures.
	Chapter 9 discusses the soot formation in an impinged spray from both experiments and simulations. A detailed schematic of the chemical species formed in an impinging spray is provided. The flame development under different ambient temperatures is explained using the data visualization tool. The soot quantity, local temperature, and local equivalence ratio are obtained from simulations and their relationships are statistically investigated.
	Chapter 10 depicts the film formation on a roughened hard surface and its contribution to the subsequent soot formation in the combustion process. Firstly, the film formation consisted of film thickness, area, and mass, as well as its evaporation process are examined in non-reacting conditions. Then, the film formation is investigated in reacting conditions incorporating with the flame through simulations.
	Chapter 11 summarize the main conclusions and findings of this thesis and the recommendations for future studies.
	The references are listed in Chapter 12 and the in-house post-processing codes are included in Appendix A. The copyright permission from three publishers, SAE international, the American Society of Mechanical Engineers, and the International Journal of Engine Research are provided in Appendix B.


	2 Literature reviews
	2.1 Diesel spray characteristics
	Diesel engines are widely used in automotive industries because of their high thermal efficiency and low load advantages over spark-ignition engines. However, NOx and soot particles are often produced in diesel engine combustion due to the dominant mixing-controlled incomplete combustion [2]. The pollutant issue becomes important in recent years because of the environmental protection impact. Therefore, several advanced combustion strategies and designs of engines have been developed and applied to diesel engines to reduce the formation of NOx and soot further.
	Since the thermal NOx is mainly formed in relatively high-temperature combustion, a low-temperature combustion strategy has been developed to reduce the formation of NOx significantly [15]. The design of engine combustion devices, especially the shape of the piston head, has also been evaluated via the engine performance, emission levels, and heat losses [16]. The swirl ratio could be optimized by modifying the shape of the piston head to reduce the formation of NOx. However, it has been reported that spray impingement takes place when using the irregular shape of the piston head to improve the air-fuel mixing through the swirl. Recently, spray impingement has received significant attention for the pollution generated during the cold-start-up and affected engine performance when increasing the compression ratio.
	The spray process, especially in diesel engines, is one of the keys in terms of optimizing the in-cylinder combustion process. Lots of experiments were conducted to evaluate the spray behavior of either non-reacting or reacting cases [17–22]. To understand the mechanism of fuel vaporization, the liquid fuel penetration was measured under a wide range of four aspects: 1) The injection pressure, 2) The orifice diameter, 3) The ambient gas temperature, 4) The fuel volatility, and temperature. It turns out that the liquid length will change linearly with the orifice diameter, but the length is independent of the injection pressure. If the fuel is a mixture of high volatility and low volatility fuel, the liquid length mainly depends on the properties of low volatility fraction [6]. The nozzle geometry fuel blend effects were investigated under experiments that were conducted in a constant volume combustion chamber [23]. Four different nozzle geometries include: 1) Divergent, 2) Straight, 3) Straight-rounded, 4) Convergent-rounded were used to quantify the spray characteristics. At the same time, different combinations of fuel mixture were also investigated under the auto-ignition process. Several conclusions were addressed based on the experimental results: The discharge coefficient is varied at different nozzle geometry while the convergent nozzle has a higher coefficient and divergent has a smaller one. The spray liquid penetration would decrease due to the increases of the ambient pressure and temperature which shows the same trend as the previous study [6].
	The spray impingement will re-distribute the velocity field and introduce the turbulence into the fuel expansion. The behavior of normal and oblique impingement is varied due to the momentum change after the impingement. Several types of research were based on normal injections [8,24,25]. Yoshio et al. measured the velocity distribution of the diesel spray after the impingement through the Particle image velocimetry technique [26]. They tested different injection angles and found that the normal impingement will lead to lower velocity compared with a tilted injection. And the surface properties and fuel adhesion on the plate will affect the velocity distribution. The radial thickness growth of the impacted fuel which is also called rebound height is reported under different injection pressure, vessel density, and wall temperature. After comparing the numerical and experimental results, the current CFD spray models show the uncertainties for high injection cases due to complex spray-wall interaction [8]. Due to the non-uniform combustion chamber of the piston head, the diesel spray won’t impinge on the wall normally instead of having an incident angle [24,27,28]. Even though the incident angle effect on the velocity distribution is investigated by [26], the behavior of the fuel expansion which has non-symmetric velocity is not fully understood. To quantify the fuel expansion pattern on the plate, Zhu et al. defined the expansion properties by tracing the impinging point and outer boundary of an oblique injection [29].
	Several parameters such as rebound height impinged spray distance and expansion rate are chosen as the main measurable index of the non-vaporizing impinged spray. Yu et al. evaluated the effect of fuel blend ratio, ambient temperature, ambient density on the behavior of impinged spray [30]. They found that there are three factors having the dominant influences on the behavior of impinged spray: 1) the mass and momentum of the impinged spray; 2) the spreading or splashing resistance on the surface; 3) the strength of the air entrainment. They argued the impinged spray radius is mainly affected by the momentum of the impacting spray while the impinged spray leading edge height is mainly affected by the surface tension and viscosity of the fuel. Especially, the impinged spray radius increases and the height decreases with the raised level of air entrainment. 
	A conceptual model of non-vaporizing impinged spray was described in Zhao et al [31]. In this model, the spray experiences the initial penetration, mixing process before the impingement and expansion on the plate. It is noted that there is a stagnation region on the top of the leading edge. The air-fuel mixing process becomes poor in this region and this could further lead to soot production in reacting cases. Ma et al. investigated the spray and evaporation of a certain diesel blend without the impingement [32]. With the air entrainment analysis, the spray volume increases as the injection pressure increases. The increased spray volume could enhance the air-fuel mixing process. A high injection pressure could penetrate farther and break the larger droplets into smaller ones to enhance the air-fuel mixing process. 
	The spray impingement with combustion becomes more complex. The flame impingement involves the chemical reactions and heat release from reactions that may contribute to the total wall heat flux. Therefore, the heat flux attributed by the flow is better to be firstly evaluated in non-reacting conditions to exclude the influence of combustion. Torregrosa et al. measured the heat flux in engine motoring conditions [33]. They found that the temporal heat flux is mainly affected by the temperature of ambient gas instead of inner plate temperature. Wang et al. conducted the spray impingement tests in an open area with different injection pressures, impinging distances, and wall temperatures [34]. The impinging and peripheral regions were defined based on the radial temperature profiles. The temperature drop is the maximum at the impinging point and recovering in the peripheral regions. As the flow velocity is increased or impinging distance is reduced, the temperature drop in the impinging region is increased. The temperature drop is the maximum when the temperature of the wall is close to the Leidenfrost temperature of the fuel. Hou et al. also investigated the effect of mass flux and temperature of the wall on the local heat flux and heat transfer coefficients [35]. 
	As the heat flux from the spray to the wall is fuel sensitive, Zhou et al. used n-pentane as the fuel to investigate the relationship between heat flux and film formation under different injection pressure and surface temperature [36]. They found that the peak heat flux is linearly correlated with injection pressure and surface temperature. The film residence time is reduced with a higher surface temperature and injection pressure. Further, Zhou et al. extended their studies adopting different fuels. It was revealed that fuel with a lower boiling point and higher enthalpy of vaporization would result in a stronger cooling effect in non-flash boiling conditions [37].

	2.2 Reacting spray-wall interaction at diesel operating conditions
	Advanced injection and combustion phasing strategies have been widely adopted in internal combustion engines (ICEs) to improve thermal efficiency and reduce pollutant emissions [26]. Although diesel engines have a  higher thermal efficiency than gasoline engines, they produce more NOx and soot particles.
	A great number of researchers have focused on the spray combustion processes in diesel engines in the past decades [38–42]. As stated in the study [23], the auto-ignition of diesel free-spray combustion often takes place downstream of the vaporized spray jet. Dec provides a detailed and important conceptual model of conventional diesel spray combustion, which is shown in Figure 2.1, based on the laser-sheet images of diesel spray combustion [7]. 
	In this conceptual model, the liquid fuel experiences dispersion, atomization, vaporization process, and a mixing process with air. This schematic also depicts the diesel combustion process in between the auto-ignition and end of injection. In this quasi-steady process, the ambient air penetrates the interface between the high-temperature fuel vapor and ambient gas, leading to the production of diffusion flame. In contrast, the oxygen penetrates the low-temperature region (brown region after the liquid fuel) and generates a thin, fuel-rich, premixed region. The mixture expands downstream and the temperature is increased into the range of the soot production temperature (1300 K-1600 K). Therefore, the downstream is occupied by a small amount of soot and combustion products which is shown as a blue region. A high-temperature core where the high soot region is located is formed inside the downstream (red and yellow region). 
	/
	Figure 2.1. A conceptual model of diesel free-spray combustion [7].
	A soot-rich core is formed downstream from the conventional diesel combustion. This core potentially leads to pollutant emissions. With tightening government regulations of particulate matter, the priority of reduction in soot particles has been emphasized significantly. Several strategies, such as exhaust gas recirculation (EGR) and partially premixed charge compression ignition, are applied to diesel engines to remove or reduce the formation of soot particles [15,43–45].  
	Lowering the temperature of the charged gas is one of the ways to minimize thermal NOx in diesel combustion. However, the reduced temperature may lead to incomplete combustion and subsequently generate more soot particles. A low-temperature combustion (LTC) model has been introduced in diesel combustion to assess the low-temperature combustion process [5,15]. Although this LTC conceptual model has not been well verified by all LTC strategies, it provides initial results towards a common description of low-load and single-injection applications. In the LTC model, ignition occurs at the farthest downstream and propagates back toward the nozzle tip. It is reported that soot only forms downstream and the soot occupied region will shrink with the crank angle increases [15]. 
	However, compared with free spray combustion, the impinged fuel jet may lead to liquid film formation due to the short distance between the nozzle and piston head in cold-start conditions, which generates a fuel-rich zone and deteriorates the combustion process. In contrast, the spray impingement on the piston head could also generate finer fuel particles which help the air-fuel mixing process and subsequently optimize combustion. Most of the studies in the spray-wall interaction have focused on the non-vaporizing cases and local film formation [9,12,46], while very few studies have been done to study the detailed spray-wall dynamics and flame propagation of impinging diesel combustion. Several researchers have quantitatively measured the soot concentration in impinged spray combustion. Wang et al. introduced the fuel impingement and nozzle size effects on the soot formation process [42]. The two-color pyrometry was used to quantify the temperature of the soot region. The width, surface area, and height of the normal impinged spray flame were measured through flame luminosity captured by the high-speed camera. They observed that the structure of the impinged flame remained in a quasi-steady state which was comparable with free spray combustion. Du et al. used the natural luminosity technique to quantify the injection pressure impact on ignition and combustion characteristics of impinging diesel spray [47]. With the increased injection pressure, the ignition location is stretched toward the surface of the impinging plate. Increased injection pressure tends to reduce the soot formation due to the optimized air-fuel mixing process because of finer fuel droplets generated by the impingement. However, when introducing a cold impinging plate into the experiments, they suggested using a low injection pressure to elevate the ignition location for normal impingement.
	In order to study the inner structure of impinged spray combustion, Bruneaux used laser-induced fluorescence (LIF) with two excitation wavelengths to detect the hydroxyl (OH) radicals and polycyclic aromatic hydrocarbon (PAH) of diesel jet combustion in a constant volume combustion chamber [48]. With simultaneous LIF images, an impinging combustion conceptual model is summarized. In the quasi-steady state of impinging combustion, the diffusion flame is formed at the interface between the ambient air and fuel. The soot is formed near the impinging plate but OH radicals are formed above the soot and attached with the reaction zone of diffusion flame. After looking at the LIF images, several stages have been defined:
	1. Formaldehyde (CH2O) is formed during the appearance of a cool flame. OH radicals are formed by consuming the formaldehyde with cool flame expansion. 
	2. During the diffusion portion of combustion, the interface of low and high-temperature is located through the detection of formaldehyde and OH regions, indicating the reaction zone of diffusion flame.
	3. Formaldehyde is also observed in the rich premixed zone which is comparable with Dec’s conceptual model.
	However, Bruneaux’s model only shows the normal impingement of fuel spray. With the irregular shapes of piston heads and the arrangement of injectors, the fuel jet will impinge the solid surface with an incident angle. The tilted fuel jet will generate non-symmetric fuel expansion and air-fuel mixing. 
	The heat loss on the impinging surface due to spray impingement in the combustion process also receives attention because it will affect thermal efficiency and emission levels. Also, the heat loss could lead to terminated combustion near the wall called the quenching effect. Some researchers found the surface temperature could influence the flame structure, ignition delay, as well as ignition location. Under the low surface temperature, the ignition delay is longer while the flame height and width increase as the surface temperature is increased. For reacting conditions, the flame hits the wall instead of a cooling spray and there will be heat loss from the flame to the wall, subsequently leading to termination of combustion near the wall. The heat loss reduces the combustion efficiency as well. From experimental studies, the spatial heat fluxes from reacting conditions were reported. Pillai et al. found that the heat flux is the highest at the stagnation region, i.e., impinging region and decaying with the increase of the radial distance [49]. Kawanabe et al. also found the same behavior with Pillai’s research but with a numerical method [50]. After obtaining the heat flux, the local heat transfer coefficients were calculated from the heat flux through the continuity equation. Moussou et al. investigated the effect of injection pressure and impinging distance on the peak heat transfer coefficients. It was revealed that the peak heat transfer coefficient was increased with a higher injection pressure and lower impinging distance [51]. Similar to the methodology from [51], Mahmud et al. calculated the spatial heat flux and heat transfer coefficient at different radial directions. They found the waveforms of heat flux were correlated with local flamelet speed and the profiles of heat flux had similar shapes even in different radial positions [52]. Some researchers found the surface temperature could influence the flame structure, ignition delay, as well as ignition location [53]. Under the low surface temperature, the ignition delay is longer while the flame height and width increase as the surface temperature is increased. Heat loss from the spray to the cold surface results in delayed ignition and locally flame quenching near the wall, producing more soot particles in the vicinity of the surface [52]. Zhang et al. quantified the relationship between ignition delay, wall temperature, and ignition location with an impinging spray [53]. When the wall temperature was increased, the ignition delay was shortened, and the ignition location was further moved downstream to the wall. The effect of wall temperature on flame development was studied [54]. In their study, a lower wall temperature case showed low-temperature ignition happened in the vortex generated by the impingement and followed by high-temperature ignition kernels at the outer surface of the vortex. At a high wall temperature, the high-temperature ignition kernel was found in the near-wall region without the appearance of low-temperature ignition. For the flame propagation, both lower and higher wall temperature cases showed that the flame propagated from the high-temperature ignition kernel along the stoichiometric iso-surface throughout the whole spray, but the directions varied. They also concluded that the maximum area-averaged heat flux is multiple times higher for a low wall-temperature case than a high wall temperature case. Zhao et al. measured the heat flux during the spray impingement by using a heat flux probe [55]. It was found that the heat flux was the highest near to the impinging point where the spray directly hit on the wall which agrees with the results from a recent work [49].

	2.3 Soot formation in diesel spray combustion
	Due to the recently tightened emission regulations in the automobile industry, soot formation is one of the main concerns for the emission control of diesel engines. Two factors that globally affect the soot formation in diesel sprays are local temperature and equivalence ratio. The relationships among soot, equivalence ratio, and temperature were well described in the chart from Kitamura et al. [56]. In Figure.10 from ref [56], soot is mostly formed in the range of temperature from ~1500 to 2500 K and equivalence ratio above 2. 
	The spray impingement in reacting cases is hard to capture since most fuel is vaporized before the impingement and the vapor phase is transparent. The results showed that there will be more soot if the impingement is involved in the combustion process [57]. Increased injection pressures could reduce soot emissions in a non-linear fashion. In contrast, Fattah et al. found that soot temperature and content were reduced by the spray impingement [58]. Shorter impinging distances further reduced soot temperature and content because of an enhanced mixing process. Such a conflict makes the soot formation in spray impingement more complex. Liu et al. also investigated the effect of wall distance to the injector tip and wall temperature on the combustion characteristics [59]. Short wall distance and high wall temperature lead to shorter ignition delay and stable flame development. Li et al. compared free sprays with impinging sprays and the impinging spray was into two types: no-liquid contact and liquid contact impingement [57]. The combustion was enhanced under no liquid contact but deteriorated under liquid contact impingement. Liquid-contact impingement leads to pool flame generation near the wall and unburnt fuel in the spray.
	For an impinged diesel spray combustion, although the soot production is reduced with the help of enhanced mixing due to spray impingement [58,60], there is still noticeable soot production in an impinging flame. They concluded that a reduced impinging distance could reduce soot production but the relationship between impinging distance and soot production is non-linear. It is further revealed that the mixing mechanism is different with different impinging distances [60]. The mixing of an impinging spray includes impingement-enhanced mixing and entrainment wave mixing. With a shorter impinging distance, the impingement-enhanced mixing becomes stronger and boosts the overall mixing rate, showing a peak in the entrainment rate profile. While with a longer impinging distance, the impingement-enhanced mixing and entrainment wave mixing act serially to maintain a constant mixing rate. 
	To study the soot formation, the characteristics of soot particles such as the diameter of a particle was obtained through transmission electron microscope (TEM) images. The soot aggregates formation and breakup process for a free spray were described in ref [61]. A large number of smaller size primary particles were formed on the surface of the large soot particles upstream. As the axial distance is increased, the aggregates carbonized and then break into smaller compact particles. However, for an impinging spray, several factors, e.g., swirl flow direction, injection pressure, and jet-jet interaction, are considered related to the size of soot particles [62–64]. From these studies, soot formed in the impinging region has a relatively small diameter. As the flame propagates along the impinging surface, the small-size soot particles merge to form larger aggregates. The effect of the direction of induced air swirl on the soot morphology was depicted with optical engine tests [64]. Distinct soot primary particles, long-chain soot aggregates, and fractal large soot aggregates were observed in the impinging, down-swirl (counter clock-wise) and up-swirl (clock-wise), respectively. Although the up-swirl location showed the larger soot aggregates, the number of aggregates is smaller than the impinging region and down-swirl location, reflecting lower soot concentration in soot luminosity images. A higher injection pressure generates larger soot aggregates in pool fire but smaller soot aggregates in the exhaust due to the enhanced soot oxidation rate [62]. The spray-wall interaction with a single-hole injector or jet-jet interaction with a multi-hole injector presumably creates a fuel-rich region and the interactions would alter the air entrainment rate and subsequently soot oxidation [65]. The studies for nano soot structure could give us insights into soot formation and oxidation in diesel flames and help explain the soot formation in the near-wall region. 

	2.4 Film formation in spray impingement
	Liquid films formed on the cylinder and piston head are known as one of the main sources of producing unburned UHC and particulate matter emissions. The emissions are attributed to the deteriorating vaporization and mixing process due to a lack of contact between the ambient gas and film surface [66]. When the film is formed, it could lead to fuel-rich zones after vaporization and further develop pool flames when the fuel-rich mixture interacts with the flame front. An increased injection pressure could reduce the amount of fuel mass deposited on the wall because high injection pressure could change the behavior of droplets from sticking on the wall to splashing [67]. At low wall temperatures, the film exhibited a wavy pattern with no voids inside the film. As the wall temperature was increased, the film area was decreased, and voids are found in the film [68]. Luo et al. found that there was a possibility that the rebound or splashed droplets re-deposited on the wall [69]. The possibility of the re-deposited film may contribute to the soot formation after the end of injection.
	Liquid contact also leads to the wall-wetting phenomenon which generates a liquid film on the wall after the impingement. A number of researchers investigated film formation under different operating conditions. LIF is an optical method that could capture film. The laser reflection method was employed by Saito et al. to explore the behavior of adhered fuel film on a wall during a small size direct-injection (DI) diesel engine development [70]. They found that the film thickness of the adhered fuel was found to be 10 µm to 50 µm, and the fuel film area on the wall is strongly affected by the wall temperature. Sendai et al. employed a 355 nm LIF technique to measure the film thickness of a spray impinging on a glass plate in a constant volume combustion vessel [71]. The results showed that the ratio of the adhered fuel to the total injected fuel was about 40% at 10 ms after the end of injection and this ratio does not change with the injection duration. Schulz et al. evaluated the effect of injection pressure, ambient density, and charge pressure on the film thickness [72]. High temperature, longer traveling distance, and higher injection pressure lead to thinner wall film. Even though laser diagnostics could achieve an accurate measurement, the low frequency of the laser sheet posed difficulty for continuous measurement. Besides, the calibration procedure was too complex. Therefore, Drake et al. developed a novel optical method called the Refractive Index Matching method (RIM) [9]. The calibration procedure of RIM is relatively easy to apply, and it could generate a continuous and time-resolved film thickness measurement. Direct measurement of film properties was conducted by Yu et al. using an oil thickness sensor [30]. The sensor was placed under the injector and the measurement was carried out at atmospheric pressure and room temperature.
	All the results of film measurements show that the spray momentum mainly governs the film formation, where the momentum is determined by the injection pressure and ambient density. Besides spray momentum, wall surface and fuel properties also affect film deposition. The film area is increased with higher injection pressures on a smooth surface [9]. However, the film area experienced a reduction with higher injection pressure on a roughened surface [12]. With higher volatility fuels like n-heptane, the film area, mass, and film thickness are much smaller compared with lower volatility fuels such as diesel [12]. The magnitude of the film thickness of a diesel spray is generally above 10 µm [73] while that of an n-heptane spray is under 2 µm [12].
	LIF is an optical method that could capture film, PAH, a known soot precursor, and soot luminosity simultaneously. Film and soot incandescence in an optical engine were simultaneously visualized in ref [11]. Tracing the soot incandescence originated from the film, it turns out that soot was adjacent but quenched to film. The adjacence was clearer in ref [10] as the appearance of PAH was also reported. Soot, PAH, and film were connected serially, and strong PAH signals were found peripherally to the film, depicting the transformation from film to soot. Although soot formation is still initiated near the film region, it is reported that film does not strongly affect the bulk flame.  For film models, there are many numerical models summarized in ref [74] but a 1D direct numerical simulation (DNS) model has been recently developed [75]. Compared to ref [74], the 1D DNS model considers the temperature gradient in the film instead of treating the film temperature as uniform. Also, the flame quenching near the film surface is taken into account in the DNS model. It turns out that the flame quenching distance is linearly correlated to the thickness of the fuel vapor layer above the film. 
	Even there existed a number of studies focusing on the film formation and heat transfer for an impinging spray, most of them were conducted either in non-vaporizing or vaporizing conditions [76–79]. The flame-film interaction was investigated mainly in gasoline operating conditions because the ignition happens later than the end of injection [76,77]. At that time, the liquid film is already deposited and there is no spray coming out. Jungst et al. [10] and Stevens et al. [80] investigated the pool fires phenomenon in gasoline applications. However, for diesel cases, it is more difficult to study the flame-film interaction because the spray impingement, film deposition, and auto-ignition happen simultaneously.


	3 The experimental facility, test conditions, and methodology
	3.1 Combustion vessel and supplying hardware’s overview
	3.1.1 Combustion vessel overview
	This spray-wall impingement experiment was carried out in a high-pressure, high-temperature constant volume combustion vessel (CV). The CV is a 1.1 L cubic chamber with good optical access. The maximum temperature and pressure that the vessel could maintain are ~ 2000 K and ~ 5000 psi, respectively. Three types of port windows were installed on all six surfaces of the cube: 101 mm diameter transparent window (sapphire), blank metal window, and injector window. The windows were sealed by an o-ring and gasket which made the natural gas leakage less than 6 psi at an initial 100 psi and 30 psi at an initial 500 psi in the vessel during 1 min. The unobstructed orthogonal optical access is coupled with high-speed imaging techniques to study spray development. The impinging plate was mounted on the bottom, and the injector was installed on one of the side windows. Three ports on the eight vertices of the chamber are used for the intake/exhaust of chamber ambient gas, and a mounted dynamic pressure transducer. A Kistler 6001 piezo-electric dynamic pressure transducer coupled with a Kistler 5044a charge amplifier was used to measure the CV pressure. A 3D model of the combustion vessel body is shown in Figure 3.1. The model of the combustion vessel in Solidworks.
	/
	Figure 3.1. The model of the combustion vessel in Solidworks.
	Besides the main vessel body, several sub-systems are briefly described here. A high-pressure fuel delivery system was used to provide the target back pressure to a Bosch LBZ solenoid diesel injector. The fuel cart was designed and built by the Alternative Energy Research Lab at Michigan Tech. The fuel cart includes a storage tank, two fuel accumulators, an oil pump, and a front panel to control the valves, monitor the fuel pressure through the gauges. The fuel is initially pressurized by the shop air to ~ 20 psi and then further dramatically pressurized by the oil pump to the target injection pressure. The fuel pressure at the outlet of the fuel cart could reach up to 2500 bar for diesel. A mixing vessel was built to provide the target gas composition to the main combustion vessel. The mixture was made based on the calculation of mixture composition which was provided by the Engine Combustion Network (ECN) [81]. The reactants consisted of acetylene, hydrogen, oxygen, and nitrogen. A spark plug and two fans were mounted on the top window of the vessel. The fans were placed symmetrically to the spark plug to provide a homogeneous environment after the pre-burn process. After the pre-burn, the acetylene and hydrogen were consumed but the unconsumed oxygen was left in the vessel according to the target oxygen volume fraction. A pressure rise in the chamber from the beginning of the filling process is shown in Figure 3.2. After the filling process, a signal is sent to trigger the spark plug to ignite the mixture. The chamber pressure, as well as the bulk temperature, are both increased. Once they reach the target pressure, another signal is sent to the injector to provide the fuel in the vessel. A second pressure rise is also revealed, and it is due to the auto-ignition of the spray.
	Based on the different objectives, the impinging plate is switched between quartz transparent window, surface roughened plate, and the metal plate with heat flux probes embedded. The photos of the arrangement of these different impinging surfaces are shown in Figure 3.3.
	/
	Figure 3.2. The pressure curve on a single combustion event from the start of the test to the end of the combustion.
	/
	Figure 3.3. From the left to right: transparent quartz impinging window embedded in the combustion vessel, impinging window + additional artificial roughened impinging plate for film thickness measurement, artificial half-smooth-half-roughened impinging plate. The metal impinging plate is not shown here as it shares the identical geometry with the quartz impinging window.

	3.1.2 Data acquisition systems and metal impinging window fabrication
	The finite element analysis (FEA) analysis has been carried out using ABAQUS/CAE 6.14-3 tool and the best-suited design has been chosen based on stress and temperature distributions on the window plate surface. The window design consists of six heaters, seven thermocouples, and three heat flux transducers. 
	/
	Figure 3.4. Impingement window final design/configuration (a), and FEA results: (b) Temperature distribution; (c) Von-Moises stress distribution; (d) Von-Moises stress distribution with 350 bar load.
	From the FEA simulation results based on Figure 3.4(a), the window plate temperature is estimated at 800 K and the Von Moises stresses are around 100 bar (see Figure 3.4(b) and 3.4 (c)). It can be concluded that the window design/configuration can withstand the given pressure and thermal conditions of the combustion vessel and can be achieved a desired uniform temperature of the plate. Further, all six heaters should be positioned 10 mm below the window plate (top surface), in order to maintain the uniform desired temperature. Further, the analysis for 350 bar load conditions is made to study the material elastic limitations. In this analysis, the only external load is applied in terms of pressure and omitted the thermal loads. From the analysis, the Von-Moises stresses are well below the yield strength of the window material is shown in Figure 3.4(d). Therefore, the current window design/configuration can be used for spray impingement experiments in the combustion vessel. 
	A single-hole injector nozzle with 120° full-included angle were designed with a fuel injector nominal nozzle outlet diameter: 200 μm. 
	The data acquisition systems include a National Instruments chassis and two data acquisition system (DAQ) cards. An in-house Labview program is designed to record the temperature signals from either start of the injection or the start of pre-burn ignitions. The trigger level is set to 5 volts as a rising edge and the sampling rate is set to 100 kHz which corresponds to a resolution of 0.01 ms. The resolution could fulfill the requirements of capturing the spray impingement event. The acquisition process is described in Figure 3.5.
	/
	Figure 3.5. Schematic temperature recording during the injection and combustion event.
	In addition, the PID heater controller, electrical heaters, and monitor thermocouples are shown in Figure 3.6. And the control logic for the recording program is explained in Figure 3.7.
	/
	Figure 3.6. Heater controlling box with built-in PID controller, electrical heaters, and monitoring thermocouples.
	/
	Figure 3.7. Control logic of the temperature recording process in an in-house Labview program.
	The J-type thermocouples for the heat flux measurements are calibrated from both the bench test and the combustion vessel test. The response time of the J-type thermocouple is less than 400 µs. The impinging plate is set to the temperature from 100 to 200 °C in the bench test and 100 to 250 °C in the combustion vessel test. The results for the bench and combustion vessel tests are listed in Figure 3.8.
	/
	Figure 3.8. Impinging plate temperature calibration in bench and combustion vessel test.


	3.2 Test conditions
	In this section, the test conditions for spray, combustion, and CFD simulations are summarized. The first section includes the diesel spray tests for the impinged spray characteristics such as impinged spray distance, fuel mass, and soot distribution, etc. The second section includes specific test conditions for film formation. The n-heptane replaced diesel as the target fuel because the thickness of diesel film is out of the range of the RIM method. In the third section, the test conditions for CFD simulations are listed. It is noted the models and detailed configuration of the simulations will be introduced in Chapter 4.
	3.2.1 Test conditions for impinging diesel spray
	The test conditions for spray tests including both reacting and non-vaporizing conditions are listed in Table 3.1. The test fuel, injection pressures, nozzle diameter, impinging angle, fuel temperature, energizing injection time, injected fuel mass, impinging distance, ambient gas concentration, and ambient temperature are listed. The differences between the non-vaporizing and reacting spray are the injection pressure and ambient gas composition. To maintain the total injected mass in the vessel, the injection pressure was set to 1500 bar for reacting conditions. To investigate the effect of oxygen concentration on the combustion, the oxygen composition after pre-burn was set to 15% and 18%. 
	Table 3.1. Test conditions for the impinging spray
	Parameters
	Value
	Unit
	Fuel
	Ultra-low sulfur diesel
	-
	Fuel injection pressure (Pinj)
	1200, 1500, 1800
	bar
	Nominal nozzle outlet diameter
	200
	µm
	Orifice orientation relative to injector axis
	60
	°
	Fuel temperature
	363
	K
	Energizing injection time
	2
	ms
	Injected fuel mass
	24 at 1500 bar Pinj
	mg
	Vertical distance between injector tip to impinging distance
	40
	mm
	Oxygen mole fraction
	N2, 0%, 15%, 18%
	-
	Ambient density (ρamb)
	14.8, 22.8, 30.0
	kg/m3
	The ambient gas temperature at injection (Tamb)
	423, 800, 900, 1000
	K

	3.2.2 Test conditions for film measurements
	For film measurements, two different optical setups were used for the film measurement: the Refractive Index matching method and the direct backlit method. The RIM method could quantitatively measure the film thickness and area but it has limitations for the film thickness of low-volatile fuel such as diesel. Therefore, for the film measurement, n-heptane replaced diesel as the target fuel. Also, the injection pressure of n-heptane could not reach over 1500 bar. Hence, two lower injection pressures, 600 and 900 bar were added to the test conditions. The test conditions for film measurement are listed in Table 3.2.
	Table 3.2. Test conditions for the film measurement
	Parameters
	Value
	Unit
	Fuel
	N-heptane
	-
	Fuel injection pressure
	600, 900, 1200, 1500
	bar
	Nominal nozzle outlet diameter
	200
	µm
	Orifice orientation relative to injector axis
	60
	°
	Fuel temperature
	363
	K
	Energizing injection time
	2
	ms
	Injected fuel mass
	24 at 1500 bar Pinj
	mg
	Vertical distance between injector tip to impinging distance
	40
	mm
	Oxygen mole fraction
	N2
	-
	Ambient density
	14.8, 22.8, 30.0
	kg/m3
	The ambient gas temperature at injection
	423
	K

	3.2.3 Test conditions for CFD simulations
	In this section, the test conditions for CFD simulations are introduced. As diesel is a multi-component fuel, diesel2 was used in the CFD simulations. The reaction mechanism is adopted from [82] with 44 species and 139 reactions. The test conditions for simulations are listed in Table 3.3. To investigate the film formation under different impinging distances, two impinging distances, 30 and 40 mm, were set in the CFD simulations. 
	Table 3.3. Test conditions for CFD simulations
	Parameters
	Value
	Unit
	Fuel
	Diesel2
	-
	Fuel injection pressure
	1500
	bar
	Nominal nozzle outlet diameter
	200
	µm
	Orifice orientation relative to injector axis
	60
	°
	Fuel temperature
	363
	K
	Energizing injection time
	2
	ms
	Injected fuel mass
	24 at 1500 bar Pinj
	mg
	Vertical distance between injector tip to impinging distance
	30, 40
	mm
	Oxygen mole fraction
	18%, 21%
	-
	Ambient density
	22.8
	kg/m3
	The ambient gas temperature at injection
	800, 900, 1000
	K


	3.3 Methodologies
	In this section, the methodologies for the experiments will be introduced. Four different optical diagnostics, Mie scattering, shadowgraph and schlieren, refractive index matching, and natural luminosity are sequentially introduced.
	3.3.1 Mie scattering
	Mie scattering is a theory based on the elastic scattering of incident light in the droplets, named by Gustav Mie [83]. This typically happened when the droplet/particle size is larger than the wavelength of incident light. On the contrary, Raleigh scattering described a phenomenon when the droplet/particle size is smaller than the wavelength of incident light [84]. In the current study, the droplet size from diesel spray is larger than the wavelength of the backlight which is hundreds of nanometers. The intensity of Mie outcomes from an elastic particle is mainly determined by the incident angle of the light, the intensity of the incident light, Io, and the power of droplet diameter. Under the identical backlight environment, the droplet diameter will be the dominant factor that affects the intensity outcome. Thus, the Mie scattering signals could be used to qualitatively explain the global spray shape where the liquid droplets occupied and the droplet size in the spray. Sample images from the Mie scattering for the spray test and film measurement are shown in Figure 3.9.
	/
	Figure 3.9. From left to right: the side view of an impinging spray, the bottom view of an impinging spray, and the film mark left on the impinging surface. All images were taken by the Mie scattering signals. It is noted that the side and bottom views were taken by diesel spray while the film image was taken by an n-heptane spray.

	3.3.2 Shadowgraph and schlieren
	As the Mie scattering could only capture the liquid phase of the spray and lack the sensitivity of vapor in a high-temperature environment. Therefore, the shadowgraph and schlieren techniques are adopted mainly to detect the transparent fuel vapor based on the density gradients [85–87]. A Z-shaped schlieren was applied due to the room space limitation of the lab which was also shown in Figure 3.10. The light from a digital mode light-emitting diode (LED) became a point light after passing through a focusing lens. A parabolic mirror was used to expand the point source into a collimated light and this collimated light would be focused back to the camera by using the second parabolic mirror. To visualize the ambient air movement more clearly, a knife-edge was placed in front of the camera lens. Otherwise, the shadow technique was considered without placing the knife edge. 
	/
	Figure 3.10. The Z-shaped schlieren setup for spray test.

	3.3.3 Refractive index matching
	RIM is one of the optical techniques that could evaluate the thickness of a liquid film when it is deposited on a roughened impinging surface. The RIM could provide temporal and spatial characteristics of the liquid film through the scattering light ratio from the roughened surface before and after the film deposition. This method requires a similar refractive index between the impinging surface and target fuel. In the current thesis, the refractive indexes for n-heptane and the impinging surface are 1.39 and 1.46, respectively. The relationship between film thickness, surface roughness, and a film-covered area is depicted in Figure 3.11. 
	/
	Figure 3.11. Relationship between film thickness, surface roughness, and a film-covered area.
	In addition, the schematic of film formation is explained in Figure 3.12. The high-speed camera is looking from the bottom of the impinging surface. Naturally, the roughness of the surface could scatter the incident light on the surface. As the film is deposited on the surface and trapped by the roughness, the incident light from the light source is scattered and diffused on the surface, subsequently changing the intensity in the film region. Therefore, the transmission ratio ΔTrans, which is determined by one minus the ratio of the intensity in a wet area to the intensity of dry area, could be correlated with the film thickness through a calibration process. After that, for the actual spray tests, by finding the local transmission ratio, the film thickness could be calculated. 
	/
	Figure 3.12. The schematic of film formation and the RIM technique fundamentals.
	In the calibration, a known volume of the fuel is smoothly deposited on the impinging surface. Divided by the film occupied area, the film thickness could be calculated. Therefore, to avoid the splash from the injection, a precise syringe with the finest resolution of 0.05 mm3 was used to inject a known volume of fuel on the roughened surface. The injected volume is from 0.5 to 1.5 µL with an increment of 0.1 µL. As n-heptane is a relatively high-volatile fuel and it may start to evaporate during the deposition, a fuel mixture combining n-heptane and low-volatile fuel dodecane was used for the calibration. The purpose of the dodecane was going to determine the maximum film occupied area. Two compositions were adopted: 90% n-heptane with 10% dodecane, and 95% n-heptane with 5% dodecane. The average transmission ratio and average film thickness in the film region were curve-fitted to obtain the calibration curve. The calibration curve for the current film measurement is shown in Figure 3.13. In addition, the RIM method has a limitation that it could not measure the film thickness higher than surface roughness. Besides, the precision of RIM depends on the contrast of image which is mainly affected by the camera detection range and light intensity.
	/
	Figure 3.13. The relationship between the transmissivity to the film thickness. Two mixtures were used for the calibration. The equation for the calibration curve is that thickness = 1.667*ΔTrans2 + 0.5454*ΔTrans.
	In addition, the surface roughness profile was measured by a laser profilometer. Four random locations on the roughened surface were examined and the profiles are shown in Figure 3.14.
	/
	Figure 3.14. Surface roughness on the impinging surface.

	3.3.4 Natural luminosity for diesel spray combustion
	Natural luminosity is the luminosity generated by the radials’ incandescence from the black-body radiation [88–90]. In a diesel spray combustion, the luminosity is dominantly contributed by the radiation from the soot particles. In naked observers such as eyes, the flame is yellow-ish because of the soot incandescence in a high-temperature environment. In addition, the intensity level of soot incandescence is proportional to the soot volume fraction. Therefore, the natural luminosity of a diesel flame is widely used in the engine-related area to qualitatively explain the soot formation. In the experiments, the flame was captured by an 8-bit monochrome high-speed camera and there is no need to supply an additional light source to light the spray/flame. A sample image from the natural luminosity looking from the bottom is shown in Figure 3.15. The impinging plate is marked by a red circle.
	/
	Figure 3.15. Sample natural luminosity image. Tamb = 900 K, 18% O2, Pinj = 1500 bar and ρamb = 22.8/kg/m3.

	3.3.5 Droplet sizing measurements
	Malvern Spraytec has been used to measure the droplet size. The working principle of Malvern Spraytec system is: Light from the laser emitter is scattered by the spray droplets. The laser beam is expanded by the collimating optics to provide a wide parallel beam. The scattered light is focused by a focusing lens on a Fourier arrangement and picked up by the detector array. Non-scattered light is focused by the focusing lens so that it passes through the pinhole at the center of the detector array. This is measured by the beam power detector to give the light transmission. The angle at which a particle diffracts light is inversely proportional to its size. The detector array is made up of over 30 individual detectors, each of which collects the light scattered by a particular range of angles. There is a data channel for each of these. Measuring the angle of diffraction determines the size of the particle, as shown in Figure 3.16.
	/
	Figure 3.16. Experimental setup and schematic of droplet sizing measurement.



	4 Numerical simulation details
	In this Chapter, the configurations and main models used in the simulations will be introduced. The Lagrangian-Eulerian approach of coupling the liquid spray with the gaseous phase was employed to describe fuel spray and combustion in a commercial CFD software package CONVERGE©.
	4.1 Simulation input configuration
	The CV was modeled with a cubic domain. Diesel2 embedded in CONVERGE© package was selected as the fuel. The sub-models for spray, turbulence, liquid drop dynamics, and combustion used in this study are summarized in Table 4.1, with a detailed description provided in [74]. These models have been used extensively in numerical studies and were validated for a wide range of operating conditions, geometries, fuels, and injectors [91–94]. 
	The base mesh size for Reynolds-averaged-Navier-Stokes (RANS) and Large-eddy-simulation (LES) simulations was 4 and 2 mm, respectively. Grid generation was done during runtime along with adaptive mesh refinement (AMR) based upon gradients in velocity, temperature, and species. Fixed embedding of cells was implemented near the nozzle. Mesh size selection was based on published grid convergence studies [95,96]. The minimum grid size is determined by the base grid size divided by the scale level power of 2. In order to investigate the soot formation near the plate due to the heat transfer between the flame and wall, the plate temperature was set to 550 K and the conjugate heat transfer (CHT) model was enabled to predict the wall temperature change during the flame impingement. The CHT is necessary when taking into account the heat transfer in the finite thickness wall [55]. In the current conjugate heat transfer model, the fluid phase, the solid phase, and the interface between solid and fluid are defined. The interface is then virtually separated with front and back surfaces. The heat flux between the fluid and solid was treated as uniform across the interface.
	For reacting conditions, a reduced mechanism by Liu et al. [82] including 44 species and 139 reactions was used to calculate autoignition and subsequent combustion by a detailed chemistry combustion model, SAGE. The two-step Hiroyasu-NSC (Nagle and Strickland-Constable) approach was used to simulate the soot formation and oxidation process with acetylene (C2H2) as the soot formation precursor [97,98].
	The models and inputs parameters for the simulations are summarized in Table 4.1.
	Table 4.1. Input parameters and models for CFD simulations.
	Models/Parameters
	RANS
	LES
	Injection model
	Blob distribution
	Evaporation model
	Frossling correlation
	Collision model
	No time counter
	Break-up
	KH/RT
	Wall interaction model
	O’Rourke and Amsden
	Combustion solver
	SAGE detailed
	Chemical mechanism
	Liu et al. [82]
	Soot model
	Hiroyasu-NSC [97,98]
	Turbulence model
	Standard k-ε
	Dynamic structure
	Base grid size
	4 mm
	2 mm
	AMR level
	4
	4
	Fixed embedding level
	4
	4
	Minimum grid size
	0.25 mm
	0.125 mm

	4.2 Spray/wall interaction models
	The spray models are activated once the injection starts. The droplets which have the same thermal properties are combined into a parcel to reduce the computational time. After the injection, the spray experienced primary breakup, secondary breakup, drop drag, collision and coalescence, evaporation, and turbulent dispersion processes [74]. 
	The spray models include: 1) Spray breakup models, 2) Drop Drag models, 3) Collision models, 4) Drop turbulent dispersion models, 5) Drop/wall interaction models, 6) Evaporation models. In this study, spray breakup, drop/wall interaction, and evaporation are discussed because spray penetration, one of the scales that is used to verify the simulation results, is mainly determined by the breakup models. The spray penetration in simulations is determined by the mass fraction of liquid fuel. After the start of injection, if the integrated fuel mass from the injector tip to downstream reaches 0.97 of total injected mass, the distance between the farthest parcel and injector tip will be counted as the spray penetration [74]. 
	The widely used break-up model is Kelvin-Helmholtz and Rayleigh-Taylor instability model [99]. The KH instability takes into account the stability of transferring a cylindrical liquid droplet into the gas phase. RT instability considers the deceleration of drops due to the drag force.
	When the droplets impinge on the wall, they may rebound or slide on the surface or lead to liquid wall film deposition. The drop/wall interaction is separated into 4 regimes when considering the effect of non-dimensional temperature which is the ratio of wall temperature and fuel boiling temperature which could be described based on Weber and Laplace number in Kuhnke film splashing model [100].
	The other wall film model is provided by O’Rourke and Amsden where the film splash criteria are determined by the Weber number, film thickness, and fuel viscosity [101]. In the current study, the O’Rourke and Amsden model is adopted.
	When the liquid fuel is injected into the computational domain, it is converted from a liquid phase to gaseous vapor. The droplet diameter will shrink until the whole droplet becomes fuel vapor. There are two main correlations that describe the rate change of the droplet radius. One is given by Amsden et al. [102] and the other is provided by Chiang [103].
	In Frossling correlation, the rate change of the droplet is defined based on the density of liquid and gas phase, the vapor mass fraction, mass diffusivity of liquid vapor in the air, and Sherwood number (Sh) which can be described as a function of Reynolds number (Re) and Schmidt number (Sc) [102]. Chiang gave a new correlation of Nusselt number (Nu) and Sherwood number as an alternative in the equation of droplet radius change [103].

	4.3 Turbulence models
	Turbulence can significantly increase the mixing rate of species, energy, and momentum. It is important to introduce the turbulence models since the turbulence can significantly enhance air-fuel mixing, especially in diesel combustion because it is a mixing-controlled process. The turbulence methods are divided into three categories in terms of the eddy length scale: 1) RANS, 2) LES, 3) DNS.
	RANS simulation is the time-averaged simulation of the motion of the fluid flow. RANS turbulence models available in CONVERGE© are the standard k-ɛ model and RNG (Renormalization Group) k-ɛ model. The standard k-ɛ model assumes that the flow is fully turbulent, and the viscosity of the molecule can be ignored [104]. During the process of averaging the constitutive equations, it is losing fidelity. If the smallest scales of turbulence can be systematically eliminated, the remaining scales of turbulence become more distinguishable. Compared with LES and DNS, the accuracy and computational time of RANS are balanced to obtain reasonable results without having longer computational time. Several RANS models are available in CONVERGE© which are Standard k-ε, Renormalization Group k-ε, Rapid Distortion RNG k-ε which were provided by Han et al. [105] and Realizable k-ε, Standard k-ω which were provided by Wilcox [106].
	Besides the RANS model, LES is briefly introduced because it could resolve the large eddies that are affected by the flow field. Based on the large eddy theory, the large-scale eddies are simulated directly while the small-scale eddies are treated isotropic. Therefore, large eddy simulation is conducted through a filtering process to separate the small and large eddies [107,108]. In the current thesis, A one-equation non-viscosity dynamic LES turbulence model known as the dynamic structure model was used to simulate the turbulent sub-grid scale stresses [109]. A sub-grid scale kinetic energy transport equation in this model was applied to model the energy flow from the resolved scales to the sub-grid scales, based on an energy flow budget between resolved and the sub-grid scales [95].

	4.4 Combustion and soot models
	The CFD simulations offer several models for diesel combustion models: 1) Detailed SAGE model, 2) Modified Shell Ignition model [110], 3) Characteristics Time Combustion model [111,112], 4) Extended Coherent Flame Model 3 Zones [113]. 
	The SAGE model gives the details of the combustion process that calculates the reaction rates for each elementary reaction while the CFD solver solves the transport equations. SAGE, along with AMR, and an accurate mechanism can be used for modeling many combustion regimes (ignition, premixed, mixing-controlled) [74]. Even though the computational time may be increased, the accuracy of the simulation could be significantly raised up due to the detailed chemistry simulation. 
	In case of the need for rapid simulations, several simplified combustion models such as Shell, CTC, and ECFM3Z can also be applied individually or combined to describe the combustion process. In the current thesis, a SAGE detailed combustion solver is utilized. The steps of the SAGE solver are briefly described as follows:
	For a specific species i, the net production rate is given by Equation (4.1):
	where the v is the net stoichiometric coefficient, r is the specific reaction, R is the total number of reactions and M is the total number of species.
	The rate of the production qr is given by Equation (4.2):
	In Equation (4.2), the krw and krv indicate the forward and reverse rate coefficients where both of them are addressed from Arrhenius form given in Equation (4.3):
	where the A is the pre-exponential factor, b is the temperature exponent, E is the activation energy and Ru is the universal gas constant.
	Then the governing equation for mass in a cell is given by Equation (4.4):
	Soot models are important to predict soot formation and oxidation. Generally, there are four processes including soot inception, soot surface growth, soot coagulation, and soot condensation. Soot inception describes the process when the smallest soot particles are formed from the soot precursors. Soot surface growth explains the competition between the soot growth and the consumption of soot due to the reaction both happening on the soot particle’s surface. Soot coagulation indicates the larger soot particles formed by the collision of smaller soot particles. Soot condensation explains the direct formation of large soot particles from the gas-phase soot precursors [74]. In CONVERGE©, the empirical correlation for soot formation and soot oxidation is given by the refs [97,98]. The rate of soot formation is proportional to the Arrhenius pre-exponential factor, and the square root of back pressure, exponential of minus activation energy, and reciprocal of ambient temperature. For soot oxidation, the Nagle and Strickland model is used by using the carbon oxidation mechanism. The soot oxidation rate is determined by the carbon oxidation reaction rate, the surface area of the soot particles, and the molecular weight of carbon [98]. The soot formation from Hiroyasu-NSC mechanism is briefly introduced as follows.
	Firstly, the net soot formation rate is given by Equation (4.5):
	The formation rate 𝑚𝑓𝑜𝑟𝑚 is given by:
	Where Asf is the pre-exponential factor, P is the ambient pressure and macet is the mass of acetylene which is the chosen species for soot precursor. For modelling soot oxidation, the NSC correlation is used considering the carbon oxidation. The soot oxidation is considered to happen on the surface of the soot particles. Therefore, the soot oxidation rate is given by:
	where the S is the surface area of the soot particles, R is the soot oxidation reaction rate and MWc is the molecular weight of the carbon.
	The soot particle is assumed to be spherical and uniform in size, so that the surface area of the soot particle is given by Equation (4.5):
	where nsoot is the number of soot particles, Ds is the diameter of the soot particle which is 25 nm in this study.


	5 Data processing methodologies
	Post-processing is one of the most important works in the current thesis. The amount of in-house MATLAB codes for image-processing, signal-processing, and mathematical calculations will be introduced in this section. The detailed programs will be provided in Appendix A.
	5.1 Experimental related data processing
	5.1.1 Boundary tracking for spray and flame shape
	The structure of impinged spray and flame is investigated by using boundary tracking as the main image processing tool. Both general expansion structures for outmost boundaries and film formation area are acquired through using boundary tracking. The global parameters for non-vaporizing conditions (i.e., axial/radial expansion distance at axial direction) were obtained by tracking the boundary of the spray expansion pattern. The procedure of the boundary tracking method is shown in Figure 5.1.
	/
	Figure 5.1. Boundary tracking procedure: (a) raw image before background subtraction, (b) gray image after background subtraction, (c) outmost boundary tracking of spray expansion (which is used to obtain spray expansion distance), (d) weight contour of intensity gradient with a zoomed-in spray (which is used to track the shape of liquid film near to the impinging point), and (e) spatial window (red square box) for integration of intensity (which is used to integrate the intensity near boundary pixel).
	One sample of the bottom-viewed high-speed image (before background subtraction) is shown in Figure 5.1(a). The background without any spray is subtracted from Figure 5.1(a) and the subtracted gray image is shown in Figure 5.1(b). The boundary of the spray or flame is typically acquired by using the ‘bwboundaries’ function in MATLAB. The boundary tracking of function ‘bwboundaries’ is based on the threshold of the absolute magnitude of intensity instead of the gradient of intensity. The threshold can be an arbitrary number based on intensity level or automatically determined by using the ‘Otsu’ method [114]. By setting a certain threshold, a visual check is needed to determine whether the threshold is set properly enough to obtain good outcomes. Even though the ‘bwboundaries’ could find the most connected interested area, there are still some holes and fragments seating in the interested area. The ‘fill’ function is needed to be adopted to obtain a single, continuous-connected boundary. The single, continuous boundary of spray expansion is shown in Figure 5.1(c), marked by a blue solid line. 
	There is a liquid film that has been found to be formed near the impinging point after spray impingement. A certain amount of fuel adheres on the plate near the impinging point, showing a very slower expansion rate compared to the expansion rate of the outmost spray boundary. Due to unclear intensity gradient in the film formation region, the original boundary tracking method is no longer applicable. A new method of boundary tracking based on image segmentation is adopted to track the inner structure (liquid film region) of spray expansion. Weighted intensity gradients are acquired based on the local level of intensity and the intensity of the interested seed point. Since the film region is located peripheral to the impinging point, the impinging point is chosen as the seed point. The contour of the weight is shown in Figure 5.1(d). Local weight is inversely correlated to the local intensity gradient, which means the region with a sudden intensity change has a small-weighted gradient. By setting a certain threshold for the weight, the boundary of the film region can be acquired. A visual check is also needed to determine the threshold. In order to investigate the effect of turbulence intensity which can be denoted as the effect of the curvature on the flame luminosity, a spatial window which is shown as a 2 mm long red square in Figure 5.1(e) is used to integrate the intensity near the boundary. The size of this spatial window is determined through sensitivity analysis by varying the size of the square. It is found that larger square-bound leads to overlapped information and smaller square-bound leads to miss information. 
	One sample of the bottom-viewed high-speed image (after background subtraction) is shown in Figure 5.2(a). After the impingement, the fuel spray expands on the plate radially but with a different expansion rate due to the tilted incident angle. The impinging point is obtained by the ‘Centroid’ function and shown as a red dot in Figure 5.2(a). Three directions (left radial, right radial, and axial) are defined to explain the spray expansion behavior. The axial expansion distance is defined as the average distance between the impinging point to the pixels on the local boundary (purple line). There are Npixel numbers of pixels on the boundary. The distance at a given time t can be defined as Equation (5.1)
	The ximp and yimp represent the location of the impinging point where the x and y represent the location of the local boundary pixel. Similarly, the radial distance could be obtained. The whole space domain is separated into sectors with respect to the impinging point and the schematic of the space domain is shown in Figure 5.2(b). The local expansion distance at a given time could be represented as D (t, θ) where θ is the radial coordinate. The sector angle α where distance is averaged was determined through the sensitivity analysis and 5° was found to have the best outcome. The three directions (left radial, right radial and axial) in Figure 5.2(a) correspond to the θ of 270°, 90° and 180° in Figure 5.2(b). A sample profile of expansion distance at 2 ms ASOI (after the start of injection) under the non-vaporizing condition is shown in Figure 5.2(c). Three arrows (located at 90°, 180°, and 270°) in Figure 5.2(c) indicate the local expansion distance at right radial, axial, and left radial directions.
	/
	/
	/
	Figure 5.2. The procedure of local boundary tracking method: (a) definitions of the spray expansion directions (dash line: left radial; solid line: axial; dash line with a dot: right radial); (b) space domain of data analysis (θ); (c) profile of expansion distance at 2 ms ASOI under non-vaporizing conditions.
	The local expansion rate ER (t, θ) could be then defined as Equation (5.2): 
	where the t’ is one frame before t. Δt is equal to 1/fps (frame per second). For reacting cases, the flame front distance and expansion rate are obtained by using the same boundary tracking method and space domain.
	Besides examining the expansion rate, the density of the spray boundary contour could also be used to qualitatively evaluate the local expansion rate. A sample case is shown in Figure 5.3 including an instantaneous spray image at the end of injection and the temporal contours of the spray boundary from the start of impingement to the end of injection. In the region near the impinging point, the boundary contour is sparser than the leading edge of the spray. Thus, the bulk expansion rate is higher at the impinging region than the leading edge.
	/
	Figure 5.3. Left: the instantaneous image of an impinging spray at the end of the injection. Right: The evolution of the tracked spray boundary from the start of impingement to the end injection.

	5.1.2 Intensity-Radial-Time methodology
	The soot formation of impinged spray combustion can be indirectly denoted by conducting simultaneous spatial and temporal integration of flame luminosity. The methodology of the integration of flame luminosity has been introduced by previous researchers [18,115,116]. In the free spray case, the flame luminosity is treated radially uniform, and the integration is applied in the axial direction. However, for an impinging case, a polar coordinate system is adopted to explain the integration of luminosity in radial directions. The angle θ of the polar coordinate system represents the inclined angle between the local flame pixel and impinging point. The radius of the coordinate corresponds to the ASOI. 
	The sample image in Figure 5.4(a) is selected from one combustion event at ambient temperature 900 K and 1.7 ms ASOI. The intense flame luminosity is noted by red in the false-color map. The space domain of the image is separated into sectors with respect to the impinging point. The impinging point is shown as a red dot. In order to determine the best angle sector, the sensitivity analysis is performed by varying sector angles of 20°, 10°, 5°, and 1° and it is found that the best result was from sector angle of 5°. A mask (a red sector in Figure 5.4(b)) scans over the sectors to obtain the integration of flame luminosity. Simply, the integrated intensity in No.i sector at a given timestamp is calculated by Equation (5.3):
	The Ilocal (x,y,t) and Ai (t) are the local flame luminosity and the flame occupied area in each sector at a given timestamp. The integrated intensity is converted into a colored arc that sits on the concentric circle in Figure 5.4(c) at a given timestamp. The color of the arc represents the magnitude of the integrated intensity.
	The area-averaged integrated flame luminosity replaces the overall integrated flame luminosity to explain the soot formation. Equation (5.3) is then modified to Equation (5.4):   
	The Iint_ave_i represents the area-averaged integrated flame luminosity over the flame occupied area of No.i sector at a given timestamp. The Iint_ave_i is then normalized by the maximum range of the camera detection limit (i.e., 255 of intensity). The IRT maps from 0 to 6 ms ASOI are shown in Figure 5.4(d). The overall IRT results are averaged by 5 repeats.
	//
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	Figure 5.4. A schematic of flame luminosity integration in both space and time domain.
	In addition, the time-resolved natural luminosity image and the integrated intensity are shown in Figure 5.5 and Figure 5.6 step by step. They help the audience to understand the temporal integration process.
	/
	Figure 5.5. Time-resolved natural luminosity images of impinging spray diesel combustion at given ASOIs.
	/
	Figure 5.6. Time-resolved integrated flame luminosity at given ASOIs.

	5.1.3 Curvature calculation for transient turbulent impinging spray boundary
	As the curvature usually has a sign to indicate the orientation, the definition of the curvature needs to be clarified before the curvature calculation. A snapshot of non-vaporizing impinged spray is illustrated in Figure 5.7, looking from the bottom view. During the spray expansion on the plate, the outmost boundary of spray expansion is perturbed by both the surrounding gas and the plate surface friction. It is assumed that the surface drag, which hinders spray boundary expansion, is radially and uniformly distributed, and therefore outmost spray boundary shape is assumed to be both determined by the surrounding gas dynamics (local gas velocity) and initial droplet velocities after the impingement. The captured images illustrate that there exist wrinkled boundaries with a number of convex and concave regions. In concave regions, spray expansion is suppressed by the ambient gas while there is less constraint in the convex regions. The strength of the suppression may affect the strength of the air-fuel mixing process. Note that the definition of the concave and convex shape is with respect to the impinging point. The convex and concave are defined by the positive and negative curvatures, respectively.
	/
	Figure 5.7. A schematic of non-vaporizing impinged spray from the bottom view.
	The local curvature of the flame expansion boundary is calculated as an indirect indicator of the local level of air entrainment at the flame boundary region. Mathematically, this curvature is defined as the rate of change of unit tangent vector when a particle is assumed to move on the evaluated curve. This expression can be explained as
	where TV is the unit tangent vector:
	and s is the distance on the curve. However, it is hard to directly measure the rate of change of the unit tangent vector. Therefore, the curvature K can be expressed as:
	If a third parameter m is introduced to calculate the tangent vector, then:
	K can be then expressed as 𝑟′𝑚 𝕩 𝑟′′𝑚𝑟′𝑚. In a 2D image, the r can be explained as:
	where x and y are corresponding to the dimensions of the image in the Cartesian coordinate. If y is considered as a function of x, then:
	Combining these relations with the previous expression of curvature, the first explicit expression of curvature is revealed as:
	If local y and x can be explained as 𝑥=𝑓1𝑚 and 𝑦=𝑓2𝑚 by using a parameter m, the previous equation is changed to [117,118]:
	The local curvature at each individual pixel on the boundary can be obtained by curve fitting with a second-order polynomial method. Three pixels, target pixel, its left neighbor pixel, and right neighbor pixel on the boundary, are used to obtain the functions of curve fitting, 𝑥=𝑓1𝑚 and 𝑦=𝑓2𝑚. The parameter m is always defined as 0 at the target pixel. At the left neighbor pixel, mleft equals the relative distance between the left neighbor pixel and target pixel. Similarly, mright can be obtained. The curvature at each target pixel can be calculated with the definition of K. 
	Before applying this method in the actual spray images, the verification of the curvature is needed. Therefore, a known size of the circle is generated in MATLAB and its theoretical curvature is the reciprocal of the radius. In Figure 5.8, three circles with the radius of 16, 51, and 101 pixels are generated. The corresponding radiuses in mm are 1.68, 5.36, and 10.61 mm. The local curvature of the circle is calculated starting from the top of the circle along the boundary of the circle. The theoretical and calculated curvatures are shown on the plot next to the corresponding circle. As can be seen in the plot, this method loses the sensitivity near the starting point and end point. As the radius is increased, the percentage of the length of losing sensitivity is reduced which means that this method has more accurate outcomes from a curve with smaller curvature.
	./
	Figure 5.8. The verification of the curvature method is introduced in section 5.1.3. Three circles with a radius of 1.68, 5.36, and 10.61 mm are shown from top to the bottom.
	Nevertheless, to avoid losing the sensitivity, the vertices instead of all pixels could be used to specifically obtain the bulk curvature on the spray boundary. Therefore, the vertices on the spray were acquired and details are introduced as follows. 
	From Equation (5.1), the expansion distance is obtained but the plot domain is different when trying to find the vertices. Instead of the radial domain, the pixel-based domain is used to plot the expansion distance. A sample of the expansion distance is shown in Figure 5.9. The red dots in Figure 5.9 represent the location of the vertices. The first derivative of the expansion distance is obtained to find the location of vertices pixels. Similar to the definition of mathematical stagnation points, the vertices lie where the first derivative of the curve is zero and the product of the first derivative of left and right neighbor the pixels is negative. It could be explained as a combination of Equations (5.14) and (5.15): 
	/
	Figure 5.9. Expansion radius at a given timestamp.
	After finding the location of the vertices, they are reflected on the spray image. The comparison against the vertices and the spray boundary is shown in Figure 5.10. It is noted that the contrast of the spray is modified. 
	/
	Figure 5.10. Definition of the curvature and the detection of vertices of the flame front boundary. The concave and convex are marked with green and blue arrows, respectively.

	5.1.4 Histogram-based distribution
	Apart from the normal impingement, the fuel mass distribution could be non-uniform at a tilted incident angle. In reacting cases, the non-uniform mass distribution could form one or several local fuel-rich zones after the impingement, which further deteriorate the air-fuel mixing process and possibly produce the environment for soot formation favor. The intensity level of soot luminosity would be related to the concentration of soot under a similar temperature environment. In the current study, the range of camera detection is separated into 5 groups starting from 0 to 250 (8-bit resolution) with an interval of 50 to locate the most intensive soot region. The distance between the flame location and the impinging point is calculated. All flame-occupied pixels (without imaging threshold) are counted to obtain enough statistical data. The spatial distribution of the soot luminosity is plotted with the histogram function with a bin width of 1mm.

	5.1.5 Heat flux calculation
	During the flame expansion on the plate, the temperature difference between the plate and flame leads to heat loss to the cold surface and further lead to soot formation on the plate. A metal plate with three embedded heat flux probes replaces the bottom quartz fixture to measure the surface and inner plate temperatures during the combustion event. The location of heat flux probes is illustrated in Figure 5.11. The location of the ideal impinging point is also marked in Figure 5.11. Its location is calculated based on the CV geometry, arrangement of the injector, and the impinging plate. It is noted that the impinging plate is replaced by a transparent quartz plate in Figure 5.11 for better visualization comparing the location of heat flux probes and the spray pattern. The transparent quartz plate and the metal impinging plate share an identical geometry. 
	/
	Figure 5.11. Locations of heat flux probes and their relative location with spray. At the initial location, three probes occupied locations 1, 2, and 3. The ideal impinging point is marked in between the location 1 and 2. The ideal impinging point is calculated based on the CV geometry and the arrangement of the injector and impinging plate.
	In this test, a DAQ system is triggered to record the temperature profile with a sampling rate of 100 kHz when the pre-burn mode is initiated. However, during the energized injection, there is noise in the temperature profile due to the energizing signals from the injector driver. A 100th order median filter is applied to the original temperature profile and the validation of the filtered temperature is shown in Figure 5.12. These three probes are installed evenly with a radial distance of 25 mm between location A (Location 1 in Figure 5.11) and C (Location 3). The heat flux probe is a 3-wire heat flux probe that consists of a 1.5-mm probe and two welded junctions. The 3-wire probe provides the ability to measure surface, embedded temperatures. The surface thermocouple is installed exposed to the ambient gas, while the embedded one is installed 2 mm below the surface one. 
	/
	Figure 5.12. Comparison of the raw surface temperature profile with median filtered surface temperature.
	After reaching the desired ambient pressure, the injector is triggered to inject the fuel into the chamber. The fuel is injected 0.27 ms later after the trigger signal due to the hydraulic injection delay. The actual injection duration is 2.4 ms which is 0.4 ms longer than the energized injection duration. The following equation is used to calculate the temporal local heat flux:
	where the k is the thermal conductivity of the stainless steel which is 44.5 W/m*K. ΔT is the temperature difference between the surface and 2 mm below the surface. d is the gap between the surface and embedded thermocouples, which is 2 mm. If the heat flux is positive, the local heat transfer is treated from the wall to the ambient. 
	However, in some test conditions with the shock of the electrical injection signals, the median filter can’t trace the early temperature change after the impingement. Therefore, a Fast-Fourier transform filter is applied to the temperature signals. The details will be provided in section 5.1.7.

	5.1.6 Apparent heat release rate calculation
	The apparent heat release rate (aHRR) in the constant volume chamber is calculated to identify the combustion phases of impinged combustion by varying the ambient temperature. Based on the assumption of a closed system operating with an ideal gas, the aHRR can be evaluated by Equation (5.17) [2]:
	where the specific heat ratio 𝛾 is a constant (1.35) for the mixture used in CV whose volume is fixed at 1.1 L. From Equation 5.17, it could be concluded that the aHRR is proportional to the bulk pressure change in the combustion vessel. Due to the acoustic wave in the vessel, the pressure curve shows an oscillation, and the profile needs to be filtered. The process of filtering pressure is addressed as follows: the pressure drop due to natural cooling is subtracted from the pressure rise because of the combustion. A sample pressure rise due to combustion is shown in Figure 5.13. In addition, the pressure rise is separated into two parts: the premixed portion and the diffusion portion. The separation point is defined as the center of the first rising curve. The pressure rises before and after the separation point contributes to the aHRR of premixed and diffusion combustion, respectively. A Butter worth filter with a cut-off frequency of 1500 Hz was applied for the diffusion portion.
	/
	Figure 5.13. Pure pressure rise due to combustion and the filtered pressure.
	A typical aHRR profile of diesel spray combustion is shown in Figure 5.14. The overall process is separated into three domains: I: Premixed combustion (constant volume process); II: Diffusion combustion (constant pressure process); III: Late burning. Note that there is an increase of heat release rate at an early stage of region I due to the cool flame effect.
	/
	Figure 5.14. The heat release rate of typical free spray diesel combustion.

	5.1.7 Fast-Fourier Transform related signal processing
	Due to the disturbance of the electrical shock from the injector driver, the temperature profiles acquired from DAQ need to be properly filtered. Initially, a median filter with 100th order is applied to the raw signals in section 5.1.5. However, the median filtered signals can’t track the dropping down phase after the impingement during the injection signals. Therefore, a fast Fourier transform (FFT) filter is applied to the original signals [119].  In Figure 5.15, the raw temperature profile, fast Fourier transform filtered, and median filtered profile is overlaid. The start of injection (SOI) is also marked in Figure 5.15. The actual temperature profile during the injection is blocked by the electronic injection signals. The power spectrum of the raw signals is shown in Figure 5.16. A low-pass strategy is adopted, and the cut-off frequency has been set to 500 Hz. In Figure 5.15, it could be seen that the FFT filtered signals could track before injection, during the injection, and after the injection phases properly. The start of injection is determined by finding the first electrical signal of the injection driver then adding the hydraulic delay of the injector which is ~ 0.27 ms for the LBZ injector. 
	/
	Figure 5.15. Overlaid raw, FFT filtered and 1D median filtered temperature profiles. 
	/
	Figure 5.16. The power spectrum of raw temperature signal from FFT.


	5.2 Simulation related data processing
	In section 5.1, the main methods of data processing for experiments have been introduced. In this section, the data post-processing for simulations will be explained in three different sub-sections: the column data extractions and definitions such as liquid length, ignition delay, etc., from the output files directly generated by the simulations, the virtual natural luminosity calculated from the simulations through using the theory of black radiation of soot and the curvature calculation for spray boundary generated in the simulations.
	5.2.1 Data extraction from simulations and definitions
	The outcomes from simulations are converted to column format using the built-in tool from CONVERGE© Studio. The data of column format is reconstructed in a 3D domain using the MATLAB scatter interpolant function. The 3D data could also be visualized by an open-source post-processing software, ParaView. It can quickly build visualizations to analyze data using qualitative and quantitative techniques. ParaView was developed to analyze extremely large datasets using distributed memory computing resources. Especially, it could provide the ability to render the dataset for better visualization. For simulations in reacting conditions, the ignition delay and liquid length are important to verify the outcomes from simulations with experiments. There are two ways to define the ignition delay: light intensity-based, and chamber pressure-based. The ignition delay obtained from the high-speed image is based on the threshold of intensity. A sample temporal maximum intensity is shown in Figure 5.17. The solid black line indicates the instantaneous maximum intensity on log scale in the high-speed image. Once the maximum intensity reaches the steady-state, half of it is defined as the threshold (dashed line). The time at the cross point is defined as the ignition delay.
	/
	Figure 5.17. A sample of ignition delay determination based on the maximum intensity of the flame.
	However, for simulations, it is hard to obtain the natural luminosity directly. Therefore, the ignition delay is determined by the pressure rise due to the combustion. Ignition delay was defined as the time when the mean pressure exceeded the originally filled pressure by 3 kPa, identical to the experiments. 
	For the liquid length, it is obtained by finding the maximum extent of the spray development in experiments. In the simulation, spray penetration before impingement was defined as the distance between the nozzle tip and the leading edge of the liquid spray encompassing 97% of the fuel mass.
	The standards for ignition delay and spray penetration are based on the ECN [81]. Details regarding the comparison between experiments and simulations will be discussed in section 5.3.

	5.2.2 Natural luminosity generated by simulations
	A method to visualize the soot field from a spray flame in CFD simulations was developed by Hessel et al. and utilized in this study [120]. This method allowed direct comparisons between natural luminosity images and CFD numerical results for the relative brightness of the soot incandescence. The method was based on projecting blackbody radiation from the soot cloud along line-of-sights onto a two-dimensional plane and accounted for the optical characteristics of the imaging system. The length scale of line-of-sight integration in the current study was 0.2 mm/pixel. Higher resolution could not be achieved due to the extremely huge computer memory requirement when processing the CFD column format data.
	The details of converting the soot volume fraction to the natural luminosity are provided as follows. The soot volume fraction is the ratio of the mass of soot divided by the volume of the cell to the mass of soot divided by the volume of soot particle. The processing steps are: Firstly, the radiant intensity of a soot particle assuming blackbody radiation is calculated based on the refractive index and temperature of soot particles. Then the soot emissivity is calculated based on the soot volume fraction and the distance along the line-of-sight direction within a cell. In the current thesis, the direction of line-of-sight is the z-axis which is the vertical direction. Next, the soot transmissivity is calculated by subtracting soot emissivity from 1. Finally, the signals received by the camera sensor are locally calculated by multiplying the soot transmissivity, the radiant intensity, and the spectral response of the camera. After the local calculation, the signals are integrated along the line-of-sight direction. 
	In a previous study [116], a direct comparison between the experiments and simulations have not been done. This was because that the line-of-sight integrated CFD luminosity images did not share the same luminosity scale with the experimental high-speed images. To facilitate direct comparison, the CFD intensity I(x,y)CFD was scaled with respect to the camera display scale (0-255). Figure 5.18 shows the highest intensity at each timestamp for the experimental results. The calibration point for simulations is chosen at the same time step to match the time of maximum experimental intensity. As can be seen in the figure, the highest intensity is increased with time and it reaches the maximum value at a certain time t ASOI, and then stays at a nearly constant value in experiments. Therefore, it is assumed time t ASOI is a relatively steady-state and the maximum intensity is the same for both the experiments and simulations at t under the same display scale. The scaled flame luminosity I’(x,y)CFD is obtained by using the following equation:
	The cal(I(x,y)CFD) and max(I(x,y)EXP) are marked with green and red circles in Figure 5.18, respectively. However, this method has limitations because the trends of experiments and simulations are diverse after the calibration point. The maximum intensity of experiments drops but the maximum intensity of simulations continues going up. This scaling process needs to be further modified to fit the trend to match the experimental results.
	/
	Figure 5.18. Temporal maximum intensity comparison between experiments and simulations. The cal(I(x,y)CFD) and max(I(x,y)EXP) are marked with green and red circles, respectively.

	5.2.3 Curvature calculation for transient turbulent impinging spray boundary
	In order to directly compare the curvature distribution with experimental results, LES simulation results were interpolated into a reconstructed domain with a grid resolution of 0.1047 mm. Limited by the computational cost associated with the resolution of the reconstructed data, CFD data analysis was only performed on a plane 1 mm above the impinging plate. The flame front boundary was traced by using the OH radicals contour (instead of natural luminosity in experiments) on the chosen plane. The curvature distribution was characterized as histograms with a bin size of 0.05 mm-1 for both experiments and simulations. The calculation of the boundary curvatures follows the method introduced in section 5.1.3. A sample of instantaneous OH contour is shown on the left of Figure 5.19. By using the boundary tracking method, the binary area of spray occupied region is detected and the boundary is marked together with the binary image. This detection is shown in the middle of Figure 5.19. The curvature profile from one edge of the spray boundary to another is displayed on the right of Figure 5.19. 
	/
	Figure 5.19. Left: Instantaneous OH contour from 900 K flame. Middle: Binary area of spray detected by the boundary tracking method. Right: Curvature profile of the detected boundary.


	5.3 Validation of simulations
	After the model description and definitions from simulations, the validation of simulations against the experimental results will be discussed in this section. The spray penetration and ignition delay will be compared between RANS, LES, and experimental results. The penetration and ignition delay validations for film cases will be discussed independently. The qualitative flame shape validation will be discussed in Chapter 6.
	5.3.1 Validations of spray penetration
	Spray penetration is one of the most widely used parameters for model validation. Figure 5.20 shows the temporal liquid penetration comparison between the experiment and the simulation at an ambient temperature of 900 K with 0% O2 before spray impinging on the wall, at 0.45 ms ASOI.
	/
	Figure 5.20. Spray liquid length comparison between RANS simulation and experiments. Tamb = 900 K, Pinj = 1500 bar and 0% O2.
	Figure 5.21 shows that the simulated liquid penetration for LES simulations matches the experimental results well which means the spray momentum is predicted well. The time of spray impingement at the current test condition is ~ 0.45 ms ASOI which is nearly identical between experiments and simulations. From Figure 5.21, it can be seen that the liquid length under Tamb of 900 K is close to the traveling distance. Thus, it can be concluded that spray under 900 and 1000 K ambient temperatures will not deposit distinct film but the spray under 800 K will under the impinging distance of 40 mm.
	/
	Figure 5.21. Spray liquid length comparison between LES simulation and experiments. Tamb = 900 K, Pinj = 1500 bar and 0% O2.
	For the film case, spray penetrations at different ambient temperatures and impinging distances were obtained from simulations and their comparisons with experimental data are shown in Figure 5.22. It is noted that the film case applies the RANS turbulence model.
	In Figure 5.22, it is observed that the simulation results matched well with the experimental result before 0.2 ms ASOI. After 0.2 ms ASOI, under the same impinging distance, the simulations slightly over-predict the spray penetration. It is noted that the spray penetration is saturated at an impinging distance of 30 mm after 0.2 ms ASOI due to the earlier impingement at a lower impinging distance.
	/
	Figure 5.22. Validation of the spray penetration for film case.

	5.3.2 Validations of ignition delay
	After discussing the spray penetration, the ignition delays from RANS, LES, and film cases will be provided in this section. 
	Figure 5.23 shows ignition delays at different ambient temperatures both in experiments and simulations. As mentioned in the previous section, ignition delay was obtained based on pressure- rise. The simulated ignition delay matches quite well at 900 K and 1000 K while it is over-predicted at 800 K. In addition, although the ambient temperature varied, the spray or the flame traveled towards the impinging plate with the same initial momentum. Thus, the spray impingement time was maintained the same under three temperature conditions around 0.45 ms, represented with a red solid line in Figure 5.23. It is also interesting to point out that though ignition delays at three ambient temperature cases is all longer than 0.45 ms, the flame luminosity at 900 K and 1000 K can be visualized even before the impingement [121]. This is likely because the luminosity could be either produced by the cool flame or the other radicals’ chemiluminescence.
	/
	Figure 5.23. Pressure-based ignition delay comparison between RANS simulations and experiments under different ambient temperatures.
	Figure 5.24 shows ignition delays comparison for LES simulations at ambient temperatures of 800, 900, and 1000 K with 18% O2 in both experiments and simulations. Simulation results showed 0.01 ms less variation at 800 and 900 K, and 0.1 ms less variation at 1000 K. The well-matched ignition delays indicate that the auto-ignition behaviors could be predicted well by the simulations. The well-matched ignition delay is also crucial for predicting the correct ignition location and representing the flame development from simulations.
	/
	Figure 5.24. Pressure-based ignition delay comparison between LES simulations and experiments under different ambient temperatures.
	Validation of ignition delays for film cases is shown in Figure 5.25. From Figure 5.25, it could be observed that the ignition delay matches well under the ambient temperatures of 900 and 1000 K. The impinging distance doesn’t have significant effects on the ignition delay under these two ambient temperatures. However, the simulation result at an ambient temperature of 800 K is over-predicted by around 0.5 ms. And shorter impinging distance leads to longer ignition delay at an ambient temperature of 800 K. The outcomes from simulations could do the quantitative comparison for the 900 and 1000 K cases but qualitative comparison for the 800 K case since the ignition delay is over-predicted at 800 K case.
	/
	Figure 5.25. Pressure-based ignition delay comparison between RANS (film) simulations and experiments under different ambient temperatures and impinging distances.



	6 Macroscopic spray and flame boundary structure and behavior of an impinging diesel spray
	In this chapter, the macroscopic impinged spray characteristics under both non-vaporizing conditions and reacting conditions will be discussed. The macroscopic boundary structure includes the distance of the impinged spray from the impinging point, the propagation rate of the spray, and radial intensity distribution from the Mie scattering signals and natural luminosity signals. In the first section, the propagation distance and propagation rate from non-vaporizing conditions are examined. In the second section, the flame front and bulk flame propagation speed are evaluated from reacting conditions. The results from non-vaporizing and reacting conditions are then compared to discuss the effect of reactions on the bulk spray propagation. In the last section, the results from CFD simulations are compared against the experimental results to verify the numerical outcomes.
	6.1 Time-resolved flame images and validation of flame shape from natural luminosity
	Time-resolved side-view images of flame luminosity (with dimensions of 50 mm vertical and 66.5 mm horizontal) are shown in Figure 6.1 to study the dynamics of impinged flame propagation. The injector tip and impinging plate are marked with blue triangles and solid yellow lines, respectively. As shown in the first row of  Figure 6.1, the soot is first observed above the plate at around 0.4 ms ASOI at the ambient temperature of 1000 K. At 0.6 ms ASOI, the observed soot region expands towards the impinging plate. At an ambient temperature of 900 K, the location of initially observed soot is closer to the impinging plate than the location at an ambient temperature of 1000 K but still lies above the plate. The appearance of the impinged flame at an ambient temperature of 900 K is comparable with the one at an ambient temperature of 1000 K, but less soot is formed at the upstream. It is also notable that a soot-rich region (the brightest region) is formed at the top of the flame front at these two temperatures. At the ambient temperature of 800 K, the soot is first observed in between 1.7 and 2.2 ms ASOI. When the impinged flame flashes back from the leading edge towards the impinging point, no soot is observed in the backside of the impinging point. At around 3 ms ASOI, there is no soot observed upstream for all three cases due to the end injection.
	Based on the previous study [122], the lift-off length of the free spray diesel combustion at an ambient temperature of 1000 K and ambient density of 22.8 kg/m3 is below 30 mm. And this lift-off length is much shorter compared to the distance between the injector tip and impinging plate in this study (> 40 mm). The behavior of impinged spray combustion resembles the free spray combustion before the impingement. Therefore, the ignition location is above the plate at the ambient temperature of 1000 K in this study. Since the soot is formed near the lift-off length region in free spray combustion, there is a flame impingement in between 0.6 and 1 ms ASOI which can be seen in the first row of images in Figure 6.1. Similarly, there is also flame impingement observed when the ambient temperature is 900 K. However when the ambient temperature is reduced to 800 K, the lift-off length is much longer, and the flame impingement is no longer visible at this ambient temperature.
	/
	Figure 6.1. A time-resolved flame luminosity development on varying ambient temperature from a side view.
	Time-resolved natural luminosity images of the experiments and line-of-sight integrated RANS simulation results from the bottom view are shown in Figure 6.2. It is noted that the line-of-sight soot field is integrated along z-direction in simulations. The impinging point at each condition is marked as a red point in the image. The direction of upstream incoming spray and the direction of flame expansion on the plate is marked with a green solid line and red dashed lines, respectively. The expanding flame is stretched from a circular shape at 1.2 ms ASOI towards an oval shape after 2ms ASOI. The flame luminosity is observed peripheral with respect to the impinging point in the experiments. In the simulation, even the soot luminosity is also peripheral with respect to the impinging point, the region upstream near the impinging point is not occupied by soot and there is no luminosity observed close to the impinging point as well.
	/
	Figure 6.2. Time-resolved natural luminosity images from experiments/line-of-sight luminosity image from simulations, the 900K flame. Left: experiment results; right: simulation results. Impinging point is marked as a red dot. The direction of upstream incoming spray and the direction of flame expansion on the plate is marked with a green solid line and red dashed lines in the very first image, respectively.
	Time-resolved natural luminosity images of the experiments and line-of-sight integrated LES simulation results from the bottom view are shown in Figure 6.3. It is noted that the line-of-sight soot field is integrated along z-direction in simulations. The impinging point at each condition is marked as a red point in the image. The direction of upstream incoming spray and the direction of flame expansion on the plate is marked with a green solid line and red dashed lines, respectively. The expanding flame is stretched from a circular shape at 1.2 ms ASOI towards an oval shape after 2 ms ASOI. The flame luminosity is peripherally observed with respect to the impinging point in the experiments. In the simulations, the soot luminosity is also peripherally observed but the region near the impinging point is not occupied by soot and there is nearly no flame luminosity observed close to the impinging point.
	//
	//
	Figure 6.3. Time-resolved natural luminosity images from experiments/line-of-sight LES luminosity image from simulations, the 900 K flame. Left: experiment results; right: numerical results. Impinging point is marked as a red dot. The direction of upstream incoming spray and the direction of flame expansion on the plate is marked with a green solid line and red dashed lines in the very first image, respectively.

	6.2 Non-vaporizing spray propagation characteristics after impingement
	6.2.1 Spray front distance
	The expansion distance for an impinged spray is defined as the distance from the local spray/flame outer boundary to the impinging point. Local expansion distance is used to examine the shape of impinged spray development quantitatively and globally. Four different time marks after starting of impingement (ASI) with an interval of 0.5 ms are chosen from the beginning of the impingement towards the end of injection. The baseline condition (Tamb = 423 K, Pinj = 1500 bar and ρamb= 22.8 kg/m3) for non-vaporizing spray is shown in Figure 6.4. The expansion distance is obtained radially starting from the spray axis and averaged by 5 repeats. Generally, local expansion distance increases with time at a given circumferential angle but the highest value is always at θ = 180° as most of the spray momentum is distributed along the axial direction after the impingement. The expansion rate which is the time derivative of expansion distance illustrates a decrement along with different ASIs. Except for the axial direction at 180°, most of the radial directions exhibit a deceleration when the time is increased which could be concluded from the more compact profiles. Such a phenomenon indicates that the spray expansion is decelerated due to the shear force acting on the spray from the impinging surface.    
	/
	Figure 6.4. Profile of expansion distance of liquid spray expansion along radial directions. Conditions: Tamb = 423 K, Pinj = 1500 bar and ρamb= 22.8 kg/m3.

	6.2.2 IRT plots of non-vaporizing diesel spray
	In section 6.2.1, the magnitude of the velocity of an expanding spray was obtained but the spray momentum is a combination of local mass and velocity. As mentioned in section 3.3.1, the signals from Mie scattering could represent the qualitative mass distribution of certain liquid droplets. In section 5.1.2, an image processing method called IRT was introduced to process the experimental spray images from the Mie scattering technique. With the help IRT method, the spatial and temporal information of Mie scattering images can be used to exploit qualitative mass distribution. The intensities of Mie scattering are attributed to the incident light angle, droplet size, and intensity of the light source. In the current study, the light source directly illuminates the bottom window of the combustion vessel. Therefore, the local intensities in Mie scattering images are mainly contributed by the number of droplets, i.e., the amount of mass deposited on the plate. Since the charge gas pressure is usually chosen as the adjustable parameter in the engine test instead of injection pressure, the effect of ambient density on the mass distribution will be discussed in this section for a non-vaporizing spray. The effect of ambient density on the local averaged intensity is shown in Figure 6.5, where it can be seen that the averaged intensities are uniformly distributed except in the axial direction which is the region between 150° and 210°. The averaged intensity at axial direction is much higher than other regions at the same time instant. With ambient density increment, averaged intensity also increases, while this increment happens in the axial direction only. 
	///
	Figure 6.5. Intensity-axial-time under different ambient density (a) 14.8 kg/m3 (b) 22.8 kg/m3 (c) 30.0 kg/m3. Conditions: Tamb = 423 K, Pinj = 1500 bar. The numbers marked on the dashed circles indicate the ASI time.

	6.2.3 Droplet sizing measurement under non-vaporizing conditions
	/
	Figure 6.6. Test conditions for droplet sizing measurement.
	The test conditions for droplet sizing measurements are shown in Figure 6.6. The ambient density, injection pressure, and temperature of the impinging plate are varied. The total sensor number is 36. Some of the tests were using sensors number 16-36 to only focus on the smaller size of the droplet. The Sauter Mean Diameter (SMD, D32) results are defined as the diameter of a sphere that has the same volume/surface area ratio as a particle of interest, which is a parameter standing for the average particle size. SMDs show an increase after impingement, as shown in Figure 6.7. The low temperature (135℃) case has the highest SMD value during the whole process. 200℃ case has slightly higher SMD than 250℃ case. The detailed probability density function (PDF) plots of particle size distribution at 5 ms ASOI are compared among three plate temperatures, as shown in Figure 6.8. The PDF shows the particle size distribution at 5 ms ASOI. The center of PDF locates at 54.12 µm, 18.48 µm, and 15.85 µm for 135℃, 200℃, and 250℃, respectively. 
	/
	Figure 6.7. Instantaneous SMD for different plate temperatures.
	/
	Figure 6.8. Particle size distribution at various plate temperatures.
	Droplet sizing measurement was carried out in five different locations and various ambient conditions. Figure 6.9 shows a schematic of the five locations in the experimental setup and the timing that the spray tip reaches the center of each detection location respectively. Baseline condition is ambient density of 22.8 kg/m3, injection pressure of 1500 bar.
	/
	Figure 6.9. A schematic of droplet sizing measurement.
	The SMD (Sauter mean diameter) is the main outcome of the droplet sizing measurement. Figure 6.10 shows the SMD evolution with time at 5 different locations at the baseline condition. Before the end of spray(~2.7ms), location 3 (impinging point) has the largest SMD. After the end of the spray, the SMD at 4 and 5 surpass at 3.
	/
	Figure 6.10. Instantaneous SMD at five different locations at the baseline condition.
	Figure 6.11 shows the results of the effect of injection pressure and ambient density on SMD evolution. Apparently, the injection pressure does not hold an obvious effect on the SMD. During the late spray, 1500 bar case shows a little bit high SMD than 1200 bar and 1800 bar cases. However, the high ambient density leads to smaller SMD, due to the effect that better air mixing and air entrainment.
	//
	Figure 6.11. Effect of injection pressure and ambient density on SMD.


	6.3 Reacting spray propagation characteristics after impingement
	6.3.1 Flame front distance and bulk flame propagation rate
	In the previous study, the expansion distance at axial and radial directions of the diesel impinged spray was quantified under non-vaporizing conditions [29]. In the current study, the flame expansion is visualized by the soot incandescence. Therefore, the flame front is important to locate the soot regions during the flame expansion. The flame front boundary is obtained to investigate the difference between the behavior of spray expansion and flame expansion. 
	The local flame front distance at Tamb (ambient temperature) of 1000 K is shown in Figure 6.12. The local flame front distances at four different timestamps are chosen to represent the trend of growth of the flame front, starting from 0.8 ms ASOI to 2 ms ASOI with an interval of 0.4 ms. At a given time, the local flame front distance is plotted along with the sequence of θ. Generally, the local flame front distance increases as the ASOI increases. At 0.8 ms ASOI (~ 0.3 ms after the flame impingement), the local flame front distance shows nearly a flat line with a magnitude of ~10 mm. However, at 1.2 ms ASOI, the local flame front distance at axial direction jumps towards around 25 mm from ~ 10 mm while the distance at two radial directions only increases to around 20 mm. At 1.6 ms ASOI, the local flame front distance keeps increasing but the growth rate in the same period (0.4 ms) at axial direction decreases. At 2 ms ASOI, the flame front distance has a slower rate of growth except for sectors between 0° to 50° and 300° to 360°. Such a phenomenon is due to the fact that the flame reaches the edge of the bottom window after 1.6 ms ASOI. Therefore, the local flame front distance is saturated at around 20 mm in sectors between 0° to 50° and 300° to 360°. 
	In order to compare the development of the pattern of flame expansion under-reacting cases and liquid fuel expansion under non-vaporizing cases, the ratio of axial flame distance to radial flame distance is obtained from taking the ratio of the flame distance at 180° to the flame distance at 90°. In a previous study [29], the ratio was around 1.4 under non-vaporizing conditions at 2 ms ASOI when the vertical distance between the nozzle tip and the impinging plate was 52 mm, showing an oval shape. When the vertical distance is reduced down to 40 mm, the ratio of axial to radial distance is increased to around 1.6 ~ 1.7 at 2 ms ASOI. The increased ratio of axial distance to radial distance may be due to the higher injection momentum at the shorter distance and combustion process. Such a phenomenon indicates that the shape of flame expansion is stretched, showing a slimmer oval shape along the axial direction. The increased ratio could allow more fuel vapor to accumulate in the axial direction, forming a fuel-rich zone and further producing soot in the subsequent combustion process.
	/
	Figure 6.12. Profile of local flame front distance at Tamb = 1000K and four different time stamps.
	The local flame front distance at Tamb of 900 K is shown in Figure 6.13. The profile of local flame front distance shows an asymmetric shape along with the axial direction. The local flame front distance is calculated starting from 1.2 ms ASOI at Tamb of 900 K. Compared with results at Tamb of 1000 K, the local flame front distance (FFD) is lower at 1.2 ms ASOI at Tamb of 900 K but shows a similar magnitude after 1.6 ms ASOI. 
	/
	Figure 6.13. Profile of local flame front distance at Tamb = 900K and four different time stamps.
	The local FFD shows an asymmetric shape, indicating an oval shape of the flame expansion pattern. The ratio of axial to radial distance is increased as the vertical distance between the nozzle tip and impinging plate is reduced. At Tamb of 900 K, soot doesn’t occupy the impinged spray before 1.6 ms ASOI. The soot area grows to catch the impinged spray outer boundary. Such a phenomenon leads to the fact that flame expansion rate at the early stage of timing after the flame impingement is lower compared with Tamb of 1000 K.
	In early engine cycles, the injection pressure could significantly affect the quality of the air-fuel mixing process [123]. Higher injection pressure could enhance the air-fuel mixing because it could allow more opportunity for the fuel to mix with air. Unlike a free spray, the momentum of impinged spray is re-distributed after the impingement. There are four stages defined for the expansion rate under non-vaporizing cases after the impingement: rapid deceleration; slow deceleration; constant expansion rate and expansion termination. If these stages are valid for impinged combustion, the regions which surround the impinging point should have the best quality of air-fuel mixing while the local region near the leading edge of the flame should have the worst quality of air-fuel mixing because the region near the leading edge sits in expansion termination stage. In this section, the effect of ambient temperature on the flame expansion rate is discussed. Local flame expansion rate (FER) is also plotted along the sequence of θ. 
	The local FER at Tamb of 1000 K is shown in Figure 6.14.  At 0.8 ms ASOI, the axial direction has the maximum velocity and the profile of the speed shows an asymmetric shape along the axial direction. At 1.2 ms ASOI, the axial direction shows a rapid deceleration while the velocity at other directions slowly decreases. At 1.6 ms AOSI, the flame expansion rate reaches the constant expansion regime, showing a nearly uniform velocity distribution from sectors 50° to 300°. At 2 ms ASOI, the flame front distance is already saturated in the sectors 0° to 90° and 270° to 360°. Therefore, in these sectors, the velocity decreases to nearly 0 m/s. While the magnitude of mean velocity at 2 ms ASOI is slightly lower than the mean velocity at 1.6 ms AOSI, the stage of velocity is still in the constant expansion regime. Therefore, at Tamb of 1000 K, the behavior of the flame expansion follows rapid deceleration; slow deceleration, and constant expansion rate. 
	/
	Figure 6.14. Profile of local expansion rate at Tamb = 1000K and four different time stamps.
	At Tamb of 900 K, the flame expansion rate is calculated starting from 1.2 ms ASOI. The profiles are shown in Figure 6.15. The flame expansion reaches the constant expansion regime after 1.6 ms ASOI. Furthermore, the velocity profile at Tamb of 900 K matches the velocity profile at Tamb of 1000 K. It is found that the ambient temperature doesn’t show significant effects on the expansion rate after 1.6 ms ASOI. However, at an ambient temperature of 900 K and 1.2 ms ASOI, the velocity is lower than the one at 1.6 ms ASOI under the same Tamb. This is due to the fact that the soot luminosity starts to be visualized at 1 ms ASOI and soot occupied area starts to expand in the impinged spray. The calculated flame expansion rate represents the growth rate of soot occupied area. The overall flame expansion at Tamb of 900 K still follows rapid deceleration; slow deceleration and constant expansion rate when soot occupies the impinged spray.
	/
	Figure 6.15. Profile of local expansion rate at Tamb = 900K and four different time stamps.

	6.3.2 Distance distributions of different levels of natural luminosity
	In this section, the distance distribution of flame luminosity is evaluated. In the previous section, a fuel-rich zone is assumed to be formed at the leading edge of the axial direction. If this assumption is true, a relatively bright sooting flame should be visualized at the leading edge of the axial direction. Note that there is no intensity threshold for this histogram study. Therefore, very few flame luminosities are observed outside the occupied flame area. The distance distribution at three different timestamps (1.2, 1.6, and 2 ms ASOI) which correspond to the timing of the evaluated FFD and FER are chosen to investigate the temporal distance distribution and its correlation with the FFD and FER. An additional timestamp (3 ms ASOI) is chosen because it is the timing of the early stage after the end of injection.
	The distance distribution of flame luminosity at Tamb of 1000 K is shown in Figure 6.16. The distance distribution of flame luminosity at 1.2, 1.6, 2, and 3 ms ASOI is shown in Figure 6.16(a), (b), (c), and (d), respectively. At 1.2 ms ASOI, three intensity groups (0-50, 50-100, 100-150) occupy the flame area and there is no flame luminosity higher than 150 observed at this moment. Most of the flame luminosity sits within the range of 15 mm to 20 mm. At 1.2 ms ASOI, the axial FFD is around 28 mm and the radial FFD is around 20 mm which can be obtained from Figure 6.12. The flame pixels are treated to be located near the leading edge of the axial direction when the distance between the flame pixel and impinging point is larger than radial FFD at a given time. At 1.6 ms ASOI, there are some flame luminosities in the intensity range 150-200 observed between 20 mm and 30 mm. At 2 ms ASOI, the histogram of flame luminosities in the intensity range 150-200 increases. The number of flame luminosities in the intensity range 150-200 is even, radially distributed on the plate between 10 mm and 50 mm. At this moment, the axial and radial FFDs are ~ 43 mm and ~ 25 mm, respectively. At 3 ms ASOI, the combustion phase reaches the late burning, and all fuel is injected into the vessel. There is a deep valley for three intensity groups (0-50, 50-100, 100-150) observed between 40 mm and 50 mm. The other two intensity groups (150-200 and 200-250) claim this region, indicating there is a soot-rich zone formed at the leading edge of the axial direction.
	The distance distribution of flame luminosity at Tamb of 900 K is shown in Figure 6.17. Before 1.6 ms ASOI, the flame occupied region (calculated from the integration of the flame occupied area) is smaller at Tamb of 900 K. The axial direction has a much smaller flame occupied region, showing a sharp decrease in the total counts of flame pixels beyond the distance of 20 mm. Even though the flame is still mainly occupied by that three intensity groups (0-50, 50-100, 100-150), the percentage of each of the three groups is not evenly distributed anymore. At the leading edge of the axial direction, the flame is mainly occupied by the group with the range of intensity 50-100 before 3 ms ASOI. At 3 ms ASOI, the distribution and flame occupied area are similar between Tamb of 1000 K and 900 K but the fuel-rich zone at Tamb of 900 K is not as bright as the case of Tamb of 1000 K.  
	/
	Figure 6.16. Distance distribution of flame luminosity at Tamb = 1000 K (a) 1.2 ms ASOI (b) 1.6 ms ASOI (c) 2 ms ASOI and (d) 3 ms ASOI.
	/
	Figure 6.17. Distance distribution of flame luminosity at Tamb = 900 K (a) 1.2 ms ASOI (b) 1.6 ms ASOI (c) 2 ms ASOI and (d) 3 ms ASOI.


	6.4 Comparison of macroscopic boundary structure between non-vaporizing and reacting spray 
	6.4.1 Comparison of front boundary and propagation rate
	In the previous sections, the local FFD and FER under reacting conditions were evaluated. In the previous study, a conceptual model of non-vaporizing impinged spray was described [31]. In that model, a vortex is formed at the leading edge of the axial direction and there is a stagnation region on the top of the leading edge. The local expansion rate and expansion distance under non-vaporizing conditions are evaluated and compared with the local FFD and FER to validate that conceptual model for the reaction cases.
	The local liquid spray expansion distance at Tamb of 423 K is shown in Figure 6.18. Generally, the profile of local expansion distance shows an asymmetric shape along with the axial direction. And it increases along with the ASOI increases. Compared to the local D with the local FFD, the magnitude of distance between 100° and 250° is similar between the non-vaporizing and impinged combustion conditions, indicating the overall expansion/propagation patterns aren’t changed due to the different ambient temperature and reactions. However, the fluctuation of the expansion distance is smaller than the reacting conditions. Such a phenomenon is due to the fact that the liquid fuel expansion is not easily perturbed by the ambient air compared with the gaseous phase of vapor fuel, showing a smaller shot-to-shot fluctuation on the expansion boundary under non-vaporizing conditions. Note that there are huge fluctuations of expansion distance near the backside of the impinging point. This is because the reflection on the edge of the bottom fixture affects the local intensity.
	The expansion rate at Tamb of 423 K is shown in Figure 6.19. Similar to the FER, the axial direction always has the maximum magnitude of the velocity under non-vaporizing conditions. The axial direction also has the maximum deceleration rate. From 0.8 to 1.2 ms ASOI, the axial velocity is reduced from around 55 m/s to 25 m/s while in the radial direction, the velocity is only reduced from around 35 m/s to 15 m/s. After 1.6 ms ASOI, the sharp spike at axial direction is no longer observed. The velocity is similar between 1.6 and 2 ms ASOI and there is no huge difference in temporal velocity distribution from 100° to 250°. At 0.8 ms ASOI, the velocity is higher at non-vaporizing conditions but shows a similar spatial magnitude distribution after 1.2 ms ASOI.
	After the comparison between the local expansion distance and flame front distance, the similar magnitude of these two distances shows that the behavior of the flame propagation under reacting conditions follows the same behavior of the spray expansion under non-vaporizing conditions. 
	/
	Figure 6.18. Comparison of local expansion distance at Tamb = 423K and flame front distance at Tamb = 1000 K.
	/
	Figure 6.19. Comparison of local expansion rate at Tamb = 423K and Tamb = 1000 K.


	6.5 Macroscopic flame boundary structure
	6.5.1 IRT plots of reacting diesel spray
	As a result, the effect of ambient temperature on IRT is shown in Figure 6.20(a). From the start of injection to the disappearance of flame, three ASOI times (i.e., 2 ms, 4 ms, and 6 ms) are marked with concentric red circles. The fuel spray is injected at 0° with respect to the impinging point. The timing of the first appearance of observed soot is marked by the green symbols over the entire sector. The time-resolved integration of flame luminosity is shown in Figure 6.20(b) to explain the evolution of overall soot production on the plate. The time-resolved integration of flame luminosity is obtained by adding up the normalized magnitude of 72 sectors at a given time. The red, green, and blue solid lines represent the time-resolved level of soot production at ambient temperatures of 1000 K, 900 K, and 800 K, respectively. 
	In Figure 6.20(a), the initial soot is observed at around 0.4, 0.8, and 1.8 ms ASOI at an ambient temperature of 1000 K, 900 K, 800 K, respectively. When the ambient temperature is 800 K, there is no soot observed in the regions between 0° to 30° and 330° to 360°, the backside of the impinging point. At an ambient temperature of 900 K, the soot is observed circumferentially with respect to the impinging point. A similar phenomenon is also observed at an ambient temperature of 1000 K with some irregularity. The green markers form a smooth circle at the ambient temperature of 1000 K, showing a consistent timing of the appearance of the first observed soot. While the magnitude of local IRT reduces as the ambient temperature is decreased, the most intensified regions of soot production at individual ambient temperatures are all located in between 150° and 210° after 2 ms ASOI. In Figure 6.20(b), the magnitude of temporal overall soot production is higher as the ambient temperature is increased. The slope of soot production is comparable at an ambient temperature of 1000 K and 900 K before the end of injection (at around 3 ms ASOI), but shows a slower rate of soot production at the ambient temperature of 800 K. After the end of injection, the magnitude of soot production begins to drop at all three ambient temperatures. After around 3.5 ms ASOI, the soot production shows a sudden decrease at an ambient temperature of 1000 K and 900 K on account of the effect of flame quenching in the radial direction. The fuel spray reaches the vertical distance of 40 mm at 0.5 ms ASOI under the same injection pressure, ambient density, and distance between the injector and impinging plate. Therefore, in this study, the timing of fuel impingement is assumed to be 0.5 ms ASOI.
	/
	Figure 6.20. Effect of ambient temperature on the integration of flame luminosity (a) IRT results (b) time-resolved integration of flame luminosity.
	The IRT results of different oxygen levels are shown in Figure 6.21(a). As can be seen in Figure 6.21(a), the occupied soot region of low oxygen percentage cases is comparable with high oxygen percentage cases while less local soot is formed at a given time. The soot is also observed between 0° to 30° and 330° and 360° at low oxygen percentage, indicating there is flame impingement and soot formation takes place above the plate at low oxygen percentage. 
	The time-resolved integration of flame luminosity at different ambient oxygen percentages is shown in Figure 6.21(b). The initial soot is observed at a similar time for these two oxygen percentages, showing approximately the same rate of temporal soot production before 0.8 ms ASOI. The temporal soot production at low oxygen percentage is lower than the one at high oxygen percentage in between 0.8 and 3.5 ms ASOI. There are two falling stages of soot production with different slopes. From around 3.5 to 4 ms ASOI, the temporal soot production shows a sharp reduction because of the effect of flame quenching in the radial direction. The second falling stage is mainly caused by the effect of flame quenching in the axial direction. It is noted that the temporal soot production at low oxygen percentage exceeds the one at high oxygen percentage after around 3.5 ms ASOI when the remaining fuel is consumed after the end of injection.
	/
	Figure 6.21. Effect of oxygen level on the integration of flame luminosity (a) IRT results (b) time-resolved integration of flame luminosity.
	Comparisons of IRT plots between experiments (left) and RANS simulation (right) are shown in Figure 6.22. Three ambient temperatures, 800 K, 900 K, and 1000 K are evaluated and shown from top to bottom. In general, the simulation results follow similar trends with experiments, showing that the relative intensity increases as the ambient temperature increases. The brightest region is observed in between 150° and 210° in both experiments and simulations while there is one peak observed at 180° in the experiments and two peaks observed at 210° and 150° in the simulations. However, the IRT plots from simulation show a wing shape, leaving an open area between 330° to 360° and 0° to 30°. The open area tends to close as the ambient temperature increases. The relative brightness of the 800 K flame is similar between the simulation and the experiment while the other two flames show a more intensive region after 2 ms ASOI. From the side view of experiments, the ignition starts before the impingement at both 900 K and 1000 K flames while far downstream after the impingement at 800 K flame. This phenomenon will lead to radial soot formation on the plate at both 900K and 1000 K flame, experimentally. While in the simulations, the structure of IRT plots of all three cases is similar to the experimental 800 K flame. Thus, if the ignition starts before the impingement, soot will be formed peripheral with respect to the impinging point after the impingement, looking from the bottom view. However, if the ignition starts after the impingement, soot will be formed mostly downstream but not close to the impinging point as well as the upstream.
	/
	/
	Figure 6.22. IRT plots under different ambient temperatures. Left column: experimental results, right column: RANS simulation results. Ambient temperature of 800 K, 900 K and 1000 K, from top to bottom.
	IRT plots of experiments (left) and LES simulations (right) are shown in Figure 6.23. The 900 K and 1000 K flames are evaluated and the results are shown from top to bottom. In general, the numerical results follow similar trends with experiments. Unlike the uniformly distributed intensity in experiments, the intensity in simulations is more intensive and not uniformly distributed in the angular domain. This is because the scaling process is more like a multiplying process without any physical conversion from the outcomes of the interpreted CFD luminosity towards the grayscale of the physical camera. However, even the luminosity distribution is not exactly the same between experiments and simulations, the high-intensity area is observed between 150° and 210° in both experiments and simulations. A more intensive region is shown in the 900 and 1000 K ambient conditions after 2 ms ASOI.
	/
	/
	Figure 6.23. IRT plots under different ambient temperatures. Left column: experimental results, right column: LES simulation results. The 900 K and 1000 K flames are shown from top to bottom.

	6.5.2 Distance distributions of different levels of intensity from CFD interpretation
	The distance between the flame-occupied pixel and the impinging point is calculated and plotted in a stacked bar chart with a bin width of 1 mm in Figure 6.24. Four different time steps listed from left to right, 1.2 ms, 1.6 ms, 2.0 ms, and 3.0 ms ASOI were shown for 900 K flame. The RANS simulation results are shown on the top while the experimental results are shown on the bottom. It is found that the relative highest flame luminosity is located close but behind the leading edge of the flame boundary. With the flame expansion on the impinging plate, the maximum expansion distance from the simulations is increasing which is marked with the solid line.
	The summation of all bars should equal the area of flame occupied region. And the discrepancy between the simulation and experiments mainly happens within 0 to 10 mm which is close to the impinging point. This is because the high-speed images captured the luminosity from the bottom view. The luminosity in this region may be caused by the luminosity in the spray cone above the impinging plate. The highest flame expansion distance shows good agreement between the experiments and simulations, as marked by a red line in Figure 6.24. Also, the distributions of pixel distance relative to the impinging point share similar trends between the experimental and simulation result, although, in the simulation result, the region within 30 mm is occupied by relatively low intensity (0-50).
	/
	Figure 6.24. Distance distribution of flame luminosity at different ASOI, 1.2 ms, 1.6 ms, 2.0 ms, 3.0 ms, from left to right, 900 K flame, top row: RANS simulation results; bottom row: experimental results.
	The distance between the flame-occupied pixel and impinging point is calculated and plotted in a stacked bar chart with a bin width of 1 mm in Figure 6.25 and Figure 6.26. The experimental results are shown on the left and the LES numerical results are shown on the right for both 900 and 1000 K ambient conditions at four different time steps (1.2, 1.6, 2, and 3 ms ASOI) from top to bottom. 
	The summation of all bars should equal the area of flame occupied region. The discrepancy of the shape of the distribution between the simulations and experiments mainly happens within 0 to ~ 10 mm which is close to the impinging point. This phenomenon could be observed in Figure 6.23. Except for the region between 0 to ~ 10 mm, the shape of the distribution of pixel distance shares similar trends between the experimental and numerical results.
	The distance distribution of flame of 900 K ambient condition is shown in Figure 6.25. In numerical results, most of the intensity is lower than 50 at 1.2 ms ASOI. At 1.6 ms ASOI, the quantity of intensity lower than 50 is nearly maintained the same but intensities higher than 50 are started to be observed. At 2 ms ASOI, very high intensities (> 200) are carried by the spray from ~ 30 to ~ 50 mm. The maximum distance of the experiments is located at ~ 30, ~ 40, ~ 45, and ~ 58 mm at 1.2, 1.6, 2, and 3 ms ASOI, respectively. The high intensities are mainly located in between ~ 40 and ~ 50 mm at 3 ms ASOI in experiments. From the simulations, the maximum distance is located at ~ 35, ~ 45, ~ 50, and ~ 60 mm at 1.2, 1.6, 2, and 3 ms ASOI, respectively. The high intensity from the simulations is mainly located between ~ 35 and ~ 55 mm at 3 ms ASOI. By comparing the locations of high intensity (> 150) and maximum distance at each time step, it is then concluded that the relative high flame luminosity is located close but behind the leading edge of the flame boundary.
	The distance distribution of flame of 1000 K ambient condition is shown in Figure 6.26. In both experiments and simulations, the quantity of 0-50, 50-100, and 100-150 are nearly the same along with the axial distance before 1.6 ms ASOI. At 2 ms ASOI, the high intensity (> 150) starts to be observed in the experiments. At 3 ms ASOI, high intensity is observed between ~ 40 and ~ 55 mm near the leading edge of the flame. In numerical results, the percentage of low intensity is (< 50) increased significantly in between the region between the ~ 10 and ~ 40 mm. Intensities higher than 150 start to vanish after 2 ms ASOI, making a low intensity (< 50) dominate the intensity distribution. Similar to the experimental results, high intensity (> 150) is also observed near the leading edge of the flame in the simulations.
	/
	Figure 6.25. Distance distribution of flame luminosity at different ASOIs, 1.2, 1.6, 2, and 3 ms, from top to bottom, the 900 K flame, left: experimental results; right: LES simulation results.
	/
	Figure 6.26. Distance distributions of flame luminosity at different ASOIs, 1.2, 1.6, 2.0, 3.0 ms, from top to bottom, the 1000 K flame, left: experimental results; right: LES simulation results.



	7 Microscopic spray and flame boundary structure and behavior of an impinging diesel spray
	7.1 Experimental results
	7.1.1 Curvature distribution of a non-vaporizing impinging spray
	In order to quantify local characteristics of the expanding impinged spray boundary, curvature distribution (or histogram) of the boundaries is present in Figure 7.1. Positive curvature indicates a convex shape of spray expansion while negative curvature refers to a concave shape of spray expansion. Zero curvature indicates flatness. The summation of the counts of curvatures equals total pixels along the boundary at a given time. Since total pixels on the boundary increase, because the perimeter of the boundary increases along with time, the summation of counts of curvature is increasing. The absolute magnitude of curvature mostly falls in between 0 and 0.5 mm-1 (relatively flat region) nevertheless very few highly wrinkled shapes are observed (absolute magnitude of curvature is greater than 0.5 mm-1 but counts are lower than 20). The boundary of spray expansion becomes more wrinkled just after the spray impingement when comparing the curvature distribution between 0 and 0.5 ms ASI. 
	Standard deviation is used to describe the dispersion degree of distribution. In the current study, the curvature distribution is symmetric along curvature (at 0 mm-1) which means the mean value is near 0 mm-1. A larger standard deviation of curvature distribution represents boundary more wrinkled compared to the boundary which has a smaller standard deviation of curvature distribution. At 1 ms ASI, the standard deviation is 0.34 mm-1, and the mean value is 0.026 mm-1. At 1.5 ms ASI, the standard deviation is 0.3 mm-1, and the mean value is 0.02 mm-1 under non-vaporizing conditions. Such a phenomenon can be observed by comparing the curvature distribution between Figure 7.1(b-d). While the number of boundary pixels grows significantly, most of the local curvature starts to remain in the same region that curvature equals zero. A high peak of ~ zero curvature is observed as growing, indicating the overall boundary of spray expansion under non-vaporizing conditions becomes smoother along with time. After the spray impingement, the outmost boundary initially becomes wrinkled due to the splash and rebound phenomenon but smooth at a later expansion. During the expansion, the momentum of droplets is dissipating while most of the impinged fuel is still in the liquid phase at Tamb = 423 K. The air perturbation may not be strong enough to make the boundary highly wrinkled. Therefore, very few relatively large magnitudes of curvature are observed (absolute magnitude of curvature > 0.5 mm-1). 
	//
	//
	Figure 7.1. Local curvature distribution development (a) ASI = 0 ms (b) ASI = 0.5 ms (c) ASI = 1 ms (d) ASI = 1.5 ms. Conditions: Tamb = 423 K, Pinj = 1500 bar and ρamb= 22.8 kg/m3.

	7.1.2 State-relationship between local curvature and intensity of Mie scattering
	It is postulated that wrinkled boundary may result from the strength of air entrainment and spray momentum. Stronger air entrainment suppresses the spray expansion, leading to a concave shape of the boundary. The dissipation rate of the impinged spray momentum would be slower in a region with weaker air suppression, leading to form a convex shape of the boundary. The concave region may accumulate more droplets than the convex region because the movement of droplets in the concave region is limited. The scatter plot between integrated intensity at a given boundary pixel and its curvature is shown in Figure 7.2. 
	//
	//
	Figure 7.2. Curvature correlation with neighbor integrated Mie scattering intensity (a) ASI = 0 ms (b) ASI = 0.5 ms (c) ASI = 1 ms (d) ASI = 1.5 ms. Conditions: Tamb = 423 K, Pinj = 1500 bar and 𝜌𝑎𝑚𝑏= 22.8 kg/m3. The scatters obtained from θ = 0° and θ = 180 ° are shown in the red circle and green circle, respectively. 
	Two regions are marked with red circles and green dashed circles. The red region is mainly occupied by the boundary pixels near θ = 0° with low magnitude integrated intensity while the green region is mainly occupied by the boundary pixels near θ = 180° with high magnitude of integrated intensity. In Figure 7.2, most scatters reside symmetrically, vertically along the curvature (at 0 mm-1) where the local outmost boundary is relatively flat. Under non-vaporizing conditions, the shape of spray expansion is mainly controlled by spray momentum because the momentum flux of the liquid phase is much higher than the vapor phase and air perturbation is not strong enough to significantly change the shape of the spray expansion. The effect of air entrainment on liquid spray expansion can be negligible. However, if the ambient temperature is raised enough to fully vaporize the fuel before impingement, it is expected the shape of spray expansion is mainly controlled by both spray momentum and air entrainment.

	7.1.3 Curvature distribution of a reacting impinging spray
	The curvature of the flame outmost boundary is calculated to investigate the effect of air entrainment on the shape of flame expansion. The snapshots of curvature distribution at the different ASI times are shown in Figure 7.3 for the 900 K flame. As expected, the flame outmost boundary demonstrates a more wrinkled structure than the liquid spray expansion boundary. The majority of curvature magnitude resides in between -1.0 to 1.0 mm-1. At 0.5 ms ASI, the curvature profile shows an asymmetric shape along zero curvature. Unlike the curvature distribution of non-vaporizing conditions as seen in Figure 7.1, the range of absolute value of curvature under reacting conditions stretches from -2 to 2 mm-1, creating very fine flame wrinkles. The standard deviation of the curvature distribution is 0.4 mm-1 at 1 ms ASI and it increases to 0.7 mm-1 at 1.5 ms ASI. This indicates that the outmost flame boundary becomes more wrinkled with time. As time progresses, the concave region is continuously suppressed and the convex region keeps expanding, making the boundary more stretched. Compared with the standard deviation at 1.5 ms ASI which is 0.3 mm-1 under non-vaporizing conditions, the flame boundary is obviously much more wrinkled after the impingement than that under the non-vaporizing conditions. At 1 ms ASI, the curvature distribution is comparable with the curvature distribution at 0.5 ms ASI except for the zero curvature. Note that this curvature distribution information provides only the degree of wrinkling not the fluctuation amplitude of wrinkles. As time progresses, the counts of curvature are nearly the same at a given curvature except for the zero curvature.
	///
	Figure 7.3. Curvature distribution of flame outmost boundary (a) ASI = 0.5 ms, (b) ASI = 1 ms, and (c) ASI = 1.5 ms. Conditions: Tamb = 900 K, Pinj = 1500 bar, and ρamb = 22.8 kg/m3.
	The curvature of flame outmost boundary at Tamb = 1000 K shown in Figure 7.4 is also evaluated to investigate the effect of ambient temperature on the local flame expansion structure. Compared with the curvature distribution at Tamb = 423 K, high curvatures (absolute value of curvature > 1 mm-1) are also observed. Compared with the curvature distribution at Tamb = 900 K as shown in Figure 7.3, a temporally similar curvature distribution can be seen, and therefore, the effect of ambient temperature on the flame expansion boundary is insignificant, as long as the flame development is identical. The global structure of flame expansion is found to be similar to the structure of spray expansion under non-vaporizing conditions due to the identical spray momentum distribution after the impingement, while the local structure of flame outmost expansion boundary, i.e., the degree of wrinkling, is significantly modified by the strength of air entrainment.
	//
	//
	Figure 7.4. Curvature distribution of flame outmost boundary at (a) ASI = 0 ms, (b) ASI = 0.5 ms, (c) ASI = 1 ms, and (d) ASI = 1.5 ms. Conditions: Tamb = 1000 K, Pinj = 1500 bar and ρamb = 22.8 kg/m3.

	7.1.4 State-relationship between local curvature and intensity of natural luminosity
	With the visual inspection of expanding impinged flame, there exists a coherent pattern on the flame boundary and the near-field flame luminosity (intensity). Here, the correlation is calculated on the curvature along the impinged flame boundary by integrating the luminosities in a square region with 2 mm-length which is determined by the sensitivity analysis in the vicinity of the boundary. Unlike non-vaporizing cases, the scatter plot in Figure 7.5 illustrates coherent distribution from the high integrated intensity (relative high soot production) at the negative curvature (concave) to the low integrated intensity (relative low soot production) at the positive curvature (convex). This correlation is obviously seen as an inverted “S”-shape, which is marked with a red solid line, with time, as seen in Figure 7.5. During the flame expansion on the plate, soot tends to be formed near the concave shape of the flame boundary where the flame expansion is greatly suppressed. With continuous fuel injection, more fuel vapor is possibly accumulated in concave regions and it may lack the opportunity to mix with ambient air. While in the convex region, i.e., positive curvature, the magnitude of integration of soot luminosity becomes smaller, showing much less soot formed near the flame boundary. In the convex region, the outmost flame appears to exceed the current boundary, yielding more opportunity for the vapor fuel to mix with the ambient air and thus further prohibit soot formation in that region. This inverted S-shape is a new finding of the state relationship at the solid-liquid-gas interface flame propagation.
	//
	//
	Figure 7.5. Curvature correlation with neighbor integrated soot luminosity (a) ASI = 0 ms, (b) ASI = 0.5 ms, (c) ASI = 1 ms, and (d) ASI = 1.5 ms. Conditions: Tamb = 1000 K, Pinj = 1500 bar and ρamb = 22.8 kg/m3.

	7.1.5 Mechanism of flame boundary formation after impingement
	From the curvature distributions at different ASIs, the positive and negative curvatures are almost distributed evenly along the flame boundary. By analyzing the curvature profiles along the flame boundary, the quantity of the peaks could be found at the given ASI time. Due to the radial propagation of the flame on the impinging plate, a method that transfers curvature profile to the angular domain was used. Detailed information on this re-sampling-based method is provided in [124]. Figure 7.6 shows the power spectrum results from the 900 K flame. The power spectrum is colored by the normalized amplitude at a given ASI. The x-axis is the degrees per peak after the transformation (for example, 40 degrees per peak indicates it could be found a peak on the flame boundary rotating every 40 degrees). By dividing the degrees per peak, the quantity of convex and concave on the flame could be found. The power spectrum generated from the curvature profile represents the characteristics of the peak on the flame boundary along with ASI. From Figure 7.6, it is observed that there is an intensive band between 15 and 40 degrees per peak. An intensive band seating indicates that the peaks are distributed evenly along the flame boundary. The single band is nearly unchanged along with ASI. However, the boundary is not purely formed with certain degrees per peak. There are also some parts that show higher degrees per peak than 40 after 1.7 ms ASI which indicates there is a violent fluctuation on the flame boundary. 
	/
	Figure 7.6. Normalized power spectrum of the curvature profile for the 900 K flame.
	Figure 7.7 shows the power spectrums of the curvature profile of the 1000 K flame at each ASI. A single peak is observed near 30 degrees per peak in the power spectrum of both 900 and 1000 K flames. However, compared to the spectrum of the 900 K flame, the intensive band is narrower which indicates the flame boundary is more stable. Echoing the curvature distribution from Figure 7.3 and Figure 7.4, the microscopic flame structure is comparable and even the fluctuation behavior of the flame front is similar under ambient temperature 900 and 1000 K. Due to the fact that the combustion characteristics are different under 900 and 1000 K ambient conditions, the spray momentum could be the main factor that affects the macroscopic flame structure in terms of propagation rate, flame front distance, curvature magnitude of the flame front as well as the distribution of curvatures along the boundary. 
	/
	Figure 7.7. Normalized power spectrum of the curvature profile for the 1000 K flame.


	7.2 Simulation results
	7.2.1 Curvature distribution from simulations
	The curvature of the flame boundary is one of the parameters that could be used to evaluate the turbulence intensity and quality of mixing along the flame boundary. The precision of the curvature calculation depends on the grid resolution of the images or the cell size of the simulations. Therefore, simulation column-format results were interpolated into a reconstructed 3D domain with a fixed size for all cells with a resolution of 0.1047 mm/cell to match the pixel resolution of experimental high-speed images. The curvature of flame boundary in simulations was performed on a horizontal plane ~ 1 mm (~ 10 cells height) above the impinging plate. However, the curvatures obtained from experiments were traced by the projected flame looking from the bottom. The flame boundary in simulations was traced through the OH radicals’ contour (instead of natural luminosity in experiments) on the chosen plane. Curvatures of the flame boundary were calculated according to ref [118]. The curvature distributions were characterized as histograms with a bin size of 0.05 mm-1 for both experiments and simulations.
	Figure 7.8 shows the comparison of curvature distribution at 0.5 and 1.0 ms ASI of the 900 K flame. Boundary pixels having higher absolute curvatures than 2 mm-1 were binned into -2 mm-1 and 2 mm-1, respectively. These high curvature pixels have relatively small quantities (~ 1% of all evaluated pixels) so they would not affect the global shape of the distributions. Generally, symmetric distribution with respect to zero curvature (flat flame boundary) at the center and rapidly decaying in both negative and positive directions are observed in both experiments and simulations. The mean value and standard deviation of the curvature profile for the 900 K flame at both 0.5 and 1.0 ms ASI are close to the experimental results (~ 7% deviation). It is noted that the sharp spikes of zero curvature of experiments at 1 ms ASI are due to the smooth boundary blocked by the view of the impinging plate which could be seen in Figure 5.19(middle).
	/
	Figure 7.8. Curvature distributions of the 900 K flame.
	Figure 7.9 shows a comparison of the curvature distributions between experiments and simulations of the 1000 K flame at 0.5 and 1.0 ms ASI. Simulation results agreed with experimental results. From 0.5 to 1.0 ms ASI, the mean curvature value changes from 0.02 mm-1 to 0.01 mm-1, and the standard deviation increases from 0.38 mm-1 to 0.66 mm- 1. A similar trend of curvature distribution is observed in both 900 and 1000 K flames in simulations.
	/
	Figure 7.9. Curvature distribution of the 1000 K flame.

	7.2.2 Vertical temperature and soot distributions at different heights above the impinging plate
	As the flame is propagating on the plate, the maximum expansion distance is getting increased. A normalized distance is required to represent the locations of the corresponding intensive soot regions at different time steps. It is the ratio of the flame location to the distance of the leading edge. The normalized distance of 0 and 100% represents a location at the impinging point and the leading edge of the flame, respectively.
	Figure 7.10 demonstrates the definition of the normalized distance and a cut view of the impinged flame of 900 K ambient condition. The impinging point is marked as a red dot and two scales, 50 and 100% are marked with black lines. The chosen plane is aligned with the spray axis with a thickness of 0.2 mm.
	/
	Figure 7.10. Definition of the normalized distance between the impinging point and leading edge.
	After the ignition delay, residence time affects the soot formation of diesel spray combustion. As the ignition delays are unlike for various ambient temperature conditions, the ASOI is inappropriate for evaluating the soot formation. Hence a new time scale called AID (after the ignition delay) is used to maintain the residence time of soot. AID represents the difference between ASOI and ignition delay. 0.5, 1 and 1.5 ms AID are the three various timesteps used in ambient 900 and 1000 K conditions.
	Figure 7.11 shows the temperature and soot mass fraction of the the 900 K flame in a given cross-section together at each time step. At the ambient 900 K condition, the profiles for temperature (black) and soot mass fraction (red) vs. the height from the impinging surface at different normalized distances (50 to 80%) are represented in Figure 7.11. The temperature is ranged from 900 to 2600 K and the soot mass fraction is ranged from 0 to 2*10-3.
	The profiles show that temperature and soot mass fraction are changed in the layer near the impinging surface. The starting point which is located at the one-cell height (0.125 mm) above the impinging surface is marked as ‘close to plate’ (C to plate) in Figure 7.11. At 0.5 ms AID and a normalized distance of 0%, the temperature profile has one peak at ~ 8 mm height. The peak of the temperature indicates the upper flame boundary. As the height lowers, the temperature is decreased because fuel occupies the region near the impinging point. At the normalized distance of 50%, two peaks on the temperature profile are observed at different heights such as ~ 8 and ~ 3.7 mm. The higher peak indicates the flame boundary while the lower peak indicates the boundary between the high-temperature region and soot formation region in the flame. Below the lower peak soot mass fraction is increased and temperature is decreased. The temperature and soot mass fraction profiles are similar at a normalized distance of 60 and 70% compared to 50% whereas at a normalized distance of 80% different trends are observed near the impinging surface. Both temperature and soot mass fraction are decreased below ~1.5 mm. 
	For normalized distances of 50, 60, and 70%, the results at 1 ms AID shows a similar trend as 0.5 ms AID for soot mass fraction less than 2 mm height, i.e., soot mass fraction is increased as the temperature is decreased near the impinging plate. Whereas at 80% soot mass fraction is ~0 below 2 mm height but observed temperature between 0.5 and 5 mm is ~2200 K then is decreased below 0.5 mm. 
	All normalized distances show a similar trend below 2 mm height at 1.5 ms AID, i.e., soot mass fraction is increased, and temperature is decreased. From the color map of soot mass fraction, a dense core of soot is observed at the top of the leading edge of the flame and a layer of soot is observed just above the plate.
	Figure 7.12 shows the temperature and soot mass fraction of the 1000 K flame in each cross-section. The profiles for temperature (black) and soot mass fraction (red) vs. the height from the impinging surface at different normalized distances (50 to 80%) are represented in Figure 7.12. At 0.5 ms AID, the region near the impinging point is mainly occupied by the fuel. Thus, the temperature at a normalized distance of 0% near the same point is much lower than the flame temperature. From the soot mass fraction map, a dense core of soot is observed near the leading edge of the flame between the normalized distance of 60 and 80%. At all normalized distances, the soot mass fraction is increased, and temperature is decreased below 2 mm height.
	/
	/
	/
	Figure 7.11. Temperature, soot mass fraction map, and profiles near the impinging plate. From top to bottom: AID = 0.5, 1.0 and 1.5 ms, the 900 K flame. *C plate = close to the impinging plate.
	/
	/
	/
	Figure 7.12. Temperature, soot mass fraction map, and profiles near the impinging plate. From top to bottom: AID = 0.5, 1.0 and 1.5ms, the 1000 K flame.
	At 1 ms AID, below 1.5 mm height soot mass fraction near the impinging surface is increased as the temperature is decreased. From the soot mass fraction map, relatively dense soot regions are observed between normalized distances 60 and 80%. One dense soot core is above the plate and a soot layer is also found near the impinging plate. At 1.5 ms AID, soot mass fraction is increased and temperature is decreased below 2 mm height at all normalized distances. The soot core at the top of the leading edge vanishes and a denser soot layer is located near the impinging plate.
	From Figure 7.11 and Figure 7.12, the soot mass fraction is generally increased near the impinging surface. From the temperature map, a relatively low-temperature layer is found close to the impinging surface at all three temp steps, attributed to the heat transfer between the plate and flame. The temperature in the layer is mostly seated in the temperature range of soot formation. Therefore, the soot is observed near the impinging surface. Also, ambient gas is hard to entrain to the region close to the wall which will lead to worse soot oxidation.
	When the flame propagates on a plate, the soot layer which is formed near the impinging plate is accumulated and moving with the leading edge of the flame. This is due to continuous fuel deposited on the wall and worse soot oxidation because of lack of air entrainment to the wall. From the soot mass fraction map of all three timesteps, the soot layer starts to be formed after the impingement and the soot mass fraction in the soot layer is increased when the residence time of soot is increased.



	8 Thermal characteristics of an impinging diesel spray
	In this Chapter, the apparent heat release rate from the reacting conditions and the heat flux of an impinging diesel spray is discussed. The heat transfer coefficients obtained from the heat flux are also calculated to define the heat transfer regimes with respect to the distance from the impinging region. The heat transfer coefficients were obtained from non-vaporizing conditions.
	8.1 The apparent heat release rate of an impinging diesel spray
	The effect of ambient temperature on heat release rate is shown in Figure 8.1. Red, green, and blue solid curves show the heat release rate at ambient temperatures of 1000 K, 900 K, and 800 K, respectively. The transparent color band represents the uncertainty among 5 repeats. The timing of vapor fuel impingement (tvimp) and flame impingement (tfimp) are marked with black arrows in Figure 8.1.
	At the ambient temperature of 1000 K, a sharp spike due to premixed combustion is observed. A lower magnitude of temporal aHRR as compared to the premixed portion is observed, after around 1 ms ASOI. At the ambient temperature of 900 K, the premixed portion is still notable, but the duration of the premixed portion is extended. There is also a large shot-to-shot variation of the magnitude of aHRR in the premixed phase compared to an ambient temperature of 1000 K. As seen in the second row of Figure 6.1, the flame is formed very near to the plate at an ambient temperature of 900 K. This shot-to-shot variation could be possible because of the fluctuation of flame impact on the impinging plate. Even though the duration of the premixed combustion portion is different at ambient temperatures of 900 K and 1000 K, the temporal magnitude of aHRR of these two ambient temperatures is the same with each other after around the 1.7 ms ASOI. At an ambient temperature of 800 K, the discrete premixed and diffusion portions are no longer notable. As can be seen in the third row of Figure 6.1, the flame is observed after 1.7 ms ASOI and far at the front side of the impinging point. The aHRR starts to increase after around 1.5 ms ASOI and this delayed ignition gives more time for fuel to vaporize and mix with the air. The trend of the apparent heat release rate at an ambient temperature of 800 K resembles the trend of low-temperature premixed combustion in the previous study [125]. The combustion phase at an ambient temperature of 800 K is more like premixed combustion.
	/
	Figure 8.1. Effect of ambient temperature on the apparent heat release rate.

	8.2 Heat flux of an impinging diesel spray
	During the flame propagation on the plate, there is heat loss from the flame to the impinging plate. The local heat transfer at a given location is considered affected by flame temperature. Therefore, three heat probes are lined along with the axial direction to investigate the effect of spray impingement on the local heat transfer. The local heat flux at different temperatures and locations is discussed in this section.
	The heat flux at locations A, B, and C at an ambient temperature of 1000 K is shown in Figure 8.2. After the start of injection but before spray impingement, there is heat transfer from ambient air to the plate because of the temperature difference (Tamb of 900 K and 1000 K, the plate temperature is heated up from 423 K to 523 K in heat flux measurements). The heat flux data were analyzed with the subtraction of the pre-burn heat loss. The temporal heat flux reaches the maximum at around 3 ms AOSI. Location B has the maximum temporal heat flux while location A has the minimum temporal values of heat flux. Since the flame firstly impinges on the plate and then propagates radially, the heat flux at location B starts to increase first and the direct impingement makes the heat flux maximum at location B. 
	At Tamb of 900 K, the magnitude of heat flux at location A is similar to the one at Tamb of 1000 K. The profiles of the 900 K flame are shown in Figure 8.3. However, the temporal magnitude at location B is different from the magnitude at location B at Tamb of 1000 K. Note that Nusselt number is a function of Reynolds number and Prandtl number. In this study, Prandtl number doesn’t change. In Figure 6.14 and Figure 6.15, after 1.2 ms ASOI, the expansion rate is similar between the ambient temperatures of 900 K and 1000 K. Therefore, Reynolds number is comparable in these two cases, which leads the Nusselt number similar and therefore, the convective heat transfer coefficient is nearly the same under Tamb of 900 K and 1000 K. Since the heat flux is calculated by using convective heat transfer coefficient and temperature difference between the flame and cold surface, high flame temperature could lead to high local heat flux. Therefore, heat flux at location B under Tamb of 900 K is lower than the one under Tamb of 1000 K because the flame temperature is lower at Tamb of 900 K than Tamb of 1000 K [135]. Therefore, the temporal magnitude of the heat flux near the impinging point is mainly controlled by the flame temperature because of the direct impingement. At location C, the magnitude of heat flux at Tamb of 900 K is higher than the heat flux at Tamb of 1000 K. The flame expansion rate is higher at location C under Tamb of 900 K which is FER at θ of 360°. With the same Prandtl number but a higher Reynolds number because of a higher flame expansion rate at location C at Tamb of 900 K compared with the FER at location C and Tamb of 1000 K, the local Nusselt number is higher, and local convective heat transfer coefficient is higher at location C and Tamb of 900 K, leading to higher heat flux compared to it at Tamb of 1000 K.
	/
	Figure 8.2. Profile of local heat flux at three different locations and Tamb = 1000 K.
	/
	Figure 8.3. Profile of local heat flux at three different locations and Tamb = 900 K.
	The temporal heat flux at the three locations under different ambient temperatures is shown in Figure 8.4. The local convective heat transfer can be determined by the product of the convective heat transfer coefficient and the temperature difference between the bottom surface and impinging flame. The flame development is quite different at Tamb = 800 K compared to the other two temperatures. The 800 K flame developed after impingement while the other two ambient temperature flames began just around the impingement time (900 K flame) or even before the impingement (1000 K flame). The auto-ignition at Tamb = 800 K happens at farthest downstream and recesses back towards the impinging point. As can be seen in Figure 8.4, the temporal rate of heat flux of 800 K flame is much lower than the other two conditions. There are possibly two reasons: The convective heat transfer, which is mainly induced by the bulk motion of the flame, is lower under 800 K flame because of lower adiabatic flame temperature. In spite of the temperature difference between surface and combustion gas, radiation of soot particles is another source of local heat flux [136]. The soot production of 800 K flame is found much lower than the other two conditions. Thus, the radiative heat transfer is also lower under 800 K flame. These two factors make the temporal rate of heat flux under 800 K flame near half to other two flames at location A and C and 1/3 at location B.
	// /
	Figure 8.4. Local heat flux at different locations (a) Location A, (b) Location B, and (c) Location C. Conditions: Pinj = 1500 bar and ρamb = 22.8 kg/m3, 18% O2.


	9 Soot formation in an impinging diesel spray
	9.1 The mechanism of soot formation in an impinging spray
	According to the observations from ref [121], it is noted that ignition location and soot growth varies among different ambient temperatures. When the test condition has a certain combination (for my cases, Pinj of 1500 bar, vertical impinging distance of 40 mm with an impinging angle of 60°, ρamb of 22.8 kg/m3, and Tamb of 800 K with ultra-low sulfur diesel as the fuel), the high-temperature reaction zones (where OH are formed) are mainly found at the boundary of the impinged part of the spray.  From natural luminosity images, the flame propagation direction of the 800 K flame is also different from the 900 and 1000 K flames. A schematic describing such a phenomenon is shown in Figure 9.1 for the flame development of 800 and 1000 K flames from the start of ignition to the timing when the flame is developed. The main spray is rendered with black which is shown in Figure 9.1(a). The darkness of the spray indicates the relative equivalence ratio. A higher equivalence ratio is presented with a darker color. The volume-rendered 3D temperature distributions in the spray are shown in Figure 9.1(b) to (e) with false colors for 800 K (bottom row) and 1000 K (top row) flames. 
	After the start of injection, when the ignition location is found in the free part of the spray in Figure 9.1(b), the high-temperature region is initiated from the free part of the spray, following the spray momentum and subsequently catching the spray front and covering the whole spray as shown in Figure 9.1(c). However, for the 800 K flame from Figure 9.1(d) to (e), the initial ignition is found at the edge of the expanding spray. The high-temperature region is propagating countering the direction of spray momentum. Such a different flame development behavior may lead to different temperature gradients and mixing behaviors. As the soot formation is strongly related to the temperature and local equivalence ratio, the temperature, equivalence ratio, and soot quantity near the wall among 800 K, 900 K, and 1000 K flames will be discussed and compared detailed in the latter sections.
	/
	Figure 9.1. Schematic of different types of flame development (volume-rendered from simulations). (a) The fuel-air mixture. Instantaneous distribution of iso-surfaces of the temperature of (b) 1 ms ASOI of the 1000 K flame, (c) 1.5 ms ASOI of the 1000 K flame, (d) 2 ms ASOI of the 800 K flame, (e) 2.5 ms ASOI of the 800 K flame.
	A qualitative comparison of the experimental flame and LES generated flame is shown in Figure 9.2. As the natural luminosity is a representative of local soot radiation which is a function of local temperature and soot volume fraction, the temperature and soot mass fraction from simulations are presented in Figure 9.2 for the comparison. The experimental flame was combined by two high-speed images, from the side and bottom view, obtained from two individual combustion events but the same operating condition. The temperature and soot mass fraction distributions from simulations are volume-rendered with false color. By visually comparing the shape of the flame and the luminosity of the flame, the wrinkles of the flame boundary are qualitatively comparable between experiments and simulations. From the natural luminosity images, the most luminous region is found at the leading edge of the flame within the vortex region. Meanwhile, at the same location, the soot mass fraction is relatively high from the simulation results. The visual comparison could confirm the flame development is globally predictable from LES simulation in terms of soot formation and flame structure.
	/
	Figure 9.2. Comparison of flame shape between experiments and simulations. (a) Natural luminosity images from bottom view and side view. (b) Instantaneous distribution of iso-surfaces of temperature. (c) Instantaneous distribution of iso-surfaces of soot mass fraction. The left-hand side and right-hand side of the solid line represent the experimental and numerical results, respectively.
	The ignition location of the 800 K flame was found at the edge of the expanding spray while the ignition location was found at the free spray part above the plate for the 1000 K flame. The ignition location of the 900 K flame was found close to the impinging region near the wall. To separate flame behaviors by ignition location, the 900 K flame is chosen as a reference for comparing different flame development behaviors. For better spatially visualization of the flame, especially the region near the wall, the soot mass fraction, temperature, and equivalence ratio are volume-rendered through the open-source Paraview program [137]. 
	Firstly, the temporal soot mass fraction, temperature, and equivalence distributions of the 900 K flame are shown in Figure 9.3. The starting time is selected as 1 ms ASOI which is just after the ignition delay of the 900 K flame. The ending time is 2.5 ms ASOI which is around the actual end of injection. At 1 ms ASOI, high equivalence ratios are in the free spray and low equivalence ratios are found in the expanding spray. The splash of parcels in the impinged spray and larger contact surface area benefits the air-fuel mixing process, resulting in lower equivalence ratios in the expanding spray. Meanwhile, the flame with high temperature starts to propagate along the surface of the expanding spray. Low soot mass fractions are found inside the flame. Although soot starts to be formed, the short residence time leads to low soot mass fraction and sparse distribution in the flame. The low soot mass fraction here indicates the presence of soot initiation at an early stage after the ignition delay. 
	At 1.5 ms ASOI, while the free spray still shows high equivalence ratios, the leading edge of the expanding spray shows a relatively higher equivalence ratio than 1 ms ASOI. It is due to the fuel accumulation where the impinging spray waves propagate near the impinging surface. Meanwhile, high soot mass fractions start to be observed at the same locations of high equivalence ratio regions. Low soot mass fractions are found near the impinging region, indicating that the soot is initiated near the impinging region for the 900 K flame. At 1.5 ms ASOI, the spray further expands on the plate and the leading edge of the spray starts to roll up following the direction of the vortex generated by the spray impingement. Furthermore, soot is continuously formed at the leading edge where both the equivalence ratio and temperature favor the soot condition. After the end of injection, both free spray and expanding spray show less fuel-rich and subsequently less soot formed at the leading edge of the spray compared to 2 ms ASOI. 
	To summarize, when the ignition location is in the free spray, the flame is developing along the surface of the spray and propagates along with the spray momentum. When the incoming fuel is going to burn, there is not enough time for it to mix with the air as the fuel is soon contacting the reaction zones. Therefore, fuel-rich zones near the wall are immediately consumed by the flame and lack the opportunity for air entrainment at the bottom of the spray.
	/
	Figure 9.3. Flame development of the 900 K flame. Instantaneous distribution of iso-surfaces of soot mass fraction, equivalence ratio, and temperature are shown from top to the bottom. Four ASOIs, from 1 to 2.5 ms are chosen.
	When the ambient temperature is increased to 1000 K, the ignition location is elevated towards the nozzle, but the flame is still propagating along the direction of spray momentum. The volume-rendered soot mass fraction of 900 and 1000 K flames are shown in Figure 9.4 for comparison. From Figure 9.4, the spray shape where the equivalence ratio is richer than 0.6 is similar between the 900 K and 1000 K flames, e.g., qualitatively comparable spray area. Most soot is formed at the leading edge of the spray in both the 900 K and 1000 K flames. However, the 1000 K flame has a globally local higher soot mass fraction. A higher ambient temperature shortens the ignition delay as well as the lift-off length, giving a smaller area of air entrainment upstream. It is noted that the high soot mass fraction spots at the left of the 1000 K flame at 2.5 ms ASOI are due to the flame contact with the sidewall.
	/
	Figure 9.4. Comparison of the instantaneous distribution of iso-surfaces of soot mass fraction between the 900 K (top row) and 1000 K (bottom row) flames. Four ASOIs, from 1 to 2.5 ms are chosen.
	For the 800 K flame, the behavior of flame development is quite different from the 900 and 1000 K flames and it is shown in Figure 9.5. The flame with a high temperature (> 2200 K) starts to be formed nearly 0.5 ms after the ignition delay. Besides, the ignition location is not found at the free spray part rather than the edge of the expanding impinged spray. The flame propagation and spray expanding directions are marked with red and black arrows in the temperature distributions at 2 ms ASOI. Due to a longer mixing time, the equivalence ratio in the part of the spray that is before the impingement is globally decreased compared to the 900 K flame as there is more air entrained into the spray. Also, the mixing quality could also be affected by the ignition delay [60]. The air entrainment rate is reduced due to the ignition and hot gas expansion inside spray gives hardness to the air entrainment as well. Not only the equivalence ratio at the leading edge of the impinged spray is reduced, but the equivalence ratio at the free spray is also reduced from above 4 at the 900 K flame to less than 3 at the 800 K flame. As the time is increased to the end of the injection, the flame is propagating from the leading edge to the impinging region which could be seen from the temperature distribution at 2.5 ms ASOI. Meanwhile, the soot mass fraction is significantly reduced compared to the 900 and 1000 K flames, and nearly no soot formed near the impinging region. The void region near the impinging point is due to the existence of the film. The film leads to quenching and blocks the soot formation in film occupied region, but it still contributes to soot formation above the film [11]. Another evidence for soot-blocked-by-film is that only the 800 K flame deposits distinct film and there is nearly no soot formed in the impinging region. After 3.5 ms ASOI, the flame starts to dissipate, and the soot mass fraction is globally reduced.
	/
	Figure 9.5. Flame development of the 800 K flame. Instantaneous distribution of iso-surfaces of soot mass fraction, equivalence ratio, and temperature are shown from top to the bottom. Due to the longer ignition delay, four ASOIs are shifted to 2 to 4 ms.
	In Figure 9.6, a cut view of the 900 K flame at the centerline of the spray axis, 1.5 ms ASOI, is presented to show the spatial distributions of cool flame, soot, and OH radicals. The fuel-air mixture, formaldehyde (CH2O), soot precursor (Acetylene (C2H2)), OH radicals, and soot are combined to show the progress of mixing, auto-ignition, soot precursor formation, soot accumulation, and soot oxidation. Initially, after the injection, the spray experiences a mixing process with ambient gas to form a fuel-air mixture. After the ignition delay, cool flame indicator CH2O is formed at the tip of the fuel-air mixture near the impinging location. The CH2O significantly accumulates in the near-wall region and an abrupt increase in the concentration of CH2O was also observed [138]. C2H2 is formed in the post-impingement part of the spray and is mainly found near the wall. At bottom of the leading edge of the spray, the combination of soot precursor and relative low soot is found. Carried by the vortex at the leading edge of the spray and experiencing longer soot residence time, the combination of soot precursor and initial soot (low soot mass) becomes mature soot that has relative high soot mass in the core of the vortex at the leading edge of the spray. When the mature soot is continuously lifted by the vortex, it touches the soot oxidation layer where the OH radicals are formed and start to be oxidized. The oxidation layer is thicker at the top of the vortex where the counter-flow exists.
	/
	Figure 9.6. A schematic of fuel-air mixture, CH2O, C2H2, soot, and OH formed in an impinging flame.
	Due to the oblique impingement, the mass of the spray is not distributed radially uniform. Thus, the tendency of soot formation may be varied in different radial locations. From Figure 9.6, the vortex region is defined as the front side of the impinged spray and the impinged spray axially behind the impinging point is defined as the backside of the spray. To compare the difference of soot mass fraction at the front and backside of the spray, a horizontal plane at 1 mm above the wall is chosen for analysis in Figure 9.7. Soot mass fraction is shown with a range of 0 to 0.002. The void regions found in the spray are those regions that have an equivalence ratio lower than 0.6. In Figure 9.7(a), a line with an arrow indicates the centerline of the spray axis and the cross point of the arrow line with a perpendicular line indicates the location of the impinging point. The main spray is then horizontally divided into the back and front parts with respect to the perpendicular line. The back and front sides of the spray are shown in Figure 9.7(b) and (c), respectively. Through visual observation, the front side shows a relatively average higher soot mass fraction than the back side. Meanwhile, the soot mass fraction near the leading edge of the spray is significantly higher than the backside and impinging region of the spray.
	/
	Figure 9.7. Differences of soot formation at the front and back sides of the impinging point.
	From the Hiroyasu soot model, soot mass fraction is acquired from the outputs of the simulations. The absolute soot mass is then calculated by multiplying the total cell mass with the soot mass fraction. Then the total soot mass at the front side of the spray is summed up with all analyzed cells. In order to distinguish the differences of total soot mass between the front and back sides, the total soot mass of the front side of the spray and the whole plane from four different heights is obtained and compared in Figure 9.8. The soot mass formed on the backside of the spray could be obtained by subtracting the soot mass on the front side from the whole plane. The temporal total soot mass on different heights is shown with black, red, green, and blue lines. By comparing the soot mass between the whole plane and front side, it is noticeable that the soot mass at 5 and 7 mm is nearly overlaid between solid and dashed lines which means the soot formed at the backside could be neglected. Thus, for soot formation-oriented analysis, only the front side of the spray will be discussed in the remaining sections.
	/
	Figure 9.8. Instantaneous total soot mass on different heights for the 900 K flame.
	Two factors are affecting the absolute soot mass which is the total mass of cell and soot mass fraction. The total cell mass, soot mass fraction, and absolute total soot mass at four different heights for the 900 K flame are shown in Figure 9.9 to present the progress of soot formation after the ignition delay. In Figure 9.9(a), when the spray is propagating after the impingement, the mass at 1- and 3-mm heights firstly increases as the fuel is mixed with the ambient air. After ~ 1.2 ms ASOI, the mass at 5- and 7-mm heights start to increase, and it shows a higher slope than 1 and 3 mm after 1.5 ms ASOI. This phenomenon is attributed to the vortex formed at the leading edge that carries the fuel-air mixture from the near-wall region to a higher altitude. After the end of the injection, the cell mass starts to decrease at 1- and 3-mm heights but 5- and 7- mm heights are keeping increasing due to the existence of the vortex. The cell mass is reduced after ~ 3.5 ms ASOI at 5 and 7 mm when the vortex is dissipated. 
	Soot mass fraction is another factor influencing the absolute soot mass. In Figure 9.9(b), the average soot mass fraction at 1, 3, 5, and 7 mm are shown. After the ignition delay, the average soot mass fraction at four heights is initially increased simultaneously. However, it is diverged after 1 ms ASOI and increased faster if closer to the wall before ~ 1.3 ms ASOI. After ~ 1.3 ms ASOI, both the cell mass and average soot mass fraction at 5- and 7-mm height are increasing faster and they exceed 1 and 3 mm height. At 1- and 3-mm heights after 1.3 ms ASOI, the slope of the average soot mass fraction profile becomes smaller until the fraction reaches the maximum at the end of injection. Meanwhile, at 5- and 7- mm heights, after the rising phase, the average soot mass fraction reaches a plateau and drops due to the end of the injection. However, it increases again and drops after ~ 3.3 ms ASOI. As attributed by the higher cell mass and soot mass fraction, the absolute total soot mass is initially higher in the near-wall region before ~ 1.3 ms ASOI. After dropping for a short period, due to the huge cell mass increase, the soot mass also significantly increases at 5- and 7- mm heights while the average soot mass fraction is not changing dramatically.
	/
	Figure 9.9. Instantaneous soot mass fractions and absolute soot mass at different heights for the 900 K flame. (a) Total cell mass. (b) Average soot mass fraction. (c) Total soot mass.
	From Figure 9.6, soot precursor is mainly formed in the near-wall region, and soot is formed in the vortex region which is between 3 and 7- mm in height. Thus, for comparison of soot formation in three different flames, the average mass fraction of soot and soot precursors for the 800 K, 900 K, and 1000 K flames are shown in Figure 9.10. For better visualization, the soot mass fraction is multiplied by a factor of 10. In the 800 K flame, after the ignition delay, soot precursor is significantly higher at 1 mm compared to the other three heights. Even after the end of injection and all the fuel is injected in the domain, the soot mass fraction is remained at a low level compared to the 900 and 1000 K flames. For the 900 K flame, only the mass fraction of the soot precursor will be discussed. At 1- and 3-mm heights, the mass fraction of the soot precursor firstly reaches a plateau and then decreases while at the other two heights, it drops after ~ 1 ms AOSI and recovers after ~ 1.3 ms ASOI. It is found that the mass fraction of the precursor is always higher at 1 mm which means the precursor is mainly formed in the near-wall region. For the 1000 K flame, the trends are similar to the 900 K flame, but the magnitude of soot and precursor mass fraction is higher.
	/
	Figure 9.10. Instantaneous soot and soot precursor mass fractions for 800 K, 900 K, and 1000 K flames, from left to right, respectively. Soot mass fraction is multiplied by a factor of 10 to make a better comparison with precursor mass fraction.

	9.2 Relationship between quantity of soot and local temperature
	After discussing the curvature of the flame boundary, it is found that local curvature is correlated with local qualitative soot quantity [55]. The soot formation is affected by local flame temperature and equivalence ratio. From LES simulations, the temperature and soot quantity are non-uniform at different heights above the plate. The results at six different heights, i.e., 1, 2, 4, 6, 8, and 10 mm above the plate which is ranging from close to the wall to far above the wall are presented. The temperature distributions are only presented where the soot is intensively formed. The grid size of the interpolated data is 0.2 mm which indicates that the distribution is shown within the height ± 0.1 mm. Three AIDs, 0.5, 1, and 1.5 ms are adopted to investigate the flame development at different heights. 
	The contours of temperature and soot mass fraction of the 900 K flame at 0.5 ms AID are shown in Figure 9.11 from left to right, respectively at the heights of 1, 2, 4, 6, 8, and 10 mm are shown from top to bottom. The occupied area of soot is decreased as the height is away from the impinging surface. At a height of 1 mm, the area of soot formation nearly occupies the whole downstream region. A relatively low-temperature band is found at the leading edge of the flame where there is intensively soot formation. At the close-by wall, soot also occupied the region near the impinging point, but the mass fraction is relatively low. As the height is increased to 2 mm, the occupied soot and mass fraction nearly maintain the same as the area of the height of 1 mm. At a height of 4 mm, the thickness of the soot band is increased but its perimeter is decreased. At a height of 6 mm, the soot formation at two sides vanishes and soot is only formed nearby the leading edge of the flame. At heights of 8 and 10 mm, the area of soot formation shrinks because there is not too much spray over the height of 10 mm. 
	In Figure 9.11, it could be observed that soot is intensively formed at a temperature below 1800 K. However, low-level soot concentration is also presented close to the wall in high-temperature regions. In order to quantify the correlation of temperature and soot formation at different heights, the scattering plots which show the local temperature and soot mass fraction in each cell are shown in Figure 9.12. A 2-D histcount function is used to obtain the scatter density at a certain temperature and soot mass fraction. The bin sizes of temperature and soot mass fraction are 10 K and 4*10-5, respectively.  At the height of 1 mm, the shape of the distribution is displayed as a triangle. An intensive band is observed between the temperature of 1600 and 2200 K. At the height of 2 mm, the shape of the distribution is also displayed as a triangle shape. The intensive band is shifted to the boundary of the top right part. At the height of 4 mm, the shape of the distribution becomes a combined relationship with two arms, one on the bottom, the other one with a ~ 45 degrees angle. It is defined these two arms as dependent region and independent region, respectively. In the dependent region, soot formation is increased as the temperature is decreased where the soot and temperature have a dependency. In the independent region, the soot formation is nearly unchanged even the temperature is ranged low from 1300 K and up to 2400 K. As the height is increased, the intensive band is shifted towards the dependent region. Looking at the contour of the soot mass fraction, the soot formation near the impinging point has vanished above the height of 4 mm. In meantime, the scatters in between the independent and dependent regions are vanished when the height is above 4 mm. Thus, it can be addressed that the scatters in between the two arms are caused by the soot formed near the impinging point. At the height of 6 and 8 mm, the shape of the distribution is similar to it at a height of 4 mm.  
	/
	Figure 9.11. The contours of temperature and soot mass fraction at different heights above the plate, AID = 0.5 ms, the 900 K flame.
	/
	Figure 9.12. The correlation of soot mass fraction and temperature at different heights above the impinging plate, AID = 0.5ms, the 900 K flame.
	From Figure 9.11 and Figure 9.12, it could be observed that the soot and temperature are similar between the height of 1 to 2 mm, 4 to 6 mm, and 8 to 10 mm, individually. Hence, the current thesis will only present the results of the height of 1, 4, and 8 mm for the representatives of three different levels of height, close to the wall (below 2 mm), medium height (2-8 mm), and far above the wall (above 8 mm). The distributions of temperature and soot mass fraction as well as the scattering plots of the 900 K flame at 1 ms AID are shown in Figure 9.13 from left to right, respectively. At a height of 1 mm, the area of soot formation nearly occupies the whole downstream region. A relatively low-temperature band is found at the leading edge of the flame. Dense soot cores are found close to the leading edge of the flame. At the height close to the wall, soot is also observed near the impinging point, but the soot mass fraction is relatively low. At the medium height, the area of soot formation maintains the same near the leading edge of the flame but the soot formation near the impinging point is disappeared. The area of dense soot cores is increased as the height is increased. At a height of 8 mm, the soot is only formed axially near the leading edge of the flame. 
	From the scattering plots, the area of the soot-occupied region is decreased as the height is increased. At a height of 1 mm, the shape of the distribution is also displayed as a triangle. At a height of 4 mm, the shape of distribution also becomes a two-arms type. The intensive band is shifted towards the dependent region. Compared with the distribution of height of 1, 4, and 8 mm, the scatters in between the two regions are vanished which is attributed to the disappearance of soot formation near the impinging point. The slope of the dependent region is increased compared to the slope of 0.5 ms AID. The higher slope indicates that the same soot mass fraction location would have a higher temperature in the dependent region.
	/
	Figure 9.13. The contours of temperature and soot mass fraction at different heights above the plate, AID = 1 ms, the 900 K flame.
	The distributions of temperature and soot mass fraction of the 900 K flame at 1.5 ms AID are shown in Figure 9.14 from left to right, respectively. The low-temperature band near the leading edge of the flame is much thicker than the band of 0.5 and 1 ms AID. At the medium height, the area of soot formation is smaller than the area of the height of 1 mm. Dense soot regions start to be observed near the leading edge of the flame at the downstream region. Dense soot regions are nearly at the same spatial location, but the area is decreased far above the plate. The scattering plots between temperature and soot mass fraction are also shown in Figure 9.14 in the third column. The trend of the scatters is similar compared to the trend of 0.5 and 1 ms AID. However, there are more scatters sitting in the independent regions. From the flame development, it could be observed that the area of soot formation is increased as the height is decreased. More soot will be formed close to the wall especially near the impinging region.
	/
	Figure 9.14. The contours of temperature and soot mass fraction at different heights above the plate, AID = 1.5 ms, the 900 K flame.
	The distributions of temperature and soot mass fraction of the 1000 K flame at 0.5 ms AID are shown in Figure 9.15 from left to right, respectively. It is noted that the 0.5 ms AID of 1000 K flame is ~ 0.3 ms earlier than the 0.5 ms AID of 900 K flame. Only two heights are chosen at 0.5 ms AID as there is no spray far above the plate at this time. At a height of 1 mm, the area of soot formation nearly occupies the whole downstream region. Compared to the results of the flame of 900 K at 0.5 ms AID, the soot is more uniformly distributed along with the plate instead of intensively forming near the leading edge. At the medium height, the area of the flame shrinks faster than the flame of 900 K ambient condition and this is because that the flame is just developed after the impingement at a temperature of 1000 K ambient condition. The scattering plots between temperature and soot mass fraction are shown in Figure 9.15, third column. The area of the soot-occupied region is decreased as the height is increased. The intensive band is observed close to the plate but disappeared at medium height. The distribution is also shifted from a triangle shape to a dependent-independent shape as the height is increased.
	/
	Figure 9.15. The contours of temperature and soot mass fraction at different heights above the plate, AID = 0.5 ms, the 1000 K flame.
	The distributions of temperature and soot mass fraction of the 1000 K flame at 1 ms AID are shown in Figure 9.16 from left to right, respectively. As flame propagates on the plate, the soot tends to be formed from the inside of the flame to the leading edge of the flame. At the medium height, high soot mass fraction cores are observed near the leading edge of the flame. The area of soot occupied region shrinks further but the dense soot cores are still visible far above the plate. The scattering plots between temperature and soot mass fraction are shown in Figure 9.16, right. Unlike the previous scattering plots, the intensive band is not dense as it of the 900 K flame. However, the trend is similar to it of the 900 K flame.
	/
	Figure 9.16. The contours of temperature and soot mass fraction at different heights above the plate, AID = 1 ms, the 1000 K flame.
	The distributions of temperature and soot mass fraction of 1000 K flame at 1.5 ms AID are shown in Figure 9.17 from left to right, respectively. At close to the wall, the area of soot formation nearly occupies the whole flame region. The low-temperature band is no longer uniformly distributed along the flame boundary.  Dense soot cores are observed at the concave regions of the leading edge of the flame. Soot is also observed near the impinging point. At the medium height, denser soot cores are observed which have higher soot mass fraction than the flame of 900 K ambient conditions. At far above the plate, only the dense soot cores are left. The scattering plots between temperature and soot mass fraction are shown in Figure 9.17. The soot mass fraction is extended higher, and the slope of the dependent region is further increased. The higher slope indicates that high soot mass region is going to be formed at relatively high temperatures.
	/
	Figure 9.17. The contours of temperature and soot mass fraction at different heights above the plate, AID = 1.5 ms, the 1000 K flame.
	From the visualization of the distributions of soot mass fraction and temperature, it could be observed that the temperature and soot quantity have a strong relationship. The high quantity of soot mass is mainly formed at the relatively low-temperature region which is between 1400 and 2000 K. When the height is close to the impinging plate, soot is formed in the whole flame. Dense soot cores start to be observed near the leading edge of the flame. As the height is increased, the soot near the impinging point is disappeared and the area of dense soot cores is increased. After a certain height, e.g., 4 mm, the area of soot formation shrinks compared to the soot formation close to the wall.

	9.3 Relationship between quantity of soot and local equivalence ratio
	Figure 9.18 shows a scatter plot of the average soot mass versus curvature on the chosen plane for 900 K flame. The plane is 1 mm above the wall. Most scatters reside in the region between -1 mm-1 and 1 mm-1 where the average soot mass is lower than 0.5*10-5 µg at 0.5 ms ASI. The highest average soot mass is around 1*10-5 µg. The minimum average soot mass is close to 0 at 0.5 ms ASI. The relatively small amount of soot mass is because the 0.5 ms ASI is very close to the ignition time (~ 0.36 ms ASI) and soot is not formed at large quantities just after the ignition timing. At the high positive curvature side, the average soot mass is very low which is below 0.1*10-5 µg. At the high negative curvature side, although some scatter have very low soot mass, scatters with relatively high soot mass (> 0.5*10-5 µg) are observed. As time increases to 1.0 ms ASI, the total amount of soot increases significantly. The maximum average soot mass is above 6*10-5 µg and the minimum average soot mass is around 0.5*10-5 µg at 1.0 ms ASI.
	To investigate the effect of air entrainment on curvature, the scatters in Figure 9.18 are colored by the corresponding local average equivalence ratio. The equivalence ratio is decreased at the flame front where the fuel is consumed. The average equivalence ratio was obtained similarly as the average soot mass, only with a larger square window size of 16 mm2, to obtain reasonable information. At 0.5 ms ASI, fuel-rich scatters (equivalence ratios > 2) are observed in the concave segments. The scatters located at the left top corner have an equivalence ratio higher than 1.5, producing higher soot mass. The scatters located at the right bottom corner have an equivalence ratio lower than 1.5. At 1.0 ms ASI, the scatters show an inverse ‘T’ distribution. In the region between ~ 0.5 mm-1 and 0.5 mm-1, fuel richer scatters produce a larger quantity of soot mass. In concave segments, scatters with a high equivalence ratio larger than 2 are observed where curvature < -1 mm-1. In convex segments, scatters have a relatively small equivalence ratio around 1 where curvature > 1 mm-1.
	/
	Figure 9.18. Curvature-soot relationship for the 900 K flame.
	Figure 9.19 shows scatters of the average soot mass versus curvatures on the chosen plane for 1000 K flame. At 0.5 ms ASI, the maximum average soot mass is around 1.1*10-4 µg and the minimum average soot mass is around 2*10-5 µg. At 0.5 ms ASI, by comparing the soot mass between concave and convex segments, it is found that relatively high soot mass is produced in concave segments. At 1.0 ms ASI, the scatter cloud is mainly distributed symmetrically along zero curvature. The distribution of the scatters shows an inverse ‘T’ pattern. The soot mass production in concave and convex segments is equalized at 1.0 ms ASI.
	The scatters in Figure 9.19 are also colored by the corresponding local equivalence ratio. Unlike the scatters under 900 K ambient, scatters with a high equivalence ratio (~3) are observed at 0.5 ms ASI. The reason could be that the vaporization of fuel is enhanced at 1000 K, but the entrained air is still nearly the same quantity without additionally introduced turbulence. More vaporized fuel will increase the local equivalence ratio. Most scatters with a high equivalence ratio are observed near-zero curvature, however, the scatters in concave segments show a higher equivalence ratio compared to that in convex segments. At 1.0 ms ASI, the overall equivalence ratio decreases because of more entrained air during the flame propagation attributed to a larger contact area between ambient and flame.
	/
	Figure 9.19. Curvature-soot relationship for the 1000 K flame.


	10 Film formation on an impinging surface and its relationship with impinging diesel spray combustion
	10.1  Film evaporation process without reaction
	10.1.1 Film evaporation comparison
	The film evaporation test is based on the duration when the film is fully vaporized. From section 3.3.1, a specific optical setup for the vaporization test was adopted and the schematic of the setup is shown in Figure 10.1.
	/
	Figure 10.1. Schematic of the optical setup for film vaporization tests.
	During the spray impingement on the surface, a liquid film mark will remain on the plate which can be tracked through the boundary tracking method in section 5.1.1. However, the camera looking from the side view (in Figure 10.1) could benefit the precision of boundary tracking by getting rid of the reflection from the bottom view. A diffuser was mounted in front of the LED to provide a uniform light source. A sample of the film area obtained from the side view is shown in Figure 10.2. Due to the tilted angle of the camera, the scale of the x and y-axis is different. Therefore, a 10 mm scale is shown on the background-subtracted film image for both the x and y-axis. From this technique, the film thickness and subsequent film mass can’t be quantified but the film area could be obtained. The film area is valuable for quantitatively analyzing the film residence time during the spray event.
	/
	Figure 10.2. A schematic of film area calculation from a tilted side view.
	A sample of instantaneous film area is shown in Figure 10.3. The evaporation time is defined as the time between point A when the film shows the maximum area and point B when the film area is decreased to 10% of the maximum area. As can be seen in Figure 10.3, the film area is decreased exponentially, and a exponential curve fitting is applied. The constant and exponential coefficient are 283.6 and -1.8, respectively. 
	/
	Figure 10.3. A sample of instantaneous film area from the baseline condition.
	After that, the effect of ambient density and injection pressure on the vaporization time is shown in Figure 10.4 and Figure 10.5. As the ambient density and injection pressure is increased, the evaporation time is decreased. By increasing the ambient density from 14.8 to 30 kg/m3, the evaporation time is only reduced ~ 0.3 ms. However, when the injection pressure is increased from 600 to 1200 bar, the evaporation time is reduced to half. Interestingly, it is noted that the mechanism of the film deposition is varied under different ambient densities and injection pressures. Increasing the ambient density and lowering the injection pressure both increases the spray momentum, but the evaporation time is oppositely changed. Under different ambient densities, although the spray momentum is increased but the evaporation time is increased. Under different injection pressures, the evaporation time is increased when the spray momentum is reduced. Therefore, the spray momentum is not the only factor that affect the evaporation time. The film evaporation also takes into account the fuel atomization, mixing, splash and rebound phenomenon.
	/
	Figure 10.4. The effect of ambient density on the evaporation time of the liquid film.
	/
	Figure 10.5. The effect of injection pressure on the evaporation time of the liquid film.

	10.1.2 Film thickness on a roughened surface
	After the calibration for the RIM technique, the single-hole injector with a nozzle diameter of 200 µm was mounted on the combustion vessel and the distance between the injector tip and rough plate is ~ 33.65 mm. N-heptane as the liquid fuel was injected on the rough flat surface at various ambient and injection conditions. The ambient temperature is 423 K which is the same as the rough surface temperature, and the fuel temperature is 363 K. All other test conditions are the same as the single-hole injector test conditions. Film thickness is calculated based on the above calibration result and a small area (2*2 mm2) near the impinging point is selected for film thickness calculation. The film thickness at each condition is averaged from five repeats. 
	The effects of ambient density and injection pressure on film thickness as a function of impinging time are shown in Figure 10.6 and Figure 10.7. The actual fuel injection is terminated at 2.5 ms ASOI and the mist which hinders the signal capturing exists until 4.6 ms. Therefore, data is analyzed after 4.6 ms until the complete vaporization of film. The complete film vaporization occurs under 20 ms ASOI. Generally, the film thickness decreases with ambient density and injection pressure and the thickness range is from 0.5 to 1.2 µm. 
	For the film thickness measurements, each test is based on at least 3 repeats. Film mass, film area and averaged film thickness are all decrease after the end of impinging due to the evaporation. However, all the film properties are showing some extended decreases. As shown in Figure 10.6, the film properties increase with a decrease of ambient density due to the fact that higher ambient density causes enhanced fuel atomization and air entrainment.
	/
	Figure 10.6. Effect of ambient density on film properties: film mass, film area, and film thickness.
	As shown in Figure 10.7, The film properties increase with a decrease of injection pressure because higher injection pressure causes enhanced fuel atomization and air entrainment. Relatively lower spray momentum makes the liquid easier to wet the wall and become a film.
	/
	Figure 10.7. Effect of injection pressure on film properties: film mass, film area, and film thickness.


	10.2  Film formation from simulations and its impact on flame and soot formation
	10.2.1 Film area and thickness of different ambient temperatures
	The global deposited film mass and formed soot mass could not present the local intensive regions of film and soot formation of an impinging spray. Two local parameters, film thickness and soot mass fraction, could indicate where the film is relatively thicker or thinner and soot is intensively formed. Hence, local distributions of film thickness, temperature and soot mass fraction close to the impinging surface will be discussed in the following sections.
	The film thickness at different time stamps and ambient temperatures are shown in Figure 10.8. A 20 mm- length scale, location of the impinging point, and the spray expansion directions after the impingement are presented in Figure 10.8, the 800 K case at 1ms ASOI. For the 800 K case, the film is observed after the impingement and it is not fully vaporized before 4 ms ASOI, i.e., the end of simulation time. From Figure 10.8, the film is observed radially around the impinging point but mainly formed in the downstream direction. Before the end of injection, there is an intensive spot at the impinging point which could be seen at 1 and 2 ms ASOI at an ambient temperature of 800 K. After the end of the injection, the intensive spot is evaporated but the downstream film is still observed which shows several intensive film rings radially. The distribution is similar, but the film thickness is reduced at 4 ms ASOI compared to it at 3 ms ASOI. For the 900 K case, the shape of the distribution is similar to it at 1 ms ASOI at 800 K. The intensive spot is also observed near the impinging point and a single intensive ring is formed at the leading edge of the film region. As time is increased, the intensive ring becomes several rings, showing a pattern of different waves after the impingement. However, the local film thickness and overall film area are lower at the 900 K case compared to the 800 K case. For the 1000 K case, the film is only clearly observed at 0.4 ms ASOI which is just after the impingement. The film is soon fully vaporized due to shorter ignition delay and higher ambient temperature. Thus, the film is barely observed at 0.8 and 1 ms ASOI.
	//
	/
	Figure 10.8. Film thickness distributions on the impinging plate. Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, impinging distance = 30 mm.
	The temperature distributions are shown in Figure 10.9. The target plane is chosen 0.25 mm (one minimum cell height) above the impinging surface. By comparing the film thickness in Figure 10.8 and temperature distributions at 3 and 4 ms ASOI for the 800 K case, a temperature transition region is found between the film leading edge and flame initiation region. The temperature in the transition region is reduced due to film evaporation. 
	Two wings of high-temperature cores are merged into one region with a low temperature in the middle and a high temperature at the two sides. The boundary of the high-temperature region is smooth before the evaporation of the film. At 2.5 ms ASOI, the liquid film is evaporating so that a non-smooth boundary in the transition region (perturbed region in Figure 10.9) is observed. The temperature is decreased because the film vaporization obtains the heat from the high-temperature spray. At 3 ms ASOI, the film is fully evaporated, and the boundary of the high-temperature region becomes smooth again. For the 1000 K case, the temperature distributions show the recession, but the film effect is not significant on the temperature distribution because the film is already fully evaporated before 1 ms ASOI. However, even the film is fully evaporated after 1 ms ASOI, the film region is too rich to burn, leading to a low-temperature region observed near the original film region at 2 ms ASOI for the 1000 K case.
	//
	/
	Figure 10.9. Temperature distributions on the impinging plate. Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, impinging distance = 30 mm.
	After discussing film thickness distributions, the distributions of soot mass fraction are discussed. The soot mass fractions which are 0.25 mm above the impinging surface are shown in Figure 10.10. It is noted that the scale of soot mass fraction of 800 K is lower than other temperatures. By comparing the temperatures in Figure 10.9 and soot distributions, the soot is formed in the medium temperature range which is ~ between 1400 to 2000 K. All cases show the intensive soot region in the downstream with a wing shape. As time is increased, the soot occupied region is propagating from the leading edge of the flame back to the impinging point side. However, the film region slows the soot growth back to the impinging point region, forming a transition region between the soot-occupied region and film leading edge. Compared to the distribution at 3.5 and 4 ms ASOI of the 800 K case, the location of soot formation near to the plate is nearly the same and there is no soot formed near the impinging point. This is because the impinging region is occupied by the liquid film, and it is too rich to burn. For the 900 K case, the pattern observed from the 800 K case is still observed. Due to less film deposition and faster film evaporation, the soot region starts to grow back to the impinging point at 3 ms ASOI. This is clearly seen at 3 ms ASOI where the boundary of the soot region is not uniform and perturbed by the film evaporation in the transition region. For the 1000 K case, the film is nearly totally evaporated after 0.6 ms ASOI. Due to the unburnt fuel near the film region, soot is not observed near the impinging region.
	//
	/
	Figure 10.10. Soot mass fraction distributions on the impinging plate. Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, impinging distance = 30 mm.

	10.2.2 Film area and thickness of different impinging distances
	Two different impinging distances are used to discuss the effect of the impinging distance on film deposition and soot formation. The deposited film mass and formed soot mass in the chamber at 30- and 40-mm impinging distances for the 800 K case are shown in Figure 10.11. As can be seen in the film mass profiles, the deposited film mass is significantly reduced when the impinging distance is increased to 40 mm. The reason is that a longer impinging distance will reduce the opportunity of liquid spray contact on the impinging surface, especially when the liquid length is close to the impinging distance. However, meanwhile, the formed soot in the chamber is increased when the impinging distance is higher. This is because the film is fully vaporized in the chamber and involved in flame. The fuel mass in the chamber could be calculated by subtracting the film mass from the total injected mass. By comparing the ratio of formed soot and fuel mass in the chamber, a longer impinging distance leads to a higher ratio of vapor fuel, subsequently higher soot production. 
	//
	Figure 10.11. Total deposited film and formed soot mass at different impinging distance. Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, Tamb = 800 K.
	The film thickness distributions at 40 mm impinging distance under 800 K is shown in Figure 10.12. Film thicknesses at four timestamps, 1, 1.5, 2, and 2.5 ms ASOI are shown to explain the film deposition when the impinging distance is longer. At 1 ms ASOI, the film thickness is nearly evenly distributed around the impinging point. The intensive spot near the impinging point observed from the 30 mm impinging distance case no longer exists. At 2 ms ASOI, even the intensive spot is still not observed, but a relatively thicker ring is observed at the film leading edge because of the continuous film deposition from different impinging waves. However, the single ring shows local thinner film thickness, compared to the 30 mm impinging distance case. After 2 ms ASOI, the local film thickness is also reduced due to the film evaporation. 
	/
	Figure 10.12. Film thickness distributions on the impinging distance at impinging distance of 40 mm. Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, Tamb = 800 K.

	10.2.3 Film area and thickness of different oxygen concentration
	From previous sections, it is concluded that higher ambient temperature and longer impinging distance could directly reduce the deposited film mass. Higher ambient temperature could not only directly promote the film evaporation but also shorter the ignition delay, subsequently enhancing the film evaporation through the film-flame interaction. To discuss the effect of the ignition delay individually on the film evaporation, the ambient temperature is maintained at 900 K case but the oxygen level is increased to 21% to shorter the ignition delay. Therefore, the ambient temperature won’t affect the film evaporation before the ignition delay and the effect of ignition delay could be discussed independently. 
	The deposited film mass and formed soot mass in the chamber at different oxygen levels are shown in Figure 10.13. As can be seen in the film mass profiles, the deposited film mass between 18% and 21% O2 cases is nearly the same before the ignition delay. This is because the ambient temperature is the same, leading to a similar film evaporation rate before the ignition delay. The film mass starts to be generally reduced after ~ 1.5 ms ASOI. The profile shape is also nearly the same between different oxygen levels. The peaks and valleys are also matched at the same time with the rate of injection. 21% O2 case has higher soot production between 1 to 3 ms ASOI but lower soot production after ~ 3 ms ASOI. This could be because the oxidation is stronger in a 21% O2 environment after the end of the injection. 
	The film thickness distributions of different oxygen levels are shown in Figure 10.14. The same time stamps are used to make a direct comparison of film thickness between 18% and 21% oxygen cases. Echoing the film thickness of 18% O2 in Figure 10.8, the shape of film thickness distribution is almost identical between 18% and 21% O2 cases before 1 ms ASOI with the same ambient temperature, 900 K. After the ignition delay, early formed flame and higher temperature from 21% O2 environment leads to local lower film thickness at the same given time. This could be observed from film thickness distribution at 1.5 and 2 ms ASOI.
	//
	Figure 10.13. Total deposited film and formed soot mass at different oxygen concentration. Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, Tamb = 900 K, impinging distance = 30 mm.
	/
	Figure 10.14. Film thickness distributions on the impinging distance at 21% oxygen concentration. Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, Tamb = 900 K, impinging distance = 30 mm.

	10.2.4 Impact of film formation on impinging diesel spray combustion
	After validating the spray and the combustion models, the effects of ambient temperatures on the film deposition and soot formation are presented. The profiles of deposited film mass on the plate under different ambient temperatures are shown in Figure 10.15. The profile of total injected fuel mass is also shown in the same figure for comparison. The total injected fuel mass is saturated after ~ 2.4 ms ASOI as the actual injection is ~ 2.4 ms. After 0.2 ms ASOI, the spray impinges on the plate and the liquid film starts to be deposited at an impinging distance of 30 mm. The rate of total film mass is a combination of the rate of film deposition and film evaporation. If the film deposition is faster than its evaporation, the deposited film mass is increased. Under different ambient temperatures, the film mass at a given ASOI is always higher at a lower ambient temperature. At a high ambient temperature such as 1000 K, the deposited film mass is a very small amount which is lower than ~1% of the total injected fuel mass. At an ambient temperature of 800 K, the deposited film mass keeps increasing until 2.5 ms ASOI and starts to be reduced afterward. It is observed that the film starts to evaporate immediately after the ignition delay in the 800 K case. However, for the 900 K case, film evaporation starts 0.6 ms later after the ignition delay. This is because that the spray is still impinging to deposit the film when the ignition starts at 900 K case while the spray is almost ended when the ignition starts at 800 K case. Thus, it is concluded that the film deposition takes the domination over the film evaporation when the spray is still coming which makes the film evaporation less effective on the deposited film mass before the end of the injection. At the ambient temperature of 1000 K, the ignition delay is further reduced and there is much less opportunity for film deposition as the fuel spray is vaporized and ignited immediately after the start of the injection.
	/
	Figure 10.15. Total deposited film mass on the plate. Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, impinging distance = 30 mm.
	After discussing the deposited film mass at different ambient temperatures, the total soot mass formed in the simulation domain is compared between different ambient temperatures. The results of soot outcomes at different ambient temperatures are shown in Figure 10.16. After the ignition delay, higher ambient temperature leads to higher soot production in the chamber. For the 1000 K case, it is noted that faster soot oxidation than soot formation is observed after ~ 3 ms ASOI as the total soot mass is reduced. However, the profile at an ambient temperature of 800 K shows a different trend because the ignition delay is close to the end of the injection. The late combustion process was not influenced by the spray process for the 800 K case. Soot quantity is nearly unchanged after ~ 3.2 ms ASOI. 
	/
	Figure 10.16. Total formed soot mass in the simulated domain. Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, impinging distance = 30 mm.
	In order to compare the soot formation between an impinging spray and a free spray, soot profile of a free spray from the ECN database [81] with the same nozzle size (200 µm), injection pressure (1500 bar), ambient temperature (900 K) and density (22.8 kg/m3) but different oxygen level (15%) and n-dodecane as the fuel was adopted. Due to different oxygen levels and different injection specs, only a qualitative comparison will be performed. After the flame initiation, soot starts to be formed for both experiments and simulations. However, the trend of total soot mass is different between ECN results and simulations. In ECN results, soot mass firstly increases then decreases to a steady state. In the simulations, soot mass is keeping increasing but shows a slower formation rate than ECN results between 1.2 to 2 ms ASOI. This is because the amount of vaporized fuel of the impinging case is reduced due to the film deposition and thus less fuel is involved in the flame. After ~ 1.5 ms ASOI, the film in the impinging spray starts to be evaporated and more fuel is vaporized to involve in the flame. In order to present the relation between film deposition and soot formation, the profiles of film deposition rate and soot formation rate of the 900 K case from simulations are shown in Figure 10.17. The positive and negative film deposition rates indicate film deposition and evaporation, respectively. Globally the film deposition rate is decreased and shifted from film deposition to film evaporation while the soot formation rate is always increased before ~ 2.6 ms ASOI. The film evaporation rate and soot formation rate are matching the maximum at ~ 2.6 ms ASOI. This could confirm that when more fuel is vaporized from the film into vapor to lead to local fuel-rich zones, the soot formation rate is increased. After ~ 2.6 ms ASOI, the injection is ended and thus both film evaporation rate and soot formation rate are reduced because there is no fuel coming anymore. 
	/
	Figure 10.17. The rates of film deposition and soot formation from simulations. Test conditions: Pinj = 1500 bar, ρamb = 22.8 kg/m3, O2 = 18%, impinging distance = 30 mm, Tamb = 900 K.



	11 Conclusion and future work
	11.1  Main findings
	In the current study, the characteristics of a diesel impinging spray are evaluated from both non-vaporizing and reacting conditions under various parameters such as injection pressure, ambient density, ambient composition, and impinging distances. Furthermore, the soot formation in an impinging spray is evaluated in both experiments and simulations. The experimental work was done in a constant volume combustion chamber at Michigan Technological University with various optical diagnostics. For the numerical study, a commercial CFD software CONVERGE© is used to simulate the spray and combustion behavior for an impinging spray. Both RANS and LES turbulence models are applied for different purposes. The results identify the global spray and flame structure of an impinging spray, the boundary structure of the flame with local soot, the heat loss during the spray-wall interaction, film formation, and its interaction with flame. The conclusions which can be derived from the present work are summarized as follows:
	11.1.1 Macroscopic flame structure
	 As the ambient temperature is increased, flame luminosity is observed before the impingement and further above the plate, i.e., 900 K and 1000 K. For the high-temperature conditions, the flames appear before the impingement and impact on the plate with radially spreading. However, the flame at 800 K appears at the front side, far away from the impinging point, and recess towards the impinging point.
	 The flame expansion rate is governed by the spray momentum (injection pressure and ambient density). The low ambient temperature only reduces the flame expansion rate at the early stage of combustion after spray impingement. On contrary, the ambient temperature doesn’t show significant effects on flame expansion rate in a later stage of combustion.
	 At Tamb of 1000 K and 900 K, the flame expansion rate follows the stages after the impingement similarly defined from the non-vaporizing conditions: 1) rapid deceleration; 2) slow deceleration; 3) constant expansion rate. 
	 Due to the increased ratio of axial to the radial flame front, fuel vapor is possible to be transported towards the top of the leading edge of the axial direction, generating a soot-rich zone during the combustion event. A very intensive soot region is observed at the leading edge of the axial direction.
	 With the help of the IRT method, the most intensive soot luminosity region and Mie scattering signal region are located along the impinged spray axial direction. Comparing the IRT plots for the non-vaporizing and reacting conditions, the most intensive soot region is formed in the axial direction which is mainly due to the fuel accumulation in the axial direction, forming a fuel-rich zone. Local temporal outmost boundaries of flame are found to have wrinkles attributed to air entrainment.
	 Lowering oxygen percentage reduces the temporal soot generation before the end of injection. However, soot generation becomes high at low oxygen percentage when the left-over fuel is consumed after the end of injection.

	11.1.2 Microscopic flame structure
	 The profiles of curvature distribution are nearly similar after the impingement for both non-vaporizing and reacting conditions. However, the hot combustion gas is easier, compared to the liquid fuel, to be entrained by ambient gas, making the increment of wrinkles in reacting conditions. The correlation of the boundary curvature and near-field soot formation demonstrates an inverted ‘S’ shape distribution with time. More soot is formed in concave regions while less soot is formed in convex regions.
	 From the analysis of impinged flame front curvature, the two evaluated ambient temperatures (900 K and 1000 K) show the unnoticeable influences on the curvature distribution, implicitly the same level of flame-air mixing rate. This indicates, to some extent, a similar level of induced turbulence via flame impacting. 
	 LES simulation results showed good agreements in global spray combustion characteristics, such as liquid length and ignition delay, as well as the transient local spray/flame structure after the impingement by comparing the curvature distribution of the flame boundary. These findings indicate that the spray models could well predict the propagation behavior after the impingement.
	 From the curvature profiles, the curvatures of concave and convex regions are nearly paired with each other. As the ambient temperature is increased, a more violent flame makes the flame boundary more wrinkled.

	11.1.3 The apparent heat release rate and heat flux
	 From the analysis of heat release rate, lowering ambient temperature delays the auto-ignition, allowing more time for fuel to vaporize and mix with air, leading to the extended duration of premixed combustion.
	 Peak heat flux is observed near the impinging point and the difference of local heat flux is mainly due to the difference between flame and surface temperatures when the flame development is identical. However, local heat flux is much lower attributed to the soot radiation when there is much less soot formed at lower temperature flame.

	11.1.4 Soot formation in an impinging spray
	 With the current arrangement of the injection, more fuel would like to be dumped towards the front side of the impinging point, which will lead to higher soot mass fraction at the leading edge compared to the impinging region.
	 The oxidation close to the wall is weaker than the top surface as the ambient gas is hard to entrain to pass the flame to the wall side. Also, the temperature is reduced and seated into the range of soot formation due to the heat transfer from the flame to the wall.
	 As the residence time was increased, it was observed that the soot near the impinging plate and leading-edge is continuously accumulated.
	 From the wall to the ambient, total soot mass on a horizontal plane is increased to the maximum then decreased. Soot is initially formed near the wall and carried by the vortex at the leading edge to an upper altitude. When the soot is moved near the oxidation layer, the total soot mass is reduced due to soot oxidation. 
	 The soot precursor is mainly formed near the wall and converted to soot at the leading edge. After the end of the injection, the soot mass near the wall is reduced as there is no supply for the fuel-air mixture. However, the remaining fuel in the chamber is carried by the vortex and continuously forms soot at higher heights.

	11.1.5 Film formation and its interaction with flame
	 Under the same impinging distance, higher ambient temperature leads to a thinner film. The relation between the film mass and ambient temperature is not linear. The film mass under an ambient temperature of 800 K is nearly 40% to 50% of the injected fuel mass while the film mass is only ~10% and 1% of the total injected mass under an ambient temperature of 900 K and 1000 K, respectively.
	 The film deposition rate is globally decreased before the end of the injection. Along with the decreased film deposition, the soot formation rate is globally increased before the end of the injection. According to the distributions of temperature, the temperature near the film region shows a lower value due to the film evaporation into the flame. A temperature transition region is observed between the flame and film leading edge where the temperature is relatively low.
	 Different impinging distances lead to different film patterns on the impinging surface. Under 30 mm impinging distance, the film shows a waving pattern with high film thickness at the leading edge of the film. An intensive film spot is also observed near the impinging point under 30 mm impinging distance. 40 mm impinging distance could significantly reduce the global film mass and local film thickness compared to the 30 mm impinging distance case. The intensive film spot near the impinging point no longer exists. Only a single ring with high film thickness is observed at the leading edge of the film under 40 mm impinging distance.
	 Under the same ambient temperature but with different oxygen levels, the film formation and evaporation are nearly identical before the ignition delay. Due to the high oxygen level, 21% oxygen case shows an early ignition delay. The higher flame temperature generated by a high oxygen level environment leads to lower global film mass and local film thickness.


	11.2  Future work
	The remaining goals for the current study are:
	 The surface curvature in the 3D domain will be obtained and the soot oxidation rate along the surface will be correlated with the surface curvature.
	 The film-flame interaction for diesel spray will be experimentally investigated. A specific optical technology may be developed to capture the film, flame simultaneously and the quantitative measurement for the film thickness can be achieved. 
	 The low-temperature combustion mechanism which considers the quenching effect when the flame touches the hard surface will be developed.
	Based on future work, the current thesis will be an indicator for the direction of further investigation for diesel impinging spray with combustion.
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	A MATLAB programs for data processing introduced in Chapter 5
	A.1 Boundary tracking
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	% MADE BY ZHIHAO JULY 2017
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	% freq = 10000;        % IMAGE ACQUSITION FREQUENCY/FRAME RATE
	nx = 384;      % IMAGE SIZE X AXIS UNIT 'PIXEL'
	ny = 368;      % IMAGE SIZE Y AXIS UNIT 'PIXEL'
	% nx = 704;      % IMAGE SIZE X AXIS UNIT 'PIXEL'
	% ny = 704;      % IMAGE SIZE Y AXIS UNIT 'PIXEL'
	numberToExtract = 1; % DETERMINE HOW MANY AREA TO KEEP, GENERALLY THE NUMBER IS 1
	impingingtime = 30; % THE FRAME OF IMPINGEMENT
	boundary_matrix = zeros(nx,ny);
	numberToExtract = 1;
	%%
	dir_raw = 'E:\CV\DOE\DOE 2017 March'; % DIRECTORY OF THE IMAGE
	YYYYMMDD = '20170330';
	HHMM = '2202';
	writerObj = VideoWriter('Bottomview.avi');
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	sigma = estDoS;
	thresh = 0.17; % 1800bar
	W = gradientweight(grayimage,sigma,'RollOffFactor',4,'WeightCutoff',0.005);
	sample = W;
	[BINARY,D] = imsegfmm(sample,column,row,thresh);
	B = bwboundaries(BINARY);
	stats = regionprops(BINARY, 'orientation','area','Extrema','centroid');
	 area=[stats.Area].*scale.*scale;
	if isempty(area) == 1
	    area = 0;
	end
	area_time(i,1) = area;
	for k = 1:1
	   boundary = B{k};
	end
	figure(1);
	imshow(grayimage,[0 255]);
	hold on
	plot(boundary(:,2),boundary(:,1),'r');
	hold on
	end
	A.2 Curvature verification and calculation

	clear all
	close all
	%%
	image = zeros(765,765);
	maskSize = 201;  %
	R = (maskSize-1)/2
	t_r = (maskSize-1)/2 ;  
	[x,y] = meshgrid((1-maskSize)/2:maskSize/2,(1-maskSize)/2:maskSize/2);
	[t,r] = cart2pol(x,y);
	t(r>t_r) = nan;
	r(r>t_r) = nan;
	[xn,yn] = cart2pol(t,r);
	mask = ~isnan(xn);
	scale = 0.1047;
	theo_curv = 1/(maskSize*scale/2);
	middle1 = 383;
	middle2 = 383;
	column = 383;
	row = 383;
	image(middle1-R:middle1+R,middle2-R:middle2+R) = image(middle1-R:middle1+R,middle2-R:middle2+R)+double(mask);
	figure(1);
	imshow(image);
	    B = bwboundaries(image); 
	    for k = 1:length(B)
	       boundary = B{k};
	    end
	   starting_point = find(boundary(:,2) == column,1,'first');
	   boundary_modified(1:length(boundary)-starting_point+1,2) = boundary(starting_point:end,2);
	   boundary_modified(length(boundary)-starting_point+2:length(boundary),2) = boundary(1:starting_point-1,2);
	   boundary_modified(1:length(boundary)-starting_point+1,1) = boundary(starting_point:end,1);
	   boundary_modified(length(boundary)-starting_point+2:length(boundary),1) = boundary(1:starting_point-1,1);
	   oneD_distance = ((boundary_modified(:,2)-column).^2 + (boundary_modified(:,1)-row).^2).^0.5;
	   abs_oneD = oneD_distance.*scale;
	   x_axe = (1:length(boundary_modified(:,1)))';
	   y_axe = (1:length(boundary_modified(:,2)))';
	   coeff_x = polyfit(x_axe,boundary_modified(:,2),10);
	   coeff_y = polyfit(y_axe,boundary_modified(:,1),10);
	   [xData, yData] = prepareCurveData(x_axe, boundary_modified(:,2));
	   [xData1, yData1] = prepareCurveData(y_axe, boundary_modified(:,1));
	   [xData2, yData2] = prepareCurveData(y_axe, oneD_distance);
	    % Set up fittype and options.
	   ft = fittype( 'smoothingspline' );
	   opts = fitoptions( 'Method', 'SmoothingSpline' );
	   opts.SmoothingParam = 0.0001;
	    % Fit model to data.
	   [fitresult, gof] = fit( xData, yData, ft, opts );
	   [fitresult1, gof1] = fit( xData1, yData1, ft, opts );
	   [fitresult2, gof2] = fit( xData2, yData2, ft, opts );
	   polyvalue = feval(fitresult,x_axe).*scale;
	   polyvalue1 = feval(fitresult1,y_axe).*scale;
	   oneD_distance_poly = feval(fitresult2,y_axe);
	   deriv = gradient(oneD_distance_poly,0.1); % 1st deriv
	   sec_deriv = gradient(deriv,0.1); % 2nd deriv
	   curvature = curv_calc(boundary_modified,polyvalue,polyvalue1,scale);
	   figure(2);
	   plot(curvature,'-k','LineWidth',2);
	   hold on
	   theo_y = ones(1,length(curvature)).*theo_curv;
	   plot(theo_y,'--k','LineWidth',2);
	   hold on
	   xlabel('Pixel','FontSize',20);
	   ylabel('Curvature (1/mm)','FontSize',20);
	   legend({'Calculated curvature','Theoretical curvature'},'FontSize',20,'Location','south');
	function curvature = curv_calc(boundary_modified,polyvalue,polyvalue1,scale)
	   for L = 2:length(boundary_modified)-1
	   x = 0:704;
	%    curvature(:,l) = LineCurvature2D(bound_peak(:,:,l));
	   para_t_left = -((polyvalue(L-1,1)-polyvalue(L,1)).^2+(polyvalue1(L-1,1)-polyvalue1(L,1)).^2).^0.5;
	   para_t_right = ((polyvalue(L+1,1)-polyvalue(L,1)).^2+(polyvalue1(L+1,1)-polyvalue1(L,1)).^2).^0.5;
	   para_t = 0;
	   para = [para_t_left para_t para_t_right]';
	   coef(:,L) = polyfit(para,[polyvalue(L-1,1) polyvalue(L,1) polyvalue(L+1,1)]',2); %x curve fit
	   coefy(:,L) = polyfit(para,[polyvalue1(L-1,1) polyvalue1(L,1) polyvalue1(L+1,1)]',2); %y curve fit
	   x_singleprime(L,1) = coef(2,L);
	   x_doubleprime(L,1) = 2*coef(1,L);
	   y_singleprime(L,1) = coefy(2,L);
	   y_doubleprime(L,1) = 2*coefy(1,L);
	   curvature(L,:) = (x_singleprime(L,1).*y_doubleprime(L,1)-y_singleprime(L,1).*x_doubleprime(L,1))/((x_singleprime(L,1).^2+y_singleprime(L,1).^2).^1.5);
	   x1 = boundary_modified(L-1,2);
	   x2 = boundary_modified(L+1,2);
	   y1 = boundary_modified(L-1,1);
	   y2 = boundary_modified(L+1,1);
	   x_mid = boundary_modified(L,2);
	   y_mid = boundary_modified(L,1);
	   a(L,1) = (y1-y2)/(x1-x2);
	   b(L,1) = y1-(a(L,1).*x1);
	   mid_point_x(L,1) = (x1+x2)/2;
	   mid_point_y(L,1) = (y1+y2)/2;
	   a2(L,1) = -1./a(L,1);
	   b2(L,1) = y_mid-x_mid.*a2(L,1);
	   y = a2(L,1).*x+b2(L,1);
	   y_prime = a(L,1).*x+b(L,1);
	   R(L,1) = abs(1./(curvature(L,1).*scale));
	   length_scale_x(L,1) = sqrt(R(L,1).^2./(1+a2(L,1).^2));
	   if L < round(length(boundary_modified)/2)
	   if a2(L,1) > 0 && curvature(L,1) > 0
	   x_cen(L,1) = boundary_modified(L,2)+length_scale_x(L,1);
	   y_cen(L,1) = boundary_modified(L,1)+a2(L,1).*length_scale_x(L,1);
	   else if a2(L,1) > 0 && curvature(L,1) < 0
	   x_cen(L,1) = boundary_modified(L,2)-length_scale_x(L,1);
	   y_cen(L,1) = boundary_modified(L,1)-a2(L,1).*length_scale_x(L,1);
	   else if a2(L,1) < 0 && curvature(L,1) > 0
	   x_cen(L,1) = boundary_modified(L,2)-length_scale_x(L,1);
	   y_cen(L,1) = boundary_modified(L,1)-a2(L,1).*length_scale_x(L,1);
	   else if a2(L,1) < 0 && curvature(L,1) < 0
	   x_cen(L,1) = boundary_modified(L,2)+length_scale_x(L,1);
	   y_cen(L,1) = boundary_modified(L,1)+a2(L,1).*length_scale_x(L,1);
	   end
	   end
	   end
	   end
	   end
	   if L>=round(length(boundary_modified)/2)
	   if a2(L,1) > 0 && curvature(L,1) > 0
	   x_cen(L,1) = boundary_modified(L,2)-length_scale_x(L,1);
	   y_cen(L,1) = boundary_modified(L,1)-a2(L,1).*length_scale_x(L,1);
	   else if a2(L,1) > 0 && curvature(L,1) < 0
	   x_cen(L,1) = boundary_modified(L,2)+length_scale_x(L,1);
	   y_cen(L,1) = boundary_modified(L,1)+a2(L,1).*length_scale_x(L,1);
	   else if a2(L,1) < 0 && curvature(L,1) > 0
	   x_cen(L,1) = boundary_modified(L,2)+length_scale_x(L,1);
	   y_cen(L,1) = boundary_modified(L,1)+a2(L,1).*length_scale_x(L,1);
	   else if a2(L,1) < 0 && curvature(L,1) < 0
	   x_cen(L,1) = boundary_modified(L,2)-length_scale_x(L,1);
	   y_cen(L,1) = boundary_modified(L,1)-a2(L,1).*length_scale_x(L,1);
	   end
	   end
	   end
	   end
	   end
	   clear para_t_left para_t_right para_t para pos pos1
	   end
	end
	A.3 Apparent heat release rate

	%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
	% Demo code to filter the noise in the raw pressure data for further %
	% analysis to obtain heat-release rate and ignition delays.          %
	% Zhihao Zhao                                            %
	%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
	clear all;
	close all;
	clc;
	% Initialization of the parameters
	yyyymmdd        = 20200726;
	hhmm            = 1948; 
	Freq            = 100000;
	gamma_gas = 1.35;
	MW = 29.1;
	hydrodelay_UHS  = 0.25;    % unit: ms; hydraulic delay of the injector. 
	oxygenlevel     = 0.21;
	separation_pt   = 50134;   % 1st separation point
	filter_pt1      = 50001;   % starting point for data filtering
	filter_pt2      = 51501;   % ending point for data filtering
	Temperature_test= 900;    % unit: K
	speed_sound = (gamma_gas*8314*Temperature_test/MW)^0.5; % Speed of sound
	Pressure_test   = 61;      % unit: bar
	F_cutoff1       = 1500;    % cutoff frequency for the 1st butterworth filter, for the 2nd part of the pressure curve
	F_cutoff2       = 5000;    % cutoff frequency for the 2nd butterworth filter, for the assembled and spline interpolated pressure curve
	F_cutoff_fir    = 5000;    % cutoff frequency for the FIR filter
	filter_order1   = 5;       % order of the 1st butterworth filter, for the 2nd part of the pressure curve
	filter_order2   = 1;       % order of the 2nd butterworth filter, for the assembled and spline interpolated pressure curve
	ftr_fir_order   = 50;      % order of the FIR filter
	Upsample_freq   = 1e7;     % frequency for upsampling after two-part data smoothing 
	load(strcat('F:\CV\2020 JD spray impingement\JDpressure\', num2str(yyyymmdd), '\', num2str(hhmm), '\TestFileData.mat'));
	% Speed of sound correction for pressure trace delay
	Liquid_length = 24; % Unit mm 24 @ 900 k 24kg/m3 16 @ 1050 k 33kg/m3
	Nozzle_vertical_distance = 50.65; % Unit mm
	Distance = (((101.3-Liquid_length*sin(pi/10))^2 + (Nozzle_vertical_distance-Liquid_length*cos(pi/10))^2) + Nozzle_vertical_distance^2)^0.5;
	lag_sound = Distance/speed_sound;
	% Finding SOI
	SOI = min(find(Injection == max(Injection)));
	Time_original = 1/Freq:1/Freq:size(Time, 1)/Freq;
	Time_original = Time_original';
	% Pressure subtraction: exponential decay, select the right range of data to perform data fitting
	Pressure_original = Pressure;
	P_fit_range = Pressure(SOI-10000:SOI);
	T_fit_range = Time_original(SOI-10000:SOI);
	% Curve fitting for pressure subtraction
	P_log_range = log(P_fit_range);
	p = polyfit(T_fit_range, P_log_range, 1);
	y = polyval(p, T_fit_range);
	yresid = P_log_range - y;
	SSresid = sum(yresid.^2);
	SStotal = (length(y)-1) * var(y);
	rsq = 1 - SSresid/SStotal;
	% Pressure subtraction to determine the pressure rise due to spray combustion
	P_sub = Pressure(SOI-50000:SOI+30000);
	T_sub = Time_original(SOI-50000:SOI+30000);
	T_sub_plot = Time_original(SOI-50000:SOI+30000)-Time_original(SOI);
	P_fit = exp(p(1)*T_sub+p(2));
	P_diff = P_sub-P_fit;
	% Create two filters
	[c1, d1] = butter(filter_order1, F_cutoff1/(100000/2)); % Butterworth filter for the 2nd part of the pressure curve.
	[c2, d2] = butter(filter_order2, F_cutoff2/(Upsample_freq/2)); % Butterworth for the assembled and spline interpolated pressure curve.
	% Smoothing the pressure by two different portions
	Pressure_1 = P_diff(filter_pt1:separation_pt );
	Pressure_2 = P_diff(separation_pt :filter_pt2);
	Pressure_1_flip = flipdim(Pressure_1, 1);
	Pressure_1_flipsub = Pressure_1_flip(1)-(Pressure_1_flip-Pressure_1_flip(1));
	Pressure_1_assemble = [Pressure_1' Pressure_1_flipsub(2:end)']';
	Pressure_2_flip = flipdim(Pressure_2, 1);
	Pressure_2_flipsub = Pressure_2_flip(end)-(Pressure_2_flip-Pressure_2_flip(end));
	Pressure_2_assemble = [Pressure_2_flipsub' Pressure_2(2:end)']';
	Time_1_assemble = T_sub_plot(filter_pt1:(2*separation_pt -filter_pt1));
	ftr_fir = fir1(ftr_fir_order, F_cutoff_fir/(100000/2), 'low');
	Pressure_1_filt = filtfilt(ftr_fir, 1, Pressure_1_assemble);
	Pressure_2_filt = filtfilt(c1, d1, Pressure_2_assemble);
	% Assembling the two smoothed curves
	mid_pt_P1 = (size(Pressure_1_filt, 1)+1)/2;
	mid_pt_P2 = (size(Pressure_2_filt, 1)+1)/2;
	Pressure_separation = [Pressure_1_filt((mid_pt_P1-2):mid_pt_P1)' Pressure_2_filt(mid_pt_P2:(mid_pt_P2+1))']';
	Pressure_filt = [Pressure_1_filt(1:mid_pt_P1)' Pressure_2_filt((mid_pt_P2+1):end)']';
	% Spline interpolation along the entire pressure curve
	Time_filt = T_sub_plot(filter_pt1:filter_pt2);
	Time_smoothed = T_sub_plot(filter_pt1):(1/Upsample_freq):T_sub_plot(filter_pt2);
	Pressure_hi = spline(Time_filt, Pressure_filt, Time_smoothed);
	Pressure_smoothed = filtfilt(c2, d2, Pressure_hi);
	% time vector corrections
	Time_unfilt_correct = T_sub_plot*1000-hydrodelay_UHS-lag_sound ; % unit: ms
	Time_filt_correct = Time_filt*1000-hydrodelay_UHS-lag_sound ;   % unit: ms
	Time_smoothed_correct = Time_smoothed*1000-hydrodelay_UHS-lag_sound ;   % unit: ms
	% Plotting
	fig = figure;
	plot(Time_unfilt_correct, P_diff, '-r', 'LineWidth', 1);
	hold on;
	plot(Time_filt_correct, Pressure_filt, '-b', 'LineWidth', 2);
	hold on;
	% plot(Time_smoothed_correct, Pressure_smoothed, '-k', 'LineWidth', 3);
	xlim([0 5]);
	ylim([0 500]);
	xlabel('Time ASOI, ms');
	ylabel('Pressure, psi');
	legend( 'Original pressure', 'Filtered pressure', 'Location', 'northeast')
	title('Comparison of the processed pressure curves');
	gamma = 1.35;   % assumption
	V = 1.1;        % unit: L
	deltaT = 0.001; % unit: ms
	dQ = (1/(gamma-1))*V* diff(Pressure_smoothed)/deltaT*6894.76/10000; % unit: Mega Watt, dQ/dt = L*psi/sec = (6894.76 psi/Pa * 0.001 m3/L)/(0.001 sec)
	T_hrr = Time_smoothed_correct(1:(end-1)); 
	start_index = find(abs(T_hrr-0)<0.0001,1,'first');
	start_index2 = find(abs(Time_filt_correct-0)<0.01,1,'first');
	% T_hrr = T_hrr';
	P_ignd = Pressure_filt(start_index2:start_index2 + 500);
	T_ignd = Time_filt_correct(start_index2:start_index2 + 500);
	T_save = T_hrr(start_index:start_index + 50000)';
	dQ_save = dQ(start_index:start_index + 50000)';
	% dQ = dQ';
	figure; 
	plot(T_save, dQ_save, 'r-', 'LineWidth', 2);
	xlim([0 5]);
	ylim([-10 60]);
	xlabel('Time ASOI, ms');
	ylabel('Heat release rate, kJ/ms');
	title('Heat release rate');
	%%
	Ignition_delay_P = T_ignd(find(P_ignd>0.435,1,'first'));
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