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ABSTRACT 

 

An Investigation on Spray Combustion Characteristics of 

Gasoline Compression Ignition Engine using Constant Volume 

Combustion Chamber system 

Department of Mechanical Engineering 

Nguyen Ho Xuan Duy 

 

The research of multiphase spray combustion in the gasoline compression ignition (GCI) 

engine conditions is carried out under constant volume combustion system (CVCC). 

Experiments were performed on a CVCC system to investigate the phenomena of the 

combustion process through simulated conditions of a diesel engine. In addition, the optical 

system is applied with the CVCC system to collect images of the combustion process with high 

data acquisition speed. The GB fuel mixtures applied in this study included varying the volume 

of biodiesel content in the mixture from 0, 10%, 20% and 40%. The main goal of the research 

is to provide comprehensive parameters for the GCI engine research process and consider the 

stable application of gasoline-biodiesel mixtures with the operating conditions of GCI engines 

in different levels.  

The non-vaporizing spray process has proven that the trends and rules of the spray formation 

process are not much different from those of basic fuels. At the same time, it also determines 

the influence of injection pressure and ambient density on spray morphology. Besides, the 

influence of chamber temperature is also mentioned and evaluated to affect the spray 

characteristics. Temperature has a special impact on spray cone angle when varying at high 

levels. It also shows the opposite trend for the effect on spray angle in studies related to the 

spray combustion process.  

In the next stage, the spray vaporization process is applied to evaluate the characteristics of the 

spray more thoroughly in a high temperature environment up to 1000K. The trends of liquid 

and vapor areas are determined to be inversely proportional to each other when the spray 

impinge on the wall.  
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Finally, the combustion process is carried out with the change of important boundary 

conditions. The injection break time and ignition delay are identified to have a close 

relationship to determine the diffusion combustion process taking place under normal 

conditions. The results across the non-vaporizing spray, vaporization and combustion 

processes also indicate that gasoline fuel mixtures with high octane ratings will give more 

favorable results with the biodiesel component in the mixture less than 20%. 

Keywords: Gasoline-biodiesel, Injection pressure, Spray characteristics, Spray penetration 

length, spray cone angle, spray area, CVCC, Temperature, Oxygen concentration, Heat 

released rate, Ignition delay, flame development, high-octane fuel. 
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1. Introduction 

1.1 Motivation 

Since their inception, compression ignition (CI) engines have been recognized for their 

robustness and high fuel efficiency [1] [2] [3] [4]. Advances in control technology have 

mitigated the early issues of elevated noise and maintenance expenses, making CI engines 

widely used for mobile propulsion in vehicles, power generation, and construction machinery. 

To comply with stricter emission standards and address the rising fuel demand and diminishing 

fuel supplies, ongoing research is essential to enhance engine emissions without compromising 

performance and power [5] [6]. Currently, some after-treatment methods are employed to 

reduce harmful emissions such as carbon monoxide (CO), nitrogen oxides (NOx), 

hydrocarbons (HC), and particulate matter (PM) in the short term [7]. However, the economic 

barrier posed by the high costs of after-treatment devices restricts their broader application in 

IC engines. In the long term, exploring innovative combustion concepts and diversifying 

combustion strategies present potential solutions to reduce pollutants in engine emissions. 

New combustion strategies have emerged to enhance and optimize internal combustion 

engines. Among these, low-temperature combustion (LTC), dilute gasoline combustion (DGC), 

and clean diesel combustion (CDC) are particularly significant. LTC involves staging the 

combustion at lower temperatures and maintaining sufficiently lean conditions to avoid high 

soot and NOx formation zones in CI engines. This approach can improve engine efficiency by 

20% compared to traditional diesel engines. The reduction in combustion temperature is 

achieved by using substantial exhaust gas recirculation (EGR) along with a lean fuel-air 

mixture [8] [9]. In DGC, a minimal amount of fuel is combusted in the engine's chamber under 

an excess of air or with recirculated exhaust gases, which can improve fuel efficiency by up to 

35% compared to conventional spark-ignition engines. This improvement is attributed to the 

more moderate combustion temperatures, reducing heat losses during medium and low loads 

[10] [11]. In CDC, the combustion sequence resembles that of standard diesel engines, but with 

more of the air-fuel mixture prepared prior to the start of combustion. This allows the mixture 

to burn under cleaner conditions, resulting in less soot production. Implementing CDC requires 

advanced technical components such as a high-speed controller, sophisticated injection strategy, 

high-pressure injection, EGR, and high air flow within the cylinder. 
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In addition to the previously discussed strategies, alternative fuels such as biodiesel, 

dimethyl ether, biogas, and bioethanol are also being explored for use in conventional or 

modified internal combustion engines to reduce pollution emissions. Biodiesel, in particular, 

stands out as a viable option for most diesel engines, as it emits fewer air pollutants and 

greenhouse gases. It offers several benefits, including excellent lubrication properties, 

biodegradability, non-toxicity, and a composition largely free of sulfur and aromatic 

compounds, which contribute to its environmental friendliness. Notably, biodiesel combined 

with high injection pressure can significantly lower soot formation, a major issue in diesel 

engines, as demonstrated by Wang et al. [20] [21]. Additionally, biodiesel can be produced 

from a wide range of feedstocks, resulting in varied chemical structures and oxygen contents. 

Given the depletion of fossil fuels, biodiesel is increasingly viewed as a green and sustainable 

alternative. 

Recent studies have highlighted the promising potential of gasoline-biodiesel blended fuels 

in advancing Gasoline Compression Ignition (GCI) engine technology, an advanced form of 

Low-Temperature Combustion (LTC) that mitigates issues typical of diesel engines. This blend 

leverages the advantages of biodiesel, such as its superior lubricity, renewability, 

environmental benefits, and high ignitability, enhancing cold starts and preventing misfires at 

low engine loads. Simultaneously, it retains gasoline’s benefits of high volatility and extended 

ignition delay, which aid in the mixing process and help reduce pollutant emissions. Adams et 

al. [22] explored GB blends with 5% and 10% biodiesel content using a partially premixed, 

split-injection combustion strategy, improving the engine's operating range, achieving stable 

combustion, and lowering intake temperature requirements. Yanu et al. [23] [24] experimented 

with GB blends containing 5% and 20% biodiesel, adjusting injection timing, exhaust gas 

recirculation (EGR), and boosting pressure to optimize the performance of GB blends. They 

reported remarkable outcomes, including a combustion efficiency increase to 93% and a 50% 

reduction in total hydrocarbons (THC) and CO emissions compared to conventional diesel fuel. 

GCI engine technology evolves from modern compression ignition (CI) engines and 

operates using a mixing-controlled combustion process. In this approach, multiple high-

pressure fuel jets are directly injected into the engine's combustion chamber near the top dead 

center. As the fuel jets penetrate the chamber, they atomize, entrain, and mix with the 

surrounding air. This entrainment of hot ambient gases raises the temperature of the fuel-air 

mixture, leading to vaporization and subsequent auto-ignition once the equivalence ratio, 
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temperature, and residence time of the mixture are favorable for rapid chain reactions. The 

liquid fuel reaches a maximum penetration distance downstream of the injector, while the 

vaporized fuel continues to penetrate further. After ignition, a quasi-steady, lifted, and mixing-

controlled flame is formed. The combustion process concludes when all the fuel has been 

combusted. The fuel-air mixing, auto-ignition, and mixing-controlled combustion are governed 

by injection parameters, fuel chemical properties, and the conditions of the charge gas. 

Spray behavior significantly impacts mixture formation and ignition delay, which are 

crucial for understanding the mixing processes in CI engines. Auto-ignition, a key driver in 

compression ignition combustion, determines the ignition delay (ID) by influencing the time 

from fuel injection to the onset of combustion based on fuel characteristics. Ignition delay 

affects combustion phasing in the engine cycle and the degree of fuel-air pre-mixing needed to 

form the primary mixture before combustion. This, in turn, substantially shapes the heat release 

rate (HRR) and the formation of pollutants like NOx and particulate matter (PM) [13]. An 

improper ignition delay can lead to negative outcomes, such as reduced engine power output 

and increased knocking, which causes combustion instability and can significantly shorten 

engine life [25] [26]. The ID period is influenced by various factors, including fuel type, engine 

design, operating conditions, and fuel injection strategy. These interrelated combustion 

processes also affect the level of soot produced during combustion [27][28]. 

Therefore, to better understand the impact of biodiesel composition on ignition delay and 

spray behavior of its mixture with gasoline in GCI engines is an important issue. Optical 

research with many different methods is applied to each process compatible with different 

spray combustion conditions. It is guaranteed to observe in detail the behavior of the spray as 

well as the moment of flame appearance. It combines spray combustion experiments on the 

constant volume combustion chamber (CVCC) system to make assessments about the results, 

which is the main topic of this thesis. The authors believe that the experimental studies on the 

spray combustion process that have been carried out provide a better overview of the conditions 

applied on GCI engines with high-octane gasoline fuels and provide the necessary injection 

control strategies as well as the limitations that must be avoided to achieve high engine 

performance. 
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1.2 Approach 

This thesis presents research on the spray combustion process of Gasoline Compression 

Ignition (GCI) engines. This study stands out due to its utilization of gasoline-biodiesel fuel 

blends alongside high-octane gasoline in GCI engine conditions. The spray combustion 

processes are investigated across a broad range of experimental conditions, including variations 

in ambient temperature corresponding to the conditions of mixture formation. These 

environmental conditions range from non-vaporizing to non-vaporizing with high chamber 

temperature, vaporization, and combustion. The primary focus of this research is to evaluate 

the phenomena of spray combustion and study the intricate relationships between operating 

injection system parameters and ambient conditions when using gasoline-biodiesel fuel blends 

in various engine operating conditions. 

Furthermore, various optical methods are applied to enhance the study of spray combustion 

on the Constant Volume Combustion Chamber (CVCC) system used to simulate engine 

experimental conditions. Initially, experiments on the non-vaporizing spray process between 

different gasoline-biodiesel fuel blends are conducted on the constant volume chamber system, 

with biodiesel composition varying from 10% to 40% by volume. The experimental matrix is 

constructed based on variations in injection pressure, injection time, and ambient density to 

comprehensively evaluate the spray vaporization process. Additionally, theoretical models of 

spray breakup time are applied to assess the breakup time of fuel blends under different 

experimental conditions. The spray process is intimately related to combustion chamber design, 

cold start processes, and mixture formation before and during combustion. Hence, these initial 

experiments provide an overall understanding of spray characteristics when applying high-

octane fuel blends in GCI engine conditions, where related studies are not yet fully developed. 

Secondly, previous studies have shown that the GB20 fuel blend meets optimal 

specifications for spray characteristics and ensures the presence of the desired biodiesel 

component in the mixture. GB20 is selected as the primary fuel for studying the impact of 

chamber temperature on spray morphology and characteristics. It also contributes to evaluating 

engine operating conditions, which significantly affect mixture formation inside the 

combustion chamber for high-octane fuel when used on both CI and GCI engine platforms. 

Thirdly, the research focuses on the stages of spray formation under the influence of 

boundary conditions, including temperature and ambient density. To comprehensively assess 

the phases required for combustion, the vaporization process acts as an intermediate between 
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the non-vaporizing spray process and combustion. In this objective, experiments are controlled 

to activate the spray in a high-temperature environment ranging from 600-1000 K without 

combustion occurring, with oxygen levels ensured at 0%. The results of the vaporization 

process will complement the overall picture of how thermodynamic effects influence harsh 

spray conditions. 

Finally, combustion is the culmination of the entire research process under similar 

boundary conditions to the spray experiments outlined earlier. In this section, evaluations of 

the impact of biodiesel content in the fuel on ignition delay characteristics and flame 

development are conducted. Additionally, the relationships between the non-vaporizing spray 

process and combustion process are closely examined. Furthermore, the differentiation in 

determining the value of ignition delay through pressure curve methods and optical methods is 

also addressed. 

Additionally, various optical methods are refined and applied to observe the phenomena of 

spray combustion of gasoline-biodiesel blends. Alongside this, the CVCC system, with its high 

level of refinement and almost fully automated control through the LABVIEW program, has 

been operated. The control modes did not experience any anomalies during the pre-combustion 

process. 

1.3 Objective 

The primary aim of this study is to examine the spray combustion characteristics of blended 

fuels comprising gasoline and biodiesel. Specifically, the thesis aims to focus on: 

Evaluating the applicability of gasoline-biodiesel fuel blends in the operating conditions of 

GCI engines at low and moderate loads. 

Providing a comprehensive study from the initiation of spray formation to the formation 

and reaction of the mixture through combustion processes. The characteristics of spray 

combustion are discussed and analyzed in detail corresponding to the operating conditions of 

GCI engines. Combustion spray models are established to propose appropriate control modes 

and mitigate the shortcomings existing in GCI engines to enhance their applicability and 

achieve better engine performance and emissions. 

Improving optical methods corresponding to the experimental conditions of the combustion 

process. For spray experiments, Schlieren and Shadowgraph methods are employed to measure 
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spray characteristics, including spray penetration length, spray cone angle, spray area, liquid 

length, liquid area, and vapor area. For combustion experiments, ignition delay and flame 

development are captured through high-speed camera data and pressure data directly recorded 

from pressure transducers. 

The research involves preparing and configuring a constant volume combustion chamber 

(CVCC) system to replicate high temperature and pressure conditions akin to those found in 

engines. A model for the premixed combustion process will be developed to forecast the 

generation of reactive species at the start of injection (SOI). Prior to experimentation, the 

CVCC system and optical setup will be validated using pure diesel fuel under standard 

conditions. The outcomes will be analyzed and compared with existing research to verify the 

precision of both the CVCC system and optical configuration. 

Gasoline-biodiesel blends with varying ratios of 10%, 20%, and 40% by volume are applied 

in combustion spray experiments at temperature ranges from 298 K to 1000 K with different 

ambient densities and varied conditions of the fuel injection system. The experimental 

conditions focus on enhancing the auto-ignition characteristics of gasoline direct-injection 

compression ignition (GDCI) combustion strategies under low load and cold start conditions. 

1.4 Thesis outline 

Chapter 1 outlines the scope of the thesis, providing a concise introduction to the research 

topic and situating it within the context of previous studies. It briefly discusses the 

enhancements made, along with detailing the research aims and objectives. 

Chapter 2 aims to provide an overview of the literature related to GCI engines and the 

combustion spray process in cases using gasoline and gasoline-like fuels. The first part will 

provide an assessment of GCI engines, an efficient method to reduce soot and NOx emissions 

in CI engines while improving the efficiency of using gasoline fuel. Secondly, the 

characteristics of the spray and combustion processes as well as associated phenomena will be 

discussed. Subsequently, theoretical models of the spray process will be provided, along with 

macroscopic spray methods. Theories and methods for measuring ignition delay will also be 

presented to enhance the overall assessment of the combustion spray process. Finally, an 

evaluation of the energy demand for transportation and the role of alternative fuels in climate 

change mitigation and reduction of harmful emissions will be provided. 
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Chapter 3 details the configuration of the constant volume chamber experiment system, 

including the setup of the gas supply and fuel delivery systems. It also provides an overview 

of the optical diagnostic methods employed. The chapter introduces the experimental test 

procedures and outlines the analysis methods used. Furthermore, it includes a detailed 

explanation of the image processing techniques applied to study the spray combustion process. 

Chapter 4 evaluates the influence of biodiesel composition on the spray process of gasoline-

biodiesel blends under GCI engine operating conditions. The non-vaporizing spray process is 

applied as a fundamental platform to assess spray characteristics along with the application of 

shadowgraph optical method. The physical characteristics of the spray are presented through 

an experimental matrix of injection pressure (40 MPa-100 MPa), injection duration (1200-1500 

µs), ambient density (10 kg/m3- 30 kg/m3), and different fuel compositions (GB10-GB20-

GB40). The combination of results from these characteristics shows that GB20 neutralizes 

common factors in spray characteristics and ensures stable injector operation conditions under 

harsh conditions due to the increased fuel viscosity. 

Chapter 5 presents the evaluation of chamber temperature (323 K – 498 K) influence on 

the spray formation process of GB20 blend. The experimental matrix is constructed based on 

variations in chamber temperature, injector angle, injection pressure, and ambient density. The 

non-vaporizing spray process is applied to compare the phenomenon of spray behavior in high-

temperature chamber environments. Remarkable results show that the cone spray angle tends 

to decrease as the chamber temperature increases. Additionally, the injector spray angle at 180 

degrees is influenced by gravity, causing disturbances to the spray. The Schlieren optical 

method is applied to capture images of the spray process, clearly showing shockwaves when 

the spray enters high-pressure environments. 

Chapter 6 presents the vaporization spray characteristics of GB20 and GB40 fuel blends in 

high-temperature environments, ranging from 600 K, 800 K, and 1000 K. The spray process is 

controlled so that the injection timing is activated at 0% oxygen concentration, ensuring that 

combustion is prevented to easily observe spray phenomena in high-temperature environments. 

The liquid and vapor phases are clearly identified when the spray exceeds the 600 µs threshold. 

The structure and morphology of the vaporization spray add to the overall research picture for 

the application of high-octane gasoline fuels in GCI engines. 
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Chapter 7 presents the spray combustion process of gasoline fuels, GB10, and GB20. This 

means that the non-vaporizing spray process and combustion process are conducted to 

investigate spray combustion behaviors and characteristics in this chapter. Combustion 

characteristics including ignition delay, heat release rate, and flame development are discussed 

to determine their close relationship as well as their relationship with the initial spray process. 

It is noted that the injection cut-off time and ignition delay are closely related to each other to 

determine the normal diffusion combustion process. 

Chapter 8 serves as the culmination of this thesis, presenting the summary and conclusions 

drawn from the experimental studies. It integrates insights gained from various diagnostic 

methods to provide a comprehensive understanding of spray combustion. The chapter 

highlights significant findings derived from the research.  
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2. Literature review 

The purpose of this part is to provide an outline of the background information relevant to 

current research. In the first section, the GCI engine technology is given. Also, the opportunities 

and challenges of this kind of engine are presented. The second part of this chapter covers 

macroscopic spray in detail, including the optical methods involved and the various spraying 

processes. It demonstrates a clear influence on the engine design process, as well as the level 

of mixture mixing for the combustion process. Furthermore, the third part presents the 

characteristics of the combustion process, including ignition delay and flame development, to 

clearly illustrate their relationship. This process is complex and has a strong impact on 

combustion efficiency, engine performance, and emissions. Finally, the review of the demand 

for transport energy and the role of alternative fuel in terms of climate change and harmful gas 

emission are presented. 

2.1 GCI engine technology 

The Compression Ignition (CI) engine operates on high cetane fuels, igniting due to the 

elevated air temperature from mechanical compression within the cylinder. Known for its high 

thermal efficiency stemming from a substantial expansion ratio, CI engines typically run on 

diesel fuel, which auto-ignites quickly but poses challenges with high soot and NOx emissions. 

Controlling these pollutants in diesel engines is complex and costly. Additionally, the potential 

for ignition knock limits the efficiency of Spark Ignition (SI) engines, constrained by 

compression ratios. 

Looking forward, higher-octane gasoline is crucial to prevent knocking and enhance SI 

engine efficiency, though lower-octane gasoline may become more prevalent. In this context, 

Gasoline Compression Ignition (GCI) engine technology emerges as promising. GCI engines 

capitalize on gasoline's high volatility under high compression ratios [29][30], offering a 

solution to diesel engine challenges such as soot and NOx emissions while maintaining diesel-

like efficiency [31]. GCI engines are designed to operate efficiently with gasoline having a 

Research Octane Number (RON) between 70 and 85 [32], combining the benefits of high 

compression ratios from CI engines with favorable gasoline characteristics. 

2.1.1 GCI concept 

Gasoline Compression Ignition (GCI) is an advanced combustion technology characterized 

by high thermal efficiency and reduced emissions, requiring minimal modifications to standard 
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diesel engines. GCI can operate in various combustion modes, spanning fully premixed 

homogeneous combustion to diffusion-controlled modes. Partially premixed combustion, 

blending aspects of Homogeneous Charge Compression Ignition (HCCI) and diesel 

combustion, significantly enhances fuel efficiency by auto-igniting the fuel-air mixture through 

a combination of diffusion and premixing mechanisms. Under different load conditions, GCI 

engines utilize distinct strategies: at lower loads, homogeneous mixtures are achieved through 

early injection timing, whereas at higher loads, direct injection near top dead center (TDC) 

promotes diffusion-controlled combustion. Effective management of fuel stratification is 

crucial, particularly under high loads where ignition delay lengthens. This approach ensures 

optimal combustion efficiency with a small portion of the mixture igniting via auto-ignition, 

while the majority undergoes combustion through the diffusion process. 

Kalghatgi et al. [33] initiated interest in utilizing higher octane fuels with increased 

volatility, comparing the performance of diesel fuel with a cetane number (CN) of 56 against 

gasoline with 84 RON and 95 RON using a single late fuel injection pulse of fixed width to 

maintain consistent fueling. Their study revealed that under low speed and load conditions, 

gasoline-like fuels exhibited longer ignition delays, effectively reducing NOx emissions from 

light-duty engines. However, challenges arose due to overly advanced ignition timing and 

combustion instability attributed to lean local in-cylinder mixtures. Optimal fuel distribution 

or stratification was identified as crucial for achieving both combustion stability and emissions 

performance. At higher loads, issues such as excessive pressure rise rate (PRR) and increased 

NOx formation were mitigated by employing Exhaust Gas Recirculation (EGR) to suppress 

premixed combustion effects. Dec et al. [34] [35] [36] investigated the benefits of partial fuel 

stratification (PFS) on equivalence ratio distribution, PRR, and extending high-load operating 

limits. Their findings demonstrated that PFS facilitated advanced combustion phasing, 

resulting in a 1% increase in thermal efficiency with IMEPg below 2.4%, combustion 

efficiency between 96.8% and 97.8%, and indicated gross thermal efficiency ranging from 44.1% 

to 45.3%, while maintaining low NOx and soot emissions. Additionally, their study on intake 

boost effects in gasoline HCCI engines revealed that increasing intake boost pressure from 5 

bar to 16.34 bar of IMEPg allowed for higher maximum loads. They attributed this success to 

their ability to retard combustion phasing while ensuring stable combustion with intake boost. 

Adams et al. [37] explored the effects of biodiesel-gasoline blends on Gasoline 

Compression Ignition (GCI) combustion, focusing on 5% and 10% biodiesel blends using a 
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partially premixed, split-injection approach. Their findings highlighted that these biodiesel 

additions notably lowered the intake temperature requirement while also increasing NOx 

emissions and reducing CO and unburned hydrocarbons (UHC), attributed to gasoline's higher 

average bulk temperature. 

Meanwhile, Yanuandri [23] conducted studies comparing GB20 (80% gasoline, 20% 

biodiesel) and conventional diesel fuel modes in a single-cylinder diesel engine. Their 

investigation encompassed parameters such as peak pressure rise rate (PRR), combustion 

phasing, ignition delay, and emissions of NOx and hydrocarbons (HC). The research revealed 

that GB20 exhibited shorter ignition delays and lower HC emissions, demonstrating biodiesel's 

potential to mitigate challenges in GCI applications, including enhancing lubricity when 

blended with gasoline. Additionally, Yanuandri [23] examined a 5% biodiesel blend with 

gasoline under different injection strategies, finding that GB05 provided improved combustion 

stability. As blended biodiesel-gasoline fuels become more prevalent, understanding the spray 

development process across varying biodiesel concentrations becomes increasingly important 

for optimizing engine performance and emissions control in GCI technologies. 

2.1.2 Opportunities and challenges associated with GCI 

Due to its specific operational strategies such as optimized gas exchange at part-load 

conditions, utilization of a low-pressure fuel pump, high volatility fuel properties, extended 

ignition delay, and high compression ratios, the newly developed Gasoline Compression 

Ignition (GCI) combustion process achieves fuel efficiency comparable to diesel engines with 

lower exhaust emissions. Particularly under Low Temperature Combustion (LTC) conditions, 

GCI engines can achieve extremely low NOx emissions. Additionally, CO emissions are 

significantly reduced due to an overly stoichiometric air-fuel ratio and effective mixture 

preparation, contrasting with spark-ignited modes. Successful commercialization of GCI 

vehicles could pave the way for more efficient automotive solutions in regions where diesel 

fuel availability for passenger cars is limited. Figure 2.1 illustrates the main advantages of GCI 

technology. 
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Figure 2.1: Advantages of GCI engine technology 

Gasoline typically has a cetane number (CN) in the market of less than approximately CN15, 

which poses challenges for auto-ignition in Gasoline Compression Ignition (GCI) engines, 

especially during low-load and cold starting conditions. The very low CN of gasoline 

significantly extends ignition delay, necessitating earlier injection in the compression stroke 

compared to conventional diesel injection. At these low temperature and pressure conditions, 

achieving ignition becomes even more challenging. Consequently, further research is necessary 

to address these challenges before widespread adoption of GCI technology in commercial 

vehicles. Figure 2.2 [38] illustrates the primary challenges associated with GCI technology. 

Despite these challenges, most issues can be resolved through optimized combustion processes, 

which are generally simpler compared to diesel engines. Therefore, the implementation of GCI 

technology holds potential benefits for both the automotive industry and oil companies, helping 

to balance the demand between light and heavy fuel oils in future fuel scenarios. 

 

Figure 2.2: Challenges for GCI engine technology 
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2.2 Macroscopic spray 

In recent years, the pursuit of cleaner and more efficient internal combustion engines has 

led to the emergence of innovative technologies such as Gasoline Compression Ignition (GCI) 

engines. GCI engines combine the high efficiency of compression ignition engines with the 

lower emissions of gasoline engines, offering a promising solution for reducing both fuel 

consumption and pollutant emissions in the transportation sector. 

At the heart of GCI engine operation lies the process of fuel injection and mixing, which 

plays a pivotal role in achieving optimal combustion performance. Macroscopic spray, a key 

aspect of fuel injection, refers to the bulk behavior of the fuel spray as it interacts with the 

surrounding air within the combustion chamber. Unlike microscopic spray characteristics, 

which focus on the atomization and vaporization of individual fuel droplets, macroscopic spray 

parameters encompass the spatial distribution, penetration, and mixing of the fuel spray on a 

larger scale. 

Understanding and optimizing macroscopic spray characteristics are crucial for enhancing 

the combustion process in GCI engines. Efficient mixing of fuel and air within the combustion 

chamber promotes homogenous combustion, leading to improved thermal efficiency and 

reduced emissions. Moreover, precise control of macroscopic spray parameters can influence 

combustion phasing, combustion stability, and pollutant formation, thereby shaping the overall 

performance and environmental impact of GCI engines. 

2.2.1 Schlieren method 

The Schlieren technique operates similarly to the Shadowgraph method. When a light beam 

passes through the test section, denser regions deflect the beam, resulting in a shift in the image 

observed on the viewing plane. Unlike Shadowgraph, Schlieren measures the first derivative 

of fluid density and utilizes a knife-edge for cutoff, as illustrated in Fig. 2.3. The position of 

this knife-edge influences the image projected on the screen and is typically oriented 

perpendicular to the nozzle, facilitating visualization of density variations along the spray 

length [39][40]. Both techniques are essential for quantifying integral quantities along the path 

of the light beam and are indispensable for imaging across a broad spectrum of density 

gradients[41][42]. 
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Figure 2.3: Principle of Schlieren technique 

2.2.2 Shadowgraph method 

The Shadowgraph technique is widely favored for spray visualization due to its simplicity 

and relatively low cost. Variations in density across the spray area, caused by gradients in 

pressure, temperature, and mixture, create non-uniform refractive index regions. As light 

passes through these regions, it undergoes refraction and phase shifts, resulting in variations in 

refracted light intensity. These intensity variations cast shadows on a screen, forming what is 

known as a 'shadowgraph'. Light, emitted from a source such as a laser or non-laser, is captured 

by a camera, typically a high-speed camera, after passing through the test section. The 

shadowgraph method measures the second derivative of fluid density. Figure 2.4 illustrates a 

schematic of the experimental setup for the Shadowgraph technique. While particularly suited 

for studying flows from two-dimensional nozzles, it also provides reasonable qualitative 

insights into three-dimensional nozzle flows [43]. 

 

Figure 2.4: Schematic of the experimental setup for Shadowgraph of dense sprays in a CVCC 

[44] 
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2.3 Ignition delay and flame development 

In the pursuit of cleaner and more efficient internal combustion engines, Gasoline 

Compression Ignition (GCI) technology has emerged as a promising solution. Central to the 

optimization of GCI engines is the intricate relationship between ignition delay and flame 

development. Ignition delay, the time interval between fuel injection and the onset of 

combustion, profoundly influences the timing and characteristics of flame propagation within 

the combustion chamber. Understanding this relationship is pivotal for optimizing combustion 

phasing, thermal efficiency, and emissions in GCI engines. In this context, a comprehensive 

exploration of the interplay between ignition delay and flame development is essential for 

advancing the development of GCI engine technologies. 

2.3.1 Ignition delay 

Ignition delay (ID) is the interval between the start of liquid fuel injection and the onset of 

ignition. It is commonly described by an Arrhenius-type equation (Equation 2.1), 

encompassing the time required for liquid breakup, vaporization, and the accumulation of 

radicals to a critical level necessary for rapid chain branching essential for ignition [45][46]. 

Therefore, ID is influenced by both the physical properties of the fuel and charge gas, as well 

as the chemical reactivity of the fuel [47][48]. ID plays a crucial role in determining the 

proportion of heat released during the premixed combustion phase versus the mixing-controlled 

combustion phase, directly impacting combustion timing and pressure rise rates within an 

engine [49]. Moreover, ID significantly affects engine emissions and performance [50]. 

Engines operating with fuels exhibiting short ID tend to produce higher particulate matter (PM) 

emissions due to incomplete mixing, whereas fuels with longer ID durations often result in 

increased nitrogen oxides (NOx) and noise levels. Excessive ID compared to engine design 

specifications can also lead to issues such as fuel impingement. Injection pressure, ambient 

density, temperature, oxygen concentration, and nozzle diameter are factors known to affect 

ID, with higher injection pressures and temperatures generally reducing ID while larger nozzle 

diameters tend to increase it. 

* * expk n a
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 − −
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     (2.1) 

Where, id = Ignition delay time 

= Equivalence ratio 
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aE  = Activation energy 

cylT = Gas temperature in cylinder 

uR = Gas constant value 

* *,  a k and n = Empirical constants 

Asanas et al. [51], the pressure and temperature are measured to predict ignition delay time. 

The pressure and temperature at injection timing are calculated as following equations. 

1. c

cyl m effT T  −=         (2.2) 

. c

cyl m effP P =         (2.3) 

Where,  
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soi

V

V
 =  Effective compression ratio    (2.4) 

c = Polytropic constant 

cylP = Cylinder charge pressure 

mP =  Manifold pressure  

cylT =Gas temperature in cylinder 

mT =  Manifold temperature 

dispV =Cylinder displacement 

soiV =Cylinder volume at injection timing 

Polytropic exponent is calculated by expression of Hardenberg and Hase [52] as below. 
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Where,  K + =  Specific heat ratio of a gas, / 1.4p vc c =  

  f =   Constant 1.1 
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pu =  Average speed of the piston 

In the context of the ignition delay correlation discussed earlier, oxygenated fuels present 

a different consideration. Lahiri et al. [53] proposed using the fuel-to-oxygen ratio instead of 

equivalence ratio, which adjusts ignition delay as a function of the oxygen content in the fuel. 

The Cetane number remains a fundamental indicator of fuel's compression ignition quality. 

Hardenberg and Hase [54] developed a correlation that effectively incorporates Cetane number 

in such analyses. 

25
A

B
E

CN
=

+
       (2.6) 

Where,  B = a constant 

CN = Cetane number 

The ignition delay time for diesel fuels is influenced by several factors including the Cetane 

number, viscosity of the fuel, nozzle hole-size, injected quantity, and injection pressure. Wolfer 

[55] provides a method to calculate ignition delay specifically for diesel fuels, taking into 

account these contributing factors. 

1.023.45exp(2100 / )m mID T p−=      (2.7) 

2.3.2 Measurement of ignition delay 

There are two primary methods for defining ignition delay in internal combustion engines. 

One approach involves monitoring the pressure inside the combustion chamber using a high-

frequency response pressure transducer. Before ignition, fuel spray vaporization causes a slight 

decrease in ambient gas temperature and a corresponding dip in pressure. Autoignition 

subsequently increases temperature and pressure until ignition occurs, defined as the point 

where pressure returns to its initial ambient level or slightly exceeds it. 

Alternatively, ignition delay can be measured through combustion luminosity. OH 

luminescence has shown poor correlation with pressure-based methods for ignition delay 

measurement. Instead, soot luminescence, indicating the start of diffusion flame, has 

demonstrated better consistency across different fuel types. Luminosity measurements can be 

conducted using a CCD camera, photodiode, or photo transistor. 
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In practical terms, ignition delay is the interval between fuel injection into the combustion 

chamber via the injector and the moment ignition occurs. The time of fuel injection is 

determined by the electrical signal that triggers the injector, adjusted by subtracting the 

injection delay, which accounts for the nozzle tip's inertia. This delay is quantified through 

macroscopic spray images [56]. 

In this work, the pressure is recorded throughout the combustion process using the pressure 

transducer until the combustion process gradually ends. The heat-release rate is calculated 

based on the pressure increase of the combustion process and is calculated according to the 

formula: 

𝑑𝑄

𝑑𝑡
=

1

1 − 𝛾
𝑉
𝑑𝑃

𝑑𝑡
 

where Q is the heat released in Joules (J), t is time in seconds (s), V is the volume in cubic 

meters (m3), P is pressure in Pascals (Pa), and γ is the specific heat capacity, 1.4 in this study. 

Ignition delay was defined as the period from opening the injector until release of 1% of the 

cumulative heat release [57]. 

2.3.3 Factors affecting ignition delay 

2.3.3.1 Ambient Conditions 

Ambient temperature significantly impacts ignition delay in combustion processes. Higher 

temperatures accelerate both the physical processes contributing to ignition delay and the 

chemical reaction rates involved [58][59]. For instance, Fuller et al. [60] observed a 50% 

reduction in ignition delay when ambient temperatures increased from 950 K to 1038 K, and 

an 80% reduction when temperatures rose further to 1125 K. Similar trends were reported by 

Kobori et al. [61], showing a nearly 90% decrease in diesel fuel ignition delay as temperatures 

increased from 625 K to 1000 K. Additionally, Ramesh et al. [62] found that even low 

concentrations of NO (100 PPM) could significantly alter ignition characteristics, with the 

magnitude and direction of change dependent on temperature and fuel type. For example, an 

increase from 0 PPM to 50 PPM of NO reduced ignition delay by about 35%, whereas an 

increase from 50 PPM to 100 PPM resulted in only a 10% reduction. Other components such 

as CO2, CO, and H2O also affect ignition delay, albeit to a lesser extent. Ignition delay is also 

influenced by ambient pressure, with Hoogterp et al. [26] demonstrating a 20-30% decrease in 

ignition delay for diesel fuel as pressure increased from 60 bar to 80 bar. This reduction is 



19 

 

attributed to higher gas density increasing air entrainment collision and the molar concentration 

of oxygen in the spray zone. 

2.3.3.2 Fuel Injection 

Air entrainment into the spray zone plays a crucial role in influencing the ignition delay of 

fuel sprays. Parameters related to fuel injection significantly impact how quickly air enters the 

spray zone, thereby affecting droplet sizes and injection velocity, which in turn increase or 

decrease ignition delay. For instance, increasing the orifice diameter of the injector from 0.1 

mm to 0.2 mm can increase ignition delay by 30%, attributed to larger droplet sizes, reduced 

injection velocity, and slower air entrainment, thereby prolonging the physical delay in total 

ignition delay [61]. Similarly, Schihl and Hoogterp [26] observed a 25% increase in ignition 

delay when the orifice diameter increased from 0.176 mm to 0.212 mm, indicating a threshold 

beyond which the physical delay dominates due to larger droplet sizes. However, minimal 

effects were noted with smaller increases in diameter, such as from 0.025 mm to 0.05 mm. 

Nguyen et al. [63] found that orifice diameter had a moderate impact on ignition delay. 

Moreover, increasing injection pressure can slightly increase ignition delay by enhancing 

injection velocity, which leads to smaller fuel droplet sizes and faster vaporization rates. 

Nonetheless, the effect diminishes at higher pressures; for instance, increasing injection 

pressure from 60 MPa to 100 MPa results in nearly constant ignition delay. 

2.3.3.3 Fuel Properties 

 

Figure 2.5: Ignition delay of reference fuels of varying cetane number 

In assessing fuel properties affecting ignition delay, the cetane number emerges as the 

primary determinant. Lee and Bae [64] underscored its significance, finding that ignition delay 
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is more strongly influenced by cetane number compared to density, volatility, and viscosity. 

Their study compared fuels with cetane numbers of 39 and 46, showing a decrease in ignition 

delay of 5% to 13% (0.1 to 0.2 ms) as the cetane number increased. This aligns with findings 

by Pickett and Hoogterp [65], who observed that jet propellant, despite evaporating faster than 

diesel fuel, exhibited a longer ignition delay due to its lower cetane number. The authors 

concluded that while physical properties like evaporation rate, viscosity, and density influence 

fuel injection dynamics, they exert minor effects on ignition delay compared to cetane number. 

This assertion is supported by Siebers' study, which characterized ignition delay for reference 

fuels with varying cetane numbers in a CVCC setup, as depicted in Figure 2.5. 

2.3.4 Natural luminosity for flame development 

Natural luminosity serves as a crucial tool for visualizing the combustion process in GCI 

engines simulated within constant volume combustion chambers [66]. The emission of light 

during combustion allows researchers to directly observe flame development, propagation, and 

interaction with surrounding air and fuel mixture [67]. This visual feedback aids in 

understanding the dynamics of combustion, including ignition timing, flame stabilization, and 

the influence of operating conditions on combustion behavior. 

Natural luminosity provides valuable information for quantifying flame characteristics in 

GCI engines [68]. By capturing the intensity, duration, and spatial distribution of luminous 

emissions, researchers can analyze parameters such as flame speed, flame front curvature, and 

flame structure [69]. These quantitative insights facilitate the evaluation of combustion 

performance and the validation of computational models simulating GCI engine combustion 

processes. 

The intensity and temporal evolution of natural luminosity in GCI engines correlate with 

combustion kinetics, providing indirect indicators of ignition delay and reaction rates [70]. 

Observations of luminous emissions can reveal variations in combustion timing and 

progression under different operating conditions, offering insights into the complex interplay 

between fuel injection, air-fuel mixing, and chemical kinetics [71. This correlation enhances 

our understanding of ignition mechanisms and aids in refining combustion strategies for 

improved efficiency and emissions control. 

Natural luminosity provides unique insights into combustion phenomena occurring within 

GCI engines [72], including pre-mixed combustion, mixing-controlled combustion, and 
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transition regimes between compression ignition and flame propagation [73]. By analyzing the 

spatial and temporal evolution of luminous regions, researchers can identify dominant 

combustion modes, assess the effectiveness of combustion strategies, and explore opportunities 

for enhancing combustion efficiency and reducing emissions in GCI engines [74]. 

2.4 Fuel 

2.4.1 Overview of existing transportation fuel options 

Liquid fuels offer distinct advantages due to their high energy density per volume, ease of 

storage, and efficient transport compared to solid or gaseous alternatives [75] [76] [77]. These 

attributes have solidified liquid fuels as the predominant choice for transportation over the past 

century, resulting in a robust global infrastructure valued in trillions of dollars for their 

production and distribution. In contrast, gaseous fuels require compression or liquefaction to 

reduce their specific volume before they can effectively power transportation vehicles, 

necessitating additional energy inputs and infrastructure development, which can be barriers to 

widespread adoption [78] [79] [80]. Despite efforts to diversify energy sources, the 

transportation sector remains heavily reliant on crude oil, with approximately 95% of transport 

energy derived from petroleum in the early 2000s. Projections suggest this dependency will 

persist, with petroleum maintaining around 90% of the market share by 2040 [81]. 

Liquid fuels for transportation are primarily produced in oil refineries, starting from crude 

oil and undergoing various processing stages. Crude oil consists of a mixture of chemical 

compounds with differing boiling points. Initially, crude oil is distilled to separate it into 

fractions with distinct boiling ranges. Approximately 2% of crude oil is converted into gases 

at higher temperatures, yielding liquid petroleum gas (LPG) consisting predominantly of 

propane. Lighter fractions from this refining process, typically boiling in the gasoline range 

(with carbon atom counts ranging from 20 to 200), are termed "straight run gasoline" (SRG). 

The term "naphtha" encompasses products within this boiling range that undergo further 

processing to enhance resistance to auto-ignition, serving as both blended components for 

gasoline and primary feedstock for petrochemicals. 

The demand for transportation fuels necessitates processes that convert heavier and less 

valuable fractions into lighter fractions suitable for use in fuel components. Complex refining 

processes aim to improve the anti-knock quality of different fraction streams. The anti-knock 

quality of fuel under specific engine operating conditions is influenced by its molecular 
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structure. Detailed chemical reaction mechanisms governing ignition properties typically 

involve hundreds of species and thousands of elementary reactions, particularly in low-

temperature regimes. Petroleum refining involves various chemical engineering processes and 

facilities within refineries to convert crude oil into valuable products such as LPG, gasoline 

(petrol), kerosene, jet fuel, diesel oil, and fuel oils. 

2.4.2 Alternatives to conventional fuels 

The use of fossil fuels poses significant challenges, primarily due to their CO2 emissions 

contributing to climate change, which has become a pressing global concern in recent decades. 

As societal awareness of environmental issues grows, there is increasing scrutiny on energy 

sources, prompting the emergence of alternative fuels. These alternatives offer various 

advantages over fossil fuels, including lower emissions, reduced pollution, and potentially 

lower fuel prices. Currently, biofuels account for approximately 4% of global transport energy, 

with compressed natural gas (CNG), LPG, and liquefied natural gas (LNG) contributing around 

1%. In contrast, electricity and hydrogen play negligible roles in global transport energy supply. 

Governments worldwide incentivize biofuels through subsidies such as tax breaks, grants, 

loans, and loan guarantees. These measures aim to reduce oil imports, support agriculture, and 

stimulate rural employment. However, biofuels generally incur higher costs than fossil fuels. 

The production of biofuels may also intensify competition for land between the food production 

and energy sectors, leading to increased land prices, heightened water and energy demands for 

crop irrigation, and transportation. Moreover, the environmental benefits of biofuels remain 

uncertain and vary across different aspects. Increased biofuel production could necessitate 

substantial agricultural land restructuring. For instance, the International Energy Agency (IEA) 

projects that achieving a 27% share of transportation energy from biofuels by 2050 would 

require an additional 100 million hectares, impacting between 12 to 165 million hectares of 

land [82]. Managing such demands becomes increasingly challenging in a world facing 

population growth and rising food demands.  

Hydroelectric energy offers numerous advantages as a clean and renewable energy source, 

devoid of pollution issues associated with fossil fuels. Hybrid electric vehicles (HEVs) like the 

Toyota Prius exemplify this technology, utilizing both an internal combustion engine and 

electric motor to optimize fuel efficiency, particularly effective in city driving with frequent 

stops and starts. Modern HEVs employ regenerative braking to enhance efficiency by 

converting kinetic energy into stored electric energy. Battery electric vehicles (BEVs) rely 
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solely on rechargeable battery packs for power, while plug-in hybrid electric vehicles (PHEVs) 

can recharge their batteries from an external power source, combining electric and internal 

combustion power for extended range, albeit limited by battery size and weight constraints. 

Natural gas, facilitated by advanced compression techniques, has emerged as a cleaner 

alternative in transportation, notably through compressed natural gas (CNG) and gas-to-liquids 

(GTL) technologies. CNG powers modified gasoline engines or dedicated CNG vehicles, while 

GTL produces liquid fuels compatible with existing infrastructure. Despite higher initial costs, 

natural gas vehicles offer lower maintenance and safety benefits compared to gasoline 

counterparts, contributing to their increasing adoption in the transport sector. Projected growth 

in global shale gas reserves and advancements in extraction technology suggest natural gas 

could comprise about 5% of global transportation energy by 2040, up from 1% currently, albeit 

subject to regional cost variations and infrastructure constraints. 

2.4.3 Biodiesel fuel 

Table 2.1: Biodiesel standards around the world. 

Properties (units) Malaysia Korea Thailand USA EU Brazil 

Flash point (°C) 182 ↑ 120 ↑ 120 ↑ 130 ↑ 120 ↑ 100 ↑ 

Viscosity at 40°C (cSt) 4.415 1.9-5.0 3.5- 5 1.9- 6 3.5- 5 - 

Sulphated Ash (% mass) 0.01 ↓ 0.01 ↓ 0.02 ↓ 0.02 ↓ 0.02 ↓ 0.02 ↓ 

Sulphur (% mass) 0.001 ↓ 0.001 0.001 ↓ 0.001↓. 0.001 ↓ - 

Cloud point (°C) 15.2 - - - - - 

Cu corrosion (3hr, 50°C) Class 1 Class 1 Class 1 Class 3 Class 1 Class 1 

Cetane number - - 51 min. 47 min. 51 min. - 

Water & Sediment 

(vol.%) 

0.05 ↓ 0.05 ↓ - 0.05 ↓ - 0.05 ↓ 

Carbon residue (wt%) - 0.1 ↓ 0.3 ↓ 0.05 ↓ - 0.1 ↓ 

Acidity (mg, KOH/gm) - 0.5 ↓ - 0.05 0.05 0.08 

Free glycerin (% mass) 0.01 ↓ 0.02 ↓ 0.02 ↓ 0.02 ↓ 0.02 ↓ 0.02 ↓ 

Total glycerin (% mass) 0.01 ↓ 0.16 ↓ 0.25 ↓ 0.24 ↓ 0.25 ↓ 0.38 ↓ 

Phosphorus (% mass) - 0.001 ↓ 0.001 ↓ 0.001 ↓ 0.001 ↓ - 

Distillation temperature - - - <360°C - <360°C 

Oxidation stability, hrs - 6 ↑ 6 ↑ 3 ↑ 6 ↑ 6 ↑ 

 

Biodiesel, a clean, biodegradable, and renewable fuel, has garnered significant interest in 

the engine community for its potential benefits. It effectively reduces particulate matter (PM) 

emissions in diesel engines by enhancing combustion through the oxygen content present in 

biodiesel, which inhibits soot formation. Biodiesel is chemically similar to conventional diesel 

fuel and can be derived from various sources such as vegetable oils, animal fats, tallow, and 

used cooking oil through a process known as transesterification. Currently, biodiesel is 

primarily produced from oils like palm, soybean, rapeseed, and used cooking oils due to their 
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availability and suitability for production. While straight agricultural oils hold promise as a 

biodiesel source, their high cost currently limits commercial production. Biodiesel is 

commonly used as a blend with petroleum diesel, with B20 (20% biodiesel, 80% petroleum 

diesel) being the most prevalent blend used in diesel vehicles worldwide without requiring 

engine modifications. International biodiesel standards are summarized in Table 2.1 [85][86]. 

2.5 Summary 

This literature review highlights studies on CI engines fueled with gasoline or blended with 

other fuels, particularly focusing on GCI mode or similar combustion strategies. Research 

covers various fuel types including gasoline and biodiesel blends, and explores methods to 

extend engine operation range such as using boost pressure, controlling intake temperature, 

managing local air-fuel stratification through injection strategies, and modifying fuel properties. 

Despite these advancements, challenges persist in GCI engine technology due to the inherent 

complexity of CI engines operating in GCI combustion mode. Further studies are needed to 

address these complexities and optimize the performance of GCI engines. 

In a GCI engine, controlling the final injection timing is crucial for governing combustion 

phasing, which in turn affects local air-fuel stratification, driving combustion and emission 

characteristics. The characteristics of fuel spray have been demonstrated to have a close 

relationship with determining the fuel mixture and stratification. Identifying the timing of spray 

formation, the length of liquid under different environmental conditions will determine the 

ignition timing and influence the combustion process in the engine. Therefore, combining the 

investigation of spray characteristics with ignition delay quantifies the necessary properties and 

avoids inappropriate controls affecting the efficiency of the combustion process in the engine. 

Additionally, if the spray process is not executed perfectly, it will have a significant impact on 

emission performance in the engine, especially in GCI engine conditions. 

Furthermore, definitions and measurement methods for ignition delay and natural flame 

luminosity are also discussed. It demonstrates the synergy in determining combustion process 

characteristics. There exists a direct correlation between ignition delay and natural flame 

luminosity, where longer ignition delays often lead to a more pronounced luminous flame. This 

relationship is attributed to the extended duration of low-temperature combustion associated 

with longer ignition delays, allowing more time for the formation of soot particles and 

subsequent increase in flame luminosity.  
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The methods applied to the combustion process are also mentioned to provide a detailed 

comparison of results. Additionally, it highlights appropriate methods for each process and the 

influence of each method on the respective processes. 

 

Figure 2.6: Effect flowchart of the potential parameters on spray combustion with engines 

fueled with gasoline-biodiesel blends 

To deepen the understanding of fuel-air mixing, auto-ignition, and combustion processes, 

it is crucial to study the fuel vaporization rate, entrainment rate of charge gases, and fuel 

reactivity. Previous research has highlighted several key measurable variables that offer insight 

into these processes: spray penetration, spray dispersion, liquid length, flame development, and 

ignition delay. Sequential experimental studies are essential to identify significant parameters 

and phenomena related to spray combustion in compression ignition (CI) engines fueled with 

gasoline-biodiesel blends. The methodology to achieve these targets is summarized in the 

flowchart presented in Figure 2.6.  
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3. Experiment setup and methodology 

To investigate spray and combustion processes in Gasoline Compression Ignition (GCI) 

engines, laboratory experiments were conducted using a custom-designed constant volume 

combustion chamber (CVCC). This setup replicated the chemical and thermodynamic 

conditions of modern diesel engines, including variations in Exhaust Gas Recirculation (EGR) 

levels. The CVCC, outfitted with advanced instrumentation, enabled precise control over 

ignition delay and other critical parameters. Key features included a high-speed, high-

resolution data acquisition system for real-time pressure measurements, a high-pressure 

common-rail fuel injection system for accurate fuel delivery, an exhaust gas sampling system 

for emissions analysis, and an optical system for detailed spray combustion analysis. This 

controlled environment facilitated a thorough examination of both non-vaporization and 

vaporization processes of fuel spray and subsequent combustion phenomena, providing 

valuable insights into the dynamics of GCI engine operation. 

3.1 CVCC System 

3.1.1 Constant Volume Combustion Chamber 

The Constant Volume Combustion Chamber (CVCC) is a fundamental tool in investigating 

various combustion and spray phenomena under conditions that emulate those found in diesel 

engines, characterized by high temperatures and pressures. Originally introduced by Oren et al. 

in their 1984 study , CVCCs consist of high-strength hollow chambers with ports for operation 

and instrumentation access. These chambers achieve the necessary pressure and temperature 

through a controlled chemical heating process, allowing the isolation of injection and 

combustion processes from other engine influences. Optical access to the chamber enables 

visualization of internal events, facilitating the use of high-speed cameras and image analysis 

tools to enhance understanding of injection and combustion dynamics. 

In operation, the CVCC is first evacuated and then filled with a mixture of fuel, oxidizer, 

and inert gas, known as the premixed charge. This mixture is designed to create specific 

ambient conditions and is homogenized through either a mixing fan or turbulent mixing 

induced by directional gas intake ports. Ignition of the premixed charge is initiated by one or 

more spark plugs, leading to a rapid increase in temperature and pressure within the chamber 

due to heat release. As the products of the premixed charge gradually cool through heat transfer 

to the chamber walls, the pressure decreases correspondingly, allowing for a range of ambient 
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densities and temperatures to be explored. For ignition delay measurements, liquid fuel is 

injected as the desired conditions are achieved, with the assumption that autoignition occurs at 

constant ambient conditions due to the rapid ignition of fuel sprays compared to the cooling 

rate of the premixed charge products. CVCCs can have either spherical or cylindrical interiors, 

with typical volumes ranging from 0.13 to 2.3 liters for cylindrical designs and 1.8 to 4.2 liters 

for spherical ones. 

 

Figure 3.1: Assembled CVCC with different test equipment 

The Smart Powertrain Lab’s Constant Volume Combustion Chamber (CVCC) features a 

cubic design with two configurations: a fully solid-sided internal volume of 1.3 liters and a 

partially optically accessible version with a 1.5-liter volume, incorporating quartz windows on 

two sides. These quartz windows are 120 mm in diameter and 50 mm thick, providing essential 

optical access for high-speed diagnostics. For safety, the chamber is equipped with a relief 

valve that caps the maximum pressure at 120 bar, with operational pressures typically below 

100 bar. 

Internally, the CVCC is equipped with a variety of instruments for data collection. These 

instruments are mounted both vertically and horizontally to facilitate comprehensive 

monitoring of combustion events, as depicted in Figure 3.1. A magnetically driven fan ensures 

a homogenous gas mixture and uniform temperature distribution during pre-combustion by 
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stirring the internal gases. Ignition of the premixed charge is achieved using a spark plug, 

strategically placed to facilitate the longest possible fuel travel path before impinging on the 

chamber walls, promoting thorough combustion analysis. 

To mimic real engine conditions, where successive combustion cycles heat the cylinder 

walls, the chamber walls can be heated up to 100°C using integrated heater cartridges. This 

heating not only simulates engine thermal effects but also prevents condensation on the quartz 

windows during pre-combustion, maintaining optical clarity. 

Recent modifications to the CVCC enhance the control and automation of experimental 

parameters via LabVIEW. These modifications include automatic and direct control of intake 

and exhaust valves, as well as a magnetically driven stirrer to ensure consistent gas mixing. 

The spark ignition system can now be precisely timed and adjusted on a microsecond scale, 

with automatic triggering after a preset duration. Fuel injection occurs under specific 

thermodynamic conditions, and the National Instruments Data Acquisition (NI DAQ) system 

records data from the onset of pre-combustion through to the conclusion of spray combustion, 

allowing detailed analysis of combustion phenomena. 

 

Figure 3.2: Exploded view of the CVCC with quartz 
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Figure 3.3: Schematic of the CVCC apparatus implemented in the experiments 

 

Figure 3.4: Pictorial layout of experimental test bench 

Figures 3.2 to 3.4 present both a schematic and a photograph of the experimental test 

facility. The CVCC is a cube-shaped vessel with a combustion chamber offering extensive 

optical access from all sides, each measuring 110 mm, enabling thorough visualization of the 

fuel spray before it impacts the chamber walls. The top window supports a mixing fan for 

turbulence generation, while inlet and exhaust valves regulate the introduction and expulsion 

of gases. A dynamic pressure transducer (Kistler 6001) with a range of 0 to 250 bar is installed 

at the bottom corner of the vessel for pressure measurements. This facility is uniquely designed 
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to investigate the physics of combustion, including spark-ignition and spray combustion. Key 

dimensions, sensors, and acquisition systems are detailed in Table 3.1. 

Table 3.1: An overall information of the test system and additional equipment 

 

 

 

 

3.1.2 Supply and Exhaust System 

Figure 3.5 illustrates the schematic diagram of the supply and exhaust system used in the 

experiment. The premixed charge consists of acetylene, argon, oxygen, and nitrogen gases. 

These gases are introduced into the constant volume combustion chamber (CVCC) sequentially 

using promotional valves (Burkert 8605) until the desired partial pressure targets are achieved.  
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The filling procedure is controlled by a Labview program using the Proportional-Integral-

Derivative (PID) method, functioning as a filling program. A pressure transducer (4045A50) 

measures the in-chamber pressure during the filling process and provides feedback to the filling 

program. This automated filling procedure ensures stable test conditions throughout the 

experiment. This setup allows for precise control and manipulation of the gas composition and 

pressure within the CVCC, enabling the investigation of specific combustion conditions 

relevant to the study of GCI engine operation. 

 

Figure 3.5: Schematic diagram of supply and exhaust system 

3.2 Data acquisition and control system 

The control and data acquisition system schematic, shown in Figure 3.6, outlines the 

automated management of all control and data collection tasks by the main computer. This 

computer operates a custom-designed LabView interface, facilitating the control of gas filling, 

exhaust flushing, and the initiation of the combustion sequence. The LabView interface also 

allows for the adjustment of various operating parameters. Additionally, a second computer 

manages the high-speed camera, enabling the modification of camera settings. The ignition 

signal from LabView triggers the high-speed camera recording. 
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Figure 3.6: Schematic of control and data acquisition system 

3.2.1 Control system 

Figure 3.7 depicts the schematic of the control system utilized in the present study, 

categorized into high-speed, high-resolution, mid-speed, low-speed, and digital tasks. 

Experimental operations were overseen by a National Instruments (NI) PXI-7813R, which was 

linked to NI 9472, NI 9237, NI 9381, and NI 4910 via a cRIO 9515 expansion chassis. The NI 

9472 module was responsible for managing intake valves, exhaust valves, sensor valves, bump 

valves, total valves, a mixing fan, and a vacuum pump. NI 9237 connected to two pressure 

sensors for measuring combustion chamber pressure during filling. Four promotional valves 

controlling charged gases were coordinated by NI 9381, while NI 9410 handled tasks such as 

triggering the spark plug and injector. High-speed analog data (vessel pressure, injection 

command, spark command, injection pressure) was captured at 24-bit resolution and 50 kHz 

frequency. Additionally, oxidizer inlet pressure, acetylene inlet pressure, and mixing fan speeds 

were monitored using a 16-bit, 50 Hz NI 9237 module. Hydraulic cylinders were employed for 

actuating the intake and exhaust valves. 
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Figure 3.7: Schematic diagram of control system 

3.2.2 Data acquisition system 

 

Figure 3.8: Schematic diagram of data acquisition system 

Figure 3.8 depicts both a schematic and a photograph of the data acquisition system utilized 

in this study. The system employs the NI PXI 6251 multifunction DAQ in conjunction with the 

BNC-2120 module to gather data. Tasks are categorized into two main areas: monitoring 

pressure history in the combustion chamber and imaging the combustion flame of the fuel 

sample. 

For capturing the combustion process, a high-speed camera equipped with PFV software is 

utilized to acquire a sequence of images. Simultaneously, a high dynamic pressure transducer 

records pressure variations resulting from the heat release during fuel combustion. The charge 
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amplifier 5010B and NI PXI 6251 are employed to amplify and convert signals from the 

pressure sensor into suitable digital formats, which are automatically saved to an Excel file. 

3.2.3 Control program  

 

Figure 3.9: Control-flow diagram 

 

The operation of the CVCC follows a structured sequence, outlined in Figure 3.9. Initiating 

with the start/stop button, which activates or deactivates the CVCC, the process commences 

with gas cleaning throughout the chamber, followed sequentially by gas filling. Subsequently, 

other phases ensue until concluding with the exhaust process. 

Filling process 

The filling process is crucial for achieving precise experimental outcomes, as illustrated in 

Figure 3.10. Initially, Argon (Ar) is introduced using PID control to reach the desired target 

pressure. Following this, Acetylene (C2H2) is filled, succeeded by oxygen (O2), and finally 

Nitrogen (N2). Throughout this process, two types of pressure sensors are employed to monitor 

chamber pressure: a high-precision sensor for acetylene and argon, and a standard sensor for 

nitrogen and oxygen. 
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Figure 3.10: Schematic diagram of sequence of filling gases 

This process is critical as it significantly impacts the accuracy of test results and the overall 

stability of the system. Specifically, it can lead to a dangerous phenomenon known as knocking. 

Knocking occurs when the concentration of Acetylene (C2H2) in the combustion chamber 

becomes excessively rich. When the spark plug ignites the mixture, it burns rapidly, causing a 

sudden and abnormal rise in chamber pressure. This rapid pressure increase produces a distinct 

sound similar to an explosion. Figure 3.13 illustrates how in-chamber pressure rises during 

knocking incidents. Such events pose serious risks, potentially leading to explosions in the 

chamber or pipes, posing significant danger to human life. 
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Figure 3.11: Pressure in the combustion chamber when knocking 

 

Diagnostic function 

 

Figure 3.12: Sequence of diagnosis 

 

The CVCC operates fully automatically and is highly reliable; however, unforeseen events 

can occur during its operation. For instance, over time, a pressure sensor may become 

inaccurate or disconnect, resulting in data transmission failures to the controller. This can lead 

to inaccurate signals being sent to control units, potentially causing dangerous situations. For 

example, misunderstanding the pressure in the combustion chamber might result in overfilling 

of Acetylene (C2H2), leading to knocking and possibly damaging the glass window. 
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Therefore, a diagnostic program to prevent knocking is essential. Figure 3.12 outlines this 

diagnostic application, structured into five steps as follows: 

Step 1: The program verifies sensor connections and properties under atmospheric conditions. 

If both pressure sensors return values close to zero, indicating they reflect atmospheric pressure, 

the sensor and connections are deemed good. Otherwise, a warning message alerts to 

connection or sensor issues. 

Step 2: After the argon filling completes, the program checks chamber pressure against target 

values. If the error is within 0.001 bar, argon filling is confirmed as successful, proceeding to 

acetylene filling. If the error exceeds this threshold, a warning is issued, and the program halts. 

Step 3: Similar to argon, the program checks the acetylene filling process. 

Step 4: Post-oxygen filling, the program uses a less accurate sensor to check pressure. If the 

error is within 0.01 bar, the filling is accepted. If pressure exceeds the high-precision sensor's 

range, the sensor valve closes to protect it. 

Step 5: Post-nitrogen filling, the program checks for chamber leakage by isolating it for 10 

minutes. Pressure is then compared to the target; an error over 0.02 bar triggers a warning for 

possible filling error or chamber leakage. If below this threshold, the filling process is 

considered complete, and the next steps, such as pre-combustion, commence. 

Exhaust and cleaning process 

When the program initiates, it begins with the exhaust and cleaning process as follows: 

1. The exhaust valve opens to release gas products to the venting system. 

2. The bump valve opens, connecting the vacuum pump to the combustion chamber. 

3. The sub-exhaust valve closes to isolate the combustion chamber. 

4. The vacuum pump operates for 60 seconds to extract gas products. 

5. The intake valve opens to introduce Nitrogen gas (N2) into the chamber. 

6. The fan runs for 30 seconds to ensure thorough mixing. 

7. The sub-exhaust valve opens to expel gases to the venting system. 
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8. The vacuum pump runs again for 60 seconds to remove gas from the combustion 

chamber. 

9. Nitrogen gas (N2) is filled to reach a pressure of 1 bar in the chamber. 

10. The sub-exhaust and exhaust valves open to vent gases until the chamber pressure 

matches environmental pressure (1 atm). 

11. The exhaust valve closes to complete the exhaust and cleaning process. 

3.3 Fuel supply system 

 

Figure 3.13: Pictorial representation of fuel injection system 

The fuel system employs a common-rail direct fuel injection setup comprising several key 

components: a peak and hold injector driver (ZB-5100), a common-rail injection pressure 

controller (ZB-1100), a pressure control valve, a rail pressure sensor, a high-pressure pump, a 

low-pressure pump, and a single-hold injector. 

The common-rail injection pressure controller regulates fuel pressure using the pressure 

control valve, capable of maintaining pressures up to 1800 bar. A LabVIEW program installed 

on the NI computer controls injection timing and duration. This control is achieved by utilizing 

feedback from a pressure sensor installed within the chamber, ensuring precise fuel injection 

synchronization with the combustion process. 

3.4 Pressure trace 
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Table 3.2: Technical data of pressure sensor 

 

Table 3.3: Technical data of pressure sensor 

 

In the current study, the quartz pressure sensor utilized is the thermo-dynamic quartz 

pressure sensor (6061B), which employs polystable quartz elements ideal for thermo-dynamic 

measurements in small combustion engines. This sensor is paired with a single-channel 

laboratory charge amplifier (Kistler 5018A) and sampled at 200 kHz with 12-bit analog-to-

digital (A/D) resolution. 

The charge amplifier (Kistler 5018A) is versatile, allowing adjustment via its settings panel 

to accommodate different sensors and varying test conditions. This flexibility ensures optimal 

performance and accurate data acquisition tailored to specific experimental requirements. 
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3.5 Optical diagnostic system 

The optical setup is based on the Schlieren approach with a Z-type configuration. Halogen 

lamps, high-speed cameras, and concave spherical mirrors (diameter 150 mm, focal length 

2000 mm) collect spray images from the combustion chamber. A halogen light source is shone 

at the first concave spherical mirror with a diverging light source to capture spray movement. 

This diverging light source is then transformed into a parallel light source and shone at the 

second concave mirror into the converging source and directly at the camera. Using a Photron 

SA3 high-speed camera, the photos were captured at 10,000 frames per second with a 

resolution of 512x256 pixels. 

 

Figure 3.14: Optical arrangement for the broadband natural luminosity technique. 

Table 3.4: Camera specifications. 

Camera Photron SA1.1 

Lens AF Micro-Nikkor 60mm f/2.8D 

Frame rate 20000 fps 

Optical filter 600 nm Shortpass  

Exposure time 50 µs 

Resolution 512x256 

Scale 0.196 mm/pixel 
 

3.6 Image processing 

The experimental process utilizes a Photron high-speed camera Mini AX200 color, 

recording the spray process at 80000 fps with an exposure time of 1/1500000 seconds. Image 

resolutions for the Schlieren method in fuel test cases GB20 and GB40 are 0.43 mm/pixel and 

0.41 mm/pixel, respectively. To analyze the images efficiently, a custom MATLAB-based 

image processing technique is employed, aiming for precise data extraction and reduced 

processing time. The process involves converting RGB images to grayscale, binarizing them, 

applying filters, removing small particles, and iterating through a processing loop. Fig. 3.15 
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provides further insight into vaporization spray, defining liquid length as the distance from the 

image's origin to the farthest point of the black pixel block, and spray angle as the angle within 

a length S/2 on both sides of the liquid region. The liquid area is determined by subtracting 

background from image frames. Vaporized fuel areas are highlighted with a yellow border. 

Vapor area calculations are akin to liquid area calculations but require identification and 

exclusion of the liquid zone. Each experimental case is repeated thrice to average results, 

minimizing errors and improving reliability through regression analysis. 

 

 

Figure 3.15: Definition of spray vaporization characteristics  
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4. A study on spray characteristic of gasoline-biodiesel blended 

under GCI engines condition performed on constant volume 

combustion chamber system 

This chapter presents the study of the spray characteristics of the gasoline-biodiesel fuel 

mixture at various operating conditions of the GCI (gasoline compression ignition) engine 

performed in a constant volume combustion chamber (CVCC). Spray development, spray 

penetration length, spray cone angle and spray area were considered and evaluated under the 

change of injection pressure, ambient gas density and injection duration with assurance 

boundary conditions for all experiment cases. The injection pressure affecting the reduction of 

the spray cone angle was found when being increased from 40 MPa to 100 MPa. In addition, 

raising the ambient gas density reduces the spray length of the fuels at the same time and slows 

down the speed at which spray impinges on the wall. Typically in the case of GB40 at pressures 

of 100 Mpa and 1500 μs, corresponding to ambient gas density levels from 10-20- 30 kg/m3, 

the penetration rate is 100, 62.5, 47.61 m/s, respectively. Meanwhile, at a pressure of 40 Mpa, 

with the same conditions, the speed of hitting the wall is 58.82, 42, 40 m/s, respectively. The 

results clearly show the influence of ambient gas density on the spray formation rate and 

stability when increasing injection pressure. The fuels had different biodiesel compositions 

from 10, 20 and 40 % by volume to indicate differences in the viscosity properties of the fuels. 

In addition, the association between the properties makes the difference in the results of the 

spray area during the test. Optical modeling was set up according to the shadowgraph method 

using high-speed cameras to collect images from the spraying process. The method applies an 

image processing algorithm in MATLAB to analyze the images after the experiment. Overall 

evaluation of the spray characterization process, the physical properties as well as the 

theoretical models are reviewed, providing an overview for the study of the bio-fuel mixture to 

apply to GCI engines with the advantage of longer ignition delay. 

4.1 Spray development 

The injection development process illustrates the characteristics of the actual injection in 

the cylinder. This includes spray angle and penetration length results as well as spray area. The 

injection development of the three tested fuels (GB10, GB20 and GB40) is shown in Table 6 

under injection conditions at a pressure of 80 MPa and a chamber density of 20 kg/m3. Because 

the experimental process provides many visual results of the spray over time, in this section 



43 

 

only the representative results are chosen for detailed illustrations. In addition, images are 

shown under the same testing conditions and timelines for more convenient comparisons. The 

liquid interacts with the quiescent air charge from the very beginning of the injection phase 

before atomization takes place, leading to accelerated fuel insertion [89]. The spray shape 

depends on the direction of the spray and its development. In this argument, results are shown 

from the start of the spray until impingement on the wall. Spray development under the 

operation of a small diameter nozzle results in a lower area compared to other large sizes. 

However, the small diameter injector can push the spray speed faster than usual, resulting in a 

faster impact on the wall. Real engine performance means that the spray will hit the top of the 

piston faster and spray impingement then occurs. More in-depth processes will be discussed in 

the next study. As shown in Table 6, the visual spray shape difference is minimal. However, 

the spray cone angle and the spray penetration length are different and will be discussed in 

detail in the next section of this study. The results were found to show the effect of the fuel 

viscosity on the injection properties. When biodiesel concentration in the fuel increases, the 

spray penetration length also increases, it cannot be concluded that this increase is linear. But 

it can be shown that when the spraying process is stable at 700 μs, the spray angle has little 

fluctuation, and the spray boundaries are more stable. In addition, further steps are needed to 

analyze the velocity vectors or turbulence in the two-dimensional images of the beam to 

provide a better analysis and more specific direction. 

 

Figure 4.1: Spray development of fuel GB10, GB20, and GB40 at injection pressure of 80 

Mpa, injection duration 1500 μs with chamber density of 20 kg/m3. 
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4.2 Spray tip penetration 

Fig. 4 shows the time injection penetration of the three tested fuels of this study with injection 

durations varying from 1200 μs-1500 μs at a chamber density of 10-20-30 kg/m3. The left side shows 

the spray penetration length that varies with the injection pressure from 40-100 MPa provided that the 

injection duration is 1500 μs, while the right side shows the results of the injection duration of 1200 μs. 

Time of the results week sequential self-spaced at 100 μs for each photograph. The experiments were 

carried out sequentially under the same conditions of spray origin, photo frame and light intensity to 

ensure a homogeneous comparison. However, the first stage of spray development from 0 to below 300 

μs was not shown. Give the consistent internal conditions during the test, the results of the spray 

penetration length clearly show changes in fuel properties, injection pressure and ambient density. The 

error of the boundary conditions of the test including injection pressure, ambient gas density, fuel 

temperature, and constant volume chamber temperature do not collectively exceed 2 %. The start and 

endpoints of spray in this test were defined by the injector tip, respectively, until the injector envelope 

reaches the opposite wall and dispersion begins. The discrepancy in spray penetration length between 

fuels is not considerable. This is consistent with the trend of previous research [90]. However, the spray 

penetration length of all fuels tends to decrease gradually at the same analysis time and the wall hit 

speed is slower due to the increasing resistance of the pressure from the outside environment within the 

range tested from 10 to 30 kg/m3. This is explained by the increased resistance of the back pressure 

from the chamber counteracting the impulse flux of the spraying liquid, which reduces the spray 

penetration. Therefore, the spray penetration length of a higher ambient back pressure will result in a 

lower ambient gas density condition at the same injection pressure.  

Based on the results in Fig. 4, as the injection pressure increases, the spray penetration length also 

follows the same pattern. Explanation of this can be based on spray property laws [89] [91]. As the 

injection pressure increases, the kinetic flux is increased causing more fuel flow, resulting in the touch 

speed becoming the same trend. In addition, at injection pressures of 80 and 100 MPa, almost all fuel 

impinges on the wall or breaks before touching the wall, but the spray process enters a stable stage. At 

40 and 60 MPa, the spray penetration was lower, but the comparison time conditions did not change at 

1200 μs and 1500 μs, via images collected from high-speed cameras and image processing. Especially, 

the injector tends to close the needle before spray impingement on the wall. Typically, in the case of 

GB40 at pressures of 100 MPa and 1500 μs, corresponding to ambient gas density levels from 10- 20-

30 kg/m3, the penetration rate is 100, 62.5, 47.61 m/s, respectively. Meanwhile, at a pressure of 40 MPa, 

with the same conditions, the speed of hitting the wall is 58.82, 42, 40 m/s, respectively. The results 

clearly show the influence of ambient gas density on the spray formation rate and stability when 

increasing injection pressure. However, when comparing the three fuels GB10, GB20 and GB40 at the 

same ambient gas density of 10 kg/m3, the penetration rate are 97.08, 90.09, 90.09 m/s at 100 MPa  
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Figure 4.2: Comparison of spray penetration length temporal evolution of all tested fuels at 

10 kg/m3, 20 kg/m3, and 30 kg/m3 under injection pressure of 40, 60, 80, and 100 MPa with 

1200-1500 μs injection duration. 
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injection pressure and 57.56, 58.82 at injection pressure of 40 MPa. Thereby, it is shown that 

the difference between GB20 and GB40 under the same conditions is not too large and the 

percentage of biodiesel in the fuel also contributes to stabilizing the spray process. 

Some previous studies have also shown that early penetration of the nozzle is divided into 

two phases, the initial osmosis phase and then a sudden transition to rapid penetration [92]. But 

in this study, the experiments for the initial osmosis assessment are not yet complete and will 

be presented when assessing the vaporization conditions to the next study. Therefore, research 

can only evaluate through the use of counter equations to give results of spray breakup time 

based on experimental conditions and the properties of the fuel. Through the value of the spray 

breakup time, the results characterize that the spray breakup time decreases with increasing 

ambient gas density, which promotes the stable image of the spray as well as increasing the 

level of the exposure mixture of air and fuel. In addition, the study also shows that the change 

in the viscosity of the fuel will also affect the spray breakup time with the assurance of the 

boundary conditions in the experiments. This leads to the opposite trend of increasing the 

ambient gas density, which is increasing the viscosity of the fuel leads to an increase in spray 

breakup time. The results of the spray penetration length presented in the graph in Fig. 4 at 

injection duration of 1200 μs and 1500 μs all show the same development trend of fuel with 

higher viscosity. In most injection pressure ranges, the GB40 and GB20 show faster jet growth 

over time compared to the GB10 because of its fuel properties. Increasing biodiesel content in 

the fuel results in an increase in the viscosity and density of the test fuel mixture. Since ongoing 

research is based on GCI engine conditions, a gasoline fuel can be used but over time it will 

greatly affect the operating conditions of the injector because of its low viscosity. In addition, 

it shows that there is a trade-off when increasing the biodiesel content in the fuel mixture, 

which will result in faster penetration of the fuel to the cylinder wall. This is not as good as 

increasing the level of the mixing of fuel and air inside the combustion chamber. However, 

with the basic evaluation for this injection process and the previous application studies of 

gasoline-biodiesel blends for GCI engines still shows the potential applications in real engine 

high ignition capacity of biodiesel and high volatility from gasoline. 

4.3 Spray cone angle 

Results of the spray cone angle are shown in Figs. 5-8. The results are presented for 40 MPa to 

100 MPa injection pressures with a comparison of different injection times. The tendency of 

the injection angle at a fixed pressure levels to decrease over time. The results of the spray cone 
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angle is started at 0 and the next step is 300 μs until the spray is switched off or spray 

impingement reaches the wall. In the initial stage from 0 to below 300 μs the results of the 

spray are still recorded but the analysis is not completely accurate. It needs to rely on the 

microscopic method to get a better overview, which is not included in this study. The reduction 

of the spray cone angle is a function of the influence between the constant injection pressure 

and the chamber pressure. The spray cone angle relates directly to the spray development and 

the area of the spray beam. The best theory is that the spray lasts a long time, the conical 

injection angle increases, it will give the best mixture for combustion. However, in some cases, 

if the spray angle is too large, it will cause a collision in the cylinder wall and this is not good 

for the combustion in the engine. Besides, the spray angle is also an important parameter for 

improving the spray morphology theory. At the beginning of the spraying process including 

the injection delay, the needle will slowly open until fully open according to the set injection 

duration, and the spray following this trend begins to form small spray spots until it grows and 

goes into steady-state before reaching the wall. There are some cases affected by the ambient 

density, where the injection duration is not enough to meet the external environment. Spray 

breakage will occur in such cases, and the spray beam continues to move in the axial direction 

of the injector until it is dispersed in its surroundings or until walls are reached. The effect of 

spray beam formation is explained by the low kinetic energy of the fuel mass will result in 

raised amount of fuel concentrated near the injector that resonates with the pressure 

compression in the previous injector. It will push the fuel sequence further and further. The 

point here is that the density outside the injector promotes the growth of fuel droplets forming 

the spray angle. The spray cone angle depends on the axial velocity and the radial turbulence. 

A more stable spray beam results in a higher axial velocity which causes the spray angle to 

decrease its shape. In order to determine the correct spray cone angle, it is observed that the 

influence lays in the experimental imaging method and the resultant analysis method.  
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Figure 4.3: Comparison of spray cone angle temporal evolution of all tested fuels at 10 

kg/m3, 20 kg/m3, and 30 kg/m3 under injection pressure of 40 MPa with 1200-1500 μs 

injection duration. 
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Figure 4.4: Comparison of spray cone angle temporal evolution of all tested fuels at 10 

kg/m3, 20 kg/m3, and 30 kg/m3 under injection pressure of 60 MPa with 1200-1500 μs 

injection duration. 
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Figure 4.5: Comparison of spray cone angle temporal evolution of all tested fuels at 10 

kg/m3, 20 kg/m3, and 30 kg/m3 under injection pressure of 80 MPa with 1200-1500 μs 

injection duration. 
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Figure 4.6: Comparison of spray cone angle temporal evolution of all tested fuels at 10 

kg/m3, 20 kg/m3, and 30 kg/m3 under injection pressure of 100 MPa with 1200-1500 μs 

injection duration. 

When the stabilization phase is entered, the spray angle will have a small or constant change 

in the end stages of the spray. If specific methods of analyzing the results are not used, the 

difference between the spray beam development over time will be very low. Therefore, in this 

study, the shadowgraph imaging method is used and the image processing algorithms are 

referenced and modified from ECN to ensure a standard comparison. At the first stage after 

spray break-up time, the spray angle in all test cases tended to decrease sharply and started to 
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go into the stable phase from about 600 μs. An increase in injection pressure means an increased 

jet-speed which leads to a decrease in the injection angle and also shows that the sensitivity 

between the injection angle and the injection pressure is low sensitive. However, for the same 

spray pressure conditions, an increase in ambient gas density leads to a larger cone angle and 

also the duration of the existence of a spray in the chamber before reaching the wall. At the 

time of stabilization, the change in the spray cone angle becomes smaller and more sensitive 

to the chamber pressure increase. This is due to increased ambient gas density resulting in a 

greater spray intrusion resistance which causes the spray to tend to diffuse wider and blend 

with its surroundings better. 

4.4 Spray area 

The relationship between spray angle and spray length contributes to spray area formation. 

The spraying area is an important parameter for evaluating the spraying process and 

compensate for shortcomings that the parameters should not be clearly shown. Because we can 

only see the 2D cross-section of the spray beam through the injection area. So, it roughly 

evaluates how well the fuel is blended with the air around it. The spray area is determined by 

the pixel difference of the image sprayed into the combustion chamber space and the initial 

image of the spray development. Spray volume analysis can be performed according to the 

spray area and the thickness of the spray length, but the spray area is located in three 

dimensional space and is susceptible to disturbances leading to non-genuine results. Similarly, 

Fig. 9 depicts the spray beam area under test conditions of injection pressures of 40 MPa to 

100 MPa with 1200- 1500 μs injection duration at ambient gas density of 10-20-30 kg/m3 

respectively for GB10, GB20 and GB40 fuel types. Similar to the method shown in the previous 

section, the results arranged to the left represent the injection time of 1500 μs and the remainder 

was 1200 μs. At 40 MPa, the resulting trends for the fuels are approximately the same, but as 

the injection pressure witnesses an increasing pattern, the tendency to influence the chamber 

pressure is more evident at an injection pressure of 100 MPa. Based on the results from the jet 

length and the injection angle, the injection area of all 3 fuels tends to stop earliest at 10 kg/m3 

chamber pressure. The experimental results show that the difference compared with the 

previous study when fueled with high biodiesel content always dominates in the area exposed 

to the surrounding air. This can be explained by higher jet momentum and differences in test 

temperature conditions as well as injection duration. Additionally, increasing the ambient gas 

density inside the chamber reduces the area of the spray beam at the same time compared to  
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Figure 4.7: Comparison of spray area temporal evolution of all tested fuels at 10 kg/m3, 20 

kg/m3, and 30 kg/m3 under injection pressure of 40, 60, 80 and 100 MPa with 1200-1500 μs 

injection duration. 
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conditions with lower back pressure but it promotes the breakdown of fuel particles for better 

mixing and a higher steady state. 

Some previous studies indicated that the linear trend of spray development is based on the 

test conditions, which is consistent with the resulting trend of this study [93] [94]. However, at 

some point with the injection pressures of 60 and 80 MPa, the fuel with the lower reduction in 

the injection angle at some point after step into the GB40 fuel spray beam stabilization phase. 

As a whole, with a gradual rise in injection pressure and injection duration, the area of the spray 

beam tends to increase over time and is affected by ambient gas density, but it increases the 

degree of blending air and fuel. Increasing the biodiesel composition increases fuel viscosity 

has been demonstrated in the fuel properties as well as investigated by the injection penetration 

length but it also shows bonding through the injection angle and injection area. However, the 

increase in biodiesel composition up to 40 % by volume of the fuel in this study was the basis 

for showing a clear comparison of its effect on the injection properties but it was not possible 

to conclude whether its advantage also depends on the flammability characteristics as well as 

the evaluation processes afterwards. 

According to current studies, good evaporation conditions for the gasoline fuel are meant 

to take advantage of its self-ignition ability and further blend with biodiesel components to 

ensure the stable operation of the injector. High boiling points and a high cetane index can 

create a superior fuel mixture. Based on the above factors, GB20 is still promising for future 

studies because it shows a balance in based on the spray properties. 

4.5 Summary 

The evaluation process of the injection properties of fuel types GB10, GB20 and GB40 

under ambient density conditions of 10, 20, 30 kg/m3 with the injection duration of 1200 μs 

and 1500 μs can be summarized as follows: ·When the spraying process is stable from the stage 

at 700 μs, the spray angle has little fluctuation, and the spray boundaries are more stable. The 

injection penetration length is remarkably influenced by the ambient gas density. In addition, 

increased biodiesel composition in the fuel leads to enhanced spray penetration length due to 

the fuel characteristics and the change in injection momentum. ·The trade-off of increasing the 

biodiesel content in the fuel mixture results in faster penetration of the fuel into the cylinder, 

which is not as efficient as increasing the degree of mixing between the fuel and internal air in 

the combustion chamber. ·For the same injection pressure conditions, an increase in the 
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ambient gas density results in a larger spray cone angle and also the duration of the spray 

existence in the chamber before it reaches the wall. At the time of stabilization, the change in 

the injector cone angle becomes smaller and more sensitive to the pressure increase in the spray 

chamber. ·The relationship between spray angle and spray length contributes to spray area 

formation. As the injection pressure and injection duration increase, the area of the spray beam 

also tends to increase over time and is affected by ambient gas density, but it tends to claim up 

the degree of mixing between the air and the fuel. ·The spray penetration of each type of fuel 

is considered in this paper, which clearly shows the combination of the experimental matrix 

between injection pressure, ambient gas density and biodiesel composition in the fuel. For each 

type of fuel when increasing ambient gas density, the penetration rate will decrease. In the case 

of the same ambient gas density, the penetration rate of GB20 and GB40 will not be too 

different, but GB40 is still somewhat higher than GB20. Through that, the article wants to 

provide a comprehensive data matrix on the spray process so that it can provide parameters for 

the research of GCI engines for high octane fuel and longer ignition delay. Under the influence 

of fuel viscosity, the results are normally shown through the test conditions by changes in 

injection pressure and ambient gas density. However, to consider the most suitable fuel for 

studies on GCI engines for high octane gasoline fuel, GB20 is still the most suitable. In addition, 

when applying biofuel through many studies, it has been proved that adding biofuel below 20 % 

by volume will not affect too much the operating conditions of the engine as well as ensure for 

stable combustion. 
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5. An investigation of the effect of chamber temperature on 

macroscopic spray characteristic under GCI engine 

conditions 

 

Spray characteristics play an important role in the application of gasoline compression ignition 

(GCI) engines because it affects engine performance as well as engine design. In this study, the 

influence of temperature on the non-vaporizing spray process was evaluated through the 

experimental process on the constant volume chamber (CVC) with simulated conditions of the 

GCI engine. The experimental matrix was constructed by varying key factors, including 

chamber temperature, fuel injection pressure, and chamber gas density. The CVC with built-in 

heaters allows for temperature variations at 323 K, 398 K, and 423 K. To accommodate low 

load conditions, the fuel injection pressure is varied between 50 MPa and 110 MPa. 

Simultaneously, chosen variations of gas density, including two levels of chamber density are 

selected at 15 kg/m3 and 30 kg/m3 respectively. In addition, the injector angles are arranged at 

90◦ (vertical) and 180◦ (horizontal) to create an overview of the spray characteristics for the 

case study of GCI engine conditions, viable for future studies using a constant-volume 

combustion chamber (CVCC), or even rapid compression engine machine (RCEM) in which 

the injector is commonly set horizontally. The gasoline blended with biodiesel by volume 

percentage consisting of 80% gasoline and 20% biodiesel was used as the main fuel in this 

study, namely the GB20 blend. The results of the spray characteristics collected through the 

images of the spray process based on the Schlieren optical method and the highspeed camera, 

consisting of the spray evolution and penetration length, spray penetration rate, spray area, as 

well as the spray cone angle are investigated. The difference in the spray process is denoted as 

the chamber temperature is increased. The spray penetrates to the chamber wall limit more 

quickly at elevated temperatures. The results were recorded as a decrease in impingement time 

by 12% and 9.5%, respectively, at the injection pressure of 50 MPa together with an ambient 

gas density value of 15 kg/m3. The cone angle of the spray tends to reduce by approximately 

around 3◦ to 10◦ in all experimental cases when the chamber temperature is high. However, 

when entering the post-phase at 450–600 μs, cone angle differences are negligible during the 

injection reaching the stable phase. 
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5.1 Spray evolution process of gasoline-biodiesel fuel blended 

The spray evolution process is the foundation on which other spray characteristics can be 

analyzed. Based on the spray evolution process, the results recorded through the images can 

provide the characteristics of the spray penetration length, spray cone angle, spray area and so 

on. Typical results of the spray evolution in this study are presented for the conditions of 

injection pressure of 110 MPa, chamber density of 30 kg/ m3, injector angles of 90◦ and 180◦, 

chamber temperatures of 323 K and 473 K to evaluate the difference of spray pattern as well 

as spray behavior under high temperature. The results shown below in Fig. 3 are selected for 

intervals that give the most intuitive view of the spray development. However, the change in 

the morphology of the spray is more easily seen when images are placed in the same orientation. 

Therefore, the image rotation of the injection angle of 180◦ was performed to facilitate 

comparison at the same time points of the injector angle of 90◦ and 180◦. According to the 

images of the spray evolution process displayed, the temperature has a major impact on the 

spray formation features. The stability of the environment in the chamber is greatly affected 

because the molecules move faster as the temperature increases from 323 K to 473 K. The 

spray formation time was also shortened by about 300 μs under the same conditions of injection 

pressure and gas density in the chamber. The shortening of the spray forming time and the 

impingement process will result in a more uniform mixture and better combustion 

improvement [95]. In addition, the Schlieren method significantly contributes to the quality of 

the experimental results compared to previous studies. When the injection pressure is increased, 

higher-density shock waves are created. However, shock waves are more difficult to observe 

clearly at 473 K and create noise at the edge of the injector. In addition to the large influence 

of temperature, the study also compares injector angles of 90◦ (vertical) and 180◦ (horizontal). 

The results show that injector angle of 90◦ produces a spray pattern that expands more quickly, 

with a larger spray angle. This means that the spray penetration length of the injector angle of 

90◦ will be higher than that of the injector angle of 180◦ under the same test conditions. This 

difference can be explained due to fact that the influence of gravity has had a significant impact 

on the jet formation process in the case of injector angle of 180◦. 
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Figure 5.1: Comparison of spray evolution for injector angles of 90o and 180o at chamber 

temperatures of 323K and 473K, injection pressure of 110 MPa and gas ambient density of 

30 kg/m3. 

5.2 Spray penetration length 

The spray penetration length of GB20 fuel is shown in Figs. 4 and 5 with the experimental 

conditions listed above. In this study, the injection duration was fixed at 1500 μs. Based on the 

graph below, the left side represents the 90◦ injector angle and the right side is the 180◦ injector 

angle. The results are presented with a time step of 150 μs. Experimental comparisons are 

guaranteed under the same conditions of optical setup to avoid the influence of uncertainty. 

The permissible error in all test cases does not exceed 2% including ancillary equipment. The 

errors of the main factors in this study are also presented in Table 5. The parameters are 

calculated based on the real-time experimental process. For each data shown in the error table, 

it has to go through a lot of testing for the stability of the equipment and record the value 

according to the max–min amplitude of each factor. In the case of the chamber temperature 

value, it is controlled by two independent controllers and is checked again through the 
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temperature data midi logger in various positions before starting the experimental process. To 

determine the spray penetration length, the start and end points are determined by the position 

of the injector tip and when the spray impinges on the wall. 

Table 5.1: Experimental boundary conditions and error 

Experiment conditions Average value Error value (%) 

Injection pressure (MPa) 50-80-100 0.68-0.625-0.5 

Density (kg/m3) 15-30 0.1-0.15 

Chamber temperature 323K-398K-423K 0.95-1.15-1.3 

Fuel temperature (K) 323 1.5 

 

Previously proposed theories of spray characteristics suggest that the spray tip penetration 

time can be separated into two main areas by a key breakup time. The spray breakup time 

(tbreak) is based on the equations of Hiroyasu and Arai [96], and is illustrated as follows: 

 

The details of the equation construction process were presented in the previous study with relevant 

parameters. The results of the tbreak moment are presented in Table 6 with the respective values of 

injection pressure in addition to the ambient gas density. Tbreak is defined as an intersection, when t < 

tbreak the spray development and remains in the primary breakup region, and the spray penetration 

length tends to be linear. During this stage, the spray droplets emerge from the nozzle hole with a large 

spray angle and pointed tip structure before breaking due to the fact that when t > tbreak, the fuel from 

the injector continues to be molecularized into smaller droplets thanks to the resistance of the external 

pressure and the density of the liquid and gas. At this time, the fuel enters the secondary injection stage 

and the spray development is slow due to the influence of the surrounding gas density. The development 

of spray penetration length is nonlinear and distinct from that of the primary spray stage. Current 

research also observed this two-stage based spray tip development phenomena, and all of the associated 

tbreak values are given in Table 6.  

Table 5.2: Spray breakup time for GB20 under ambient densities of 15kg/m3 and 30kg/m3 

Ambient density 

(kg/m3) 

Injection pressure 

50 MPa 80 MPa 110 MPa 

15 160.839μs 126.423μs 106.798μs 
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30 163.385μs 127.648μs 108.285μs 

 

Higher injection pressure results in increased spray penetration length, which can be 

attributed to increased spray momentum flux. This considerable rise is seen following the 

secondary breakup stage (tbreak). The tbreak values decrease from 160 μs to 106 μs 

respectively as the injection pressure increases from 50 MPa to 110 MPa at 15 kg/m3. This 

result is completely in line with the growing trend of spray penetration length. The imaging 

results of macroscopic spray can be obtained at the pre-tbreak and post-tbreak stages. However, 

the appearance of the spray beam is very small and can cause errors if the results are recorded 

in this case. Therefore, the limitation of the optical method applied in the present study is that 

it cannot be compared explicitly with the tbreak value. To be able to accurately assess this stage, 

near-nozzle and microscopic spray experiments need to be applied to provide a more objective 

assessment. The introduction of a spray penetration length calculation equation based on fuel 

density and related pressure values provides a faster method of predicting injection pressure 

variation. In addition, this study’s lowest injection pressure case was 50 MPa, which resulted 

in a complete absence of spray breakup before impingement on the wall. It seems to have 

overcome the drawback described in the previous study [97] [98].  

Temperature variation was recorded from a low of 323 K to a high of 473 K. The gas 

supplied to the inside of the chamber is heated due to the high temperature of the chamber. This 

leads to a faster diffusion of the molecules inside. The faster movement of molecules will 

promote the spray beam to grow faster. With increased temperature, the process completes 

more quickly and the touching time decreases to a maximum of 400 μs. This phenomenon 

completely obeys the laws of thermodynamics and molecular diffusion. The above 

phenomenon is recorded through a comparison between the injector angles of 90◦ and 180◦, at 

an injection pressure of 50 MPa and gas density of 15 kg/m3, in which the impingement time 

decreases by 12% and 9.5%, respectively, when the temperature is increased from 323 K to 

473 K. Under different conditions, when increasing the injection pressure to 110 MPa and the 

density of 30 kg/m3, the impingement time decreased by 22.5% and 16.6%, respectively. 

However, in Figs. 4 and 5 for the period from start to finish, the effect of temperature did not 

seem to be so great in the case of spray penetration properties. Spray penetration length 

increases neither much nor linear in most test cases. At the last stage, the change of temperature 

affected this characteristic. Note that, there is a clear difference between the injector angles of 
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90◦ and 180◦, with the impingement speed of injector angle of 90◦ always being higher. 

Through the results, it can be determined that the injector angle of 90◦ always prevails for the 

injection and mixture formation inside the combustion chamber.  

 

Figure 5.2: Temporal evolution in spray penetration length for injector angles of 90o and 180o 

at 15 kg/m3 with 50, 80, and 100 MPa of injection pressure and chamber temperatures of 

323K-398K and 423K. 
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Figure 5.3: Temporal evolution in spray penetration length for injector angles of 90o and 180o 

at 30 kg/m3 with 50, 80, and 100 MPa of injection pressure and chamber temperatures of 

323K-398K and 423K. 

The addition of biodiesel to the fuel ensures stable operating conditions of the injectors and 

directly affects the spray formation process due to increased fuel volume. Moreover, it also 

enables some of the fundamental disadvantages of high-octane gasoline fuel in the case of GCI 
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engines to be overcome. Indeed, it also shows the potential of GCI engines to use commercial 

fuel directly when the combustion modes and injection strategies are improved. 

5.3 Spray penetration rate 

The spray penetration rate results are shown in Figs. 6 and 7. Although the spray penetration 

rate results are mainly based on the spray penetration length, it helps to show the specific 

development process more clearly. The spray penetration rate is calculated based on spray 

penetration length over time. As shown in the results, the spray penetration rate peaks at about 

300 μs after the spray starts to appear and decreases over time until the spray’s wall 

impingement. The fluctuation in spray penetration rate over time can be explained by the fact 

that during the injection phase, the fuel injected in the previous stage undergoes acceleration 

due to the large pressure difference between the nozzle inside and outside gas density. Then, 

because of the promotion of the amount of the fuel in the next phase, the volume of the spray 

beam increases, as does the diffusion due to temperature, and the surrounding environment 

hinders the axial force of the spray to make the velocity decrease and cause a strong 

deceleration. After the spray beam enters the steady state, it means that the fuel is continuously 

supplied, causing the kinetic energy of the spray beam to increase to achieve a balance between 

the main thrust of the spray beam and the drag force of the outside ambient density. At this 

point, the spray penetration rate is still decelerating but with a slower amplitude until 

impingement on the wall. All test cases showed penetration rates within the allowable range 

and similar trends to related studies [99] [100]. The penetration rate values are recorded at 66, 

130 and 146 m/s at 50, 80, and 110 MPa of pressure respectively in the 473 K-30 kg/m3 case 

at an injector angle of 90◦. In addition, the effect of temperature is almost pronounced when 

compared under the same experimental conditions of injection pressure and ambient gas 

density. For example, in the case of 80 MPa, the penetration rate result was reported to increase 

by 9.4% and 12.6% for the 398 K and 473 K temperatures respectively compared to the 323 K 

chamber temperature. Meanwhile, a significant upward trend for the highest injection pressure 

was recorded at 22% for the 473 K case at the injector angle of 90◦. However, the influence of 

the injector angle also affects the penetration rate results. At 110 MPa injection pressure and 

473 K temperature, the penetration rate of the 90◦ injector angle is 3.6% higher than that of 

180◦ injection angle. Meanwhile, the number was recorded 4.5% higher at 398 K temperature 

with 80 MPa injection pressure, also inclined to 90◦ injector angle. The results also suggest that 

the 90◦ injection angle will have an advantage because it is not affected by the effect of gravity.  
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Figure 5.4: Temporal evolution in spray penetration rate for injector angles of 90o and 180o at 

15 kg/m3 with 50, 80, and 100 MPa of injection pressure and chamber temperatures of 323K-

398K and 423K. 
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Figure 5.5: Temporal evolution in spray penetration rate for injector angles of 90o and 180o at 

30 kg/m3 with 50, 80, and 100 MPa of injection pressure and chamber temperatures of 323K-

398K and 423K. 

At a high fuel rail pressure, the influence of injector angle between 90◦ and 180◦ can be 

quite acceptable when the jet develops at a rapid rate. In addition, the increased temperature 

will also help the penetration rate, and spray penetration tends to be perfect for better mixing. 

However, the possible trade-off of earlier spray impingement will affect the increase in soot 
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formation. An injection strategy as well as appropriate temperature and pressure regulation are 

required to reduce soot formation during the time of combustion. The diameter of a single-hole 

injector or nozzles arrangement on a multi-hole injector will also play an important role in 

influencing the mixture and emissions throughout the entire combustion process. 

5.4 Spray cone angle 

The results of the spray cone angle are shown in Figs. 8 and 9. It is shown in turn under the 

experimental conditions with the variation of ambient gas density, injection pressure, and 

chamber temperature as aforementioned. The resulting spray cone angle is captured through 

spray imaging and then processed by MATLAB code to provide an accurate value and is 

suitable for data analysis with a remarkably large number of images.  

The cone angle of the spray decreases over time. When the fuel atomization starts to take 

place, the high axial velocity and radial momentum together with the impact of the resistance 

from the external pressure result in a large initial spray cone angle. The result on the graph 

shows this trend clearly, the spray cone angle has the largest values 47◦ and 45◦ for the 90◦ and 

180◦ injector angles, respectively, at a temperature of 323 K. In addition, reduced surface 

tension and increased ambient gas momentum lead to some initial moments of formation which 

accounts for the spray being stalled in the axial direction and tending to diffuse laterally. 

However, the spray cone angle decreases slightly during the steady-state phase of the spray 

evolution and becomes very small before reaching the wall. Additionally, the average value of 

spray cone angle reduction is considered according to the development time of the spray. The 

maximum reduction at 50 MPa injection pressure is 72% while at 110 MPa injection pressure 

the reduction is only 55.5% in the case of 323 K- 30 kg/m3. This demonstrates a more stable 

spray formation as well as engine operation at high injection pressure. As the temperature 

increases, the spray cone angle decreases over the entire range of injection pressure and 

ambient gas density conditions. Within the period from the time of spraying to 600 μs, the 

change is very clear with a difference from 3◦ to 10◦ between the temperature levels. After the 

period from 450 μs - 600 μs, the change in the spray cone angle is not significant because it is 

determined mainly from the end of the spray beam. Based on the above relationships, the cone 

injection angle tends to decrease as the chamber temperature increases. A proper explanation 

for this can be considered the increased temperature of the in-chamber gas, which is capable of 

evaporating the fuel faster. On the other hand, for the temperature to be uniform at all points 

of the CVC, a long heating time leads to the tendency of the temperature to propagate in all 
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directions. The injector temperature tends to increase with the effect of increasing chamber 

temperature. It can also affect fuel viscosity, spray angle and spray cone angle.  

Additionally, the relationships between the pressure of injection and ambient gas density 

are quite clear. The proof is that the spray cone angle decreases over time after the spray 

breakup time. It is indisputable the fact that the larger the spray cone angle before impingement 

on the wall, the better the mixing process will be. One comprehensive theory is that the larger 

the spray cone angle, the better the mixture, but that can also be prevented by too much fuel 

being attached to the cylinder walls. Therefore, small diameter injectors are often used for the 

spray research process to help promote the initial molecularization stage and form a more stable 

spray.  

Fig. 10 shows that the evolution of the penetration length and the cone angle of the fuel 

blend’s spray have a strong correlation. The typical case is shown at a temperature of 473 K 

and a chamber density of 30 kg/m3 with the injection pressure levels outlined in the 

experimental conditions of this paper. The spray cone angle is set to the horizontal axis and the 

spray penetration length is set to the vertical axis. This graph represents the trade-off of the 

spray development. It can be seen from the discussion of the previous results that the growth 

of the jet length will lead to a smaller injection angle. The gradual decrease of the cone injection 

angle with time is nearly consistent at different injection pressure values. This trade-off 

relationship can be further optimized to reduce the negative effect of spray impingement on the 

combustion chamber wall by promoting the air–fuel mixing process with a larger spray cone 

angle and a suitable spray penetration length for higher engine efficiency. When injection 

pressure is increased from 50 MPa to 110 MPa, at the initial time when the spray cone angle 

has the maximum value for each case, the spray penetration length values of the 80 MPa and 

110 MPa pressure levels are almost doubled compared to the 50 MPa case. At the beginning 

of the steady-state phase of spray development, from the first timing since 20◦ of spray cone 

angle and below, the increases in spray penetration length were 9.5% and 11.5% of the 80 MPa 

and 110 MPa pressure levels compared to 50 MPa, respectively. When entering the second half 

of the spray development, the spray cone angle does not change much, ranging from 13◦ to less 

than 20◦. However, at this point, the increase of spray penetration length becomes rapid and 

reaches the finishing touch point, especially for cases with high injection pressure. This is 

completely consistent with the relevant physical properties of velocity and pressure. 
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Figure 5.6: Temporal evolution in spray cone angle for injector angles of 90o and 180o at 15 

kg/m3 with 50, 80, and 100 MPa of injection pressure and chamber temperatures of 323K-

398K and 423K. 
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Figure 5.7: Temporal evolution in spray cone angle for injector angles of 90o and 180o at 30 

kg/m3 with 50, 80, and 100 MPa of injection pressure and chamber temperatures of 323K-

398K and 423K. 
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Figure 5.8: The trade-off of spray penetration length and spray cone angle during the spray 

process at 90o and 180o injector angle and 30 kg/m3 under 50, 80 and 100 MPa of injection 

pressure at 423K chamber temperature 

5.5 Spray area 

The spray area is among the crucial parameters used in the spray process evaluation. During 

the experiment, the spray area is calculated based only on the change in pixel count of the next 

and first images of 14 the process. The assessment of the spray area is only approximate 

because the results are only obtained as 2D images while the spray beam is formed in 3D space. 

During the spray formation process, turbulence within the spray is complex, so the assessment 

of the spray area is not entirely accurate, but it enables a comparison between different test 

cases and can highlight the connection between spray penetration and spray cone angle. Figs. 

11 and 12 show the trend of the results in terms of spray area with temperature varying from 

323 K to 473 K for the experimental matrix described above. The spray area value increases 

steadily with time and temperature. This is consistent with the spray penetration length and 

spray cone angle results shown in this paper. In most test cases, the spray area of the 110 MPa 

injection pressure gives the highest results. However, due to unknown perturbations of the 

spray beam, in some cases, the result of the average temperature of 398 K in this experimental 

matrix was higher than that of 423 K. This can be attributed to greater perturbation of the 

molecules at higher ambient pressure, leading to a large degree of diffusion, making the spray 

area larger when compared between different temperatures.  

Another remarkable feature is that as the gas density increases, the spray area tends to 

follow the same pattern. This is explained by the spray cone angle, when the gas density 

increases, it creates greater resistance and causes an imbalance in the spray forming process, 

making the spray tend to diffuse to the sides and gradually reduce the spray impingement time 

to reach the wall. In addition, when increasing the temperature from 323 K to 423 K, the spray 

area also recorded a similar increasing trend. In some cases of 180◦ injector placement, 
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although the impingement time is very fast, it is not possible to compensate for the area of the 

spray. The effect on the 180◦ injector angle is quite large because the force of gravity tends to 

be perpendicular to the radial axis of the spray. 

 

Figure 5.9: Temporal evolution in spray area for injector angles of 90o and 180o at 30 kg/m3 

with 50, 80, and 100 MPa of injection pressure and chamber temperatures of 323K-398K and 

423K. 
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Figure 5.10: Temporal evolution in spray area for injector angles of 90o and 180o at 30 kg/m3 

with 50, 80, and 100 MPa of injection pressure and chamber temperatures of 323 K-398 K 

and 423 K. 

5.6 Summary 

This current work focuses on studying the spray characteristics of GB blended fuel under 

GCI conditions. It provides general data and insights related to high-octane fuel injection as 

well as an established basis for studies on GCI engines. The effect of temperature is the key 
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factor tested in this study, in addition to injection pressure, chamber density and injector angle. 

Spray evolution tends to develop more quickly as the chamber temperature increases. 

Additionally, the results show a decreasing trend in spray cone angle when the temperature is 

gradually increased under constant conditions of rail pressure and ambient density. Similar to 

the trend of spray penetration length, the spray penetration rate and spray area also followed 

the same increasing trend with chamber temperature, stabilizing under the same test conditions. 

One notable contribution in this study is that the optical setup has overcome the disadvantages 

from the previous study. The shock wave image is shown more clearly when increasing the 

injection pressure with larger and denser turbulence. On the other hand, changing the injector 

angle also evaluates the influence on the result of spray formation. The evidence has always 

shown that the spray formation process at the 90◦ injector angle is dominant. This study also 

provides the necessary reference data for research on fuels using combustion simulation 

systems such as CVCC or RCEM. Based on the results obtained in this study and the previous 

study on non-vaporizing spray, it will form the basis for further research on GCI engine 

conditions through the following stages: vaporization and combustion in the desired 

temperature ranges. In addition, the spray impingement process and near nozzle experiment 

can be applied to the platforms that the research has achieved. From there, cross-process data 

for the condition of the GCI engine when operating with the GB blend is provided 

comprehensively. 
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6. Experimental analysis of high-temperature effects on 

vaporization spray characteristics in GCI engine conditions 
 

This paper presents an experimental study investigating the vaporization spray process to 

analyze spray characteristics within a CVCC system under simulated conditions resembling 

Gasoline Compression Ignition (GCI) engines. The research focuses on examining how high 

ambient temperatures influence spray behavior. The study assesses the vaporization properties 

of a single-hole injector at varying injection pressures (50 MPa, 80 MPa, and 110 MPa) using 

two types of fuel, GB20 and GB40. High-speed Schlieren photography captures detailed spray 

images, distinguishing between liquid and vapor phases. Particularly at elevated temperatures 

of 800 K and 1000 K, with a constant oxygen concentration of 0%, the separation between 

liquid and vapor phases becomes more evident. Liquid penetration length decreases as 

temperatures rise across all injection pressure levels. Observations reveal a rapid expansion of 

the vaporization zone as temperatures increase from 600 K to 1000 K. Images of GB40 show 

a broader distribution of liquid compared to GB20, indicating more intricate fuel dispersion in 

the vapor phase. These findings offer critical insights into air-fuel mixing conditions in GCI 

engine settings, setting a foundational basis for future theoretical and experimental research in 

this field. 

6.1 Methodology 

The experiment utilized a CVCC system to explore how high temperatures affect spray 

characteristics under vaporization conditions. While previous studies have extensively 

investigated spray processes under non-vaporizing conditions and combustion dynamics in 

GCI engines, detailed assessments specifically focusing on vaporization spray characteristics 

with high-octane gasoline fuel in GCI engine operating conditions have been lacking. This 

study aims to fill this gap by analyzing the vaporization spray process and its response to 

temperature levels ranging from 600K to 800K to 1000K. Additionally, it seeks to augment the 

comprehensive evaluation of GCI engine research using high-octane fuels with additional 

parameters. In this experimental setup, the injection timing was synchronized with the moment 

when oxygen concentration in the mixture, after the pre-combustion process, reached 0%, 

maintaining a calculated density of 10 kg/m³. Throughout this study, the pre-combustion 

process refers to conditions simulating high temperature and high pressure akin to those found 

in diesel engines, achieved with a blend of fuel and air. To ensure data integrity and minimize 



75 

 

injection disruptions, the injector remained fully open for 1500 µs per injection event. Injection 

pressure varied between 50 MPa and 110 MPa in steps of 30 MPa to thoroughly examine the 

impact of operational conditions on spray characteristics. Detailed specifications for chamber 

temperature, fuel temperature, and setup parameters for the high-speed camera are provided in 

Table 6.1. 

Table 6.1: Experimental test matrix 

Fuel type  GB20-GB40 

Injector type Single hole- 0.33 mm 

Injection duration（µs） 1500 

Fuel temperature (K) 308  

Injection pressure (MPa) 50-80-110 

Ambient gas density (kg/m3) 10 kg/m3 

Chamber body temperature (K)  373 K 

Oxygen concentration (%)  0% 

Ambient temperature (K)  600-800-1000 

Frame rate (frames/sec) 80000 

Exposure time 1/900000 

Image resolution 256 × 160 pixels 

 

In experimental research, achieving precise results hinges on meticulous control of system 

parameters to minimize equipment errors, thereby reducing overall result inaccuracies. 

Throughout this investigation, stringent measures are employed to maintain consistent 

boundary conditions across experimental setups involving the CVCC system, associated 

equipment, and optical systems. It is ensured that variations in these parameters do not exceed 

2%, as detailed in Table 6.2, which provides comprehensive information on boundary 

conditions and permissible error margins. This rigorous approach ensures reliable and 

comparable data across different experimental instances, enhancing the accuracy and 

credibility of the research outcomes. 

Table 6.2: Experimental boundary conditions and error 

Experiment conditions Average value Error value (%) 

Injection pressure (MPa) 50-80-100 0.68-0.625-0.5 

Density (kg/m3) 15-30 0.1-0.15 

Chamber temperature 323K-398K-423K 0.95-1.15-1.3 

Fuel temperature (K) 323 1.5 
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Figure 6.1: Definition of spray vaporization characteristics 

6.2 Spray morphology 

Figure 6.2 presents a typical vaporization spray image of GB20 and GB40 fuel mixtures at 

ambient temperatures ranging from 600 K to 1000 K, under a pressure of 110 MPa and density 

of 10 kg/m³. The image depicts two distinct regions: a dark liquid zone and a surrounding 

vaporization transition region, maintaining the characteristic jet structure of a single-hole 

injector. Vaporization images, captured at 300 µs intervals, track the spray from initiation to 

just before wall impingement, excluding post-impingement outcomes. Initially, the images 

show consistent liquid phase structures without phase transitions up to 300 µs. The liquid 

phase's characteristics in the early stages align with previous studies [106]-[109], with its area 

fraction progressively decreasing over 600 µs until contact with the chamber wall. Despite 

increasing ambient temperatures accelerating the vaporization process steeply, maintaining 

stable spray structures up to 1000 K without significant disturbance is confirmed through 

MATLAB analysis. At temperatures of 800 K and 1000 K, minor liquid remnants are less 

common around the jet's tail, while the inner liquid core is predominantly surrounded by the 

vaporization region. High ambient pressure is noted to reduce shear resistance from 

surrounding gases to the spray, affecting its stability as it forms and reaches a stable state. 

However, this study primarily focuses on temperature's influence on spray dynamics rather 

than comparing different ambient pressure levels. As temperature rises, the spray's vaporization 

boundary becomes smoother, with evaporative streaks disappearing due to entrained hot air, 

forming a haze at the spray's edge visible via Schlieren imaging. Notably, at 800 K and 1000 

K, finely detailed interfacial regions between liquid and gas phases are observed post-600 µs, 
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indicating decreased surface tension and molecular path, blurring the distinction between liquid 

and vapor phases. 

 

Figure 6.2: Schlieren image sequences for different ambient temperature of GB20 and GB40 

at 110 MPa injection pressure  and 10 kg/m3 ambient density 

6.3 Liquid penetration length 

Figure 6.3 illustrates the results of liquid penetration length under vaporization conditions, 

examining the influence of high temperatures on injection pressures ranging from 50-80-110 

MPa. The graph presents the impact of three temperature levels on liquid penetration length 

for both GB20 and GB40 fuels. The initial emergence of the spray marks the beginning of 

spray development, with endpoint measurement taken upon spray profile contact with the 

combustion chamber wall. This study does not generalize vaporization results beyond 2 

milliseconds, focusing on direct comparisons with previous findings for verification. The trend 

of liquid penetration length exhibits nonlinear growth, differing notably from non-vaporization 

experiments reported previously. From spray emergence to 600 µs, a pronounced and gradual 

increase in liquid penetration length is observed across various temperature and pressure 

settings. Beyond 700 µs, minimal changes occur, stabilizing as the vaporization zone nears the 

wall. Initially, fuel supply from the nozzle controls jet length and velocity through axial 

momentum. Vaporization subsequently influences liquid penetration length dynamics, 

resulting in minor changes in later stages. Continuous needle opening allows steady 

downstream fuel movement, progressively diminishing due to evaporation, especially at higher 

pressures like 110 MPa. Increased pressure enhances atomization, reducing droplet size and 
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accelerating evaporation due to heightened surface area-to-volume ratios. While higher 

injection pressures correlate with increased liquid penetration length at identical time points, 

the liquid phase shows minimal sensitivity to pressure changes [114]. 

 

 

 

Figure 6.3: Liquid penetration length for GB20 and GB40 at 600 K to 1000 K ambient 

temperature and 10 kg/m3  ambient gas density under 50, 80 and to 110 MPa injection 

pressures. 

Moreover, liquid penetration length decreases with rising temperatures controlled by 

environmental density calculations and adjusted injection timing. Experiments vary 

temperatures from 600 K to 1000 K, surpassing fuel critical temperatures to favor dual-phase 

outcomes predominantly of liquid and gas. Similarly, under consistent injection pressures, 
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liquid penetration length stabilizes downstream where fuel mass flow equals evaporation rate 

[110][111][112]. Lower injection pressures under the same temperature conditions reduce fuel 

supply time, where phase transport processes like mass diffusion and heat conduction become 

evaporation constraints [113]. GB40 fuel, with higher biodiesel content, consistently shows 

superior liquid penetration length development compared to GB20, attributed to gasoline's 

faster evaporation rate versus biodiesel. Evaluation across volumetric concentrations reveals 

GB20's higher evaporation propensity than GB40 under most temperature conditions. These 

findings underscore the practical significance of gasoline fuels and blends in optimizing 

combustion systems for GCI engines. 

6.4 Liquid area 

Figure 6.4 provides an analysis of liquid area results under varying experimental conditions 

detailed in previous sections. The study examines the impact of ambient temperature on GB20 

and GB40 fuels across different injection pressure levels. As ambient temperature rises, there 

is a corresponding decrease in the liquid area, mirroring trends observed in liquid penetration 

length. Conversely, differences in injection pressure levels do not significantly affect liquid 

area results under identical temperature conditions, highlighting the interplay between liquid 

penetration length and spray angle development. The evolution of the liquid zone during 

vaporization spray with a single-hole injector is categorized into initial development, a steady-

state phase, and eventual decline toward complete vaporization. High-octane gasoline blended 

with biodiesel demonstrates distinct characteristics compared to diesel or low-octane fuels, 

particularly relevant for commercial applications and GCI engine objectives. Significant 

variations in liquid area are observed between temperature cases of 600 K, 800 K, and 1000 K, 

with less clear differences between 800 K and 1000 K, indicating uneven distribution across 

scenarios. The vaporization rate, molecule distribution, and atomization process vary with each 

200 K temperature increment, influencing spray combustion phenomena, spray break time, and 

ignition delay in combustion processes. The persistence of faint liquid regions within the 

vaporization zone is attributed to radial spray momentum and turbulence in the spray core 

sustained by continuous fuel supply until injector deactivation. Although the vaporization zone 

reaches the combustion chamber wall before injector deactivation, suggesting potential for 

liquid region expansion, stabilization and gradual reduction of the liquid region occur as 

vaporization completes. These observations underscore the rapid acceleration of vaporization 
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rates in gasoline-biodiesel fuel mixtures under high temperatures, outpacing spray development 

and fuel supply growth in high-pressure scenarios. 

 

 

 

Figure 6.4: Liquid area for GB20 and GB40 at 600 K to 1000 K ambient temperature and 10 

kg/m3  ambient gas density under 50, 80 and to 110 MPa injection pressures. 
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6.5 Vaporization area 

Figure 6.5 illustrates the influence of ambient temperature and injection pressure on the 

vaporization area formation for GB20 and GB40 fuels. The graphs depict how temperature 

affects each pressure level and fuel type, distinguishing between liquid and vapor phases within 

the spray image. Vaporization area determination utilizes MATLAB code for pixel region 

analysis, converting pixel counts into measured area. This study focuses on defining liquid 

penetration length and combustion chamber boundaries, not practical vaporization length 

assessments. Prior research has explored vapor injection for various fuels but lacks thorough 

investigation into vaporization area evaluation. 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

 

Figure 6.5: Vapor for GB20 and GB40 at 600 K to 1000 K ambient temperature and 10 kg/m3  

ambient gas density under 50, 80 and to 110 MPa injection pressures. 
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GB20 fuel consistently shows superior vaporization zone development compared to GB40 

across all conditions, attributed to its higher gasoline composition. However, GB40, with a 

higher biodiesel content, does not significantly impact vaporization results. The vaporization 

zone exhibits an increasing trend as it approaches the combustion chamber wall, following a 

nonlinear trajectory despite a steep slope. Elevated ambient temperatures accelerate 

vaporization rates relative to spray speed, particularly noticeable at higher injection pressures. 

Despite more uniform results across test cases compared to liquid penetration length and other 

parameters, vaporization area values show minimal variance at different pressure levels. 

Increased fuel supply under higher injection pressure rapidly develops both liquid and vapor 

phases. Higher ambient temperatures further stabilize and enhance vaporization, facilitating 

finer fuel-air mixing in engine conditions. The vaporization process intensifies beyond the 

chamber wall, potentially affecting liquid phase structure post-contact or after 2 ms, 

necessitating robust physical and vaporization models for comprehensive evaluation under GCI 

engine combustion conditions. 

6.6 Summary 

The investigation into vaporization spray characteristics of gasoline-biodiesel fuel mixtures 

under GCI engine conditions yielded significant insights. Across varied injection pressures 

(600-800-1000 K) and fuel types (GB20 and GB40), distinct regions for liquid and vapor 

phases were consistently observed. The liquid phase gradually decreased from 600 µs until 

contact with the chamber wall, with the vaporization boundary becoming apparent after 500 µs 

post-spray initiation. Interestingly, differences in injection pressure did not markedly affect the 

liquid phase area at equivalent temperatures. Initially, GB20 exhibited a lower spray angle than 

GB40 up to 600 µs, but this distinction diminished during the vaporization phase. Conversely, 

the vaporization phase showed an expanding morphology as it approached the chamber wall, 

accelerated by higher injection pressures across all temperature and fuel type scenarios studied. 

These findings underscore the complex interplay between injection dynamics, fuel composition, 

and ambient temperature in influencing vaporization spray behavior in GCI engines. 
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7. Experimental study of spray combustion phenomena in 

gasoline-biodiesel blends for GCI engine conditions 

This chapter presents the spray and combustion characteristics simulating GCI engine 

conditions, using a constant volume combustion chamber (CVCC) system with a gasoline-

biodiesel blend. The blend's biodiesel content varies from 0 to 20%. Combustion characteristics, 

including ignition delay, flame development, and heat release rate, were analyzed at an 

injection pressure of 90 MPa, ambient gas density of 15 kg/m³, and temperatures of 900-1000K. 

Results show that GB00 exhibits a longer ignition delay compared to GB10 and GB20, 

reflected in the heat release rates at both 900K and 1000K. 

7.1 Spray evolution 

Figures 7.1 and 7.2 present a detailed examination of the spray evolution for the fuel blends 

GB00, GB10, and GB20, subjected to an injection pressure of 70 MPa under two distinct 

ambient gas densities, 10 kg/m³ and 15 kg/m³. These figures reveal how the shape and behavior 

of the spray beam change with varying biodiesel content in the fuel mixture, underscoring that 

biodiesel significantly impacts spray characteristics by enhancing both fuel viscosity and 

density. In the case of GB00, which is pure gasoline, the spray development is notably slower 

due to gasoline's higher vaporization characteristics. This slower progression aligns with 

findings from GCI studies, which have consistently shown that gasoline, under vaporizing 

conditions, exhibits a shorter liquid length compared to diesel-based fuels. The rapid 

vaporization of gasoline leads to a quicker transition from liquid to vapor phase, which restricts 

the overall spray length and influences the spatial distribution of the spray. 

As the ambient gas density increases from 10 kg/m³ to 15 kg/m³, the resistance within the 

combustion chamber rises, affecting the spray formation dynamics. This increased resistance 

results in a slower progression of the spray towards the chamber wall, as higher density 

environments impose more significant drag forces on the fuel spray. The images illustrate that 

at an ambient gas density of 15 kg/m³, the spray angle becomes larger and more comprehensive 

compared to the scenario with 10 kg/m³. This larger spray angle at higher density indicates 

more effective fuel-air mixing, which is crucial for achieving efficient combustion. 

Combustion theories support the observation that a well-formed fuel-air mixture enhances 

combustion efficiency, particularly in engines with high compression ratios, where achieving 

a homogeneous mixture is vital for optimal performance. The trend in spray formation across 
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different densities demonstrates that spray growth does not follow a simple linear relationship 

with increasing gas density. Instead, higher ambient density introduces complex interactions 

that influence the spray's diffusion and mixing characteristics, suggesting that merely 

increasing density does not proportionally enhance spray development but instead modifies its 

trajectory and spread. 

These findings highlight the intricate balance between biodiesel ratios and ambient 

conditions required to optimize fuel injection and combustion processes. Adjusting these 

parameters can significantly influence spray dynamics, leading to better combustion efficiency 

and overall engine performance. This detailed understanding offers valuable insights into the 

potential for enhancing GCI engine performance by tailoring fuel composition and operating 

conditions, ultimately supporting the development of more efficient and reliable engines. 

 

Figure 7.1: Spray evolution under 70 MPa injection pressure of GB00, GB10 and GB20 with 

10 kg/m3 of gas density 
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Figure 7.2: Spray evolution under 70 MPa injection pressure of GB00, GB10 and GB20 with 

15 kg/m3 of gas density 

Figure 7.2 presents the setup for observation of the natural light emission from spray 

combustion of gasoline-biodiesel blended fuels. A high-speed CMOS camera (Photron SA3) 

with a Nikkor lens was used to obtain the natural soot luminosity imaging at 512×128 pixels 

and rate of 20,000 frames/s, which corresponds to a 40 µs increment for each image. The 

injected signal from the injector triggers the camera to start recording the set of combustion 

images. 

7.2 Pressure and heat released rate 

Figure 7.3 presents the combustion pressure and heat release rate characteristics for three 

fuel types: GB00 (pure gasoline), GB10 (10% biodiesel), and GB20 (20% biodiesel). These 

measurements were conducted at temperatures ranging from 900 K to 1000 K, with an injection 

pressure of 90 MPa and an ambient gas density of 15 kg/m³, under conditions of 15% oxygen 

to study combustion mixture control. The results show that all fuels predominantly exhibit 

single-stage ignition, driven by the primary gasoline component, which leads to rapid chemical 

reactions across the temperature range. This rapid reaction results in a sharp temperature 

increase and a corresponding peak in combustion pressure. 

As the biodiesel content in the fuel increases, there is a noticeable decrease in the heat 

release rate at both 900 K and 1000 K. This reduction is attributed to the higher cetane number 

of biodiesel, which shortens the ignition delay and leads to a more controlled and gradual heat 

release. Higher cetane numbers indicate that biodiesel ignites more readily and burns more 

steadily than gasoline, which explains the smoother heat release profile with increased 

biodiesel content. Moreover, as ambient temperature increases from 900 K to 1000 K, the heat 

release rate further decreases across all fuel blends tested. This phenomenon occurs because 

higher ambient temperatures and the volatile nature of the fuel mixture facilitate earlier 

formation of the mixture, leading to increased heat loss through conduction to the chamber wall 

and within the diffuse flame. These observations underscore the complex interplay between 

fuel composition, ignition behavior, and ambient conditions, offering important insights for 

optimizing combustion processes. Adjusting biodiesel levels and ambient temperatures can 

effectively control ignition and combustion characteristics, enhancing the performance and 

efficiency of GCI engines. 
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Figure 7.3: Heat release rate for GB blends fuel at 900 K and 1000 K ambient temperature 

under ambient density 15 kg/m3 and 90 MPa injection pressure 

7.3 Ignition delay 

Figure 7.4 shows the ignition delay values for three different fuels at two ambient 

temperatures, derived from the heat release rate results. The ignition delay decreases 

significantly with higher biodiesel content and rising ambient temperatures, aligning with 

findings in GCI engine combustion studies. The reduction in ignition delay when biodiesel 

increases from 0 to 20% can be explained by the fuel's properties. Gasoline, the primary 

component, naturally has high ignition delay characteristics. Adding biodiesel, which has a 

higher cetane number, lowers the overall ignition delay of the fuel blend. Experimental data 

confirm that gasoline can be combusted through compression, making it suitable for CI engines. 

However, its high volatility can lead to the formation of flammable mixtures, causing notable 

fluctuations in combustion and affecting ignition delay. 

Additionally, higher ambient temperatures reduce ignition delay by accelerating fuel 

evaporation, leading to quicker jet development and earlier mixture formation during 
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combustion. Despite varying the injection pressure from 40 to 90 MPa, the common rail system 

pressure remained stable, and the fuel temperature was kept optimal. However, substantial 

fluctuations in injection pressure could destabilize the system, highlighting the need for further 

investigation into the impact of such variations. 

 

Figure 7.4: Ignition delay of GB fuel blend at 900 K and 1000 K of ambient temperature and 

90 MPa injection pressure under 15 kg/m3 ambient density 

7.4 Flame development 

Figures 7.5 and 7.6 depict the combustion process at ambient temperatures of 900 K and 

1000 K. For most fuel mixtures, flame initiation occurs around 1 ms at 900 K and 0.8 ms at 

1000 K, with GB20 fuel consistently showing the earliest flame appearance. Once ignited, the 

flame spreads downstream with multiple ignition points, especially near the wall. Higher 

biodiesel content in the fuel increases luminous intensity due to the reduced ignition delay. The 

brightness threshold also rises with increasing ambient temperatures, which promote auto-

ignition and affect flame brightness. Comparing ignition delay values from Figures 7.5 and 7.6, 

those obtained via natural brightness methods show similar trends but are generally higher than 

those calculated through the heat release rate. Using high-octane gasoline with added biodiesel 

improves the combustion process, leading to more stable injector operation and enhancing the 

efficiency and reliability of GCI engines. 
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Figure 7.5: Flame development of GB00, GB10 and GB20 under the temperature of 900K 

and 90MPa of injection pressure under 15kg/m3 ambient density 

 

Figure 7.6: Flame development of GB00, GB10 and GB20 under the temperature of 1000K 

and 90MPa of injection pressure under 15kg/m3 ambient gas density 

7.5 Summary 

This study focuses on the combustion dynamics of gasoline-biodiesel (GB) blends under GCI 

engine conditions. It provides critical data on the non-vaporizing characteristics of high-octane 

fuel blends by varying injection pressure and ambient gas density. The research examines 

fundamental spray characteristics, including spray penetration length and cone angle, and 

offers a detailed view of spray development and morphology. 

Key findings reveal that spray penetration length increases with a higher biodiesel ratio, 

accelerating the penetration rate. Conversely, increased ambient gas density slows down spray 

development. The spray cone angle decreases gradually as injection pressure and biodiesel 
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content rise, reflecting injection principles and kinetic trends influenced by environmental 

density and fuel properties. 

The study also explores how ambient temperature within the combustion chamber affects 

combustion characteristics. Most GB blends ignite once due to gasoline content, with both heat 

release rate and ignition delay decreasing as biodiesel content increases. Higher ambient 

temperatures further reduce ignition delay, enhancing fuel vaporization. High-speed camera 

images confirm this trend with visible flame development. Overall, combining high-octane 

gasoline with biodiesel improves combustion efficiency and stability, enhancing the 

performance and reliability of GCI engines and highlighting its potential for advancing engine 

technology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



90 

 

8. Conclusions 
 

The purpose of this dissertation is to propose a comprehensive study on the combustion 

process of gasoline-biodiesel fuel blends under GCI engine conditions. The difference from 

studies on conventional engines is that this research can create experimental conditions 

according to predefined objectives and can visually observe the combustion process through 

optical setups. Observing the combustion process occurring in a very short time is challenging 

and difficult to achieve on actual engines, and it often requires high costs to experiment on an 

optical engine. Additionally, the use of high-precision data collection systems helps reduce 

uncertainty in the results. Measurements of the injection process and fundamental combustion 

characteristics such as ignition delay are difficult to obtain in LTC engine conditions. In these 

conditions, ignition delay strongly influences the combustion phase, and small differences can 

cause the engine to transition to knocking and misfiring states. This high sensitivity hinders 

reliable ignition delay measurements for different load and speed conditions. Furthermore, the 

systems also have advantages such as well-controlled (or uncontrolled) flow interactions, 

powerful tools for measuring low-temperature combustion injection processes, high load, and 

easily configurable optical techniques. 

Based on the experimental results, several main conclusions can be drawn as follows: 

• Chapter 1: The concept of the Gasoline Compression Ignition (GCI) engine is 

introduced in this chapter. Alongside this, the motivation and approach for this research 

are described sequentially. Additionally, the objectives of this study are detailed with 

respect to the spray combustion process in GCI engines. 

• Chapter 2: The literature review of the spray combustion process in GCI engines is 

presented according to the stages of research and application in GCI engines. The 

advantages and existing disadvantages of GCI engines are also detailed. Additionally, 

the theories of optical research methods and methods for determining combustion 

characteristics are listed sequentially according to the research trends of this thesis. An 

overall picture of fuel sources and trends in alternative fuels globally is also covered in 

this chapter. 

• Chapter 3: The research was primarily conducted through experimental investigations 

of the spray combustion process. The Constant Volume Combustion Chamber (CVCC) 

system was flexibly applied to the process based on various gas intake methods. The 



91 

 

study also presented algorithm diagrams and developed control program models for 

these processes. Additionally, different optical methods were applied to compare the 

suitability and accuracy of each method for specific spray combustion processes. 

Furthermore, calculation methods and the determination of ignition delay values were 

also addressed. 

• Chapter 4: The evaluation of injection properties for fuel types GB10, GB20, and GB40 

under different ambient density conditions and injection durations of 1200 μs and 1500 

μs reveals several key findings. The stability of the spraying process, observed from 

700 μs onwards, results in minimal fluctuations in spray angle and more stable spray 

boundaries. Notably, increased biodiesel content in the fuel enhances spray penetration 

length due to fuel characteristics and changes in injection momentum. However, there's 

a trade-off as higher biodiesel content leads to faster fuel penetration into the cylinder, 

which may not efficiently enhance mixing with internal air. Increasing ambient gas 

density, under similar injection pressure conditions, enlarges the spray cone angle and 

prolongs spray existence before reaching the chamber wall. This relationship is 

influenced by injection pressure, duration, and ambient gas density, affecting spray area 

formation and ultimately the degree of air-fuel mixing. The paper's analysis of spray 

penetration for each fuel type demonstrates the intricate interplay between injection 

pressure, ambient gas density, and biodiesel composition, providing valuable insights 

for research on GCI engines using high-octane fuel with longer ignition delay. 

• Chapter 5: The effect of temperature is the key factor tested in this chapter, in addition 

to injection pressure, chamber density and injector angle. Spray evolution tends to 

develop more quickly as the chamber temperature increases. Additionally, the results 

show a decreasing trend in spray cone angle when the temperature is gradually 

increased under constant conditions of rail pressure and ambient density. Similar to the 

trend of spray penetration length, the spray penetration rate and spray area also followed 

the same increasing trend with chamber temperature, stabilizing under the same test 

conditions. One notable contribution in this study is that the optical setup has overcome 

the disadvantages from the previous study. The shock wave image is shown more 

clearly when increasing the injection pressure with larger and denser turbulence. On the 

other hand, changing the injector angle also evaluates the influence on the result of 

spray formation. The evidence has always shown that the spray formation process at 
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the 90◦ injector angle is dominant. This study also provides the necessary reference data 

for research on fuels using combustion simulation systems such as CVCC or RCEM. 

Based on the results obtained in this study and the previous study on non-vaporizing 

spray, it will form the basis for further research on GCI engine conditions through the 

following stages: vaporization and combustion in the desired temperature ranges. 

• Chapter 6: The evaluation of the vaporization spray process for gasoline-biodiesel fuel 

mixtures under GCI engine conditions reveals several key findings. Both GB20 and 

GB40 fuels exhibit distinct regions for the liquid and vapor phases across the entire 

range of injection pressures and experiment temperatures (600-800-1000 K). The liquid 

phase gradually decreases from 600 µs until reaching the chamber wall for both fuels, 

with the vaporization boundary region appearing after 500 µs from the spray's initiation. 

Interestingly, different injection pressure levels show no significant differences in 

liquid area results at identical temperature levels. While the spray angle of the liquid 

portion in GB20 fuel tends to be lower than that of GB40 before 600 µs, the differences 

diminish as the vaporization phase begins. Furthermore, the vaporization phase exhibits 

an increasing morphology as it approaches the combustion chamber wall, with higher 

injection pressures leading to faster development and shorter times across all 

temperature and fuel type cases considered in this study. 

• Chapter 7: Furthermore, the research delves into the influence of ambient chamber 

temperature on combustion characteristics, revealing that most fuel blends exhibit 

single-time ignition primarily due to gasoline presence. Heat release rate and ignition 

delay decrease with increased biodiesel content and rising ambient temperature, 

facilitated by enhanced fuel vaporization. The study also emphasizes the importance of 

calculating engine design and refining combustion processes, elucidating the close 

interplay between non-vaporization, vaporization, and combustion processes. 

Integration of high-octane gasoline with added biodiesel enhances combustion stability, 

ensuring more reliable injector operation and improving GCI engine efficiency. These 

findings, combined with previous studies, provide crucial data for developing and 

applying GCI engines with high-octane fuel, albeit further investigation into soot 

formation, NOx emissions, and exhaust components is warranted for refining 

experimental matrices and achieving stable GCI operation under varying loads. 

Tribology experiments and durability tests will further elucidate engine stability when 
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operating with proposed fuel types, offering insights for direct GCI condition 

application without altering engine structure. 

The contributions of the research are presented as follows: 

• The research process applies entirely to high-octane fuel under GCI engine operating 

conditions. 

• It has been proven that GB20 fuel is applicable to low and medium load conditions of 

GCI engines. 

• The comprehensive process from injection, atomization, vaporization and combustion 

is investigated. 

• The relationship between injection process and combustion characteristics is 

established to evaluate combustion characteristics. 

• It is appreciated that chamber temperature and ambient temperature have a profound 

influence on the characteristics of the spraying process. 

• The parameters of the combustion process are fully implemented and provide the 

necessary data for experimental research on GCI engines using high-octane fuel as well 

as simulation models of the spray combustion process. 
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Image processing code 

clear; clc; close all; 

 

px2mm = 0.609756; 

nozzle_x = 7; 

nozzle_y = 80;      

nozzle_position = [nozzle_y, nozzle_x]; 

meaningful_length = 2/3;           

background = imread('GB20-10-500-1500-400-1_00001.png'); 

img_name = 'GB20-10-500-1500-400-1_00033.png'; 

fig_name = 'fig_000.png';  

 

gray2bin_threshold_full = 30000;                          

gray2bin_threshold_liquid = 6000;   

small_size = 10;     

 

se = strel('disk', 1); 

sigma = 0.9;             

background = rgb2gray(background);                       

background = imgaussfilt(background, sigma); 

background_full = (background(:,:) >= gray2bin_threshold_full);  

background_full = bwareaopen(background_full, small_size); 

background_full = imcomplement(background_full); 

background_full = bwareaopen(background_full, small_size); 

background_liquid = (background(:,:) >= gray2bin_threshold_liquid);  

background_liquid = bwareaopen(background_liquid, small_size); 

background_liquid = imcomplement(background_liquid); 

background_liquid = bwareaopen(background_liquid, small_size); 

result2csv = [];  

csvtitle = {'Img name', 'Liquid length', 'Liquid angle', 'Liquid area', 'Vapor area'}; 
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for i = 50:-1:45   

    img_name(26) = num2str(uint8(floor(i/100)));         

    img_name(27) = num2str(uint8(floor(mod(i,100)/10)));     

    img_name(28) = num2str(uint8(mod(i,10)));    

    fig_name(5) = num2str(uint8(floor(i/100)));         

    fig_name(6) = num2str(uint8(floor(mod(i,100)/10)));     

    fig_name(7) = num2str(uint8(mod(i,10)));       

 

    raw_img = imread(img_name); 

    img = rgb2gray(raw_img);                   

    img = imgaussfilt(img, sigma); 

    img_full = (img(:,:) >= gray2bin_threshold_full);  

    img_full = bwareaopen(img_full, small_size); 

    img_full = imcomplement(img_full); 

    img_full = bwareaopen(img_full, small_size); 

    img_full = (bitxor(img_full, background_full));      

    img_full = imopen(img_full, se); 

    img_full = bwareaopen(img_full, small_size); 

    img_liquid = (img(:,:) >= gray2bin_threshold_liquid);  

    img_liquid = bwareaopen(img_liquid, small_size); 

    img_liquid = imcomplement(img_liquid); 

    img_liquid = bwareaopen(img_liquid, small_size); 

    img_liquid = (bitxor(img_liquid, background_liquid));      

    img_liquid = imopen(img_liquid, se); 

    img_liquid = bwareaopen(img_liquid, small_size);  

    liquid_stat = regionprops(img_liquid, 'Centroid', 'Area'); 

    [B_liquid, L_liquid, N_liquid, A_liquid] = bwboundaries(img_liquid); 

    liquid_particle = 0; 

    for j = 1:length(liquid_stat) 
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        dist = sqrt((liquid_stat(j).Centroid(1) - nozzle_x)^2 + (liquid_stat(j).Centroid(2) - 

nozzle_y)^2); 

        if (dist < liquid_stat(j).Area) 

            liquid_particle = j; 

            temp_boundary = B_liquid{j}; 

            temp_min_x = min(temp_boundary(:, 2)); 

            temp_y = []; 

            for k = 1:length(temp_boundary) 

                if (temp_boundary(k, 2) == temp_min_x) 

                    temp_y = [temp_y temp_boundary(k, 1)]; 

                end 

            end 

            bot_px = max(temp_y); 

            top_px = min(temp_y); 

            for j = nozzle_x:(temp_min_x - 1) 

                y_min = round(nozzle_y + (j - nozzle_x)/(temp_min_x - nozzle_x)*(top_px - 

nozzle_y)); 

                y_max = round(nozzle_y + (j - nozzle_x)/(temp_min_x - nozzle_x)*(bot_px - 

nozzle_y)); 

                for k = y_min:y_max 

                    img_full(k, j) = 1; 

                end 

            end      

            break; 

        end 

    end   

     

    if (liquid_particle ~= 0) 

        liquid_x_min = min(B_liquid{liquid_particle}(:,2));    

        img_liquid(:, 1:liquid_x_min) = (bitor(img_liquid(:, 1:liquid_x_min), img_full(:, 

1:liquid_x_min)));      
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    end 

    liquid_stat = regionprops(img_liquid, 'Centroid', 'Area'); 

    liquid_particle = 0; 

    for j = 1:length(liquid_stat) 

        dist = sqrt((liquid_stat(j).Centroid(1) - nozzle_x)^2 + (liquid_stat(j).Centroid(2) - 

nozzle_y)^2); 

        if (dist < liquid_stat(j).Area) 

            liquid_particle = j; 

            break; 

        end 

    end 

    liquid_length = 0;     

    liquid_angle = 0; 

    top_ray = nozzle_position; 

    bot_ray = nozzle_position; 

    [B_liquid, L_liquid, N_liquid, A_liquid] = bwboundaries(img_liquid); 

    fg = figure('Name', img_name, 'Units', 'normalized', 'Position', [0 0 1 1], 'WindowState', 

'maximized'); 

    imshow(raw_img); hold on;     

    if (liquid_particle ~= 0) 

        boundary = B_liquid{liquid_particle}; 

 

        plot(boundary(:,2), boundary(:,1), 'g', 'LineWidth', 1); 

 

        L_max_liquid = max(B_liquid{liquid_particle}(:,2)); 

        liquid_length = L_max_liquid - nozzle_x; 

        for j = (nozzle_x + 1):(nozzle_x + liquid_length/3*2) 

            for k = 1:length(boundary) 

                if ((boundary(k, 2) == j)&&(boundary(k, 1) < nozzle_y)) 

                    top_ray = [top_ray; boundary(k,:)]; 

                elseif ((boundary(k, 2) == j)&&(boundary(k, 1) > nozzle_y)) 
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                    bot_ray = [bot_ray; boundary(k,:)]; 

                end 

            end 

        end 

        y_vec_1 = top_ray(:, 1); 

        y_vec_2 = bot_ray(:, 1); 

        x_vec_1 = top_ray(:, 2); 

        x_vec_2 = bot_ray(:, 2); 

        if ((length(x_vec_1)) > 0)   

            x_vec_1 = x_vec_1 - nozzle_x;                  

            y_vec_1 = y_vec_1 - nozzle_y;                   

            if ((y_vec_1(:)\x_vec_1(:)) ~= 0) 

                k_vec_1 = 1/(y_vec_1(:)\x_vec_1(:));           

            else 

                k_vec_1 = -9999; 

            end 

            x_vec_2 = x_vec_2 - nozzle_x;                  

            y_vec_2 = y_vec_2 - nozzle_y;                   

            if ((y_vec_2(:)\x_vec_2(:)) ~= 0) 

                k_vec_2 = 1/(y_vec_2(:)\x_vec_2(:));          

            else 

                k_vec_2 = 9999; 

            end 

            liquid_angle = 180 - (abs(atand(1/k_vec_1)) + abs(atand(1/k_vec_2)));          

        end 

        top_ray = nozzle_position; 

        bot_ray = nozzle_position; 

        for j = (nozzle_x + 1):(nozzle_x + liquid_length/3*2) 

            top_ray = [top_ray; [int8((j - nozzle_x)*k_vec_1) + nozzle_y, j]]; 

            bot_ray = [bot_ray; [int8((j - nozzle_x)*k_vec_2) + nozzle_y, j]]; 
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        end 

    end     

     

    img_vapor = (bitxor(img_liquid, img_full));  

    [B_vapor, L_vapor, N_vapor, A_vapor] = bwboundaries(img_vapor);  

    vapor_particle = 0; 

    vapor_stat = regionprops(img_vapor, 'Centroid', 'Area');  

    area = []; 

    area = [vapor_stat.Area]; 

    [M,I] = max(area); 

    if (M > 100) 

        vapor_particle = I; 

    end 

    if (vapor_particle == 0) 

        if (liquid_particle ~= 0) 

            for j = 1:length(vapor_stat) 

                if ((abs(vapor_stat(j).Centroid(2) - liquid_stat(liquid_particle).Centroid(2)) < 

30)&&(abs(vapor_stat(j).Centroid(1) - liquid_stat(liquid_particle).Centroid(1)) < 40))         

                    vapor_particle = j; 

                    break; 

                end 

            end 

        end 

    else 

        area = [vapor_stat.Area]; 

        [M,I] = max(area); 

    end 

    if (vapor_particle ~= 0) 

        boundary = B_vapor{vapor_particle}; 

        plot(boundary(:,2), boundary(:,1), 'b', 'LineWidth', 1); 
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    end 

    plot(nozzle_x, nozzle_y, 'r*'); 

    plot(bot_ray(:,2), bot_ray(:,1), 'r', 'LineWidth', 2); 

    plot(top_ray(:,2), top_ray(:,1), 'r', 'LineWidth', 2); 

     

    rectangle('Position', [48 2 60 23], 'Curvature', 0.1, 'FaceColor' ,[0 0 0], 'EdgeColor', 'b'); 

    text_length_L = ['Liquid length: ' num2str(liquid_length*px2mm,'%0.2f') 'mm']; 

    text(50, 5, text_length_L, 'FontSize', 10, 'Color' , 'r');   

    if (liquid_particle ~= 0) 

        area_L = liquid_stat(liquid_particle).Area*px2mm*px2mm; 

    else 

        area_L = 0; 

    end 

    text_angle_L = ['Liquid angle: '  num2str(liquid_angle,'%0.2f') '^o']; 

    text(50, 10, text_angle_L, 'FontSize', 10, 'Color' , 'r');    

    text_area_L = ['Liquid area: ' num2str(area_L,'%0.2f') 'mm^2']; 

    text(50, 15, text_area_L, 'FontSize', 10, 'Color' , 'r');  

    if (vapor_particle ~= 0) 

        area_V = vapor_stat(vapor_particle).Area*px2mm*px2mm; 

    else 

        area_V = 0; 

    end 

    text_area_V = ['Vapor area: ' num2str(area_V,'%0.2f') 'mm^2']; 

    text(50, 20, text_area_V, 'FontSize', 10, 'Color' , 'r');  

 

    result2csv = [result2csv; i (liquid_length*px2mm) liquid_angle area_L area_V]; 

    saveas(fg, fig_name); 

     

%     close(img_name); 

end 
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T = array2table(result2csv); 

T.Properties.VariableNames = csvtitle; 

writetable(T, 'result.csv') 
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