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ABSTRACT 
 
 
 

DIAGNOSTICS AND CHARACTERIZATION OF DIRECT INJECTION OF LIQUIFIED  
 

PETROLEUM GAS FOR DEVELOPMENT OF SPRAY MODELS AT ENGINE-LIKE CONDITIONS 
 
 
 

Research within the realm of internal combustion (IC) engines is concentrated on enhancing fuel 

efficiency and curbing tailpipe emissions, particularly CO2 and regulated pollutants. Promising solutions 

encompass the utilization of direct injection (DI) and alternative fuels, with liquefied petroleum gas (LPG) 

standing out as a notable candidate. LPG presents a pragmatic and economical option for fueling the heavy-

duty transportation sector in the United States. However, widespread adoption hinges on achieving energy 

conversion efficiencies in LPG engines comparable to those in diesel engine platforms. 

The overarching goal of this research is to address fundamental limitations to achieving or 

surpassing near-diesel efficiencies in heavy-duty on-road liquefied petroleum gas engines. Owing to 

substantial differences in physical properties compared to traditional fuels, an enhanced understanding and 

modeling of LPG sprays become imperative. 

This work conducts an experimental and numerical analysis of direct-injected propane and iso-

octane, serving as surrogates for LPG and gasoline, respectively, under diverse engine-like conditions. The 

overall objective is to establish a baseline for the fuel delivery system required in future high-efficiency DI-

LPG heavy-duty engines. Propane, emulating LPG, undergoes injection across various engine-like 

conditions, encompassing early and late injections, as well as boosted engines, using a range of direct 

injectors available in both research and commercial domains. Optical diagnostics, including high-speed 

schlieren and planar Mie scattering imaging, were performed to study the spray penetration, liquid and 

vapor phase regions, and mixing of propane and to characterize bulk and the plume-specific spray behavior 

of propane. The study also investigates the influence of injector geometry on spray performance. 

Iso-octane was used as a surrogate for gasoline, and propane was used to compare LPG’s behavior 

with more conventional DI fuel. The experimental results and high-fidelity internal nozzle-flow simulations 
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were then used to define best practices in computational fluid dynamics (CFD) Lagrangian spray models. 

Optical imaging revealed that, unlike iso-octane, propane’s spray propagation was fed by its flash boiling, 

spray collapse, and a high degree of vaporization, resulting in a direct proportionality of propane’s 

penetration length to temperature. These unique attributes categorize propane as an unconventional spray, 

necessitating corrections to injection and breakup models to replicate under-expanded jet dynamics and 

emulate flash boiling-driven spray development across various research and commercial injectors. 
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CHAPTER 1 - INTRODUCTION 

1.1. Significance 

Due to a growing awareness of environmental challenges associated with fossil fuels, recent 

adjustments in global greenhouse gas emissions standards, and the rapid depletion of fossil fuel reserves, 

significant efforts are underway to advance combustion technology and explore alternative transportation 

solutions. The establishment of the "Framework Convention on Climate Change" by the United Nations 

has heightened concerns about CO2 emissions [1]. While the passenger vehicle industry is swiftly moving 

toward electrification, challenges such as the substantial upfront cost and inadequate charging infrastructure 

remain significant hurdles in the heavy-duty sector [2]. In response, automotive companies are giving 

priority to hybrid and diesel vehicles to meet emission regulations and enhance fuel efficiency 

simultaneously [1], [3]. 

Various combustion strategies and post-treatment systems have been extensively researched for 

spark-ignition engines in light of these developments. Among the potential clean fuels for spark-ignition 

engines, liquefied petroleum gas (LPG) has gained recognition as a promising alternative in numerous 

studies [1], [4], [5]. However, the combustion and exhaust emissions of alternative fuels, including LPG, 

differ from conventional diesel fuel due to distinct physical and chemical properties. Despite being a 

hydrocarbon, LPG has significantly different values of boiling point, viscosity, and density which can alter 

the way LPG performs in traditional engine architecture [6], [7]. 

A fundamental understanding of the impact of physical and chemical properties on combustion and 

the formation of exhaust substances is essential for effective combustion control with different alternative 

fuels and their blends with conventional fuel. To comprehend ignition, combustion, and product formation 

processes, it is imperative to initially classify spray development and mixture formation processes. The 

volatility and viscosity of the fuel play crucial roles in influencing spray breakup and vaporization processes  

[8]. 
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1.2. Background 

Research in internal combustion (IC) engines is dedicated to enhancing fuel efficiency and 

mitigating tailpipe emissions, including CO2 and other regulated pollutants. Promising solutions include 

fuels like LPG, which stands out as a practical and cost-effective option for powering the heavy-duty 

transportation sector in the United States. 

1.2.1. Liquid Petroleum Gas as an Alternative Fuel 

Liquefied petroleum gas (LPG), primarily consisting of propane and butane, emerges as a 

byproduct of natural gas processing and liquid petroleum refining. Despite being the largest exporter, the 

United States maintains a substantial surplus of LPG. In terms of average commodity prices from 2019, 

LPG costs approximately 40% less than gasoline and diesel per gasoline gallon equivalent [9]. With a 

significantly higher H:C (hydrogen to carbon) ratio compared to diesel and gasoline, LPG has the potential 

to reduce greenhouse gas emissions if equivalent energy conversion efficiencies can be attained. 

Moreover, LPG presents combustion advantages over many traditional fuels, boasting a higher-

octane rating (RON ranging from 95-109.4 for a variety of global LPG blends vs. 84-93 for gasoline) and 

faster flame speeds. Stored as a liquid at moderate pressures, LPG exhibits significantly higher energy 

densities compared to compressed natural gas (CNG) (~27 MJ/L for LPG at 350 psi vs. 9 MJ/L for CNG at 

3,600 psi) [10]–[12]. These characteristics imply that LPG would need fewer updates to the existing 

refueling infrastructure than CNG. There is also a notable interest in blending LPG with renewable dimethyl 

ether (DME) to further diminish the fuel's environmental impact. 

Given these attributes, LPG emerges as a practical, economical, and more sustainable solution for 

fueling the heavy-duty transportation sector in the United States. However, for widespread adoption, energy 

conversion efficiencies for LPG engines must reach levels comparable to or higher than those observed in 

diesel engine platforms. The overarching goal of this research is to address fundamental limitations to 

achieve near-diesel efficiencies in heavy-duty on-road LPG engines, with a particular focus on the crucial 

role of LPG injection techniques in the development of LPG engines.  
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1.2.2. Injection Techniques 

In response to the global imperative for more fuel-efficient vehicles, significant strides in design 

enhancements have been made to deliver cars with heightened efficiency. One noteworthy technological 

progression is the widespread implementation of Gasoline Direct Injection (GDI). Traditionally, the 

prevalent design for internal combustion engines was Port Fuel Injected (PFI), where fuel is sprayed into 

the intake ports to mix with incoming air as shown in Figure 1.1 (left). Many contemporary vehicles still 

adhere to this engine design, featuring fuel injectors mounted in the intake manifold, and the air/fuel mixture 

drawn into the cylinder head as the intake valve opens. In contrast, GDI engines position fuel injectors in 

the cylinder head as seen in Figure 1.1 (right), allowing direct spraying of fuel into the cylinder, where 

subsequent air/fuel mixing occurs [1], [4], [13], [14]. 

 
Figure 1.1: Schematic of Port Fuel Injection (left) and Gasoline Direct Injection (right) [14]. 

The GDI system offers several advantages over the PFI design, with superior fuel economy 

standing out as the most significant. Enhanced performance is another benefit, as the system combines 

higher injection pressures with precise fuel delivery into the piston cylinders. In GDI systems, finely 

atomized fuel promotes nearly instantaneous ignition, facilitated by sophisticated computer controls 

enabling multiple injections and fuel metering, contributing to both performance and efficiency. The GDI 
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engine's fuel systems demand a higher level of sophistication in hardware selection, including fuel injectors 

capable of withstanding elevated temperatures and pressures, as well as high-pressure fuel pumps. These 

injectors, often featuring multiple holes, play a crucial role in delivering precise amounts of fuel into the 

cylinder, with injector placement influencing overall system efficiency. Depending on the desired spray 

pattern, injectors can be side-mounted or positioned at the top-dead center of the cylinder. 

Recent strides in high-pressure Gasoline Direct Injection (GDI) fueling systems have enhanced 

their viability. The combined use of direct injection (DI) and propane-fueling technologies presents a 

promising avenue for achieving significantly heightened efficiency and reduced emissions. Nonetheless, 

the effective implementation of DI necessitates a comprehensive understanding of the mechanisms 

governing fuel spray [4].  

To further enhance performance, many GDI engines are paired with turbochargers, amplifying 

power delivery. Turbochargers utilize exhaust gases to drive a turbine, powering an air compressor that 

propels increased levels of oxygenated air into the cylinders, fostering a higher rate of fuel burn. The 

combination of turbochargers with direct injection technology is gaining traction in light-duty vehicles, 

with global automakers forecasting growth in this trend. The swift adoption of GDI technology by car 

manufacturers and the anticipated expansion in new vehicle production underscore the assurance that GDI 

vehicles will swiftly constitute a substantial percentage of the automotive industry worldwide [1], [4], [13]–

[15]. 

1.2.3. Direct Injection Methodologies 

In direct-injected gasoline engines, the fuel injection systems play a crucial role in achieving an 

optimal fuel vapor distribution—whether homogeneous or with a certain degree of stratification—while 

mitigating undesired effects like wall wetting. Therefore, characterizing the fuel injection systems and 

understanding how the fuel vaporizes and disperses in the combustion chamber is essential for investigating 

and enhancing the combustion process. 
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Figure 1.2: Operating modes of a modern DISI engine: homogeneous (early injection - left); and 

stratified-charge mode (late injection - right) [16], [17]. 

To attain robust performance across a diverse range of load-speed scenarios in DISI engines, as 

well as to simultaneously achieve various design objectives, different operational modes may be employed. 

These modes encompass homogeneous early injection and stratified charge preparation strategies [16].The 

former is primarily utilized to meet stringent emission targets, while the latter enhances fuel economy by 

enabling the engine to operate in a globally lean manner, thereby avoiding throttling and pumping losses 

during part-load conditions. In the case of homogeneous charge preparation, fuel is introduced early in the 

induction stroke, as depicted in Figure 1.2. This early injection strategy can be implemented in both full-

load (unthrottled, naturally aspirated or boosted) and part-load/idle (throttled, sub atmospheric intake) 

operations. Given the lower chamber pressures during the latter operational mode, a relatively modest 

injection pressure (e.g., 50 bar) is typically sufficient. Conversely, in the stratified-charge mode, fuel is 

injected during the compression stroke. Due to the higher chamber pressure at this injection timing, a 

significantly elevated injection pressure (e.g., over 100 bar) is necessary for effective charge preparation 

[17], [18]. 

1.2.4. Injection Regimes 

Numerous research papers propose that direct injection (DI) alternative fuels, such as LPG, harbor 

the potential for additional engine performance benefits [15], [19]. However, these advantages cannot be 
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fully harnessed in a direct injection spark ignition (DISI) vehicle until the engine design is specifically 

optimized for LPG. 

1.2.4.1. Conventional injection regime 

In modern direct fuel injection systems, a highly pressurized liquid fuel undergoes rapid 

acceleration through the injector nozzle before being discharged into the combustion chamber. This 

procedure induces a notable decrease in the local pressure of the fluid along the injector nozzle. Due to the 

extremely brief time-scale associated with this process, it can be idealized as an adiabatic expansion 

phenomenon. In the context of conventional injection, the depressurized fuel exiting the injector remains 

in a liquid state prior to breakup. The isenthalpic process of 1’–2’, as illustrated in Figure 1.3, characterizes 

the classical fuel injection process from the fuel rail to the nozzle exit. Subsequently, the injected liquid 

fuel undergoes primary and secondary atomization processes [17].  

 
Figure 1.3: Conventional and flash boiling fuel injection regimes indicated on an indicative pressure–

enthalpy phase diagram [17], [20]. 
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In conventional injection scenarios, the depressurized fuel exiting the injector exists in a liquid state 

before undergoing breakup. The isenthalpic process, denoted as 1’–2’ in Figure 1.3, outlines the traditional 

fuel injection journey from the fuel rail to the nozzle exit. Following this, the injected liquid fuel proceeds 

through primary and secondary atomization processes.  

1.2.4.2. Flash-boiling injection regime 

The phenomenon known as "flashing" in fuel injection systems is commonly characterized by an 

explosively rapid phase change process resulting from a sudden depressurization of fuel along the injector 

nozzle [21]. This occurs when a liquid fuel experiences swift depressurization well below its corresponding 

vapor pressure, leading to a state of superheated liquid. In this scenario, a portion of the liquid fuel 

undergoes a transition to a vapor phase, inducing a significant temperature drop in the remaining liquid 

fuel. This dynamic process is best elucidated by examining the enthalpy-pressure diagram illustrated in 

Figure 1.3. 

The liquid fuel, initially sub-cooled or compressed and represented as point 1, undergoes an 

adiabatic expansion process as it passes through the nozzle orifice. As the accelerating liquid enters the 

metastable region, between points 2 and 3, vapor nuclei form and grow due to fuel vaporization at the 

bubble interface. In this region, the nucleation rate increases with pressure drop, reaching its pinnacle on 

the liquid spinodal curve (point 3). This curve delineates the thermodynamic limit to which the fluid can be 

stably superheated without undergoing evaporation [22]. Beyond this point, the liquid phase becomes 

unstable, initiating a rapid phase transition process. Ultimately, the formation of the flashing spray 

phenomena is concluded through spray atomization [20], [22], [23]. 

 𝑃𝑅 =  𝑝𝑠𝑎𝑡  (𝑇𝑙𝑖𝑞𝑢𝑖𝑑)𝑝𝑐ℎ𝑎𝑚𝑏𝑒𝑟  (1.1) 

The intensity of the flash-boiling phenomenon is typically assessed using the flashing ratio (PR), 

defined as the ratio of the liquid's saturation pressure to the pressure into which the liquid is discharged, as 

shown in Equation (1.1). 
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Alternatively, another parameter commonly used to measure the extent of superheat is the degree 

of superheat (DS), as seen in references [24], [25]. This parameter, Equation (1.2), is defined as the 

temperature difference between the liquid's temperature and its corresponding saturation value at the 

pressure within the chamber. 

 𝐷𝑆 =  𝑇𝑙𝑖𝑞𝑢𝑖𝑑 −  𝑇𝑠𝑎𝑡 (𝑝𝑐ℎ𝑎𝑚𝑏𝑒𝑟) (1.2) 

1.2.4.3. DI Injection Regimes 

Figure 1.4 illustrates these fuel injection conditions overlaid onto the saturation curves of iso-octane 

and propane, serving as surrogates for conventional gasoline and LPG. As depicted in Figure 1.4a, iso-

octane falls within the conventional spray regime (where the chamber pressure exceeds the saturation 

pressure of the injectant) across a broad spectrum of injection conditions, encompassing full-load 

homogeneous and stratified modes. Due to propane's significantly higher vapor pressure compared to iso-

octane (37.6 bar for propane vs. 0.78 bar for iso-octane at 90°C), it undergoes flash-boiling across a 

substantial portion of the DISI operating range. As evident in Figure 1.4b, the corresponding spray operates 

within the flash-boiling regime for the majority of engine-relevant conditions [17]. 

 
Figure 1.4: Plausible fuel injection conditions (250–390 K and 30–200 bar) and chamber pressures (0.3–

10 bar) under different DISI operating modes for both naturally-aspirated and boosted engines 

superimposed onto the saturation curves of (a) iso-octane and (b) propane in a pressure–enthalpy 

diagram [17]. 
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1.3. Current Research 

1.3.1. Engine and Fuel Research 

Throughout the review, it has been indicated that LPG possesses several advantageous combustion 

properties that, with appropriate engine modifications, can lead to high energy conversion efficiencies. The 

research octane number (RON) of LPG, ranging from 95 to 112 depending on the relative fractions of 

propane and butane, allows for the use of higher compression ratios and/or boost pressures than gasoline 

engines. This, in turn, enables greater break mean effective pressures (BMEPs). LPG exhibits flame speeds 

comparable to gasoline, surpassing those of CNG, facilitating dilute (high EGR combustion) and 

contributing to higher allowable BMEP before the onset of destructive knock. 

Moreover, LPG can be directly injected into the combustion cylinder as a liquid, providing charge 

cooling similar to direct-injected spark ignition (DISI) gasoline engines. This allows for injection strategies 

that result in stratified charges, offering an additional means of controlling autoignition in the end gas (i.e., 

the unburned gas ahead of the flame). Due to its higher vapor pressure, LPG sprays have shorter penetration 

than gasoline, avoiding wall wetting and subsequent fuel-rich combustion responsible for high particulate 

matter emissions observed in DISI gasoline engines during cold operation [9]. 

For example, Kim et al. [1] employed four different injection schemes for forming stratified 

mixtures and two ignition schemes (single charge ignition and multi-charge ignition) to simultaneously 

reduce harmful emissions and fuel consumption. Experimental results indicated that fully stratified injection 

strategies showed an approximately 18% improvement in thermal efficiency, though combustion 

fluctuation was observed due to stratification. Furthermore, simultaneous reductions in NOX (nitric oxide) 

and CO (carbon monoxide) emissions were observed compared to homogeneous stoichiometric 

combustion. 

1.3.2. Spray Morphology 

Traditional injectors often feature more than one nozzle, such as the 8-hole axisymmetric symmetric 

injector like the ECN Spray-G injector [26]–[29], commonly used in various studies and shown in Figure 

1.5. If we focus on a single nozzle, it can be regarded as a converging-diverging nozzle, akin to those used 
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in rockets. The geometry, specifically the diameter, and other physical conditions of the environment, 

coupled with the properties of the fluid used, can exert a crucial impact on jet behavior. This, in turn, 

significantly influences the overall spray behavior, as well as the mixing and distribution of the charge 

within the engine cylinder. 

The jet expansion phenomena generally play a negligible role for incompressible fuels like iso-octane 

and gasoline, along with many other traditional fuels. However, for a fuel like propane, characterized by 

high compressibility and flash boiling capacity, the design of the nozzle and the jet expansion phenomenon 

become dominant factors shaping the spray behavior [29]. 

 
Figure 1.5: A simplified view of the ECN Spray G injector showing a) top view of the cross-section 

showing 8 holes, b) a cross-section with two of the outermost holes in the symmetrical, 8-hole pattern, 

and c) the thermodynamic properties of the flow through one hole [28], [29]. 

1.3.2.1. Jet Expansion 

Expansion in an injector is the conversion of the elastic potential energy resulting from fuel 

pressurization into kinetic energy during the injection process. The behavior of this expansion process is 

primarily influenced by pressure—both the pressure of the exhaust and the pressure of the external 

environment into which it is released. The critical aspect is to design the nozzle shape to achieve the desired 

spray pattern. 

In an ideal nozzle, the exit pressure (Pexit) matches the ambient pressure of the external atmosphere 

(Pamb), resulting in a perfectly expanded flow. However, achieving this ideal scenario is only possible at a 

specific atmospheric pressure for a fixed-geometry nozzle. 
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Figure 1.6: Nozzles can be (left to right): a) grossly overexpanded, b) overexpanded, c) ambient, and d) 

under expanded [30]. 

 In the first scenario, Figure 1.6a and Figure 1.6b, where the external pressure surpasses the exit 

pressure, the condition is termed overexpanded. When an overexpanded flow traverses a nozzle, the higher 

atmospheric pressure causes it to compress inward and separate from the nozzle walls. This "pinching" of 

the flow leads to a reduction in jet diameter. Conversely, in the situation where atmospheric pressure is 

lower than the exit pressure, Figure 1.6 d), it is referred to as under expanded. In this case, the flow continues 

to expand outward beyond the nozzle exit [30], [31]. Both of these phenomena significantly impact the 

behavior of the jet as it propagates.  

 
Figure 1.7: Mie-scattered images of the liquid phase of propane at high flashing ratio at 500 µs ASI with 

a) Pcvc = 1000 kPa, and b) Pcvc = 300 kPa [29].  
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In the experimental analyses conducted by Lacey et al. [29], as depicted in Figure 1.7, noteworthy 

observations emerge regarding the behavior of the propane spray under varying chamber pressures. When 

the chamber pressure is elevated (Figure 1.7a), the propane spray demonstrates a distinct characteristic of 

non-underexpanded behavior. This is visually apparent as individual streams emanate from the nozzle and 

undergo a gradual expansion. Conversely, under conditions of low chamber pressure (Figure 1.7b), a 

singular plume with a notably enlarged diameter becomes evident, representing a clear instance of an 

underexpanded jet. These visual insights provide valuable empirical evidence for the influence of chamber 

pressure on the expansion dynamics of propane sprays. Given that most GDI injectors feature multiple 

nozzles, understanding how these multiple jets interact with each other becomes crucial to the study. 

1.3.2.2. Multi Jet Injectors 

Several studies [13], [29], [32]–[35] have utilized optical imaging of the liquid and vapor phases to 

analyze the overall behavior of these sprays. Mojtabi et al. [35] documented spray development of gasoline 

RON 95 for chamber pressures ranging from 0.969 to 0.3 bar at a fixed temperature of 60°C, as shown in 

Figure 1.8. As the pressure decreases, individual spray streams collapse inward toward the spray axis. At 

0.4 bar, the individual spray streams become indistinguishable, forming a tulip shape with recirculation 

zones around the stream tips. This phenomenon is similar to spray shapes observed in previous studies [36], 

[37]. Further reduction in cell pressure to 0.3 bar results in an increase in spray width, accompanied by a 

cloud of fine spray surrounding the main spray body. A decrease in spray density suggests increased 

vaporization due to flash boiling. 

Research on spray formation from pressure-swirl injectors has sought to explain the reasons behind spray 

collapse. Delay et al. [38] used fluorescent particle image velocimetry to show that interaction between the 

spray and surrounding air led to the formation of vortices on the inside and outside of the spray cone. The 

inner vortex pulled in air from the outside, dragging small droplets with it, causing the edge of the spray to 

curve and eventually collapse. Similar work by Allocca et al. [39] using the phase Doppler technique 

observed the same phenomenon. A recirculation zone is visible around the spray tip, and the aerodynamic 
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effects responsible for spray collapse involve interaction between the fuel spray and surrounding air, leading 

to the formation of recirculation zones and the eventual collapse of individual streams [35], [36]. 

 
Figure 1.8: Spray pattern evolution with reduction of ambient/chamber pressure for gasoline RON 95 at 

120 bar and 60°C at 2 ms after start of spray (ASOS) [35]. 
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Mojtabi et al. [35] proposed that the presence of spray between the main streams results from the 

interaction between individual streams as the spray collapses inward. This interaction, characterized by the 

distance at which the individual streams join, increases with rising superheat, as observed in the side images 

in Figure 1.8. Another contributing factor to the interaction between streams is the formation of vortices 

due to aerodynamic interaction between the fuel spray and surrounding air. While toroidal vortices form on 

the inside and outside of the cone in a pressure-swirl injector, in a multi-hole injector, vortices form around 

each spray stream, leading to interaction between neighboring streams as vortices transport droplets from 

one stream to another. This transfer intensifies with increasing flash boiling. Therefore, the heightened 

visible stream interaction with increased superheat likely results from a combination of individual streams 

bending inward and interacting with each other due to vortex interaction. Varying the ambient pressure in 

the chamber alters the fuel's boiling point, changing the degree of superheat and affecting spray penetration, 

cone angle, and shape [35]. 

To explore whether a change in nozzle geometry and spray pattern could lead to variations in spray 

characteristics, Mojtabi et al. [35] tested two injectors—one with a nominal cone angle of 60° and the other 

with a nominal cone angle of 90°. They observed (as shown in Figure 1.9) that the 90° injector, with its 

increased cone angle, has reduced axial penetration compared to the 60° injector. At 0.3 bar, the spray from 

the 60° injector is fully collapsed, while for the 90° injector, spray streams are just beginning to turn inward. 

The authors concluded that the spray from the 60° injector collapses earlier than the 90° injector as the 

chamber pressure decreases. This is attributed to the closer proximity of spray streams for the 60° injector, 

causing earlier interaction and collapse with a lower degree of superheat. Figure 1.9 also reveals that as the 

chamber pressure is further reduced, the variation in penetration for the 90° injector spray is smaller than 

for the 60° injector, resulting in a wider tulip shape for the 90° injector. Similar observations were made 

with increased fuel temperature, suggesting that injectors with larger spray stream angles exhibit more 

robust fuel spray penetration to increases in superheat [35]. 
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Figure 1.9: Spray pattern evolution. Injector comparison, 120 bar, Fuel: Gasoline RON 95 at 60°C. 2 ms 

ASOS [35]. 

Similarly, Lacey et al. [29] observed that propane consistently exhibited a flashing ratio above unity 

for the tested conditions corresponding to GDI engine operation, indicating continuous flash-boiling. 

However, significant plume interaction and spray collapse occurred only under specific conditions. The 

paper also emphasizes the crucial role of factors such as the distance between nozzle holes, nozzle diameter, 

and over-expanded jet diameter in influencing the spray structure and propagation. When expansion is 

substantial, adjacent spray plumes can interfere with each other, and in extreme cases, this plume-to-plume 

interaction results in severe spray collapse.  
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The consistent observation in the literature indicates that as the degree of superheat increases, 

whether through elevated fuel temperature or decreased ambient pressure, individual spray streams collapse 

inward toward the injector axis, leading to a reduction in the diameter of the spray footprint. Once fully 

collapsed, the individual streams become invisible between the main stream locations. Subsequently, these 

streams expand away from the injector axis radially, causing an increase in the diameter of the spray 

footprint. These trends were also evident across the range of temperatures studied at a fixed pressure. This 

suggests that the mechanisms driving the changes in the spray are influenced by a combination of 

temperature and pressure, particularly in relation to the boiling point of the fuel [29]. 

1.3.3. Imaging Techniques 

One highly valuable form of information is the spatial distribution of the fuel, both in the form of 

droplets initially and as vapor later in the preignition phase of the engine cycle. Numerous studies, such as 

those conducted by Lacey et al. [4], [13], [29], [40] and Mizia et al. [41]–[43],employ a Constant Volume 

Spray Chamber, as illustrated in the figure, to optically investigate the behavior of fuel sprays under 

conditions similar to those in an internal combustion engine. Various imaging techniques have been 

employed throughout the literature to analyze and record spray behavior, including Raman scattering [44], 

photography [45], laser light scattering [46], and two-wavelength laser absorption/scattering [47]. 

 
Figure 1.10: HPSC design and Mie scattering images of diesel pilot fuel injection [41]. 

Li et al. [48] conducted a characterization of multiple fuel sprays, including propane, using diffuse 

background illumination (DBI). Their findings revealed that under specific conditions, propane displays 
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liquid spray collapse induced by flash boiling when the ambient pressure is below 3.0 bar, as depicted in 

Figure 1.11. 

 
Figure 1.11: Temporal evolution of propane spray under different conditions [48]. 

In Melton's [49] research, diesel fuel droplets and vapor were simultaneously visualized through 

their fluorescence at widely separated wavelengths. By introducing small amounts (<1%) of the appropriate 

organic additive into diesel fuels or synthetic mixtures with similar properties, they induced a purple 

fluorescence (λmax = 380 nm) from the vapor and a blue-green fluorescence (λmax = 470 nm) from the 

droplets. Through suitable laser excitation, filter selection, and diode-array detection, real-time, in situ 

measurements were collected, separately capturing the injected fuel and its vapor. They employed two 

cameras with filters transmitting wavelengths corresponding to monomer and exciplex emission to image 

the fluorescence from the spray. The collected images provided insights into the vapor and liquid phase 

fuel distribution. The imaging system effectively captured the spray development of the vapor and liquid 



18 
 

phase over time after the start of injection. Additionally, the study analyzed the influences of injection 

pressure and ambient conditions on the location and relative abundance of liquid and vapor phase fuel. 

 
Figure 1.12: (A) Optical configuration for simultaneous PLIF/Mie scattering measurements, and (B) 

resulting images [50]. 

Figure 1.12 depicts the optical setup for simultaneous Mie scattering and planar laser-induced 

fluorescence (PLIF) measurement techniques, utilized by Alsulami et al. [50] to identify liquid/vapor phase 

regions in the evaporating spray. In the representative images (Figure 1.12 (B)), captured for jet fuel flames, 

the blue regions indicate the liquid fuel atomizing to form droplets, while the orange regions result from 

OH fluorescence, marking the location of the flame. By co-locating the data of fuel droplets and the flame, 

the team quantified the number of droplets penetrating the flame and emphasized the significance of these 

interactions on lean blowoff limits. Schlieren, Mie scattering, and laser-induced fluorescence imaging 

techniques are among the most commonly employed imaging techniques throughout the literature to gather 

spatial distribution of sprays. The fundamentals and applications of these techniques in the literature are 

detailed in the following sections. 

1.3.3.1. Schlieren 

Schlieren photography is a technique used for capturing fluid flow, invented by the German 

physicist August Toepler in 1864 for studying supersonic motion. Widely employed in aeronautical 

engineering, it is used to photograph the flow of air around objects. The classical setup of an optical 

schlieren system involves a single collimated light source directed on, or from behind, a target object. 

Density gradients in the fluid cause variations in refractive index, distorting the collimated light beam. This 
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distortion leads to spatial variations in light intensity, which can be directly visualized using a shadowgraph 

system [51]–[53]. 

In a classical schlieren imaging system, a transparent object is illuminated with collimated or 

nearly-collimated light. Rays that are not deflected by the object proceed to their focal point, where they 

are blocked by a knife edge. Rays that are deflected by the object have a chance of passing the knife edge 

without being blocked, as illustrated in Figure 1.13 [54]. 

  
Figure 1.13: Diagram of a simple schlieren system with a point light source [54]. 

Consequently, a camera can be positioned after the knife edge so that the image of the object 

displays intensity variations caused by the deflection of rays. The outcome is a pattern of lighter and darker 

patches corresponding to positive and negative fluid density gradients in the direction normal to the knife 

edge. When a knife edge is employed, the system is commonly referred to as a schlieren system, measuring 

the first derivative of density in the direction of the knife edge. In cases where a knife edge is not used, the 

system is generally called a shadowgraph system, measuring the second derivative of density [54]. 

Examples of schlieren imaging to study flow patterns are depicted in Figure 1.14. The image on 

the left illustrates the thermal convection plume rising from an ordinary candle in still air, clearly capturing 

the transition from laminar to turbulent flow. This imaging technique has found applications in various 

fields. Figure 1.14 (right) demonstrates the use of schlieren to assess the effectiveness of wearing a mask 

to prevent the spread of COVID-19. 
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 Figure 1.14: The plume from an ordinary candle transitions from laminar to turbulent flow in 

this Schlieren photograph [55] (left), and NIST scientist Matthew Staymates used schlieren photography 

to qualitatively, and graphically, show the difference in how far a plume of breath can spread with and 

without a face covering (right) [56], [57].  

In the literature, this method is frequently employed for both qualitative visualization and 

quantitative measurement of fuel sprays, including vapor phase penetration [4], [29], [40], [58]. Illustrated 

in Figure 1.15, Lacey et al. [4] showcase both iso-octane and propane sprays under various engine operating 

conditions using schlieren imaging. In this case, schlieren effectively captures the overall global 

morphology of the spray, documenting the transition between non-flashing and flare-flashing sprays. 

 
Figure 1.15: Schlieren imaging for iso-octane (top) and propane (bottom) [4]. 
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1.3.3.2. Mie Scattering 

The scattering of light can be conceptualized as the redirection of light when an electromagnetic 

(EM) wave, or incident light ray, encounters an obstacle or nonhomogeneity— in this context, a scattering 

particle. As the EM wave interacts with the discrete particle, the electron orbits within the particle's 

constituent molecules are periodically perturbed at the same frequency (νo) as the electric field of the 

incident wave. This perturbation leads to a periodic separation of charge within the molecule, known as an 

induced dipole moment. The oscillating induced dipole moment acts as a source of EM radiation, resulting 

in scattered light. The majority of light scattered by the particle is emitted at the identical frequency (νo) of 

the incident light, a process known as elastic scattering[59]. 

 
Figure 1.16: Light scattering by an induced dipole moment due to an incident EM wave [59]. 

In the realm of scattering techniques, Mie and Rayleigh scattering stand out as two elastic scattering 

methods. Mie scattering involves the elastic scattering of light by particles with a diameter similar to or 

larger than the wavelength of the incident light. The Mie signal is directly proportional to the square of the 

particle diameter, making it considerably stronger than Rayleigh scattering. It is crucial to note the 

pronounced angular dependency of the scattered intensity, especially for smaller particles, in successful 

Mie imaging experiments. On the other hand, Rayleigh scattering entails the elastic scattering of light by 

particles much smaller than the wavelength of the light. This makes it suitable for laser imaging in gases, 

as is the case with gas phase molecules. The efficiency of Rayleigh scattering varies inversely with the 

fourth power of the wavelength [60]–[63]. The fundamental principles of both scattering techniques are 

depicted in Figure 1.17. 
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Figure 1.17: Mie scattering is caused by large particles while Rayleigh scattering is mainly caused by 

molecules [64]. 

The blue color of the sky is a result of Rayleigh scattering, where gas particles in the atmosphere, 

being much smaller than the wavelength of visible light, scatter blue light more strongly due to its shorter 

wavelength. When sunlight traverses the atmosphere, its blue component is prominently Rayleigh scattered 

by atmospheric gases, creating a blue sky. During sunrises and sunsets, the impact of Rayleigh scattering 

intensifies, altering the transmitted light spectrum. In contrast, cloud particles, being comparable in size to 

the wavelengths of visible light, exhibit Mie scattering, resulting in white or grey appearances. 

Mie scattering imaging has been widely employed in previous studies to assess liquid penetration 

through a medium. Illuminating a spray with a specific light wavelength causes the liquid region to scatter 

light in all directions, while vapor regions remain unilluminated.  

Mie scattering phenomena are frequently examined through two distinct approaches: planar Mie 

scattering and global Mie scattering. Planar Mie scattering concentrates on the observation of scattered light 

within a specific plane, achieved by illuminating particles with a laser sheet as shown in the top row of 

Figure 1.18. This method is commonly applied in fluid mechanics techniques such as planar laser-induced 

fluorescence and particle image velocimetry, providing detailed insights into structures or particles within 

a defined cross-sectional area. In contrast, global Mie scattering involves illuminating particles from various 

angles, capturing scattered light in all directions as shown in the bottom row of Figure 1.18. This approach, 

more versatile and applicable across diverse scientific fields, offers a comprehensive understanding of 

particle scattering behavior in three-dimensional space. While planar Mie scattering is well-suited for 
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specific applications like flow visualization, global Mie scattering finds broader utility in areas such as 

aerosol science, astronomy, and particle characterization. The former excels in detailing information within 

a singular plane, while the latter provides a holistic perspective, collecting data from multiple directions for 

a more complete analysis of scattering properties. 

 
Figure 1.18: Schematic showing various Mie setup (left column) and their consecutive spray schematic 

(right column) for Planar Mie (top row) and Global Mie (bottom row).  

Consequently, Mie scattering imaging proves valuable for capturing the liquid regions of a spray, 

as observed in various works [13], [29], [34], [65]. Lacey et al. [4] in Figure 1.19, captures global Mie 

images of iso-octane and propane under various conditions, providing insights into liquid spray behaviors. 

However, extracting plume-specific information critical for spray model validation remains challenging. 
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Figure 1.19: Global Mie-scattering images of liquid cores at a CVC temperature of 298 K and at 500 µs 

ASI at a CVC pressure of (a) iso-octane, 1 bar (b) iso-octane, 2.5 bar (c) propane, 1 bar (d) propane, 2.5 

bar [4]. 

1.3.3.3. Laser Induced Fluorescence 

Luminescence occurs when excited molecules emit light spontaneously to return to a lower energy 

state, typically the ground electronic state. If the excited and ground states share the same spin multiplicity 

(both singlet or both triplet states), it's called fluorescence. When the states have different spin multiplicities 

(triplet to singlet or singlet to triplet), it is termed phosphorescence. Fluorescence is generally faster than 

phosphorescence because the change in spin multiplicity is a less likely event, often referred to as a 

forbidden transition. Laser-induced fluorescence involves electronically exciting absorbing molecules with 

a laser beam of a specific wavelength. Creating a thin laser sheet from the laser beam results in planar laser-

induced fluorescence, as depicted in the traditional PLIF setup shown in Figure 1.20 [66]. 
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Figure 1.20: Schematic of PLIF experimental setup [67]–[69]. 

Acetone vapor luminescence has been a subject of extensive research [44], [70]–[72], with a 

predominant focus on fluorescence rather than phosphorescence [73]–[76]. This research, evolving with 

advancements in equipment, has explored a diverse range of testing conditions, spanning from near vacuum 

to atmospheric pressure, and employing near to mid-UV excitation [77]–[82].  

Acetone stands out among fluorescing alternatives due to several advantages. Notably, its 

fluorescence in isobaric, isothermal flows exhibits a linear scaling with concentration and laser power under 

most conditions—a characteristic not shared by many fluorescing molecules [83]. At atmospheric 

conditions, the fluorescence yield of acetone is constrained by rapid intersystem crossing from the first 

excited singlet state (S1), responsible for fluorescence, to the first excited triplet state (T1), which 

phosphoresces (Figure 1.21). In the absence of O2, the integrated phosphorescence emission for acetone 

vapor surpasses its fluorescence, with a phosphorescence yield of 1.8% compared to 0.2% for fluorescence. 

Phosphorescence also boasts a much longer lifetime in vapor (200 µs versus 4 ns for fluorescence) [84]. 

While temporal separation of the two emissions is achievable, spectral separation proves 

challenging due to significant overlap of the spectra. Acetone's fluorescence, being short-lived, is minimally 

quenched by oxygen, unlike many other fluorescing molecules [66]. However, phosphorescence is strongly 

quenched by oxygen, leaving a robust fluorescence signal in the experimental conditions [84]. Additionally, 
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acetone's absorption of ultraviolet light (225 - 320 nm) and fluorescence in the blue (350 - 550 nm) allow 

for easy filtration of elastically scattered light using simple glass optics, as the absorption and emission 

spectra do not overlap. Lastly, acetone demonstrates lower toxicity compared to many alternative 

molecules, with breathing small amounts of acetone vapor posing no serious health risks, although 

prolonged exposure should be avoided [66]. 

 
Figure 1.21: Diagram of acetone photo physics [66]. 

Planar Laser-Induced Fluorescence (PLIF) stands out as a versatile technique for instantaneously 

mapping whole-field concentration or temperature in liquid flows. Its applications span various fields, 

including process engineering (mixing in stirring vessels, heating and cooling systems), biomedical 

engineering (drug transport in biological flows), and fluid dynamics research (turbulent mixing, heat 

transfer modeling, and indoor climate studies) [66]. 

In the realm of fluid dynamics and combustion physics, PLIF imaging proves to be a powerful tool, 

especially in high-pressure and high-temperature applications relevant to engines and gas turbines. Species 

like OH, CH, NO, NH, CN, CO, and O2 radicals, as well as excitations within atomic and ionic species, are 

commonly investigated using PLIF measurements. This technique enables the characterization of transport 

properties, turbulence, temperature, pressure, and species concentrations within flames or plumes [66]. 
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Olsen et al. [85] utilized PLIF to explore fuel jet penetration and fuel-air mixing within a static, 

pressurized optical engine under various engine-relevant conditions. Acetone-doped nitrogen was 

employed as a fuel to leverage acetone's fluorescent properties and prevent accidental combustion with 

natural gas. The PLIF images obtained (Figure 1.22) allowed for qualitative differentiation of various 

mixing conditions and computation of gas and fuel volume fractions. 

 
Figure 1.22: Fuel jet penetration and mixing for low pressure injection [85]. 

Similar to Olsen et al., numerous studies have employed PLIF to visualize flows by introducing a 

tracer, such as acetone, into the liquid or gas [66], [86]–[90]. However, identifying a tracer species with 

comparable fluid properties, including density, viscosity, saturation pressure, etc., for fuels like propane 

poses a challenge and warrants further investigation. 

1.4. Gaps In Current Research 

The fuel injection systems in Gasoline Direct Injection (GDI) engines play a crucial role in 

achieving an optimal fuel vapor distribution, whether homogeneous or exhibiting some degree of 

stratification, while simultaneously preventing undesirable effects such as wall wetting. Consequently, 

there is a need to comprehensively characterize the fuel injection systems and analyze fuel vaporization and 

dispersion within the combustion chamber to enhance the combustion process. The processes of spray 

breakup and vaporization are influenced by the fuel's volatility and viscosity [4]. Liquefied Petroleum Gas 
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(LPG), owing to its distinctive physical properties—specifically, high vapor pressure, high volatility, and 

low viscosity—will likely necessitate adjustments to injection hardware, combustion chamber designs, and 

operational strategies (including injection timing, pulse duration, number of injections, etc.) to achieve 

efficiencies surpassing those of current state-of-the-art gasoline Direct Injection (DI) systems. Therefore, 

additional research is imperative to study LPG and understand its mixing processes before its integration 

into existing DI engines becomes viable. A more refined understanding of the mechanisms governing the 

fuel spray will facilitate the development of practical and high-fidelity simulations, thereby supporting the 

design of fuel injection systems tailored for high-efficiency LPG engines. 

The incorporation of precise injection models has emerged as a pivotal tool for designing and 

optimizing Direct Injection (DI) fueled engines. The Lagrangian spray modeling approach proves effective 

in simulating engine-sized domains by treating the spray as a cloud of discrete parcels tracked in their 

trajectory and coupled with the gas phase [91], thus avoiding the intricate solution of liquid-gas interface 

dynamics. However, this approach heavily relies on semi-empirical modeling to define injection 

characteristics, jet evolution, and the fuel's phase change. By definition, it considers the spray as an 

incompressible fluid, leading to a conventional definition lacking accuracy in representing under-expanded 

jets, such as those observed in propane under engine-like conditions [29], [32]. To address this limitation, 

insights from detailed nozzle flow simulations, especially regarding the expansion of flare flashing gasoline 

sprays, inform the Lagrangian parcel injection model. Additional vaporization terms are introduced to 

enhance the model's accuracy [33]. This framework serves as the baseline for developing propane spray 

models, characterized by extreme volatility. Drawing from recent studies on gasoline sprays [92], the 

impact of flash boiling on jet breakup is further integrated by modifying characteristic droplet size reduction 

trends. The ultimate objective in the development of spray modeling for engine applications is to accurately 

predict liquid phase penetration to prevent wall wetting and appropriately represent fuel entrainment in the 

combustion chamber. These features are crucial for capturing the performance and emission tendencies of 

engine operations, typically grounded in preliminary correlation studies conducted in a constant volume 

inert environment. 
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Achieving higher efficiency in engines faces several limitations, including issues such as engine 

knock, misfires, adherence to low emissions limits, and the diverse chemical reactivity of Liquefied 

Petroleum Gas (LPG). In the United States, LPG used in vehicles is typically specified as HD-5 propane, 

constituting a 90% mixture of propane (C3H8) with smaller or trace amounts of other gases. However, on 

the global market, the composition of LPG can vary significantly from the HD-5 propane specification, 

leading to a lack of sufficient experimental data for model validation [4], [13], [29], [40]. The principal 

component of LPG, propane, exhibits a propensity for flash-boiling at normal Gasoline Direct Injection 

(GDI) engine operation conditions compared to traditional fuels used in Direct Injection (DI) [13]. 

Therefore, it is crucial for spray models to capture the unique effects observed in LPG sprays. The notable 

differences in volatility result in a considerably higher occurrence of flash boiling in LPG sprays compared 

to gasoline. Consequently, the liquid/vapor penetration lengths of LPG are highly sensitive to the engine 

conditions at the time of fuel injection. Optimizing Direct Injection (DI) using LPG necessitates finding the 

ideal coupling between in-cylinder fluid motion, timed injection events, and robust spray models that are 

validated by experimental data capable of predicting LPG spray behaviors across a range of operating 

conditions [12]. As a result, this study focuses on liquid and vapor spray morphologies, as well as 

penetration trends, as major validation parameters to construct a reliable and accurate spray model. 

To date, many studies have investigated the behavior of gasoline, diesel, a variety of surrogates, 

and alcohol fuels using Mie Scattering and schlieren imaging techniques to visualize spray development 

and species/phase distributions during cold injection and combustion events [40], [49], [93]–[97]; however, 

only a limited number of validated spray models [26], [98]–[100] and experimental data [4], [100], [101] 

are available regarding the spray dynamics of LPG at engine-relevant conditions [4], [100]. In Lacey’s, Mie 

scattering and schlieren were applied to study [4] LPG and iso-octane sprays where global spray 

characteristics, including spray angle, spray liquid, and vapor penetration lengths, were presented for 

multiple spray/fuel and chamber conditions. While the data provides valuable information regarding the 

overall spray behaviors, it is challenging to extract plume-specific information, which is critical for spray 

model validation. 
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1.5. Project Objectives 

This work is part of a broader initiative aiming to facilitate the design of heavy-duty DI-LPG engines with 

energy conversion efficiencies comparable to or greater than state-of-the-art diesel engine platforms. The 

specific objectives include: 

1. Development of an experimental setup for visualizing LPG sprays, with a particular focus on 

utilizing planar laser Mie scattering to map out the liquid regions within an individual plume. 

2. Characterization of spray behavior under an array of engine-relevant conditions, employing various 

research and commercially available injectors. The goal is to support the development and tuning 

of DI-LPG CFD spray models for integration into full-cycle engine simulations. 
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CHAPTER 2 - METHODS 

In order to isolate the spray phenomena from in-cylinder flows, alternative test facilities such as a 

constant volume chamber are often employed. The simple operation and convenient optical access of this 

facility makes it attractive for controlled investigations that can be used to validate physics-based models 

and provide important insight into spray processes. This facility provides a fixed volume of trapped gas, 

which is inert and quasi-quiescent. It, therefore, allows for the study of spray phenomena isolated from the 

complex in-cylinder turbulence and combustion. The constant volume high-pressure spray chamber 

(HPSC), marked A in Figure 1a, is designed and optimized to primarily simulate conditions encountered in 

the combustion chamber of advanced direct injection, spark ignition engines. 

2.1. Experimental 

2.1.1. Test Chamber HPSC 

2.1.1.1. Setup 

Figure 2.1b shows the solid model of the HPSC. As shown, the HPSC is designed to allow 3 – way 

optical access inside the chamber using UV-grade fused silica windows (front and back windows with a 

diameter of 150 mm, and a 150 mm-tall square window on the side). This configuration allows for both 

line-of-sight and orthogonal visualization of the fuel spray. 

The fuel injector was mounted vertically on the top of the chamber using a custom fuel rail and a 

fixture that incorporated a temperature-controlled water jacket, as seen in Figure 2.1a. The water jacket can 

heat the fuel to a desired temperature by utilizing a circulating pump, a 1 kW heater, a temperature 

controller, and a thermally insulated bath of glycol, as seen in Figure 2.1c, accurately within -0.5 to 4.7 K 

of error. The injector was pressurized using a ISCO 360D high-pressure syringe pump (labeled C in Figure 

2.1a). The ambient pressure inside the HPSC was regulated using pressurized nitrogen gas and a vacuum 

pump, well within the margin of experimental error.  
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Figure 2.1: (a) HPSC setup assembly including (A) high-pressure spray chamber, (B) Spray-G fuel 

injector and a custom fuel rail, (C) syringe pump, (D) large engine control module, (E) propane tank, and 

(F) Nd: YAG laser, (b) HPSC solid model [41], and (c) a schematic describing working of the fuel 

injector and the water jacket. 

The HPSC was fitted with an absolute pressure transducer and thermocouples mounted on the metal 

block of the chamber to monitor and acquire the instantaneous chamber conditions through a LabVIEW 

virtual instrument interface. The corresponding temperature was controlled via high-power-density 

cartridge heaters embedded in the body of the HPSC and tape heaters wrapped around the silica windows, 

within -5 to 10 K of error. Before each injection event, the HPSC was purged with pressurized nitrogen gas 
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to inhibit the oxidation of the fuel, making the ambient conditions non-reactive. A combination of o-rings 

and gaskets were used to seal the chamber under high ambient pressures.  

2.1.1.2. Injectors and Designs 

Four injectors including the Bosch BMW 325i EU5, Delphi 7-hole stock injector, ECN Spray-G 

injector, and modified 5-hole Delphi injectors have been tested at various engine-like conditions and high-

speed schlieren and planar Mie imaging for propane and iso-octane fuels were carried out in the previous 

quarters. The data was processed and sent to Argonne National Lab for model tuning and validation.  

Few other injectors: Bosch BMW 335 I injector, Bosch Jaguar Injector, and XDI +65 injector, were 

also tested along with the previously mentioned injectors and these injectors are shown in Figure 2.2. 

 

Figure 2.2: Various injectors, and their manufacturer and hole pattern, tested in the spray chamber for 

injection testing. 

The Spray G fuel injector is an experimental, Delphi manufactured, axisymmetric, 8-hole, solenoid 

driven, GDI fuel injector. The Spray G AV67–012 DI fuel injector provided by the Engine Combustion 

Network (ECN) has been used extensively in prior literature and has been well characterized [28]–[31]. 

Since the goal of the research is to create a data base at engine like condition, a BMW 335 I EU6 Injector 

was purchased. This six-hole, axisymmetric injector is used in BMW 335 I, 3-liter engine, and is capable 
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to reach pressure up to 350 bar. Figure 2.2 shows the fuel injector purchased. Both the Bosch EU5 and EU6 

injectors were chosen because of their ability to hold high pressure fuel up to 350 Bar.  

2.1.1.3. Injection Systems  

The injector was pressurized using a high-pressure syringe pump labeled C in Figure 2.1a. Once an 

injector was purchased, a flange design was to be modeled which will be used to install the injector to the 

spray chamber and can incorporate a cooling jacket design, similar to that of in Brear’s work [3], to keep 

the injector tip at a known temperature.  

 

Figure 2.3: Flange Design for the Fuel Injector 

 

Figure 2.4: Cooling Jacket design around the Fuel Injector 
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Figure 2.3 shows the flange design which will be used to keep the fuel injector in place. The system 

will be sealed using O-rings. The design, as seen in Figure 2.4, also includes the cooling jacket. Water at a 

constant temperature will pumped and circulated around the metallic tip of the fuel injector to keep the fuel 

inside the injector at a constant temperature. The temperature around the injector tip was regulated by 

flowing glycol through the water jacket as shown in Figure 2.4. 

 

Figure 2.5: A). Bosch EU6 Injector fitting, B). Delphi injector fitting, C). Delphi Injector adapter 

configuration 

Since the study is now done using a Delphi 06M-906-036AE fuel injector, modification to the 

current HPSC fuel injector mounting system were to be made to incorporate the unique design of the Delphi 

injector. Shown in Figure 2.5, an adapter was designed to fit the Delphi injector inlet port. As seen in part 

B of Figure 2.5, the Delphi injector is a completely round shaft with an O-ring to seal the connecting adapter. 

An adapter was manufactured to fit the Delphi injector as well as adapt to the rest of the fueling system. 

This adapter is pressure tested to 5000 psi and has been able to hold pressure reliably and securely. To fit 

this adapter securely to the HPSC and the Delphi injector a securing bracket was designed and built. This 

bracket uses all thread rods and a water jet section of steel to fit on the Delphi injector. With this bracket 

set up, the injector as well as the cooling jacket assembly are secure and more structurally sound. A brief 

representation of the designed bracket can be seen in Figure 2.5, part C. 

  

A

B

C
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2.1.1.4. Electronic Signals 

The fuel injector was driven by Woodward’s Large Engine Control Module (LECM), marked D in 

Figure 2.1a, to control the electronic injection duration. The LECM was programmed to produce an 

electronic injection duration of 680 µs after the start of injection (ASI). But 870 µs ASI was the actual 

injection duration that was measured using schlieren imaging synced to an oscilloscope. In the current 

configuration, there are two injectors being utilized for timing and control of the entire system. The Delphi 

injector is the main injector to be visualized with the techniques that have been mentioned before. Also 

being used is the Spray G injector, kindly provided by the Engine Combustion Network (ECN). ECN was 

kind enough to provide a current profile for the Spray G injector. Since both injectors are made by the same 

company, i.e., Delphi, the same current profile was used for both. As seen in Figure 2.6, current profiles 

for the Spray G injector are shown at different pressure/power traces, Low, Normal, and High. Most of the 

time the high-power waveform current profile has been used with its wide pressure range. An LECM 

interface has allowed for the use of the Spray G current profile to be implemented with both injectors. A 

current profile was recorded from an oscilloscope and measure and matches the intended current profile 

extremely well.  

 
Figure 2.6: Spray G Current Profile 
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Figure 2.7: LECM Hold and Peak Profile Configuration 

The LECM is an adaptable engine control driver that is capable of controlling pulse width and a 

pseudo-RPM (to mimic an engine). The LECM is also configurable to create custom current profile as well 

as a large library of predefined current profiles. Figure 2.7 shows the Spray-G current profile programmed 

in to the LECM software. To pressurize the fuel system, a syringe pump (4) capable of reaching 300 Bar is 

used to pressurize the accumulator (3), which will hold an allotment of fuel before firing the injector.  

 

2.1.1.5. Controls and Measurements 

 
Figure 2.8: Overview Schematic of the Fueling and Control System 

For the fueling system, the team produced the schematic shown in the Figure 2.8. To prepare the 

HPSC for injection, shop air and nitrogen gas will be flushed in the system to get rid of any reacting species 
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which might be present in the chamber. The advantages of nitrogen gas are that it will mimic the air to some 

extent inside the chamber, and it is also non reacting to other species involved in the experiment. The inside 

of the chamber will be heated by flushing shop air and nitrogen gas through a heater set at a desired 

temperature as shown in Figure 2.8 and Figure 2.9. Then, nitrogen will be used to pressurize the inside of 

the chamber to a desired pressure. Before letting the nitrogen gas in the HPSC, it will be doped with acetone 

which will be used to track the displacement in the nitrogen gas during injection process using acetone 

PLIF technique. The doping mechanism is yet to be identified. For temperature control of the HPSC block, 

four cartridge heaters will be used to attain the desired temperature.  

 
Figure 2.9: Temperature and Pressure Control of the HPSC 

The Gas Processors Association HD-5 LPG specification states it must consist of at least 90% of 

propane. Therefore, for testing, propane is be used. The preliminary work for the fuel system involved the 

calculation of the mass per injection for a propane engine. The ALPINE project’s device goal is to attain 

44% efficiency in a Cummins X-15-liter, heavy duty, six-cylinder, four-stroke, and 500-horsepower engine.  

Through calculation it was identified that 136.2 milligrams of propane are needed per injection. This value 

is comparable to the mass per injection values of a heavy-duty propane engine found in the literature review 

[20].  
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Figure 2.10: Fueling of the HPSC 

The fuel injector was mounted vertically on the top of the chamber using a custom fuel rail and a 

fixture that incorporated a temperature-controlled water jacket, as seen in Figure 2.1a. The water jacket can 

heat the fuel to a desired temperature by utilizing a circulating pump, a 1 kW heater, a temperature 

controller, and a thermally insulated bath of glycol, as seen in Figure 2.1c, accurately within -0.5 to 4.7 K 

of error. The injector was pressurized using a ISCO 360D high-pressure syringe pump (labeled C in Figure 

2.1a). The ambient pressure inside the HPSC was regulated using pressurized nitrogen gas and a vacuum 

pump, well within the margin of experimental error. The HPSC was fitted with an absolute pressure 

transducer and thermocouples mounted on the metal block of the chamber to monitor and acquire the 

instantaneous chamber conditions through a LabVIEW virtual instrument interface. The corresponding 

temperature was controlled via high-power-density cartridge heaters embedded in the body of the HPSC 

and tape heaters wrapped around the silica windows, within -5 to 10 K of error. Before each injection event, 

the HPSC was purged with pressurized nitrogen gas to inhibit the oxidation of the fuel, making the ambient 

conditions non-reactive. A combination of o-rings and gaskets were used to seal the chamber under high 

ambient pressures. 
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To test the controllability of the temperature around the tip of the fuel injector, as it is one of the 

major boundary conditions in identifying the state of the spray in computation modelling, an experiment 

was designed to measure the temperature gradient across the spray chamber using a k-type thermocouple 

with and without the cooling jacket on. From the results shown in Figure 2.11a and Figure 2.11b, it was 

evident that the temperature around the injector tip varied strongly from the gas temperature measured at 

the bottom of the chamber. These effects amplified when the cooling jacket was turned on. To minimize 

the error in modelling and reporting of the data, a k-type thermocouple was bent around the fuel injector 

tip to measure the localized temperatures as seen in Figure 2.11c. 

  

Figure 2.11: A). Temperature Gradient in HPSC with Cooling Jacket ON, B). Temperature Gradient in 

HPSC with Cooling Jacket OFF, and C). Thermocouple installation around the fuel injector tip. 

2.1.1.6. Test Conditions 

Table 1 includes an array of test conditions specified by ECN that have been tested in prior literature 

and are standards within the ECN community [4], [28], [102]–[104]. These test conditions are denoted as 

G2, G2C, G3, and G3C. G2 conditions are representative of an early injection event creating a homogonous 

mixture, whereas, G3 conditions represent part-load, throttled, early injection conditions in a DI engine 

cylinder. Iso-octane and propane are widely used as surrogates for gasoline and LPG fuels, respectively [4], 
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[101], [105]. As many studies have explored the spray morphology and mixing processes of iso-octane 

using the ECN Spray G fuel injector, iso-octane was also used to verify the experimental setup [27], [106], 

[107]. 

Table 1: Test matrix including Engine Combustion Network’s identified experimental conditions [4], [28], 
[102]–[104]. 

Control Parameter 
Test Conditions 

G2C G2 G3C G3 

Fuel Iso-octane and Propane 

Injector Spray G – 8-hole Axisymmetric 

Electric Injection Duration [µsec] 680 

Actual Injection Duration [µsec] 870 

Ambient Temperature (Tamb) [K] 293 333 293 333 

Fuel Temperature (Tfuel) [K] 293 363 293 363 

Ambient Pressure (Pamb) [Bar(a)] 0.5 0.5 1 1 

Injection Pressure (Pinj) [Bar(g)] 200 

 
As shown in Figure 2.12a, the defined testing conditions include sub-atmospheric conditions to 

replicate a homogenous, full-load, early injection event observed in direct injection engines, and high-

pressure cases that correspond to late injections or boosted engines. These conditions are also marked on 

the in-cylinder pressure trace (Figure 2.12b) [13], corresponding to different regimes of engine operations. 

Testing was carried out at various engine relevant temperatures for iso-octane (a surrogate for CNG) and 

propane (surrogate of LPG).  

 
Figure 2.12:  a) Extended test matrix including Engine Combustion Network’s identified experimental 

conditions and high-pressure engine relevant conditions. b) Testing conditions indicated on an in-

cylinder pressure case to demonstrate the range and applicability of the testing conditions [13]. 
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2.1.2. Injection Testing 

2.1.2.1. Setup and Methods and Data Outputs 

Table 2:  Test Matrix of Current Profile Optimization 

 
To further analyze the performance of 5-hole injectors manufactured using different machining 

techniques, additional injection rate testing was done for an array of engine relevant conditions and timing 

to optimize the current profile and injection pressure. Table 2 contains the test matrix for the empirical 

testing for current profile optimization. As seen in Table 2, all parameters except the peak current, hold 

current and peak duration were held constant. Only one input of the current profile was varied at a time and 

the injection rates were measured at those conditions. First the peak current was optimized, then the hold 

current and finally the peak duration of the current profile was optimized to maximize the injection rate of 

propane.  

Table 3 presents the test matrix to study the dependence of injection rate on injection pressure for 

both propane and iso-octane. Both these fuels were tested to get a relation between the flow rates of the two 

as many injector manufacturers only have the injection rate measured for iso-octane but not for propane. 

Like Table 2, Table 3 shows all the parameters that were held constant, including the current profile inputs 

which were kept at the optimized current and duration from previous tests, besides the injection pressure. 

Injector Delphi 5-hole #2

Fuel Propane

Injector Pressure 172 bar

Chamber Pressure 0.855 bar

Injection Duration 11 ms

Peak Current 10 A - 25 A

Hold Current 2 A - 15 A

Peak Duration 0 - 11 ms
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Table 3:  Test matrix to study the effect on injection pressure on injection rates for propane and iso-

octane. 

 

2.2. Optical Diagnostics 

To compare the experimental data collected using optical diagnostics techniques and the numerical 

spray simulations, a set of parameters including vapor and liquid spray penetration lengths, widths, and 

speeds, were utilized to map out the spray morphology for an effective qualitative and quantitative 

comparison and model validation. These measurements were collected at engine-like conditions using 

imaging techniques such as high-speed Schlieren and planar Mie scattering.  

2.2.1. High-Speed Schlieren Imaging 

Schlieren imaging is a well-established, line-of-sight technique that is commonly used to visualize 

inhomogeneities in the refractive index of a transparent medium, created by gradients in the corresponding 

density field. This technique is commonly used in literature for both qualitative visualization and 

quantitative fuel spray measurements, such as vapor phase penetration [10], [12], [23], [32]. 

Figure 2.13a demonstrates a schematic of the high-speed Schlieren setup used to visualize the fuel 

injection events. A continuous, 200-lumen white LED was collimated through the HPSC by a 150 mm 

parabolic mirror of 750 mm focal length and received by an identical parabolic mirror placed in a z-type 

configuration. A knife-edge was used as the schlieren cut-off at the focal point of the converging mirror to 

amplify the contrast and intensity variations. The images were finally sized with a 50 mm plano-convex 

achromatic lens of 150 mm focal length and acquired using a Photron FASTCAM SA5 high-speed camera. 

Injector Delphi 5-hole #4

Chamber Pressure 0.855 bar

Injection Duration 11 ms

Peak Current 15 A

Hold Current 7 A

Peak Duration 500 µs

Fuel Propane and Iso-octane

Injection Pressure 100 -350 bar
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Figure 2.13: (a) Schematic of the top-view of Schlieren imaging setup, (b) Spray-G injector nozzle-

alignment relative to the LED light, and (c) resulting Schlieren spray image, features, and nomenclature. 
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The corresponding imaging frequency was set to 30,000 frames per second, i.e., 33 µs between 

frames, to record schlieren images free of undesired flow features, e.g., dynamic pressure waves. The high-

speed schlieren images, with a spatial image resolution of 298 µm/px capturing 376 x 640 pixel images, 

were recorded for a range of chamber and fuel conditions to study the axial vapor penetration length, width 

(as shown in Figure 2.13c), and penetration rate of the spray. An external delay generator was deployed to 

sync the Spray G injector and the Photron camera. 

Schlieren images were scaled within experiment and between experiments to have a consistent light 

intensity for the entire data set and compensate for any light fluctuations caused by the LED. Once scaled, 

the background from each experiment was subtracted from the respective set of experiments, to define the 

boundaries of the spray clearly. However, background subtraction produced undesired artifacts in the spray 

core of the image, which was fixed by replacing the non-zero pixels of the image by the corresponding 

original raw image pixels. This helped to enhance the resolution and fix spray defects with minimal 

manipulation to raw data. Once processed, maximum axial vapor penetration lengths and maximum normal 

penetration widths, as seen in Figure 2.13c, were measured using simple edge finding algorithms in 

MATLAB, and plotted with respect to time. The vapor penetration speed was calculated by taking a first-

order derivative with respect to time of the formally measured maximum penetration lengths. Three tests 

were taken for each test condition and the collected data was averaged to capitalize repeatability and 

increase accuracy of the measurements; the spray was imaged for 1200 µs ASI for each condition. These 

measurements help to provide detailed quantitative analysis in addition to the qualitative Schlieren images 

characterizing the spray morphology.  

It is important to note, Schlieren provides a global image of both vapor and liquid regions of the 

spray. Therefore, the 3-dimensional spray structure of an 8-hole injector (Figure 2.13b) is accumulated into 

one plane, decreasing plume-to-plume distinction and resolution. Another key feature of Schlieren is that 

the light intensity gradients correspond to the density gradients in the spray. This, however, becomes 

challenging for a multi-phase spray, for a fuel such as propane, as no clear distinction between liquid and 

vapor regions can be observed, as seen in Figure 2.13c. Hence, Schlieren is used as a preliminary imaging 
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technique to visualize the overall spray morphology but, also introduces the need for an advanced diagnostic 

technique to compensate for mentioned limitations of Schlieren imaging.  

 

2.2.2. Planar Mie Scattering Imaging 

Mie scattering imaging is an elastic light scattering technique used extensively in prior literature to 

measure liquid penetration through a medium. When a spray is exposed to a specific wavelength of light, 

the liquid region scatters light in all directions, but the vapor regions do not illuminate. Hence, Mie 

scattering imaging is often used to capture the liquid regions of the spray [12], [16], [33], [34]. Coupled 

with Schlieren imaging, Mie can provide a strong comparison amongst the liquid regions, high density 

vapor regions, and low-density vapor regions. Like Schlieren, Mie scattering captures the liquid regions of 

the spray globally, i.e., no clear distinction between each plume can be observed. This study utilizes planar 

Mie scattering to increase the plume-to-plume distinction and enhance the resolution of individual plume 

penetration morphology. 

A custom Nd: YAG laser was used to produce a 532 nm beam with 25 ns pulse width and 7 mJ of 

energy per shot. The setup for Mie testing consisted of two 50 mm Nd: YAG mirrors designed to reflect 

532 nm light to the height of the injector tip. The setup also included two cylindrical optics: a converging 

lens with a focal length of 1000 mm, and a diverging lens with a focal length of -75 mm as shown in Figure 

2.14a, to create a thin laser sheet, 100 µm thick, bisecting the front nozzle of the fuel injector as seen in 

Figure 2.14b. The Mie laser sheet in Figure 2.14c was used to precisely image the spray structure of the 

individual plumes injected by the front and back nozzles in the plane of the laser sheet, represented in Figure 

2.14d. Additional optics and equipment were used to regulate and measure the energy of the laser sheet, to 

finely tune the amount of energy delivered to the spray.  

An Andor iStar sCMOS camera was used along with a Vivitar 75-300 mm macro focusing camera 

lens to capture the spray image with a spatial resolution of 49 µm/px and image size of 2560 x 2160 pixels 

at various instances of time, ranging from 25 µs to 1200 µs ASI. Similar to the schlieren timing setup, the 

camera, the fuel injector, and the laser were synchronized using the external delay generator triggered by 
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the LECM. The actual laser and camera shot timings relative to the start of injection were measured using 

an oscilloscope and was found to be within ± 15 µs. The Andor camera was gated for 15 ns to capture the 

center of the laser pulse.   

 

Figure 2.14: (a) Schematic of the top-view of planar Mie scattering imaging setup, (b) Spray-G injector 

alignment relative to the laser sheet bisecting the front and back nozzles, (c) isometric 3-D rendering of 

HPSC and Mie laser sheet, and (d) schematic of corresponding Mie image with illuminated liquid spray 

plumes in the plane of the laser sheet, and associated nomenclature. 

The collected 16-bit Mie images were processed using a set of standard multi-step image processing 

techniques. It was observed that the laser energy had a gaussian distribution along the axis of injection; to 

address this, each Mie image was normalized to make the energy of the laser sheet constant spatially. 
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Minimum and maximum thresholds were set to eliminate background noise, reflections from the chamber, 

and secondary Mie scattered light from out of plane spray. Once processed, similar techniques to Schlieren 

were employed to binarize the spray image and detect edges of the individual plume, i.e., the front plume 

(left as seen in Figure 2.14d). It was also observed that the laser sheet attenuates as it propagates through 

the chamber perpendicular to the axis of injection, due to the presence of spray. This, however, did not have 

an impact on the measurements, as the front edge of the spray was free of this aberration and hence, was 

used for valuable quantitative measurements. Three iterations of each test condition were performed for all 

time instances. Once the front edge was defined, the corresponding pixels were calibrated, averaged over 

three iterations, and then plotted to obtain maximum liquid penetration lengths as a function of time.  

2.2.3. Planar Laser Induced Fluorescence 

 

Figure 2.15: Piping and instrumentation diagram of the high pressure spray chamber including the 

injection lines, chamber pressurization and temperature controls, and acetone bubble loop in the dashed 

rectangle. 

An acetone loop was installed in the HPSC assembly, as shown in Figure 2.15 that included an 

acetone bubbler which can handle high pressures and temperatures to allow for controllable doping of 
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acetone in nitrogen gas. Acetone doped nitrogen is required to perform planar laser-induced fluorescence 

imaging of the spray which will be used to quantify the planar vapor penetration lengths and plume specific 

data. 

 
Figure 2.16: Optical Schematic for simultaneous planar Mie scattering, and planar laser-induced 

fluorescence, incident laser sheet, and schematic of various planar liquid and vapor data that will be 

collected using PLIF and planar Mie. 

A fourth harmonic generator (FHG) has been acquired and is installed in the Planar-laser induced 

fluorescence setup as shown in Figure 2.16. 266 nm light is converted from 532 nm light, generating about 

80 mJ light beam. HPSC setup has been updated to incorporate the acetone doping of nitrogen mechanism. 

The 266 nm light will fluoresce the acetone doped nitrogen gas in the chamber and help define vapor regions 

produced by the injector spray in the plane. PLIF will also aid in the development of spray models by 

utilizing the measured vapor penetration length, spray angle, and fuel mixing rates.  



50 
 

 
Figure 2.17: Fluorescence and phosphorescence signals captured with PLIF for acetone dope in nitrogen 

(left), and Fluorescence PLIF signal of acetone doped in air. 

 

Figure 2.18:  Schematic for spectroscopy of acetone doped nitrogen using 266 nm Nd:YAG laser. 

Preliminary experiments of PLIF have shown two radiative de-excitation mechanisms in nitrogen 

gas: fluorescence, and phosphorescence. As observed in Figure 2.17, the fluorescence is blue in color and 

phosphorescence is green in color. Besides different spectral wavelengths, fluorescence was observed to 

occur 15 nanoseconds after the laser and was short-lasting, whereas the phosphoresce signal occurred after 



51 
 

1 microsecond and lasted for several microseconds. However, when acetone is doped in air, phosphoresce 

signals are significantly quenched and only fluorescence is observed. The quenching effect was related to 

the presence of oxygen, and its diamagnetic nature which favors fluorescence. When intensified CCD 

cameras were used, none of these phenomena were captured. This could be caused because the camera 

filters were not capturing the wavelengths observed for these phenomena.  

Spectroscopy was done for the acetone planar laser induced fluorescence, using acetone bubbler, 

266 nm laser light from Nd:YAG laser, and Ocean Optics Spectrometer to collect wavelength distribution 

of the PLIF signal. The schematic for the spectroscopy setup is shown in Figure 2.18.  

Samples were recorded at 100 Hz for 300 seconds and summed to get an average distribution. 

However, only the intensities of 266 nm light and 532 nm light were observed, other wavelengths were 

indistinguishable from noise. The phone videos did however show a blue colored fluorescence zone as 

shown in Figure 2.19, but the intensity of signal was too low to be detected by Ocean Optics Spectrometer.  

 

Figure 2.19: Spectroscopy Image via Phone Camera 

2.3. Numerical Spray Simulations  

In this section, the methodologies outlined are the collaborative efforts of Dr. Lorenzo Nocivelli 

and Dr. Katherine J Asztalos from Argonne National Lab. The objective is to illustrate the practical 

utilization of experimental findings for the validation and refinement of spray models. The research at 

Argonne National Lab, conducted in close collaboration with the author, is also detailed in Windell et al. 

[100]. The simulation campaign was carried out with the commercial CFD software CONVERGE (v3.0) 
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[108]. The injection was modeled with a two-tiered approach: first, the simulation of the two-phase internal 

nozzle flow was carried out to provide insight into the trends in the mass flow rates and the initial 

development of the spray plumes for each fuel; then, the results were used to inform the Lagrangian parcel 

spray model, which was then implemented to simulate the full HPSC domain.   

Both the steps in the simulation campaign were carried out by discretizing the transport equations 

with spatial second-order accuracy and Euler implicit scheme for the time integration. The velocity-pressure 

coupling was realized through the pressure implicit with splitting of operators (PISO) method. The 

following two sections describe the details of the numerical simulation.  

2.3.1.  Nozzle-Flow Simulation Setup 

The first step taken follows the approach described in the author’s previous work [109] to 

characterize the fuel jet dynamics produced by the nozzles. The nominal geometry of the injector defines 

the computational system, which was mated with a hemispheric open-outlet boundary, as shown in Figure 

2.20. In the resulting domain, the multi-phase flow was handled with a single-fluid mixture model, 

considering that the relative velocity between the phases was in local equilibrium. With this assumption, a 

single set of transport equations – mass, momentum, total energy, and species – was solved based on the 

barycentric velocity of the mixture. The different phases were treated as species – liquid, gas, and fuel vapor 

– in a multi-component mixture, and the phase change was handled through source terms in the species 

equation. The magnitude of the source terms was determined with the homogeneous relaxation model 

(HRM) [98], which assumes that the local and instantaneous vapor quality evolves towards its equilibrium 

value according to a linear trend, based on a characteristic time scale. The characteristic time scale depends 

on the properties of the fluids and the local pressure and void fraction values, and its magnitude was 

determined according to an empirically obtained constant. According to previous results [110], the value 

of the constant allows to modify the speed of the phase-change, and the behavior of the spray in the near 

nozzle region. The grid was obtained via the cut-cell method with a base mesh of 240 µm, and it was refined 

to 15 µm in the regions of interest as shown by the center-plane of the injector reported in Figure 2.20b. 
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The dynamic grid refinement to track the plume evolution in the open chamber was obtained via adaptive 

mesh refinement based on the second derivative of the velocity and species mass fraction.  

 

Figure 2.20: (a) Eulerian nozzle flow CFD domain for the ECN’s Spray-G injector, and (b) numerical 

grid on the centerline at full needle lift. 

For both iso-octane and propane, the needle motion was prescribed according to the X-ray 

measurement by Sforzo et al. [26], collected for different fuel at previously defined ECN’s G2 conditions 

[28], initializing the motion from a minimum gap of 6.6 µm, according to the setup proposed by Yue [111]. 

The turbulence was modeled with a large eddy simulation (LES) approach, using the dynamic structure 

model.  

2.3.2. Lagrangian Spray Simulation Setup 

The simulation of the spray in the HPSC was obtained with the Lagrangian-Eulerian method and 

the liquid phase was modeled according to the discrete droplet model [91]. The geometry of the chamber 

was discretized with the Cartesian cut-cell method (Figure 2.21a), defining a base grid size of 1.6 mm, and 

relying on adaptive-mesh refinement (AMR) to refine the cells according to the second derivative of 

velocity and fuel vapor mass fraction, as shown in Figure 2.21b for 500 µs ASI. The transport equations 
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were defined according to the unsteady Reynolds-average (URANS) framework, and the k-ε RNG was 

chosen for the turbulence modeling. The Lagrangian spray sub-models involve: Kelvin Helmotz Rayleigh 

Taylor (KH-RT) model [112] for primary and secondary break-up without the definition of a breakup 

length, Frössling correlation for phase-change, O’Rourke model [108] to introduce turbulent perturbation, 

and no-time-counter model [113] for droplet collision and coalescence. Moreover, to introduce the phase-

change due to flash-boiling, the model proposed by Adachi et al. [99] is implemented in the code. This 

model accounts for local and instantaneous super-heat degree of the fuel in the chamber in terms of 

difference between the local temperature at the saturation temperature of the fuel at the local pressure. The 

implementation in CONVERGE is reported in previous work by the authors [33]. The spray parcels were 

initialized with the blob-injector model, which was informed with the results obtained by the nozzle-flow 

simulation in terms of mass flow rate and droplet momentum, plume direction, and plume angle to best 

represent the ensuing spray.  

 

Figure 2.21: Lagrangian spray CFD domain for the injection in HPSC (a), and (b) numerical grid on the 

centerline with AMR. 

2.3.3. Numerical Spray Processing 

Given the unconventional propane spray behavior, where vaporization and collapse play a major 

role, the numerical spray results were processed to reproduce experimental Schlieren and Mie scattering 
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data. The two processing routines aim to describe the full spray morphology and the liquid phase 

development respectively.  

The Schlieren images were reproduced by projecting the magnitude of the gradient of the gas-phase 

density along the line-of-sight, as shown in Figure 2.22a. The resulting 2D data was normalized on its 

maximum value to provide a qualitative image of the spray morphology as in Equation (2.1).  

 𝐼𝑆𝑐ℎ,𝑛𝑜𝑟𝑚 =  ∑ 𝑔𝑟𝑎𝑑𝑋(𝜌)𝑐𝑒𝑙𝑙_𝑋𝑖𝑚𝑎𝑥(∑ 𝑔𝑟𝑎𝑑𝑋(𝜌)𝑐𝑒𝑙𝑙_𝑋𝑖 ) (2.1) 

 

On the other hand, the light scattered from the liquid phase was reproduced by projecting over the 

line-of-sight, with the frontal area of the spray parcels projected over the thickness of a sampling region 

representative of the laser sheet, as shown in Figure 2.22b. Then, the obtained 2D projection of the spray 

parcel frontal area was normalized on its maximum value to produce a qualitative representation of 

measured scattered light, according to Equation (2.2). 

 𝐼𝑛𝑜𝑟𝑚 =  ∑ 𝑛_𝑑𝑟𝑜𝑝𝑖𝐷𝑖2𝑁_𝑝𝑎𝑟𝑐𝑒𝑙𝑠𝑖𝑚𝑎𝑥(∑ 𝑛_𝑑𝑟𝑜𝑝𝑖𝑁_𝑝𝑎𝑟𝑐𝑒𝑙𝑠𝑖 𝐷𝑖2) (2.2) 

 

The location and thickness of the sampling region replicates the experimental setup. The resulting 

images from both routines are proportional to the measured light intensity trends, but without implementing 

the laser scattering detailed dynamics, the focus of the validation is set on the boundaries of the spray 

profiles. To do so, the obtained light intensity profiles are binarized to highlight the fuel jet evolution in the 

chamber. The vapor penetration was determined by the maximum axial distance computed from binarized 

images generated with a threshold of I Sch,norm > 0.02. The proposed comparison is chosen to allow the spray 

morphology assessment to be consistent with the experiments, and to enable the validated simulation to 

provide further insight on the vapor and liquid distribution trends. 
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Figure 2.22: Schematic of the spray simulation processing regions of interest: sampling region 

representing the (a) planar gradient density sampling of the gas phase to reproduce Schlieren data, and 

(b) the Mie laser sheet. 

 

In absence of accurate and reliable flash-boiling vaporization models for Lagrangian sprays, the 

enhanced atomization and vaporization are obtained by modifying the aerodynamic breakup constants to 

replicate the phenomena measured experimentally in the high-pressure spray-chamber (HPSC). The 

simulation has been compared to the HPSC measurements in terms of liquid and vapor morphology through 

consistent replication of schlieren and Mie-Scattering data, obtaining reasonable agreement across a wide 

range of operating conditions. Full collapse of the plumes is obtained for flashing sprays and a more 

conventional spray behavior is report when Pamb is higher.  The influence of the injector geometry is 

captured in the injection dynamics and Lagrangian spray models for the CFD software CONVERGE-3.0 

have been generated to be incorporated in engine simulations. 
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CHAPTER 3 - RESULTS AND DISCUSSION 

This section presents experimental and numerical measurements mapping out the spray 

morphology for iso-octane and propane over a range of engine-like conditions as mentioned above. The 

results from the experimental spray visualization techniques feed the numerical simulation results and aid 

in the validation and selection of a correct modeling technique, using a strong comparison of the qualitative 

and quantitative experimental results.  

3.1. Experimental Spray Visualization Techniques Results 

3.1.1. Experimental High-Speed Schlieren Results 

Figure 3.1 shows schlieren imaging for iso-octane and propane at G3C and G3 conditions at three 

timesteps: 200 µs, 500 µs, and 750 µs ASI. As seen in Figure 3.1a - f, iso-octane has a wide injection angle, 

a typical spray pattern, and three individual plumes are clearly distinguishable. Majority of the spray 

appears to be symmetric at presented times stamps for both conditions. It can be seen that the spray 

structure, penetration lengths and widths of iso-octane are minimally affected by the increasing temperature 

from G3C (Tfuel = Tamb = 20 °C) to G3 (Tfuel = 90 °C and Tamb = 60 °C). There is a clear distinction 

between darker/liquid spray cores and lighter/vapor regions for iso-octane.  

Whereas propane in Figure 3.1g - l, has a much narrower overall injection angle and plume-to-

plume interactions are prevalent creating a large singular jet. The spray structure of propane is observed to 

have a strong dependence on temperature. At colder cases (G2C and G3C), Figure 3.1g - i, the spray starts 

with a wide angle and less vaporization, but the multiple plumes of the spray collapse into a singular jet as 

it propagates through time. This influence of temperature increases in orders of magnitude when the fuel is 

preheated and injected into hotter ambient conditions (G2 and G3), as seen in Figure 3.1j - l.  
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Figure 3.1: High-speed Schlieren images at various denoted timesteps (across) after the start of injection 

for various fuels and conditions (down), namely: (a) - (c) for iso-octane at G3C, (d) - (f) for iso-octane at 

G3, (g) - (i) for propane at G3C, and (j) - (l) for propane at G3 condition, respectively. 
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Contrary to the behavior observed in Figure 3.1g - i, propane’s collapse is more evident at G3 

conditions, seen in Figure 3.1j - l, as the width of the jet is narrower and stays consistent throughout the 

injection duration; propane also propagates further axially at hotter conditions. The axial penetration lengths 

of propane at G3 are much greater than iso-octane for all tested conditions. No clear distinction between 

liquid regions and vapor regions can be made for propane at both conditions.  

The quantitative penetration measurements of iso-octane, agree strongly with the qualitative 

analysis presented. Penetration lengths and widths overlap well within the margin of experimental error 

throughout the injection duration, as seen in Figure 3.2a and Figure 3.2b. Small deviation can be observed 

after the end of injection, i.e., 870 µs ASI, where differences in penetration lengths and widths start to 

appear and are within ± 7.5 mm. The penetration lengths increase in the order of G3 < G2 ≈ G3C < G2C, 

i.e., penetration lengths are inversely proportional to temperature and pressure. However, when observing 

penetration widths, temperature has negligible effects, whereas the widths are inversely proportional to 

pressure after the end of injection. Iso-octane, as seen in Figure 3.2c, is observed to have a high velocity at 

higher temperatures towards the start of injection but decreases at a faster rate compared to colder 

temperatures, resulting in slower propagations at the end of injection.  

Unlike iso-octane, propane has a clear trend for penetration lengths and the influences of various 

conditions. The axial penetration length, as observed in Figure 3.3a, is seen to be increasing for the 

conditions in the order of G3C < G2C < G3 < G2, i.e., inversely proportional to pressure and directly 

proportional to temperature. The direct proportionality with temperature is unique to propane. In general, 

propane is seen to propagate farther than iso-octane by approximately 20 mm more at 1200 µs. However, 

the penetration widths of propane, presented in Figure 3.3b, are significantly less as compared to iso-octane; 

approximately 50 mm less at 1200 µs. This agrees well with the qualitative images (Figure 3.1g – l) which 

show a narrower singular jet for propane. 
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Figure 3.2: Measurements for iso-octane including a) maximum axial vapor penetration length, b) 

maximum transverse vapor penetration width, and c) vapor penetration speed of iso-octane calculated 

using the time derivative of the maximum axial penetration length at corresponding conditions and 

timesteps measured using high-speed Schlieren imaging. Error bars are included at suitable timestamps 

for improved legibility. Mean error of ± 2.0 mm in vapor penetration lengths, ± 1.8 mm in vapor 

penetration widths, and ± 8.3 m/s in vapor speeds were observed over all tests for iso-octane. 
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Figure 3.3: Measurements for propane including a) maximum axial vapor penetration length, b) 

maximum transverse vapor penetration width, and c) vapor penetration speed of propane calculated 

using the time derivative of the maximum axial penetration length at corresponding conditions and 

timesteps measured using high-speed Schlieren imaging. Error bars are included at suitable timestamps 

for improved legibility. Mean error of ± 1.5 mm in vapor penetration lengths, ± 2.4 mm in vapor 

penetration widths, and ± 8.6 m/s in vapor speeds were observed over all tests for propane. 
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Not only the widths are smaller, but propane also shows an influence of temperature, not pressure 

which was seen in iso-octane. These features of a narrower, longer jet of propane also impact the penetration 

speeds plotted in Figure 3.3c, which are approximately 30 m/s higher than that of iso-octane. Hotter 

temperature conditions (G2 and G3) have a higher initial axial velocity than colder temperatures (G2C and 

G3C), and this trend is generally consistent through the duration of the spray. The unique features observed 

of the propane’s vapor penetration velocity (Figure 3.3c) are a steep drop at 100 µs for each condition, and 

pulsating velocities after. 

3.1.2. Experimental Planar Mie Scattering Results 

Planar Mie scattering enhances the liquid regions of a singular spray plume which provides finer 

resolution of the spray morphology. Figure 3.4 shows planer Mie imaging of iso-octane and propane at 

G3C and G3 conditions at three timesteps: 200 µs, 500 µs, and 750 µs ASI. As seen in Figure 3.4a - f, a 

singular plume of iso-octane is observed that has wide injection angle relative to the nominal axis of 

injection, i.e., vertical, and a distinct narrow liquid core for the front plume. It is also important to note that 

only one plume is seen in the plane of the laser sheet; this corresponds to the aforementioned effect of laser 

attenuation.  

It is observed that the liquid penetration length is influenced by the temperature difference in G3C 

and G3 conditions, however, the injection spray angle and horizontal spray penetration remain unaffected. 

These results from planar Mie agree strongly with the results obtained for iso-octane using Schlieren 

imaging (Figures 7a – 7f).  Figure 3.4g – i and Figure 3.4j – l, present planer Mie scattering imaging for 

propane at G3C and G3 conditions, respectively. Unlike iso-octane, propane in most presented cases is 

observed as a singular jet. This jet is unlike the singular front plume observed for iso-octane and is seen to 

be brighter, longer, more axial, and with a wider liquid core. This, however, is not true for propane at G3C 

conditions, as seen in Figure 3.4g, a singular liquid spray plume is observed, similar to iso-octane. But, as 

the spray progresses, shown in Figure 3.4h and Figure 3.4i, the spray structure begins to resemble a large 

singular spray jet, similar to that seen in the Schlieren imaging. At hotter G3 conditions, the liquid 

penetration length of propane is also observed to be much longer than that at colder temperature conditions. 
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The penetration length of propane is also observed to be longer than that of iso-octane for all tested 

conditions. 

For iso-octane, as seen in Figure 3.5a, the liquid penetration lengths for all conditions overlap until 

400 µs ASI, with minor deviations approaching the end of injection. However, for hotter conditions (G2 

and G3), liquid penetration lengths begin to fall around 800 µs and become zero at 1200 µs. This shows 

that temperature is inversely proportional to liquid penetration lengths for iso-octane but, only for spray 

propagation after the end of injection. 

Unlike iso-octane, propane has a clear trend for penetration lengths and the influences of various 

conditions. The liquid penetration length is seen to be increasing for conditions in the order of G3C < G2C 

< G3 < G2, which is inversely proportional to pressure and directly proportional to temperature. This trend 

is identical for vapor penetration of propane as observed in Schlieren imaging. Similar to iso-octane, at 

hotter temperature conditions, propane’s liquid penetration length, as seen in Figure 3.5b, begins to fall 

sharply at 1000 µs, while at colder temperature conditions (G2C and G3C) the penetration lengths continue 

to increase. At colder conditions, liquid propane is seen to propagate farther than liquid iso-octane by 

approximately 15 mm more at 1200 µs, however, at hotter conditions no liquid is observed for both fuels 

at 1200 µs. 

Both vapor and liquid penetration lengths are crucial measurements that define the spray 

morphology and provide useful information describing how the spray propagates through time. Figure 3.6a 

and Figure 3.6b present iso-octane and propane’s vapor and liquid penetration lengths respectively, plotted 

at G3C and G3 conditions for a comparative analysis. For both the conditions, it is observed in Figure 3.6a 

that for iso-octane, the vapor leads the liquid by a small margin for the entire spray duration. However, for 

G3 condition, i.e., the hotter case, the liquid starts to fall significantly after the end of injection, causing the 

liquid-vapor difference to increase sharply. Unlike iso-octane, a clear distinction can be made between the 

penetrations for hot and cold conditions for propane, as observed in Figure 3.6b.  
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Figure 3.4: Planar Mie scattering images at various denoted timesteps (across) after the start of injection 

for various fuels and conditions (down), namely: (a) - (c) for iso-octane at G3C, (d) - (f) for iso-octane at 

G3, (g) - (i) for propane at G3C, and (j) - (l) for propane at G3 condition, respectively. 
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Figure 3.5: Maximum axial liquid penetration length measurements for a) iso-octane, and b) propane at 

corresponding conditions and timesteps measured using planar Mie Scattering imaging. Error bars are 

included at tested timestamps with a mean error in liquid penetration lengths of ± 2.8 mm for iso-octane, 

± 1.8 mm for propane. A strong directly proportional relationship of the increased error and duration 

after start of injection was observed for both tested fuels. 
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For G3C conditions, liquid and vapor mostly overlap for the entirety of the spray propagation, 

however, the penetration length for the cold case is less than the hotter case, about 40 mm shorter at 1200 

µs. Unlike the overlap as seen in G3C, G3 shows a steep drop in liquid penetration after the end of injection, 

leading to vapor penetrating to 90 mm and no liquid at 1200 µs. 

As seen for both Schlieren and Mie imaging, crucial information from vapor and liquid penetration 

length, width, and speed measurements is used to define characteristics of the spray morphology. Iso-octane 

is minimally affected by temperature and pressure as seen in the qualitative and quantitative analysis from 

Schlieren and Mie imaging. It is also observed that most of iso-octane’s spray propagation is contributed 

by its liquid cores, i.e., insignificant difference between liquid and vapor penetration lengths. This is largely 

due to the physical characteristics of iso-octane, namely, low volatility, high viscosity, and higher density 

than compared to that of propane. These properties help prolong the existence of the liquid phase of the 

fuel and produce a conventional spray pattern in iso-octane, i.e., wider spray angles and distinct plumes as 

observed in Figure 3.1a – f and Figure 3.4a - f, leading to a homogenous mixture both axially and 

transversely throughout the HPSC for all tested conditions. The observation of distinct plumes can be 

inferred to the absence of flash boiling effects in iso-octane, due to its low volatility, and high viscosity. A 

clear and consistent relationship between vapor and liquid penetration of iso-octane can also be observed 

by comparing Schlieren with planar Mie. Since iso-octane’s spray does not experience severe flash boiling 

and collapse, the amount of liquid injected in the plane of the Mie laser sheet is only contributed by one 

plume of the 8-hole injector; therefore, decreasing the scattered laser intensity, and causing iso-octane to 

appear dimmer than propane in Mie images presented in Figure 3.4. 

Unlike iso-octane, propane, due to its high volatility and low viscosity, experiences severe flash 

boiling at all tested conditions. This greatly impacts the spray morphology, structure, and mixing processes 

of the fuel. As seen in Schlieren imaging (Figure 3.1g – l), all of the eight individual plumes collapse into 

a singular jet due to its high super-heat degree.  
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Figure 3.6: A comparison of maximum axial liquid vs. vapor penetration length for a) iso-octane, and b) 

propane at corresponding conditions and timesteps as a combined effort of high-speed Schlieren and 

planar Mie scattering imaging techniques. Error bars are included at suitable timestamps for improved 

legibility and comparison. The error ratios are same as observed in corresponding single phase 

experimental results. 
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Propane at colder conditions appears to have wider spray angles, minimal collapse, and some 

plume-to-plume distinction, whereas these features are completely absent at hotter conditions, signifying 

that the magnitude of super-heat degree of propane is strongly dependent on temperature. This also impacts 

the mixing processes of propane, as it transitions from semi-axially dependent mixing at colder conditions 

to strongly axially dependent mixing at hotter conditions. Another key feature to note about propane, 

contrary to iso-octane, is that at the tested conditions, the majority of propane’s spray propagation is fed by 

its flash boiling, spray collapse, and high degree of vaporization. This also explains the direct 

proportionality of propane’s penetration length with temperature. When comparing Mie images, propane’s 

jet appears to be brighter compared to iso-octane’s singular plume; this can be misleading as it might signify 

presence of more liquid in the cases of propane. However, it is worth noting that the collected Mie images 

in Figure 3.4 are for planar Mie, not global Mie, and unlike iso-octane where only one nozzle of the injector 

is contributing to the liquid concentration inside the laser plane, for propane, multiple nozzles collapse and 

contribute to its liquid concentration within the plane making it appear brighter. From Schlieren 

measurements in Figure 3.3c, it was also observed that propane’s velocity pulsated after the first 100 µs for 

all conditions, this effect was only seen in propane and can be attributed to the presence of shock structures 

within the fuel jet and gas-like injection of propane. All these unique features of propane and its variation 

from iso-octane’s spray pattern, contribute to its classification as an unconventional spray.  

  



69 
 

3.1.3. Injection Rate Testing 

3.1.3.1. Current Profile Selection 

 

 

a)                                                                                         b) 

 

Figure 3.7:  Injection rates of propane at various a) Peak current, b) Hold current, and c) Peak duration. 

Figure 3.7 includes the injection rated measured at various current inputs. As seen in Figure 3.7a, 

the maximum flow rate was achieved at peak current of 15 A. Figure 3.7b shows that flow rates saturate 

for hold current greater than 3 A, with a maximum injection rate at 7 A. When these optimized peak and 

hold currents were used to measure the variability in the injection rate as a function of peak duration, as 
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seen in Figure 3.7c, the variability was minimal, hence the 500 µs was considered as optimized peak 

duration. 

Figure 3.8 highlights the significant effect of injection pressure on the injection rate for both 

propane (a), and iso-octane (b). For Delphi 5-hole #4, the maximum injection rate of 28.39 ml/sec for 

propane, and 23.77 ml/sec for iso-octane were achieved at the injection pressure for 350 bar. 

 

Figure 3.8: Injection rates at various injection pressures for a) propane and b) iso-octane. 

3.1.4. Multi-Injector Testing 

Four injectors including the Bosch BMW 325i EU5, Delphi 7-hole stock injector, ECN Spray-G 

injector, and modified 5-hole Delphi injectors have been tested at various engine-like conditions and high-

speed schlieren and planar Mie imaging for propane and iso-octane fuels were carried out in the previous 

quarters. The data was processed and sent to Argonne National Lab for model tuning and validation.  

Few other injectors: Bosch BMW 335 I injector, Bosch Jaguar Injector, and XDI +65 injector, were 

also tested along with the previously mentioned injectors and these injectors are shown in Figure 2.2. 

Injection testing was performed and a comparison of injection rate in grams per second are plotted in Figure 

3.9. 

 

a)                                                                                      b) 
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Figure 3.9: Injection rate as a function of Injection Pressure of Propane for various injectors at 

atmospheric conditions. 

As seen in the plot in Figure 3.9, XDI injector outperformed all the other injectors and was 

approximately had twice the injection rate compared to the second-best injector: Bosch BMW for pressures 

ranging from 100 to 240 bar. XDI injector, however, stops injecting for pressures higher than 240 bar. This 

maximum limit of injection is also seen for Delphi 5-hole injector, and Spray G injector where their 

injection rate drops after 200 bar and 250 bar, respectively. The best to worst performing injectors are: XDI, 

Bosch BMW, Delphi 5-hole, Bosch Jaguar, Spray G, and Delphi stock injectors. Further considerations are 

being made besides the injection rate for the selection of the injection to be used in the Cummins X-15 

engine. These include adaptability to the engine head, and spray pattern. 

  



72 
 

3.1.4.1. Spray G 

Schlieren images of iso-octane sprays and propane sprays at various chamber pressures (columns) 

ranging from 0.5 bar to 10 bar absolute are shown in Figure 3.10 and Figure 3.11, respectively. The top row 

contains spray for 20C for fuel and chamber temperatures and the bottom row for 90C for both at an 

injection pressure of 200 bar. For iso-octane, in Figure 3.10, it is observed that the spray collapse increases 

with pressure and temperatures. In contrast, spray collapse for propane, seen in Figure 3.11, decreases with 

chamber pressure but increases with chamber and fuel temperature.  

The collapse results from plume-to-plume interaction between the individual jets for the 8-hole 

injector, which is more at low pressure and high temperatures as these jets expand more as they enter the 

chamber. Due to these interactions, the oblique/ or the transverse component of the jet gets canceled with 

that of another jet, leaving only the axial/ vertical part of the collapsed jet, which leads it to penetrate further 

downward in the chamber. Another critical feature observed in the collapsed jet is the darker central core 

indicating higher density (more liquid) due to the shielding effect. As chamber pressure is increased, these 

jets expand less and do not interact with each other, leading to a more traditional spray pattern.  

 

Figure 3.10: High-speed Schlieren images for iso-octane at various denoted chamber pressures 

(columns) and fuel and chamber temperatures (rows) at 500 µseconds after the start of injection for ECN 

Spray-G injector. 
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Figure 3.11: High-speed Schlieren images for propane at various denoted chamber pressures (columns) 

and fuel and chamber temperatures (rows) at 500 µseconds after the start of injection for ECN 

 

3.1.4.2. Delphi-5 hole 

Schlieren images of iso-octane sprays and propane sprays at various chamber pressures (columns) 

ranging from 0.5 bar to 10 bar absolute are shown in Figure 3.12 and Figure 3.13, respectively. The top row 

contains spray for 20C for fuel and chamber temperatures, the middle row for 60C for both, and the bottom 

row for 90C for both at an injection pressure of 170 bar. For iso-octane, in Figure 3.12, it observed that the 

spray collapse increases with temperature and chamber pressure. In contrast, for propane, observed in 

Figure 3.13, spray collapse due to flash boiling increases with temperature while increasing chamber 

pressure shifts the collapse to plume-to-plume interactions. 
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Figure 3.12: High-speed Schlieren images for iso-octane at various denoted chamber pressures 

(columns) and fuel/chamber temperatures (rows) at 600 µseconds after the start of injection for modified 

Delphi 5-hole injector. 

Spray collapse results from two phenomena: plume-to-plume interaction and flash boiling. The 

plume-to-plume interaction between individual jets can be seen as the combination of jets together, resulting 

in further penetration depths. In these interactions the transverse component of the jet is canceled with 

another jet leaving only the vertical component. The jets merge, resulting in greater momentum to penetrate 

deeper into the chamber. Another critical feature observed in the collapsed jet is the darker central core 

indicating higher density (more liquid) due to the shielding effect. The flash boiling collapse can be 

characterized by increased plume interaction and less defined plume boundaries. Similar to plume-to-plume 

collapse, flash boiling collapse also contributes to increase penetration depth and liquid depth.  
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Figure 3.13: High-speed Schlieren images for propane at various denoted chamber pressures (columns) 

and fuel and chamber temperatures (rows) at 600 µseconds after the start of injection for modified Delphi 

5-hole injector. 

Schlieren gives a good visualization of the global spray dynamics. Spray development of propane 

is sensitive to chamber pressures and fuel and chamber temperatures. The liquid-vapor boundary is unclear 

in Schlieren. Schlieren is a 2D projection of a 3D phenomenon that makes it difficult to parse out individual 

plume behavior to develop high-fidelity spray models. Hence, a sophisticated imaging technique like the 

plane Mie scattering imaging is needed to define the difference within these structures. 

The planar Mie scattering imaging setup was modified to capture images of liquid spray at smaller 

time increments of 33 µseconds for the entire injection duration (previously collected at only three time 

stamps). These recorded images correspond with the timestamps recorded in high-speed Schlieren imaging; 

hence good comparison in the vapor and liquid phase can be made when the images from both these imaging 
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techniques are overlapped. Mie data for the modified Delphi 5-hole injector was collected and is currently 

being processed in a more comprehensive manner.  

 

Figure 3.14: Planar Mie images for iso-octane at various denoted chamber pressures (columns) and fuel 

and chamber pressures at 600 µseconds after the start of injection for modified Delphi 5-hole injector 

 

Figure 3.15: Planar Mie images for propane at various denoted chamber pressures (columns) and fuel 

and chamber pressures at 600 µseconds after the start of injection for modified Delphi 5-hole injector 
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Mie images of iso-octane and propane sprays at various chamber pressures from 0.5 bar to 10 bar 

absolute are shown in Figure 3.14 and Figure 3.15, respectively. For iso-octane, observed in Figure 3.14, 

greater liquid concentrations are maintained throughout the spray duration for higher temperatures and 

pressures. Inversely, propane spray, shown in Figure 3.15, liquid concentrations permeated longer for 

higher temperatures and lower pressures.  

The increased duration of liquid present in the spray is associated with the dominating collapse 

phenomenon. For iso-octane, the plume-to-plume interaction at higher temperatures and pressures leads to 

larger concentration gradients in the center of the collapsed jets. Due to the geometry of the injector, three 

spaced holes and two clumped holes, there are two distinct regions of liquid that form. Propane behaves 

oppositely, as the flash boiling is present under different conditions. The shielding of the flash boiling at 

lower pressures and high temperatures protects liquid regions throughout the injection duration. A 

comparison for both schlieren and planar Mie images are presented in Figure 3.17 that highlights the spray 

collapse phenomenon. 

These recorded images correspond with the timestamps recorded in high-speed schlieren imaging; 

hence good comparison in the vapor and liquid phase can be made when the images from both these imaging 

techniques are overlapped. Due to the geometry of the 5-hole injector, three spaced holes and two clumped 

holes, there are two distinct regions of liquid that form. The propane behavior is opposite of iso-octane, as 

the flash boiling is present under different conditions. The shielding of the flash boiling at lower pressures 

and high temperatures protects liquid regions throughout the injection duration. 

 
Figure 3.16: Schlieren and Mie comparisons of propane for Delphi 5-hole injector. 
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3.2. Numerical Spray Simulation Results  

Within this section, the outcomes outlined are a joint contribution from Dr. Lorenzo Nocivelli and 

Dr. Katherine J Asztalos at Argonne National Lab. The aim is to elucidate the pragmatic application of 

experimental discoveries in validating and enhancing spray models. The presented results encompass 

iterative tuning strategies and a comparative analysis with experimental outcomes. The collaborative 

research at Argonne National Lab, closely conducted with the author, is further expounded in Windell et 

al. [100]. The first step of the simulation campaign is to simulate nozzle flow to provide quasi-steady mass 

flow rate values that are to be imported in the initialization of the Lagrangian spray. Previous results [109] 

for iso-octane operated at Pinj = 200 bar and Tfuel = 363 K are compared with the values obtained in the G3C 

and G3 conditions, to scale the injection rate of the spray. Figure 3.17 shows the comparison between the 

different quasi-steady mass flow rates, which result 12.0% and 13.4% lower than iso-octane, for propane 

at G3C and G3 conditions, respectively. Moreover, the results from the nozzle flow simulation are used to 

guide the selection of the propane spray plumes entering the chamber, in terms of plume angle, which 

results in significantly higher values than experienced by GDI spray. In presence of an under-expanded jet, 

the rigorous calculation of a spray cone-angle in the near nozzle region is not trivial. The selection of the 

input for the Lagrangian spray parcels is therefore based on a sensitivity study on cone angles ranging from 

the standard gasoline reported by Payri [96] to 40°, which can reproduce the sudden expansion of the jet, 

clearly shown by the mixture density profile in Figure 3.18. Due to the higher temperature of the fuel, G3 

conditions show a higher initial expansion, observed in Figure 3.18b, which is driven by the higher super- 

heat degree of the fuel entering the chamber. This information is kept consistent in the setup of the 

Lagrangian spray. 
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Figure 3.17: Comparison of the mass flow rate at quasi-steady needle lift operation for iso-octane at G3 

(black) injection conditions, G3C (blue), and G3C (red) for propane. 

 

Figure 3.18: Mixture density profiles at quasi-steady injection condition for the injection of propane at 

(a) G3C, and (b) G3 conditions. 
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3.2.1. Lagrangian Spray Simulation Results 

3.2.1.1. Spray G 

The Lagrangian spray simulations in this work present preliminary results from an effort to define 

a computational framework capable of reproducing the behavior of propane sprays for engine-like 

conditions. The focus of this simulation campaign is to capture fuel development in the HPSC, which will 

be validated against optimal experimental measurements. Three conditions have been simulated: (i) G3 

with iso-octane, (ii) G3C with propane, and (iii) G3 with propane. As stated in the section describing the 

numerical simulation processing methods, the results are qualitatively compared with experimental results 

from the HPSC obtained through Schlieren and Mie scattering imaging techniques. The numerical results 

are compared with the experimental data in terms of spray morphology and axial penetration. The setup for 

the injection of iso-octane at G3 conditions is based on the work by Nocivelli et al. [33] and re-processed 

to replicate Schlieren and Mie scattering images. The injection of propane at G3C and G3 conditions 

implement the same flow rate profile, which is scaled on the simulated mass flows obtained from the nozzle-

flow simulations as shown in Figure 3.17.  

Preliminary studies on the mesh resolution reported that a minimum cell size of 0.2 mm, obtained 

through adaptive mesh refinement, was able to generate results comparable to the experiments with CPU-

times compatible to engine simulations. The representation of the vaporization-driven collapse of the 

plumes is achieved by enlarging the initial cone angle (CA) of the blob injector to 40° and keeping the 

inclusion angle (IA) consistent with the nominal direction of the nozzles equal to 37°; with the cone angle 

controlling the angle of the spread of the injectant and the inclusion angle being defined as the deviation 

from the injector axis for a single nozzle. Both of these variables produce an effect on the axial penetration 

and the morphology of the spray, as well as potentially influencing the spray breakup and atomization for 

different conditions. 
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Figure 3.19: Projected density gradient of the gas phase from Lagrangian spray simulations (simulated 

Schlieren) of injection of propane at G3C conditions modeled for variations in cone angle CA (down) and 

inclusion angle IA (across). Final geometry modeling decisions made for G3C conditions shown in (f). 
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The simulation results for propane were found to be sensitive to both the IA and the nominal 

direction of the nozzles; to illustrate this sensitivity, spray morphology comparisons are shown for a range 

of CA, as well as IA, for both G3C and G3 conditions in Figure 3.19 and Figure 3.20, respectively. Numerical 

results are shown in Figure 3.19 - Figure 3.22 at 750 µs ASI, as this timestep corresponds to maximum 

axial penetration and is the time at which differences between setups are most apparent. Additional 

timesteps were also compared with experimental results, and each simulation was performed from 0 to 1200 

µs ASI. 

The results in Figure 3.19 and Figure 3.20 illustrate the influence of CA and IA on the spray 

morphology; namely, spray collapse is promoted as CA is increased. This can be seen clearly at the lower 

IA shown in Figure 3.19e and Figure 3.20e. Whereas the effect of a higher IA is seen as dissipation in the 

initial axial momentum component, thus reducing the maximum axial penetration, as observed in Figure 

3.19f and Figure 3.20f. The noticeable differences in spray morphology can be addressed by further 

examining the breakup model. Comparing the simulations results with experimental Schlieren vapor 

penetration lengths and widths, IA of 37° and CA of 40° were found to model the penetration profile 

accurately for injection of propane at both G3C and G3 conditions. The final geometry modeling decisions 

made for the blob injector at G3C and G3 conditions are shown in Figure 3.19f and Figure 3.20f, 

respectively. 
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Figure 3.20: Projected density gradient of the gas phase from Lagrangian spray simulations (simulated 

Schlieren) of injection of propane at G3 conditions modeled for variations in cone angle CA (down) and 

inclusion angle IA (across). Final geometry modeling decisions made for G3 conditions shown in (f). 
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Figure 3.21: (a) Experimental Schlieren image of propane at G3C; projected density gradient of the gas 

phase from Lagrangian spray simulations (simulated Schlieren) of injection of propane at G3C 

conditions modeled with Rayleigh-Taylor breakup time and model size constants corresponding to (b) 

non-extreme flashing conditions, and (c) extreme flashing conditions. Final modeling decisions made for 

G3C conditions shown in (b). 

 

 
Figure 3.22: a) Experimental Schlieren image of propane at G3; projected density gradient of the gas 

phase from Lagrangian spray simulations (simulated Schlieren) of injection of propane at G3 conditions 

modeled with Rayleigh-Taylor breakup time and model size constants corresponding to (b) non-extreme 

flashing conditions, and (c) extreme flashing conditions. Final modeling decisions made for G3 

conditions shown in (c). 
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Improvements can be made in capturing the spray morphology by considering the KH model 

breakup time and model size constant for the Rayleigh-Taylor (RT) model [114]. Extreme flashing 

conditions are simulated by decreasing the model breakup time constant from 1.0 (corresponding to non-

extreme flashing conditions) to 0.1, and by decreasing the model size constant from 0.6 (corresponding to 

non-extreme flashing conditions) to 0.25. In particular, two conditions were simulated: (i) parameters 

corresponding to conditions without extreme flashing, and (ii) with extreme flashing. Results for propane 

injection at G3C conditions can be seen in Figure 3.21, with results for propane injection at G3 conditions 

shown in Figure 3.22. It was observed that at G3 conditions, accounting for extreme flashing improved the 

spray morphology in terms of comparison with experimental results seen in Figure 3.22a. It was found that 

at G3C conditions, improvement in terms of comparable morphology of the Lagrangian spray with 

experimental results was achieved for parameters corresponding to non-extreme flashing conditions, most 

notably in the spray collapse and in the maximum spray penetration. For the different conditions simulated, 

the chosen setup is given by Figure 3.21b for G3C, and Figure 3.22c for G3. The differences in modeling 

parameters are due to the different spray morphologies observed for the two conditions simulated. The 

model breakup effect is quite strong for higher temperatures; for G3 conditions it is necessary to account 

for rapid vaporization of small droplets, and modeling parameters corresponding to extreme flashing, to 

capture these effects. For lower temperature conditions, i.e., G3C, the vaporization rate is lower and does 

not drive morphology as severely, and the model breakup effect is less dominant.  

The projected gradient of the gaseous phase density in the Eulerian domain, which includes both 

fuel vapor and ambient N2, is reported in Figure 3.23 for the three different conditions at 200 µs ASI, 500 

µs ASI and 750 µs ASI.  The results highlight that the Lagrangian simulation can capture the fuel effect for 

the tested conditions. Propane shows strong plume-to-plume interaction and complete collapse of the spray 

around the injector axis for both G3C and G3. The higher penetration measured in G3 conditions is 

reproduced by the simulations. This behavior is directly correlated to the temperature of the fuel and its 

consequent vaporization propensity. When injected at ambient temperature – both for fuel and ambient, at 

G3C conditions – the vaporization rate of the fuel decreases due to the lower vapor pressure and the reduced 
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thermal energy available in the chamber. The collapse is less abrupt, and the axial velocity of the resulting 

vapor jet is lower, generating a wider and shorter spray evolution.  

 

Figure 3.23: Projected density gradient of the gas phase from Lagrangian spray simulations (simulated 

Schlieren) of injection of (a) iso-octane at G3, (b) propane at G3C, and (c) propane at G3 condition at 

denoted timestamps. 
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Quantitatively, the results capture the fuel effect, but the vapor penetration shown in Figure 3.24, 

calculated from the maximum axial distance from the injector location where the normalized gradient is 

higher 0.02 with binarized images, is under predicted for propane injection at G3C and G3 conditions 

(Figure 3.24b). This discrepancy is ascribed to the lack of a dedicated flash-boiling model for the parcels 

and to the simplified injector model used for the propane injection. The blob injector model in fact assumes 

only liquid injection, with droplet sizes defined as a function of the nozzle diameter and of a discharge 

coefficient. These assumptions are not valid for an extremely volatile fuel like liquid propane at the tested 

conditions.  

This lack of accuracy in the simulation is visible in the comparison with the Mie scattering results 

which highlight that the phase-change trend is not consistent with the experiments as shown in Figure 3.25. 

It is possible to notice that at a low-vaporization condition – iso-octane at G3 conditions – the penetration 

of the liquid parcels is strongly correlated with the density gradients in the gas phase reported in Figure 

3.23. For propane, and especially for the most superheated conditions – G3 – the vaporization is almost 

instantaneous and differs from the collapse spray core seen experimentally. These results underline the lack 

of accuracy of the Lagrangian spray models in representing extremely vaporizing sprays.  

The current work represents a first assessment of the capability of the commonly available models 

for engine-spray simulations and highlight the fact that, despite the reasonable agreement obtained in the 

fuel vapor morphology, the representation of the liquid phase lacks accuracy. The addition of the flash-

boiling vaporization terms on the phase-change modeling further reduces the liquid penetration without 

improving the representation of the vapor dynamics. For propane, both G3C and G3 conditions, are extreme 

flashing conditions: the super heat degree, defined in Equation (1.2), is respectively 0.12 and 0.03, and the 

empirical correlation tends to over-estimate the phase-change. 
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Figure 3.24: Comparison between the experimental results of maximum axial vapor penetration of the 

spray from high-speed Schlieren imaging and computational results from projected density gradient of 

gas phase from Lagrangian spray simulations (simulated Schlieren) of (a) iso-octane at G3, and (b) 

propane at G3C and G3 conditions. Error bars are included at suitable timestamps in the experimental 

measurements for improved legibility and comparison. The error ratios are same as observed in 

corresponding single phase experimental results. 
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Figure 3.25: Projected density gradient over the line-of-sight of the liquid phase from Lagrangian spray 

simulations for the volume of the laser sheet (simulated planar Mie) of injection of (a) iso-octane at G3, 

(b) propane at G3C, and (c) propane at G3 conditions at denoted timestamps. 
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3.2.1.2. Delphi 5 hole 

A two-tier approach based on three-dimensional (3-D) computational fluid dynamic (CFD) 

simulation has been defined to design a numerical model for LPG injection for engine-like domain and 

conditions using the commercial CFD software CONVERGE (v3.0). First, high-fidelity simulations of the 

injector nozzle-flow are carried out to determine the spray characteristics entering the chamber. Then, the 

obtained thermo-kinematic properties – e.g., jet momentum and angle – of the spray is introduced into the 

Lagrangian-Eulerian framework, which is a well-established approach for automotive sprays. The 

simulation effort focused on two GDI multi-hole injectors, the research-grade 8-hole Spray-G from the 

Engine Combustion Network (ECN) and the optimized 5-hole injector developed within this project, 

manufactured by C Zero. For further details regarding the computational setup, see Windell et al. [100]. 

An extensive simulation campaign has been generated to match the injection condition measured 

experimentally in the HPSC. The operating conditions considered for comparison to experimental results 

are shown in Table SprayCFD-1.  

Table 3.1: Operating conditions of the simulation campaign for the 8-hole SprayG and 5-hole optimized 

injector. 

 

Note that for the 8-hole Spray-G injector, the injection pressure was Pinj = 200 bar, and for the 

optimized 5-hole injector the injection pressure was Pinj = 170 bar. The high-fidelity nozzle flow simulations 

captured the response of vaporizing LPG spray to the ambient conditions (e.g. Pamb, Tamb and super-heat 

degree) and its behavior has been translated to the Lagrangian injection model. 

Operating 

condition 
#1 #2 #3 #4 

𝑻𝑰𝒏𝒋 (𝑲) 293 363 293 363 𝑷𝒂𝒎𝒃 (𝒃𝒂𝒓) 0.5 0.5 6.852 6.852 𝑻𝒂𝒎𝒃 (𝑲) 293 363 293 363 

SH degree 0.06 0.01 0.89 0.20 
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In absence of accurate and reliable flash-boiling vaporization models for Lagrangian sprays, the 

enhanced atomization and vaporization are obtained by modifying the aerodynamic breakup constants to 

replicate the phenomena measured experimentally in the high-pressure spray-chamber (HPSC). The 

simulation has been compared to the HPSC measurements in terms of liquid and vapor morphology through 

consistent replication of schlieren and Mie-Scattering data, obtaining reasonable agreement across a wide 

range of operating conditions. Full collapse of the plumes is obtained for flashing sprays and a more 

conventional spray behavior is report when Pamb is higher.  The influence of the injector geometry is 

captured in the injection dynamics and Lagrangian spray models for the CFD software CONVERGE-3.0 

[108] have been generated to be incorporated in engine simulations. 

In the software CONVERGE v3.0 [108], the Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT) 

model are utilized for shear flow breakup. The KH instability in fluid dynamics is important for shear flows 

in which there is a velocity difference that occurs across the interface of two liquids, and the model is 

implemented in CONVERGE to simulate liquid jet breakup. The RT instability is an instability related the 

interface between two fluids of different densities and is relevant for droplet breakup behavior. The 

combined KH-RT breakup model utilizes these two liquid and gas instability mechanisms to simulate liquid 

jet breakup, and the model assumes that only KH instabilities are responsible for droplet breakup within a 

characteristic breakup length Lb, and that both KH & RT mechanisms contribute to droplet breakup beyond 

Lb. Figure 3.26 shows a diagram illustrating the characteristic breakup length and models controlling the 

droplet breakup. 
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Figure 3.26: Illustration [108] showing the characteristic breakup length and regime in which different 

instability models control droplet breakup. 

The important parameters are therefore the characteristic breakup length Lb, in which only KH 

instabilities are responsible for droplet breakup Lb as given in Equation (3.1) and the KH breakup length 

LKH as expressed in Equation (3.2) 

 𝐿𝑏 =  𝐶𝑏𝑙 √𝜌𝑙𝜌𝑔 𝑑0  (3.1) 

 𝐿𝐾𝐻 =  𝐵1 √𝜌𝑙𝜌𝑔 𝑟0  (3.2) 

 

 

By controlling the aerodynamic breakup models, the simulations are able to capture the behavior 

of the vapor phase and the overall morphology of the spray, reproducing the sudden plume-plume collapse 

driven by flash-boiling. The detailed analysis of the breakup dynamics and near-spray vapor diffusion 

performed improved the characterization of the liquid phase, and the limitations on the RT breakup which 

strongly drives atomization imposed by a breakup length found that the KH-RT instability-driven model 
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better represents the spray behavior. An optimal setup was determined based on relevant operating 

conditions to improve the characterization of the evolution of the liquid phase. The model parameters were 

chosen based on the superheat degree, computed as provided in Equation (1.2) so as to capture the strong 

spray collapse trends observed for propane which dependence on fuel temperature Tinj. For cases in which 

the superheat degree was high (as for operating conditions #1 & #2), parameters chosen for the RT breakup 

model time constant and model size constant corresponded to a “extreme flashing” scenario. For cases in 

which the superheat degree was low (as for operating conditions #3 & #4), parameters chosen for the model 

corresponded to a “moderate” flashing scenario. The time and model size constant parameters for the RT 

model utilized in the CFD simulation campaign are shown in Table 3.2. 

Table 3.2: RT breakup model parameters for the Lagrangian spray simulations developed for propane. 

 

A sensitivity study on the aerodynamic breakup model parameters involving the breakup time 

constant B1 and the RT breakup length constant Cbl was performed. In general, the KH breakup time 

constant and RT breakup length constant need to be tuned together for accurate prediction of vaporizing 

sprays, such that 𝐶𝑏𝑙 = 𝐵12 . Results found that by tuning the KH breakup time constant B1 and RT breakup 

length constant Cbl together, an accurate prediction of vaporizing sprays can be achieved through control 

of the flash-boiling effects. The specific model constants correspond to appropriate settings based on 

operating condition, mainly driven by ambient pressure and fuel temperature, where lower ambient pressure 

with higher fuel temperature experiences stronger flash-boiling phenomena.  

RT Breakup Model Time Constant Model Size Constant 

Non-extreme flashing 1.0 0.6 

Extreme flashing 0.1 0.25 
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Figure 3.27: Results for the optimized 5-hole injector shown for “flashing” conditions (corresponding to 

operating conditions #1) for (top) CFD and (bottom) experiments. 

 

 
Figure 3.28: Results for the optimized 5-hole injector shown for “sub-cooled” conditions (corresponding 

to operating conditions #3) for (top) CFD and (bottom) experiments. 
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By focusing on an extreme condition in which the influence of the vaporization propensity is 

reflected in the high temperature of the fuel, the KH-RT model breakup setup from the Spray-G setup was 

implemented, with the model constants breakup time constant B1 and the RT breakup length constant Cbl 

determined by operating conditions. It was found that the KH-RT model breakup parameters B1 and Cbl 

only needed to be controlled for the simulations with a in which flash boiling dominates, thus utilizing the 

“extreme flashing” model parameters. The KH breakup time constant B1 = 1 and RT model breakup length 

constant Cbl = 0.5 was found to work well in reproducing the flash-boiling driven atomization for the 

operating conditions tested here. Figure 3.27 shows the Mie and Schlieren comparison between CFD and 

experimental results for the flashing case (operating condition #1) and the optimized 5-hole injector, and 

Figure 3.28 shows the results for the sub-cooled case (operating condition #3). It can be seen that the CFD 

results are able to predict the spray morphology well as shown by a comparison in Schlieren imaging, as 

well as the liquid phase results, particularly in controlling the aggressive vaporization that dominates for 

extreme flashing conditions. 
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CHAPTER 4 - CONCLUSIONS AND FUTURE WORK 

4.1. Conclusions 

In this study, iso-octane and propane, serving as surrogates for gasoline and LPG, were 

experimentally tested and computationally simulated for direct injections at a wide range of conditions 

corresponding to early injection, and part load, throttled conditions as seen in a direct injected spark ignited 

engine. These engine-like conditions were reproduced by controlling fuel and ambient temperatures and 

pressures, and the governing mechanisms of liquid and vaporous fuel sprays were examined in a quasi-

quiescent, optically capable, HPSC. The results from the experimental spray diagnostics fed the numerical 

simulations for its model validation, selection, and tuning.  

Optical imaging techniques revealed that iso-octane was minimally affected by temperature and 

pressure and exhibited a conventional spray pattern specifically, wider spray angles and explicit plume-to-

plume distinctions. Iso-octane’s penetration lengths were inversely proportional to both pressure and 

temperature, and a similar trend on pressure dependence was observed for propane. Propane at colder 

conditions had wider spray angles, minimal collapse, and some plume-to-plume distinction, whereas these 

features were completely absent at hotter conditions, signifying the strong dependence of temperature or 

super-heat degree of propane on spray formation. Propane’s spray propagation was fed by its flash boiling, 

spray collapse, and high degree of vaporization, resulting in a direct proportionality of propane’s 

penetration length to temperature. These unique features of propane and its variation from iso-octane’s 

spray pattern, contribute to its classification as an unconventional spray. 

Best practices from standard gasoline direct injection models were imported in the framework and 

modified to capture the strongly collapsing propane spray dynamics. The simulations were based on a 

Lagrangian spray framework, and the characteristics of the injected droplets were modified according to 

higher-resolution multi-phase nozzle flow results. The simulation results were found to be sensitive to cone 

and inclusion angles of the blob injector, hence, the spray morphologies were mapped for various CA and 

IA, and the final selection was made by comparison with the experimental results. The current work 
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represents a first assessment of the capability of the commonly available models for engine-spray 

simulations and highlight the fact that, despite the reasonable agreement obtained in the fuel vapor 

morphology, the representation of the liquid phase lacks accuracy. The addition of the flash-boiling 

vaporization terms on the phase-change modeling further reduces the liquid penetration without improving 

the representation of the vapor dynamics. For propane, both G3C and G3 conditions, are extreme flashing 

conditions: the super heat degree, defined in Equation (1.2), is respectively 0.12 and 0.03, and the empirical 

correlation tends to over-estimate the phase-change.     

4.2. Future Work 

To enhance the distinction between vapor and liquid regions of propane, the current planar Mie 

scattering imaging will be coupled with planar laser induced fluorescence, carried out using acetone as a 

tracer, to increase resolution and obtain further insight into the mixing processes of propane. Higher ambient 

pressure conditions will also be incorporated into the data set, to explore the high load, homogonous charge, 

early injection and part load/idle, stratified charge, late injection conditions observed in DISI engines, for 

various commercially available GDI injectors, with and without modified nozzle geometries.  

The simulation framework is currently being extended introducing more information from high-

resolution nozzle flow simulations, such as vapor formation in the nozzle, estimation of the initial droplet 

size distribution, and detailed multi-phase flow momentum initialization. Ultimately the one-way coupling 

approach [115] will be implemented. Moreover, since flash-boiling dominates the dynamics of the spray, 

in terms of atomization and phase-change, detailed modeling of the phase-change will be addressed to 

predict the LPG and liquid propane injection. Finally, processing of the CFD results will be improved 

including the fuel dependency on the scattered light and possible dense fuel vapor effects to allow for more 

meaningful comparison to experimental data.  The efforts from the experimental and numerical spray 

campaign for LPG, will aid to identify an optimal DI nozzle geometry for homogonous and stratified charge 

mixture, and to find the ideal coupling between the in-cylinder motion, and timed injections events, using 

robust spray models to serve the overarching goal of achieving near diesel engine efficiency for a Cummins 

X-15 heavy-duty diesel engine using LPG.  
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