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Abstract 

As modern gasoline direct injection (GDI) engines utilize sophisticated injection strategies, a detailed understanding 

of the air-fuel mixing process is crucial to further improvements in engine emission and fuel economy. In this study, 

a comprehensive evaluation of the spray process of single-component iso-octane (IC8) and multi-component gasoline 

surrogate E00 (36% n-pentane, 46% iso-octane, and 18% n-undecane, by volume) fuels was conducted using an 

Engine Combustion Network (ECN) Spray G injector. High-speed extinction, schlieren, and microscopy imaging 

campaigns were carried out under engine-like ambient conditions in a spray vessel. Experimental results including 

liquid/vapor penetration, local liquid volume fraction, droplet size, and projected liquid film on the nozzle tip were 

compared under ECN G1 (573 K, 3.5 kg/m3), G2 (333 K, 0.5 kg/ m3), and G3 (333 K, 1.01 kg/ m3) conditions. In 

addition to the experiments, preferential evaporation process of the E00 fuel was elucidated by Large-Eddy 

Simulations (LES). The three-dimensional liquid volume fraction measurement enabled by the computed tomographic 

reconstruction showed substantial plume collapse for E00 under the G2 and G3 conditions having wider plume growth 

and plume-to-plume interaction due to the fuel high vapor pressure. The CFD simulation of E00 showed an 

inhomogeneity in the way fuel components vaporized, with more volatile components carried downstream in the spray 

after the end of injection. The high vapor pressure of E00 also results in ~4 μm smaller average droplet diameter than 

IC8, reflecting a higher rate of initial vaporization even though the final boiling point temperature is higher. Consistent 

with high vapor pressure, E00 had a wider plume cone angle and enhanced interaction with the wall to cover the entire 

surface of the nozzle tip in a film. However, the liquid fuel underwent faster evaporation, so the final projected tip 

wetting area was smaller than the IC8 under the flash-boiling condition.  
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Abbreviations 

BEV Battery electric vehicle LED Light emitting diodes 

CFD Computational fluid dynamics  LES Large eddy simulation 

CT Computed tomography  LTGC Low-temperature gasoline combustion  

E00 36% n-pentane, 46% iso-octane, and 

18% n-undecane (volume %) 

LVF Liquid volume fraction  

E30 Gasoline 70%, ethanol 30% Nox Nitrogen oxides 

ECN Engine combustion network PDI Phase Doppler interferometry  

EOI End of injection PLV Projected liquid volume  

GDI Gasoline direct injection PM Particulate matter 

HEV Hybrid electric vehicle SOI Start of injection 

IC8 Iso-octane SPCCI Spark-controlled compression ignition  

 

Nomenclature 

𝐶𝑒𝑥𝑡  Extinction coefficient [mm2] m Mass of species in a cell [kg] 

𝑑 Droplet diameter [mm] 𝑃 Pressure [Pa] 

𝐹 𝐴⁄  Fuel to air ratio [a.u.] 𝜏 Optical thickness [a.u.] 

𝐼 Image frame with spray [a.u.] 𝑥 Mole fraction [a.u.] 

𝐼𝑜  Averaged background image [a.u.]   

1. Introduction 

Battery electric vehicles (BEVs) and hybrid electric vehicles (HEVs) that have electric motor systems equipped with 

internal combustion engines powered by sustainable fuels are at the forefront of technologies to reduce greenhouse 

gas emissions. Both technologies have challenges to overcome. For BEVs, challenges include the high electricity 

demand, high battery cost, long battery charging time, limited range, and pollutant (and CO2) emissions from battery 

production [1][2][3]. HEVs have a much smaller battery pack than BEVs but face challenges with exhaust emissions 

and the cost of the engine and aftertreatment system. Nevertheless, particularly HEVs using sustainable fuels, offer 

much higher efficiency and lower CO2 emissions than traditional vehicles, providing motivation for application today 

and in the near future [4][5]. Operating modes that produce low particulate matter (PM) and nitrogen oxides (NOx) 

emissions while maintaining high thermal efficiency are being addressed [6][7].  
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Gasoline engines underwent significant evolution in the last decades to meet stringent emission and fuel efficiency 

regulations [8]. Through the evolution of gasoline engines, direct injection technology became a standard application 

owing to its many attractive features. Gasoline direct injection (GDI) engines inject fuel directly into the combustion 

chamber, thus enabling more delicate controls of injection, for instance, multiple injection and high-pressure injection, 

which are not limited in intake valve timing and manifold geometry. From a thermodynamic point of view, the direct 

injection can mitigate the knocking tendency thanks to evaporation cooling that lowers the combustion temperature 

[9][10]. Furthermore, flame propagation can be facilitated in high turbulence ambient created by fuel injection, swirl, 

and tumble motion [11][12]. In addition, modern GDI engines are taking advantage of other advanced engine 

technologies such as exhaust gas recirculation, low-temperature combustion, and intake boosting. As next-generation 

GDI engines, low-temperature gasoline combustion (LTGC) and spark-controlled compression ignition (SPCCI) have 

been considered [13][14]. These approaches realize “hybrid” type combustion between spark-ignition and 

compression-ignition. They utilize multiple injection strategies to create a homogeneous air-fuel mixture by early 

injection and stratified charge near the spark plug by late injection. The ignition is initiated using spark discharge, 

however, the flame propagation occurs spontaneously, similar to the compression-ignition engine enabled by a high 

compression ratio. For such technologies to succeed, spray control during all stages of the operating cycle is of utmost 

importance. With an inappropriate setting in injection strategy, deteriorations in fuel consumption and pollutant 

emissions are inevitable thus, the understanding of the spray process and air-fuel mixture formation is essential to 

ensure optimal engine performance [15]. 

Since spray characteristics play an important role in GDI engines, various progresses in non-invasive optical 

diagnostics have been made to describe transient plume dynamics in gasoline sprays. Utilizing extinction imaging, 

Sphicas et al., measured the plume direction angle by tracking the maximum extinction point in the spray [16]. They 

calculated the plume direction angle relative to the injector axis by connecting the maximum extinction point in the 

spray plume to the nozzle exit. Detection of general spray collapse was possible using this approach. Meanwhile, as a 

non-imaging optical diagnostic, Phase Doppler Interferometry (PDI) which offers local droplet size and velocity has 

been applied to understand plume direction [17]. In this study, a 2D map of droplet velocity could be measured by 

translating probe volume into the spray plane. In the velocity map, a plume center was defined as a point that has the 

maximum droplet velocity. The comparison of plume direction angle derived from extinction imaging and PDI showed 

good agreement in plume direction and plume-collapse characteristics under Engine Combustion Network (ECN) 
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Spray G conditions. Apart from the endeavors to acquire plume direction from 2D data, several attempts using 3D 

spray measurement have been made. A commercial optical extinction computed tomography (CT) system was used 

to achieve a spray pattern. Parrish et al., investigated plume dynamics using an optical patternator (En’Urga Inc, 

SETscan AP400) under engine-like ambient conditions [18]. They conducted line-of-sight measurements in eight 

views by rotating the injection in 22.5° increments up to 180°. This technique successfully identified plume position 

and growth under various ambient conditions. However, it suffered from a low temporal resolution of 1 kHz, which 

is insufficient to capture instantaneous plume movement during spray development. Meanwhile, x-ray extinction 

radiography and computed tomography were also applied for quantitative plume measurement [17]. Using x-ray 

wavelengths, the technique has negligible scattering from droplet interfaces and does not suffer from high-density 

concerns in the near-nozzle region. For this reason, the plume direction at a plane close to the nozzle tip (2mm 

downstream) could be measured [17][19]. X-ray diagnostics also enabled detailed quantification, including needle 

motion and hole-to-hole variation in injection mass. However, the data was restricted to a non-heated ambient 

condition and a limited number of measurement planes.  

To further understand spray dynamics under a broad range of conditions and fuels, a novel approach using 3D CT of 

high-speed extinction images has been developed [20]. This approach utilizes a visible light source to acquire projected 

liquid volume (PLV) measurements in multiple viewing angles, to acquire 3D information on liquid volume fraction 

(LVF). The newly developed diagnostic method has many advantages in measurement cost, time, and spatio-temporal 

resolution. It can provide not only detailed plume dynamics but also quantitative local LVF validation data in the 

entire spray domain. Due to its axisymmetric layout, this approach showed capability in plume direction and LVF 

measurement at 67.2 kHz with only three viewing angles for the ECN Spray G injector [20]. While the weaknesses of 

this approach were pointed out as sparse resolution in the near-nozzle region, uncertainty where there is high optical 

thickness and multiple scattering, and single droplet assumption in PLV measurement, however, it is considered as a 

complementary diagnostic made more valuable by pairing with x-ray measurements that do not suffer from these 

limitations, while also providing measurement capability at positions and conditions not yet possible using x-ray 

capability.   

Taking advantage of the advancement in the diagnostic approach described above, the primary objective of this study 

is to investigate the comprehensive spray process of gasoline surrogate fuels under various ECN Spray G conditions. 
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Various measurement approaches, including line-of-sight PLV measurement, 3D CT, schlieren, and microscopic 

imaging were performed in a constant pressure and flow spray vessel using iso-octane and a gasoline surrogate fuel 

named E00. The analysis of the high-speed imaging results is focused not only on the macroscopic spray 

characterization but also on microscopic features including droplet sizing and liquid film formation on the injector tip. 

Along with the experimental campaigns, LES was attempted to understand current modeling capabilities and to predict 

preferential evaporation of light and heavy components of E00 fuel under high-temperature/pressure conditions. The 

detailed measurements of spray characteristics using a simple three-component surrogate fuel in this study are also 

believed to provide a valuable resource for the quantitative validation of CFD simulations.  

2. Test procedure and condition 

2.1. Injector and fuels 

An ECN Spray G injector (AV67-028) was utilized for the spray evaluation. This injector is a solenoid-type GDI 

injector with eight axisymmetric nozzles. The details of the device are presented in Fig. 1 [21]. Each nozzle was 

designed to have a counterbore shape, which has an inner orifice diameter of 165µm and a stepped diameter of 388µm 

but variances in the actual from design have been directly measured [17]. The nozzles were drilled with an angle of 

37° from the center axis of the nozzle tip. Consistency of the fuel injection profile related to previous studies was kept 

using a standard ECN Spray G injector driver. An external triggering system generated the electronic command, and 

the signal was delivered to the injector driver.  

Two test fuels, single-component iso-octane, and E00 (three-component gasoline surrogate fuel, 36% n-pentane, 46% 

iso-octane, and 18% n-undecane, by volume) were tested. Commercial gasoline fuel consists of hundreds of species 

so it is challenging to perform CFD simulations with the actual fuel thus a simple surrogate, E00 with similar 

distillation characteristics to gasoline was designed [22]. The main fuel properties of each fuel component are tabulated 

in Table 1. The vapor pressure and distillation characteristics of iso-octane and E00 are presented in Fig. 2, while the 

experimental conditions are denoted with symbols in Fig. 2b. The vapor pressure of E00 was calculated based on 

Raoult's law that states the vapor pressure of a multi-component mixture is a sum of the partial vapor pressure of each 

component as shown in the following equation for E00. 

𝑃𝐸00 = 𝑃𝑛𝑐5𝑥𝑛𝑐5 + 𝑃𝑖𝑐8𝑥𝑖𝑐8 + 𝑃𝑛𝑐11𝑥𝑛𝑐11     (𝑒𝑞 − 1) 



 
 

6 
 

where 𝑃𝑛𝑐5 is the vapor pressure of n-pentane, 𝑥𝑛𝑐5 is the mole fraction of n-pentane, 𝑃𝑖𝑐8 is the vapor pressure of iso-

octane, 𝑥𝑖𝑐8 is the mole fraction of iso-octane, 𝑃𝑛𝑐11 is the vapor pressure of n-undecane, and 𝑥𝑛𝑐11 is the mole fraction 

of n-undecane. It is shown less volatile than E30 fuel since it contains heavy species of n-undecane of 18%. As the 

E00 represents distillation characteristics of gasoline fuel, it has been selected as a target fuel for the ECN community 

[23]. 

2.2. Experimental setup 

2.1.1. Constant-pressure, flow vessel system 

Spray experiments were conducted in a constant-pressure flow vessel under well-controlled boundary conditions. The 

vessel has four ports, consisting of one injector port and three orthogonal ports used for optical access or 

instrumentation. Two parallel windows were utilized for high-speed extinction (liquid), long-distance microscopy, 

and schlieren (vapor) imaging. The port opposite the injector was used for gas temperature measurement using a rake 

with multiple retractable thermocouples. Quartz windows with a diameter of 130mm are installed in the side ports to 

visualize the spray region inside the vessel. The vessel is designed to withstand maximum pressure and temperature 

of 150 bar and 900℃, respectively. The test fuels are injected into the large vessel, held at constant pressure by 

electronic regulators and restrictive exhaust valves, but with a continuous nitrogen flow at a velocity of ~0.1 m/s. The 

flow enters the main spray region from the intake port at the bottom of the vessel at rates measured by flow meters 

upstream of the vessel and in the exhaust line. After the fuel injection, the mixture of air and fuel is scavenged through 

the exhaust port at the top of the vessel. The ambient temperature is controlled by electric heater coils installed at the 

bottom of the vessel. The internal heaters and an optical section are designed to be thermally isolated from the outer 

pressure vessel.  

The local temperature in the vessel was measured by sweeping the space with 34 thermocouples covering the entire 

spray region to evaluate the temperature distribution of gases that will mix with the spray. The thermocouples are K-

Type with exposed junction and small, 0.25-mm diameter wires protruding 10 mm from the sheath to minimize 

conduction errors. The measured temperature distribution under test conditions (see Table 2) is presented in Fig. 3. 

The target temperature of 60℃ under flash-boiling and early injection conditions was relatively well maintained. It 

shows a slightly higher temperature near the injector (0,0) since the injector adaptor was kept at 90℃.  

Some thermal stratification was inevitable at the high ambient pressure and temperature G1 condition despite diffusers 



 
 

7 
 

placed above the heater. The hottest temperature region is at the center of the vessel, but plumes at the G1 condition 

maintain a plume direction closer to the drill angle (Fig. 1) where mixing occurs with gases that are 20-30℃ cooler, 

or near the target temperature of 300℃. Nevertheless, temperature stratification near the injector (controlled to 90℃) 

or towards the cooled vessel walls creates variances from the target gas temperature. In addition to the retractable 

thermocouples within the spray region, static thermocouples below (quantity 8) and above (quantity 8) the spray region 

are recorded during all spray tests. A calibration was developed between these static thermocouples and the average 

spray-region temperature, which was then used to set the operating condition. All relevant ambient conditions 

including temperature and vessel pressure were digitally recorded. The measured gas temperature distribution within 

the spray region is available to download [24] and used for boundary condition setup for CFD simulations.  

2.2.2. Extinction imaging 

The liquid spray was identified by the diffused back illumination extinction imaging technique shown in Fig. 4(a). A 

high-speed green light-emitting diode (LED), Fresnel lens (150mm, f=150mm), engineered diffuser (20°), and 

bandpass filter (center wavelength: 527nm, bandwidth: 20nm, full width-half max: 22nm) were utilized. A high-speed 

digital video camera (Photron, SA-Z) equipped with a prime lens (Nikkor, 50mm f/1.8) was used to capture images 

of spray development in the vessel. The green LED was operated with a 24ns command signal (~220ns LED flash 

time measured by photodiode) duration to freeze the spray in the visualized frame. The imaging was performed at a 

shutter speed of 67,200 frames per second (fps) with an image resolution of 512 by 512, corresponding to 0.191 

mm/pixel. The aperture of the lens and exposure time of the high-speed camera was set to 1.8 and 13.27μs, 

respectively. The engineered diffuser supplied a homogeneous light field and suppressed beam steering by evaporation 

or temperature field in the vessel [25]. This imaging technique is designed to collect extinction only by the fuel in its 

liquid phase, yet not from the respective vapor. Normalized by incident light intensity (and other optical parameters), 

the side-view extinction imaging can become quantitative for projected liquid volume (PLV). Further detailed steps 

to convert the extinction image to PLV are described in Section 2.3.1.  

2.2.3. Schlieren imaging 

Schlieren imaging inherently illustrates density gradients in transparent media and is a well-established method for 

characterizing temperature or composition boundaries resulting from two-phase evaporating mixtures. The vapor 

characterization in this study was carried out using a z-type schlieren configuration to capture the extent of fuel vapor 
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penetration along a line of sight as shown in Fig. 4(b). An identical high-speed camera as that for extinction imaging 

was used but equipped with a prime lens (Nikkor, 85mm f/1.4). An effective point source was created using light from 

a red LED (500ns duration LED flash time) collected by a lens (Nikkor, 50mm f/1.8) and then focused through an 

aperture (0.6mm diameter). The expanding light was collimated by a concave mirror (GSO, 152mm f/6.0) and the 

parallel light rays passed through the spray region. The parallel light after the spray was then collected by an identical 

concave mirror, with a knife-edge (~50% cut-off) located at the focal point to enhance sensitivity. The imaging was 

performed at a shutter speed of 67,200 fps with an image resolution of 512 by 512 pixels leading to a resolution of 

0.213 mm/pixel. The aperture of the lens and exposure time of the high-speed camera was set to 1.4 and 13.27μs, 

respectively. Further post-processing steps to convert instantaneous schlieren image to vapor intermittency are 

described in Section 2.3.3. 

2.2.4. Long-distance microscopic imaging 

Optical microscopy was conducted to identify subtle features of the fuel sprays in the near field of the fuel injector. 

An identical high-speed camera was utilized with a long-distance microscopic lens (Infinity DistaMax – K2 lens). The 

resolution of the camera was set to 1,024 by 1,024 pixels, resulting in a pixel scale of 3.83 μm/pixel. The corresponding 

frame rate of the camera at this resolution was 20,000 fps. The same components of LED and band-pass filter for 

extinction imaging also used for microscopy. At each injection cycle, 400 frames (~20ms) were recorded, to obtain 

information on droplet sizes and liquid film thickness after injection (0.8 ms event) terminated. A total of 100 

injections were recorded, to collect reliable statistics and derive averaged values, standard deviation, and droplet-size 

distributions.  

2.3. Image processing methodology 

2.3.1. Projected liquid volume (PLV)  

Projected liquid volume (PLV) derived from visible-wavelength extinction imaging is used to quantify liquid 

penetration and overall liquid distribution in the sprays. While imaging of Mie-scattered light from a side view is often 

performed, it is challenging to quantify the liquid phase because of arbitrary lighting and thresholding procedures that 

yield high uncertainty [26]. In addition, Mie-scatter imaging is difficult to standardize between research institutions 

even if the spray test was performed under identical target conditions. Instead, extinction imaging has been selected 



 
 

9 
 

as the standard by the ECN community, for both experimental and CFD results [20][27]. Therefore, extinction imaging 

was employed as a primary optical diagnostic in this study, where an engineered diffuser was applied to avoid vapor-

phase beam steering [25]. As the first step to acquiring PLV, the spray region's optical thickness can be calculated 

based on Beer-Lambert law as equation (eq-2). 

𝜏 = − ln(𝐼 𝐼𝑜⁄ )     (𝑒𝑞 − 2) 

where 𝐼 is the transmitted light intensity with extinction (from droplets) and 𝐼𝑜 is the incident light intensity without 

extinction.   

The measured optical thickness 𝜏 may be related to the PLV, which is the integral of liquid volume fraction (LVF) 

along the cross-stream direction y, as 

PLV =  𝜏
𝜋 𝑑3 6⁄

𝐶𝑒𝑥𝑡

= ∫ (LVF) ∙ 𝑑𝑦
𝑦∞

−𝑦∞

     (𝑒𝑞 − 3) 

Mie-scattering and extinction theory is applied in eq-3, along with the simplifying assumption that droplet diameter 𝑑 

and extinction coefficient 𝐶𝑒𝑥𝑡  do not vary along the line of sight. The PLV has units of liquid volume per projected 

area, or mm3(liquid)/mm2, and may be easily calculated from CFD simulations for comparison to the experiment. The 

process of acquiring instantaneous extinction images, correcting for variation in 𝐼𝑜 for each event, and then creating 

an ensemble-average PLV map is depicted in Fig. 5. 

A key issue for quantification of the PLV is that experimentalists must have access to information about 𝑑 and 𝐶𝑒𝑥𝑡 . 

In particular, 𝐶𝑒𝑥𝑡  depends upon droplet size, wavelength of light, and collection angle of the receiving optics (e.g. 

some forward-scattered light is collected). Fortunately, droplet diameter measurements have been performed for Spray 

G by ECN participants at General Motors (GM) at G1 conditions and Shanghai Jiao Tong University (SJTU) at G2 

conditions using phase-doppler interferometry (PDI) [28][29]. The measurements at G1 conditions showed an SMD 

near 7-10 μm with fair uniformity across the plume during injection [30]. At G2 conditions, measurements were 

possible only at the periphery of the plume during injection, but the SMD ranged from 5-10 μm. Note that droplet size 

measurements were performed only downstream at one axial position (at z = 15 mm). Past work with an emphasis on 

downstream vaporization and maximum liquid-phase penetration has made the assumption to use single value for 𝑑 

and 𝐶𝑒𝑥𝑡  for simplicity (e.g., 10 μm and 80.74-6 mm2 for 𝐶𝑒𝑥𝑡  from Mie-theory relations that account for collected 
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forward scattering, using MiePlot available at [31]). We will address the influence of the droplet size assumption and 

other experimental concerns for comparison of optical PLV and LVF measurements by comparison to x-ray 

measurements at the same conditions in the results section.    

2.3.2. 3D Tomographic reconstruction 

PLV maps were taken at three different viewing angles to construct the 3D spray topology by a CT algorithm known 

as inverse Radon transform [32]. Fig. 6 indicates extinction images at three different views with corresponding PLV 

and produced sinogram from 0° to 180° [27]. The reconstruction was carried out by using a built-in ‘iradon’ function 

in MATLAB. The reconstruction routine was applied from the nozzle tip to z=80mm. Initially, a line of PLV data at 

a specific location was extracted and placed in a map shown at the bottom of the figure. Since the PLV data were 

available at three viewing angles, i.e., 0°, 11.25°, and 22.5°. The rest of the instances required to produce a 180° 

rotation matrix were derived through interpolation and mirroring as discussed in detail in [20]. Then the pattern was 

copied for angles greater than 22.5° based on the symmetric assumption of the symmetric layout. Finally, after 

generating a projection map from 0° to 180°, the CT algorithm is applied to build a spray pattern at a particular 

location. More details of the 3D reconstruction routine can be found in [20], including confirmation of the process 

using synthetic model data for liquid volume fraction.  

2.3.3. Vapor intermittency 

Schlieren images under high-pressure and high-temperature conditions are sensitive to fuel vapor (with a different 

refractive index than the ambient). However, non-uniformities in the refractive index created by window thermal 

boundary layers must also be considered [33]. The problem is especially severe if the window thermal boundary layer 

moves during injection, making image normalization at the beginning of injection unsuitable for processing. 

Fortunately, in the present study, a taring of intensity before the start of injection and other automatic image processing 

was sufficient to identify the jet vapor boundary throughout injection and after injection. The image processing routine 

for schlieren results is shown in Fig. 7 [27]. First in Fig 7(a), the spray was isolated from the initial background 𝐼𝑜 by 

subtracting spray image 𝐼  from 𝐼𝑜 . The vapor envelope was identified using the Matlab ‘imgradient’ function, 

returning the spatial gradient magnitude, as shown in Fig. 7(b). Fig. 7(c) indicates a gradient magnitude that was 

binarized with a certain threshold value and Fig. 7(d) the area inside the vapor boundary (where gradient magnitude 

is low because of liquid spray) was filled to create a single, connected vapor boundary, which was produced using the 



 
 

11 
 

‘bwperim’ Matlab function and shown as a red line in Fig. 7(e) offering a visual check of the process. Vapor 

penetration length is defined at each time and injection as the distance between the nozzle tip and the farthest axial 

length on the boundary. A vapor probability map was also derived using results from multiple injections as in Fig. 

7(f). For 100 injections, the binarized image, Fig. 7(d), from each injection and time step was summed to represent 

the vapor intermittency.  

2.3.4. Droplet sizing  

Microscopic images were analyzed to derive the droplet size distribution at the end of injection, which is relevant to 

spray atomization, fuel/air mixing, and soot formation due to fuel dribbling. The images collected by long-distance 

microscopic imaging were used to identify automatically the probability distribution function of the droplet size 

following the steps shown in Fig. 8. First, the background image is defined, based on the first frames of each sequence, 

before the spray is injected.  Then, a mask as shown in Fig. 8(b) is defined using the background image in Fig. 8(a), 

blanking the injector part, based on a global threshold of 25% of the light intensity range. The mask is subsequently 

dilated by 50 pixels to remove the image part in the very close vicinity of the injector and inverted as in Fig. 8(c). 

Each subsequent image frame (Fig. 8(d)), starting from the end of injection (EOI), is subtracted from the background 

image, to calculate the difference in light intensity, and then rescaled as shown in Fig. 8(e). To identify only features 

that are in focus, only sharp features are maintained. This is achieved by calculating the gradient (∇) of the difference 

in Fig. 8(f). Then the gradient magnitude is masked, binarized with a threshold value of 25% of the gradient magnitude 

range. Closed curves of binary regions are filled and then filtered to exclude small features (below 5 pixels, equivalent 

droplet diameter of 9.6 μm) and large ligaments (greater than 150 pixels equivalent droplet diameter of 52 μm).  The 

binarized gradient image in Fig. 8(g) of each frame is used as an input to the MATLAB ‘regionprops’ function, which 

identifies circle centers and radii of binarized images shown in Fig. 8(h). The diameters of all identified features are 

recorded for each frame, throughout all injection cycles. After all statistics are collected, the histogram of the droplet 

sizes is constructed for 100 injections. While the procedure outlined above is limited to droplets of larger sizes, and 

may suffer from accuracy due to circle of confusion for droplets that are slightly out of focus, the procedure is useful 

for detection of trends with respect to conditions or fuels. 
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2.3.5. Projected liquid film area 

Another important feature derived from microscopic imaging is the liquid film thickness on the injector tip after 

injection, which affects unburned hydrocarbons and pool fire and soot formation during the combustion event [34][35]. 

The image processing went through a similar procedure to the droplet sizing; the first step was to isolate the spray 

(Fig. 9(c)) by subtracting the raw spray image (Fig. 9(a)) from the background image (Fig. 9(b)) which is the image 

before the start of injection (SOI). Then a mask image (Fig. 9(d)) that has values of ‘1’ for the spray region and ‘0’ 

for the injector as indicated in Fig. 9(b) was multiplied to the image in Fig. 9(c). If this procedure is applied to the 

timing after EOI, the liquid film can be distinguished from other features as shown in Fig. 9(e). The binarized liquid 

film is summed up for 100 injections in Fig. 9(f) and is displayed in a probability map similar to the schlieren imaging 

post-processing in in Fig. 9(g). Finally, the projected liquid film area can be calculated by setting a threshold value in 

this film probability map. The coordinates of the injector tip were corrected for every single injection, however, to 

eliminate any errors from subtle movement during the injection, relatively high probability of 90% was chosen to 

acquire the final projected liquid film area. These criteria were kept identical regardless of ambient and fuel conditions. 

2.4. Computational setup 

Large-eddy Simulations (LES) using CONVERGE (v3.0) were performed to investigate preferential evaporation with 

E00 fuel under the ECN Spray G1 condition. The simulations had matching conditions shown in Table 2 for E00 fuel. 

The injector specifications given in Fig. 1 was used for the simulation. An injection rate profile provided by ECN was 

used for the simulation [28]. The simulation time was extended up to 5ms after the start of injection (SOI) to match 

with experimental data [36]. The plume direction angle of 34° has been defined as an input based on the x-ray 

tomography measurement at 2 mm from the injector [17].  It was assumed that the plume direction angle is not 

significantly modified using E00 (instead of iso-octane) under G1 condition. The maximum grid resolution is 62.5 μm 

in the adaptive mesh refinement (AMR) and fixed embedding regions. AMR is activated on velocity and temperature 

gradients. The fix embedding zone is a 10 mm length cone centered on the injector, with a first radius of 2 mm at the 

nozzle tips and a second radius of 4 mm downstream. More details on the numerical setup, including the choice of the 

models used to capture spray breakup and vaporization [37], can be found in Table 3. Three realizations have been 

performed to ensure that the conclusions made in this study do not depend on a singular event observed in one 

realization. The results presented later in the article are ensemble-averaged over three CFD simulations.  



 
 

13 
 

2.5. Test conditions 

The spray experiments were carried out under ECN Spray G1 (high density), G2 (flash-boiling), and G3 (early 

injection) conditions. As per ECN Spray G standard, an electronic injection command with a duration of 680μs (780μs 

actual hydraulic duration) was delivered to inject 10mg of fuel with injection pressure of 200 bar.  The injector tip 

temperature was maintained at 90℃ by using a temperature-controlled water circulator during the experiments. The 

ambient temperature was set to 300℃ for G1, and 60℃ for G2 and G3 conditions. The ambient pressures were 6 bar, 

0.5 bar, and 1 bar for G1, G2, and G3 conditions, respectively. Corresponding ambient densities were 3.5 kg/m3, 0.5 

kg/m3, and 1.01 kg/m3 for G1, G2, and G3 conditions. Three different injector viewing angles with 11.25° interval 

were applied and the spray was repeated 300 times per case for extinction imaging. The schlieren and microscopic 

spray imaging were repeated for 100 injections at the primary viewing angle [38], defined as Hole 1 and the electrical 

connector pointed towards the camera. The experimental conditions are summarized in Table 2. 

3. Results and discussion 

This section will discuss macro/microscopic spray characteristics of IC8 and E00 fuel under G1, G2, G3 conditions. 

The discussion is focused on the liquid distribution and preferential evaporation of E00. The experimental data used 

in the discussion is available at [24] . 

3.1. Comparison of optical and x-ray computed tomography 

To evaluate measurement uncertainty, a direct comparison fuel mass per volume measured by x-ray radiography and 

optical extinction (i.e., PLV) measurement, followed by computed tomography, was performed at the same axial 

position for the ECN G3 cold condition at an axial distance of z =12 mm. Conditions at Argonne and Sandia were 

nearly identical (Argonne x-ray: Fuel and ambient temperature at 298K, ambient pressure at 1.2 bar, Injector #16, 

Sandia LVF: Fuel and ambient temperature at 293K, ambient pressure at 1 bar, Injector #21). This condition is a 

departure from the G3 condition, which has heated fuel, as shown in Table 2. The setup for the x-ray experiments for 

Spray G was described in [39]. X-rays have high penetrating power and negligible scattering such that the extinction 

coefficient does not depend upon droplet size, unlike the visible-wavelength extinction imaging. The fuel 

extinction/absorption coefficient for x-rays is also lower, thereby enabling data acquisition in the near-nozzle region. 

For the ECN G3 cold measurement campaign, radiography extinction data from a 6 µm transmitted beam were 
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acquired at different injector rotations and cross-stream positions, utilizing an average of 64 injections at each 

measurement point. The tomographic reconstruction of the radiography absorption data fundamentally provides the 

local fuel mass per volume, and these results are shown in Fig. 10(a). The optical measurement at the same position 

is shown in Fig. 10(b), where the LVF  derived from CT was converted to liquid fuel mass per volume by multiplying 

by the fuel density of iso-octane at 298 K of 690 kg/m3.  

A distance of z = 12 mm at the G3 cold condition is an interesting and challenging plane of comparison between the 

x-ray and optical experiments. While the optical data upstream of 12 mm are clearly affected by optical thickness and 

multiple-scattering concerns, as well as uncertainty with respect to the droplet size distribution, the x-ray 

measurements begin to suffer from too little extinction at positions where the spray is sparse downstream. To be 

specific, at z = 12 mm the maximum projected fuel mass measured in the x-ray experiment was less than 15 μg/mm2 

while the noise floor (with a 64-injection ensemble average) standard deviation was approximately 0.5 μg/mm2. Past 

analysis between optical and x-ray extinction diagnostics in fuel sprays shows that 1 μg/mm2 corresponds to an optical 

thickness of near unity [40], suggesting that some liquid detectible by optical techniques could be at or below 

detectability limits for x-ray diagnostics. On the other hand, the optical extinction diagnostics show measurements of 

less than 1% transmission at some positions at 12 mm, corresponding to a high measured optical thickness with a 

value greater than 4.5, but with a true optical thickness expected to be even greater than this because of multiple 

scattering concerns [41]. The magnitude of the optical extinction measurement is unreliable in these optically thick 

regions, where the x-ray measurement should be satisfactory.  

A more quantitative comparison of the fuel mass per volume results is shown in Fig. 10(c), which is an 8-plume 

average of the radial distribution through the designated plume center for each of the plumes. As no droplet size 

measurements are directly available at this particular location and timing, the effect of droplet size poses an uncertainty 

affecting the optical measurements, and results are therefore shown for a range of assumed droplet sizes. The droplet 

size range shown is based upon measurements at z = 15 mm, which ranged from 7 – 10 μm within the plume, but at 

the G1 condition where gas temperature and pressure are higher than this G3 condition. As mixing and vaporization 

are both slowed at the G3 cold condition, and the axial position is even further upstream (z = 12 mm), it is possible 

that the droplet size is different than 10 μm. The x-ray and optical measurements show that the radial location of peak 

fuel mass, marking the plume direction depicted in Fig. 1, is in agreement for the two measurements. This finding is 
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consistent with other independent measurements reviewed in the Introduction, such as droplet velocimetry profiles in 

comparison to extinction profiles [16]. In terms of liquid mass, the peak value from the optical measurement is similar 

to the x-ray measurement when assuming the droplet diameter is between 10 μm - 11 μm. However, effects of 

potentially larger droplets under cold, low-density ambient conditions would cause even higher peak LVF in the 

optical reconstruction. In addition, even though the extinction coefficient makes a correction for forward scattering, 

there is no correction for multiple scattering, so an undermeasurement of optical thickness is expected [41].  

One notable difference between the x-ray and optical measurements is that the CT-reconstructed profile is more 

narrow for the x-ray measurement. One may suspect filtering artifacts in the CT routine, which can broaden the overall 

distribution. For this reason, the original optical extinction imaging measurements were specifically examined, as 

these data are source for the CT routines and are not subject to processing artifacts. The original optical thickness 

measurements show that some extinction is measured at a radial distance from 12-14 mm, where there is no 

measureable signal in the x-ray experiment. To be specific, the measured ensemble-average optical thickness 

decreases from 0.9 to 0.3 at radii of 12 to 13 mm, respectively, confirming that there is indeed liquid in this region. 

As discussed above, the x-ray experiment fails to show liquid in this region because the measurement lies within the 

noise floor. The optical measurements thereby provide value in these regions where optical thickness and multiple 

scattering are not a concern, even though uncertainties associated with droplet size and multiple scattering remain in 

sections of the spray with higher optical thickness. 

While the comparison of x-ray and optical measurements provides some confidence in assuming a droplet size of 

10 μm for the optical measurements, we also wish to qualify how a variation in droplet size could affect results at 

other timings of injection, conditions, and positions. Indeed, time-resolved measurements of droplet size by PDI (at z 

= 15 mm) do show larger droplets, but not at timings during injection as appropriate for Fig. 10 [28]. Droplet diametes 

larger than 10 μm have only been measured after the end of injection (as will be shown in Fig. 11), during a period 

where declining injection velocity produces lower shear and aerodynamic breakup. Therefore, there is strong reason 

to consider the droplet size at the actual timing (i.e. during main injection), not only for the comparison at z = 15 mm, 

but in other regions where these droplets are transported downstream. If conditions do not support strong vaporization, 

the droplets may have already achieved a critical Weber number where droplet diameter does not change significantly 

while transported downstream. We will analyze results in many location other than z = 12 – 15 mm in this study, 
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particularly those at low optical thickness where multiple scattering concerns are limited, so it is important to 

understand expectations for droplet size in downstream regions of the spray.  

For this analysis, we apply CFD to quantify the mass flux of liquid at different phases of injection, combined with the 

experimental PDI droplet sizing measurements at different periods of time [28].  Results are shown in Fig. 11 for the 

G1 condition with an injection duration of 0.78 ms after Start of Injection (aSOI), where the plane of interest (z = 15 

mm) and injection duration matches the experiment. The simulation was carried out using CONVERGE software 

explained in the Introduction, but for a RANS simulation. Note that no prediction of droplet size is extracted from the 

simulation, but rather only the mass flux of liquid at the z = 15 mm plane is extracted from the simulation. The graph 

shows a delay of approximately 0.2 ms aSOI before the spray reaches the measurement plane and liquid mass flux 

stabilizes below 6 g/s. The liquid flux is relatively steady until after the end of injection, with about a 0.1 ms delay in 

response when injection ends at 0.78 ms aSOI. The blue section of the curve indicates timings when the measured 

SMD is within the range of 7 μm to 9.8 μm, and the integral of this period indicates that 99.4% of the liquid mass 

passing the measurement plane consists of droplets of this size. Other periods are shown (in red or yellow), out to 

1.5 ms where measured SMD is larger, but these periods do not contribute significantly to the overall injected mass 

expected to be distributed throughout the chamber. For example, we may consider penetration of liquid downstream 

to 40 mm from the injector at this condition, which is expected to be biased towards smaller droplet sizes produced 

during the main period of injection. Similar arguments can be made for the G3 or G2 conditions where droplets 

penetrate past a 90 mm field of view. While we will later show fuel-type dependencies in droplet size, extracted from 

high-speed microscopy imaging, these results correspond primarily to “dribble” events after the end of injection with 

little mass involved. Use of smaller droplet size (7- 10 μm) is believed to be more valid for extinction imaging and 

computed tomography for LVF. While uncertainties associated with the actual droplet diameter cannot be eliminated, 

we find justification to apply reasonable assumptions for droplet diameter to the downstream spray region at lower 

optical thickness. In addition, the comparison with more quantitative x-ray experiments shows that the plume direction 

is adequately defined. 

3.2. Liquid and vapor penetration length 

Line-of-sight measurements for liquid and vapor penetration lengths are presented in Fig. 12. The liquid penetration 

length was defined as an axial farthest distance from the nozzle with a PLV threshold of 0.2ˑ10-3 mm3(liquid)/mm2. 



 
 

17 
 

Similarly, the vapor penetration length was measured at the axial farthest length of the vapor boundary detected in 

Fig. 9(e). The penetrations shown in the figure are average values from each individual event of 300 injections for 

liquid and 100 injections for vapor at the primary viewing angle. The liquid and vapor penetration lengths are indicated 

with solid and dotted lines, respectively. 

The maximum liquid penetration length under G1 condition was approximately half of that for the G2 and G3 

conditions, due to high ambient density and temperature that increase entrainment and vaporization at G1 conditions. 

The time of liquid persistence before evaporation, or liquid residual time, was also much shorter for G1 than that of 

other conditions, because of the faster evaporation. The G1 penetration length was generally not much different during 

injection for the different fuels, but E00 shows slightly longer penetration in liquid and vapor after EOI. Even though 

E00 contains 36% of n-pentane that is more volatile than iso-octane, n-undecane (heavy component with boiling point 

temperature of 197 °C) causes longer liquid penetration length and longer residual time than the IC8 case for all 

conditions.  

The macroscopic spray characteristics for vapor and penetration length did show larger differences between IC8 and 

E00 under the G2, flash-boiling condition. In fact, the E00 penetration length exceeded the optical limits of the 

chamber (~85mm, liquid; ~100mm, vapor), so results after 1.6ms for G2 E00 are no longer presented in the graph. 

Not only is the liquid penetration much longer compared to the G1 condition, but the flash-boiling G2 condition shows 

a long liquid residual time, exceeding the 5 ms imaging collection time. Even though fuel emerges from the injector 

experiencing flash boiling, thermodynamic equilibrium-state calculations show that a liquid state is expected even at 

high degrees of mixing with air, created by strong evaporative cooling with mixture temperaturs lower than 300 K 

[27]. A careful comparison of spray penetration for E00 and IC8 indicates slower penetration for E00 during the earlier 

phase of spray development, however, the spray accelerates during injection and eventually results in much longer 

penetration than IC8. In the next section, we will demonstrate by 3D CT analysis that this drastic change in spray 

morphology is caused by spray collapse for E00.   

Under the G3 condition, the liquid residual time for both fuels was also greater than 5 ms. The spray penetration had 

a similar trend as G2 where E00 showed a shorter penetration length than IC8 at the initial period. However, a longer 

liquid penetration length occurs at later stages. For the G3 condition, the vapor pressure of E00 (shown in Fig. 2) is 

greater than double the ambient pressure of 100 kPa, so the E00 still experiences some flash-boiling dynamics causing 
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plume collapse. The detailed plume dynamics will be discussed in the following section where the 3D characteristics 

of the sprays are explained. 

3.3. Liquid volume fraction  

In this section, the macroscopic spray penetration characteristics introduced by line-of-sight measurements will be 

further elucidated with detailed plume dynamics using 3D CT results. The YZ center plane at x=0mm is shown in Fig. 

13 at different timings. The dotted line indicates the nozzle drill angle of 37° from the spray axis. The liquid boundary 

was identified with an LVF threshold of 0.5·10-3. It must be noted that the specific value corresponds to LVF and 

should not be confused with the projected criteria of 0.2·10-3 mm3(liquid)/mm2 for PLV in the previous section. Also, 

note that plume boundaries at this low LVF threshold may include some artifacts and lack of resolution in regions 

upstream of 10 mm that provide the appearance that plumes combine at the centerline, but this is not the case for many 

of the conditions. As the spray develops, the plumes tend to penetrate in a direction more narrow than the nozzle drill 

angle. The liquid plumes for G1 were much thinner and shorter than G2 and G3 conditions, and there is no indication 

of complete plume merging or spray collapse.  

On the other hand, plume-to-plume interactions occur under G2 condition. For E00 fuel with higher vapor pressure, 

the plumes merge and collapse towards the injector centerline almost immediately from the beginning of the injection. 

The slower axial liquid penetration for E00 confirmed in the line-of-sight measurement during this early period can 

be explained by this plume movement. The E00 spray plumes “sweep” from the drill angle to the injector centerline. 

Penetration slows while the plumes sweep together, but then accelerates after the plumes merge. This strong plume 

sweeping movement creates a specific vortical structure in the leading edge due to flow shearing. The 3D LVF map 

under G2 condition at 0.61ms aSOI is illustrated in Fig. 14. While IC8 maintained each separate plume in the leading 

edge, the E00 showed a ‘mushroom’ shaped spray. Since the complete collapse prevented air entrainment into the 

spray, the overall mixing and evaporation process deteriorates compared to IC8. The IC8 fuel indicated only a slight 

plume collapse towards the injector centerline under the G2 condition, leaving a less significant sweep or bent shape 

that retains a ‘memory’ of the earlier plume direction but also contracts towards the injector axis. Under the G3 

condition, E00 did not show complete plume collapse, however, a large portion of liquid fuel deflects towards the 

injector centerline. On the contrary, at G3 condition IC8 did not indicate significant plume collapse. Plumes remain 

discrete from one another with a similar direction as the one observed under G1 conditions.  
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To evaluate plume dynamics, the local LVF at z=30mm and average LVF profile through the plume center are 

presented in Fig. 15. Fig. 15(a) shows the LVF map in the XY plane. As predicted by the longer liquid residual time 

in the line-of-sight measurement, the peak of the LVF with E00 was larger than that of IC8, by approximately 1.5 

times at most ambient conditions. In terms of plume movement shown in Fig. 15(b), both fuels showed some plume 

movement towards the injector axis under G1 condition, but not immediate plume merging. Under G2 condition, IC8 

showed distinct plume movement towards the jet centerline, but complete plume collapse occurred for E00, producing 

maximum LVF at the centerline. The evaporation time of E00 was noticeably longer, as it maintained a high level of 

LVF still after the EOI. Under G3 condition, IC8 showed lower LVF than that of E00, consistent with a lower boiling 

temperature. The IC8 plumes moved little maintained their peak positions. On the other hand, E00 showed thicker 

plumes that were enough to cause plume-to-plume interaction with adjacent plumes. As shown in the YZ plane in the 

previous figure, E00 maintained a certain level of LVF in the core region that reflects spray collapsing.  

Further analysis on the LVF from 3D CT results enables the acquisition of plume direction angle and vapor plume 

cone angle, which could have utility as input parameters for Lagrangian CFD simulations, for example. Considering 

a tradeoff between low image resolution in the near nozzle region, and plume deformation downstream where the 

behavior immediately at the nozzle exit is lost, the analysis was conducted at an axial location of z=8.5 mm from the 

nozzle. The plume direction angle shown in Fig. 16 was defined as an angle between the injector center to the center 

of 99% peak LVF positions [20]. As confirmed in the YZ cut plane, all of the conditions indicated a smaller plume 

direction angle than the drill angle of 37°. It is emphasized that the plume direction angle measured based on LVF 

showed good agreement with the data acquired by x-ray radiography (dotted line) at 5mm downstream [17]. There 

was no noticeable difference under the G1 condition between the fuels, with both showing similar spray morphology 

apart from the liquid residual time. However, when E00 enters the flash-boiling regime, discrepancies are larger. At 

the G2 condition, the plume direction angle of E00 fuel sharply decreases right after SOI due to complete plume 

collapse, while IC8 maintains an angle of 33°. Differences are also significant at the G3 condition, at 0.6 ms IC8 has 

about a 34° plume direction, while E00 is only 32°. Recall that E00 is flash boiling for both G2 and G3 conditions 

(has a higher vapor pressure higher than 1 bar), while IC8 is not flash boiling at the G3 condition, indicating that a 

realistic gasoline exhibits important flash-boiling spray development tendencies even at atmospheric pressure.  
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The measurement of vapor cone angle was enabled by the combination of line-of-sight schlieren imaging for vapor 

boundary of the outer plumes, and 3D CT results for identification of the transient liquid plume direction. The vapor 

cone angle at a given time was defined based upon the mean plume direction and a vapor boundary intermittency of 

50% at that time, as detailed in [27]. The plume vapor cone angle was measured near the nozzle at z=8.5 mm to avoid 

distortion from the head vortex zone as described above. Even though the absolute peak value is underestimated, the 

peak location for vapor cone angle calculation could be acquired without any issues.  

The time-averaged vapor plume cone angle during 0.3-0.7ms aSOI according to fuels and ambient conditions is 

presented in a bar graph of Fig. 17. The vapor plume cone angle of E00 for the flash-boiling condition was larger than 

IC8 indicating a potential of higher plume-to-plume interactions. E00 under G2 condition showed the greatest value 

of 27.5°. The vapor plume cone angle of IC8 was slightly increased under the G2 condition compared to the G3 

condition, however, those were still smaller than the G1 condition which was approximately 25°. It is noted that the 

vapor plume cone angle indicated an opposite trend for test fuels. First of all, this trend can be explained by strong 

correlation between pressure ratio (Pa/Pv ambient to vapor pressure) and vapor plume cone angle for flash-boiling 

sprays. In our previous study, the vapor plume cone angle sharply increased as the pressure ratio decreased below 0.5, 

which is the case for E00’s G2 and G3 conditions [27]. Meanwhile, when Pa exceeds Pv at the G1 conditions, a higher 

propensity for evaporation plays a role on plume cone angle, but not plume direction. IC8 maintained a similar level 

of plume direction angle compared to E00 under G1 condition (Fig. 16), however, vapor dispersion in the radial 

direction was larger due to faster evaporation. The vapor envelopes under G1 presented in Fig. 18 indicate that IC8 

has a larger vapor width in the near-nozzle region. Detailed discussion of preferential evaporation in the next section 

will support this result, showing that E00 has slower evaporation in the near nozzle region because of its heavy fuel 

component, n-undecane.    

3.4. Preferential evaporation 

In the previous study of Cordier et al., preferential evaporation of E00 was investigated using a two-tracer laser-

induced fluorescence technique [36]. The experimental results, obtained long after the end of injection to avoid liquid 

interferences on the diagnostic, indicated strong composition stratification where the high-volatility (n-pentane and 

iso-octane) species were delivered farther downstream than low-volatility (here n-undecane) components. The detailed 

3D measurements of liquid structure and evaporation, performed in this study for E00 throughout injection and after 



 
 

21 
 

injection, provide an opportunity to understand the reason for this preferential evaporation. Fig. 19 shows the planar 

local mixture composition measured at 3ms aSOI by Cordier et al. [36]. A striking features is that at this time there is 

a strong preference for heavy fuel near the collapsed centerline of the spray from 20-40 mm, while the adjacent plumes 

have slightly more preference towards lighter components. To understand how the spray behavior at the end of 

injection produced this vapor mixture distribution, the LVF from the 3D CT measurement on this plane is 

superimposed in this figure, where white line marks an LVF boundary of 1·10-6 at 1.5 and 2ms, respectively. Note 

that this boundary for LVF is significantly lower than that shown in Fig. 13, providing information about the smallest 

residual liquid after the end of injection. The sequence of evaporation indicates that the final liquid to evaporate is 

found upstream and at the injector centerline, close to the region where heavy vapor fuel components are later 

measured. What is interesting is that the region of preferential evaporation appears to be more related to the timing of 

final liquid evaporation, rather than the spatial position throughout injection. In principle, one would expect longer 

liquid penetration for heavy-fuel droplets that may shed light components earlier and more readily near the injector. 

A conceptual model based upon the experiments alone was offered by Cordier et al., explaining that heavy fuel 

components may be retained near the injector while lighter components are swept downstream [36]. In concert with 

with the experimental liquid and vapor measurements, CFD simulations using LES may be evaluated to understand if 

this conceptual model is correct, and if the preferential evaporation model employed in CFD is able to capture these 

phenomena. Fig. 20 shows the mixture composition of high volatility components of the fuel calculated based on the 

following equation. 

𝑚ℎ𝑖𝑔ℎ 𝑣𝑜𝑙
𝐸00 =

1

𝑌𝑖𝐶8𝐻18
0 + 𝑌𝑛𝐶5𝐻12

0 ×
𝑌𝐶8𝐻18 + 𝑌𝑛𝐶5𝐻12

𝑌𝐶8𝐻18 + 𝑌𝑛𝐶5𝐻12 + 𝑌𝑛𝐶11𝐻24

=
1

0.8
×

𝑌𝐶8𝐻18 + 𝑌𝑛𝐶5𝐻12

𝑌𝐶8𝐻18 + 𝑌𝑛𝐶5𝐻12 + 𝑌𝑛𝐶11𝐻24

 (𝑒𝑞 − 4) 

where 𝑚ℎ𝑖𝑔ℎ 𝑣𝑜𝑙
𝐸00  is the mass fraction of high volatility fuels in vapor phase, relative to the total fuel mass fraction in 

vapor phase, in this case the iso-octane (𝑖𝐶8𝐻18) and n-pentane (𝑛𝐶5𝐻12). The 0.8 value represents the maximum 

total mass fraction of these high volatility components contained in the E00 liquid fuel. Time-resolved E00 LES 

simulations are shown in Fig. 20 using the same normalizing procedure as in eq-4. In this figure, the experimental 

schlieren vapor boundary is represented by the white dashed iso-contour while the LES vapor boundary is marked by 

the solid maroon colored iso-contour. These iso-contours for vapor boundary confirm that the simulations correctly 

capture the envelope of vapor axial and radial penetration, building confidence towards understanding the overall 
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predicted mixing process both during and after injection. During the injection process (t=0.5 ms), the lighter fuel 

components dominate the evaporation process, as the majority of the vapor spray shows values (eq – 4) much larger 

than 1. The remaining droplets have a greater portion of heavier n-undecane. As injection proceeds, and particularly 

after the end of injection, the last droplets are transported toward the injector axis (Y= 0 mm) and closer to the nozzle 

(Z < 12 mm) by the entrained air flows and propensity for plume combination [16][42] The experimental liquid region 

shown in Figure 18 confirms that the last persistent liquid for E00 is near the injector and at the jet centerline, while 

long-distance microscopic imaging [42] and PDI measurements [28] show that these are droplets with larger diameter 

(for the standard iso-octane G1 condition), presumably formed when injection velocities are low as the injector closes.  

After the end of the injection, the heavier droplets contained within the upper and lower plumes vaporize and mix with 

other fuel vapor and ambient gas. The net effect is that there is little preferential vaporization remaining in the 

downstream plumes by 2 to 3 ms. However, in the near-nozzle, centerline region, the vaporization and droplet 

dynamics produces a clear region of heavy fuel concentration. The large droplets appear to shed light vapor that 

remains very near the injector or is transported into the upper or lower plumes, while the heavy droplets persist more 

along the injector axis as they vaporize. The zone of heavy fuel vapor already initiated by 1 ms becomes more clear 

and pronounced with final vaporization by 2 to 3 ms. At 3 ms, the CFD results are in qualitative agreement with the 

experimental measurement of Cordier et al. shown in Figure 19, where the heavy fuel (n-undecane) is found in the 

upstream region at 20 mm. Note that the laser sheet in the experiment did not cover the region upstream of 10 mm, so 

it is not clear if a zone of light fuel vapor (predicted by CFD) is measured near the injector. Meanwhile the spray head 

region has only slight preference for light end components, at these timings far after the end of injection.  

The above analysis shows that the liquid data on the YZ plane data, specifically enabled by 3D CT and supported by 

other droplet size measurements, is key to understanding the reasons for preferential evaporation. This understanding 

is augmented by LES calculations throughout the event, and detailed vapor-phase measurements at a specific instant 

in time late after injection. The assumptions for preferential evaporation of ideal mixing and corrected distortion model 

made in the CFD simulation appear supported by the available experimental data. Together, the experimental data and 

LES enable us to describe in detail the preferential evaporation process in the multi-component E00 gasoline spray.  
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3.5. Microscopic spray characteristics 

As the effect of flash-boiling has shown one of the most substantial effects on the use of E00 fuel, additional 

experiments depicting the near-nozzle region were performed at G2 and G3 conditions. Flash-boiling effects are found 

at both conditions for E00. Microscopic imaging of the near-nozzle spray in the near-field region with backlighting 

and Hole 1 orientated towards the camera is shown in Fig. 21, contrasting IC8 to E00 during and after injection. Under 

the G2 flash-boiling condition, both fuels showed aggressive plume-to-plume interaction from the nozzle outlet, as no 

separation between plumes could be identified along the line of sight. Droplets are found between plumes, blocking 

the background light intensity. E00 exhibits severe flash-boiling with very wide plumes such that fuel obscures lighting 

even far outside of the tip and near the flat of the injector. There is high likelihood that the wider plume dispersion 

induces plume-to-injector surface interaction within the counterbore, other studies show that this interaction is known 

to form a liquid film especially in the case of longer and larger counterbore nozzles [43][44]. During the end-of-

injection period, a close examination shows that IC8 has more of a tendency to form connected liquid ligaments 

typically associated with dribble, but there is greater light extinction for E00 for a longer period after end of injection 

suggesting greater time for vaporization. A working hypothesis to explain the IC8 tendency for thicker liquid ligaments 

compared to E00 is that E00 has a higher vapor pressure and has more active vapor bubble formation from flash 

boiling at both G2 and G3 conditions. However, E00 also has heavy fuel components that vaporize late. A detailed 

analysis of the droplet sizing and projected wetting area can be found in the following section.  

3.6. Droplet sizing and projected wetting area 

It is challenging to quantify spray behavior during the injection process due to the high optical thickness and nature 

of high turbulence, however, the microscopic characteristics such as droplet size and liquid film can be measured after 

EOI when the spray has lost most of the momentum [45]. This characterization is still meaningful because it can 

provide a general trend, but not exact size, during the injection. The probability histogram of droplet size after End of 

Injection (aEOI) is presented in Fig. 22. Droplet size under 12 μm (4 pixels) was excluded in the analysis considering 

the image resolution. The probability histogram was derived after EOI from 100 injections. The droplet-size results 

clearly show differences between fuels. The averaged droplet diameter for IC8 is about 4 μm larger than E00 for both 

G2 and G3 conditions. As discussed above, the smaller droplet size is attributed to the higher vapor pressure of E00 
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that facilitated more flash-boiling breakup. The reduced droplet diameter by enhanced atomization and evaporation 

under the flash-boiling regime is consistent with available literature [46][47]. 

Injector tip wetting has been identified as a source of PM emissions in GDI engines so understanding of liquid film 

formation and quantification is important [48][49]. Injector fouling or coking can cause serious issues such as flow 

restriction, fuel impingement, and unstable combustion [50]. The physical mechanisms for tip wetting are categorized 

into three groups [51]. The liquid film can form by direct interaction of the spray and orifice wall, for example, liquid 

fuel can be spilled on the tip surface after that wide plume hits the wall of counterbore under flash-boiling conditions. 

Furthermore, the droplet deposition/detachment on the surface can occur by a recirculating vortex in a space between 

the spray plume and injector tip surface. Fig. 23 shows a sequential image of film formation, detachment, and surface 

boiling for E00 at G2 conditions. After EOI, when the spray loses its momentum, a large ligament can settle on the 

injector tip. A recent x-ray measurement revealed that the liquid deposition mainly occurred during the injection and 

after EOI for non-boiling, and flash-boiling conditions, respectively [49].  

Projected liquid film area was measured by comparing the nozzle plus film light extinction after EOI to the nozzle 

prior to injection as shown in Fig. 24. The area was measured starting from 3ms after the EOI to exclude the effects 

of residual spray after EOI. As confirmed in the microscopic spray image, there was no plume-to-plume or plume-to-

wall interaction under G3 condition with IC8 fuel, thus the surface on the nozzle tip remains clean after EOI without 

any liquid fuel deposition. However, as the fuel undergoes flash-boiling (G2 conditions) the wider plume width and 

plume-to-wall interaction leaves a liquid layer on the tip surface. The rank ordering shows the most liquid film after 

EOI for IC8-G2, followed by E00-G3, E00-G2, and then IC8-G3 (none). This result is consistent with a previous study 

that showed the greatest level of liquid film deposition occurs under transitional flash-boiling conditions, with less 

final film deposition at strongly flash-boiling conditions [49]. As shown in Fig. 21, transitional flash-boiling IC8-G2 

has organized liquid structure that wets the injector tip, while strong flash-boiling E00-G2 has a disruptive spray with 

small droplets that deposits a smaller film. All fuels experience vaporization and even boiling to remove the film, and 

there is an expection that n-pentane and iso-octane will vaporize faster than n-undecane in E00, and eventually, the 

heavy n-undecane will leave a greater film for E00 than IC8. However, starting with a greater thickness produced 

during injection, the single-component IC8 still has a larger film (~50μm thinkness) at 5 ms than the residual of E00.      

Conclusion 
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In this study, a comprehensive investigation of the micro/macroscopic spray processes of  iso-octane and a gasoline 

surrogate fuel, E00 (36% n-pentane, 46% iso-octane, and 18% n-undecane, by volume) was carried out. A series of 

high-speed imaging experiments was performed using an ECN Spray G injector in a constant-flow, constant-pressure 

vessel. A detailed comparison of the spray liquid phase enabled by 3D CT reconstruction between an extinction-based 

optical diagnostic and x-ray measurement is presented. An investigation of the root causes of measured preferential 

evaporation of E00 was elucidated using LES CFD and the measured 3D liquid field. The dataset acquired in this 

study offers unique information on plume dynamics in a realistic multi-hole spray, and they are available to 

view/download [24]. The major findings from this study are as follows. 

1) Comparison of liquid mass results from extinction imaging and x-ray radiography 3D CT at z=12mm shows 

agreement in plume position and peak mass if assuming a 10 μm droplet diameter, which is reasonable based 

upon the measured droplet diameter for Spray G [30]. Both of the measurements resulted in similar plume 

direction angles of 33° for iso-octane under G1 condition. Additional information on droplet diameter and 

multiple scattering is needed to improve quantification of the extinction imaging method. 

2) E00 shows longer liquid/vapor penetration length and liquid residual time than IC8 regardless of ambient 

conditions, and despite a higher vapor pressure and propensity for flash-boiling. The liquid boundary detected in 

a cut plane indicated that E00 has thicker plumes that cause plume-to-plume interaction and spray collapse even 

under the 1.0-bar G3 condition. A combined effect of evaporation cooling and inhibited mixing by spray collapse 

contributes to the greater increase in penetration as well as liquid persistence.  

3) CFD LES studies, combined with the measured 3D liquid field, provided an explanation for the measured 

preferential evaporation of E00 by Cordier et al. [36]. Large droplets swept into the jet centerline after the end of 

injection form a region of persistent heavy species (n-undecane). The liquid boundary with low LVF threshold 

indicates an isolated liquid region (after injection) in this upstream region.  

4) Microscopic imaging results show vigorous flash-boiling of E00 from the initial spray that had not only plume-

to-plume but plume-to-wall interactions and film tip formation. A quantitative analysis on droplet size at the end 

of injection indicates a 4 μm smaller size E00 compared to IC8 at conditions where E00 encounters flash-boiling. 

A slightly flash-boiling IC8 condition actually forms a larger film on the injector tip than E00, caused by larger 
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more organized liquid ligaments than the flash-boiling, high-vapor-pressure E00. A non-flash-boiling IC8 had 

narrow plumes that left no measureable film on the injector tip.    
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Table 1. Fuel properties [22]. 

 
E00 (3-component fuel) 

 
n-pentane iso-octane n-undecane 

Chemical Formula C5H12 C8H18 C11H24 

% liquid vol. 36 46 18 

Density [kg/m³] 621.7 690.3 737.6 

Boiling Point [℃] 36.1 99.2 195.9 

Enthalpy of 

vaporization [kJ/kg] 

365.1 308.4 364.2 
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Table 2. Experimental conditions. 

Item G1 G2 G3 

Injector viewing angle 3 views (0°, 11.25°, 22.5°) 

Repetition number 300 for extinction, 100 for schlieren 

Fuel iso-octane (IC8), E00 

Injection pressure [bar] 200 

Fuel temperature [°C] 90 

Injection duration (hydraulic duration) [µs] 680 (780) 

Ambient pressure [bar] 6 0.5 1.0 

Ambient temperature [°C] 300 60 60 

Cold (20) 

Ambient density [kg/m3] 3.5 0.5 1.01 
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Table 3. Numerical setup. 

CFD code and grid information 

CFD code CONVERGE 3.0 

Type grid AMR and fixed embedding 

Base grid [mm] 2 

Embedding level for AMR and fixed embedding 5 (AMR on velocity and temperature gradient) 

Maximum grid resolution [mm] 0.0625 

Models 

Turbulence LES dynamic structure 

Spray model  Lagrangian parcel (70,000 parcels per nozzle) 

Injection BLOB (diameter initial parcels = nozzle diameter) 

Breakup model KH-RT (B0= 0.6 and B1= 5) 

Vaporization Frossling + CD [36] 

Droplet collision No time counter (NTC) 

Droplet drag Dynamic sphere + CD [36] 

Droplet dispersion O’Rouke 
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Fig. 1. Cut plane image of ECN spray G injector with dimensions (inset figure shows the 3-D rendering of the injector 

with primary orientation) [17][21]. 
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(a) 

 

(b) 

Fig. 2. (a) Distillation curves of test fuels, and (b) vapor pressure with select experimental ambient conditions shows 

as symbols (fuel temperature of 90℃ and ambient pressure at each condition). 
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                                        (a)                                                                                         (b) 

Fig. 3. In-vessel temperature distribution under (a) G3, and (b) G1 conditions. 
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(a) 

 

(b) 

Fig. 4. Experimental setup for high-speed (a) extinction imaging, and (b) schlieren imaging. 

 

 

 

 

 

 

 

 



 
 

39 
 

 

Fig. 5. Procedure to acquire projected liquid (PLV) map from raw extinction image.  
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Fig. 6. (a) Raw extinction image at the top, (b) converted ensemble averaged PLV map in the middle, and (c) sinogram 

with linearly weighted interpolated map at the bottom [27].  
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Fig 7. Image processing routine for schlieren image (a) isolation of spray from background by subtracting  𝐼 from 𝐼𝑜 , 

(b) get gradient magnitude of (a) by using ‘imgradient’ function, (c) binarize gradient magnitude map with a threshold, 

(d) fill inside region of spray envelope, (e) visual check of derived spray boundary with original spray image, (f) 

overlap 100 shots of binarized image (for example (d)) to get schlieren probability [27].  
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Fig. 8. Droplet sizing identification process: (a) background, (b)inverted/binarized background for mask, (c) inverted 

and dilated mask, (d) raw spray image, (e) difference between the raw image and the background, (f) gradient of the 

difference, (g) masked gradient, after binarization and filling of closed regions, (h) red marking for each identified 

droplet. 
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.  

Fig. 9. Liquid film identification process: (a) raw image before EOI, (b) background image before SOI, (c) isolated 

spray image by subtracting raw image from background image, (d) mask image (film region ‘1’, nozzle tip ‘0’, (e) 

liquid film on injector tip after end of injection, (f) binarized liquid film with ECN Spray G injector image, (g) liquid 

intermittency from 100 injections. 
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(a)                                                                                  (b)                

 

(c)  

Fig. 10. Fuel mass/volume measurement by (a) x-ray radiography (Argonne National Laboratory), (b) LVF 

measurement with a droplet diameter of 10μm assumption (Sandia National Laboratories), and (c) comparison of 

plume-average liquid fuel mass/volume, applying different droplet size assumptions. G3 cold condition at 

z=12mm, 0.5ms aSOI. CT reconstruction for LVF measurement was performed with Hamming filter of 0.3. 
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Fig. 11. Mass flux at z=15mm under G1 condition by Lagrangian CFD simulation.  
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Fig. 12. Liquid and vapor penetration length of IC8 and E00 fuels under G1, G2, and G3 conditions. 
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Fig. 13. Liquid spray boundary at YZ center plane (x=0mm) with a liquid volume fraction threshold of 0.5·10-3 for 

IC8 and E00 fuels under G1, G2, and G3 conditions. 
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Fig. 14. Comparison of entire spray evolution between IC8 and E00 under G2 condition. Colormap presents three-

dimensional renderings of liquid volume fraction. 
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(a) 

 

(b) 

Fig. 15. (a) Liquid volume fraction and (b) Averaged liquid volume fraction across centerline at z=30mm (XY plane) 

of IC8 and E00 fuels under G1, G2, and G3 conditions.  
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Fig. 16. Plume direction angle at z=8.5mm for IC8 and E00 fuels under G1, G2 and G3 conditions. Plume direction 

angle computed by x-ray radiography (cold G1 condition) is presented in dotted line [17]. 
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Fig. 17. Comparison of time-averaged vapor plume cone angle measured at z=8.5mm during steady-state between IC8 

and E00 fuels under G1, G2, and G3 conditions. 
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Fig. 18. Comparison of vapor envelope determined by vapor intermittency of 0.5 at 0.67ms aSOI under G1 condition. 

Vapor envelope of IC8 near the nozzle (inset at < 8 mm) is slightly larger than that of E00. 
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Fig. 19. Spatial distribution of high-volatility (n-pentane, and iso-octane) in the background at 3ms aSOI [36] with 

liquid boundary at 1.5 ms (solid white line), and 2 ms aSOI (dotted white line). The laser sheet did not reach to the 

region from 0 – 10mm so the vapor distribution in the background is not presented. 
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Fig. 20. Mixture composition of high volatility species captured by LES simulation with vapor boundaries.  

 

 

 

 

 



 
 

55 
 

 

F
ig

. 
2

1
. 

M
ic

ro
sc

o
p

ic
 s

p
ra

y
 i

m
ag

e 
o

f 
IC

8
 a

n
d

 E
0

0
 u

n
d

er
 G

2
 a

n
d

 G
3

 c
o
n

d
it

io
n

s.
 



 
 

56 
 

 

(a)                                                                                             (b) 

Fig. 22. Droplet size probability of IC8 and E00 spray after EOI under (a) G2 and (b) G3 conditions. 
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Fig. 23. Film process with E00 under G2 condition showing (a) liquid spill over from the counterbore, (b) liquid 

deposition on the injector tip, (c) film detachment by spray-film interaction, and (d) film boil-off after EOI (white 

dotted lines present counterbore region inside nozzle tip). 
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Fig. 24. Projected tip wetting area for IC8 and E00 fuels under G2 and G3 conditions.  

 

 

 

 

 

 

 

 

 


