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Investigation of the GCI main injection: experimental-numerical analysis of 20 

gasoline spray impact at reference engine conditions 21 

 22 

Abstract 23 

This work deals with the experimental and numerical investigation of ultra-high pressure gasoline 24 

injection against heated walls in order to characterize the fuel evaporation and distribution in gasoline 25 

compression ignition combustion chambers. Spray-wall impingement tests have been conducted in a 26 

quiescent vessel and recorded by means of the Mie scattering technique. The test conditions have 27 

been set in line with those of a reference benched GCI engine, leading to 500 bar and 700 bar for the 28 

injection pressure, 298 K, 423 K, 493 K for the wall temperature, 20 mm and 30 mm for the injector-29 

wall distance. The same test matrix has been reproduced by means of CFD three-dimensional 30 

simulations using a proper setting of the wall-impingement model and the joint use of CFD-FEM 31 

approaches for the vapour-wall heat exchange. The time evolution of the rebound spray has been 32 

recorded and then postprocessed leading to the width and the thickness of the cloud. The CFD results 33 

are in line with the experimental ones both in terms of the overall time evolution and punctual values, 34 

proving a good accuracy of the simulation in predicting the rebound/adhered fuel mass split and the 35 

local distribution of the fuel after the impingement. Given the reliability of the simulations, insights 36 

on the numerical wall film mass and evaporated mass have been provided in order to clarify the effect 37 

of increasing pressure, temperature, and distance. 38 

1. Introduction 39 

Framework 40 

The rising concerns on the climate emergency and on premature deaths due to air pollution is leading 41 

to sharp changes in different technological fields. Currently, the on-road transportation sector is one 42 

of the main responsible of those worries due to the widespread of fossil fuels-based propulsion 43 

systems all over the world. Recently, the European Union members have discussed the ban of Internal 44 

Combustion Engines (ICEs) from the market within 2035 (zero carbon dioxide emission at the 45 

tailpipe). Therefore, electric batteries, fuel cells and hydrogen engines would have been the only 46 

options to power on-road vehicles. However, a u-turn, has been made, and the proposal has been 47 

significantly modified resulting in the EU7 regulations for light vehicles. EU7 is substantially a 48 

reviewed version of the EU6 including tighter limits on the particulate emission. The possibility to 49 

equip vehicles with e-fuels powered engines has been unlocked [1] since they are carbon-based 50 

synthetic fuels that can be renewably produced by combining hydrogen and carbon dioxide, resulting 51 

in a zero-net carbon emission cycle. 52 

In this short-middle time scenario, internal combustion engines must evolve in order to fulfil the latest 53 

requirements. Implementing the so-called Low Temperature Combustion (LTC) can lead to the 54 

objective [2], being LTC based on ultra-lean combustion, which promotes the reduction of both heat 55 

losses (higher efficiency) and emissions due to the lower and more homogeneous in-cylinder 56 

temperature. In order to enhance those aspects, gasoline-like fuels have been identified as the most 57 

promising fuel option due to their higher volatility and self-ignition delay, which allow more 58 

homogeneity before the ignition [3]. Controllability, repeatability and low environmental impact of 59 

LTC operations require the split of the gasoline injection into two or three events at ultra-high 60 
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injection pressure [4] (from 500 bar up to thousands bar) in order to smoothly set the distribution of 61 

both fuel and temperature to achieve the proper start and sustain of combustion. An example of one 62 

of the most promising LTC technology is the Gen 3X Gasoline Compression Ignition (GCI) engine 63 

developed by Delphi Technologies [5] equipped on a middle-class passenger vehicle for testing. The 64 

Authors have shown the potential of this engine to achieve 48% brake thermal efficiency at different 65 

operation points while ensuring low NOx and acceptable soot emission, proving the ability to 66 

overperform some reference hybrid ICE-battery vehicles. This result has been achieved by adopting 67 

a fast air heating line, a tailored valvetrain and advanced turbocharging as well as an optimized 68 

combination of combustion chamber (at compression ratio 17) and injection system called ‘wetless 69 

combustion system’. In particular, the ‘wetless’ system aims at minimizing the wetting of the in-70 

cylinder surfaces (mainly piston and liner), which is a major shortcoming for the engine emissions. 71 

Indeed, the spray wall wetting hampers the fuel energy conversion quality [6] [7] [8] by inducing the 72 

local cooldown of the mixture, which leads to: i) longer ignition-delay time; ii) increased amount of 73 

unburnt hydrocarbons; iii) increased soot formation. 74 

In GCI engines, the likelihood of wall wetting is enhanced by the need to phase the main injection (in 75 

which the largest amount of the gasoline is introduced into the cylinder to ensure the required brake 76 

energy) near the top dead centre. Therefore, investigating the spray-wall wetting at ultra-high 77 

injection pressure and high wall temperature is mandatory for pushing this technology towards the 78 

marketplace. The gasoline fuel spray behaviour has been studied in a plethora of literature works, 79 

both experimental and computational ones. However, the most recent studies can be divided into two 80 

main research branches: i) the gasoline free-spray behaviour, mainly testing different ambient 81 

pressure and injection pressure values, including GCI-consistent ones, e.g. 2-40 bar for the ambient 82 

pressure, 500-2000 bar for the injection pressure [3] [7] [8] [9] [10] [11] [12] [13]; ii) the gasoline 83 

spray-wall impingement, mainly testing high temperature values of the surface, representative of 84 

those of the engine piston during combustion [6] [7] [14] [15] [16], but adopting injection pressure 85 

values between 50 and 200 bar.  86 

Contribution 87 

To the best knowledge of the authors, the current state of the art lacks investigations on the combined 88 

effect of ultra-high gasoline injection pressure and hot wall. One of the most comprehensive works 89 

in the literature, is the one proposed by Peraza et al. [7] in which the fuel is injected up to 1500 bar 90 

against a wall heated up to 550 K in an experimental facility that then allowed the combustion of the 91 

mixture. Optical analyses by means of Schlieren and chemiluminescence techniques have been used 92 

in order to provide insights on the spray impact behaviour and the ignition delay time. However, 93 

neither the use of gasoline (the test fuel was n-dodecane) nor the use of a synergic experimental-94 

numerical approach have been presented. 95 

In the opinion of the Authors, the state of the art should be enriched by results, both experimental and 96 

numerical, describing the behaviour of gasoline-like fuels at ultra-high injection pressure against hot 97 

walls. At this set of conditions, new results can guide the interpretation of existing experimental 98 

measurements as well as the early design step in the field of GCI engines, in which the combustion 99 

features are strongly affected by the three-dimensional local fuel distribution.  100 

In this work, both experimental and numerical analyses have been conducted on gasoline spray wall-101 

impingement injected at ultra-high pressure (up to 700 bar) against an hot plate surface (temperature 102 
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up to 493 K). The single-hole gasoline injector has been positioned at two different distance sets from 103 

the plate (20 mm and 30 mm). In the experimental analysis, the MIE scattering optical technique has 104 

been used to capture the morphology of the rebound spray cloud, then, the width (radial penetration) 105 

and the thickness (axial penetration) of the cloud have been detected on the images. The numerical 106 

analysis has been focused on the validation of the experimental campaign with three-dimensional 107 

Computational Fluid Dynamics (CFD) simulations. The results have been compared in order to assess 108 

the ability of the simulation to reproduce the fuel distribution driven by ultra-high injection pressure 109 

gasoline at engine heat up conditions. A Matlab algorithm has been developed and tested in order to 110 

provide a fair comparison between experimental and simulation images. Once the reliability of the 111 

simulation setting has been proven, additional numerical results have been presented in the 112 

perspective of engine CFD simulations.  113 

This experimental-numerical work has been driven by the need of insights on the gasoline spray 114 

rebound and wall film formation during the main injection event in a reference GCI bench engine  115 

[17] [18]. The choice of the test matrix has been guided by the need to understand the spray impact 116 

phenomena that determine the stability or not of some operating points of the reference GCI engine. 117 

The aim of the authors is to contribute to extend the knowledge on gasoline-like sprays wall 118 

impingement at boundary conditions that have been scarcely investigated at now, providing helpful 119 

results for GCI mixing assessment.  120 

 121 

2. Experimental method 122 

The experimental apparatus and the analysis methodology for a time-space detailed characterization 123 

of the wall impingement on a flat wall is described in this section. The tests have been performed in 124 

an optically accessible vessel through three wide quartz windows allowing to collect the images. A 125 

low surface-roughness aluminum wall (1.077 μm average roughness) has been installed inside the 126 

vessel, flat in shape and orthogonally disposed with respect to the fuel propagation. The wall has 127 

been electrically heated and controlled in temperature by a J-type thin thermocouple located at the 128 

center 1.0 mm under the surface. The plate has been heated at 423 K and 493 K. Two different 129 

nozzle-tip wall distances (d) have been tested i.e., 20 mm and 30 mm. Two injection pressure values 130 

have been tested, namely 500 bar and 700 bar, leading to the mass flow rate profiles shown in 131 

Figure 1. 132 
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 133 

Figure 1: Mass flow rate profile of the single hole injection device for two test pressures. 134 

Pump commercial gasoline (main properties listed in Table 1) has been adopted as a fuel, kept at the 135 

constant temperature of 297 K and injected by a single-hole CR diesel device.  136 

Table 1: Experimental points 137 

Fuel property Gasoline 

Formula C4 to C12 

Molecular weight (g/mol) 100–105 

Carbon (mass%) 85-88 

Hydrogen (mass%) 12-15 

Oxygen (mass%) 2,7 

Aromatic content (%v/v) 35 

Density @15 °C (kg/L) 0,72–0,775 

Boiling point (°C) 27–225 

Vapor pressure @38 °C (kPa) 48–103 

Specific heat (kJ/kg/K) 2 

Viscosity  @20 °C (mPa s) 0,37–0,44 

LHV(MJ/L) 30–33 

Autoignition temperature (°C) 257 

RON/MON 98/87 

(RON+MON)/2 92,5 

Cetane 5-20 

Flammability limit (vol %) 1,4/7,6 

Water Tolerance (vol %) Negligible 

Stoichiometric air/fuel 14,7 

Sulphur (mg/kg) 10 

 138 

The behavior of the fuel during the free-evolving phase, the wall-impingement and the spreading 139 

has been analyzed by collecting images using a time-resolved optical techniques. The Mie-140 

scattering methodology has been adopted. A high-power flash lamp, synchronized with the injection 141 
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command, enlightened the spray from the right side while a high-speed C-Mos camera collected 142 

and stored the evolution phases for an off-line analysis. A sketch of the optical setup is reported in 143 

Figure 2 where the lamp illuminated the incoming spray while a Z-type arrangement branch 144 

collected the figures of the phenomenon at a high-speed rate. The Z-configuration of the apparatus 145 

in Figure 2 enables a higher spatial resolution with respect to a direct system.  146 

The high intensity litght passes through the front window and lights up the liquid part of the 147 

injected jet. The light scattered by the liquid spray impacts an 15° off-axis parabolic mirror (4 148 

inches in diameter, 500 mm parent focal length) and deflected onto a 200 mm focal length that 149 

focuses the light beam on the high-speed camera. The chosen distance between the nozzle and the 150 

plate filled only partially the 80 mm test vessel section (defined through the quartz window) so an 151 

acquiring matrix on the camera of 960x288 pixels was set with a frame speed of 14,400 frames per 152 

second (fps) for the 20 mm as distance case. While for the 30 mm case, a spatial resolution of 153 

896x416 pixels was set with a frame rate of 10,800 fps. 154 

 155 

 156 

Figure 2: Optical setup for the Mie-scattering image acquisitions. 157 

In Figure 3 an example of a typical image derived from the application of the described technique, 158 

is reported. Due to its axial-symmetry, half impingement is enough for the event description so 159 

realizing resource saving. The fuel hits the flat wall and spreads on its surface realizing dynamic 160 

complex figures of the rebounded cloud that, in a row approximation, can be described as width and 161 

thickness parameters. The first one captures the slipping of the fuel on the wall, far from the 162 

impingement point while, the second one captures the rebound of the spray orthogonally to the 163 

surface. The image-collecting device was a Fastcam SA4 high-speed camera synchronized with the 164 

injection command and realizing two time-resolutions, 92.6 and 69.4 s, were obtained for the 30.0 165 

mm and 20.0 mm tip-wall distances, respectively. The spatial calibration factor was 12.1 pixel/mm. 166 

Five consecutive shots have been carried out to obtain an evaluation of the jet spreads on the 167 

measurements. More details concerning the application of the optical technique are reported in [19]. 168 

 169 
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 170 

Figure 3: Typical image of fuel showing the parameters of interest in the impact. 171 

A cycle-resolved sequence of images is reported in Figure 4. The figure reports the incipient 172 

impingement of the jet in the first frame that, typically, is indicated as t0. Then, the fuel starts 173 

slipping along the surface while first appearances of fluid-dynamic interactions with the gas (N2) in 174 

the vessel appear. Then, the rebound becomes more significant (third and fourth frames) showing, 175 

on the top of the image, the classical curls born by the interaction with the gas. 176 

 177 

Figure 4: Cycle-resolved sequence of images taken at pinj: 700 bar, Twall: 293 K, d: 20 mm. 178 

The Mie-scattering images were treated through a customized algorithm developed in C# to extract 179 

the parameters of interest. Mainly, the net ambient (to better outline the contours of the liquid), and 180 

the extract contour of the rebound shapes were used to obtain the width and thickness parameters. 181 

Once identified the image, an automated procedure applied on all the image sequences determined 182 

the mean values and the standard errors. Background subtraction, gamma correction, morphology 183 

filtering, levels linear, gaussian blur, and threshold filtering, as such as the fill hole operation have 184 

been applied on the Mie-scattering images to enhance the jet figures. Eventually, contour detection 185 

allowed identifying their boundaries. A batch method extracted the width and thickness as a function 186 

of the ambient pressure and wall temperature. A detailed description of the processing is reported in 187 

[20], [21]. The complete experimental test matrix is reported in Table 2 188 

Table 2: Experimental test points 189 

Distance (mm) Injection pressure (bar) Plate temperature (K) 

20 
500 

298 – 423 – 493 
700 

30 
500 

700 

 190 

3. Numerical method 191 

Computational mesh 192 
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The CFD simulations have been performed with the commercial software STAR-CD v4.28. The 193 

computational domain is shaped as a squared box with base dimensions of 80 mm x 80 mm and height 194 

adjusted according to the injector tip-wall simulation test (20 mm or 30 mm). In particular, once the 195 

tip-wall distance has been chosen, the height of the box has been set to 28 mm and 40 mm, 196 

respectively. The height-coordinate adjustment is needed in order to prevent interaction between the 197 

newly generated parcels and the top wall boundary. Figure 5 shows the section view of half the 198 

computational grid, highlighting the refinement features.  199 

The base grid size has been set to 4 mm in the regions in which, based on the experimental images, 200 

the droplets should not be present. The grid is refined up to 1 mm in the expected rebound spray 201 

region. Eventually, the grid is further refined up to 0.5 mm and then 0.025 mm along 8 mm and 4 mm 202 

downstream the nozzle tip in order to capture the spray atomization and break-up. With this setup, 203 

the number of cells was 148120 in the 20 mm tests, and 157127 in the 30 mm tests.  204 

On the side boundaries, a pressure boundary condition has been imposed with fixed pressure (1 bar) 205 

and temperature (298 K). The top and the bottom boundaries have been treated as walls with fixed 206 

temperature: i) 298 K for the top wall; ii) the test temperature (298 K, 423 K, 493 K) for the bottom 207 

wall. 208 

 209 

 210 

Figure 5: Section view of the computational grid (tip-wall distance 20 mm) with simulated spray overlap. 211 

In order to capture the spray-wall impingement properly, the bottom wall has been coupled with the 212 

STAR-CD built-in one-dimensional Conjugate-Heat Transfer (CHT), which solves the equations of 213 

the conductive and convective heat transfer according to the Finite Element Method (FEM) approach. 214 

In this way, the temperature of each cell face on the bottom wall is updated according to the heat flux 215 

exchanged between the fluid phase (mainly the adhered fuel liquid wall film) and the solid phase. 216 

Figure 6 gives a graphical view of the model. Once the wall on which the model should be applied is 217 

identified (Conjugate heat transfer interface) a chosen number of layers (i) is used to discretize the 218 

solid height. For each layer, the heat transfer equations are computed. In correspondence of the bulk 219 

dept (B), the temperature is not affected by the heat exchange, thus, it has been set at the test 220 

temperature as a constant value. For the present study, a bulk dept of 0.5 mm has been imposed. 221 

 222 
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 223 

Figure 6: Scheme of the implementation of the 1D-CHT model. 224 

The implementation of this model adds accuracy in the final results, as the characteristics of the scatter 225 

against the wall are affected by the expected local cooling of the plate at the fuel liquid film formation 226 

sites. 227 

Determination of the Leidenfrost and Nukiyama temperatures 228 

In the case of a liquid that hit a heated wall, the evaporation rate increases as the wall temperature 229 

increases. This behaviour is consistent up to the so-called Nukiyama temperature (𝑇𝑁) which 230 

promotes the transition boiling regime i.e., an evaporation rate reduction. This is due to the generation 231 

of an insulating layer made of the vapor phase of the liquid upon the hot wall, which reduces the 232 

conductive heat transfer. When the vapour layer has reached a consistent and fully developed 233 

structure, the evaporation rate is minimum, since the direct liquid-wall contact is prevented 234 

(Leidenfrost effect). This occurs at the Leidenfrost temperature (𝑇𝐿). The further heating-up of the 235 

wall over the Leidenfrost temperature results in the classical evaporation rate increase.     236 

A proper estimation of the Leidenfrost and Nukiyama temperatures is a key for accurate predictions 237 

at high-temperature wall wetting conditions. At ambient pressure, the determination of the 238 

Leidenfrost temperature is only related to the nature of the liquid. In fact, in case of finished surfaces 239 

[22], the surface roughness has a poor influence on the post-impinged behaviour. Moreover, the 240 

diameter of the impinging droplet (5 𝜇m) is well above the measured surface roughness (around 1 241 

𝜇m). In the current study, the authors selected a pseudo-pure liquid from the NIST database that is 242 

representative of the characteristics of the commercial Gasoline. In particular, the critical pressure 243 

and critical temperature declared in the database are 25.7 bar and 544 K, respectively. 244 

The Leidenfrost temperature can be calculated by means of the Spiegler model [23] (27/32 TCR), 245 

which is reliable for ambient pressure (1 bar in this study) well below the critical pressure of the 246 

liquid. As a result, the Leidenfrost temperature of the gasoline-like pseudo-pure liquid is 459 K. 247 

Moving on the determination of the Nukiyama temperature, in the case of lack of experimental data, 248 

the ‘middle-point’ approximation is a common practice, namely, the Nukiyama temperature is 249 

calculated as the middle temperature between the Leidenfrost one and the saturation one at ambient 250 

conditions (Eq. (1)). Being 371 K the value of the equilibrium temperature at 1 bar from the STAR-251 

CD built-in database, the resulting value of the Nukiyama temperature is 415 K. 252 
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𝑇𝑁,@1 𝑏𝑎𝑟 =
𝑇𝑆𝐴𝑇,@1 𝑏𝑎𝑟 + 𝑇𝐿,@1 𝑏𝑎𝑟

2
 (1) 

 253 

Droplet-wall interaction model 254 

In this study, the STAR-CD custom Bai-ONERA model has been adopted [24], [25] mainly due to 255 

its ability to account for high-temperature contact phenomena with a smooth transition between 256 

natural convection and nucleate boiling regimes, which are not standard features in wall-impingement 257 

modelling.  258 

The behaviour of a parcel that hits a wall mainly depends on the wall temperature and on the parcel 259 

kinetics. The first one is parametrized by the non-dimensional temperature 𝑇∗ (Eq. (2)), which relates 260 

the temperature of the wall (𝑇𝑤) with the Leidenfrost effect. The second parameter is parametrized 261 

by the Sommerfeld number (Eq. (3)), a combination of the Weber and Ohnesorge numbers. 262 

𝑇∗ =
𝑇𝑤 − 𝑇𝑁

𝑇𝐿 − 𝑇𝑁
 (2) 

𝐾 = 𝑊𝑒 𝑂ℎ−0.4 = (
𝜌𝐷𝑣2

𝜎
) (

𝜇

√𝜌𝜎𝐷
)

−0.4

 (3) 

 263 

In Eq. (3) 𝜌, 𝐷, 𝑣, 𝜎, 𝜇 are density, diameter, velocity, surface tension and viscosity of the incoming 264 

liquid droplets. From Eq. (3) it is visible that the Sommerfeld number is strongly affected by the 265 

parcel velocity, which is mainly given by the injection pressure. As the gasoline injection pressure 266 

adopted in this study is well above the standard ones, there is lack of data to check the resulting 267 

Sommerfeld number at these velocities.  268 

Figure 7 shows the map of the impingement regimes adopted in the Bai-ONERA model (based on 269 

iso-octane tests) depending on the 𝑇∗ and 𝐾 values. At 𝑇𝑤 = 𝑇𝑁 (𝑇∗ = 0), the maximum heat flux is 270 

reached. This point on the Bai-ONERA map identifies the upper boundary of the nucleate boiling 271 

regime (blue straight line between deposition and splash). At 𝑇𝑤 = 𝑇𝐿 (𝑇∗ = 1), the minimum heat 272 

flux is reached. This point identifies the transition boiling regime (intersection between blue and red 273 

curves). For 𝑇𝑤 > 𝑇𝑁 (𝑇∗ > 1), the heat flux increases again. This condition is called film boiling 274 

regime and it is identified by the straight red line between rebound and splash. 275 

 276 
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 277 

Figure 7: Map of the Bai-ONERA model showing the different impacting regimes. 278 

The data on the incoming droplets needed to calculate the Sommerfeld number depends on the 279 

development of the free spray along the path between the injector tip and the heated plate. The free 280 

spray is simulated according to a coupled Eulerian-Lagrangian approach, and the parcels are 281 

introduced inside the computational domain by imposing the injection profile (mass-flow rate versus 282 

time) provided by the experimental measurements. In particular, the set of models to predict the free 283 

spray before the impact is resumed in Table . The O’Rourke model [26] for the collision has been 284 

used to increase the accuracy of the simulated scatter as it allows to account for coalescence, 285 

separation, bouncing, and momentum transfer between droplets. The full description of the free spray 286 

model, setting and validation has been given in a previous work [12], and it is not reported in this 287 

paper for the sake of brevity. 288 

Table 2: models adopted for the CFD setup 289 

Phenomenon Model 

Turbulence RANS k-epsilon RNG 

Atomization Huh and Gosman [27] 

Breakup Reitz-Diwakar [28] 

Inter-droplet collision O’Rourke [26] 

Drag Schiller and Naumann [29] 

Evaporation El Wakil [30] 

 290 

 291 

 292 

Image postprocessing methodology 293 
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In order to extract width and thickness of the rebound cloud from simulation images, a dedicated 294 

postprocessing algorithm has been developed in Matlab. It is underlined that in CFD practice the 295 

dispersed phase is tracked by ‘parcels’, namely Lagrangian entities that are representative of a 296 

statistical sample of droplets. As a result, in order to limit the computation time, a single parcel 297 

represents a number of droplets. Thus, the simulated spray, being populated by parcels, is less dense 298 

than the real spray. In this framework, the algorithm used to process the experimental images based 299 

on the intensity of the lighted cloud (which depends on the droplets population), would be ineffective. 300 

On the other hand, identifying width and thickness as the coordinates of the furthest parcel and the 301 

highest parcels respectively, can be misleading. Indeed, sporadic parcels inconsistent with the 302 

rebound cloud figure may be present. In order to perform a fair comparative analysis between 303 

experiment and simulation, two different regions of the CFD spray have been recorded: the rebound 304 

core spray, and the rebound dispersed spray. The rebound core spray is the denser region of the 305 

rebounded cloud, while the rebound dispersed spray is the wider region comprising dispersed parcels 306 

if they are clustered in small groups (sporadic parcels with no neighbours will be not taken into 307 

account). A droplet has a neighbour if at least one additional droplet is present in any direction in a 308 

distance of 1-2 mm. 309 

Thus, the limits of the core spray are identified as the first point at which one droplet has not any 310 

neighbour above (for the thickness) and at the right (for the width). Conversely, the dispersed spray 311 

region is identified as the rectangle comprising all the rebounded droplets. 312 

An example of this this processing criterion is summarised in Figure 8. Once the algorithm has 313 

recognized the rebound core spray (red region) and the rebound dispersed spray (blue region), their 314 

base dimensions (length and height) are converted to distances from the injector axis, resulting in the 315 

simulation width and thickness. 316 

 317 

 318 

Figure 8: Comparison between the core and dispersed simulated spray regions. 319 

4. Results 320 

In this section the results obtained from the simulations are compared with the ones provided by the 321 

experimental campaign. Firstly, the analysis of the impingement dynamics will be presented by 322 

describing the position of the impinging parcels on the Bai-ONERA model map. Then, the validation 323 

Core spray
Dispersed spray

Core spray
Dispersed spray
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Dispersed spray
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of the methodology will be made by comparing width and thickness of the rebound cloud as well as 324 

the overall spray morphology.  325 

For each injector-plate distance (20 mm, 30 mm) and injection pressure (500 bar, 700 bar), three 326 

different plate temperatures have been considered: 298 K, 423 K and 493 K. The first one represents 327 

a reference base condition, at which the plate has not been heated. The other two temperatures have 328 

been selected according to the calculated 𝑇𝑁 and 𝑇𝐿: 423 K is higher than 𝑇𝑁 = 415 K, while 493 K 329 

is higher than 𝑇𝐿 = 459 K. In this way, all the three different impact regimes have been investigated. 330 

The choice of these temperatures has been done also in the view of capturing the fuel impinging 331 

behaviour in typical engine operations [31]. 332 

Bai-ONERA maps 333 

In order to capture the key characteristics of the impinging parcels, a dedicated user sub-routine has 334 

been implemented. In particular, at each time-step the sub-routine selects the parcels which are about 335 

to hit the wall i.e., parcels that fall in the last fluid cell (1 mm upon the wall), then, the algorithm 336 

averages all the characteristics that are then used to compute the Sommerfeld number (Eq. (3)). 337 

Therefore, the simulation allows to analyse the time-evolution of the impinging parcels kinetics at 338 

given wall temperature. 339 

Figure 9 reports the Sommerfeld number evolution of the incoming parcels as markers at 500 bar and 340 

20 mm distance. Each group of markers in a row is given by one simulation at initial wall temperature 341 

𝑇∗, whilst the color of the marker identifies the recording instant. For the first and the third groups of 342 

markers, the non-dimensional temperature is almost constant during the simulation around the initial 343 

value (markers lies on straight lines), meaning that the amount of the adhered fuel leads to low heat 344 

transfer. Considering the third group, this trend is consistent with the hypothesis of the creation of a 345 

thin vapour film, which decreases the heat flux between the liquid film and the heated plate. 346 

Considering the first group, the heat flux can be neglected as well, since the wall surface and the 347 

liquid spray have the same temperature (around 298 K). A slightly higher misalignment of the 348 

markers, representative of wall temperature variation during injection time, is reported for the second 349 

group of markers. Since the non-dimensional wall temperature is close to zero, the heat transfer is 350 

close to the maximum value.   351 
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 352 

Figure 9: Points on the Bai-ONERA map for the injection pressure of 500 bar and distance of 20 mm. 353 

Figure 10 shows the same trends for the higher injection pressure (700 bar). Also in this case, the 354 

condition inside the transition boiling regime leads to a higher heat transfer between the heated plate 355 

and the liquid film (markers misalign). In both Figure 9 and 10, the Sommerfeld number has an 356 

oscillating trend. In fact, analysing the curves of the injected mass flowrate (Figure 1), their shape is 357 

highly irregular. Overall, once the injection is about to stop, the mass flow rate decreases causing a 358 

reduction of the droplet velocity. As a result, at the end of injection, the Sommerfeld number 359 

decreases as well. Furthermore, it is visible that regardless of the injection pressure and non-360 

dimensional temperature, the fate of the impinging parcels will be the splash. Thus, the larger part of 361 

the impinging fuel mass is scattered in the form of child parcels with smaller diameter, whilst the 362 

remaining fuel mass adheres upon the wall. This is also confirmed by analysing the trend of velocity 363 

and mean diameter of the impinging parcels shown in Figure 11-a and Figure 11-b, respectively. 364 
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 365 

Figure 10: Points on the Bai-ONERA map for the injection pressure of 700 bar and distance of 20 mm. 366 

 367 

Figure 11: Velocity and diameter for both injection pressures, distance of 20 mm, and wall temperature at 423 K. 368 

Figure 11 shows that both the velocity and diameter are almost the same for the two injection 369 

pressures investigated. In particular, the curves of the velocity fluctuate due to the fluctuating nature 370 

of the fuel mass flow rate, causing the Sommerfeld to be irregular as well. Regarding the other test 371 

conditions, Appendix A shows the Bai-ONERA maps for the distance 30 mm. The overall aspect of 372 

the map is the same as that at 20 mm distance. Markers associated at late impingement time (green) 373 

are more dispersed and associated to lower values of the Sommerfeld number. This is due to the 374 

longer distance (30 mm) that promotes the aerodynamic drag effect on the impinging parcels, 375 

resulting in lower velocity and diameter.   376 

Width and thickness 377 

(b)(a)
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In this section, width and thickness of the simulated and experimental rebound clouds are compared. 378 

As anticipated in Section 2, simulation results are included between the curve of the core spray (red) 379 

and that of the dispersed spray (blue). Experimental results (black lines) report both the average 380 

behaviour and the confidence bars. The bars represent the range between the maximum and minimum 381 

values obtained during the 5 five consecutive shots.  382 

Figure 12 shows the results obtained by the tests performed at a distance of 20 mm and the injection 383 

pressure of 500 bar. Concerning the width (left column), it is visible that the experimental overall 384 

time-evolution of the radial penetration is well captured by the core-dispersed including area. 385 

 386 

 387 

Figure 12: Comparison between width and thickness of the rebounded cloud for a distance of 20 mm between the injector tip and the 388 
heated plate and an injection pressure of 500 bar (a1 and b1: 298 K; b1 and b2: 423 K; c1 and c2: 493 K). 389 
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The core width (red) underestimates the penetration during all the simulation, whilst the dispersed 390 

width (blue) is in line with the experimental values. A slight underestimation can be seen for the 391 

secondary cloud width at the highest wall temperature (Figure 12-c1). Focusing on the right column, 392 

the simulated core-dispersed including area becomes wider along the injection event. This is due to 393 

the different behaviour of the core thickness (red), which quickly flattens up, and that of the dispersed 394 

thickness (blue), which instead moves upward according to the experimental curve. Figure 12-a2, 12-395 

b2, 12-c2 shows that the simulation accuracy improves as the temperature of the plate increases, 396 

indeed the experimental curve at 493 K fully lies in the including area, while a slight underestimation 397 

is observed at 423 K and 293 K. This could be be expected, since the Bai-ONERA model has special 398 

features to capture the post-impingement characteristics in the case of hot walls. It is underlined that 399 

the accuracy loss at lower plate temperature values occurs moving towards the end of the simulation 400 

time. This trend, as will be explained later, deals with the generation of vortexes due to the interaction 401 

between post-impinged parcels and air. 402 

Figure 13 shows the same curves for the higher injection pressure (700 bar). As seen for 500 bar, the 403 

experimental width of the scattered cloud (left column) is well reproduced in both overall behaviour 404 

and punctual values. Regarding the thickness (right column), the same observations presented for 405 

Figure 12 can be recalled. However, the accuracy loss towards the advanced phase of the injection at 406 

700 bar is more significant than that at 500 bar, thus, it is enhanced at higher spray velocity. 407 

Furthermore, the value at which the simulation curves flatten is almost the same over the different 408 

tests (6-8 mm). 409 

A computational three-dimensional analysis of the motion inside the vessel reveals that the simulation 410 

thickness underestimation is likely due to the lack of a vortex that should blow the impinged droplets 411 

away from the impact point, rolling them up resulting in an increased axial penetration. Figure 14 412 

compares the simulated vector field relative to the velocity with the shape of the experimental rebound 413 

cloud. The white solid line on the left side represents the contour of the simulated cloud. Observing 414 

the relative position of the vortex compared to the contour of the cloud in the simulated case, the 415 

point at which the maximum thickness is located, is almost above the axis of the vortex. This is 416 

reasonable since the droplets around the vortex’s axis receive a grater energy from the air momentum. 417 

Instead, at the periphery, the magnitude of the velocity vector is almost zero, causing the cloud to 418 

flatten. As a result, the code is able to capture the intensity and location of the vortexes, but their 419 

dissipation time is shorter compared to the experiment, thus, they cannot blow those parcels neither 420 

towards the periphery, nor up enough compared to the expectations. 421 

The same considerations can be done to the cases related to a greater distance between the injector 422 

tip and the heated plate (30 mm). More details can be found in Appendix B. The experimental-423 

numerical comparison shown in Appendix B is in line with that presented in this section, however 424 

the including area between core and dispersed at 30 mm is slightly tighter. This is due to the larger 425 

aerodynamic drag along the longer parcel free path through the air medium. During this longer path 426 

most of the parcels have reached the stable diameter, thus, the resulting spray is finer and more 427 

homogeneous. 428 

Comparing all the measurements between experiments and simulations, the curves corresponding to 429 

the dispersed spray are more representative of the real scatter spray motion. The present methodology 430 

can suit the simulation of the main injection event in GCI engines (high piston temperature, high 431 
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gasoline injection pressure, short injector-piston distance) and provide reliable information on the 432 

after-impingement liquid fuel distribution and evaporation. Data to check out directly the 433 

reproduction of the liquid film would be beneficial to completely validate the code in predicting a 434 

GCI combustion process. 435 

 436 

Figure 13: Comparison between width and thickness of the rebounded cloud for a distance of 20 mm between the injector tip and the 437 
heated plate and an injection pressure of 700 bar (a1 and b1: 298 K; b1 and b2: 423 K; c1 and c2: 493 K). 438 

 439 

 440 
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 441 

Figure 14: Comparison between the experimental spray morphology and the simulated vector field of velocity during the steady-state 442 
phase for the injection pressure of 700 bar, distance of 20 mm, and wall temperature at 423 K. 443 

 444 

Spray morphology 445 

In this section, the analysis the whole spray morphology will be performed. The comparison will be 446 

made pointing to the most noticeable characteristics highlighted in the previous section.  447 

In Figure 15 simulation (left side) and experimental (right side) images are compared at the very early 448 

spray-wall impingement (almost free spray condition). Simulation images show the Lagrangian 449 

parcels coloured by diameter values while experimental images show the liquid dispersed phase 450 

thanks to the Mie scattering. The agreement between the jet development in the two images is a sign 451 

that the liquid length penetration is the same. Thus, the simulation very early impingement conditions 452 

(timing and footprint) can be considered reliable. 453 

 454 

Figure 15: Comparison between the spray morphology during the early injection development for the injection pressure of 700 bar, 455 
distance of 20 mm, and wall temperature at 423 K. 456 

Figure 16 shows the morphology comparison at the end of the needle opening transient at 700 bar 457 

injection pressure, 20 mm tip-wall distance, 423 K wall temperature. As also reported in Figure 13, 458 

at 𝑡 = 0.62 𝑚𝑠 both the width and thickness of the simulated cloud fit the experimental 459 

measurements. The experimental image of Figure 16 reports two main vortexes that strain the rebound 460 

cloud. These vortexes are promoted by the momentum transfer from the secondary jet (squeezed 461 

between the free jet and the wall) to the air. As previously mentioned, the evolution of the vortex 462 

highlighted in red is responsible for the offset between the experimental and simulated thickness at 463 

the late stage of the injection. As a result, the simulation cloud moves towards the radial direction 464 

flattening up to a uniform thickness along the axial direction. 465 

Simulated
Velocity

magnitude (m/s)s)
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 466 

Figure 16: Comparison between the spray morphology during the early stage of the steady-state phase for the injection pressure of 467 
700 bar, distance of 20 mm, and wall temperature at 423 K. 468 

Figure 17 shows the morphology comparison during the steady state phase of the injection. It is visible 469 

that the simulated thickness is lower than the experimental one, while the widths are consistent 470 

between each other’s. It is worth mentioning that the scatter angle in the simulation (𝜃𝑠𝑖𝑚 = 12°) is 471 

lower than the one in the real case (𝜃𝑒𝑥𝑝 = 19°), owing to a flatter shape of the cloud. The mismatch 472 

between the experimental and simulated clouds might be attributed to the lack of possibility to 473 

properly tune the constants of atomization and break-up models. In fact, given the limited acquisition 474 

frequency of the camera, only one image of the free spray has been recorded. The adoption of a multi-475 

component surrogate that better represent the properties of commercial gasoline might be an 476 

additional improvement of the simulation outputs since the dynamic properties will be affected 477 

accordingly.    478 

 479 

Figure 17: Comparison between the spray morphology during the steady-state phase for the injection pressure of 700 bar, distance 480 
of 20 mm, and wall temperature at 423 K. 481 

For a lower injection pressure, the thickness of the simulated cloud follows the one of the experiments. 482 

Figure 18 compares the spray morphology obtained by imposing an injection pressure of 500 bar and 483 

a distance of 30 mm. For the same record time of Figure 17 (around 1110 μs), the morphology of the 484 

simulated cloud is similar to the experimental one, especially considering the values of width and 485 

thickness. The similarity between the values of thickness is due to the generation of almost the same 486 

angle of the reflected droplets, i.e. 𝜃𝑠𝑖𝑚 = 8° and 𝜃𝑒𝑥𝑝 = 10°. For this case, Figure 19 shows a 487 

comparison between the velocity vector field of the simulated injection and the experimental spray 488 

morphology. 489 

𝜽𝒔𝒊𝒎 𝜽𝒆𝒙𝒑 
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 490 

Figure 18: Comparison between the spray morphology during the steady-state phase for the injection pressure of 500 bar, distance 491 
of 30 mm, and wall temperature at 423 K. 492 

In Figure 19 the location of the maximum thickness corresponds to the point at which the vortex is 493 

generated. In this case, the location of the maximum thickness is in good agreement with the 494 

experimental one highlighted by the red ellipse. As a result of the realistic vortex generation, the 495 

match of the overall shape of rebounded cloud is significantly improved.  496 

The combination of longer distance of 30 mm and the reduced injection pressure of 500 bar leads to 497 

the generation of a weaker vortex as well, as the vector magnitude demonstrates. In fact, the 498 

magnitude of the vertical velocity vectors for the case shown in Figure 14 and Figure 19 are almost 499 

14 and 20 m/s, respectively. A more intense vortex allows the cloud to develop in the vertical 500 

direction. The magnitude of the velocity vectors at the periphery of the cloud are the same for both 501 

the conditions (20 mm and 30 mm), leading the width to approach almost the same values (almost 40 502 

mm) regardless of the distance.  503 

 504 

Figure 19: Comparison between the experimental spray morphology and the simulated vector field of velocity during the steady-state 505 
phase for the injection pressure of 700 bar, distance of 30 mm, and wall temperature at 423 K. 506 
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Simulated
Velocity

magnitude (m/s)s) Simulated

𝜽𝒔𝒊𝒎 𝜽𝒆𝒙𝒑 

https://cris.unibo.it/


This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/) 

When citing, please refer to the published version. 

In this section, the simulated time evolution of injected mass, film mass and dispersed fuel mass are 508 

compared in the view of giving further explanations to the trends shown above. Figure 20 gives a 509 

comparison for the case at 20 mm varying the injection pressure and normalizing the different masses 510 

with the total amount of injected fuel. 511 

According to Figure 20-a1 and 20-a2, the amount of generated liquid film is strongly dependent on 512 

the plate temperature. As expected, the larger mass of fuel wall film is generated at 298 K, since no 513 

evaporation from the heat exchange with the plate occurs. Instead, for the higher two temperatures, 514 

the Leidenfrost effect comes into play. At 493 K no wall film mass is generated due to the insulating 515 

vapour layer created. Hence, all the injected fuel is in the form of dispersed parcels or vapour (Figure 516 

20-b1,20-c1 and 20-b2, 20-c2). 517 

 518 

Figure 20: Comparison of the trends of liquid film (a1, a2), evaporated (b1, b2) and dispersed masses (c1, c2) for the distance of 20 519 
mm between the injector and the plate. 520 

The higher injection pressure of 700 bar promotes a faster evaporation of the fuel mass (Figure 20-521 

b1, 20-b2). This is due to the higher atomization rate, which leads to slightly smaller mean diameter 522 

https://cris.unibo.it/


This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/) 

When citing, please refer to the published version. 

of the impinging parcels with respect to the case at 500 bar (Figure 11b). Therefore, a larger surface 523 

is involved in the heat transfer, owing to the fuel mass to evaporate quickly. The effect of the faster 524 

atomization is reflected on a reduced amount of dispersed mass (Figure 20-c1 and 20-c2), which 525 

identifies the morphology of the rebounded cloud. In conclusion, the discrepancy between the 526 

experimental and numerical thickness of the rebounded cloud for the cases at 700 can be also 527 

attributed to a reduced amount of dispersed fuel, that mitigates the momentum transfer between the 528 

parcels and, consequently, the upward motion of the cloud after the impingement. Same 529 

considerations applied to the case at 30 mm distance (Appendix C). It is highlighted that in Figure 530 

C1-b1, Figure C1-b2, Figure C1-c1, Figure C1-c2 is visible that at 30 mm the evaporated mass 531 

percentage is larger than that at 20 mm due to the enhanced phase change and parcels diameter 532 

reduction along the longer free path. 533 

 534 

 535 

5. Conclusions  536 

This work if focused on the investigation of gasoline spray impingement against heated wall at ultra- 537 

high injection pressure. The final aim of the work is providing insights on the behaviour of gasoline 538 

fuel spray after the impingement at non-conventional injection condition. The work can enrich the 539 

knowledge on the fuel distribution produced by the main injection event in modern Gasoline 540 

Compression Ignition engines. 541 

The investigation has been conducted both with experimental tests and numerical CFD simulations 542 

on a matrix including 12 points comprehensive of: i) two injection pressure values (500 bar and 700 543 

bar, consistently with the values operated on a reference benched GCI engine); ii) three temperature 544 

sets of the heated wall (298 K, 423 K, 493 K); two distance sets of the injector tip from the impact 545 

wall (20 mm, 30 mm). Those values have been chosen as representative of the piston bowl 546 

temperature at low, mid, and high load, and of the injector tip-piston distance during the main 547 

injection event. During the experimental tests, images of the rebound spray cloud have been captured 548 

via Mie scattering technique. Then, the images have been processed to determine the radial 549 

penetration (width) and the axial rebound height (thickness) of the cloud.  550 

Both experiments and simulations show the following features: i) the rebound width is not 551 

significantly affected neither from the injection pressure, nor by the plate temperature, showing a 552 

monotonous increasing shape along the injection time; ii) the cloud width is strongly affected by the 553 

injection pressure and by the distance. The higher is the injection pressure, the higher is the rebound 554 

height of the spray according to an increasing behaviour. The higher is the distance, the more the 555 

width shape approaches a flat height since half of the injection time, likely due to larger spray 556 

momentum losses during the longer free spray path. 557 

Possible reasons for the mismatch of experimental and simulation measurements might be attributed 558 

to the lack of possibility of fine-tuning the constants of atomization and break-up models. Tuning the 559 

models based only on one image due to the limited acquisition frequency of the camera, limits the 560 

accuracy in predicting velocity and diameter distributions of the impinging parcels. Standard 561 

simulation practice on coupling the Eulerian turbulence dispersion and the Lagrangian dispersed 562 

parcels likely limits the accuracy of the rebound thickness prediction, due to the small number of 563 
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droplets per parcels set in order to save computation time. Improvement should be tested (e.g., the 564 

mesh grading near the periphery of the impingement point) in order to account for a more realistic 565 

momentum exchange between air and dense sprays at ultra-high injection pressure without losing 566 

computation speed. 567 

According to CFD results, differences in the mass split in the test cases are mainly due to the wall 568 

temperature are and the distance. At 493 K no liquid fuel film is formed consistently with the lack of 569 

direct contact between the spray and the wall due to the Leidenfrost effect. At 423 K and 493 K the 570 

mass of fuel vapor is very similar, however, the case at 493 K is characterized by a larger amount of 571 

fuel mass in the form of rebound droplets that can affect the features of the diffusive combustion 572 

phase. A longer distance (30 mm) allows a larger conversion of the liquid fuel mass to fuel vapour 573 

leading to a smaller presence of fuels in the form of droplets or liquid film. 574 
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Appendix A 685 

 686 

 687 

Figure A-1: Points on the Bai-ONERA map for the injection pressure of 500 bar and distance of 30 mm. 688 

 689 

 690 

Figure A-2: Points on the Bai-ONERA map for the injection pressure of 700 bar and distance of 30 mm. 691 
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Appendix B 693 

 694 

 695 

Figure B-1: Comparison between width and thickness of the rebounded cloud for a distance of 30 mm between the injector tip and 696 
the heated plate and an injection pressure of 500 bar (a1 and b1: 298 K; b1 and b2: 423 K; c1 and c2: 493 K). 697 
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 699 

FigureB-2: Comparison between width and thickness of the rebounded cloud for a distance of 30 mm between the injector tip and the 700 
heated plate and an injection pressure of 700 bar (a1 and b1: 298 K; b1 and b2: 423 K; c1 and c2: 493 K). 701 
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Appendix C 703 

 704 

 705 

Figure C-1: Comparison of the trends of liquid film (a1, a2), evaporated (b1, b2) and dispersed masses (c1, c2) for the distance of 30 706 
mm between the injector and the plate. 707 
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