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ABSTRACT 

In extremely cold environments, the phenomenon of spray impacting on surfaces 

is unavoidable and the fuel film attached to the surface is one of the crucial 

factors influencing emission, stability, and cold-start performance in internal 

combustion engines. However, there is currently a lack of research on the effects 

of spray impacting on ultra-cold surfaces. In this study, researchers investigated 

the effect of surface temperature on impinging spray and fuel film area with 

different values of injection pressure, injection duration, and surface roughness 
visually using backlight and scattering methods. The penetration and diameter 

of the impinging spray were not affected by the low surface temperature due to 

the ample momentum, whereas the height was slightly decreased at the ultra-

cold surface. The fuel film area significantly decreased with the lower surface 

temperature and the shorter injection duration. An empirical correlation for the 

fuel film area was established for reflecting the relationship between the fuel 

film area and the low surface temperature or injection conditions. The decrease 

in fuel film area was more noticeable on the surface with lower temperature and 

higher surface roughness (Ra=17.69μm). Nevertheless, the longer injection 

duration weakened this decreasing trend. With the increasing number of 

injections, the fuel film area rose while the area on the ultra-cold surface, 
increased more slowly because of the higher viscosity and thickness of the 

previous residual film.  
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1. INTRODUCTION 

The phenomenon of liquid-phase spray impinging on 

surface is inevitable due to the poor atomization and 

evaporation results from miniaturization, low in-cylinder 

ambient temperature and pressure during the cold start of 

internal combustion (IC) engines (Schünemann et al., 

1998; Hwang et al., 2015; Shi et al., 2020a). Although the 

impinging process is beneficial for secondary atomization, 

the fuel film formed may cause a misfire, deterioration of 
combustion, and emission issues (Suh et al., 2007; Zhu et 

al., 2014; Shi et al., 2020b; Zhang et al., 2023). Once 

proper combustion conditions are reached again, the fuel 

accumulated in multiple cycles will burn on the surface, 

resulting in carbon deposition and even ablation (Abou et 

al., 1999; Zhao & Kaiser, 2018). The surface temperature, 

one of the key parameters in the cylinder, directly affects 

the fuel-air mixing, fuel film spreading and flame 

propagation (Cho et al., 2010; Wu et al., 2023). Especially 

for diesel engines relying on compression ignition (CI), 

characteristics of the fuel-air mixture and fuel film 

strongly determine the ignition stability, leading to the 

noise, vibration, and harshness (NVH) and reliability 

influenced by cold start performance (He et al., 2023). 

Researchers have conducted numerous investigations 

to examine the effect of surface temperature on the 

microscopic droplet-wall interaction or the macroscopic 

spray-wall interaction (Schünemann et al., 1998; 

Egermann et al., 2002; Drake et al., 2003). Liu et al. 

(2018) used laser-Induced exciplex fluorescence (LIEF) to 
measure the distribution of the gas-phase and liquid-

phase, revealing that the high-concentration regions were 

promoted with the surface temperature from 773K to 

333K. Accordingly, the air-fuel mixture process was 

reduced with the lower wall temperature because of the 

weakened evaporation in the study of Meingast et al. 

(2000). However, Orugant et al. (2024) found that the 

impingement spray had an obvious cooling effect foe the 
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ignition-assistant (IA) through the transient compressible 

3-D CFD simulations with new spray-wall interaction 

(SWI) models. For cold start conditions, the surface 

temperature not only affected the air-fuel mixture 

formation but also changed the characteristics of the fuel 

film (Pan et al., 2019; Chen et al., 2020). Liu et al. (2019a) 
studied the characteristics of the fuel film by laser-induced 

fluorescence (LIF) technique and demonstrated that the 

fuel film volume decreased with the higher surface 

temperature. Zhu et al. (2001) investigated the film 

thickness and area enhanced at lower surface temperatures 

by the KIVA 3V. The nucleate boiling of the fuel film 

appeared when the wall temperature reached a critical 

value, and the boiling intensity was strengthened with the 

increasing wall temperature (Liu et al., 2019b). 

Furthermore, the temperature of the in-cylinder surface is 

even closer to the ambient temperature when engines 

quickly start in a cold environment, and the fuel film is 
easily formed due to the impact of liquid-phase spray on 

the low-temperature surface. Pan et al. (2017) investigated 

the thickness and the area of the ethanol film using LIF. 

Their results unveil that the film became thicker and the 

adhered mass increased with lower fuel or surface 

temperature, even though the wetted area became smaller 

owing to the larger viscosity. The film mass loss via wave 

entrainment decreased with the lower surface temperature 

(Li et al., 2019), and this phenomenon was dominated by 

gas-liquid interfacial interactions. 

As implied from the above literature, the surface 
temperature affects not only the air-fuel mixture formation 

but also the deposition mass, area, and thickness of the fuel 

film via the process of evaporation, film breakup, and 

nucleate boiling. In cold-start conditions within frigid 

regions, the temperature of the piston wall could be as low 

as -20 °C. These extreme conditions can lead to the 

interaction between the liquid fuel and the ultra-cold wall, 

thereby impacting the subsequent fuel-air mixing process 

(Pan et al., 2019). Since previous investigations mainly 

primarily focused on the effect of higher surface 

temperature, there is a lack of the ultra-cold surface.  

Furthermore, the morphology analysis of the fuel film 

has been researched more compared to theoretical 

analysis. The fuel film was strongly influenced by 

injection conditions such as injection pressure and 

duration (Xiao et al., 2019; Wang et al., 2022). The surface 

roughness changed significantly with poor engine 

operation (Shi et al., 2022). Nonetheless, the effect of this 

factor was barely considered due to the limitations of 

optical measurements (Pan et al., 2017; He et al., 2020). 

The diesel engine is more likely to misfire during cold 

starts at low temperatures, contributing to the 

accumulation of fuel film. Therefore, it is valuable to 
study the fuel film influenced by the coupling of surface 

temperature with injection conditions, surface roughness, 

and injection times. 

In our paper, researchers conducted visualization 

experiments of spray impacting on ultra-cold surfaces 

using shadowgraph and direct photography methods. were 

conducted using the shadowgraph and direct photography 

methods. A parameter matrix, including surface 

temperature, injection pressure, injection duration, surface 

roughness, and different spray times for spray-wall 

interaction and fuel film area, was analyzed. Besides, an 

empirical correlation was established to reflect the 

relationship between the fuel film area and surface 

temperature or injection conditions. 

2. EXPERIMENTAL APPARATUS AND PROCEDURES 

2.1 Experimental Setup 

As illustrated in Fig. 1, the experimental setup 

consists of the common rail system, a high-speed imaging 

and data acquisition system, the customized cooling 

system and related auxiliary parts. The common rail 

system provides injection pressure, incorporating a high-

pressure oil pump (BOSCH-CP3), a conventional rail with 

a pressure regulator, a single-hole injector (BOSCH-CRI-

2) of 0.16mm diameter, and a fuel tank. The desired 
injection pressure is achieved by the oil pump driven by 

an inverter motor.  

The impacting process between spray and surface was 

captured by two high-speed cameras (FASTCAM SA4, 

Photron and EoSens Cube7, MIKROTRON) with 

operated speed of 20,000 fps (Resolution 512×352) and 

5000 fps (Resolution 560×466), respectively. A 

dysprosium lamp and diffusion plate were adopted to 

provide a more adequate illumination source throughout 

the impacting process. Additionally, our research group 

conducted information extraction on the images using the 

software PFV and MATLAB. The computer software 
allowed the controller to send out a step signal that can be 

transmitted to the injector and two high-speed cameras for 

initiating injection and image recording, respectively. 

The customized cooling system was composed of 

consisted of a customized Peltier element, a cooling 

module, heat sinks, and a temperature control device. The 

Peltier element reduced the temperature by the control 

device with adjustable voltage, and the heat was 

transferred through a cooling module. The surface 

temperature was regulated by adjusting the voltage input 

to the Peltier element combined with a thermocouple. Al-
Si alloy surface intercepted from a piston blank was placed 

on the cold surface of the Peltier element. The alloy 

surfaces were connected by a thermally conductive 

silicone to reinforce thermal conductivity. enhance 

thermal conductivity. The polyurethane insulation layer 

was added to the side of the alloy plate to lessen the side's 

heat dissipation and maintain a uniform temperature on the 

plate, reduce sides heat dissipation and maintain a uniform 

temperature on the plate, as shown as exhibited in Fig. 1. 

This method ensured the stable surface temperature and 

replaced easily replaced the impacted surface. The surface 

temperature was reduced curtailed to -30 °C at an ambient 
temperature of 20 °C by the cooling system. The surface 

temperature of the Al-Si alloy plate was measured by a T-

type thermocouple (Omega, accuracy: ±0.1 K) and 

recorded by the temperature logger (DAQ-970A, 

Keysight). Furthermore, researchers removed the frost to 

eliminate the humidity effect by wiping the surface before 

experiments. 
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Fig. 1 Schematic diagram of the experimental setup 

 

Table 1 Experimental conditions for impinging spray 

Parameter Value 

Surface temperature (𝑇𝑠, °C) 20, 0, -20 

Surface roughness (Ra, μm) 1.12, 17.69 

Injection pressure (Pi, MPa) 60, 80 (mainly) 

Injection duration (ti, ms) 1, 2, 3 

Injection interval time (ms) 150 

 

2.2 Experimental Parameter Setting 

Table 1 shows that the test matrix determined several 

parameters such as surface temperature, injection 

pressure, injection period and surface roughness on the 

process after spray impacting on the ultra-cold surface. 

The spray impact process was captured by visual analysis 

of backlight and scattering. The image processing 

procedures are detailed in section 2.3. After processing 
section 2.3, our research group extracted useful 

information comprising penetration (PL), diameter (DL), 

and height (HL) of the impacting spray. A schematic 

diagram of the spray parameters is presented in Fig. 1. The 

diameter represented the width of the oil spray and was 

defined as the distance between the two ends of the jet as 

the spray impinging on the wall. The height was obtained 

by measuring the distance from the highest spray after 

impingement to the lowest horizontal line of the wall. The 

penetration indicated the distance from the farthest end of 

the spray to the nozzle, and if the spray reached the wall, 
it was donated as PL=SL+DL/2. The film spreading process 

changing with time is similar to the evolution process 

reported by Lamiel et al. (2021). Thus, the final fuel film, 

rather than the fuel film spreading process, demonstrated 

the effect of experimental parameters regarding the 

deposition of the fuel film. 

The surface temperature (𝑇𝑠, °C) was adjusted from -

20 °C to 20 °C by the customized cooling system. This 

temperature reflected the actual wall temperature under 

low-temperature cold start conditions of IC engines. The 

fuel film formation was influenced by changes in surface 

roughness during the operation of IC engines. Our 

research group polished the surface of the alloy plate to 

two roughness levels (Ra = 1.12 μm and 17.69 μm) to 

better reveal the impact of roughness variations on the 

formation of thin films. The surface morphometry system 

(ST-400, NANOVEA) was employed to perform the 

surface condition, as presented in Fig. 2. 

 

 
(a) 

 
(b) 

Fig. 2 Surface roughness profile of Al-Si alloy surface: 

(a) Ra = 1.12 μm; (b) Ra = 17.69 μm 
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Table 2 Fuel mass, mass flow rate and volume flow rate with different conditions 

𝑃𝑖(MPa), 𝑡𝑖, (ms) Fuel mass (mg) Mass flow rate (10-3Kg/s) Volume flow rate (10-6m3/s) 

60,1 8.092 8.092 9.728 

60,2 19.075 9.538 11.467 

60,3 30.058 10.019 12.045 

80,1 10.193 10.193 12.254 

80,2 23.226 11.613 13.961 

80,3 36.259 12.086 14.529 
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Fig. 3 Fuel injection mass calibration 

 

As the main dynamic force in the spray impingement, 

the injection pressure directly affects the impingement 

morphology and the fuel film evolution process (Shi et al., 

2020a). However, the injection pressure during cold start 

at low temperatures is usually maintained at a lower value 

than that during normal operation. In other words, 

injection pressure was not a major variable in this study. 

He et al. (2023) reported that 80 MPa was a more 

appropriate injection pressure under cold starting 

conditions which can reduce the ignition delay time (IDT). 

Thus, our study focused on the combined effects of 
injection pressure (Pi=60 MPa and 80 MPa (mainly)) and 

injection duration (ti=1, 2, and 3 ms). With the intention of 

providing basic data for the theoretical calculation of the 

oil film area, a standard injection rate measuring device 

(produced by EFS) was utilized to calibrate the injection 

mass under the different injection pulse widths and each 

injection pressure. Figure 3 exhibits the change rule of 

injection fuel mass at various injection pressures and 

injection duration. Table 2 lists the calculation results of 

the average mass flow rate and volume flow rate based on 

the injected fuel mass under various injections. Depending 

on the operating conditions of the engine, the distance 
from the nozzle to the surface was set as 40 mm. 

Considering that the compression ignition (CI) 

characteristics of diesel engines resulted in the misfire 

phenomenon during the stage of cold start, the change of 

fuel film after multiple injections was also adopted as a 

research factor. The injection interval time was set at 150 

ms with reference to the idling stage. 

2.3 Image Processing Procedure 

The original images were processed by MATLAB 

software and the procedure was performed (Fig. 3) to 

obtain the liquid phase parameters after spray 
impingement. Regarding background removal, the first 

image without spray was defined as a background one, and 

the first frame image was then subtracted from each frame 

image. Besides, noise reduction was conducted because 

there were still some noise points after the process of 

background removal. Then, an appropriate threshold value 

was selected, and the gray value of pixel points (less than 

the threshold value) was set to zero to obtain the processed 

spray image. This Gaussian filtering was applied to 

eliminate Gaussian noise in this paper. It replaced the 

value of the target pixel with the weighted average gray 

value of the target pixel and its neighboring pixels, 
representing a type of linear smoothing signal filtering. 

The Gaussian filtering algorithm was straightforward. It 

eliminated image noise while protecting image edges 

through weight analysis.  

Binary processing and parameter acquisition were 

conducted since it was necessary to use the fuel film 

formed by the initial spray impact as a condition for 

calculations in sections 3.1 and 3.2. Therefore, a series of 

images were binarized, and then the spray morphology 

involving initial fuel film radius (R0), penetration (PL), 

diameter (DL), and height (HL) in the image were recorded 
by edge capture extraction, as shown in Figs. 4 and 5. 

False color image, images after the noise reduction had 

been transformed into matching grey-scale pictures, and 

the false-color image was created by the method of 

corresponding pixel mapping. The concentration 

distribution of the liquid phase of the spray was seen more 

clearly because of the false color. 

 

 

Fig. 4 Captured procedure for the spray morphology 
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Fig. 5 Image processing procedure for spray impingement obtained by the backlight method 

 

 

Fig. 6 Processing procedure for the image of fuel film 

 

The morphology of the fuel film was recorded by the 

scattering method with an inclined camera. Therefore, it 

was necessary to reconstruct the tilted image of the fuel 

film by a suitable method. For image deformity correction, 

the adjustment was made through the original calibration 

object, as illustrated in Fig. 6. The original inclined image 

was recovered by adjusting the proportion of vertical 

coordinates in the image. Specifically, the aspect ratio of 
the calibrated items in the calibrated image was consistent 

with the actual aspect ratio. Then, the fuel film image was 

adjusted in the same way. The recovered image from the 

background removal process was cropped to the 

appropriate size. Additionally, the part of noise reduction 

and binary image was treated similarly to the process of 

spray impingement. In the part of edge detection, fuel film 

edges were captured by the canny edge capture algorithm 

for subsequent comparison. The canny edge capture 

algorithm was a multi-stage algorithm that performed 

edge detection by applying Gaussian filtering to remove 
noise and calculated the gradient magnitude and direction, 

non-maximum suppression, double threshold detection, 

and edge tracking. The fuel film area was calculated as the 

product of the total pixel number of the fuel film domain 

and the area of a unit pixel. Furthermore, the experimental 

error was minimized by finding the average value of the 

measured parameter during three tests. 

3. RESULTS AND DISCUSSION 

3.1 The Effect of Surface Temperature 

An example of spray impacting on the surface was 

depicted in Fig. 7, with a surface roughness of Ra=1.12 

μm and a fuel pressure of Pi=80 MPa. Two different 

surface temperatures, Ts=-20 °C and 20 °C (room 
temperature), and injection durations (ti), ti =2 ms and 3 

ms, were reported. As observed, the phenomena after 

spray impacting on surfaces with different temperatures 

only exhibited comparable effects, whereas the fuel film 

region significantly decreased as Ts became lower.  

The fuel film region significantly increased with the 

prolonged injection duration, as presented in Fig. 7. The 

spray concentration was higher in the near-wall region at 

2ms after the start of injection (ASOI). Longer injection 

duration led to an increase in the interaction time of the 

spray and the surface, and more fuel droplets impacted on 
the surface. At ASOI 3 ms, the spray concentration 

remarkably reduced with ti =2 ms, while the greater 

concentration was still observed with ti =3 ms. Notably, 

the fuel film mainly spread from center to outward, even 

though the near-wall region possessed a higher spray 

concentration. This was mainly because the spray plume,  
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Fig. 7 Distribution of liquid phase after spray impacting on surface at with different Ts and ti at Pi=80 MPa 

 

not the wall jet, was the position where the oil film quality 

originated (Liu et al., 2019a). 

The influence of surface temperature on the liquid-

phase impinging spray was investigated at different values 
of ti (Fig. 8). The injection pressure generated by the 

common rail system provided enough momentum for the 

spray, contributing to the rapidly boosted expansion of the 

spray. The PL and DL raised immediately, as exhibited in 

the first two columns of Fig. 8. Due to the hindering effect 

of the surface, the increasing trend of the PL gradually 

decreased at 0.25ms ASOI, while the exact opposite trend 

was observed for the DL. The expansion of the spray 

parallel to the surface was significantly enhanced by 

surface effects. Consequently, the spray momentum in the 

vertical surface direction was converted into two jets 

parallel to the surface. The momentum provided by the 
injection pressure dominated at this stage, and the surface 

temperature had barely any effect on the PL and DL. The 

liquid-phase spray was floated by the interaction of the 

impingement spray and the surrounding air. Nonetheless, 

the HL was less than that at ambient conditions. Droplets 

carried by the spray impacted the surface and quickly 

formed a fuel film, which had a lower average temperature 

and higher viscosity on the ultracold surface. The number 

of droplets in the vortex region decreased owing to the 

evident phenomenon of adhere and velocity reduction. 

The HL reduced with the lower surface temperature in the 
macroscopic view. The surface temperature exerted more 

effect on the fuel film than the liquid spray morphology 

reflected by the PL, DL, and HL. 

Figures 8(a) and (b) illustrate visual changes in the 

spreading fuel film. The fuel film area decreased by about 

26 % with the Ts ranging from 20 °C to -20 °C, at Pi =60 

MPa, ti =3 ms. The spreading fuel film after spray 

impacting was composed of tiny deposing droplets not 

atomized. During the early stage of injection, the first 
droplets were piling up to create a liquid film. Once the 

fuel film was created, the spreading of the liquid film was 

mainly driven by the high-speed flow of spray. The force 

of spreading was provided by the pressure difference and 

the shear stress of high-velocity-induced airflow. The 

effect of viscosity hindered the spreading of fuel film. The 

heat exchange occurring between the ultracold surface and 

the tiny droplets provoked a decrease in the film 

temperature and an increase in its viscosity, preventing the 

film from spreading. 

Regarding the cases reported in Fig. 9, the fuel film 

area (S) at Pi =60 MPa, Ts =20 ℃ stabilized to S≈210 mm2 
and S≈490 mm2 for ti =1 ms and 3 ms, respectively. 

Moreover, digitations were observed at the edge of the fuel 

film, whereas their size always remained smaller 

compared to the film. This phenomenon was mainly 

determined by spray spatial non-uniformity, and the wavy 

patterns were affected by the non-uniformity during 

injection (Xiao et al., 2019). Although the fuel pressure Pi 

=80 MPa demonstrated a similar pattern, the effect of 

surface temperature was lessened, as exhibited in Fig. 10. 

The fuel film area decreased by about 20 % at Pi =80 MPa, 

ti =3 ms. The heat transfer was enhanced by higher fuel 
pressure, while the higher pressure also provided the 

higher shear stress of the air-fuel flow and more fuel-

impacting mass. The rise in fuel pressure finally weakened 

the effect of the ultracold surface and reinforced the 

spreading of the fuel film.  
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Fig. 8 Distribution of liquid phase after spray impacting on surface with different Ts and ti at Pi=80MPa 
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(c) 

Fig. 9 Fuel films changed with different Ts and ti at Pi =60 MPa; (a) Film outlines with different Ts at t=1 ms; (b) 

Film outlines with different ti at Ts =20 ℃; (c) Film areas with different Ts and ti; 
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(a) (b)  

Fig. 10 Fuel films changed with different Ts and ti at Pi=80 MPa; (a) Film outlines with different Ts; (b) Film 

areas with different Ts and ti; 

 

3.2 Empirical Correlation of Fuel Film Area 

The process between spray and surface is a complex 

process involving heat transfer and momentum change, in 

which a large of high-speed tiny droplets impact on the 
surface (Luo et al., 2021). The following assumptions 

were established under isothermal conditions. Droplets 

after spray impacting on the surface were divided into two 

parts as follows. Part of them adhered or stuck on the 

surface to form a liquid film, and the other part escaped 

from the surface by bouncing, splashing, or breakup. The 

actual process was more intricate than the assumption. 

Nevertheless, the fuel film formation was remarkedly 

dependent on deposited droplets. Mass conservation of the 

spreading fuel film can be expressed as: 

𝜋𝑅2ℎ ≈ 𝑘𝑚𝑄𝑡 (1) 

where R represents the equivalent radius of the fuel film. 

The fuel film shape was simplified to a pizza shape, with an 
equivalent uniform thickness represented by h, as 

demonstrated in Fig. 1. Besides, km denotes the deposition 

coefficient; indicates the mass proportion of fuel film to total 

spray mass; Q signifies the injection discharge of the injector; 

t stands for interaction time between spray and surface. With 

respect to the analysis in Section 3.1, the spreading of fuel film 

was induced by the pressure gradient and balanced by viscous 

friction. Contributions of capillary pressure, inertia, and 

friction at the contact line were neglected compared to the 

effect of the pressure gradient and viscosity (De Gennes, 

1985; Lamiel et al., 2021). The momentum balance in the 

film can be simplified to: 

∆𝑃

𝑅
≈
𝜇𝑉𝑅
ℎ2

 (2) 

Where∆𝑃  represents the pressure gradient that depends on 

injection pressure (Pi), hence ∆𝑃 = 𝐾𝑃𝑃𝑖. Among them, 𝐾𝑃 

indicates pressure loss coefficient. This was primarily a wall 

jet driving the spreading of the oil film after spray impacting 

on the surface. The driving force stemmed from the pressure 

gradient ∆𝑃 that was strengthened with the injection pressure 

Pi. 𝑉𝑅 represents the spreading velocity of the front surface of 
the fuel film, is expressed by the first derivative between the 

equivalent radius of the liquid film (R) and interaction time (t), 

𝑑𝑅 𝑑𝑡⁄ . This was primarily because 𝑉𝑅 depended mainly on 

the expansion of the fuel film equivalent radius with 

interaction time t. Consequently, Eq. 3 can be determined: 

𝑅2𝑉𝑅 = 𝜋−2𝑘𝑃𝑃𝑖𝑘𝑚
2 𝑄2𝜇−1𝑡2 (3) 

The equivalent radius of the liquid film R can be obtained 

as follows using Eq. 3: 

𝑅2 = (2𝜋−2𝑘𝑃𝑃𝑖𝑘𝑚
2 𝑄2𝜇−1)1/3𝑡 + 𝑅0

2 (4) 

Where R0 represents the initial oil film radius by the initial 

spray impacting. Thus, the fuel film area (S) can be expressed 

as: 

𝑆 = 𝜋𝑅2 = (2𝜋𝑘𝑃𝑃𝑖𝑘𝑚
2 𝑄2𝜇−1)1/3𝑡 + 𝜋𝑅0

2 (5) 

The fitting result was performed through the data from 

this study, as depicted in Fig. 11. Although the effect of the 

relaxation process was neglected in this analysis, the empirical 

correlation value corresponded well to the experimental value. 

This was fundamentally provoked by the higher viscosity of 

the fuel and the rapid dissipation of momentum at the end of  
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Fig. 11 Comparison of experiment and empirical 

correlation under isothermal conditions 
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the interaction period. The fitting result demonstrated that 

𝑘𝑚
2 𝑘𝑃 = 1.45 × 10−4, and the range of km varied from 0.2 to 

0.6, which was based on studies of Schulz and Beyrau (2018), 

Ko and Arai (2002), and Akop et al. (2013). The study 

condition of Akop et al. (2013) was more similar to this 

experiment, thus km≈0.38, Pi=60 MPa and km≈0.35, Pi=80 

MPa. Considering the km with different injection pressures, 

𝑘𝑃 = 1.01 × 10−3 and 1.19 × 10−3 were calculated. All of 

the results were smaller than those obtained by Lamiel et al. 

(2021). This reflects the weakened effect of pressure gradient 

driven by higher injection pressure. The deposition coefficient 

(km) may change with the different fuel temperatures because 

of the physical properties, whereas the coefficient was 

considered constant for this investigation. Nonetheless, this 

coefficient was close to the mean value obtained by Xiao et al. 

(2021) at different experimental conditions. 

The higher viscosity of the fuel film with the low 

temperature hindered the film spreading. Borman and 

Nishiwaki (1987) suggested that the efficiency of heat transfer 

during spray impacting on the surface was mainly determined 

by the temperature difference between the fuel and the 

surface, as well as the strength of the heat transfer. The 

strength of heat transfer depends on a combination of factors 

such as injection pressure and fuel type. For the purpose of 

simplifying this problem, the uneven temperature distribution 

in the film was considered; meanwhile, a uniform equivalent 

temperature (𝑇𝑒) was assumed at the film and calculated as 

follows: 

𝑇𝑒 = 𝑇𝑓,20 − 𝑘𝑇(𝑇𝑓,20 − 𝑇𝑠) (6) 

Where 𝑇𝑓,20  represents the fuel temperature at room 

temperature, which was 20℃ in this study; 𝑘𝑇  indicates the 

strength of heat transfer. The thermophysical properties of fuel 

changed with different ambient temperatures, especially 

viscosity. As fuel temperature decreased, the dynamic  
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Fig. 13 Comparison of experimental and model values 

of fuel film area with different conditions; 

 

viscosity (𝜇(𝑇𝑓)) significantly rose, as illustrated in Fig. 12. 

Meanwhile, the trend of dynamic viscosity was expressed by 

a 4-order power function (Eq. (7)). The regression coefficient 

was R2 = 0.999. 

𝜇(𝑇𝑓) = 5.03 − (0.15 × 𝑇𝑓)

− (8.02 × 10−4 × 𝑇𝑓
2) 

−(8.29 × 10−5 × 𝑇𝑓
3)

+ (1.01 × 10−5 × 𝑇𝑓
4) 

(7) 

Accordingly, the fuel film area (S) at different surface 

temperatures can be expressed as follows: 

𝑆(𝑇𝑒) = 𝜋𝑅2 = (2𝜋𝑘𝑃𝑃𝑖𝑘𝑚
2 𝑄2𝜇(𝑇𝑒)

−1)1/3𝑡
+ 𝜋𝑅0

2 
(8) 

The fitting coefficients derived based on Eq. (6), Eq. (7), 

and Eq. (8) were listed in Table 3, which demonstrates the 

consistency of the fitted relationship. The fuel film area with 

different conditions was reflected by the empirical correlation, 

as illustrated in Fig. 13. The model can accurately unveil the 

trend of fuel film area change, with an overall deviation within 

±10%. The main reason for the deviation of the model is that 

some factors are ignored in the empirical relation to simplify 

the calculation, and the actual spray wall collision process is 

more complicated. 

3.3 The Effect of Surface Roughness 

The surface roughness was changed by the thermal shock 

after the impacting flame and carbon deposition due to poor 

combustion at the cold start conditions. Figures 14 (a) and (b) 

visualize the decreasing area of the fuel film with the 

increasing roughness. However, the area was affected by 

surface temperatures (Ts) and injection durations (ti). The  

fuel film area after spray impacting on the ultra-cold surface 

 

Table 3 𝒌𝑻 for different 𝑷𝒊 and 𝑻𝒔 

𝑃𝑖(MPa), 𝑇𝑠, (℃) 60/80, 20 60, 0 60, -20 80, 0 80, -20 

𝑘𝑇  for different 𝑃𝑖 
and 𝑇𝑠 

0 0.320 0.823 0.395 0.415 

Adjust R-Square 0.995 0.998 0.993 0.994 0.991 
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decreased remarkably. When the injection duration was 1ms, 

the fuel film area decreased by about 13 % with Ra changing 

from 1.12 μm to 17.69 μm at Ts =20 ℃, but the fuel area 

dropped by about 28% at Ts =-20 ℃, as illustrated in Fig. 13. 

The surface roughness played an imperative role in the 

process of fuel film spreading, and this effect was magnified 
on the ultra-cold surface. The increase in the surface 

roughness, as well as the greater contact area between the fuel 

film and the surface, reinforced the heat transfer and lowered 

the film temperature.  As a result, the film area decreased even 

more significantly under this effect. 

When the surface temperature was 20 ℃, the fuel film 

area decreased by about 7 % and 13 % at ti=3 ms and ti=1 ms, 

respectively, as presented in Fig. 14(c). The surface became 

more uneven as the surface roughness increased (Fig. 2). The 

thickness of the fuel film after spray impacting on the surface 

is typically in the micron range (He et al., 2020). Therefore, 

the obstruction at the contact line by the rougher surface was 
more noticeable during the spreading process. Nonetheless, 

the higher injection mass induced by the longer injection 

durations weakened the effect of the surface roughness. This 

effect of the higher injection duration also occurred on the 

ultra-cold surface. When the surface temperature dropped 

from 20 °C to -20 °C, the reduction ratio of fuel film area 

increased from 13 % to 28 % with the higher Ra at ti=1 ms 

and Pi=80 MPa, and the reduction ratio rose from 7 % to 10 

% at ti=3 ms. 
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Fig. 14 Fuel films changed with different Ra and Ts at 
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Fig. 15 Fuel film areas changed with the number of 

injections; (a) The area changes with different Ts at 

Ra=1.12 μm; (b) The area changes with different Ts at 

Ra=17.69 μm 

 

3.4 The Effect of Surface Roughness 

The phenomenon of a misfire for diesel engines during 

cold starting at low temperatures occurred highly frequently 

owing to the poor atomization and the low-temperature 

surface. Therefore, the fuel film consisting of unevaporated 

droplets accumulated after spray impacting on the surface. 

The fuel film edge exceeded the observation window because 

of the film accumulation by the continuous multiple injections 

at long injection durations (ti=2 ms and 3 ms). Thus, the 

injection duration (ti=1 ms) was selected to curtail the film 

area statistical error in this section, as demonstrated in Fig. 15. 

The fuel film area continuously increased with the 
number of injections, and the area increasing rate was affected 

by the surface temperature (Fig. 15(a)). The fuel film area 

decreased by about 15 % as Ts changed from 20 ℃ to -20 ℃ 

at the first injection stage. The oil film area increased with 

continuous accumulation. In the fourth injection stage, for 

instance, the area of the oil film expended to about 557 

mm2 at Ts =20 ℃. Correspondingly, the area of the oil film 

was enlarged but was only 379 mm2 at Ts =-20 ℃, 

demonstrating a difference of nearly 32 % with Ts varying 

from 20 ℃ to -20 ℃. The film area after spray impacting 

on an ultra-cold surface accumulated more slowly as the 
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number of injections further increased. At the 8th injection 

stage, the area increased by about 15 mm2 compared to the 

7th injection stage. Notably, the surface was dry before the 

spray impacting, and the spray impacted on the wet 

surface after the first spray. Therefore, the film area was 

more affected by the previously accumulated fuel film. 
The deposited area of fuel film after spray impacting on 

wet surface considerably decreased with the higher 

viscosity and depth of the initial liquid film on the surface 

(Wang et al., 2021). In this study, the heat transfer between 

the fuel film and the ultra-cold surface provoked the 

boosted film viscosity, leading to the decreased film area 

and higher film thickness. The fuel film difference indicated 

by the film area became more noticeable with the increasing 

injection times. Moreover, the accumulation of oil film in the 

diesel engine cylinder after misfire brought about higher 

emissions or damage from excessive thermal shock after 

subsequent normal operation.  

The accumulated area of fuel film significantly varied 

at the higher surface roughness (Ra=17.69 μm). From the first 

injection to the third injection, the growth area of the fuel film 

at Ts =20 ℃ was similar to that at Ts =-20 ℃. The film area 

was substantially smaller than that formed on the surface 

with low roughness (Ra=1.12 μm), and the difference in 

the area at different Ts did not change appreciably (Fig. 

15). The localized peaks on the surface had a similar 

spatial scale to the fuel film thickness. Therefore, the 

combination of the residual fuel film on the surface and 

the surface roughness influenced the spreading of the fuel. 
With the increasing number of injections (after the fourth 

injection), the trend of film area on the high roughness 

surface approached that on the low roughness surfaces. 

This can be explained as follows. The accumulation of fuel 

film weakened the effect of surface roughness, and the 

film spreading was mainly influenced by the viscosity and 

thickness of the fuel film. 

4. CONCLUSION 

In this paper, our research group designed a test 
matrix to determine the influence of various parameters, 

such as surface temperature, injection pressure, injection 

duration, and surface roughness, on the spray 

impingement and fuel film spreading process. The 

phenomena observed after spray impacting on different 

low-temperature surfaces exhibited comparable effects. 

The penetration and diameter of the impinging spray were 

not affected by the low surface temperature attributed to 

the ample momentum, while the height decreased on the 

ultra-cold surface. Nonetheless, the fuel film region 

significantly decreased with lower surface temperature 

and shorter injection durations. The heat transfer between 
the fuel film and the low-temperature surface contributed 

to the boosted film viscosity, thereby hindering the 

spreading of the fuel film. Shorter injection durations 

provoked the lessened mass of the fuel spray deposited 

and the curtailed film spreading area. An empirical 

correlation of the fuel film area, which better reflected the 

relationship between the fuel film area and the surface 

temperature or injection conditions, was established 

through the analysis of momentum conservation and 

qualitative temperature assessments. The decrease in the 

fuel film area was more noticeable on the surface with 

lower temperatures and higher surface roughness 

(Ra=17.69 μm). Nevertheless, this trend was mitigated by 

longer injection durations. The greater injection mass was 

stimulated by the longer injection durations, reducing the 

obstruction caused by higher surface roughness and ultra-
cold surfaces to fuel film spreading. Furthermore, the fuel 

film area was enlarged with the increasing number of 

injections, whereas the growth trend was considerably 

influenced by surface temperature roughness. The fuel 

film area on the ultra-cold surfaces expanded more slowly 

with the rising number of injections ascribed to the higher 

viscosity and thickness of the previous residual film. 
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