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Abstract

:

Improving diesel engine performance requires a comprehensive understanding of fuel atomization and air–fuel mixing within the combustion chamber. Numerous studies have been conducted to reduce emissions and enhance diesel engines. However, further investigation is required on the detailed diesel spray process. In this study, we adopted extinction measurement to analyze the effects of a fuel injection pressure range of 300 to 700 bar on spray morphology. For the extinction imaging setup, we utilized a high-intensity continuous LED source along with a diffuser to ensure uniform light distribution. The high-speed extinction and image processing results indicate that increasing the injection pressure from 300 to 700 bar effectively produced a smaller particulate size (15% reduction) and a better air–fuel mixing process. Especially at the end of injection, our results show smaller liquid ligaments (50% reduction) and droplets around the injector tip with higher injection pressure cases.
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1. Introduction


Detailed measurements of spray characteristics are essential for developing a better understanding and prediction of the dynamics involved in diesel fuel atomization. In pursuit of this understanding, numerous experimental studies have investigated the impacts of injection pressure on specific spray characteristics [1,2,3]. Despite significant progress in optical techniques, the analysis of spray characteristics and the precise optimization of injection systems for maximum efficiency remain challenging. Numerical investigations on spray atomization have also been conducted to comprehensively understand how the injection pressure affects the spray characteristics in CI engines [4,5]. These studies have proven the prediction capability of spray atomization, which plays a vital role in combustion efficiency. Moreover, the viscosity and surface tension, which are the physical properties of the fuel, as well as the fuel temperature, have been found to significantly influence the spray atomization [6,7]. It is also shown that the formation of fine droplets was achieved through an increase in temperature and a decrease in both viscosity and surface tension. At higher injection pressures, droplets broke up more rapidly in the downstream zone, leading to wider spray dispersion [8,9]. Garai et al. [10] studied the microscopic characteristics of a diesel spray using a hybrid atomizer. They employed particle droplet image analysis (PDIA) to measure the Sauter mean diameter (SMD). They found that increasing the airflow rates resulted in a quicker breakup, which can be attributed to the turbulent nature of the flow, characterized by high Reynolds numbers.



The fuel–air mixture process is significantly influenced by the spray cone angle, which is precisely defined as the angle formed between two lines tangent to the spray, both originating from the nozzle tip. Agarwal et al. [11] investigated the impact of ambient pressure on the cone angle in a constant-volume chamber. Their research revealed an increase in droplet density attributed to the shear resistance generated at higher pressures. Additionally, Rashid et al. [12] investigated the relationship between injection pressure, inlet slot number, and cone angle. The fuels were injected at injection pressures within a range of 2–8 bar, and the number of inlet slots ranged from 2 to 5. They reported that the spray cone angle is independent of the inlet slot number and increases with higher injection pressure. A study by Nagoaka et al. [13] investigated the influence of nozzle geometry on atomization. Their results showed that as the nozzle length/diameter (L/D) ratio increases, cavitation at the valve-covered orifice (VCO) and mini-sac (MS) nozzles decreases. For a more in-depth insight into droplet size distributions and spray penetration, they employed computational fluid dynamics (CFD). The predicted SMD and spray penetration obtained by simulations agree well with the experimental results.



On the other hand, K.S. Varde [14] found that an increase in injection pressure leads to the introduction of more turbulence into the orifice, causing a decrease in the spray. In particular, the spray cone angle increases as the injection pressure increases for nozzles with low L/D ratios. In contrast, a higher injection pressure often results in a smaller spray cone angle for nozzles with greater L/D ratios. After the L/D ratio reaches a critical value (about L/D = 4), the spray cone angle hardly responds to changes in injection pressure. The design of the nozzle orifice and the operational parameters have a significant influence on fuel spray characteristics. Understanding the behavior of these parameters is of significant importance to find a correlation between the spray cone angle and injection pressure. Sovani et al. [15] investigated the impact of the cone angle for a pressure range of 0.27–5.5 MPa. They found that the half cone angle increases linearly as the pressure and gas-to-liquid ratio (GLR) increase at all ambient pressures. Moreover, this study also revealed that the cone angle varies with ambient pressure; it decreases from 0.27 to 1.5 MPa and then increases from 1.5 and 5.5 MPa, which indicates a change in the flow regime within the exit orifice of the injector that is attributed to the non-linear dependency on ambient pressures and to the subsequent unchoking at higher pressures. In a separate study by Jia et al. [16], a 1.14  °   increase in the cone angle of a diesel spray with the increase in the injection pressure from 100 to 300 MPa was reported, attributed to the turbulence intensity that influences the cavity formation within the orifice. It should also be noted that establishing the characteristics of a diesel spray involves the measurement of core length [17,18]. Turner et al. [19] utilized image processing to measure the variation in core length. They observed that the core length decreases with higher injection pressure. Agarwal et al. [20] studied the influence of the nozzle surface on the atomization of a liquid jet. They analyzed three spray configurations: unprocessed, educated, and purely external flow. Using non-dimensional parameters such as Reynolds, Weber, and Ohnesorge numbers, they found that the unprocessed geometry exhibits larger surface features compared to the educated configuration, which leads to a shorter intact core length. On the other hand, the purely external flow configuration results in a larger core length due to surface disturbances. Meanwhile, according to the study by Kulkarni et al. [21], the intact core length was affected by surface tension. It was found that increasing the gas pressure from 500 mbar to 2000 mbar resulted in shorter intact core lengths due to the aerodynamic forces that enhanced breakup and surmounted the surface tension. Beale et al. [22] focused on the primary and secondary break-up of the intact core length using the Kelvin–Helmholtz (KH) and Rayleigh–Taylor (RT) models. They found that the RT accelerative instabilities influenced the droplets surrounding the liquid core. Even though previous studies have contributed to a certain degree of understanding of the effect of injection pressure on atomization, cone angle, and intact core length, several aspects of spray characteristics, such as dribbling, require further investigation.



An early microscopy imaging study [23] studied the influence of the injection pressure on ligament formation across the entire injection process. Roth et al. [24] utilized the exciplex laser-induced fluorescence LIF method to study liquid jet disintegration at different injection pressures. They found that instabilities, such as oscillations and perturbations, cause the incident liquid to break up into large ligaments. In addition, the needle closing rate can be an additional influential factor. Moon et al. [25] focused on evaluating the fuel cavitation inside the nozzle. They found that faster flow injection at the needle results in an increase in fuel cavitation. Suh et al. [26] found that a diesel spray with more ligaments, resulting from higher turbulence, enhanced the fuel–air mixture. Koci et al. [27] investigated fuel dribbling in heavy-duty diesel engines using computational fluid dynamics (CFD). Their results showed that fuel injector dribble significantly contributes to unburned hydrocarbons, with a ratio approximately ranging from ~75% to 90% emissions. Pos et al. [28] investigated the microscopic spray characteristics in a multi-hole injector using high-speed imaging to capture the fuel sprays pre- and post-injection. Their results demonstrated that the release of liquid fuel occurs randomly after the end of injection, and the amount released is not related to the injector mileage. Despite these efforts, the spray behavior under different injection pressures still needs to be fully clarified.



This study investigates the effect of injection pressure on diesel spray characteristics (spray tip penetration, spray cone angle, droplet size, intact core length, and ligament). Unlike previous studies that relied on Mie scattering and arbitrary thresholding, which are inaccurate and provide only qualitative data, our study employed extinction imaging and the projected liquid volume (PLV) to offer a more accurate and quantitative analysis of spray behavior. The precise measurements obtained through this study will offer valuable quantitative data for computational fluid dynamics (CFD) model simulations and validation.




2. Experimental Setup and Procedure


Figure 1 presents a schematic diagram illustrating the microscopic spray investigation setup. The chamber, constructed from carbon steel (S45C), had a volume of 1400 cm3 and a cube-shaped design. Two of its sides were equipped with 9.6 cm quartz windows for high-speed imaging, while the remaining four sides were covered with dummy plates. The spray experiments were conducted using a common-rail direct injection system. The injection pressure and quantity were meticulously controlled through a common-rail engine controller (Zenobalti, ZB-9013). We employed a 3-hole Bosch CRI 3.1 piezoelectric injector with a spray hole diameter of 100 μm for these experiments. To ensure precision, we covered all but one hole of the injector nozzle with an injector cap, diverting the sprays from the other two holes to a bypass passage. For high-quality microscopic spray imaging, we utilized a high-intensity continuous light-emitting diode (LED) source. The capturing of near-nozzle flow images was achieved through the use of a high-speed digital video camera (Vision Research Inc., Phantom V.2640) equipped with a long-distance microscope (LDM) lens. The camera was synchronized with the fuel injection system to ensure precise timing, operating at shutter speeds of 190,000 frames per second (fps). Although the initial image resolution was 128 pixels by 64 pixels, we significantly enhanced it to 2551 pixels by 1271 pixels using a super-resolution algorithm [29]. During the spray experiments, we systematically varied the injection pressure within the range of 300 to 700 bar under ambient pressures of 0.1 MPa, while maintaining a constant ambient temperature of 300 K.




3. Image Processing Method


Extinction imaging was used in this experimental analysis. This method provides accurate quantitative information about the concentration of liquid fuel compared to other methods, such as Mie scattering, which measures only the dispersed light intensity. Extinction imaging, alongside diffused backlighting, can effectively measure optical thickness. The optical thickness   τ   is obtained by using the Beer–Lambert law equation:


    τ = − I n (   I     I   0     )  



(1)




where I is the intensity of the transmitted light influenced by droplet extinction and I0 refers to the incident light. Also note that the optical thickness τ is related to the projected liquid volume (PLV). To calculate PLV, we integrated the liquid volume fraction (LVF) along the cross-stream direction (y), assuming a uniform droplet diameter (d) and extinction coefficient (Cext) along the line of sight. This calculation is based on the optical thickness measurement using Mie scattering and extinction theory.
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According to Equation (2), PLV depends on the droplet diameter and extinction coefficient. In our use of Mie theory relations and experimental measurements, we found that the diameter and extinction coefficient were 9   μ m   and 254   ×   10   − 6         m m   2    , respectively. A threshold value of 0.2·    10   − 3         m m   3     (liquid)/    m m   2      was used when processing the PLV images. It should also be noted that using computational fluid dynamics (CFD) simulations can be useful for calculating the PLV, which can then be compared to the experimental measurements. The spray characteristics presented in this study represent the average values derived from three experimental runs. The error bars represent the standard error (  ± σ /  n   ) for the intact core, droplet size, and ligaments, respectively.




4. Spray Images Analysis


Spray images were captured using a high-speed camera and extinction imaging techniques.



At each injection pressure, 500 images were captured to collect information about liquid structures. A total of 2500 images were processed with the MATLAB toolbox. The first step in image processing was to apply background subtraction to isolate the spray from its background. Then, we binarized the resulting images using a threshold to create a binary mask, assigning pixel values of 0 for black and 255 for white. Figure 2 defines two key spray characteristics: spray tip penetration and cone angle. Spray tip penetration is defined as the distance from the spray nozzle to the farthest point of the spray boundary. This distance was calculated using the Euclidean distance formula. The cone angle is represented as the angle formed between two tangential lines at the nozzle spray boundary (illustrated by the red lines in Figure 3c). The MATLAB 2022b functions ‘imfindcircles’ and ‘regionprops’ were used for microscopic analysis to detect droplets and find their average sizes. It is important to note that the measurement techniques used were a combination of functions that detect the center and the size of the droplet. Furthermore, ligaments (elongated liquid structures) were also measured using boundary detection techniques to measure their size accurately.




5. Temporal Evolution Analysis of a Diesel Spray


The main focus of this study was to investigate the behavior of a diesel spray under varying injection pressures. In this experiment, the injection duration was maintained at 0.55 ms. We recorded a delay after the start of injection, which varied depending on the injection pressure: 0.23 ms at 300 bar, 0.15 ms at 400 bar, 0.065 ms at 600 bar, and 0.05 ms at 700 bar.



To ensure accuracy in the measurement of spray characteristics, we employed PDE-based interpolation methods to produce sharper edges by integrating texture enhancement as a post-process. This post-process resulted in a super-resolution interpolator (SRI), which restored sharp features and improved microscopic structures. Macroscopic characteristics such as penetration, cone angle, and core length were observed during the initial, transient, and turbulent injection stages, while microscopic features became more noticeable towards the end of the injection process, as the high turbulence and optical thickness during the main injection restricted the extraction of ligament and droplet information. The optical setup in this study enabled us to monitor the microscopic characteristics, offering valuable insights into the end of the injection process.




6. Results and Discussion


The results and discussion of this paper are divided into two main sections to understand the effects of injection pressure on spray characteristics. The first section studies the macroscopic characteristics, which include penetration, spray cone angle, and core length. These characteristics offer a valuable understanding of the overall behavior and evolution of the spray. The second section focuses on microscopic characteristics, covering droplet size and dribbling after the end of injection, and provides in-depth information about the quality of atomization.



6.1. Effects of Injection Pressure on Spray Characteristics


6.1.1. Penetration


Spray tip penetration is defined as the distance along the spray axis from the nozzle exit to the spray’s edge. Figure 4 shows the evolution of spray penetration at different injection pressures. It is interesting to note that the spray tip penetration at each injection pressure was measured with a delay, indicating the time elapsed after the injection command. The penetration front reaches the optical limit field of the camera at around 0.15 ms for 700 bar, 0.19 ms for 600 bar, 0.24 ms for 500 bar, 0.29 ms for 400 bar, and 0.41 ms for 300 bar. The figure shows that the spray initially increases linearly due to the increased forces and initial spray momentum, followed by a second phase where the spray penetration stabilizes at 3.9 mm. By comparing the spray penetration at 700 bar and 300 bar, it is observed that the maximum penetration after the delay is reached in 0.1 ms for 700 bar, while for 300 bar, it takes 0.19 ms. At this stage of understanding, the spray behavior depends on initial momentum and the dynamic response to the injection pressure. Zhou et al. [30] studied the various stages of spray tip evolution and identified five distinctive stages: acceleration, first transition, quasi-steady stage, second transition, and finally decelerating. They observed that at each stage, the spray penetration correlates with time as follows:     t   1.5    ,     t   0.75    ,     t   0.5    ,     t   0.5    , (t-injection duration    )   0.25    . The results show that at higher injection pressures, the penetration length develops fully and more rapidly in a short period due to increased air entrainment. It should also be noted that the spray penetration is influenced by both the nozzle diameter and the needle geometry. The spray penetration equation for the quasi-steady stage and second transition is given by the empirical formula as follows:


   S   α     tan (   θ   2   )   (   d   0     )   0.5   ( P   )   0.25   ( ρ   )   − 0.25   (   t )   0.5     








where θ is the cone angle,     d   0     is the nozzle diameter, P is the injection pressure,   ρ   is the gas density, and t is time. According to the equation, spray penetration increases with an increase in the cone angle (larger distribution spray area). In addition, it is observed that the impact of injection pressure on spray penetration is less significant compared to that of the nozzle diameter, as indicated by the lower exponent of 0.25 for pressure and 0.5 for nozzle diameter. Furthermore, during the first phase (acceleration, first transition), spray penetration increases as the velocity of fuel inside the nozzle increases (indicated by a higher Weber number). Generally, a higher fuel velocity indicates a higher non-dimensional Reynolds number (Re), leading to more air being entrained into the spray and increased instability of the spray jet. This enhancement in instability improves atomization and results in better air–fuel mixing.




6.1.2. Cone Angle


Figure 5 illustrates the spray cone angle at various injection pressures. A closer look at the figure indicates that as the injection pressure increases from 300 bar to 600 bar, the spray cone angle increases from 15° to 19°, indicating a rise of 26.7%. The findings show a narrower cone angle at the start of the injection, due to viscosity, and as we move towards the end of the injection, the cone angle widens [31]. This is attributed to various factors such as needle movement, shearing forces, turbulence within the spray, droplet collisions, and coalescence caused by injection pressures. This pattern of results is consistent with previous research [32]. At the transient stage, the cone angle is observed to be wider compared to the quasi-steady period. This is because of the needle’s low lift, which throttles the fuel flow from the needle seat to the orifice. It should be underlined that the configuration of the injector also affects the spray cone angle. The research of Ahmed et al. [33] observed that when the number of ports was reduced from six to two, the cone angle tended to widen. As a final remark, it is also vital to mention that changes in injection pressures between 300 and 400 bar do not significantly affect the cone angle. However, when increasing from 600 to 700 bar, a wider spray cone angle is observed, which can lead to increased air entrainment into the jet, consequently shortening the spray penetration.



The spray cone angle is also influenced by the orifice geometry. In an experimental study conducted by Yu et al. [34], it was found that with an elliptical orifice, the spray angles were wider compared to those of a circular orifice. This is due to the axis-switching effect, which enhances air entrainment and consequently leads to a broader cone angle. In addition, it has been observed that air bubbles within the nozzle contribute to the enhanced thrust of the spray at higher injection pressures. As the pressure increases, the bubbles tend to adhere to the needle. This attachment causes the liquid spray to deflect, resulting in the formation of a wider cone angle [35].




6.1.3. Core Length


This section will point to the temporal evolution of the intact core length under different injection pressures. The red area in Figure 6 represents the unperturbed intermittent region within the spray. Figure 7 illustrates the development of the intact core length under varying injection pressures. The results indicate that at low injection pressures (300 to 500 bar), the intact core length increases by 0.3 mm. At higher injection pressures (500 to 700 bar), the core length increases by 0.14 mm. One interpretation of these findings is that at higher injection pressures, the core region approaches the initial axial velocity of the jet, as given by [36]:


    V   0   = c   ( 2   ∆ P     ρ   1       )     1   2      



(3)




where     V   0       and c are the initial axial velocity and the discharge coefficient and   ∆ P   and     ρ   1     are the net injection pressure and the liquid density. In addition, the intact core length is influenced by the gas pressure density. According to Reitz et al. [37], the core length increases inversely with the liquid pressure density (with a constant gas density). The equation that describes the core length is as follows:


  L =   C   2       d   0   (   ρ   1   / ρ   )     1   2      



(4)




where   ρ   is the gas density and     d   0     is the diameter of the nozzle exit hole. It is clear from Equation (4) that the core length depends on the injector geometry [37]. Therefore, a three-hole injector results in a zero-core length, regardless of the fuel type. However, a single-hole injector typically produces a longer core length and less turbulence along the spray center.



Furthermore, changes in the breakup length, which correspond to variations in jet velocity, are influenced by the nature of the breakup zone [38]. It has been observed that in the turbulent flow region, the jet breakup length increases due to the interaction between the liquid jet and the surrounding gas. This observation further explains the increase in intact core length under higher injection pressures, especially in the turbulent region.




6.1.4. Droplet Size


Figure 8 shows the droplet size with various injection pressures. The results indicate that as the injection pressure increases from 300 to 700 bar, the average droplet diameter decreases from 10 to 8.5 µm, which is a reduction of 15%. This decrease is attributed to the greater aerodynamic disturbance at higher pressures, which leads to effective primary atomization. The subsequent re-atomization (secondary atomization) driven by inertial forces also contributes to the formation of smaller droplets. The kinetic energy influences the droplet size distribution at higher pressures, and this trend results in a finer dispersion of fuel droplets [39,40]. This finding aligns with previous research [41] indicating that lower injection pressures result in larger droplets. The surface tension, viscosity, and gas-to-liquid ratio (GLR) were shown to affect the atomization process. As viscosity increases, jet velocity decreases, which leads to the formation of larger droplets. In contrast, a decrease in surface tension under the conditions of higher temperature and pressure intensifies break-up and favors smaller droplet formation [1]. In general, an increase in injection pressure results in smaller particle formation due to enhanced shearing stresses and turbulence within the flow stream [42]. In a study conducted by Mlkvik et al. [43], they examined twin fluid atomizers that were operated with varying gas-to-liquid ratios (GLRs). Their observations revealed that as the GLR increased from 2.5% to 20%, the size of the droplets consistently decreased for all atomizers. Moreover, their findings indicated that in most of these atomizers, the primary break-up process is influenced mainly by air drag resistance. It can be observed that the velocity of the droplets near the spray tip decreases shortly after injection. This decrease is due to the drag force exerted by the air that is stationary in front of the spray tip. Then, as the droplets penetrate further, their velocity increases due to the fuel concentration surpassing the drag force [44].




6.1.5. Dribbling after the End of Injection (EOI)


Ligament distributions were observed at the end of injection for different injection pressures, as depicted in Figure 9. The smallest ligament size was obtained at the highest pressure (700 bar), at approximately 22     m m   2    . This result is attributed to the enhanced spray atomization and air entrainments [45]. A higher injection pressure promotes the breakup of ligaments into droplets due to the combined effect of capillarity and hydrodynamics [46,47]. Additionally, ligaments are significantly affected by spray shape. As the spray moves downstream, disturbances occur, velocity decreases due to drag and shear forces, causing the spray to lose its spheroid shape and form ligaments [48]. In addition, at the end of injection, careful observation reveals that swirling flows are generated inside the orifices due to the needle valve’s eccentric movement, which leads to the fragmentation of the fuel liquid into ligaments [49].



In Figure 10, it is observed that the diameter of the droplets varies due to the distortion of the droplets and their interaction with the turbulent air jet eddies. The collapse of the cavitation bubbles produces ligaments near the nozzle, which over time generate larger droplets. However, the entrainment of ambient air results in the formation of finer droplets at the periphery [50]. One interesting observation is that a higher injection pressure tends to decrease the dribble duration and size. Additionally, it was believed that a faster needle closure speed at higher injection pressures could help to reduce the effects of fuel dribbling [51].



Furthermore, temperature significantly influences the dribbling at the end of the main injection. It was found that at elevated temperatures, about two to four times more fuel liquid dribbling was generated for all injection pressures. This indicates that temperature has a significant effect on the volume of the fuel dribble. Conversely, as the injection pressure increases, it reduces the volume of dribble due to the decrease in gas density, resulting in less resistance to the flow of fuel ejected from the injector orifice.






7. Conclusions


This paper employed extinction imaging and image processing to experimentally study the macroscopic and microscopic spray behavior under various injection pressures up to 700 bar. Extinction imaging and the projected liquid volume (PLV) were used to describe the diesel spray. The PLV method provides detailed information about the spray characteristics compared to previous approaches that employed Mie scattering and arbitrary thresholding. The effect of injection pressure on spray dynamics is discussed based on the results. The fuel injection system can be adjusted for optimal performance and reduced emissions with these results.



The key conclusions of this study are summarized as follows:



	
A higher injection pressure increased not only the axial but also the radial dispersion of the liquid phase fuel, thus resulting in longer penetration and wider cone angles. This is due to the higher momentum exchange between the liquid spray and ambient air.



	
Droplets formed in the periphery of the spray displayed a decreased diameter from 10 μm to 8.5 μm as the injection pressure increased from 300 bar to 700 bar thanks to enhanced turbulence. This indicates an improved atomization process with a higher injection pressure.



	
Higher injection pressure also showed potential benefits for engine application by reducing dribbling. The dribbling fuel and time were significantly reduced as injection pressure increased. This indicates that the formation of particulate matter emissions can be reduced by an enhanced dribbling process with higher injection pressure.
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Figure 1. Microscopic spray imaging setup. 
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Figure 2. Diesel spray development under varying injection pressures. 
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Figure 3. Image processing for diesel spray analysis. (a) Raw image. (b) Binarizing the image. (c) Macroscopic spray parameters. 
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Figure 4. Injection pressure’s impact on diesel spray penetration. 
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Figure 5. The cone angle of a diesel spray at different injection pressures. 
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Figure 6. Temporal evolution of intact core length. 
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Figure 7. Intact core length of diesel spray at different injection pressures. 
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Figure 8. Droplet size distribution across various injection pressure. 






Figure 8. Droplet size distribution across various injection pressure.



[image: Processes 12 00359 g008]







[image: Processes 12 00359 g009] 





Figure 9. Average ligament size in diesel spray at various injection pressures. 
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Figure 10. Images of diesel spray ligament breakup after the end of injection. 
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