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H I G H L I G H T S

• Stable air nanobubbles in gasoline produced via hydrodynamic cavitation.

• Initial concentration of 5.12 × 1011 nanobubble/mL with ∼35 nm mean size was achieved.

• Air nanobubbles remained stable in gasoline for over 120 days.

• Nanobubbles reduced spray penetration and enhanced atomization.

• ANB fuel showed lower droplet velocity and a uniform size distribution.
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A B S T R A C T

Nanobubbles have attracted increasing attention due to their unique physicochemical properties; however, their 

application in fuel and combustion research remains limited. This study investigates the generation of air 

nanobubbles (ANBs) in gasoline and their influence on spray characteristics in gasoline direct injection (GDI) 

systems. ANBs were produced using a custom-designed hydrodynamic cavitation generator incorporating a zero-

clearance pump. Dynamic light scattering and nanoparticle tracking analysis demonstrated the formation of a 

highly concentrated nanobubble population (5.12×1011 particles/mL), with diameters ranging from 40 to 200 nm 

and a negative zeta potential between −20 and −25 mV, indicating good stability in gasoline. Spray behavior of 

ANB-enriched gasoline was evaluated in a constant-volume chamber using a single-hole GDI injector at injection 

pressures of 50, 100, and 150 bar. Diffused back illumination technique was employed to analyze macroscopic 

spray characteristics, while phase Doppler anemometry was used to measure droplet size and axial velocity dis­

tributions. Compared to baseline gasoline, ANB fuel exhibited consistently shorter penetration lengths, smoother 

spray boundaries, and lower spray density factors, suggesting improved atomization and air–fuel mixing. PDA 

measurements further revealed reduced axial droplet velocities, attributed to enhanced secondary breakup asso­

ciated with nanobubble dynamics. These findings demonstrate that air nanobubbles can significantly influence 

spray development in GDI systems, offering a promising approach for improving fuel atomization and supporting 

the development of advanced, high-efficiency combustion technologies.

1 . Introduction

Nanobubbles and microbubbles have become a prominent area of re­

search due to their exceptional performance across various applications, 

including water treatment, flotation techniques, surface cleaning, and 

medical uses such as drug delivery. However, most of the research is still 

in the laboratory phase, with potential for market adoption in the near 

future [1–5]. Nanobubbles (NBs) are sub-micrometer gas-filled cavities, 

typically less than 200 nm in diameter, that exhibit remarkable stability 

in liquid mediums due to their unique physical and chemical proper­

ties [5–7]. Unlike conventional bubbles, which rise and collapse rapidly 

due to buoyancy, nanobubbles exhibit Brownian motion and can re­

main suspended for extended periods. This stability is attributed to their 

high internal pressure, zeta potential, and strong interfacial adsorption 

forces. Over the past two decades, nanobubbles have gained increasing 

attention across diverse applications, including biomedical engineering, 

water treatment, agriculture, and environmental remediation [5,7–9]. 
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Nomenclature

ANB Air nanobubbles

DBI Diffused back illumination

D32 / SMD Sauter mean diameter

Di Individual droplet diameter

DLS Dynamic light scattering

fps Frames per second

GDI Gasoline direct injection

𝐼𝑖 Intensity of the 𝑖th pixel (background subtracted image)

𝐼max Maximum possible pixel intensity value

NB Nanobubbles

𝑛 Total number of pixels within the detected spray area

NTA Nanoparticle tracking analysis

Pa Ambient pressure

PDA Phase Doppler anemometry

Pi Internal pressure of a nanobubble

RI Spray irregularity index

SDF Spray density factor

SOI Start of injection

ST Surface tension of fuel

Vi Individual droplet axial velocity

Vm Mean droplet axial velocity

However, their potential in fuel and combustion research remains 

largely unexplored.

Nanobubbles possess distinct physicochemical properties that set 

them apart from larger bubbles. Their small size results in a high 

surface area-to-volume ratio, which enhances their interaction with 

the surrounding medium. Additionally, nanobubbles exhibit high inter­

nal gas pressure, which theoretically should lead to rapid dissolution 

based on the Epstein-Plesset theory [10–12]. However, experimental 

studies have shown that bulk nanobubbles can persist in liquid for 

weeks or even months, challenging classical thermodynamic predic­

tions. Several hypotheses have been proposed to explain this stability, 

including electrostatic repulsion due to high zeta potential, gas super­

saturation, and the formation of a compressed amphiphilic monolayer 

around the bubbles. These factors collectively contribute to the pro­

longed existence of nanobubbles in liquid fuels [12]. Recent molecular 

dynamics (MD) simulations conducted by our research group [13–15] 

have explored the fundamental behavior of gas nanobubbles in liquid 

fuels such as iso-octane, dodecane, and methanol. These studies revealed 

that the interactions between gas and liquid molecules play a critical role 

in nanobubble formation and their resulting physical properties, high­

lighting the potential influence of nanobubbles on fuel injection and 

combustion processes.

Gasoline Direct Injection (GDI) engines have become a dominant 

technology in modern automotive applications due to their superior fuel 

efficiency and lower emissions compared to conventional port fuel in­

jection (PFI) engines [16]. In a GDI system, high-pressure fuel injection 

directly into the combustion chamber allows for finer atomization, im­

proved air-fuel mixing, and better combustion control [17,18]. In this 

context, integrating nanobubbles into liquid fuels presents an innova­

tive approach to enhance fuel-air mixing, alter spray characteristics, and 

potentially improve combustion performance.

The relevant research on fuel injection with nanobubbles is very 

limited, creating a significant opportunity for further exploration. Oh 

et al. [19,20] conducted the first study to generate bulk hydrogen 

nanobubbles in gasoline using a nanoporous membrane method, and 

also examined their long-term stability. The study, conducted at a 

constant temperature of 298.15 K for 121 days, found that hydrogen 

nanobubbles remained stable with a mean diameter of 159±31.91 nm and 

a concentration of 11.25 ± 2.77×108 immediately after generation. The 

mean diameter showed no significant change over time. Additionally, 

the 𝜁 -potential was found to be −30 mV, confirming the stability of the 

hydrogen nanobubbles. Furthermore, Oh et al. [20] investigated the im­

pact of hydrogen nanobubbles in an IC engine using a laboratory engine. 

The results showed an increase in power output by up to 4%, reaching 27 

KW (compared to 25.96 KW for conventional gasoline) at 40% engine 

load. Under the same conditions, the brake-specific fuel consumption 

(BSFC) decreased from 291.10 g/KWh to 269.48 g/KWh.

In another study, Nakatake et al. [21] created air nanobubbles in gas 

oil and tested them in a diesel engine. The nanobubbles had a size range 

of 100 nm to 200 nm, with a concentration of approximately 0.5×108

bubbles/ml. The results indicated a reduction in fuel consumption by 

3.2% under average load and 6.2% under maximum load. Additionally, 

the nanobubble-treated gas oil improved charging efficiency, exhaust 

gas temperature, smoke, and engine noise by approximately 1% at max­

imum load. Gobinath et al. [22] investigated air nanobubble-enhanced 

combustion in a common rail direct injection (CRDI) engine using 

mustard biodiesel. Their findings revealed a 25% reduction in brake-

specific fuel consumption and significant reductions in NOx and CO

emissions.

Despite the limited number of reactive studies mentioned above, 

only one non-reactive optical study has been conducted recently in 

2024 [23]. In this study, a premix of micro-nano bubbles of air was 

prepared in diesel, and fundamental spray injection tests were car­

ried out in a constant volume chamber. The study demonstrated that 

micro-nano bubbles improved the shearing ability of airflow, leading to 

better atomization and reduced axial penetration length. Furthermore, 

the benefits of micro-nano bubble fuel mixtures were more pronounced 

at lower injection pressures, making them particularly suitable for op­

timizing combustion in engines with lower compression ratios. These 

findings further reinforce the potential of nanobubbles in enhancing fuel 

distribution and improving combustion efficiency.

Effervescent spray, a two-phase flow where gas bubbles are injected 

along with the liquid to create a small mean droplet diameter, has also 

been a motivation for this study as they are already in use in turbines and 

industrial burners. However, the spray atomization in effervescent sys­

tems is often non-uniform, requiring the design of specialized atomizers 

to achieve optimal performance [24,25]. Introducing gas as nanobubbles 

into the liquid provides an alternative approach to mimic the effer­

vescent spray effect, potentially improving atomization uniformity and 

eliminating the need for complex atomizer designs. This approach could 

enable the use of a mono-fuel system rather than two separate flows in 

an injection, simplifying the fuel delivery process while enhancing spray 

characteristics.

Despite the promising results of nanobubble-enhanced fuels, their 

influence on GDI sprays has not been extensively studied. Given that 

spray characteristics play a critical role in combustion efficiency, un­

derstanding the impact of air nanobubbles (ANBs) on fuel atomization 

is essential. This study aims to investigate the generation of ANBs in 

gasoline using a hydrodynamic cavitation method and their subsequent 

influence on spray properties in GDI systems. Specifically, this research 

seeks to:

1. Develop a stable method for producing air nanobubbles in gasoline 

using a custom-designed nanobubble generator.

2. Characterize the size distribution, concentration, and zeta poten­

tial of nanobubbles in gasoline using dynamic light scattering 

(DLS).

3. Analyze the impact of ANBs on spray characteristics, including 

penetration length, cone angle, droplet size and axial velocity in a 

constant volume chamber.
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Table 1 

Fuel properties.

Parameter Value

Stoichiometric air/fuel ratio 14.7

Density (kg/m3) @ 298 K 730

Kinematic viscosity (mm2/s) @ 313 K 0.6

Boiling point (K) 230

Surface tension (mN/m) @ 293 K 21.5

Research octane number 95

Lower calorific value (MJ/kg) @ 298 K 44.2

By addressing these objectives, this study aims to provide new in­

sights into the role of nanobubbles in fuel injection and atomization 

processes. The findings could contribute to the advancement of cleaner 

and more efficient combustion technologies, paving the way for next-

generation fuel formulations.

2 . Methodology

2.1 . Nanobubble generation

The generation of air nanobubbles in liquid fuel (standard gasoline- 

E10 95 RON-Regular Unleaded) is achieved through hydrodynamic 

cavitation using a custom-designed nanobubble generator. The fuel 

properties are listed in Table 1. The generation system operates in a 

fully closed-loop configuration, as illustrated in Fig. 1, in which gasoline 

is continuously circulated from Tank 1 through a pump. Air is pas­

sively entrained at the pump inlet via a flow meter, enabling precise 

control of the air intake rate. The rapid pressure drop at the pump in­

let, combined with high shear and vortex-induced cavitation within the 

flow, promotes the breakup of entrained air into micro- and nanobub­

bles. The resulting nanobubble-enriched fuel is discharged into Tank 2 

and subsequently recirculated within the closed loop until the desired 

nanobubble concentration is achieved. Pressure relief valves installed 

on the tanks, along with a fume-capturing unit, ensure safe and stable 

operation of the system. The primary advantages of this method include 

the bulk production and the ability to produce a high concentration of 

nanobubbles with a uniform size distribution. Despite the diversity in 

these techniques, the underlying physics of bubble formation involves 

the reduction of pressure facilitated by surface tension and energy de­

position [26,27]. Further details on nanobubble generation based on 

the principles of hydrodynamic cavitation are well documented in the 

literature [1,9,28].

During the NBs generation process, the airflow rate was maintained 

at a constant rate of 1.5 LPM, while the fuel flow rate was dynamically 

adjusted to sustain this suction. The fuel was continuously recirculated 

Fig. 2. Light scattered from ANBs captured using nanoparticle tracking analysis 

(NTA) with a Malvern NanoSight instrument, confirming their presence in the 

sample.

between the high-pressure and low-pressure tanks in a closed-loop sys­

tem. This circulation was maintained until the desired concentration 

exceeded 1011 bubbles/ml.

2.2 . Characterization of nanobubbles

Dynamic light scattering technique (DLS) -based system is utilised 

for the nanobubble characterization. Dynamic light scattering relies on 

analyzing how the autocorrelation function of scattered light intensity 

changes over time. Smaller bubbles cause the scattered light intensity to 

decorrelate more quickly than larger bubbles, making it possible to de­

termine their size based on this difference [6]. Malvern Panalytical offers 

the ZetaSizer Ultra, an instrument designed to analyze bubbles ranging 

from 3 nm to 10 µm. It performs dynamic light scattering (DLS) measure­

ments from three angles: front scatter, side scatter, and back scatter. The 

system then provides average results for particle size and concentration. 

Additionally, Nanoparticle Tracking Analysis (NTA) measurements, as 

shown in Fig. 2, confirm the presence of ANB in the sample.

The instruments provide data on particle size distribution and total 

particle concentration, which are then used to calculate additional pa­

rameters such as the gas pressure inside the bubbles, the gas density in 

the nanobubbles, and with them the volume and mass of air dissolved 

in the fuel as nanobubbles. To calculate the internal gas pressure within 

the nanobubbles, the Young-Laplace Eq. (1) is applied [19,29]. 

𝑃𝑖 = 𝑃𝑎 +
4𝑆𝑇
𝐷

(1)

Fig. 1. Schematic of nanobubble generation setup.
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Fig. 3. Particle characterization: nonburnable concentration and mean diameter 

(size) vatiation over time.

Here Pi is the internal pressure, Pa is the ambient pressure, ST is 

the surface tension of the fuel and D is considered as the mean diam­

eter of the particle size distribution obtained from the ZetaSizer Ultra. 

Input values in the instrument are ST and the refractive index (1.41) of 

gasoline.

2.3 . ANB long term stability in gasoline

The concentration and mean diameter of air nanobubbles (ANBs) 

in gasoline were monitored over time to evaluate their stability and 

dispersion behavior. Fig. 3 presents the variation of nanobubble concen­

tration and mean diameter over a period of 100 days. Immediately after 

production, the nanobubble concentration was measured at 5.12𝑋1011

particles/mL, which was the average of three samples. The mean di­

ameter of the distribution at this stage was approximately between 

35–50 nm. This initial high concentration is noteworthy, as similar levels 

have not been widely reported in previous literature. However, the con­

centration showed a gradual decline over time, a trend consistent with 

findings from previous studies [19,20]. After one week, the nanobubble 

concentration decreased significantly to around 108 particles/mL, align­

ing with previously observed trends in nanobubble research [19,23]. By 

the third week, the concentration further stabilized at 107 particles/mL, 

where it remained relatively constant with only minor fluctuations over 

the rest of the observation period, such long term behavior is also noted 

in literature for air NBs in DI water [30,31]. This trend suggests that 

nanobubbles experience an initial phase of nucleation and stabilization, 

followed by coalescence and dissolution over time. The mean diame­

ter exhibits significant fluctuations, varying between 50 nm to 500 nm, 

with larger bubbles appearing intermittently, possibly due to bubble 

coalescence.

At the initial stages, when the mean nanobubble (NB) diameter 

was below 100 nm, the zeta potential was measured at approximately 

−30 mV. As the NB size increased to the range of 200–400 nm, the zeta 

potential decreased to between −12 mV and −18 mV, consistent with 

the findings of Ahmed et al. [32], who reported that smaller NBs ex­

hibit more negative zeta potentials than larger ones. This behavior is in 

stark contrast to pure gasoline, which typically exhibits a positive zeta 

potential ranging from +5 mV to +7 mV. Such negative zeta potential 

values have been widely observed for various gases dispersed in deion­

ized water, with values exceeding −40 mV being reported. Notably, a 

zeta potential below −20 mV is generally considered an indicator of 

colloidal stability [33].

2.4 . Spray characterization

Once the ANB fuel was generated, a constant volume chamber was 

used to investigate the impact of nanobubbles on spray behavior. A 

Fig. 4. Diffused Back Illumination (DBI) setup.

Table 2 

Experimental and optical settings for diffused backlight imaging 

(DBI).

Parameter Specification

Injection system Single-hole GDI injector

Injection pressure 50, 100, 150 bar

Injection duration 3 ms

Fuel Gasoline (baseline) and ANB-enriched gasoline

Chamber pressure 1 bar (ambient)

Chamber temperature ∼23 ◦C

Illumination method Diffused backlight (white light)

High-speed camera Photron NOVA S12

Frame rate 20,000 fps

Exposure time 15.3 𝜇s

Image resolution 1024 × 896 pixels

single-hole gasoline direct injection (GDI) injector was employed for the 

spray study. Three injection pressures were tested: 50 bar, 100 bar, and 

150 bar.

Diffused Backlight Imaging (DBI) was employed to visualize the liq­

uid phase of the spray. In the DBI configuration, the chamber was 

illuminated using a uniform back-illumination light source, and the 

spray-induced light attenuation was recorded using a high-speed cam­

era. A high-stability LED light source (Innovative Scientific Solutions 

Inc., ISSI), operating at a wavelength of 460 nm, was used to provide 

back-illumination. The LED module was operated in continuous (DC) 

mode to ensure uniform and temporally stable illumination during im­

age acquisition. A schematic of the DBI setup is shown in Fig. 4, and the 

corresponding high-speed camera settings are summarized in Table 2.

The collected images were analyzed to determine key spray param­

eters such as penetration length, cone angle, and near-nozzle cavitation 

effects. The results were compared with baseline gasoline to evaluate 

the influence of nanobubbles on spray atomization.

2.5 . Image processing

Fig. 5 summarizes the different stages of the image processing 

procedure using MATLAB in this study. First, the captured images 

were converted to grayscale and processed using background subtrac­

tion to isolate the spray-induced light attenuation. Second, appropriate 

thresholds were set to remove image noise and extract the spray bound­

ary. Afterward, the results of macroscopic spray characteristics were 

obtained through calculation.

To analyze the macroscopic spray characteristics, key parameters 

were introduced to quantify spray morphology. One such parameter 

is the Spray Density Factor (SDF). The Spray Density Factor (SDF) is 

a non-dimensional metric used to quantify the relative optical density 

of a spray plume based on the intensity distribution of background-

subtracted DBI images. SDF reflects the degree of light attenuation 

caused by the liquid phase within the detected spray region. 

𝑆𝐷𝐹 =
∑𝑛

𝑖=1 𝐼𝑖
𝑛 ⋅ 𝐼max

(2)
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Fig. 5. Image processing steps.

Where in Eq. (2), 𝐼𝑖 represents the background-subtracted grayscale 

intensity of the ith pixel within the detected spray region, where higher 

intensity corresponds to stronger light attenuation by the liquid phase. 

Here, n is the total number of detected spray pixels and 𝐼𝑚𝑎𝑥 denotes 

the maximum background-subtracted pixel intensity within the spray 

region, used for normalization.

The Spray Density Factor (SDF) provides a measure of the relative 

optical density of the liquid spray based on background-subtracted DBI 

images. Since the image processing removes the background illumina­

tion, higher pixel intensities correspond to stronger light attenuation 

by the liquid phase and thus higher local liquid-phase concentra­

tion. Accordingly, higher SDF values indicate optically denser spray 

regions, where the liquid phase is more concentrated and compact. 

In contrast, lower SDF values correspond to optically dilute and spa­

tially dispersed spray structures, which may arise from enhanced spray 

breakup and dispersion. It is important to note that SDF does not 

directly represent spray uniformity or air–fuel mixing; rather, it re­

flects the distribution of liquid-phase optical density within the detected 

spray region. Therefore, SDF should be interpreted in conjunction 

with other macroscopic spray parameters (e.g., penetration length and 

spray area) and droplet-scale measurements to assess spray atomization

behavior.

Fig. 6 illustrates an example of spray visualization using SDF, where 

the left image shows the spray boundary detection, and the right image 

represents the intensity distribution.

2.6 . PDPA experiment setup

The spray droplet size distribution and droplet velocity were ana­

lyzed using a PDPA system, supplied by Dantec Dynamics. The exper­

iments were conducted in a constant volume chamber maintained at 

ambient pressure and a controlled room temperature of approximately 

23◦C and nitrogen gas at 1 bar of constant pressure was supplied to 

remove the injected fuel and maintain optically transparent vision for 

measurement. The PDPA system and laser specifications are provided in 

Table 3.

The measured parameters included the individual droplet diameter 

(Di) and axial velocity (Vi) at the probe volume location, which were 

subsequently used to calculate the Sauter Mean Diameter (SMD or D32) 

and the mean axial velocity (Vm). For spatial analysis, measurements 

Fig. 6. Spray density factor (SDF) visualization showing spray boundary detec­

tion (left) and intensity distribution (right).

Table 3 

Experimental and optical settings for phase doppler anemometry (PDA).

Parameter Specification

PDA supplier Dantec Dynamics

Injection system Single-hole GDI injector

Injection pressure 150 bar

Fuel Gasoline (baseline) and ANB-enriched gasoline

Measurement distances 30, 40, 50 mm below injector tip

Chamber pressure 1 bar

Chamber temperature ∼23 ◦C

Probe diameter 60 mm

Laser type DPSS Argon-Ion laser

Laser wavelength 532 nm

Focal length 310 mm

Beam diameter 2.2 mm

Beam expansion ratio 1.9

Power output 400 mW

Modulation frequency 40 MHz

Scattering angle 70◦

Spatial resolution 2 mm grid spacing

Samples per location 10,000 droplets

were taken at three planes located 30 mm, 40 mm, and 50 mm down­

stream from the injector tip at an injection pressure of 150 bar. The 

PDA measurement locations were selected to represent distinct stages 

of spray development while ensuring reliable optical access and suffi­

cient droplet statistics. The location at 30 mm represents the near-nozzle 
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Fig. 7. Measurement planes and spatial grid for droplet characterization down­

stream of the injector.

region, where droplets are freshly formed following primary breakup 

and the spray remains relatively dense. This region is strongly influ­

enced by injector exit conditions and early atomization mechanisms. 

The 40 mm location corresponds to the intermediate spray region, where 

secondary breakup, droplet interaction, and momentum exchange with 

the surrounding gas become more pronounced. The far-field region at 

50 mm represents a more developed spray, where droplet dispersion, co­

alescence, and aerodynamic deceleration dominate the spray dynamics. 

These locations were chosen to balance physical relevance and mea­

surement reliability. Closer axial positions (< 30 𝑚𝑚) were avoided 

due to excessive spray density and multiple scattering effects, which 

can compromise PDA signal quality. Positions beyond 50 mm exhib­

ited reduced droplet count and increased intermittency, leading to less 

robust statistics. The selected locations therefore provide a consistent 

and representative characterization of spray evolution while maintain­

ing reliable PDA measurements. Within each plane, a measurement 

matrix was established, spanning from −8 mm to +8 mm with a 

2 mm mesh grid resolution, resulting in 81 measurement points per 

plane, as illustrated in Fig. 7. To ensure statistical reliability, 10,000 

droplet data points were sampled and processed at each measurement

location.

2.7 . PDPA data processing

Contour plots illustrating the SMD and droplet velocity were created 

for three planes positioned 30 mm, 40 mm, and 50 mm below the in­

jector tip. Additionally, an axial plot was generated by extracting data 

along the x-axis (at 𝑌 = 0) from each plane to analyze the spray charac­

teristics along the central line of the injector tip, extending 8 mm from 

the center on both sides. To ensure a systematic analysis, the spray was 

divided into three distinct zones:

• Zone 1: The initial phase of the injection or needle lift zone.

• Zone 2: The main spray event or needle hold phase.

• Zone 3: The tail portion of the injection.

For a fair comparison, Zone 1 was selected for post-processing 

due to its consistent droplet distribution. In Zones 2 and 3, the spray 

behavior varies significantly depending on the probe volume’s posi­

tion relative to the laser direction. Due to the dense nature of the 

spray, droplet detection in Zone 2 is sometimes obstructed, leading 

to missing data points and potential bias in overall trends. In Zone 

3, as the spray disperses further, the number of detected droplets 

decreases progressively, making the region less reliable for direct 

comparison. At 50 mm below the nozzle, the tail zone (Zone 3) 

becomes almost negligible, as illustrated in Fig. 8, which presents 

the droplet velocity scatter plot. Thus, while an ideal comparison 

would involve analyzing each zone separately, Zone 1 was chosen to 

ensure consistency and minimize bias across different measurement

locations.

Fig. 8. Droplet velocity distribution in different plane.

3 . Results and discussion

3.1 . Spray characterization

To investigate the effect of air nanobubbles (ANBs) on spray behav­

ior, a temporal evolution of spray morphology analysis was conducted at 

an injection pressure of 150 bar, 100 bar and 50 bar injection pressure 

for both baseline gasoline and ANB fuel. Fig. 9 presents the evolution 

of spray at an injection pressure of 150 bar, comparing baseline gaso­

line (top row) and air nanobubble (ANB) fuel (bottom row) at different 

time intervals. At the early stages of injection (0.4 ms), both baseline 

gasoline and ANB fuel show no visible spray structure, indicating that 

the fuel has just started penetrating the chamber. This phase primar­

ily represents the injection delay, during which the fuel travels from 

the injector nozzle before forming a well-defined spray. By 0.75 ms, the 

spray becomes visible, with both fuels exhibiting a well-defined liquid 

column emerging from the injector nozzle. As the injection progresses
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Fig. 9. Temporal evolution of spray morphology of baseline gasoline and ANB fuel at different injection pressure.

(1.0 ms - 1.25 ms), the ANB fuel spray appears to have a wider spray 

width at the bottom and more dispersed droplets compared to baseline 

gasoline. The baseline gasoline spray maintains a more concentrated 

liquid phase, with larger fuel clusters visible at the edges. The irregu­

larities in the ANB fuel spray boundary indicate an increase in turbulent 

structures and cavitation-induced breakup, which may enhance fuel va­

porization. To quantify the differences observed in spray evolution, the 

following section will provide a detailed analysis of spray penetration 

length and cone angle.

Fig. 10 shows the penetration length evolution of baseline gasoline 

and ANB fuel at three different injection pressures. All test conditions 

were repeated ten times, and the average values of the results are re­

ported. At all tested injection pressures, ANB fuel exhibits a shorter 

penetration length than baseline gasoline. The difference in penetration 

length becomes more pronounced at higher injection pressures, partic­

ularly at 150 bar, where the deviation is most significant. The initial 

penetration rates for both fuels are similar, but as the spray develops, 

ANB fuel shows a slightly slower penetration growth. The presence of air 

nanobubbles within the liquid fuel can promote localized micro-scale in­

stabilities during injection. Under the high shear and pressure gradients 

associated with GDI injection, nanobubbles may undergo rapid expan­

sion and collapse, generating localized disturbances within the liquid jet. 

These micro-explosion–like events can enhance droplet breakup, lead­

ing to the formation of finer droplets with reduced axial momentum 

[34,35] As a result, the ANB-enriched fuel exhibits lower penetration 

lengths compared to baseline gasoline [23].

The cone angle was measured for a fully developed spray after 1 

ms. The reported values were calculated between 1 ms and 1.8 ms after 

SOI, as the spray plume evolved properly by this time, ensuring enough 

spray boundary points for accurate measurement. The cone angle was 

determined by selecting the first 100 points on both sides of the spray 

boundary. A straight line was fitted to these points, and the overall spray 

cone angle was obtained from the slope of these two inclined lines.

Fig. 11 depicts the evolution of the overall spray cone angle for the 

tested fuels at different injection pressures. At 50 bar injection pressure, 

baseline gasoline exhibits relatively larger temporal fluctuations in cone 

angle compared to the ANB-enriched fuel, which shows a more stable 

and slightly reduced cone angle. As the injection pressure increases to 

100 bar, both fuels exhibit similar cone angle trends, although the ANB 

fuel continues to display marginally reduced fluctuations, indicating a 

more stable spray boundary. At 150 bar, the cone angle values for both 

fuels converge and remain nearly identical, suggesting that at higher in­

jection pressures the spray development is predominantly governed by 

injection momentum, thereby reducing the influence of fuel formulation 

on macroscopic spray geometry. At lower injection pressures (50 bar and 

100 bar), the presence of nanobubbles may influence the near-nozzle 

spray development. Furthermore, near the injector tip, the spray remains 

relatively compact due to the dominance of axial momentum. However, 

as the spray evolves downstream, the enhanced breakup and momen­

tum dissipation associated with nanobubble-induced instabilities lead 

to increased radial dispersion. This behavior is reflected by the larger 

spray area observed at downstream locations for ANB fuel, indicating 
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Fig. 10. Liquid penetration length for gasoline and ANB + gasoline.

Fig. 11. Spray cone angle for gasoline and ANB + gasoline.

improved spatial distribution of the liquid phase despite reduced pene­

tration. However, it should be emphasized that spray cone angle alone 

is not a direct indicator of atomization quality. In the present study, the 

cone angle trends are therefore interpreted in conjunction with pene­

tration length, spray area, SDF, and droplet-scale PDA measurements to 

assess overall spray breakup and dispersion behavior.

Fig. 12 shows the comparison of the Spray Density Factor (SDF) for 

baseline gasoline and ANB-enriched fuel at different injection pressures. 

Compared to baseline gasoline, the ANB fuel exhibits lower SDF val­

ues, particularly at higher injection pressures (100 bar and 150 bar), 

indicating a reduction in optical spray density. This behavior suggests 

enhanced spray dispersion and a more spatially distributed liquid phase 

for the ANB-enriched fuel. Baseline gasoline exhibits relatively higher 

SDF values, corresponding to a more optically dense and compact spray 

structure. In contrast, the reduced SDF observed for ANB fuel indicating 

enhanced secondary breakup and dispersion. These results indicate that 

the presence of nanobubbles modifies the spray momentum distribution 

and breakup behavior during injection. While the enhanced dispersion 

may be associated with localized instabilities introduced by entrained 

Fig. 12. Spray density factor of gasoline and ANB + gasoline at different 

injection pressure.

Fig. 13. Temporal evolution of the projected spray area for baseline gasoline 

and ANB+gasoline fuel at injection pressures of 50, 100, and 150 bar.

nanobubbles, detailed internal nozzle flow diagnostics are required to 

conclusively identify the underlying mechanisms. It should be noted that 

SDF represents relative optical spray density rather than air–fuel mixing 

directly, and its interpretation should be considered together with other 

macroscopic and droplet-scale spray parameters.

Fig. 13 shows the temporal evolution of the projected spray area 

for baseline gasoline and ANB-enriched fuel at injection pressures of 
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Fig. 14. Contour plot for droplet velocity distribution.

50, 100, and 150 bar. For all cases, the spray area increases with time 

after the start of injection as the liquid jet develops and spreads. At 

100 bar and 150 bar injection pressures, baseline gasoline exhibits 

a slightly larger projected spray area compared to the ANB-enriched 

fuel throughout the spray evolution. This behavior is attributed to the 

higher axial momentum of the baseline fuel, which promotes stronger 

geometric spreading of the spray plume. Although clear differences are 

observed in spray penetration length and cone angle between the two 

fuels, the projected spray area remains broadly comparable across most 

operating conditions. This behavior can be explained by the different 

spatial evolution of the spray. While the ANB-enriched fuel exhibits a 

relatively narrower and more stable spray structure in the near-nozzle 
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Fig. 15. Contour plot for SMD (D32) distribution.

region, enhanced breakup and momentum dissipation associated with 

nanobubble-induced micro-scale instabilities promote increased radial 

dispersion in the downstream region. As a result, the initially narrower 

spray of the ANB fuel expands later in the spray development, leading 

to a spray area comparable to that of baseline gasoline despite reduced 

penetration and cone angle. When interpreted together with the Spray 

Density Factor (SDF) and PDA measurements, the reduced spray area 

for ANB fuel does not indicate inferior dispersion. Instead, the lower 

SDF and reduced droplet axial velocities suggest enhanced breakup and 

faster momentum dissipation, resulting in a more optically dilute and 

finely dispersed spray.

3.2 . Droplet characterization

To investigate the influence of air nanobubbles (ANB) on droplet size 

and velocity, experiments were conducted at an injection pressure of 

150 bar. Measurements were recorded at three axial locations—30 mm, 

40 mm, and 50 mm below the injector tip—captured as contour plots in 

Figs. 14 and 15. These plots illustrate the spatial distribution of droplet 
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Fig. 16. Axial plot of droplet velocity.

velocity and size (D32) for both baseline gasoline and ANB+Gasoline 

mixtures. The D32 contour plots (Fig. 15) indicate that the baseline 

gasoline spray exhibits a concentrated region of larger droplets, espe­

cially at 30 mm, whereas the ANB+Gasoline mixture demonstrates a 

more uniform size distribution across the spray field. This uniformity 

persists with increasing distance from the injector, suggesting that ANB 

promotes stable droplet formation. Furthermore, the velocity contour 

plots (Fig. 14) reveal a significant reduction in droplet velocity for 

the ANB+Gasoline mixture, particularly in the central region. This re­

duction can be attributed to enhanced droplet breakup caused by the 

presence of nanobubbles, which promote secondary atomization and re­

duce the average droplet size. Such behavior contrasts with the baseline 

gasoline, where higher velocities and non-uniform droplet distribution 

are evident. However, due to the reduced velocity, the smaller droplets 

coalesce and increase the droplet size at 50 mm below the injector tip, 

as shown in Fig. 15. This further enhances aerodynamic drag and sub­

sequently reduces droplet velocity. The introduction of ANB effectively 

minimizes the characteristic uneven distribution typically observed in 

effervescent sprays, highlighting its potential to enhance spray homo­

geneity and improve atomization characteristics. Additionally, axial 

profiles for both baseline gasoline and ANB+Gasoline, extending from 

the spray center to the lateral boundaries, are presented in Figs. 16 and 

17, further illustrating the effect of ANB on spray dynamics.

The droplet velocity is consistently lower for the ANB+Gasoline mix­

ture compared to baseline gasoline, a trend that aligns with the shorter 

spray penetration length observed in the previous section. At 30 mm be­

low the injector tip in the central region, the droplet velocity decreases 

from 57.23 m/s for gasoline to 52.67 m/s for ANB+Gasoline, repre­

senting a reduction of approximately 7.97%. Currently, the droplet size 

(D32) in this region shows a slight increase from 9.98 µm for gasoline 

to 10.51 µm for ANB+Gasoline, corresponding to a 5.04% increase.

These observations suggest that the introduction of nanobubbles 

leads to an increase in droplet diameter potentially due to enhanced 

coalescence, which further enhances the aerodynamic drag and subse­

quently reduces droplet velocity [36].

At 40 mm below the injector (Fig. 17), the D32 values for gaso­

line and ANB + gasoline are nearly identical, measuring 7.49 µm and 

Fig. 17. Axial plot of SMD (D32).

7.55 µm, respectively. This minimal variation indicates a high poten­

tial for droplet collision and coalescence, which likely contributes to 

the further increase in droplet diameter observed at 50 mm below the 

injector, where the D32 for ANB+Gasoline exceeds 8 µm. This behav­

ior may be attributed to the interaction between droplets in the spray, 

which leads to coalescence and growth. However, a more comprehen­

sive analysis is necessary to fully understand these phenomena, as the 

limited available literature on nanobubble-enhanced sprays complicates 

the identification of the underlying mechanisms. Furthermore, it is im­

portant to note that the results presented here are focused solely on 

Zone 1 (as per Fig. 8), with the characterization of the spray needle 

lift phase, while the tail and needle hold zone are not discussed in this

study.

4 . Conclusions

This study investigated the impact of air nanobubbles (ANBs) on 

gasoline direct injection (GDI) spray characteristics, focusing on pen­

etration length, spray cone angle, droplet size and axial velocity at 

three injection pressures (50 bar, 100 bar, and 150 bar). A custom-built 

nanobubble generator using hydrodynamic cavitation was employed to 

produce ANB fuel, and high-speed imaging and PDA techniques were 

used to analyze the spray behavior in a constant volume chamber. The 

key findings from the results are listed below:

• High concentrations of stable air nanobubbles were successfully 

generated in gasoline.

• Long-term stability of nanobubbles in gasoline was confirmed for up 

to 120 days, with a consistently negative zeta potential in the range 

of −20 to −25 mV, indicating electrostatic stability.

• The results demonstrate that the addition of air nanobubbles has a 

significant influence on spray evolution.

• Compared to baseline gasoline, ANB-enriched fuel exhibited a re­

duction in spray penetration of approximately 7 to 13% across the 

investigated injection pressures, indicating a significant modification 

of spray evolution.

• PDA measurements showed that the introduction of nanobubbles re­

sulted in a 7.97% reduction in droplet axial velocity and a 5.04% 
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increase in mean droplet size at 30 mm downstream of the injec­

tor tip, indicating enhanced aerodynamic resistance and intensified 

spray–gas interaction. At 40 mm, the droplet size exhibited minimal 

variation between fuels, suggesting that droplet interactions such as 

collision and coalescence may become more pronounced as the spray 

evolves downstream.

These results demonstrate that air nanobubbles significantly in­

fluence spray breakup dynamics, leading to enhanced atomization, 

improved spray stability, and better air–fuel mixing. The findings high­

light the potential of nanobubble-enhanced fuels for optimizing GDI 

spray behavior. Future work will focus on detailed near-nozzle spray 

analysis, with particular emphasis on secondary breakup mechanisms, 

as well as quantifying combustion and emissions performance. The ap­

plicability of this approach to non-fossil fuels and the use of hydrogen 

nanobubbles in liquid fuels will also be explored.
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