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Abstract 

Atomization experiments on a like-on-like impinging jet configuration conducted on 

suspensions of water containing bulk oxygen nano-bubbles. Effects of the presence and 

concentration of nanobubbles on liquid sheet formation, its break-up, and formation of droplets 

are investigated. 
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Introduction 

The requirement for enhanced combustion and emission characteristics has led researchers 

to explore the processes preceding and succeeding combustion in detail. In the liquid fuel 

systems break-up, atomization and mixing with oxidizer are essential stages that directly affect 

the combustion quality in rocket prolusion systems, gas turbines, IC engines, and furnaces. In 

the field of rocket propulsion, the effervescent atomization technique employs gas bubbles of 

size micro and milli meter inside liquid [1]. These bubbles assist in atomization and produce 

smaller droplets. The bubbles of such sizes are primarily unstable, and a continuous gas 

supply during atomization is essential.  

 

In recent years, studies on small-size bulk gas bubbles termed nanobubbles in liquids have 

drawn considerable interest. The possibility of generating nanobubbles in liquids, especially 

fuels, is an opportunity to manipulate their physical and chemical properties. More importantly, 

it shows that such nanobubble suspensions are relatively stable [2-3].  

 

Impinging jet atomization is a conventional injection method to atomize liquid rocket 

propellants. The process of liquid break-up is mainly influenced by the injector geometry, 

ambient conditions, and physical properties of the liquid fuel. A doublet impingement 

configuration is a widely used configuration and has been used to study both Newtonian and 

non-Newtonian propellants with and without additives. The liquid sheet break-up length 

generally reduces for increasing Weber number[5-6]. In the present study, we investigate 

impinging jets atomization of water—oxygen nanobubble suspensions. 

 

Material and Methods 

Oxygen nanobubbles are generated in pure water by hydrodynamic cavitation in a Venturi 

tube. Pure water circulates through the throat of a Venturi tube and passes through a 

nanomembrane where it is exposed to pressurized oxygen gas. The nanobubble suspension 

is formed via continuous circulation of water through the setup for 1 hour. Characterization of 

nanobubble liquid samples thus produced is performed in Nano sight NS300  Nanoparticle 

Tracking  Analyzer (NTA). This measurement provides the nanobubbles size and their 
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concentration. Surface tension measurement of oxygen nanobubbles suspension in water and 

pure water is measured by Wilhelmy Plate method.  

 

 

Figure 1. Doublet like-on-like impinging jets atomization set up schematic 

 

 

 

Pure water and Oxygen nanobubbles water are atomized in a doublet like-on-like impinging 

jets atomization configuration and at impingement angle of 90°. We used two identical nozzle 

of orifice diameter 0.41 mm. The test liquids are stored in a chamber connected to high 

pressure Nitrogen supply as shown in Figure [1]. The liquid jet emerges from the two orifices 

according to the pressure applied by the piston. An ultrasonic sensor tracks the position of the 

piston. Pressure transducers mounted near the inlet to the nozzles measure nozzle inlet 

pressure. A similar configuration was used in our previous study on the atomization of 

Carbopol gels 

 

High-speed shadowgraph images of the liquid impingement plane are captured using a high-

speed camera and a 20 W LED backlight. At a frame rate of 4000 fps and a shutter speed of 

5 microseconds, clear images of sheet breakup are captured. The frame included the tip of 

the nozzle, impingement point, liquid sheet, and droplet formation with a spatial resolution of 

40 micrometers per pixel. 

 

 

Results and Discussion 

NTA measures nanobubbles concentration per milliliter of a sample of water-oxygen. The 

mean size of nanobubbles is found to be 147.3 nm with a standard deviation of 67.5 nm. The 

concentration of nanobubble per milliliter of the sample measured is 2.16 x 108. The surface 

tension of nanobubble water suspension by Wilhelmy Plate method gave a value of 0.0692 
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mNm-1. This small reduction in surface tension of 0.072 mNm-1 is explained by the presence 

of bulk nanobubbles.  

 

We = 
𝜌𝑢2𝑑0

𝜎
 (1) 

  

 

Figure 2. Concentration of nanobubbles per ml in water-oxygen nanobubbles suspension 

 

 

 

Figure 3. Liquid sheet break-up images of nanobubble water suspension for increasing Weber 

number. 

 

The general observation of liquid sheet break-up from impingement jet atomization is that the 

sheet break-up length reduces with an increase in Weber number (equation [1]) [5]. In our 

study with pure water, sheet break-up lengths reduce with an increase in Weber number. For 

nanobubble water suspensions, a slight reduction in sheet break-up length is observed for the 

range of Weber number currently studied. The sheet break-up dimensions for nanobubble 
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water suspensions are relatively lower than that of pure water for a similar Weber number. 

This reduction in sheet break-up is attributed to the suspension's lower surface tension 

compared to pure water. The surface tension value for nanobubble suspension was reduced 

by almost 3%. To compare the sheet break-up length of water and the suspension, we take 

We 1450 and 1527 respectively and we get a 25% reduction in non-dimensional sheet break-

up length. This reduction in break-up length for a wide range of Weber numbers needs to be 

studied.  

 

 

 

Figure 4. Liquid sheet break-up images of water for increasing Weber number. 

 

 

Figure 5. Liquid sheet break-up images of nanobubble water suspension for increasing Weber 

number. 

 

 

 

Conclusions 
The gas nanobubbles suspensions on water is found to show reduction in sheet break-up 

length compared to pure water sheet break-up length for Weber number below 1700. 
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Nanobubbles generated in water has reduced the surface tension of the water is seen as the 

main contributor for the reduction in sheet break-up length.  
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Nomenclature 
𝜌 density [kg m-3] 

We Weber number 

𝑑0 orifice diameter [m] 

u jet velocity [m s-1] 

σ surface tension [N m-1] 
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